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ABSTRACT 
 

Chapter 2 presents an analysis of the OLED technique, since more compact, small and flat 

organic-lighting-emitting-diode (OLED) drivers are arising to enable new design possibilities 

such as avant-garde interior floor and table lamps, mirror and ceiling lamps, ablaze tiles and 

partition wall lighting applications. Thus, OLED drivers arise as the best option, owing to their 

compactness, size and flatness. OLED lamps allow lighting designers and architects to develop 

their ideas down to the smallest detail owing to their easy integration and customization. Since 

their slimness is just few millimeters thin, OLEDs can be integrated into many different areas, 

and allow light sources to be designed in a variety of shapes and sizes. An important advantage 

of the OLEDs against inorganic lighting-emitting diodes (LEDs), it is the way they emit light; 

OLEDs are surface light sources, whilst LEDs are point sources. Thereby, the light generated by 

OLEDs has a naturally soft and comfortable diffuse characteristic and it is glare-free. 

 

OLED lamps consist of a large semiconductor area sandwiched between two electrodes, 

where the organic materials are built-in. In this way, an electrical field is generated among the 

organic layers, which produce the capacitive behavior. Owing to this, OLED lamps have a 

different dynamic behavior compared to LEDs.  

 

Chapter 3 presents the different OLED photo-electrical-thermal (PET) models, which 

represents the OLED structure and their photo-electrical-thermal behavior by means of an 

equivalent PET model, or by a simple equivalent electrical circuit that combines resistors and a 

capacitor. In these models, the ohmic losses are generated from the contact resistances of the 

organic layers, bulk conduction within the organic layers and electrode resistance. 

 

Chapter 4 presents the analysis of different switched-capacitor (SC) converters topologies, to 

drive OLED lamps, because of their great advantages as to high power density and owing to the 

fact that they are light, small and cheaper in comparison with other solutions as linear power 

supplies and conventional DC-DC converters, owing to the fact that they do not use any large 

energy storage components. Resonant SC converters show high efficiency and low EMI noise, 

because they employ a small resonant inductor, which is connected in series with a switched 
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capacitor in order to resonate at a frequency higher than the switching frequency, thus allowing 

them to attain zero-current-switching (ZCS). Resonant SC converters consist of diodes, switches, 

and capacitors. As aforementioned, these converters do not use any large inductor, which leads 

to a high power density of the converter, making them suitable for OLED lamp driving. Some 

resonant SC converter applications are for instance, portable and any low-profile electronic 

equipment, such as notebook computers, tablets and portable digital assistants. 

 

Therefore, a review of resonant SC converters for OLED lamp driving is carried out in 

chapter 4 of this work, in which the unidirectional resonant switched-capacitor (URSC) step-up 

converter arise as the best option for driving OLED lamps, based on the performance 

comparative results among the different resonant SC converters presented in the state of the art. 

The benefits of using the URSC step-up converter instead of conventional non-resonant and 

resonant SC converters, fractional-voltage-conversion-ratio (FVCR) resonant SC converters, 

dual-phase (DP) converters, step-down half bridge  resonant SC converter with isolation 

transformer, and the step-down SC converter with coupling inductors are: high output voltage 

regulation, low output voltage and current ripples, high efficiency, no efficiency dependency on 

conversion ratio, low EMI noise, and high power density. 

 

In chapter 5, an analysis and design of a URSC step-up converter for OLED lamp driving is 

carried out. The URSC is designed to operate in closed loop with constant current variable 

inductor (VI) control technique. Owing to the fact that the OLED power of the resonant SC 

converter is regulated by its resonant frequency, which is controlled by the resonant tank 

integrated by the �� − 	� network, a control parameter that regulates the output power of the 

resonant SC converter is needed. Hence, the VI control technique is proposed to regulate the 

output power of the resonant SC, which reduces the complexity of the control loop and circuitry, 

and increases the power density of the OLED driver because it is operated by a simple constant 

current source to meet the operating point of the VI. In this way, it is possible to achieve more 

compact OLED drivers.  
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A proposed SPICE-based electrical-magnetic model and the analysis and design of the VI 

used in this work as well as its application to an LED driver are presented in chapter 5. Also, 

some additional works in the literature about VI study and application are illustrated. 

 

In chapter 5, the URSC step-up converter is analyzed and designed for driving a 21.8 W 

OLED lamps array. The resonant inductor is designed to operate at a resonant frequency above 

the switching frequency for any OLED power. Under this condition, a good dynamic behavior 

against input voltage or luminous flux variations is obtained.  

 

Simulation and experimental results of a URSC step-up converter design example for a 21.8 

W OLED lamps array supplied from 48Vdc are presented in chapter 6, in which a maximum 

energy efficiency η of 92.97% is obtained. The simulation and experimental results of the VI 

inductor and the URSC converter are in a good agreement one another. 
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NOMENCLATURE 

 

AHB  Asymmetrical half bridge 
 
BB  Buck-boost 
 
BOM  Bill of materials 
 
CIE  Comission Internationale de L’Eclairage 
 
CRI  Color rendering index 
 
DALI  Digital addressable lighting interface 
 
DCM  Discontinous conduction mode 
 
DMX  Digital multiplexing communication protocol 
 
DP  Dual-phase 
 
DSI  Digital serial interface 
 
EMI  Electromagnetic interference 
 
FVCR  Fractional-voltage-conversion-ratio 
 
FWHM Full width at the half maximum of the multi-SPD ���  
 
HB  Half-bridge 
 
HBZ  Half bridge zeta 
 
LED  Lighting-emitting diode 
 
MCB  Multi-configurable bidirectional 
 
OLED  Organic-lighting-emitting diode 
 
PET  Photo-electrical-thermal 
 
PFC  Power factor correction 
 
PI  Proportional-integral 
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PWL  Piecewise linear 
 
PWM  Pulse-width-modulation 
 
RSC  Resonant switched-capacitor 
 
SC  Switched-capacitor 
 
SMPS  Switched mode power supply 
 
SPD  Spectral power distribution 
 
SPET  scale-photometrical-electrical-thermal 
 
SSL  Solid state lighting 
 
TEM  Theoretical equivalent model 
 
URSC  Unidirectional resonant switched-capacitor 
 
VI  Variable inductor 
 
VPWL Voltage-control piecewise linear 
 
ZAHB  Zeta asymmetrical half bridge 
 
ZCS  Zero-current-switching 
 
ZVS  Zero-voltage-switching 
 !"  Cross section area of the variable reluctance ��#  
 !$%&', ) Surface area of the OLED ���#  
 !*  Cross section area of the constant reluctance ��#  
 !+  Cross section area of the magnetic core ��#  
 ,, ,+  Magnetic flux density �-  
 ./  Diffusion capacitor of the equivalent electrical OLED model �0  
 .12  Input capacitor �0  
 .133  Input capacitance of transistors �4 and �# �0  
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.5)  Gate-source capacitance of transistors �4 and �# �0  
 .6  Geometric capacitor of the equivalent electrical OLED model �0  
 .67833  Glass heat capacity of the OLED material �9/;
°	  
 .=>  Junction to case thermal capacitance �9/°	  
 .?3  Heatsink thermal capacitance �9/°	  
 .$  Output filter capacitor �0  
 .@  Resonant capacitor �0  
 .)  Switched capacitor �0  
 .A.    Thermal capacitance of the OLED �9/°	  
 /  Thickness of the active layer of the OLED ���  
 &  Luminous efficacy �B�/C  
 &*  Rated luminous efficacy �B�/C  
 D"  Resonant frequency of a sine wave of 540° �EF  
 D2  Resonant frequency of a sine wave of 360° �EF  
 D)  Switching frequency �EF  
 G/>, GH, I+ Magnetomotive forces of the VI �J  
 K,  Average balance current during the operation interval t3-t5  �J  
 K,L  Average balance current during the operation interval t4-t5 �J  
 K', K/  LED current in steady state �J  
 K'8M6_OP, K'8M6_OL Average drain current of MOSFETs �4 and �# �J   
 K'8M6_'P, K'8M6_'L Average diode current of diodes �4 and �# �J  
 K'H_OP, K'H_OL  Maximum drain current of MOSFETs �4 and �# �J   
 K'H_'P, K'H_'L  Maximum diode current of diodes �4 and �# �J  
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K/>  Auxiliary winding DC bias current �J  
 KD  Forward current of the OLED �J  
 KDQ  Reference forward current �J  
 K12  Input current �J  
 KR  OLED knee current �J  
 K%   Luminous intensity of the OLED ���  
 1%$  Output inductor current �J  
 1%@  Resonant inductor current �J  
 KS  OLED maximum current �J  
 K$%&'  DC OLED current �J  
 KH  Primary winding bias current �J  
 KO  OLED rated current �J  
 K@"3P  RMS current of the charge operation stage �J  
 K@"3L  RMS current of the discharge operation stage �J  
 K@"3T, K@"3U RMS currents of the balance operation stage �J  
 K)  Reverse bias saturation current of the LED �J  
 K38VWX8Y Saturation current of the OLED at the operating ambient temperature �J  
 1+  Current of the winding �J  
 Z81@  Convective heat transfer coefficient �C/�°	  
 Z[  Relative rate of luminous efficacy reduction constant due to temperature rise 
 Z67833  Thermal conductivity coefficient of the OLED material �C/�°	  
 ZH[8Z," Temperature coefficient of the peak wavelength 
 Z?  LED power loss constant  
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ZK  Rate of the luminous flux variation constant as a function of forward current 
 Z=>  Junction to case thermal coefficient �°	/C#  
 Z\3  Resistance drop rate �Ω/°	  
 ZX Negative rate of the luminous flux variation 
 ZM  Voltage drop rate ���/°	  
 Z^_," Temperature coefficient of the FWHM of the multi-SPD 
 ZP, ZT  Brauer’s coefficients of the magnetic material J�`4-`4 
 ZL  Brauer’s coefficient of the magnetic material -`# 
 %>  Critical size of the OLED area ��  
 %[  Stray inductance of the connection wire of the OLED �E  
 7"  Magnetic path length of the variable reluctance ��  
 %$  Output inductor �E  
 7*  Magnetic path length of the constant reluctance ��  
 %@  Resonant inductor �E  
 2  Ideality factor of the LED 
 2WX8Y  Ideality factor of the OLED at the operating ambient temperature 
 a/>P, a/>L Auxiliary windings of the VI 
 aH  Main winding of the VI 
 ab  Nusselt number 
 a+  Number of turns of the winding 
 H  OLED perimeter ��  
 c>Q2/_OP, c>Q2/_OL Power conduction losses of transistors �4 and �# �C  
 c>Q@[   Core loss of the resonant inductor �C  
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c.@_%@  Power dissipation across the capacitor 	� and inductor �� �C  
 c', c/  LED power in steady state �C  
 c'P, c'L Power diode losses �C  
 c'_OL  Power losses of the diode of transistor �# �C  
 c[7, c$%&' OLED power �C  
 cD@[3  Power loss of the feedback resistor �C  
 c68V[  Gate power losses of transistors �4 and �# �C  
 c?  OLED power converted to heat �C  
 c?[8V  LED power converted to heat �C  
 c7Q33  Total power loss of the URSC converter �C  
 cQHV, cQHV,"  Optical power of the OLED �C  
 cM  Relative core loss of the magnetic �C/��  
 O$%&'  OLED electrical charge �	  
 d  Elementary charge of the LED �	  
 \e1  Bias resistor of the equivalent electrical OLED model �Ω  
 \.@  Stray resistance across the passive component 	� �Ω  
 \'  Equivalent resistance of the LED in steady state �Ω  
 \')Q2  Drain-source on-resistance of MOSFETs �4 and �# �Ω  
 \[  Series electrode resistance of the equivalent electrical OLED model �Ω  
 \D  Feedback resistor �Ω  
 \?3  Heatsink thermal resistance �°	/C  
 \=>  Junction to case thermal resistance �°	/C  
 \=>Q  Rated junction to case thermal resistance �°	/C  



                Nomenclature 

xi 
 

\%.  Total stray resistance across the passive components 	� and �� �Ω  
 \%@  Stray resistance across the passive component �� �Ω  
 \$%&'  Equivalent static OLED resistance �Ω  
 \H  Leakage resistance of the equivalent electrical OLED model �Ω  
 \3  Dynamic series resistance of the equivalent electrical OLED model �Ω  
 \)P Series resistance of the switch of two positions �Ω  
 \A  Material thermal resistance of the OLED �°	/C  
 \A.8  Thermal case to ambient resistance of the OLED �°	/C  
 \A>Q2M  Thermal convection resistance of the OLED �°	/C  
 \A=>  Thermal conduction resistance of the OLED �°	/C  
 \A@8/   Thermal radiation resistance of the OLED �°	/C  
 f>, f7, f@, f" Variable reluctances of the VI �J/C�  
 f6, f$ Constant reluctance of the VI �J/C�  
 \g  Dynamic resistance �Ω  
 X8  Ambient temperature �°	  
 X.  Case temperature of the OLED �°	  
 V67833  Thickness of the glass substrate of the OLED material �µ�  
 X$  Rated temperature �°	  
 X=  Junction temperature of the LED �°	  
 XP  Characteristic temperature of the OLED �°	  
 X?3  Heatsink temperature �°	  
 i  Luminance uniformity 
 je1  Bias voltage source of the equivalent electrical OLED model ��  
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j'.  DC voltage supply ��  
 j>6 Voltage of the geometric capacitor of the electrical OLED model ��  
 j.@  Resonant capacitor voltage ��  
 j', j/  LED voltage in steady state ��  
 j')_OP, j')_OL Drain-source voltage of MOSFETs �4 and �# ��  
 j[  Effective volume of the magnetic core ���  
 jD Forward voltage of the OLED ��  
 jDe  Feedback voltage ��  
 j5)  Gate-source voltage of transistors �4 and �# ��  
 jR  OLED knee voltage ��  
 j12  Input voltaje ��  
 jS  OLED maximum voltage ��  
 j$%&'  DC OLED voltage ��  
 M$%&'  Volume of the OLED ���  
 jO  OLED rated voltage ��  
 j\_'P, j\_'L  Reverse voltage of diodes �4 and �# ��  
 j@[D!, j@[D,, jK$%&'   Reference voltage A and B and OLED current reference ��  
 j@3  Voltage across the dynamic series resistance of the OLED ��  
 jV, j$  Threshold voltage of the equivalent electrical OLED model ��  
 jX  Thermal voltage of the diode ��  
 jXWX8Y  Threshold voltage of the OLED at the operating ambient temperature ��  
 M+  Voltage of the winding ��  
 jg  Threshold voltage ��  
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l2  Equivalent resonant tank impedance �Ω  
 ∆K$%&' Ripple current of the OLED �J   
 ∆j$%&' Ripple voltage of the OLED ��  
 n  OLED surface emissivity 
 n*  Permitivity of free space �0/�  
 n@  Relative permitivity of the active layer of the OLED �0/�  
 o*  Permeability of the free space �E/�  
 p  Fringing factor 
 q  Energy efficiency �%  
 s  Steffen-Boltzmann constant �C/�#°	t  
 ∅/>  DC flux bias �C�  
 vQ  Nominal luminous flux �B�  
 vM, v  Luminous flux �B�  
 ∅+  Magnetic flux �C�  
 _  Temperature coefficient ��/°	  
 ^_"  Full width at the half maximum of the multi-SPD ���  
 ^_",@  Reference Full width at the half maximum of the multi-SPD ���  
 _H[8Z, _H[8Z," Peak wavelength of the OLED ���   
 _H[8Z,",@ Reference peak wavelength of the OLED ���  
 w67833  Glass density of the OLED material �;
/��  
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1. Introduction 

 

As an introduction of this dissertation, the background of lighting applications that relates to 

the interest of the development of this research work, framework, objectives and structure of this 

dissertation are presented.    

 

 

1.1. Background 

 

Lighting has been a very important technology in the world, since the invention of 

incandescent bulbs and fluorescent tubes till the solid-state lighting technology. In regards to 

energy consumption around the world, lighting represents an important amount, and consumes 

over 20% of the energy supplied for the energy generation systems in the world. Therefore, more 

efficient light sources are needed nowadays, in order to reduce the global carbon footprint due to 

energy generation. In addition, it is important to ensure a high color quality light source because 

it has a positive psychological impact on people’s daily life. Also, it is extremely important the 

use of light sources that require minimal harmful materials during their production. Fortunately, 

OLED technology fulfilled both requirements. On the other hand, OLED technology offers 

innovative designs as to shape, size, flatness, thinness, and bendable form factor. 

 

Nowadays, more efficient and high power density OLED drivers are needed in order to 

achieve a less energy consumption and high power density lamp-driver integration. Due to the 

fact that linear power supplies are low power density and low efficiency, DC-DC converters that 

meet high power density and high efficiency are investigated. Some high-efficiency LED drivers, 

such as buck-boost (BB) and an LED power supply based on a synchronous buck converter are 

reported in [1]-[2]. The BB converter processes only a part of the LED power owing to the fact 

that the LED power is supplied by two sources, the DC input voltage source and the BB 

converter output [1]. The synchronous buck converter drives a split LED string; the first LED 

string is driven by the buck converter and the second LED string is placed in series with the input 

voltage source [2]. These works obtain a good efficiency, around 92-93%, at maximum LED 

power, but they present a low power density due to the use of bulky and heavy switching 



                Introduction 

- 2 - 

 

inductors, input and output filter capacitors. These LED drivers show high output ripple current, 

which can reduce the OLED’s life span and could cause eye-visible luminous flux variations.  

 

A fly-back converter operating as a current regulator between the DC voltage source and the 

LED is presented in [3]; the converter returns a part of the energy from the output filter capacitor 

to the DC link input capacitor, which lowers the power conversion losses because only a small 

part of the LED power is processed by the fly-back converter [3]. An integrated half bridge zeta 

(HBZ) asymmetrical half bridge (AHB) converter is presented in [4], which obtains high 

efficiency on an entire output voltage range at constant low output current. In this way, it 

achieves high efficiency either at high output voltage or low output voltage as reported in [4]. A 

half bridge (HB) LC series resonant converter based on high power HB-LED driver is proposed 

in [5]. It operates under zero-voltage-switching (ZVS), and drives the LED load by means of two 

sources; the input DC bus source supplies the cut-in voltage and the second source regulates the 

forward current, which leads to obtain high efficiency because not all the LED power is 

processed by the HB-LC series resonant converter. A high input-voltage-ripple-rejection zeta 

asymmetrical half bridge (ZAHB), which overcomes the performance drawbacks of the AHB 

such as limited duty cycle range, non-linear DC gain and not fully cancellation of the low 

frequency ripple, is reported in [6].  

 

Even though, the converters reported in [1]-[6] show high peak efficiencies in the range of 92-

96%, regrettably, they show very low power density compared to the SC converters due to the 

total number of components, bulky and heavy inductors and switching transformers, DC link and 

output filter capacitors. Therefore, they do not allow the designers to attain a compact, flat and 

small OLED driver + OLED lamp system. Moreover, it is important to mention the drawbacks of 

using electrolytic capacitors to reduce the output voltage and current ripples, which lower the 

lifetime of the driver, and on the other hand, the use of coupling transformers, which are difficult 

to design and more expensive to manufacture. Hence, it is clear that LED drivers reported in the 

state of the art are not the best option for driving OLED lamps, or integrating OLED driver + 

OLED lamp system, due to the fact that they are bulky and larger, which makes their use 

difficult in this lighting application. 
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Other type of converters used to drive OLED lamps are SC converters, which consist of 

diodes, switches, and capacitors. These converters do not use any large inductor, and switched 

capacitors are small [7]-[9], which enables them to provide a high power density. Thereby, SC 

converters are very attractive for lighting OLED applications. In regards to the energy efficiency, 

SC converters can achieve it by inserting a pretty small inductor in series with the resonant 

capacitor and working under ZCS. In this way, this dissertation focuses on the study of the 

OLED technology and SC converters for driving OLED lamps. 

 

 

1.2. Framework 

 

The research developed in this dissertation is framed under the lighting research field. The 

research work is focused on studying more efficient power supplies for driving OLED lamps and 

they also achieve high power density for the best OLED driver + OLED lamp integration. The 

study of more efficient technologies applied in the lighting field is researched by the lighting 

field research group of the electrical and electronics engineering department of the University of 

Oviedo. This research frames the following areas of investigation in lighting: 

 

• OLED photo-electrical-thermal (PET) modeling. 

• SC converters. 

• Variable inductor (VI) control strategy.  

 

The research work developed in this dissertation is framed under the project “Research for the 

energy efficiency improvement in intelligent cities: lighting, integration in urban furniture and 

adaptation to the environment” with the reference: ENE2013-41491-R. Project completion: 

October 31st, 2017. 
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1.3. Objectives 

   

Study of SC converters for the application in the optimization of OLED lighting systems with 

special emphasis to study resonant SC converters for the application in the output power 

regulation stage of the OLED lighting system as well as studying control techniques that can be 

applied to the power supply system for OLED lamps. During the development of this 

dissertation, the electrical performance of the different resonant SC converters reported in the 

state of the art will be experimented in order to confirm their advantages and disadvantages. 

Besides, it is an objective of this dissertation to study the different OLED lamp shapes as well as 

their photometric, electrical and thermal parameters. 

 

 

1.4. Structure of the document 

 

This dissertation is structured as follows: In Chapter 2, the basic structure and the principle of 

operation of the OLED and the different OLED structures to obtain white light are addressed. 

Besides, this chapter tackles the photometric, electrical and thermal operating conditions of the 

OLED. Chapter 3 presents a review of the state of the art of PET OLED models, because it is 

important to know the electrical, photometric and thermal behavior of the OLED lamp before 

carrying out any electrical design of OLED drivers, prototyping, and fixtures development. In 

Chapter 4, a review of the state of the art about non-resonant and resonant SC converters is 

carried out. A summary and comparison of the electrical performance of the different resonant 

SC converters is presented at the end of the chapter. The unidirectional resonant switched-

capacitor (URSC) converter shows the best performance compared to the other SC converters 

investigated, because it presents advantages as high efficiency and high power density. In 

Chapter 5, the analysis and design of the URSC converter is carried out. In Chapter 6, the URSC 

converter performance is analyzed by means of electrical simulations and an ad hoc laboratory 

prototype. Conclusions, achievements, contributions and future works of this dissertation are 

presented in Chapter 7. In Attachments section, all publications carried out during the 

development of this dissertation are included. 
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2. OLED fundamentals 

 

The OLED (organic lighting-emitting diode) lamp technology is studied in this work. First of 

all, a revision of the state of technology of the OLED is carried out. In this revision, the OLED 

fundamentals as architecture design, principle of operation, white light generation techniques, 

driving and supply considerations are explained. At the end of this section, a comparison of 

electrical and photometric parameters among OLED lamps is presented. 

 

The first part of this chapter explains the basic structure and the principle of operation of the 

OLED. Afterwards, an energy conversion efficiency comparison of the OLED against lighting-

emitting diode (LED) and a color rendering index (CRI) comparison of the different light sources 

are fulfilled. Besides, the different OLED structures to obtain white light and a CRI comparative 

obtained among them are presented. 

 

The second part of the chapter tackles the photometric parameters of the OLED, the 

equivalent electrical circuit, and the operation considerations and operation reliability of the 

OLED. Moreover, OLED static and dynamic thermal models of the OLED are briefly described. 

 

In the last part of the chapter, the definition and the description of the OLED lamp are 

presented. In addition, some lighting applications of the OLED lamp as well as a brief 

comparative among the different OLED lamps are shown.   

 

 

2.1. Basic structure of the OLED 

 

The OLED consists of an electro-luminescent layer that is formed by a thin film of organic 

components that react to a determined electrical stimulation, which makes them generating and 

emitting light by themselves. This thin film of organic components consists of three thin organic 

layers: an electrons transport layer, a holes transport layer and an emission layer. On the other 

hand, the thin film of organic components is allocated between two fine layers that are anode and 

cathode as shown in Fig. 2.1 [10]-[13]. In general, these layers are built of molecules or 
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polymers that conduct electricity. Its conductivity levels are found between the insulator and 

conductor. Therefore, they are known as organic semiconductors. The choice of the organic 

materials and its structure of the layers determine the performance characteristics of the OLED 

as they are: emitted color, lifespan, and energy efficiency. 

 

Fig. 2.1. Basic structure of the OLED. 

 

 

2.2. Operation principle of the OLED 

 

The OLED is voltage biased as shown in Fig. 2.1, which causes an electron flow from cathode 

to anode. Thereby, the cathode provides electrons to the electrons transport layer and the anode 

subtracts them from the holes transport layer. Promptly, the electrons transport layer begins to 

bias negatively because of electrons excess whilst the holes transport layer is biased with holes 

because of lack of electrons. The electrostatic forces attract electrons and holes one another, and 

they recombine each other. This happens closer to the electrons transport layer, because in the 

organic semiconductors, the holes move faster than the electrons. This is different in the 

inorganic semiconductors. The recombination phenomena is the fact where an atom traps an 

electron. This electron moves from a higher energy layer to a lower energy layer, which releases 

energy equal to the difference between initial and final energies in a way of photon. The 
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recombination phenomena causes a radiation emission at a frequency that is in the visible region 

and it is visible as a light spot of a determined color [10]. When a dc current is applied to the 

OLED, it behaves as a LED and its characteristic curve of V-I is described as an exponential 

curve. 

 

 

2.3. Comparative of the energy conversion of OLED versus LED 

 

A comparative of efficiencies of energy conversion of the OLED versus LED is shown in Fig. 

2.2. It is observed that OLED efficiency is higher than LED efficiency in the range of the visible 

spectrum more sensible to the human eye [14][15]. These efficiencies are obtained at a 

luminance of 1000 �� �#⁄ . The gray curve represents the response curve to the photopic 

sensitiveness of the human eye. 
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Fig. 2.2. Efficiencies: a) OLED (circles) and b) LED (rhombus). 
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2.4. CRI Comparative of the different light sources 

 

The CRI of the spectrum produced by the fluorescent tube has a value lower than 80, thereby 

it is considered as poor light source. Also, the CRI of the blue LED that uses In-Ga-N material 

technology in combination with phosphor is lower than 80, so that it is not qualified as an 

adequate light source. However, the CRI of the OLED can be higher than 80 by combining three 

or more organic materials in the emission layer. The different CRI values are illustrated with 

respect to the different light emission source spectrum in Fig. 2.3. 
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Fig. 2.3. Light emission spectrums: a) incandescent bulb, b) fluorescent bulb, c) LED              

and d) OLED. 

 

 

2.5. Type of OLED structure for white light 

 

2.5.1. Single emission layer OLED 

 

This approach uses three phosphorescent materials (red, green and blue) in a single emission 

layer [14]. The light emission spectrum fulfilled and its building are shown in Fig.2.4. Also, the 
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parameters obtained are the following: a) chromaticity coordinates CIE (Comission 

Internationale de L’Eclairage): 0.38 0.45⁄ , CRI: 78, efficiency: 6.7% and luminous efficacy: 11.11 B� C⁄ . The data are obtained based on a current density of 10 �J ��#⁄  and a luminance 

of 1000 �� �#⁄ .  
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Fig. 2.4. Light emission spectrum and structure of single emission layer OLED. 

 

 

2.5.2. Fluorophores-Phosphors OLED 

 

It consists of a blue fluorescent material, a green phosphorescent material and a red 

phosphorescent material in the emission layer, which is internally integrated by several layers to 
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avoid the energy transfer from the fluorescent material to the phosphorescent materials [14]. The 

light spectrum and its structure are illustrated in Fig.2.5. The parameters obtained are the 

following: a) chromaticity coordinates CIE (Comission Internationale de L’Eclairage): 0.39 0.40⁄ , CRI: 85, efficiency: 18.4% and luminous efficacy: 23.8 B� C⁄ . The data are 

obtained based on a current density of 10 �J ��#⁄ and a luminance of 500 �� �#⁄ . 
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Fig. 2.5. Light emission spectrum and structure of fluorophores-phosphors (FP) OLED. 
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2.5.3. Tandem (Stack up) OLED 

 

This method consists of an interlayer of charge injection and a dopant electrons transport 

layer between 2, 3 or more units of OLED as shown in Fig. 2.6 [14]. The visible light spectrum 

of the 3 OLED units stacked up is also shown in Fig. 2.6. The current density is 10 �J ��#⁄  and 

the luminance is1000 �� �#⁄ , both are used in order to obtain the following parameters: 

chromaticity coordinates CIE: 0.35 0.44⁄ , CRI: 66, luminous efficacy: 11 B� C⁄  and efficiency: 

27%. 
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Fig. 2.6. Light emission spectrum and structure of Tandem OLED. 
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2.5.4. Multiple emission layer OLED 

 

It consists of three separated dopant phosphor emission layer as shown in Fig. 2.7 [14]. In 

order to achieve the desired light spectrum, thick and concentration of doping of the phosphor 

materials should be adjusted. Additionally, two emission layers or non-doping host are used to 

avoid the blue phosphor energy transfer towards the green and red phosphors. The light spectrum 

of the multiple emission layer OLED is shown in Fig. 2.7. Which is generated at a luminance of 1000 �� �#⁄ . The chromaticity coordinates CIE: 0.44 0.46⁄ , CRI: 80, efficiency: 14.4% and a 

luminous efficacy: 33 B� C⁄  are obtained. 
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Fig. 2.7. Light emission spectrum and structure of multiple emission layer OLED. 
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2.5.5. Cascade-emission layer OLED 

 

This approach uses an emission layer and a transport layer [14]. The emission layer is 

internally integrated by four phosphor materials. The light spectrum of the cascade-emission 

layer OLED is shown in Fig. 2.8. This is generated at a luminance of 1000 �� �#⁄ . The 

chromaticity coordinates CIE: 0.37 0.48⁄ , CRI: 72, efficiency: 19.2% and a luminous efficacy: 28.1 B� C⁄ . 

 

400 450 500 550 600 650 700 750

E1

W1

 

 

Fig. 2.8. Light emission spectrum and structure of cascade-emission layer OLED. 
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2.5.6. Cascade-emission layer with exciton conversion OLED 

 

This approach manages the basis of the cascade-emission layer with the inclusion of the green 

phosphor material, which is integrated between the red and yellow emisors inside of the emission 

layer as illustrated in Fig. 2.9 [14]. The light spectrum is also shown in Fig. 2.9. This is generated 

at a luminance of 5000 �� �#⁄ . Then, the chromaticity coordinates CIE are: 0.44 0.45⁄ , CRI: 

85, efficiency: 23.3% and luminous efficacy: 31 B� C⁄ . 
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Fig. 2.9. Light emission spectrum and structure of cascade-emission layer with exciton 

conversion OLED. 
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2.6. CRI Comparative of the different white light structures  

 

The different CRI values in regards to the efficiency of the single emission layer, FP, tandem 

and multiple emission layer OLED structures to generate white light are shown in Fig. 2.10 [14]. 

The results shown are based on a luminance of 1000 �� �#⁄ . The quadrants A-D denotes the 

limits of the CRI: 80 and efficiency: 20%, which indicate an acceptable light quality factor and a 

good efficiency of the white light structure OLED. 
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Fig. 2.10. CRI comparative: a) single emission layer (circles), b) FP (triangles), c) tandem 

(squares) and d) multiple emission layer (rhombus). 
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2.7. Photometric parameters 

 

2.7.1. Luminous flux 

 

The luminous flux is the total amount of light produced by the light source. The luminous flux 

is measured in lumens (lm) [16]. 

 

 

2.7.2. Luminous intensity 

 

The luminous intensity is the amount of light projected over a specific direction. The 

luminous intensity is measured in candles (cd) [16].   

 

 

2.7.3. Illuminance 

 

The illuminance is the amount of light that arrives to a surface. The illuminance is measured 

in luxes (lux) [16]. 

 

 

2.7.4. Luminance 

 

The luminance is the amount of light that is perceived by the human eye from a lighted 

surface. The luminance is measured in candles by square meter (�� �#⁄ ) [16]. 

 

 

The luminous flux, luminous intensity, illuminance and luminance photometric parameters 

scheme is illustrated in Fig. 2.11. 
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Fig. 2.11. Photometric parameters illustration. 

 

 

2.8. Equivalent electrical circuit of the OLED 

 

The equivalent electrical circuit of the OLED is illustrated in Fig. 2.12. The OLED can be 

operated by the same topologies used for driving the conventional LED, and by considering the 

behavior of the circuit of the Fig. 2.12 [17]. This is because of the OLED supplied by a dc 

current behaves very similar to the conventional LED. Therefore, the characteristic V-I of the 

OLED describes an exponential or parabolic behavior. 
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Fig. 2.12. Equivalent electrical circuit of the OLED. 

 

 

2.9. Operation considerations of the OLED 

 

The OLED and LED operated by an electronic driver is quite similar. In most of the 

applications, LED drivers can also be used for driving OLEDs. However, some basic rules and 

characteristics of the OLED must be considered [18][19]. The OLED must be operated by an 

electronic driver that supplies a direct current (dc) constant current and not a dc constant voltage. 

This is in order to drive a dc constant current through it and avoid having variations of luminous 

flux. The reason is that the luminous flux delivered by the OLED is proportional to its operating 

dc current, but not proportional to its operating dc voltage. 
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2.9.1. Operation modes of the OLED 

 

Constant current operation mode 

 

In this operation mode, the luminous flux of the OLED is more stable under current, 

temperature and tolerance variations. The characteristic current-luminance curve is shown in Fig. 

2.13. It is observed that the curve presents small changes of luminance when current changes. 

 

 

 

Fig. 2.13. Current-luminance curve of the constant current operation mode. 

 

Then, constant current operation mode will drive a constant dc current through the OLED 

throughout its lifespan, even though its forward voltage will be increased, due to the increased of 

its static resistance. In addition, OLED lifetime will be longer than when it is driven by constant 

voltage.   
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Constant voltage operation mode 

 

In this operation mode, the OLED is driven by constant dc voltage, the luminous flux through 

the OLED experiments significant variations under small voltage variations, temperature and 

manufacturing tolerance, as illustrated in Fig. 2.14. The characteristic voltage-luminance curve 

shows that under small voltage variations, the luminance is quite changed. 

 

 

 

Fig. 2.14. Voltage-luminance curve of the constant voltage operation mode. 

 

Moreover, the static resistance of the OLED increases in a more significant way, due to the 

type of operation mode. Then, the increased of static resistance decreases the operation current, 

and the luminous flux consequently. Even worse, it decreases the lifetime of the OLED. The 

tolerance changes of the OLED from one to another affect more in this operation mode. 

Therefore, the electronic drivers that supply constant dc voltage must be designed to compensate 
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the OLED voltage changes in a more accurate way. Regrettably, it is not possible in the most of 

the electronic drivers. 

 

 

Limit current operation mode 

 

In this operation mode, a constant dc voltage drives the OLED along with a series resistance. 

This is a quite inaccurate control technique, which lowers the luminous flux and lifetime of the 

OLED as well as energy efficiency is lowered due to thermal issues.  

 

 

2.9.2. Dimming operation of the OLED 

 

The dimming of the OLED must be driven by a dc amplitude and not by the duty cycle of the 

PWM as well as ensuring that the ripple current over the dc current is small. 

 

To ensure the maximum possible lifetime of the OLED, the OLED nominal current must be 

obtained from the datasheet in order to be set on the electronic driver. Exceeding the maximum 

dc current of the OLED, will lower its lifetime. Thereby, setting the nominal dc current by means 

of a PWM-based that exceeds the maximum dc current of the OLED, that is, the average dc 

current equals to the nominal dc current of the OLED, will lower the lifetime of the OLED 

significantly. Due to these drawbacks, this technique is not adequate to drive the OLED. 

 

The electronic drivers for LEDs or OLEDs are designed to have a low ac current ripple of low 

or high frequency over the nominal dc current. It can be in a sinusoidal or triangular shape. A 

high ripple current lowers the lifetime of the OLED. So that, it must be limited to a maximum of 

±15% of the nominal dc current of the OLED. 

 

A great difference between the OLED and LED is the internal stray capacitance. The 

capacitance of the OLED is quite high, which can cause current and voltage spikes when the 

OLED is switched on and switched off or in other words, due to the rise and fall flanks of the 
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PWM signal. Due to this inconvenience, the electronic driver must be adequately designed to 

obtain voltage spikes lower than 5% of the nominal voltage and current spikes lower than 15% of 

the nominal current. 

 

 

DC current amplitude dimming operation 

 

As was mentioned previously, the dimming OLED must be driven by a dc current amplitude 

as shown in Fig. 2.15. This technique increase the lifetime of the OLED, but it can cause color 

variations on white OLEDs.  

 

 

 

Fig. 2.15. DC current amplitude dimming operation curve. 
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PWM dimming operation 

 

The PWM-based dimming technique is illustrated in Fig. 2.16, which lowers the OLED 

current by obtaining the average current of the PWM signal. However, the lifetime is lowered, 

even though it is not as worse as that operated over 100% of the nominal dc current. But, it is not 

as good as that operated by the dc current amplitude. On the other hand, PWM-based dimming 

technique has the advantage of achieving color OLED stability. Hence, the PWM-based 

dimming technique can be used as long as the maximum dc current OLED is not exceeded, 

which means that the maximum peak current and voltage at transitions from turn-off to turn-on 

and vice versa are not exceeded in accordance with the specifications of OLED datasheet. 

 

 

 

Fig. 2.16. PWM dimming operation curve. 
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Logaritmic dimming operation 

 

The dimming of an OLED based on a logarithmic curve that provides a resolution of 8 bits is 

recommended, owing to the OLED current is stepped up from zero to the maximum OLED 

current at a ratio of 255 steps. This sort of dimming technique avoid the luminous flux changes 

being visible in the low luminance levels region, as shown in Fig. 2.17. On the other hand, when 

a lineal dimming is used, a resolution at least of 10-12 bits must be ensured. 

 

 

 

Fig. 2.17. Logarithmic dimming operation curve. 

 

The most common low-voltage dimming interfaces are 1-10V, DSI, DALI, DMX and PWM 

[19]. Nonetheless, these interfaces are not recommended to dim OLEDs, due to the fact that they 

are based on PWM, which lowers the OLED lifespan. In addition, they are not as accurate as 

pursued. In order to optimize the lifetime and have a more accurate luminous flux, the electronic 

driver must be designed to have no more than ±5% output current variation. 
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2.9.3. Forward voltage variations of the OLED 

 

The forward voltage of the OLED is lower when any of the following conditions is presented 

in accordance with the specifications: 

 

 Lower tolerance of the forward voltage. 

 Low dc bias current.  

 Higher operating temperature of the OLED.  

 

On the contrary, the forward voltage of the OLED is higher when any of the following 

conditions is presented in accordance with the specifications: 

 

 Higher tolerance of the forward voltage. 

 High dc bias current. 

 Lower operating temperature of the OLED. 

 End-of-life of the OLED. 

 

Due to the forward voltage variations, the electronic driver must have a strict output voltage 

variation range, thus compensating the forward voltage variations over and lower the nominal 

forward voltage in order to achieve constant current through the OLED. 

 

OLEDs must be connected in series when there have been several OLEDs to operate in the 

luminary. Moreover, OLEDs must be operated by an electronic driver that supplies constant 

current. On the other hand, modular electronic drivers can be used to operate single OLEDs. 

When the OLEDs are connected in series, the total maximum forward voltage of the chain is 

equivalent to the maximum forward voltage of the OLED by the number of OLEDs in series and 

vice versa, the total minimum forward voltage of the chain is equivalent to the minimum forward 

voltage of the OLED by the number of OLEDs in series. Then, the electronic driver must be 

designed to operate in under voltage detection when the total forward voltage of the OLEDs is 

under the minimum in accordance with the specification. On the contrary, the electronic driver 
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must operate in over voltage detection when the total forward voltage of the OLEDs is over the 

maximum in accordance with the specification. 

 

 

2.9.4. Short-circuit protection of the OLED 

 

OLEDs can be electrically damaged by mechanical stress or incorrect lamp connection. The 

short-circuit failure mode behavior of the OLED is different to the LED, because of the OLED 

has a small resistance through it known as deviation resistance. Then, as the heating of the 

deviation resistance increases, thermal issues on the OLED are increased. Thus, the OLED must 

be operated by constant current due to the deviation resistance causes a voltage drop across it, 

but not a zero voltage. Then, the electronic driver must be able to regulate at the OLED nominal 

current in this failure mode or stepped into over current protection [19]. 

 

 

2.10. OLED Thermal model 

 

The main heat transfer mechanism in organic or inorganic LEDs is heat conduction, because 

the heat is transferred from junction to ambient using a heatsink, creating a thermal path of the 

OLED from junction to ambient, and can be modeled with a thermal equivalent circuit. For 

instance, some thermal models of LEDs take the thermal resistances of all materials involved in 

the LED construction into consideration [20]. On the other hand, other LED thermal models take 

compact models into account to predict static and dynamic behavior [21][22]. In addition to the 

thermal models aforementioned, a simplified static model and dynamic models are found in [23]-

[25].  

 

The thermal model under steady state conditions is shown in Fig. 2.18 [26]. The ��� is the 

LED junction to case thermal resistance, the ��� is the heatsink thermal resistance, and the 

heatsink temperature -��. In practice, a heatsink compound is used between the LED and the 

heatsink to ensure a good thermal dissipation. The thermal resistances ��� and ��� present an 

opposition to the heat flow and depend on the thermal conductivity and thickness of their 
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materials. The thermal resistance of the thermal conductor is relatively small in comparison with 

the LED junction to case thermal resistance ��� so that it is neglected from the LED system 

analysis.  

 

 
 

Fig. 2.18. Steady state thermal equivalent circuit of the LED system. 

 

The equivalent dynamic thermal model circuit of the LED is illustrated in Fig. 2.19 [26]. This 

thermal model includes the junction to case thermal capacitance 	�� and the heatsink thermal 

capacitance 	��. Both capacitances represent the amount of heat that is stored by the LED and 

the heatsink, which depend on the volume and density of their materials.  

 

However, some effects are not considered in these models, as they are heat transfer by 

convection and radiation, phosphor conversion losses, and the three-dimensional (3-D) effects. 

So that, these models should be used carefully in the organic or inorganic LED thermal design. 
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Fig. 2.19. Equivalent dynamic thermal model circuit of the LED system. 

 

 

2.11. OLED operation reliability 

 

The OLED lamps must be operated under certain conditions of operating temperature to fulfill 

a reliable operation throughout the targeted timeframe. Therefore, the reliability requirements of 

the OLED lamp have to be reviewed in the datasheet before a lighting system is designed [27]. 

Apart from the likelihood of abrupt failures based on L0C10, the luminous flux maintenance of 

the OLED lamp under operation is also affected. For instance, the Phillips Brite FL300 is 

designed for L70B50 lifetime at 10,000 hrs at an organic layer temperature of 50°C. This 

temperature is reached when the OLED lamp is operated at a rated current at room temperature, 

and can be affected by a change of its power dissipation, its thermal dissipation, and the ambient 

temperature. The OLED lamp lifetime under different operating luminous flux and organic layer 

temperatures conditions and placed in vertical position, is illustrated in Fig. 2.20. Note that 

L0C10 stands for the point in time at which 10% of the initial population fails due to abrupt 

failures. Hence, it is shown in Fig. 2.20 that an increase in the organic layer temperature of the 

OLED at a given luminous flux and OLED current will decrease the OLED lifetime. On the 

other hand, reducing the OLED current, will increase the OLED lifetime and decreasing the 

organic layer temperature of the OLED, will also improve the OLED lifetime.  
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Fig. 2.20. OLED lifetime curves under different operating conditions. 

 

The OLED organic layer temperature is ambient temperature dependent as aforementioned. 

This temperature dependency is shown in Fig. 2.21 under two different operating OLED currents 

as they are 0.135 A and 0.368 A, and placed in vertical position. The organic layer temperature 

of the OLED depends on its placement orientation, air movement on it, and its type of mounting 

structure. Therefore, an increase in the ambient temperature will cause an increase in the OLED 

organic layer temperature. 
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Fig. 2.21. OLED organic layer temperature curves under different ambient temperatures. 

 

 Cooling efficiency is dependent on the quality of the thermal coupling between the OLED 

lamp and the mounting component, which is usually made of aluminum. This fact is true if the 

mounting component is intended to function as a heat sink. Thus, the thermal contact between 

the OLED and the mounting component should be optimized in order to improve the temperature 

of the OLED. 

 

The organic layer temperatures of the OLED lamp mounted under different materials and 

operating at different luminous flux and at room temperature are shown in Fig. 2.22. The type of 

mounting materials used are wood and aluminum metal. The wood plate dimensions are: 16 mm 

thickness and an area of 160 ��#. On the other hand, the aluminum plate dimensions are: 1.5 

mm thickness and an area of 160 ��#. As it is expected and shown in Fig. 2.22, an aluminum 

metal plate happens to be the best mounting material because it conducts the heat in a more 

efficient mode.          
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Fig. 2.22. OLED organic layer temperature curves under different luminous flux. 

 

 

OLED lamp aging  

 

During the OLED lamp lifetime the OLED voltage increases, which causes an increase of its 

power dissipation and its organic layer temperature under constant OLED current driving. Note 

that this fact is even worse at the end of life of the OLED lamp. Therefore, it must be taken into 

consideration when the thermal design of the lighting system is carried out. 
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2.12. Definition of the OLED lamp 

 

The OLED lamp is a soft and diffuse light source of superficial area so that it is a light source 

of great extent and free dazzle compared to the conventional light sources such as the 

incandescent, the halogen and the LED, which are all spot light sources. 

 

 

2.13. Description of the OLED lamp 

 

The OLED lamp has a thin structure of light weight, flexible and clear finishes. Hence, the 

OLED is not just a light source, but also, it is a very attractive and predominant element in the 

avant-garde interior design area, leading to the interiors, buildings, museums, offices, stores and 

public room decoration. 

 

 

2.14. Lighting applications of the OLED 

 

The OLED can be used in different lighting applications such as ablaze tiles and partition 

wall, so that it is possible to light walls and floors [28]-[29]. In addition, the OLED can be used 

as mirror owing to its clear material layers, except the cathode, which is made of metal, usually 

aluminum. Therefore, the OLED will be a mirror when it is off and a light source of superficial 

area when it is on. A ceiling lamps design based on OLEDs are shown in Fig. 2.23. 
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Fig. 2.23. OLED lamp of ceiling. 

 

Nonetheless, there are other types of lamps design based on OLEDs such as avant-garde 

interior lamps to be placed on tables as shown in Fig. 2.24, or floor lamps as illustrated in Fig. 

2.25 [29]. 
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Fig. 2.24. OLED lamp of table. 

 

 

 

Fig. 2.25. OLED lamp of floor. 

 

The mirror lamp design is illustrated in Fig. 2.26. Even though, it can also be used on 

windows. Thereby, it will be a simple window during the day and a light source during the night 

[29]. This is possible owing to its clear finishes, that is, the cathode must be made of a clear 

material. 
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Fig. 2.26. OLED lamp of mirror type. 

 

 

2.15. Comparative of the commercial OLED lamps 

 

The different electrical, photometrical and thermal parameters of the commercial OLED 

lamps are illustrated in Table 2.1. The OLED suppliers are: LG, Osram and Philips [30]-[37]. 

Commercial OLED shapes such as octagonal, rectangular, square, and flexible rectangular are 

shown in Fig. 2.27. 

 

 

Fig. 2.27. Commercial OLED lamp shapes. 
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Table. 2.1. Electrical-photometrical-thermal comparative of the commercial OLED lamps. 

 

Supplier Description 
Voltage 

(V) 
Current 

(A) 
Power 

(W) 
Luminance 

(cd/m2) 

Luminous 
Efficacy 
(lm/W) 

Luminous 
Flux 
(lm) 

CCT 
(K) 

CRI 
 

L70 
(hrs) 

Max. 
Amb. 
Temp. 
(°C) 

Osram 
Orbeos 

CDW-030 
6 0.117 0.7 2000 40 - 3400 80 10,000 40 

Osram 
Orbeos 

RDW-046 
6 0.1 0.6 2000 40 - 3400 80 10,000 40 

Osram 
Orbeos 

SDW-058 
6 0.283 1.7 2000 40 - 3400 80 10,000 40 

Phillips 
Brite  

FL300 
20 0.368 7.4 8300 40-50 300 

3000-
4000 

80 10,000 40 

LG N6SD30 8.5 1.7 14.5 - 60 850 3000 90 40,000 40 
LG N6SB40 6 0.060 0.4 3000 55 20 4000 90 30,000 40 
LG N6SB30 8.5 0.040 0.3 3000 60 20 3000 90 40,000 40 
LG N6SA40 6 0.230 1.4 3000 55 75 4000 90 30,000 40 
LG N6SA35 6 0.230 1.4 - 55 75 3500 90 30,000 40 
LG N6SA30 8.5 0.150 1.3 3000 60 75 3000 90 40,000 40 
LG N8SA30 8.5 0.120 1 - 80 75 3000 >80 50,000 40 
LG N6SC40 6 0.480 2.9 3000 50 150 4000 90 30,000 40 
LG N6SC30 8.5 0.3 2.6 3000 60 150 3000 90 40,000 40 
LG N6BA40 6 0.230 1.4 3000 55 75 4000 90 30,000 40 
LG N6BA30 8.5 0.150 1.3 3000 60 75 3000 90 40,000 40 
LG N6BB40 6 0.8 4.8 3000 50 250 4000 90 30,000 40 
LG N6BB30 8.5 0.5 4.3 3000 60 250 3000 90 40,000 40 
LG F6BA40 6 0.230 1.4 3000 55 75 4000 90 30,000 40 
LG F6BA30 8.5 0.150 1.3 - 60 75 3000 90 40,000 40 
LG N6OA40 6 0.230 1.4 3000 55 75 4000 90 30,000 40 
LG N6OA30 8.5 0.150 1.3 3000 60 75 3000 90 40,000 40 
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2.16. Conclusions 

 

The OLED lamp presents the advantage of being a superficial area light source in comparison 

with the inorganic LED, which is a spot light source. Then, it means that the illuminance level 

delivered by the OLED lamp over a surface must be better.  

  

In addition, the OLED lamp presents the advantages of the shape, light weight, small 

thickness and size, which allows for an integration with the electronic driver, which must have as 

high power density as possible in order to have a lighting system integration of small size for 

interior applications for instance. 

 

The Philips Brite FL300 OLED lamp is chosen as the OLED lamp in this research work. 
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3. OLED photo-electrical-thermal modeling 

 

OLED lamps consist of a large semiconductor area sandwiched between two electrodes, 

where the organic materials are built-in as discussed in chapter 2. Because of this, an electrical 

field is generated between the organic layers, which makes the OLED lamp to have a significant 

capacitive behavior. Therefore, OLED lamps are different in electrical behavior when it is 

compared to other light sources like LEDs. However, the static characteristics of the OLED are 

similar to those of the LED. From an electrical point of view, the OLED structure can be defined 

as an equivalent circuit that combines resistances and a capacitor. 

The OLED lamp used as a load in a switched mode power supply (SMPS) has a pretty 

specific electrical behavior, which must be studied before connecting it to the SMPS. The 

electrical analysis consists of the static and dynamic characteristics. 

 

Since OLED photometric, electrical and thermal behavioral characteristics are one another 

dependent, it is necessary to study a PET (photo-electrical-thermal) model of OLED that 

represents a more complete behavior of the OLED lamp due to the three electrical, thermal and 

photometrical variables involved.  

 

Then, this chapter presents a state of the art review about OLED electrical models, PET basic 

design theory and PET OLED models, which are needed in order to understand the basic theory 

of PET before addressing the PET OLED models, which are complex models.  

 

 

3.1. OLED modeling 

 

The equivalent electrical circuit model of OLED is used as a static and dynamic load for 

designing and simulating OLED drivers. From an electrical point of view, the OLED structure 

can be defined as an equivalent circuit that combines resistors and a capacitor. The ohmic losses 

are generated from the contact resistances of the organic layers, bulk conduction within the 

organic layers and electrode resistance. The capacitive behavior comes from the stacked 

structure of the organic layers of the OLED. 
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3.1.1. OLED electrical equivalent device for driver topology design 

 

The literature mentions different types of OLED electrical equivalent models, which must be 

as simple as possible and provide good electrical and radiative properties of the OLED [38]-[44]. 

Also, it must be easy-built with resistors, capacitors and diodes and offers a good accuracy. 

 

A large signal OLED model is shown in Fig. 3.1 [45]. The circuit consists of a series 

resistance ��, which represents the electrode resistance, a capacitor that represents the electrical 

field formed among the organic layers, the leakage resistance �� generated due to the charge 

injection into the OLED structure when the diode is off and the threshold voltage ��, simple 

diode � and the dynamic series resistance ��. The simplicity of this OLED model is the main 

revenue, but a drawback is that there is a small current flowing through �� at very low 

polarization voltages, that is, when OLED is off. However, if the OLED is turned off, the voltage 

decreases slowly in time due to the time constant formed by �� and 	 [46].  

 

 

 

Fig. 3.1. OLED equivalent electrical model. 
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The OLED model shown in Fig. 3.1 has the benefits of being a large signal model and has 

two electrical time constants formed by �� and 	 when the diode is on and �� and 	 when the 

diode is off. The first time constant is typically measured in microseconds and the second one is 

measured in milliseconds close to a second. Other disadvantages of the OLED model are the 

accuracy and the temperature dependence of the parameters. 

 

Nevertheless, the operating temperature of the OLED is much lower than that of the inorganic 

LED. For instance, the operating temperature of the OLED is about 40°C, whilst the junction 

temperature of the LED is above 100°C. In addition, the temperature variations of the operating 

OLED are defined between room temperature and 50°C, where degradations start, which reduces 

the influence of the temperature on the OLED. For instance, a ±10°C temperature variation at 

about 40°C, leads to a voltage variation of ±2.5% and ±5% [47]. In [38], it is shown that the 

luminance versus DC bias current curve is not quite dependent on temperature. Therefore, 

temperature effects are excluded from this study. 

 

 

Model Parameters identification 

 

The model parameter identification is achieved by static regime and impedance analysis 

measurements. The static part consists of measuring the voltage across the OLED and the current 

through it in order to determine the threshold voltage �� and the dynamic series resistance ��. 

Moreover, the leakage resistance �� is obtained by measuring the points of the V-I semi 

logarithmic scale curve below the threshold voltage as illustrated in Fig. 3.2. 

 

In the static regime, it is considered that the current flowing through the leakage resistance �� 

is negligible in comparison with the current flowing through the dynamic resistance ��, and that 

capacitor 	 is an open circuit. A curve fitting procedure is applied to the ���W�Y static curve in 

order to know the non-linear relationship between the current through the OLED and the voltage 

across ��. 
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Fig. 3.2. Static curve of the OLED in semi logarithmic scale. 

 

The impedance measurements are made by using an impedance analyzer type Solartron 

Modulab MTS. An ac voltage is coupled to the bias voltage applied to the OLED. Therefore, if 

the maximum value of this bias voltage is lower than the threshold voltage of the OLED, the 

OLED is off. From Fig. 3.3 impedance measurements of an OLED Orbeos CDW-031 with a bias 

voltage of 20mV and an ac voltage amplitude of 10mV, it is possible to know the values of �� 

and 	.  

 

For instance, the phase curve is -90° at very low frequencies, which represents a pure 

capacitive behavior of the OLED, and then the phase crosses zero, which represents a pure 

resistive behavior of the OLED. Hence, on one hand, the value of the capacitor 	 is calculated 

when the phase curve is at -90°, and on the other hand, the electrode resistor �� is calculated 

when the phase curve is at 0°. But, as the leakage resistor �� value is pretty high, it is determined 

at very low frequency, which is not possible to measure it with the impedance analyzer used. 
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Fig. 3.3. OLED impedance and phase at 20mV bias voltage. 

 

The values of the capacitor 	 and the electrode resistor �� at different bias voltages below the 

threshold voltage are illustrated in Table 3.1. The values of the capacitor 	 and the electrode 

resistor �� behave constant under the different bias voltages. Hence, the capacitance only 

depends on the geometric capacity as shown below. 

 

	 = ℰ�ℰ���  (3.1) 

 

Where ℰ� is the permittivity of free space, ℰ� is the relative permittivity of the active layer, � is 

the surface area of the OLED and � is the thickness of the active layer. 
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Table 3.1. Capacitor 	 and electrode resistor �� values at different bias voltages. 

 

Bias voltage (mV) Capacitor . (µF) Electrode resistor \[ (Ω) 

20 2.94 1.35 

500 2.95 1.35 

1000 3 1.4 

1500 2.93 1.36 

 

On the other hand, when the bias voltage is higher than the threshold voltage of the OLED, 

the OLED is on and the values of the capacitor 	, the electrode resistor �� and the dynamic 

series resistance �� at different bias voltages above the threshold voltage are shown in Table 3.2.  

 

The electrode resistance �� behaves constant in value owing to the fact that it represents the 

contact resistance of the electrode and the capacitor 	 value is not constant anymore, as it is 

increased by more than two times in comparison with the value when the OLED is off at about 

1.8V threshold voltage. In addition, for instance, the impedance measurements of the OLED 

Orbeos CDW-031 with a bias voltage of 4V and an ac voltage amplitude of 10mV are shown in 

Fig. 3.4.  

 

Table 3.2. Capacitor 	 and resistors �� and �� values at different bias voltages. 

 

Bias voltage (V) Capacitor . (µF) 
Electrode resistor \[ (Ω) 

Dynamic series 

resistor \3 (Ω) 

2 4 1.38 36k 

2.5 6.9 1.35 544 

3 4.3 1.4 3.5 

3.5 1.9 1.35 1.48 

4 0.98 1.35 1.22 
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Fig. 3.4. OLED impedance and phase at 4V bias voltage. 

 

The capacitance 	 is proposed to be constant at about 4.5 µF for the sake of simplicity after 

some analysis in the dynamic regime not reported in this work. This leads to a limiting factor of 

the OLED model accuracy. From a dynamic point of view, owing to the fact that this capacitor is 

voltage dependent, the time constant formed by �� and 	 is also voltage dependent. Then, for 

instance, if the OLED is switched on and off periodically, the time constant is under or over 

estimated depending on the bias voltage. The parameters of the OLED model are shown in Table 

3.3. 

 

Table 3.3. OLED model parameters. 

 

\[ (Ω) \H (kΩ) . (µF) jV (V) \3 (Ω) 

1.35 750 4.5 1.8 0.27 
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OLED Model accuracy 

 

A pulsed current source with variable duty cycle, current and frequency was used to drive the 

OLED Orbeos CDW-031, and validate the accuracy of the OLED model under a dynamic 

change. The OLED voltage deviation between simulations and experimental results presented is 

50 mV, equivalent to an error of 1.5%. On the other hand, there is no delay in response time 

between the simulated normalized current and the experimental normalized light output. 

Moreover, the OLED model is less accurate at frequencies lower than 1 kHz. 

 

 

3.1.2. OLED equivalent circuit model with temperature coefficient and intrinsic capacitor 

 

There are two types of OLED models, which are predictive OLED model [48] and 

impedance-spectroscopy-based OLED model [49]. The predictive OLED models provide 

consistent results with the device physics for a very good accuracy. But, this model requires 

many data input as geometry, device structure and the physical properties of the materials, which 

are difficult to find in the supplier’s OLED specifications [50]. The impedance-spectroscopy-

based OLED model requires a small signal model at different operating points to define a non-

linear large signal model with a large domain of validity. The OLED model parameters are 

voltage dependent [49]. Other OLED models consider only the static behavior [51][52]. In 

addition, there are other OLED models that consider the dynamic behavior, but it is assumed that 

the OLED capacitance is not voltage dependent [53]-[56]. The OLED models that consider the 

capacitance variation and the dynamics of the OLED, do not take into consideration the 

temperature effects on the static behavior. 

 

A simple method to characterize OLED lamps is proposed in [50], in which the architecture 

and the physics materials are not known. This approach takes into account the effects of the 

temperature and the voltage-dependent capacitor value.  
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The OLED equivalent circuit is illustrated in Fig. 3.5. The circuit consists of an inductor �� 

and a resistor ��, which represent the the stray inductance and resistance of the wire, a diode ����� and a capacitor 	����. 

 

 

 

Fig. 3.5. OLED equivalent electrical circuit. 

 

 

Four-parameter Taylor-series-based OLED model 

 

In organic materials, the current is limited by the bulk material, that is, by space-charge-

limited current properties or by contacts, that is, by injection-limited current. According to the 

device architecture, the physical properties, and the operating conditions, one of the two current 

limiting types is dominant. The transition between these two mechanisms is not straightforward 

and requires the combination of injection models and transport models to obtain an accurate V-I 

characteristic on a broad operating range [57].  

 

The approached proposed is to approximate the V-I characteristic of the OLED with a 

behavioral model that considers the OLED current obeys the Shockley diode expression. This 

approach does not consider the device physics. Then, it is possible to further simplify the 
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Shockley diode expression by using the Taylor series [53]-[56]. The V-I characteristic curve and 

the OLED equivalent model are obtained [58][59]. 

 

�����W-�Y = ����W-�Y � ������W��°�Y�W��`#�° Y¡`�¢£����W��Y¤W��Y�¥W��Y ¦�
�!

¨
�©�  (3.2) 

 

Where: 

 

�� = �ª − �«�ª − �«  (3.3) 

 

�W-�Y = �¬ − �ª − ��W�¬ − �ªY��W-�Y ln �£¯£°¦  (3.4) 

 

����W-�Y = �¬
�±²¯W��°�Y³W¥�´��°�Yµ´¶¢·¯¸W¥�Y²¥W¥�Y ¹ (3.5) 

 

º = �«Wt�° Y − �«W#�° YW-� − 20°	Y  (3.6) 

 

Where: �� is the dynamic series resistance of the OLED, �ª and �ª are the OLED maximum 

voltage and current, �« and �«  are the OLED rated voltage and current, �¬ and �¬ are the OLED 

knee voltage and current, ��W-»Y is the threshold voltage of the OLED at the operating ambient 

temperature, -� is the operating ambient temperature, º is the temperature coefficient, ����W-»Y is 

the saturation current of the OLED at the operating ambient temperature, and �W-�Y is the ideality 

factor of the OLED at the operating ambient temperature. The experimental parameters as the 

maximum operating point W�ª , �ªY, the rated operating point W�«, �«Y and the knee point W�¬ , �¬Y of 

the Orbeos CDW-031 are listed in Table 3.4 [60]. The OLED parameters are obtained at 25°C 

ambient temperature. The error percentage of deviation between the calculated OLED current in 

accordance with (3.2) and the experimental OLED current is shown in Fig. 3.6. The highest error 

percentage deviation is lower than 2% found from 10°C to 40°C ambient temperatures. 
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Table 3.4. Electrical parameters of the Taylor series model at 25°C. 

 

Knee 
point WjR, KRY 

(V, mA) 

Rated 
operating point WjO, KOY 

(V, mA) 

Maximum operating 
point WjS, KSY 

(V, mA) 

Dynamic 
resistance @3(Ω) 

Ideality 
factor 2(X8) 

R. Saturation 
current K38V(X8)(A) 

Temp. 
coefficient _(j °.⁄ ) 

(2.89,12) (3.4,121) (3.87,318) 2.376 3.047 8.458 ¼ 10`4½ -7.45 
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Fig. 3.6. Error percentage deviation between calculated and experimental OLED current. 

 

 

VPWL and PWL based OLED equivalent models 

 

The equivalent OLED electrical model that is integrated by the VPWL (voltage-controlled 

piecewise linear) and PWL (piecewise linear) models is shown in Fig. 3.7. The OLED model 

takes into consideration the temperature effects from 10°C to 40°C. From the circuit shown in 

Fig. 3.7, the transient and ac frequency response simulations can be tackled. 
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Fig. 3.7. VPWL and PWL-based equivalent OLED electrical model. 

 

The OLED capacitance is voltage-frequency-temperature dependent [39], [61]-[64]. The 

OLED equivalent capacitance is obtained between two relaxation frequencies, in which the 

capacitance is constant. The OLED presents a pseudo-inductive charge relaxation effect at the 

lower frequency. An experimental constant capacitance between a 1 Hz - 100 kHz frequency 

range and a constant capacitance under small temperature variations from 25°C ± 15°C are 

obtained. Then, the temperature effect over the capacitance can be neglected. The equivalent 

capacitance of the OLED Orbeos CDW-031 as a function of the OLED voltage curve is 

illustrated in Fig. 3.8. And then, the capacitor charge in function of the OLED voltage can be 

calculated from (3.7). 

 

����� = ¾ 	���������� (3.7) 

 

Where: ����� is the OLED electrical charge and ����� is the OLED voltage. 
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Fig. 3.8. Experimental equivalent capacitance of the OLED. 

 

A frequency response simulation based on the circuit shown in Fig. 3.7 and the experimental 

impedance measurements are an important analysis carried out in this work. In which, input 

impedance amplitude and phase of the OLED model and OLED lamp are measured. The OLED 

voltage is varied from 20mV to 3.5V in steps of 0.5V. The simulation and experimental results 

reported presented a pretty good accuracy among them. However, a small discrepancy between 

simulation and experimental results at an OLED voltage of 3V is presented. It is solved by 

increasing the data points of the V-I static curve of the OLED between the knee point and the 

rated point from 5 to 30 points. This issue is presented due to the fact that this operating point of 

the OLED is within the nonlinear region of the V-I static curve of the OLED, and it is right at the 

common end point of two piecewise segments, leading to a jumping problem for the operating 

point during operation and to a convergence problem. In order to avoid this jumping problem for 

the operating point, more data points are required within the nonlinear region to make sure that 

the operating point is working along its corresponding piecewise segment.   
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The OLED transient behavior cannot be represented by a model with a fixed capacitance [45]. 

Hence, it is needed to carry out a transient simulation based on the circuit shown in Fig. 3.9. In 

addition, the OLED must be studied experimentally under the electrical conditions set up in the 

transient simulation in order to validate the simulation results experimentally.  

 

 

 

Fig. 3.9. Transient VPWL and PWL-based equivalent electrical circuit. 

 

The good agreement between transient simulation and experimental results reported in this 

work represent a good dynamic behavior of the OLED model. Owing to the high capacitance of 

the OLED lamp, the high frequency signals are attenuated. Therefore, only the dc component of 

the signals is seen by the OLED. Based on this, it is only necessary to predict the V-I static 

characteristic of the OLED at this operating point. However, this is not the case at lower 

operating frequencies.      
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3.1.3. Modeling and characterization of OLEDs including capacitance effect 

 

The proposed TEM (theoretical equivalent model) is shown in Fig. 3.10 [65]. This model 

consists of the electrode resistance ��, the leakage resistance ��, the geometric capacitor 	¿, 

diodes �4, �# and ��, voltage source �ÀÁ and threshold voltage source �Â, resistance �ÀÁ and 

dynamic series resistance ��.  

 

 

 

Fig. 3.10. OLED TEM circuit. 

 

The leakage current flow through �� is significant when diodes �4 and �# are off. 

Resistances �� and �� affect the device operation in region 1, which is shown in Fig. 3.11. The 

forward voltage of the OLED is lower than the voltage �ÀÁ and the forward current is very small. 

Hence, the OLED has an ohmic behavior. In region 2, the forward voltage of the OLED is higher 

than the voltage �ÀÁ and the charge injection into the OLED starts, owing to the fact that 
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capacitor 	Ã starts charging and then, a small forward current flows through resistances �ÀÁ and ��. Since �� is much greater than �ÀÁ and ��, it is considered as an open circuit. In region 3, the 

threshold voltage of the OLED is reached and the forward current of the OLED initiates 

conducting in a significant way. Diode �� provides a path of discharge to the two capacitances as 

they are the geometric capacitance 	¿ and the diffusion capacitance 	Ã. The geometric 

capacitance is equivalent to the form factor of the OLED, which is the ratio between the OLED 

area and the thickness of the organic materials of the OLED. 

 

IOLED

VOLED
 

 

Fig. 3.11. OLED static V-I curve. 

 

The OLED is fully depleted at very low forward voltage and the capacitance is independent of 

the voltage. Therefore, the capacitance of the OLED is equivalent to the 	¿ capacitance and only 

depends on the dielectric properties, device area and thickness of the OLED. The OLED 

capacitance remains constant till the charge injection from the electrode starts, which is indicated 

by �ÀÁ. This carrier injection increases due to the effect of the 	Ã capacitance. When the forward 

voltage is much higher than the threshold voltage of the OLED, a significant radiative 
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recombination occurs in the emission layer of the OLED causing the reduction of the amount of 

charge, which decreases the capacitance of the OLED [39], [66]-[67]. 

 

 

Characterization and parameter identification 

 

The procedure to obtain the resistor �� is based on Fig. 3.12(a). The voltage � must be lower 

than the voltage �ÀÁ in order to limit the peak current. First, �4 is at position » and the OLED 

capacitor is charged up to voltage �. Later, �4 is at position � and the OLED is short-circuited. 

The current is only limited by the resistors �� and ��4. The charge stored in the capacitor causes 

a peak current through the external path, which helps find the resistor value of ��. 

 

�� = Ä �Å��ÆÇ − ��4 (3.8) 

 

The V-I static curve of the OLED is obtained by means of the circuit shown in Fig. 3.12(b), 

which consists of a constant current source and a ramp voltage source. The inflexion point of the 

V-I static curve is taken jointly with a photo sensor to determine the point when the OLED light 

emission occurs. The resistances �ÀÁ, �� and �� are obtained by using a linear regression method 

to the curve illustrated in Fig. 3.11. The leakage resistance �� is found from the inverse slope of 

the V-I curve in region 1. The temperature rise causes an increase in the OLED conductivity, 

which lowers its electrical resistance. Also, the energy required for the recombination 

phenomena is lower, so that a lower forward voltage is required to drive the OLED [45], [47], 

[66]-[67], [68]-[72]. 

 

The determination of the diffusion capacitance 	Ã has been obtained by different methods, but 

they use sophisticated equipment. For instance, they obtain the capacitance by including 

admittance spectroscopy [49], [73], static discharge [74], and large-signal measuring [75]. 

Therefore, an approach that combines the V-I static characteristic and the transient OLED 

voltage characteristic during the charge stage is proposed in order to obtain the diffusion 

capacitance 	Ã. The circuit used to obtain the capacitance 	Ã is shown in Fig. 3.12(c).  
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a) 

 

 

 

b) 
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c) 

 

Fig. 3.12. OLED parameters identification circuits: a) ��, b) ��, ��, �ÀÁ, �Â, and �ÀÁ and c) 	¿ 

and 	Ã. 

 

The voltage amplitude of the step ����� must be slightly higher than the rated OLED voltage 

to avoid getting current spikes. An extra resistor ��ÈÉ is used to limit the forward current. The 

curve of the diffusion capacitance obtained is illustrated in Fig. 3.13. 
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Fig. 3.13. Diffusion capacitance identification curve: step voltage (blue) and OLED voltage 

(red). 

 

In interval I (ÊÂ − Ê4), the step voltage ����� is applied at Ê�, which causes that the forward 

voltage increases instantaneously, due to the current flow through �� and 	¿. Thereby, the time 

constant is defined by the equivalent resistance �� + ��ÈÉ and 	¿. 

 

In interval II (Ê4 − Ê#), the voltage ��¿ reached �ÀÁ and 	Ã starts charging. The time constant is 

lower, owing to the equivalent capacitance 	¿ + 	Ã and the parallel resistance (�� +
��ÈÉ)||(�ÀÁ). 

 

In interval III (Ê# − Ê¨), the voltage ��¿ is higher than �Â and the current starts flowing 

through ��. The time constant is changed, owing to the equivalent capacitance 	¿ + 	Ã and the 

parallel resistance (�� + ��ÈÉ)||(�ÀÁ)||(��). 
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Since the equations are known, the capacitances can be calculated by using a mathematical 

method to approximate the theoretical response of the experimental response. The least square 

method is applied jointly with an algorithm for error minimization MinErr in Mathcad. This 

procedure determines the best fit line to data and returns the parameters of the model that come 

closest to satisfy the equations of the model as they are 	¿ and 	Ã.   

 

A transient simulation and experimental results of transient comparison was carried out to 

validate the accuracy of the OLED model RMW-046. The results showed a discrepancy of 290 

mV equivalent to 8.5% error. The OLED model is more accurate for frequencies of 1 kHz and 10 

kHz than 100 kHz and the model is less accurate at frequencies lower than 1 kHz.   

 

 

3.1.4. Simplified electrical modelling of power LEDs for DC-DC converter analysis and 

simulation 

 

A power LED model based on electrical variables and the equivalent resistance concept that is 

addressed in discharge lamp modeling and that is suitable to carry out fast simulations of the 

LED converter system [76]. This model obtains acceptable simulation results of LED-dc-dc 

converter system simulations with a feasible parameter extraction process. The LED parameters 

are obtained by taking pretty straightforward measurements of voltage and current by means of 

multimeter and scope. So far, there are some models proposed in the literature [59], [77]-[87]. 

But, they are difficult to obtain due to temperature effect and optical considerations. So that, a 

simplified electrical nonlinear dynamic model to simulate LED-converter systems is proposed. 

 

The model proposed is extrapolated from the model of a discharge lamp [88][89]. In which, 

the equivalent resistance and the constant time of the lamp is considered. This model just 

considers electrical variables owing to optical variables are used to meet suitable illumination. In 

other words, the optical variables do not present any effect over the electrical performance of the 

LED. On the other hand, the temperature variable is indirectly considered in the LED due to the 

power is directly affected by the temperature as in the discharge lamp [88][89]. 
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Power LED behavior and modeling 

 

Stationary-state behavior 

 

Power LEDs present a steady-state voltage-current characteristic, in which each point of the 

curve is measured when they are reached steady state, similarly to the conventional diode as 

shown in Fig. 3.14.  

 

vD, (V)

iD, A

Vf = 3VVf = 0.7V

Typical 

diode

Power

LED

 

 

Fig. 3.14. Steady state curve of the LED and conventional diode. 

 

The Shockley diode expression (3.9) is used to model the diode behavior, and it is used to 

model the power LED behavior in this work. From (3.9), it is observed that the LED current �� is 

junction temperature -� and LED voltage �� dependent. The junction temperature -� is in 

function of the LED power � (3.10). The LED voltage is in function of the LED power � and 

the equivalent resistance �� of the LED (3.11). Then, the LED current �� can be expressed as a 

function of the LED power � and the equivalent resistance �� of the LED (3.12). 
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�� = �Ì Ä� Í²�¸Î¥Ï − 1Ç (3.9) 

 

-� = �#W�Y (3.10) 

 

�� = ��W� , ��Y = Ð��� (3.11) 

 

�� = �4W�Y = Ñ��� (3.12) 

 

Power LEDs present a different equivalent resistance �� at each operating point, and it is in 

function of the LED current �� and the LED voltage ��. Hence, by combining (3.9), (3.10), 

(3.11), and (3.12), the equivalent resistance �� is in function of the LED power � (3.13). The 

graphical representation of the equivalent resistance �� is illustrated in Fig. 3.15. Due to this 

fact, it is pretty difficult to solve (3.13) in a closed form, the expression given by equation (3.14) 

is proposed owing to the fact that the behavioral of the equivalent resistance of the discharge 

lamp in [89] is quite similar to the LED power equivalent resistance ��, as illustrated in Fig. 

3.15.  

 

�� = �tW�Y (3.13) 

 

�� = �tW�Y = �4�Ò� + �� (3.14) 
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Fig. 3.15. Equivalent resistance curve: a) �� vs LED power � and b) �� vs HID power �  

under steady state. 

 

 

Dynamic behavior 

 

The time constant of LEDs is similar in behavior to that time constant of discharge lamps. The 

dynamic electrical model is presented in [88]-[89]. The time constant is related to the dynamic 

behavior of the LED, and represents the dynamic response of the LED when the current is time-

dependent. The LED time constant depends on the LED voltage response, and can be obtained 

from the LED voltage by applying a current step to the LED [88][89]. The power LEDs present a 

very fast dynamic response, which leads to a quite small time constant in the order of nano-

seconds.  

 

The transient response test circuit shown in Fig. 3.16 is used to demonstrate the behavior 

illustrated in Fig. 3.17(a) and Fig. 3.17(b). But, the rise time of the current step applied to the 

LED is not short enough to observe the constant time in the LED voltage with precision. So that, 

an approximation of the constant time of the LED is measured in the test. In order to improve the 
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dynamic behavior of the circuit under test, a Mosfet PSMN1R2

and low parasitic capacitances and good switching behavior is u

the time constant of the LED. The time constant is considered as the time needed to meet 100% 

LED voltage at the point of 100 % LED current. Thereby, the time constant obtained is

illustrated in Fig. 3.17(b).  

  

Fig. 3.
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dynamic behavior of the circuit under test, a Mosfet PSMN1R2-25YL with low on

and low parasitic capacitances and good switching behavior is used to get an approximation of 

the time constant of the LED. The time constant is considered as the time needed to meet 100% 

LED voltage at the point of 100 % LED current. Thereby, the time constant obtained is

 

g. 3.16. Transient response circuit test. 

 

 

 

a) 

thermal modeling 

25YL with low on-resistance 

sed to get an approximation of 

the time constant of the LED. The time constant is considered as the time needed to meet 100% 

LED voltage at the point of 100 % LED current. Thereby, the time constant obtained is 17 ns as 



 

 

Fig. 3.17. Transient response of the LED LMT

step and b) voltage response zoom in.

 

 

LED modeling  

 

The equivalent resistance �� � (3.15). 

 

��WÊY = �
 

Where �É is the LED power variable and the t

network as shown in Fig. 3.18. 
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b) 

 

Transient response of the LED LMT-P12Y-77-N: a) voltage response under current 

step and b) voltage response zoom in. 

 of the LED can then be expressed in function of the LED power 

�W�ÉWÊYY = �4�ÉWÊYÒ� + �� 

is the LED power variable and the time constant of the LED is modeled by

thermal modeling 

N: a) voltage response under current 

of the LED can then be expressed in function of the LED power 

(3.15) 

ime constant of the LED is modeled by a RC 



 

 

a)                                                                 

Fig. 3.18. LED model proposed: a) block diagram and b) RC network diagram.

 

 

Evaluation of the LED parameters

 

The schematic used to obtain the steady state LED parameters in accordanc

shown in Fig. 3.19. 

 

Fig. 3.
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                                                                b) 

 

LED model proposed: a) block diagram and b) RC network diagram.

ion of the LED parameters 

The schematic used to obtain the steady state LED parameters in accordanc

 

Fig. 3.19. Steady state test circuit. 

thermal modeling 

 

LED model proposed: a) block diagram and b) RC network diagram. 

The schematic used to obtain the steady state LED parameters in accordance with (3.16) is 
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At stationary state, (3.15) is converted into (3.16): 

 

�� = �W�ÉY = �4�ÉÒ� + �� (3.16) 

 

The variables �4, �# and �� from (3.16) can be found by applying a curve fitting method to 

experimental data of Fig. 3.20(a). Then, the theoretical results from (2.16) are also shown in Fig. 

3.20(a). The relative error between experimental and theoretical results is 1.13%. The V-I 

experimental and theoretical results curve is illustrated in Fig. 3.20(b). In which, it is shown that 

(3.16) reproduces the threshold voltage of the LED from the exponential term �ÉÒ� . 
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Fig. 3.20. Steady state curves: a) � vs ��, and b) �� vs ��. 

 

The Simulink-based circuit of the power LED model is shown in Fig. 3.21 based on the 

technique used in [88][89]. In which, ��WÊY1 and �WÊY1 are voltage-controlled sources, ��WÊY 

and ��WÊY2 are voltage sensors, ��WÊY is a current sensor, �WÊY and ��WÊY ∗ ��WÊY are 

multipliers, ��WÊY is a function block, �Á is a resistor, 	Á is a capacitor and the saturation block or 
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resistance limiter, which is set from 0.1 to 10kΩ in order to avoid getting unwanted unmodeled 

operation points in the simulation.  

 

 

 

Fig. 3.21. Simulink-based circuit of the LED model. 

 

The theoretical and experimental results of the LED under a transient operation presented a 

good agreement regarding the LED dynamic behavior. 

 

 

3.1.5. A general PET theory for LED systems 

 

The photometrical, electrical and thermal features of the LED systems are dependent one 

another. Then, it is possible to optimize the design of LED systems by considering these three 
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factors together. A general theory that ties the photometrical, electrical and thermal parameters 

of the LED system is presented [90]. Thermal design is a critical and indispensable consideration 

of the circuit design, due to the fact that it affects the peak luminous output of the LED system. 

 

A disadvantage of LED technology is that the luminous flux decreases as the LED junction 

temperature increases [91]-[93]. Then, the maximum luminous light output of the LED occurs at 

an operating power lower than the rated LED power [94]. It is pointed out that the quantum 

efficiency and the junction thermal resistance of the LED are the two limiting factors in LED 

technology [95]. The luminous efficacy of LEDs typically decreases from about 0.2 % to 1 % per 

Celsius degree temperature rise [94, 96]. Some LED technology research works reports the 

relationship of LED efficacy degradation and the junction temperature of the LED [91, 92, 93, 

96, 97]. Due to the LED aging effect, the LED luminous efficacy degradation is higher, and the 

LED light output can drop up to a further 45% [98]. The LED thermal problem is tackled in 

[99][100]. The luminous efficacy drop due to thermal problem and which results in the luminous 

output reduction of the LED is addressed in [101]. 

 

The photometrical parameters such as luminous flux and luminous efficacy, the electrical 

parameters such as electrical power, LED current and voltage, and the thermal parameters such 

as junction and heatsink temperature and the thermal resistance are tied together. The luminous 

output and thermal relationship is studied in [96][97]. The non-linear thermal behavior of the 

junction to case thermal resistance of the LED with respect to the electrical power consumption 

is found in [102]. The junction to case thermal resistance of the LED could be affected by 

mounting and cooling methods, the size and orientation of the heatsink. Thus, the analysis of the 

junction thermal resistance and thermal management are studied in [102]-[108]. Some techniques 

to control the luminous output of LED systems are proposed in [109][110]. An LED model is 

proposed to model the thermal junction resistance and the light output in [111]. But, the model 

fits for the LED itself, and not for the LED system, which includes the thermal design of the 

heatsink and the electrical power control. 

 

This work proposed a general theory that ties the photometrical, electrical and thermal 

parameters of the LED system. It is based on a thermal model of the LED and heatsink. The 
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model meets the optimal operating point at maximum luminous output and provides the design 

parameters to obtain an optimal thermal design. 

 

 

General photo-electro-thermal theory 

 

The total luminous flux ÔÕ of a LED system, which consists of Ö number of LEDs is in 

accordance with (3.17). 

 ÔÕ = Ö�Ã (3.17) 

 

Where: � is the luminous efficacy and Ã is the real LED power. 

 

The luminous efficacy � of the LED decreases as the LED junction temperature increases.  

 � = ��×1 + ;�Ø-� − -ÂÙÚ (3.18) 

 

Where: �� is the rated efficacy at a rated temperature -Â, ;� is the relative rate of efficacy 

reduction due to the temperature rise. 

 

The LED electrical power is defined as Ã = �Ã�Ã. But, a part of the LED electrical power is 

dissipated as heat. Then: 

 ���� = ;�Ã = ;��Ã�Ã  (3.19) 

 

Where: �Ã is the LED voltage, �Ã is the LED current and ;� is a constant lower than 1 and it 

stands for the LED power that turns into heat. The measurement approach to obtain ;� is found 

in [112]. 

 

The thermal model under steady state conditions is shown in Fig. 3.22. The ��� is the LED 

junction to case thermal resistance, the ��� is the heatsink thermal resistance and the heatsink 
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temperature -��. In practice, a heatsink compound is used between the LED and the heatsink to 

ensure a good thermal dissipation. The thermal resistance of the thermal conductor is relatively 

small in comparison with the LED junction to case thermal resistance ��� so that it is neglected 

from the LED system analysis. 

 

 

 

Fig. 3.22. Steady state thermal equivalent circuit of the LED system. 

 

The steady state heatsink temperature is shown below: 

 -�� = -� + ���WÖ;�ÃY (3.20) 

 

Then, the LED junction temperature is illustrated in (3.21). 

 -� = -� + Ø��� + Ö���Ù;�Ã  (3.21) 

 

Hence, the total luminous flux can be expressed as follows: 

 ÔÕ = Ö��Û�1 + ;�W-� − -ÂY Ã + ;�;�Ø��� + Ö���ÙÃ#Ü (3.22) 



  OLED photo-electrical-thermal modeling 

- 71 - 
 

From (3.22), the luminous flux ÔÕ is related to the electrical power Ã of the LED, the 

thermal resistance of the heatsink ��� and the junction to case thermal resistance ���. Then, the 

photometrical, electrical, and thermal parameters of the LED system are integrated. 

 

Owing to the fact that ;� is negative and lower than unity, (3.22) is in the form of  ÔÕ = Ý4Ã − Ý#Ã# where Ý4 and Ý# are positive coefficients. Then, as Ã increases near zero, 

the luminous flux ÔÕ increases linearly owing to the second term Ý#Ã# is negligible at Ã small. 

Then, as Ã increases, the second negative term will lower the luminous flux ÔÕ in a significant 

way. The luminous flux will drop faster after reaching its maximum point of luminous flux due 

to Ã and ��� increases. Then, the parabola of the luminous flux is not symmetrical and the 

maximum point can be obtained from 
ÃÞßÃàá = 0. In [102], it is shown that ;� will be reduced 

slightly under dimming conditions. In addition, the degradation of LED efficacy with junction 

temperature rise is assumed to be linear, thereby ;� is assumed to be constant [94]. 

 

By differentiating (3.22) with respect to Ã and by assuming that ;�, ;� and ��� are constant, 

and then isolating for the LED power at which the luminous flux is maximum, (3.23) is obtained. 

 

Ã = − �1 + ;�W-� − -ÂY 2;�;�Ø��� + Ö���Ù (3.23) 

 

The LED power Ã at which the luminous flux is maximum could be lower if Ø��� + Ö���Ù is 

increased. So that, it is possible that Ã could be presented at a lower power level instead of the 

rated power of the LED. Then, it is possible that the LED power Ã could be at a higher level if a 

larger heatsink with a lower thermal resistance ��� is used. 

 

The effects of the junction to case thermal resistance ��� of the LED are related to (3.22), 

because of ��� increases as the Ã increases, leading to a reduction of the luminous flux ÔÕ. It is 

noticeable when Ã exceeds the rated LED power, which results in a slightly asymmetric 

parabolic luminous flux function. The general theory is able to manipulate the nonlinear junction 

to case thermal resistance ���. ��� is a complex and nonlinear function of the LED heat 
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dissipation ���� and the thermal design of the mounting structure. Then, a theoretical simplified 

linear function is shown: 

 ��� = ���ÂØ1 + ;��ÃÙ (3.24) 

 

Where ���Â is the rated junction to case thermal resistance at 25°C and ;�� is a positive 

coefficient. Hence, by combining (3.22) and (3.24), the luminous flux expression that takes into 

consideration the temperature-dependent ��� is illustrated below. 

 ÔÕ = Ö��Û�1 + ;�W-� − -ÂY Ã + ;�;�Ø���Â + Ö���ÙÃ# + ×;�;�;�����ÂÚÃ�Ü (3.25) 

 

 

Optimal design procedure of LED systems 

 

The luminous flux and luminous efficacy of the OLED obtained at any operating conditions 

can be analyzed against the theoretical ���=0°C/W by using Fig. 3.23 as follows [113]. As the 

cooling effect increases, that is, the ��� is decreased, Ã increases, that is, from A to D points. A 

large positive slope of  
ÃÞßÃàá stands for that a small increase of Ã leads to a large increase of ÔÕ. 

Then, the initial linear part of the 
ÃÞßÃàá curve presents a good efficacy. On the other hand, as Ã 

moves to around the LED rated power, the slope is zero or small. So that, a large increase of Ã 

leads to a small increase of ÔÕ. The LED power must not exceed the LED rated power in order to 

not reduce the LED lifespan. Hence, the intersection points of the curves against the LED rated 

power indicates how the luminous flux is upgraded. If the thermal design allows, the LED 

system should be designed in such a way that the maximum ÔÕ is reached at a higher LED power 

than the LED rated power and the intersection point of ÔÕ-Ã curve against the LED rated power 

achieves a value between 80% or 96% of the maximum ÔÕ. At this point, the LED rated power 

must be chosen as the LED operating power. 

 



  OLED photo-electrical-thermal modeling 

- 73 - 
 

 

 

Fig. 3.23. Impact of cooling effects on the luminous flux. 

 

 

3.1.6. Characterization, modeling and analysis of OLEDs with different structures 

 

OLEDs of different structures can be characterized and modeled by using the PET theory and 

the SPD (spectral power distribution) modeling [114]. The operating temperature variation of the 

OLED leads to a non-uniform depreciation of its light output, which increases the luminance 

non-uniformity over time and degrades the lifespan of the OLED. The optical measurement 

technique in order to determine the spatial temperature distribution in the organic layers of the 

OLED is studied in [115]. Based on the electrical-thermal interaction of the OLED modeling, an 

accurate prediction of the operating characteristics of the OLED can be achieved [68]. The 

framework of the PET theory and SPD modeling describes the photometrical, electrical, thermal, 

and chromatic characteristics of the OLED system. The framework-based OLED model can be 

used to evaluate and optimize the OLED system [90][116]. 
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Characterization and PET modeling of the OLED 

 

An Orbeos CMW-031 is characterized and modeled. It is important to mention that the 

organic layers must be protected from the air due to they are sensible to moisture and oxygen. 

The optical measurement is performed under steady state thermal and electrical conditions with 

the help of a PMS-50 spectro-photocolorimeter and an integrating sphere at 20°C ambient 

temperature. The voltage changes of the OLED during the heating period are captured by a 

transient thermal tester (T3ster).  

On the other hand, the temperature-dependent optical power and the wall-plug efficiency of 

the OLED are measured by the TeraLED system. In the case of the voltage-temperature 

sensitivity calibration, a current of 0.005A is set in the temperature-controlled oven at different 

ambient temperatures and under pulsed-current source of a small duty cycle. The junction 

temperature of the OLED is obtained by the voltage response curve and the voltage-temperature 

sensitivity calibration. Then, the luminance and temperature distribution of the OLED under 

different current magnitudes are captured by the LUMICAM 1300 imaging photometer-

colorimeter and LWIR camera. The experimental measurements are performed under the setup 

illustrated in Fig. 3.24. 

 

 

 

Fig. 3.24. Experimental measurement setup of the OLED. 
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Rate of reduction of luminous efficacy with junction temperature of the OLED 

 

The luminous intensity �� of OLEDs is given by (3.26), which is described as the amount of 

light power dependent of the junction temperature [117]. 

 

�� = ��|#ã° �¼� −Ø-� − 25°	Ù-4  (3.26) 

 

Where -4 and -� are the characteristic and junction temperatures of the OLED respectively. A 

high characteristic temperature leads to a less temperature-dependent luminous flux. Thus, the 

luminous efficacy � is: 

 

� = �|#ã° �¼� −Ø-� − 25°	Ù-4  (3.27) 

 

The luminous flux ÔÕ is: 

 ÔÕ = Ã� (3.28) 

 

Where Ã is the electrical power. 

 

The temperature coefficient ;� is the reverse of the characteristic temperature as illustrated 

below [112]: 

 

;� = − 1-4 (3.29) 

 

As a remark, the OLEDs usually obtained lower luminous efficacy in comparison with the 

LEDs, but OLEDs of large surface area can perform under more stable luminous efficacy 

because ;� is smaller. Thus, a small ;� can reduce the dependency of the characteristic 
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temperature from the junction temperature. Therefore, the OLED is less sensitive than the LED 

under operating temperature changes.    

 

 

Heat dissipation coefficient 

 

The input electrical power of the OLED is not completely turned into light due to a generated 

internal heat in the chip [118][119]. Hence, the input electrical power of the OLED is converted 

into optical power and heat dissipation power. Thereby, the heat dissipation coefficient ;� stands 

for the LED power that is dissipated as heat. The wall-plug efficiency of the OLED is decreased 

linearly as the junction temperature increases and the wall-plug efficiency of the OLED is 

decreased in a parabolic manner as the electrical power increases. Then, ;� is a two-dimensional 

function of electrical power and temperature. 

 

;� = 1 − Â��Ã = 1 − Wä-�� + åYØæÃ# + çÃ + èÙé  (3.30) 

 

Where Â�� is the optical power, -�� is the heatsink temperature and ä, å, æ, ç, è and é are 

constant coefficients, which are dependent on the thermal-optical-electrical characteristics of the 

OLED. The measured heat dissipation coefficients of the OLEDs LTS-10015 and CMW-031 and 

LEDs GW5BWF15L00 and XREWHTL1-0000-00C01 are illustrated in Table 3.5. As observed, 

the variation range of ;� is narrower in OLEDs than LEDs and the heat dissipation coefficients 

are higher in OLEDs than in LEDs.  

 

Table 3.5. Heat dissipation coefficients comparison. 

 

Heat dissipation 

coefficient 

OLED 

LTS-10015 

OLED 

CMW-031 

LED             

GW5BWF15L00 

LED             

XREWHTL1-

0000-00C01 ;� 0.905-0.937 0.959-0.987 0.72-0.86 0.67-0.84 
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Thermal resistance 

 

The OLED produces over the 90% of its power as a heat. The convection and radiation 

thermal resistances are quite dependent on the outer area of the OLED surface. Due to low 

thermal conductivity of the organic materials, it is necessary a substrate to upgrade the heat 

transfer of the OLED. In OLEDs, there are two heat dissipation paths. One is downward through 

the organic layers and the substrate and the other is upward through the encapsulant and package 

surface. So that, the junction to case thermal resistance ���_���� of the OLED is expressed as 

follows [120]: 

 

���_���� = Ø-� − -»ÙØ� − ��ÊÙ (3.31) 

 

The measured thermal resistances of the OLEDs LTS-10015 and CMW-031 and LEDs 

GW5BWF15L00 and XREWHTL1-0000-00C01 are shown in Table 3.6. In addition, the 

measured thermal resistances of the OLEDs LTS-10015 and CMW-031 are shown in Fig. 

3.25(a) and Fig. 3.25(b) respectively. On one hand, the thermal resistance of the metal substrate 

of the LTS-10015 is 0.34°C/W, which is the 58% of the total thermal resistance of the OLED. 

On the other hand, the thermal resistance of the glass substrate of the CMW-031 is 2.6°C/W, 

which is the 81% of the total thermal resistance of the OLED.   

 

Table 3.6. Thermal resistance comparison. 

 

Thermal resistance 
OLED 

LTS-10015 

OLED 

CMW-031 

LED             

GW5BWF15L00 

LED             

XREWHTL1-

0000-00C01 ��� 0.59°C/W 3.1°C/W 6°C/W 12°C/W 
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Fig. 3.25. Experimental OLED thermal resistance ���: a) LTS-10015 and b) CMW-031. 



  OLED photo-electrical-thermal modeling 

- 79 - 
 

Luminous flux 

 

The total luminous flux can be calculated as the asymmetric convex parabolic curve ÔÕ =Ý4Ã − Ý#Ã# − Ý�Ã�, where Ý4, Ý# and Ý� are positive coefficients and Ã is the OLED 

power. Owing to the operating range of the OLED lies on the left side from the peak of this 

parabolic curve and Ý� is much smaller than Ý4 and Ý# and affects on the right side from the 

peak of the parabolic curve, Ý�Ã� can be neglected. 

 ÔÕ = Ö��Û�1 + ;�W-� − -ÂY Ã + ;�;�Ø��� + Ö���ÙÃ#Ü (3.32) 

 

The measured and calculated total luminous flux under different electrical powers of the 

OLEDs LTS-10015 and CMW-031 presented a maximum error of 12.8%. Owing to ��� and ;� 

of the OLEDs are small in value, the luminous flux and OLED power relationship tends to be 

more linear than that of the LED. 

 

 

Spectral power distribution 

 

The chromatic aspects of OLEDs can be explained by using the SPD (spectral power 

distribution). The SPD of the OLED is achieved based on a multi-SPD model presented in [121]. 

The peak wavelength º���Æ and the full width at the half maximum (FWHM) êº of the multi-

SPD under temperature effects are shown below: 

 º���Æ,ëØ-�Ù = ;���Æ,ëØ-� − -�Ù + º���Æ,ë,� (3.33) 

 êºëØ-�Ù = ;ì¡,ëØ-� − -�Ù + êºë,� (3.34) 

 

Where º���Æ,ë is the peak wavelength, ;���Æ,ë is the temperature coefficient of the peak 

wavelength, º���Æ,ë,� is the reference peak wavelength, êºë is the FWHM, ;ì¡,ë is the 

temperature coefficient of the FWHM and êºë,� is the reference FWHM of the multi-SPD. -Â is 
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the reference ambient temperature. Moreover, the optical power Â��,ë is defined by (3.35), 

which is temperature and electrical power dependent. 

 Â��,ëØ-� , ÃÙ = ØÝë-� + íëÙWæëÃ + èëY (3.35) 

 

Where Ýë, íë, æë and èë are the temperature and electrical power coefficients of the optical 

power of the muti-SPD.  

 

The calculated and measured values of the CCT (correlated color temperature) of the OLEDs 

LTS-10015 and CMW-031 obtained in this work presented an absolute error of less than 100 K. 

So that, the results confirms the accuracy of the methodology of the multi-SPD model to obtain 

the OLED color characteristics. 

 

 

Luminance distribution and uniformity 

 

The luminance of the OLED depends on the voltage drop across the organic materials and it 

can be inhomogeneous due to the conductivity of the electrode material and the size of the pixel 

[122]. The luminance uniformity î of the OLED can be calculated by (3.36) and (3.37): 

 

î = 1 − ∑ �4�¼� � ë�¤W�£��À£��Y¦ − ��4¤ë©4∑ �4�¼� � ë�¤W�£��À£��Y¦¤ë©4  �� � ≥ ��  (3.36) 

 

î = 1 − ∑ �4�¼� � ë�¤W�£��À£��Y¦ − ��4�¼� � ��¢¦¤ë©4 ∑ �4�¼� � ë�¤W�£��À£��Y¦¤ë©4  �� � < ��  (3.37) 

 

Where �4 is the initial luminance and � is the division number across the target length �, �� is 

the current spreading length and », � and � are constants obtained from the current spreading 

length curve by applying a curve-fitting method to it.  
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The calculated and experimental luminance distributions of the OLEDs LTS-10015 and 

CMW-031 are reported in this work, where the luminance intensities of both OLEDs are 

increased as the injection current increases, but the luminance uniformities are lowered as the as 

the current increases. The LTS-10015 OLED achieves a better luminous uniformity than the 

CMW-031 because of a larger current spreading length. 

 

 

3.1.7. Scale-photo-electro-thermal model for OLEDs 

 

A good understanding of the scale, photometrical, electrical, and thermal domains of the 

OLEDs leads to carry out a good design of the lighting design system. The model proposed is 

based on an equivalent electrical circuit that link together the electrical, photometrical and 

thermal domains of the OLED and it is easy to be implemented in a computer-based simulator 

[123]. The results will show how the scale factor influences on the heat transfer mechanism and 

the temperature on the electrical ad photometrical performance respectively. 

 

 

OLED scale-photo-electro-thermal model 

 

The proposed SPET (scale-photometrical-electrical-thermal) model for OLEDs is shown in 

Fig. 3.26, which consists of voltage and current dependent sources and passive elements. The 

OLED SPET model interactions are physically explained by the cause and effect principle in 

[124], which the cause is the electrical domain and the effect is the photometrical domain, but the 

scale-thermal domain makes an opposition to the effect. The electrical model illustrated in Fig. 

3.26(a) is formed by the dynamic series resistor ��, the electrode resistance ��, the leakage 

resistance ��, the capacitor 	, the ideal diode � and the threshold voltage �Â. In steady state, on 

one hand, when the forward voltage is lower than �Â, the current flows through the electrode 

resistance �� and the leakage resistance ��. On the other hand, when the forward voltage is 

higher than �Â, the current flows through the electrode resistance �� and the series resistance ��. 

The characterization methodology of the electrical model is not tackled in this section, owing to 

it is performed in section 3.1.3. 
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a) 

 

 

b) 
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c) 

 

 

d) 

 

Fig. 3.26. OLED SPET model: a) electrical model and b) scale-thermal model, c) equivalent 

scale-thermal model and d) photometrical model. 
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Scale-thermal characterization 

 

The heating process in OLEDs is due to the joule effect and non-radiative recombination. The 

OLED operating temperature depends on its self-heating due to the power dissipation turned into 

heat. The power density of the OLEDs is much lower than that of the LED. Thereby, a large area 

reduces the power density, but improves the thermal exchange from the OLED to the ambient by 

means of convection and radiation. The purpose of scale-thermal characterization is to 

investigate the thermal radiation, convection and conduction in OLEDs. A simplified thermal 

structure of the OLED is illustrated in Fig. 3.27. �ò resistances are the OLED material thermal 

resistances, �ò�� is the OLED thermal conduction resistance, �ò��Ã is the OLED thermal 

radiation resistance and �ò�Â¤Õ is the OLED thermal convection resistance. Then, the OLED 

thermal radiation resistance, �ò��Ã is calculated [125]. 

 

 

 

 

Fig. 3.27. OLED thermal scheme. 
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�ò��Ã = 14óä-��J���� (3.38) 

 

Where ó is the OLED surface emissivity, ä is the Steffen-Boltzmann constant, -� is the ambient 

temperature and J���� is the total area of the OLED surface. The heat transfer by natural 

convection, that is, no forced air is used as those fans is reported in the literature, but assuming a 

uniform temperature along the OLED panel [125][126]. So that, the OLED thermal convection 

resistance �ò�Â¤Õ is calculated as shown below.  

 

�ò�Â¤Õ = ��;�Á�ÖÈJ���� (3.39) 

 

Where �� is the critical size, which is in function of the OLED orientation, ;�Á� is the convective 

heat transfer coefficient and ÖÈ is the Nusselt number. Note, when the OLED is vertical oriented, �� is equal to the OLED height. On the other hand, when it is horizontal oriented, �� = J���� �⁄  

where � is the OLED perimeter. 

 

As it is shown in Fig. 3.27, there are 2 thermal dissipation paths, where heat power �4 flows 

to the lighting surface (ITO side) and �# flows to the back surface (aluminium side). The heat 

transfer coefficient by conduction ℎ�Â¤Ã is directly dependent on the thermal conductivity ;ë����Á�õ and thickness Êë����Á�õ of each material used in the thermal dissipation path 

[127][128]. The thickness of the organic layers and electrodes is lower than that of the glass 

substrate Ê¿õ��� so that the thermal resistances of the electrodes are neglected. Then, the junction 

to case thermal resistances �ò��4 and �ò��# are determined. 

 

�ò��_Á = Ê¿õ���;¿õ���J����  (3.40) 

 

Where � is the sub-index that denotes the OLED thermal dissipation path: 1 to the lighting 

surface and 2 to the back surface. The case to ambient thermal resistance �ò�� is as shown in 
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(3.41). The �ò��Ã is much higher than �ò�Â¤Õ in OLEDs, which leads to a thermal exchange 

mechanism mostly by convection. 

 

�ò��_Á = �ò�Â¤Õ_Á�ò��Ã_Á�ò�Â¤Õ_Á + �ò��Ã_Á (3.41) 

 

By applying Thévenin analysis to the circuit illustrated in Fig. 3.27(b), the equivalent scale-

thermal model that consists of a junction to ambient thermal resistance �ò�� is found, as shown 

in (3.42). 

 

�ò�� = Ø�ò��4 + �ò��4ÙØ�ò��# + �ò��#ÙØ�ò��4 + �ò��4Ù + Ø�ò��# + �ò��#Ù (3.42) 

 

The junction temperature -�, which considers both thermal dissipation paths and OLED 

orientations is illustrated. 

 -� = -� + �ò��� (3.43) 

 

In this way, the heat flow � to each side of the OLED by considering steady state thermal 

behavior is given. 

 

�_Á = �ò��_W�`ÁY�ò��4 + �ò��# � (3.44) 

 

The case temperature -� of each side of the OLED is calculated by: 

 -�_Á = -� + �ò��_Á�_Á (3.45) 

 

In addition, the thermal capacitance �ò� must be taken into consideration, because of it 

represents the OLED capacity of storage heat. 
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�ò�_Á = �¿õ���ö¿õ���÷����  (3.46) 

 

Where �¿õ��� is the glass heat capacity, ö¿õ��� is the glass density and ÷���� is the volume of the 

OLED considering the OLED as a pure glass plate. 

 

 

Electro-thermal characterization 

 

The electrical properties of OLEDs have a strong dependency on thermal properties. Hence, 

the two most significant effects on temperature rise are the voltage drop and series resistance 

reduction [47], [126], [129]. The voltage drop effect occurs due to the energy gap reduction. 

Then, a lower forward voltage is needed to drive the OLED when temperature increases owing to 

the energy required for the electron-hole recombination is lower. The rate of voltage drop as a 

function of temperature rise is denoted by ;Õ, which is a negative coefficient and measured in � °	⁄ . The series resistance reduction occurs due to the electrical conductivity increase of 

organic materials [71]. So that, a series resistance lowers as the temperature rises due to the 

hopping process is accelerated [47]. The rate of series resistance drop is given by ;ø�, which is a 

negative coefficient and measured in Ω °	⁄ . The forward voltage as a function of the thermal 

parameters is calculated. 

 

�ÅØ�Å, -�Ù = �Â + ;ÕW-� − -ÂY + �Å��� + �� + ;ø�W-� − -ÂY 1 − �Å×Ø;Õ;��ò��Ù − Ø�Å;ø�;��ò��ÙÚ  (3.47) 

 

Where -Â is the reference junction temperature, �Å is the forward current and ;� is the power heat 

coefficient.   

 

 

Scale-photo-electro-thermal characterization 

 

The scale factor is directly related with temperature rise in OLEDs in the SSL (solid state 

lighting). Therefore, the electrical and thermal interaction in the OLED will result in a 
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photometrical performance of the SSL system. The luminous flux Ô is junction temperature -� 

and forward current �Å dependent and behaves in a quasi-linear form. Hence, the luminous flux Ô 

can be calculated by (3.48).     

 ÔØ�Å , -�Ù = ÔÂÛ×1 + ;£Ø�Å − �ÅÂÙÚ×1 + ;�Ø-� − -ÂÙÚÜ (3.48) 

 

Where ;£ is the rate of the luminous flux variation as a function of forward current, ;� is the 

negative rate of the luminous flux variation as a function of temperature rise, �ÅÂ is the reference 

forward current and ÔÂ is the nominal luminous flux. Thereby, the SPET integration is achieved 

in (3.49). 

 

ÔØ�Å , -�Ù =                   ÔÂ ù×1 + ;£Ø�Å − �ÅÂÙÚ ú1
+  ;� û-� − -Â

+ �Å�ò��;� Ä�Â + ;ÕW-� − -ÂY + �Å��� + �� + ;ø�W-� − -ÂY 1 − �Å×Ø;Õ;��ò��Ù − Ø�Å;ø�;��ò��ÙÚ Çüýþ 

(3.49) 

  

An OLED Osram orbeos RMW-046 is used to obtain the SPET model parameters reported in 

this work. The light measurements are achieved by using an integrating sphere at different 

controlled temperatures at steady state. The electrical performance is obtained by applying a 

current ramp on the OLED and measuring the OLED voltage under different temperatures. The 

experimental results are in a good agreement with the calculation results owing to the maximum 

error in the linear region is 3.34% and in the non-linear region is 13.56%. The calculated and 

experimental results of the case temperature -� for vertical and horizontal orientation of the 

OLED presented a maximum error is 5.63%. As a remark, there is a difference in temperature 

between horizontal and vertical OLED position. Then, when it is at the horizontal position, the 

temperature is 6.5°C higher in comparison with the vertical position and at a rated OLED 

operating current.  



 

 

The calculated and experimental photometrical results under different forwar

showed that when the OLED is operated at the rated OLED current, the luminous flux 

luminous efficacy intersect one another, which indicates an optimal operating point. This 

operating point represents a balance system, because of the maximum luminous flux 

luminous efficacy are obtained. The maximum error of luminous flux 

between calculated and experimental results are 7.05% and 6.8% respectively. In regards to 

temperature effect on the OLED voltage, it is illustrated in this work that the voltage drop 

lowers, as the temperature increases. The maximum 

results of the OLED voltage under temperature exposition is 

 

 

3.2. FL300 Phillips Lumiblade OLED lamp

 

The FL300 Phillips Lumiblade OLED lamp is shown in Fig. 3

parameters of the OLED lamp are the following: 

W and �����= 368 mA [31]. The operating DC OLED current 

the FL300 Phillips Lumiblade OLED lamp under ambient

Fig. 3.29. 

 

Fig. 3.28. 
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The calculated and experimental photometrical results under different forwar

showed that when the OLED is operated at the rated OLED current, the luminous flux 

luminous efficacy intersect one another, which indicates an optimal operating point. This 

operating point represents a balance system, because of the maximum luminous flux 

luminous efficacy are obtained. The maximum error of luminous flux Ô and luminous efficacy 

between calculated and experimental results are 7.05% and 6.8% respectively. In regards to 

temperature effect on the OLED voltage, it is illustrated in this work that the voltage drop 

lowers, as the temperature increases. The maximum error between calculated and experimental 

results of the OLED voltage under temperature exposition is -2.1%. 

FL300 Phillips Lumiblade OLED lamp 

ade OLED lamp is shown in Fig. 3.28. The nominal electrical 

amp are the following: �����= 19.73 V, �����= 53.66 

]. The operating DC OLED current ����� and voltage 

the FL300 Phillips Lumiblade OLED lamp under ambient temperature condition is illustrated in 

 

 

. FL300 Phillips Lumiblade OLED lamp. 

thermal modeling 

The calculated and experimental photometrical results under different forward currents 

showed that when the OLED is operated at the rated OLED current, the luminous flux Ô and 

luminous efficacy intersect one another, which indicates an optimal operating point. This 

operating point represents a balance system, because of the maximum luminous flux Ô and 

and luminous efficacy 

between calculated and experimental results are 7.05% and 6.8% respectively. In regards to 

temperature effect on the OLED voltage, it is illustrated in this work that the voltage drop 

error between calculated and experimental 

.28. The nominal electrical 

= 53.66 Ω, ����= 7.26 

and voltage ����� curve of 

ndition is illustrated in 
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Fig. 3.29. Operating DC ����� and ����� curve. 

 

 

3.3. Analysis and design of the OLED modeling for a FL300 Phillips OLED lamp 

 

A FL300 Phillips OLED lamp is modeled based on the simplified electrical modeling of 

power LEDs for DC-DC converter analysis and simulation design theory [76], [31]. Because this 

modeling methodology is simple, sophisticated lab equipment is not required. 

 

The equivalent resistance ����� of the OLED is expressed in function of the LED power ���� (3.50) [76]. 

 

����� = �W����ÉY = �4����É Ò� + �� (3.50) 
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Steady state experimental analysis of the OLED 

 

The electrical parameters of the OLED under steady state regime are obtained based on Fig. 

3.30. The experimental procedure consists of the following steps:  

 

1. Operate the OLED at the nominal operating point during 10 min. 

2. Measure the OLED voltage ����� and OLED current �����. 

3. Calculate OLED powers ���� and OLED static DC resistances ����� for different    

operating points. 

 

 

 

Fig. 3.30. Steady state test circuit. 

 

The nominal parameters of the circuit illustrated in Fig. 3.30 are as follows: �� = 26.1 V, �����= 20.6 V, �4=15.1 Ω, ����= 7.58 W, �����= 368 mA [31]. The experimental results 

under steady state conditions are shown in Table 3.7. The constant unitless values �4= 322, �#= 

-0.8931 and ��= 2.831 in order to calculate (3.50) are obtained by applying a curve fitting 

method (non-linear least squares) over the ���� and ����� data in Table 3.7. The calculation 

methodology is achieved by using the curve fitting toolbox of Matlab.  
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Table 3.7. Steady state experimental measurements. 

 

Sample 
j$%&' 

(V) 

K$%&' 

(A) 

c$%&' 

(W) 
\$%&' (Ω) 

1 20.8 0.39 8.112 53.333 

2 20.6 0.368 7.5808 55.978 

3 20.4 0.335 6.834 60.895 

4 20.3 0.305 6.1915 66.557 

5 20 0.271 5.42 73.800 

6 19.8 0.239 4.7322 82.845 

7 19.6 0.208 4.0768 94.231 

8 19.4 0.183 3.5502 106.011 

9 19.1 0.15 2.865 127.333 

10 18.9 0.122 2.3058 154.918 

11 18.6 0.091 1.6926 204.396 

12 18.2 0.062 1.1284 293.548 

13 17.4 0.031 0.5394 561.290 

 

Hence, the calculated and experimental results of the OLED power ���� and the OLED 

static resistance ����� are illustrated in Fig. 3.31(a). As it is shown, the experimental results are 

in a good agreement with the calculated results. The maximum relative error between calculated 

and experimental results is 1.6 %. The OLED power ���� range is from 0.5394 W to 8.112 W 

and the OLED static resistance range is from 53.33 Ω to 561.29 Ω. 

 

On the other hand, the calculated and experimental results of the OLED voltage ����� and the 

OLED current ����� are shown in Fig. 3.31(b). The OLED voltage ����� range is from 17.4 V to 

20.8 V and the OLED current range is from 0.031 A to 0.39 A. 
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a) 

 

b) 

 

Fig. 3.31. Steady state calculated and experimental results: a) ���� vs ����� and b) ����� vs �����. (1W/div), (100 Ω/div), (0.5V/div) and (50mA/div). 
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Dynamic state experimental analysis of the OLED 

 

The time constant of the OLED can be considered as to that of the discharge lamps, which is 

addressed in [88][89] and to that of the LED power in [76]. As it was stated in [76], the time 

constant shows the dynamic response of the OLED and it is measured from the OLED voltage ����� under an OLED current ����� step-up. The circuit illustrated in Fig. 3.32 is used to obtain 

the dynamic response of the OLED under an OLED current ����� step-up. The parameters of the 

circuit shown in Fig. 3.32 are the following: �� = 26V, �4= 14.9 Ω, �#= 75 Ω and a N-channel 

Mosfet PSMN1R2-25YL �4 is used to step up and step down the OLED current �����. 

 

 

Fig. 3.32. Dynamic state test circuit under an OLED current step-up. 

 

The experimental results of the OLED dynamic response under an OLED current ����� step-

up condition are shown in Fig. 3.33. The time constant is calculated from the initial point when 

the OLED current ����� has reached 100% to the final point when the OLED voltage ����� has 

reached 63.2% of its final value. This is performing under an OLED current ����� step-up from 

76 mA to 327 mA condition. The time constant obtained is 4.25μs as shown in Fig. 3.33. 
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Fig. 3.33. Dynamic response of the OLED under an OLED current step-up. ����� (1V/div) and ����� (200 mA/div). (2.5μs). 

 

The circuit shown in Fig. 3.34 is used to obtain the dynamic response of the OLED under an 

OLED current ����� switched-off. The parameters of the test circuit are the following: �� = 21 

V, �4= 14.9 Ω and an N-channel Mosfet PSMN1R2-25YL �4. The dynamic response of the 

OLED under an OLED current ����� switched-off condition from 121 mA to 0 mA is shown in 

Fig. 3.35. The time constant obtained is 300μs as shown in Fig. 3.35. 

 

Fig. 3.34. Dynamic state test circuit under an OLED current step-down. 
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Fig. 3.35. Dynamic response of the OLED under an OLED current switched-off. ����� (2V/div) 

and ����� (100 mA/div). (1ms). 

 

 

Simulation of the OLED modeling 

 

The Simulink-based OLED model transient simulation circuit is shown in Fig. 3.36. The 

transient simulation is intended to obtain the dynamic response behavior of the OLED model. 

The Simulink simulation circuit of the OLED model is based on the technique used in [88][89]. 

In which, ��WÊY1 and �WÊY1 are voltage-controlled sources, ��WÊY and ��WÊY2 are voltage 

sensors, ��WÊY is a current sensor, �WÊY and ��WÊY ∗ ��WÊY are multipliers, ��WÊY is a function 

block, �Á is a resistor, 	Á is a capacitor that integrate the time constant and the saturation block or 

resistance limiter, which is set from 0.1 to 10 kΩ. �Á4 and �Á# are limit current resistors, an N-

channel Mosfet and the equivalent OLED capacitor 	Á4, which is assumed in value by means of 

the heuristic approach. The parameters of the circuit are the following: �� = 25.2 V, �4= 14.9 Ω, �#= 75 Ω and 	Á4=6μF. The time constant effect is implemented by �Á=1Ω and 	Á=4.25μF. The 

simulation results are shown in Fig. 3.37, which are obtained by applying an OLED current ����� step-up from 76 mA to 327 mA. 



 

 

Fig. 3.36. Simulink

Fig. 3.37. Transient simulation of the OLED model under an OLED current step

a

+
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Simulink-based transient simulation circuit. 

 

Transient simulation of the OLED model under an OLED current step

(100 mA/div) and (5 ms/div). 

limiter

+

+
2

thermal modeling 

 

 

Transient simulation of the OLED model under an OLED current step-up. (0.5V/div), 

+



 

 

A transient simulation result is illustrated in Fig. 3

from the Simulink-based OLED model circuit shown in Fig. 3

current ����� switched-off from 121 mA to 0 mA at input voltage 

 

Fig. 3.38. Transient simulation of the OLED model under an OLED current switched

(1 V/div), (50 mA/div) and (5 ms/div).

As it is shown, the OLED capacitance

switched-off, and the OLED voltage 

between the simulation and experimental results; the maximum OLED voltage difference in 

percentage is 1.6% between simu

3.4. Conclusions 

 

A review of the art state of the OLED models was tackled. The OLED models review shows 

the different works proposed related to electrical, PET and SPET OLED models. The 

electrical modeling of power LEDs for DC

simplest approaches reported in order to find the electrical OLED model because sophisticated 
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result is illustrated in Fig. 3.38, in which the resistor 

ED model circuit shown in Fig. 3.36 in order to perform an OLED 

rom 121 mA to 0 mA at input voltage �� = 21 V.   

 

Transient simulation of the OLED model under an OLED current switched

(1 V/div), (50 mA/div) and (5 ms/div). 

 

As it is shown, the OLED capacitance behavior is well noted when the OLED current 

off, and the OLED voltage ����� is discharging. But, there are some small inaccuracies 

between the simulation and experimental results; the maximum OLED voltage difference in 

ercentage is 1.6% between simulation and experimental results. 

 

 

A review of the art state of the OLED models was tackled. The OLED models review shows 

the different works proposed related to electrical, PET and SPET OLED models. The 

electrical modeling of power LEDs for DC-DC converter analysis and simulation is one of the 

simplest approaches reported in order to find the electrical OLED model because sophisticated 

thermal modeling 

.38, in which the resistor �Á# is removed 

.36 in order to perform an OLED 

 

Transient simulation of the OLED model under an OLED current switched-off.          

behavior is well noted when the OLED current ����� is 

But, there are some small inaccuracies 

between the simulation and experimental results; the maximum OLED voltage difference in 

A review of the art state of the OLED models was tackled. The OLED models review shows 

the different works proposed related to electrical, PET and SPET OLED models. The simplified 

DC converter analysis and simulation is one of the 

simplest approaches reported in order to find the electrical OLED model because sophisticated 
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equipment is not needed to achieve the modeling. Therefore, it represents a good option to study 

the equivalent electrical OLED model of the FL300 Phillips Lumiblade OLED lamp. This theory 

relies on the fact that the electrical power of the OLED obtained considers the thermal effect due 

to the OLED power is affected by its junction temperature. 

 

Thereby, the equivalent electrical OLED model of the FL300 Phillips Lumiblade OLED lamp 

was obtained by means of the simplified electrical modeling of power LEDs for DC-DC 

converter analysis and simulation approach. The calculated and experimental steady state and 

dynamic state results of the OLED equivalent electrical model obtained show a good accuracy. 

The maximum relative error presented between calculated and experimental results of the OLED 

power ���� and the OLED static resistance ����� is 1.6 %. 
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4. Switched capacitor converters 

 

Nowadays, it is very important to develop high power density OLED drivers in order to 

achieve an adequate lamp-driver integration, owing to the slim shape and size of the lamp. Then, 

OLED lamp driver suppliers must make interior designers’ and architects’ life easier by 

obtaining small and lightweight drivers. Therefore, it is important to make a review of the 

different power supplies in the state of the art in order to find the best option in performance, 

cost, and size, as well as other advantages, to operate OLED lamps. One way to drive OLED 

lamps is by means of linear power supplies because of their ease of design, low electromagnetic 

interference (EMI) noise and low output voltage ripple. Nevertheless, these power supplies have 

the disadvantages of low efficiency, bulky and heavy structure because of the large energy 

storage components that are required. 

 

On the other hand, conventional switched DC-DC converters have the benefit of high 

efficiency in comparison with linear power supplies. Also, they are easy to design and very 

mature in terms of good performance. However, these converters have the drawbacks of high 

EMI noise, high output voltage ripple, bulky and heavy structure due to the use of large 

magnetics and capacitors, since their size is dependent on the switching frequency. Thus, one 

way to reduce the components size of the DC-DC converter is by increasing the switching 

frequency. But, increasing the switching frequency affects efficiency so that soft-switching 

circuits are used in which the size of the components are large, making DC-DC converters bulky. 

 

Other type of converters used to drive OLED lamps are switched capacitor (SC) converters, 

which consist of diodes, switches, and capacitors. These converters do not use any large 

inductor, and they are small. This leads to a high power density of the converter, making it very 

attractive for the aforementioned lighting OLED applications, which require high-power-density 

converters. Some applications are for instance, portable and any low-profile electronic 

equipment, such as notebook computers, tablets and portable digital assistants. 

 

This dissertation focuses on analyzing different SC converters topologies in order to highlight 

their advantages and disadvantages, in terms of efficiency, voltage conversation ratio, EMI noise, 
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power density, output voltage ripple and power level. This work discards the use of linear power 

supplies and conventional DC-DC converters due to more expensive bill of materials (BOM) 

cost, low power density and low efficiency inconveniences. 

 

This chapter is organized in the following form; firstly, non-resonant SC converters are 

presented in which the different topologies and their principle of operation are explained. 

Thereafter, resonant SC converters are introduced in which a brief description of this type of 

converters is explained. On the other hand, the circuit structure and the principle of operation of 

the different resonant SC converters are explained and shown as follows: conventional resonant 

switched-capacitor (RSC) converters, fractional-voltage-conversion-ratio RSC converters, dual-

phase RSC converters, multi-configurable bidirectional RSC converter, step-down half bridge 

RSC converter with isolation transformer, and step-down SC converter with coupling inductors. 

Afterwards, a summary and comparison of the electrical performance of the different resonant 

SC converters is presented in order to select the best resonant SC converter in performance as a 

proposed topology to design an OLED driver.   

 

 

4.1. Non-resonant SC converters 

 

The family of non-resonant SC converters consists of step-up, step-down and inverter 

converters (Fig. 4.1), which achieve different voltage conversion ratios. This type of converters 

do not use any magnetic component owing to the fact that the switched capacitor is charged and 

discharged to the input voltage and output voltage during switching operation modes. Each of 

these converters has two diodes, �4 and �#, two switches, �4 and �#, one switched capacitor, 	4, 

and one output filter capacitor, 	�. The switches, �4 and �# are operated at 50% duty cycle in a 

complementary way by a pulse width modulation (PWM) technique, which requires a dead-time 

interval. Fig. 3.1(a) shows the step-up converter, which has a voltage conversion ratio of 2. In 

Fig. 4.1(b) the step-down converter with a voltage conversion ratio of 1/2 is shown. Finally, Fig. 

4.1(c) illustrates the inverter converter, whose voltage conversion ratio is -1 [7]-[9][130][131].  
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a) 

 

 

b) 

 

 

c) 

Fig. 4.1. Non-resonant SC converters: a) step-up, b) step-down and c) inverter. 



   Switched capacitor converters 

- 104 - 
 

As an example of operation, the non-resonant SC step-up converter shown in Fig. 4.1(a) 

consists of charge and discharge operation modes. In charge operation mode shown in Fig. 4.2, �# is switched-on while �4 is off, the switched capacitor, 	4, is charged to the input voltage �Á¤, 

through �4, which is forward biased. In this operation mode, 	� is discharged to the load. 

 

 

 

Fig. 4.2. Non-resonant SC step-up converter charge operation mode. 

 

In discharge operation mode as illustrated in Fig. 4.3, �4 is switched-on and �# is switched-

off while the switched capacitor, 	4 is discharged to the load, charging 	�, through �# that is 

forward biased. 

 

 

 

Fig. 4.3. Non-resonant SC step-up converter discharge operation mode. 
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Fig. 4.4 illustrates the switching waveforms of the transistors, �4 and �#, during both charge 

and discharge operation modes of the step-up non-resonant SC converter.  

 

 

Fig. 4.4. Switching waveforms of the step-up non-resonant SC converter: (I) charge and (II) 

discharge operation modes. 

 

 

4.2. Resonant SC converters 

 

Resonant SC converters use a small resonant inductor in series with the switched capacitor in 

order to operate under zero current switching (ZCS), which reduces switching losses and EMI 

noise and improves voltage conversion ratio, efficiency and output voltage regulation. In 

addition, they can be operated at higher switching frequencies because of ZCS operation, which 

leads to a higher power density of the converter. In order to operate under ZCS, the resonance 

frequency has to be greater than the switching frequency. 
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4.2.1. Conventional RSC converters 

 

Non-resonant SC converters are converted into conventional RSC converters by inserting a 

small resonant inductor �� in series with the switched capacitor in order to operate under ZCS. 

This family consists of step-up, step-down and inverter converters, as shown in Fig. 4.5(a)-(c). 

Voltage conversion ratios are 2, 1/2 and -1 as those non-resonant SC converters [132]-[138].  

 

 

 

a) 

 

 

 

b) 
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c) 

 

Fig. 4.5. Conventional RSC converters: a) step-up, b) step-down and c) inverter. 

 

As an example of operation, the RSC step-up converter shown in Fig. 4.5(a) consists of four 

operation modes as are charge, off, discharge and off. This last operation mode enters after 

charge and discharge operation modes. The switches, �4 and �# are operated at 50% duty cycle 

in a complementary way with a small dead-time, just like non-resonant step-up converter. In the 

charge operation mode, as shown in Fig. 4.6, �# is switched on under ZCS operation while �4 is 

off, since the switched capacitor 	4 and the resonant inductor �� enter into resonance at a 

frequency higher than the operation frequency, which is a condition to operate in ZCS. In this 

operation mode, 	4 is charged to the input voltage, �Á¤, through �#, and 	� is discharged to the 

load. 

 

 

Fig. 4.6. RSC step-up converter charge operation mode. 
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In the off operation mode, as illustrated in Fig. 4.7, the current through the switched capacitor 	4 and the resonant inductor �� are zero while �# is switched-off under ZCS operation. Also, the 

output filter capacitor, 	� is still discharging to the load. �4 and �# are reverse biased. 

 

 

 

Fig. 4.7. RSC step-up converter off operation mode. 

 

In the discharge operation mode, as shown in Fig. 4.8, �4 is switched on under ZCS operation 

while �# is off. The switched capacitor 	4 is discharged to the load, charging the output filer 

capacitor, 	�, through �4 that is forward biased. 

 

 

 

Fig. 4.8. RSC step-up converter discharge operation mode. 
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The fourth and last operation mode is shown in Fig. 4.9. This operation mode is equal to off 

operation mode. The current through the switched capacitor 	4 and the resonant inductor, �� are 

zero, while �4 and �# are off and �4 and �# are reverse biased. 

 

 

 

Fig. 4.9. RSC step-up converter off operation mode. 

 

Fig. 4.10 shows the switching waveforms of transistors �4 and �# under ZCS operation as 

well as resonant current, ��¶, through �� during the four operation modes of the conventional 

RSC converter. 
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Fig. 4.10. Switching waveforms of the conventional step-up RSC converter: (I) charge, (II) off, 

(III) discharge and (IV) off operation modes. 

 

 

4.2.2. Fractional-voltage-conversion-ratio RSC converters 

 

The fractional-voltage-conversion-ratio (FVCR) RSC converters are proposed as a solution to 

achieve output voltage ratios greater or lower than those output voltage ratios of the conventional 

RSC converters [139]-[141]. FVRC RSC converter family consists of step-up, step-down and 

inverter converters with voltage conversion ratio of 3, 1/3 and -0.5, respectively, as illustrated in 

Fig. 4.11. Then, these converters are designed for voltage conversion ratios greater or lower by 

inserting extra cells of diodes, ��, �t and �ã, and switched capacitors, 	# and 	�. Also, 



   Switched capacitor converters 

- 111 - 
 

operation under ZCS is achieved by using a small resonant inductor in series with switched 

capacitors. Fig. 4.11(a)-(c) shows step-up, step-down and inverter converters with voltage 

conversion ratios of 3, 1/3 and -0.5, respectively. 

 

 

a) 

 

 

b) 

 

 

c) 

 

Fig. 4.11. FVCR RSC converters: a) step-up, b) step-down and c) inverter. 
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The FVCR RSC step-up converter illustrated in Fig. 4.11(a) consists of four operation modes 

as those in conventional RSC converters, which are charge, off, discharge and off. This step-up 

converter obtains a voltage conversion ratio of 3, which is possible by inserting diodes �� and �t, and switched capacitors, 	# and 	�. It is important to mention that 	# is greater in value than 	4 and 	�. In the charge operation mode shown in Fig. 4.12, �# is turned on and �4 is off, 	4 is 

charged to the input voltage �Á¤ through �4 that is forward biased, while 	� is charged to the 

voltage across 	# through ��, which is forward biased. �# and �t are reverse biased. Thereby, 	4 and 	� are in series with the resonant inductor ��. In this operation mode, the output filter 

capacitor, 	� is discharging to the load. 

 

 

 

Fig. 4.12. FVCR RSC step-up converter charge operation mode. 

 

In the off operation mode, as illustrated in Fig. 4.13, the current through the switched 

capacitors 	4 and 	� and the resonant inductor �� are zero while �# is turned off under ZCS 

operation. �4, �#, �� and �t are reverse biased. The output filter capacitor 	� is still discharging 

to the load. 
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Fig. 4.13. FVCR RSC step-up converter off operation mode. 

 

In the discharge operation mode shown in Fig. 4.14, when �4 is turned on and �# is turned 

off, 	4 is discharged to 	# through �# that is forward biased, while 	� is discharged to the output 

filter capacitor 	� through �t that is forward biased. The output voltage conversion ratio of 3 is 

obtained owing to the fact that the input voltage �Á¤ is in series with the voltage of 	� that is 

equal to twice the input voltage �Á¤. �4 and �� are reverse biased. 

 

 

 

Fig. 4.14. FVCR RSC step-up converter discharge operation mode. 

 

The last operation mode is equal to off operation mode, as illustrated in Fig. 4.15. The current 

through the switched capacitors 	4 and 	� and the resonant inductor �� are zero. Transistor �4 is 

switched-off under ZCS condition, �# is off and �4, �#, �� and �t are reverse biased, while the 

output filter capacitor 	� keeps discharging to the load. 
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Fig. 4.15. FVCR RSC step-up converter off operation mode. 

 

The switching waveforms of transistors �4 and �# and resonant current, ���, through �� are 

equal to those of the conventional RSC step-up converter, as shown in Fig. 4.10. 

 

 

4.2.3. Dual-phase RSC converters 

 

The dual-phase (DP) RSC converters family are built from the combination of two 

conventional RSC converters family as shown in Fig. 4.16(a)-(e). This family consists of step-

up, step-down, inverter, summation and subtraction converters with voltage conversion ratios of 

2, 0.5, -1, �Á¤4 + �Á¤# and �Á¤# − �Á¤4, respectively [142].  

 

These dual-phase converters are intended to achieve a more stable output voltage and lower 

output voltage ripple in comparison with RSC conventional converters. The only difference in 

components with respect to conventional RSC converters is the addition of a second switched 

capacitor, 	#. This type of converters provides an output voltage ripple that is half to those of 

conventional RSC converters. 
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a) 

 

 

b) 

 

 

c) 
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d) 

 

 

e) 

 

Fig. 4.16. Dual-phase RSC converters: a) step-up, b) step-down, c) inverter, d) summation and  

e) subtraction. 

 

The DP RSC step-up converter shown in Fig. 4.16(a) consists of four operation modes as that 

of the conventional RSC step-up converter. These are charge, off, discharge and off. In the 

charge operation mode, as shown in Fig. 4.17, transistor �4 is turned-on under ZCS while �# is 

off. Then, 	4 is charged to the input voltage, �Á¤, through �4 that is forward biased, while 	# is 

discharged to the output filter capacitor 	�. 	4 is in series with the resonant inductor ��. The 

output filter capacitor 	� is discharged to the load. 
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Fig. 4.17. DP RSC step-up converter charge operation mode. 

 

In the off operation mode, as illustrated in Fig. 4.18, the current through the switched 

capacitor 	4 and 	# and the resonant inductor �� are zero owing to the fact that �4 and �# are 

reverse biased. Transistor �4 is turned off under ZCS operation and the output filter capacitor 	� 

keeps discharging to the load.  

 

 

 

Fig. 4.18. DP RSC step-up converter off operation mode. 
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In the discharge operation mode, as shown in Fig. 4.19, �# is turned on under ZCS operation, 

while �4 is off. 	# is charged to the input voltage �Á¤ through �#, which is forward biased, while 	4 is discharged to the output filter capacitor 	�, through the forward biased diode �#. 

 

 

 

Fig. 4.19. DP RSC step-up converter discharge operation mode. 

 

The fourth operation mode is equal to the off operation mode, as illustrated in Fig. 4.20. 

 

 

 

Fig. 4.20. DP RSC step-up converter off operation mode. 
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The switching waveforms of transistors �4 and �# and resonant current, ���, through �� are 

equal to that of the conventional RSC step-up converter, as shown in Fig. 4.10. However, it is 

important to take into consideration that the operation sequence of �4 and �# is opposite to that 

of the conventional RSC step-up converter. 

 

 

4.2.4. Multi-configurable bidirectional RSC converter 

 

A multi-configurable bidirectional (MCB) RSC converter is shown in Fig. 4.21. This 

converter is built based on the principles of the conventional RSC converters, and can be 

configured into different types of operation modes by considering uni-directional power flowing 

[143][144]. Table 4.1 shows the possible switch configurations for 7 different unidirectional 

conversion modes, in which switches can be short-circuited, disconnected or replaced by a diode. 

This converter consists of three switching states, which are charge, discharge and balance. This 

last third state is included in order to balance the remaining energy of the switched capacitor, 

which improves the switching behavior of the transistors. The addition of this third state is the 

main difference with respect to those conventional RSC converters of two states. 

 

The efficiency of the MCB RSC converter is kept constant under different voltage conversion 

ratios, which can be upper or lower than unity, as well as being wide and continuous. In this 

converter the efficiency does not depend on voltage conversion ratio, as it is the case in 

conventional RSC converters. Thus, efficiency just depends on conduction losses. In 

conventional RSC converters it is difficult to achieve a desired output voltage, because the 

resultant charge energy balance into the switched capacitor is not zero after charge and discharge 

switching periods, that is, the remaining energy on the switched capacitor avoids converging to 

the desired voltage. On the contrary, MCB RSC converters make an energy balance on the 

switched capacitor after charge and discharge switching states by means of an additional switch, �ã or ��, which is used to create a trajectory for the resonant current of the switched capacitor 	4 when its charge is balanced to its initial charge state by reversing its polarity. Output filter 

capacitor and load can be connected at any output terminals, but considering power flowing 

direction based on transistors operation sequence. 
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Fig. 4.21. Bidirectional MCB-RSC converter. 

         

Table. 4.1. Switch mapping for uni-directional derivatives in the MCB-RSC Converter1. 

 

Converter Function Q1 Q2 Q3 Q4 Q5 Q6 Q7 

Step up-down 1 D 2 2 3 O S 

Step up 1 D S D 3 O S 

Step down 1 D 2 D D O S 

Doubler step up-down S 3 S D 3 O 1 

Doubler step down S D S D 3 O 1 

Divider step up-down 1 S 2 S O 3 2 

Divider step down 1 S 2 S O D 2 

 

1. Number and letter characters in the table represent the following: S - MOSFET is short-

circuited; O - MOSFET is disconnected; D – just a diode is needed; numbers represent the 

switching states into which MOSFET are active. 

 

The uni-directional RSC step-up converter configuration is shown in Fig. 4.22. It consists of 3 

operation modes, which are charge, discharge and balance, and it is integrated by two switches, �4 and �ã, two diodes, �4 and �#, placed instead of �# and �t, switched capacitor, 	4, resonant 

inductor, �� and output filter capacitor, 	�. When a load resistor in parallel with an output filter 
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capacitor is connected to one of the output terminals, the unidirectional step-up RSC converter 

behaves as a current source, by which the output voltage just depends on the load resistor. 

 

 

 

Fig. 4.22. Uni-directional step up RSC converter. 

 

In the charge operation mode, as illustrated in Fig. 4.23, �4 is turned on under ZCS and �4 is 

forward biased so that 	� is charged to the input voltage, �Á¤. In this stage, �ã is off and �# is 

reverse biased. Transistor �4 is turned on under ZCS operation. Then, the resonant inductor �� 

and the switched capacitor 	� integrate the resonant circuit. The output filter capacitor, 	�, is 

discharged to the load. 

 

 

 

Fig. 4.23. Uni-directional step up RSC converter charge operation mode. 
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The discharge operation mode circuit is shown in Fig. 4.24. The switched capacitor 	� is 

discharged to the output through the forward biased �# and the resonant inductor, ��, while �4, �ã and �4 are off.  

 

 

 

Fig. 4.24. Uni-directional step up RSC converter discharge operation mode. 

 

The balance operation mode is illustrated in Fig. 4.25. When �ã is turned on, the resonant 

tank is short-circuited to balance the energy stored in the switched capacitor 	�. Transistor �4 is 

off and diodes �4 and �# are reverse biased. The output filter capacitor,	�, keeps discharging to 

the load. 

 

 

Fig. 4.25. Uni-directional step up RSC converter balance operation mode. 
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The switching waveforms of transistors �4 and �ã, the resonant current, ���, through �� and 

the switched capacitor voltage across 	� are shown in Fig. 4.26. 

 

Fig. 4.26. Switching waveforms of the unidirectional step-up RSC converter: (I) charge, (II) 

discharge and (III) balance operation modes. 

 

 

4.2.5. Step-down half bridge RSC converter with isolation transformer 

 

A step-down half bridge RSC converter with isolation transformer is described in this section. 

It consists of two switches �4 and �#, four diodes, �4, �#, �� and �t, two capacitors, 	Á¤4 and 	Á¤#, for removing dc current in the transformer, -4, and which must be greater in value than the 

switched capacitor, 	Ì, a switched capacitor, 	Ì, an output inductor, ��, an output filter 

capacitor, 	�, and an isolation transformer -4, as shown in Fig. 4.27. The output current is 

controlled by the switched capacitor, 	Ì, and it is connected in series with a small output 
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inductor ��, which operates in discontinuous conduction mode (DCM) in order to achieve ZCS 

in the transistors and improve efficiency. Then, the switched capacitor 	Ì and the output inductor �� integrate the resonant circuit. The magnetizing inductance of the isolation transformer helps 

reducing switching losses due to ZVS operation in the transistors, which increases efficiency. 

The output voltage ripple is very low because of the large output filter capacitor [145]-[147]. 

 

 

 

Fig. 4.27. A step-down half bridge RSC converter with isolation transformer. 

 

The step-down half bridge RSC converter with isolation transformer consists of 5 operation 

modes in a half switching cycle. In the first operation mode, as shown in Fig. 4.28, �4 is turned 

on while �# is off, and 	Ì is charged until the current through �� reaches zero. In this stage, �4 

and �t are forward biased. Transistor �4 is turned on under ZCS operation. 

 

 

 

Fig. 4.28. A step-down half bridge RSC converter first operation mode. 
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In the second operation mode, as illustrated in Fig. 4.29, 	Ì is fully charged and �4 is still on, 

while �4 and �t are reverse biased. The current through the output inductor �� is zero. The 

output filter capacitor 	� is discharged to the load.  

 

 

 

Fig. 4.29. A step-down half bridge RSC converter second operation mode. 

 

In the third operation mode, which is shown in Fig. 4.30, �4 is turned off under ZVS and the 

switched capacitor 	Ì is fully charged, while the output filter capacitor 	� is still discharging to 

the load. 

 

 

 

Fig. 4.30. A step-down half bridge RSC converter third operation mode. 

 

The fourth operation mode is illustrated in Fig. 4.31. The switched capacitor 	Ì is discharged 

to the output inductor ��. Transistors �4 and �# are off and �# and �� are forward biased. This 

operation mode ends when the voltage across 	«# is zero and the voltage across 	«4 is the equal 

to the input voltage �Á¤. 
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Fig. 4.31. A step-down half bridge RSC converter fourth operation mode. 

 

The fifth operation mode is shown in Fig. 4.32. The voltage across the capacitor 	«# is zero 

and �«# is forward biased. Transistors �4 and �# are off and �# and �� are forward biased. In 

this operation mode, the inductor �� is demagnetized and the operation mode ends when the 

inductor is fully demagnetized. 

 

 

 

Fig. 4.32. A step-down half bridge RSC converter fifth operation mode. 

 

In Fig. 4.33 the switching waveforms of the step-down half bridge are presented. Transistors �4 and �# gate signals, the resonant current, ���, the secondary current through the transformer -4 and the switched capacitor voltage across 	Ì waveforms are shown in Fig. 4.33. 
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Fig. 4.33. Step-down half bridge RSC converter switching waveforms. 

 

 

4.2.6. Step-down SC converter with coupling inductors 

 

Step-down SC converter with coupling inductors are based on the conventional step-down SC 

converter, which includes two switches, �4 and �#, three diodes, �4, �# and ��, one switched 

capacitor, 	4, three coupling inductors, �4, �# and �� and one output filter capacitor, 	�, as 

shown in Fig. 4.34 [148]. Coupling inductors �4, �# and ��, work in DCM operation based on 

Flyback transformer operation principles, in order to solve issues of switching losses and reduce 

peak current magnitudes on transistors, which leads to high power factor correction (PFC) in off-

line applications, high efficiency and low EMI noise, as well as providing wide voltage 

conversion ratio. Output voltage ripple is also low for the same reasons as those in previously 

presented RSC converters with low output voltage ripple. 
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Fig. 4.34. Step-down RSC converter with coupling inductors. 

 

In this converter, the average output power is limited by the capacitance of 	4, when 

considering constant input voltage, �Á¤, and switching frequency, �Ì. Also, the output power 

keeps constant at different low output voltage values so that different load conditions can be 

applied without affecting output power. In addition, output voltage depends only on load 

parameters. Inductor �� works in DCM and delivers current to the load when the currents in �4 

and �#, reach zero.  

 

However, even though the step-down SC converter with coupling inductors works in DCM 

operation, efficiency is lower than all aforementioned RSC converters, except for conventional 

SC converters. Another drawback is the high dependency of output power on the input voltage. 

 

 

4.3. Summary and comparison 

 

SC converters present disadvantages of poor voltage conversion ratio and output voltage 

regulation as well as low efficiency and high EMI noise due to switching losses, which are 

caused by switched capacitor charge and discharge oscillatory currents, since these are only 

limited by the internal resistances of the devices. 
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The efficiency and the voltage conversion ratio of conventional RSC converters depend on the 

load conditions, being both lower as the load decreases, which is an important drawback of this 

type of SC converters. 

 

FVCR RSC converters present the advantages of wide, fractional and quite constant voltage 

conversion ratio and constant efficiency, because the output voltage just varies a 10% when the 

output power varies a 400%. Also, the energy efficiency of the converter is quite constant at a 

different output power, except at very low output power. Therefore, the voltage conversion ratio 

and energy efficiency of the converter still depends on the load, even though the dependency is 

pretty small. In addition, lower output voltage ripple is provided in comparison with 

conventional RSC converters. Nevertheless, the power density of the converter is lower due to 

the extra components required. 

 

DP RSC converters provide an output voltage more stable than conventional RSC converters 

because the output voltage ripple is half to those of conventional RSC converters. Their 

efficiency is high and constant under different load conditions, except at very light load. The 

output voltage ripple is quite low, similar to fractional RSC converters. However, it uses a 

second switched capacitor, which makes it more expensive and with lower power density. 

 

MCB RSC converters present high and constant efficiency under different voltage conversion 

ratios. Another advantage against conventional RSC, FVCR RSC and DP RSC converters is that 

efficiency does not depend on voltage conversion ratio. Also, MCB RSC converters present the 

advantage of balance stage, which helps improve switching stress on the transistors. This is 

because the resultant charge energy balance into the switched capacitor is zero after charge and 

discharge switching periods. For instance in the conventional RSC converters, the resultant 

charge energy balance into the switched capacitor is not zero after charge and discharge 

switching periods. This way, the remaining energy on the switched capacitor avoids converging 

to the desired output voltage. 

 

The step-down half-bridge RSC converter with isolation transformer presents the 

disadvantages of high output voltage ripple, efficiency dependency on voltage conversion ratio 
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and low power density due to the fact that it breaks the nature of this type of SC and RSC 

converters that do not use or use small inductors or magnetics. 

 

The step-down SC converter with coupling inductors presents very low efficiency and also, 

breaks the nature of this type of SC and RSC converters that do not use or use small inductors or 

magnetics. Another drawback is the high dependency of output power on the input voltage. 

 

Table 4.2 shows a comparison of all SC converters performance, in terms of output voltage 

regulation, output voltage ripple, efficiency, efficiency dependency on conversion ratio, EMI 

noise and isolation and PFC capability. As can be seen, multi-configurable bidirectional RSC 

converters present the best performance compared to the other SC converters. 
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Table. 4.2. SC converters performance comparison 

 

Type of SC converter 

High 

output voltage 

regulation 

Low 

output 

voltage 

ripple 

High 

efficiency 

No efficiency 

dependency on 

voltage 

conversion 

ratio 

Low 

EMI 

noise 

High 

power 

density 

Isolation 
PFC 

capability 

Non-resonant SC −            −            −             − − +             −            − 

Conventional RSC            −            −            −             − + +             −            − 

FVCR RSC + + +             − + −             −            − 

DP RSC + + +            − + +             −            − 

MCB RSC + + + + + +             −            − 

Step-down HB RSC with 

isolation transformer 
           −            − + − + − + − 

Step-down SC with 

coupling inductors 
+ + − +             −             −             − + 

 

 

 

 

 



   Switched capacitor converters 

- 132 - 
 

4.4. Conclusions 

 

A comparison study of SC converter topologies have been carried out, showing that the MCB 

RSC converter arises as the most convenient topology for OLED lamp driving, in terms of 

efficiency, EMI noise, output voltage regulation, no efficiency dependency of the voltage 

conversion ratio, low output voltage ripple and high power density. 

 

Based on the comparison results, this work will focus on the study of the MCB RSC 

converters. As first approach, the unidirectional RSC step-up converter will be tackled in order to 

drive OLED lamps. 
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5. Analysis and design of the URSC step-up converter 

 

As discussed in the previous chapter, the URSC step-up converter is the best option to drive 

OLED lamps because it provides high output voltage regulation, low output voltage and current 

ripples, high efficiency, no efficiency dependency on conversion ratio, low EMI noise, and high 

power density [149]. Therefore, a detail explanation of operation and an analysis and design 

calculation of the URSC step-up converter are presented in this chapter. It is important to 

mention that the URSC step-up converter was studied to work in a different mode of operation, 

that is, switching and resonant frequencies ratio much lower than the unity as proposed in 

[143][144][150]. Under this condition, a good dynamic behavior against input voltage or 

luminous flux variations is obtained. Also, the piecewise linear modeling of the OLED lamp and 

the variable inductor (VI) parameters are analyzed.    

 

 

5.1. Operation of the URSC step-up converter 

 

The operation of the URSC step-up converter shown in Fig. 5.1 is explained in the following. 

The converter has four operation modes: charge, discharge, off and balance. 

 

 

 

Fig. 5.1. URSC step-up converter. 
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5.1.1. Charge operation stage: t0-t1 

 

Fig. 5.2 shows the equivalent circuit for charge operation stage. As can be seen, transistor �4, 

and diode �4, are on, while transistor �#, and diode �# are off. The resonant capacitor 	�, is 

charged through, �4 and �4, while the output filter capacitor 	�, is discharged to the load. 

 

 

 

Fig. 5.2. Stage t0-t1. 

 

It is important to mention that the resonant current ��� at the beginning of this stage is not zero 

due to the conduction period of the freewheeling diode of �# in the balance stage. 

 

 

5.1.2. Discharge operation stage: t1-t2 

 

Fig. 5.3 illustrates the discharge operation stage, where transistors �4 and �#, and diode �4 

are off, while diode �#, is on. The resonant capacitor 	�, is discharged through �#, and the 

output filter capacitor 	�, is charged. 
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Fig. 5.3. Stage t1-t2. 

 

 

5.1.3. Off operation stage: t2-t3 

 

In this operation stage, transistors �4 and �#, and diodes �4 and �#, are off. The resonant 

inductor current ��� through �� − 	�, is zero. Fig. 5.4 shows the off operation stage equivalent 

circuit. 

 

 

Fig. 5.4. Stage t2-t3. 
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5.1.4. Balance operation stage: t3-t5  

 

The balance operation stage circuit is shown in Fig. 5.5. In which during t3-t4, transistor �4, 

and diodes �4 and �#, are off, while transistor �# is on and the output filter capacitor 	�, keeps 

discharging to the load. The resonant tank, �� − 	�, is shortcircuited in order to balance the 

energy stored in 	�, so that the same charge level as that at instant t0 is attained for the next 

charge operation state. At the end of this stage during t4-t5, the current is flowing through �# 

with reverse polarity. Thereby, transistors �4  and diodes �4 and �#, are off, while the resonant 

capacitor 	� is charged. 

 

 

 

Fig. 5.5. Stage t3-t5. 

 

The waveforms corresponding to each operation state of the URSC step-up converter are 

shown in the Fig. 5.6. 
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Fig. 5.6. Main waveforms of the RSC step-up converter during one switching period. 
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5.2. Analysis and design of the step-up converter 

 

The theoretical analysis of the URSC step-up converter shown in Fig. 5.1 is carried out based 

on the methodology used in [143][144][150]. First, by analyzing the charge operation stage 

circuit shown in Fig. 5.2, the expressions (5.1) and (5.2) are obtained. 

 �����Ê = �Á¤ − � ���  (5.1) 

 �� ��Ê = ���	�  

 

(5.2) 

       

Now, from (5.1) and (5.2) and after some manipulation, � � is obtained in (5.3). Then, by 

substituting (5.3) into (5.2), and isolating and solving for ���, (5.4) is obtained, which is the 

expression of the resonant inductor current ���. 

 � � = �Á¤ − W�Á¤ −  � �W0YY cos�Ê (5.3) 

 

��� = �Á¤ − � �W0Y�¤ sin�Ê (5.4) 

 

Where �Á¤ is the DC input voltage and �¤ is the equivalent resonant tank impedance as shown in 

(5.5). 

 

�¤ = Ñ��	� (5.5) 

 

Similarly, the circuits shown from Fig. 5.3 to Fig. 5.5 can be analyzed in order to obtain the 

expressions for ��� and � �, which lead to the form of (5.3) and (5.4), where �Á¤ takes the values 

of the DC OLED voltage ����� and 0, respectively. Based on the afore-mentioned procedure, 
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(5.6) and (5.7) are found for the maximum � � values at the end of discharge and t3-t4 balance 

operation stages by considering �Ê = �. 

 � �# = 2����� − ���4 (5.6) 

 � �� = −���# (5.7) 

 

Where � �4, � �# and � �� are the capacitor 	� voltages at Ê4, Ê# and Êt, respectively. 

 

In addition, (5.4), (5.8), (5.9) and (5.10) show the obtained expressions for the resonant 

inductor current ��� for discharge and t3-t4 and t4-t5 balance operation stages: 

 

��� = ����� − ���4�¤ sin�Ê    	ℎ��       Ê4 < Ê < Ê# (5.8) 

 

��� = −���#�¤ sin�Ê       	ℎ��         Ê� < Ê < Êt (5.9) 

 

��� = −�����¤ sin�Ê       	ℎ��         Êt < Ê < Êã (5.10) 

 

The resonant frequency �¤ is known as follows: 

 

�¤ = 12�Ð��	� (5.11) 

 

In this analysis, the resonant frequency �ë expression is used [2]-[4]: 

 

�ë = 13�Ð��	� (5.12) 

 

The URSC step-up converter must operate under the condition shown in (5.13). 



  Analysis and design of the URSC step-up converter 

- 140 - 
 

�ë > �� (5.13) 

 

The time duration of Êt − Êã for the balance stage is obtained in (5.14) by considering that t3-

t4  time interval duration is � and that t3-t5 time interval duration is one third of the inverse of the 

switching frequency ��. Then, it is as follows: 

 

Êt − Êã = 4�Å¢ − �Ð��	�Ð��	�  (5.14) 

 

In order to find the average balance current �Ò during the t3-t4 and t4-t5 time intervals, which 

both integrate the total conduction time of the balance stage, the average balance currents from 

(5.9) and (5.10) are calculated to find their sum as shown in (5.15). 

 

〈�Ò〉 = −2���#��	� − ���#��	� ûcosû 4�Å¢ − �Ð��	�Ð��	� − 1 (5.15) 

 

The average OLED voltage ����� is defined from the OLED parameters as shown in (5.16). 

 ����� = ������� + �� (5.16) 

 

Then, in order to find the average input current �Á¤, the input/output energy balance is used, 

which involves the energy efficiency �, the input voltage �Á¤, the input current �Á¤ and the OLED 

voltage ����� and OLED current �����. The result is shown in (5.17). 

 

�Á¤ = �����Ø������� + ��Ù�Á¤�  (5.17) 

 

Also, by involving (5.18) and knowing that the average resonant inductor current in one 

complete cycle is zero, then (5.19) is obtained. 
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〈��#〉 = −����� (5.18) 

 �Á¤ − ����� + �Ò = 0 (5.19) 

 

Then, by substituting (5.15) and (5.17) in (5.19) and isolating for ���#, (5.20) is obtained. 

 

� �# = − ����� − £����Ø£����ø����Ù��¸�
2	��� + 	��� ÄcosÄ ���¢`�Ð�¶ ¶Ð�¶ ¶ Ç − 1Ç (5.20) 

 

By inserting (5.6) in (5.20) and isolating for ���4, the capacitor 	� voltage level ���4 is 

obtained as shown in (5.21). 

 

� �4 = 2Ø������� + ��Ù + ����� − £����Ø£����ø����Ù��¸�
 2	��� + 	��� ÄcosÄ ���¢`�Ð�¶ ¶Ð�¶ ¶ Ç − 1Ç (5.21) 

 

 

5.2.1. Resonant inductor calculation 

 

The resonant inductor �� is obtained by calculating the average of ��� from (5.8) and making 

it equal to (5.18) and then isolating for ��, thereby the resonant inductor �� is shown in (5.22). 

 

�� = � 4�Å¢¦#

	� ⎝⎜
⎛� + 2 sin`4

⎝⎜
⎛Ñ# ¶Å¢���# ¶Å¢ø�£����`·����Ø·������³²�Ù²�¸�Ð# ¶Å¢��`£�����# ¶Å¢ø�£���� ⎠⎟

⎞
⎠⎟
⎞# 

(5.22) 
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5.2.2. OLED current calculation 

 

From (5.22), OLED current ����� is isolated, then (5.23) is obtained. 

 �����
=                  �Ø�Á¤� − �Á¤����Ù + �Á¤���� − ��2��

+                              
� �#Ø�Á¤#�#��#�# − 2�Á¤#�#��� + �Á¤#�#Ù +�Ø−2�Á¤#�#��#�# + 2�Á¤#�#��� − 2�Á¤������ − 2�Á¤���Ù+�Á¤#�#��#�# + 2�Á¤������ + ��#

2��  

(5.23) 

 

Where � and � are variables used to simplify the expression (5.23): 

 

� = ûsin û 4�Å¢ − �Ð��	�2Ð��	� #
 (5.24) 

 � = 2	��� (5.25) 

 

 

5.2.3. Output filter capacitor calculation 

 

An important parameter to keep in mind in OLED drivers development is the dynamic 

resistance ��, which must be taken into consideration to properly select the output capacitance 

value, needed to achieve the desired OLED ripple current ∆����� and ripple voltage ∆�����. 

Therefore, it is possible to find an expression that relates the output filter capacitor 	Â and the 

output voltage ripple ∆����� in (5.26), to obtain the output capacitor value [143][144][150]. 

 

	Â = �����∆����� ±1�� − 13�¤¹ (5.26) 
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5.3. Design calculation of the URSC step-up converter 

 

The design calculation of the URSC step-up converter for driving an OLED load is carried out 

in this section [143][144][150][151]. The OLED lamp load is formed by three FL300 OLED 

lamps in series array [31]. The operating DC OLED current ����� and voltage ����� values 

curve of the single FL300 OLED lamp at ambient temperature is illustrated in Fig. 5.7. 

 

0.05 0.108 0.167 0.225 0.283 0.342 0.4
17.5

17.917

18.333

18.75

19.167

19.583

20
20

17.5

V.OLED

0.40.05 I.OLED
 

Fig. 5.7. Operating DC ����� and ����� values curve. 

 

The nominal DC OLED current ����� and voltage ����� of the OLED load that consists of 

three FL300 OLED lamps in series array and the proposed input design parameters of the URSC 

step-up converter are shown in Table 5.1. 
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Table 5.1. Input design parameters of the URSC step-up converter. 

 

Input 

voltage j12 WjY 

DC 

OLED 

voltage j$%&' WjY 

Nominal 

OLED 

current K$%&' W!Y 

Nominal 

OLED 

power c$%&' W�Y 

Equivalent 

OLED 

resistance \$%&' W Y 

OLED voltage 

ripple ∆j$%&' W%Y 

OLED current 

ripple∆K$%&' W%Y 

Switch. 

freq. D) WZ!"Y 

Energy 

efficiency q W%Y 

48 59.2 0.368 21.8 161 0.5 6.6 100 92.97 

 

In addition to the input design parameters of the URSC step-up converter, it is necessary to 

know the dynamic resistance �� and the threshold voltage �� of the FL300 OLED load piecewise 

linear model. Then, the dynamic resistance �� and the threshold voltage �� of the single FL300 

OLED lamp are calculated by means of the squares minimum linear regression approach [151]. 

The number of samples �� in regards to the DC OLED voltage ����� and current ����� 

values shown in Fig. 5.7, is �� = 7 in this calculation. The different DC OLED voltage ����� 

and current ����� values of the single FL300 OLED lamp are illustrated in Table 5.2. 

 

Table 5.2. FL300 OLED lamp ����� and ����� values. 

 

DC OLED 

voltage j$%&' WjY 

OLED 

current K$%&' W!Y 

18 0.0783 

18.5 0.1373 

19 0.2082 

19.22 0.25 

19.5 0.3090 

19.61 0.35 

19.71 0.392 
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Owing to the DC OLED voltage ����� and current ����� values of the single FL300 OLED 

lamp are known, the threshold voltage �� of the single FL300 OLED lamp can be calculated 

from (5.27). 

 

�� = ×∑ �����W����������Y − ∑ ����� ∑ �����#ÚW∑ �����Y# − �� ∑ �����#  (5.27) 

 

Then, from (5.27), the threshold voltage obtained is �� = 17.737 �. On the other hand, the 

dynamic resistance �� is calculated as shown in (5.28). 

 

�� = ���W����������Y − ∑ ����� ∑ ����� ��Ø∑ �����#Ù − W∑ �����Y#  (5.28) 

 

The dynamic resistance calculated from (5.28) is �� = 5.437 Ω. Therefore, the equivalent 

dynamic resistance �� and the threshold voltage �� calculated for three FL300 OLED lamps in 

series are �� = 16.312 Ω and  �� = 53.212 �, respectively. The equivalent DC OLED voltage 

����� of the three FL300 OLED lamps in series array is expressed in function of the total 

dynamic resistance ��, the threshold voltage �� and the DC OLED current ����� in (5.29). And 

then, it is outlined in Fig. 5.8. 

 ����� = ������� + �� (5.29) 
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The equivalent DC OLED resistance at nominal power

between �����. Therefore, �����
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Fig. 5.8. Piecewise linear model DC �����. 

OLED resistance at nominal power ����� is obtained by dividing 

���� = 161 Ω. The FL300 OLED lamp is illustrated in Fig. 5

 

 

Fig. 5.9. FL300 OLED lamp. 

is and design of the URSC step-up converter 

0.4

 

btained by dividing ����� 

ED lamp is illustrated in Fig. 5.9. 



  Analysis and design of the URSC step-up converter 

- 147 - 
 

Since all input design parameters are described, the capacitor voltage ���# from (5.20) can be 

calculated. The proposed capacitor value is 	� = 46.2 �0, in order to find the capacitor voltage � �#, which is � �# = 19.39 �. On the other hand, the capacitor voltage � �4 is calculated from 

(4.21) as � �4 = 99.02 �.  

 

The resonant inductor �� is obtained from (5.22) as �� = 12.64 éE and then, the tank 

impedance is calculated from (5.5) as �¤ = 16.54 Ω. The resonant frequency �ë is then 

calculated from (5.12) as �ë = 138.9 kHz.  
 

The output filter capacitor 	Â is obtained from (5.26) as 	Â = 10µ. A summary of the calculated 

voltages, currents and component values of the URSC step-up converter is shown in Table 5.3. 

 

Table 5.3. Design calculation summary of the URSC step-up converter.  

 

Resonant 

capacitor 	� W�0Y 

Resonant 

inductor �� WµEY 

Output  

filter 

capacitor 	Â Wµ0Y 

Tank  

impedance  �¤ W&Y 

Resonant 

frequency �ë W;EFY 

OLED  

threshold  

voltage  �� 

W�Y 

OLED  

dynamic  

resistance  �� 

W&Y 

46.2 12.64 10 16.54 138.9 53.212 16.312 

 

 

5.4. Dimensioning of power semiconductors of the URSC step-up converter 

 

In this section, the dimensioning of the switching diodes and transistors of the URSC step-up 

converter is tackled owing to the fact that it is important to know the diodes’ and transistors’ 

maximum electrical operating ratings demanded by the URSC step-up converter in order to 

ensure a good performance of the converter by operating them in a safe operation region. Based 

on this fact, the appropriate selection of diodes’ and transistors’ can be carried out. Therefore, 

operating these devices within the data-sheets limits assures safe and reliable operation of the 
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converter. Note that a thermal analysis of the devices such as the case temperature, or junction 

temperature is not addressed in this work. 

 

 

Transistor Q1 calculation 

 

The maximum drain current ���_«4 circulating through the transistor �4 during the interval t0-

t1 in the charge operation stage must be calculated as illustrated in (5.31), in order to know the 

maximum operating drain current of transistor �4. Owing to ���t is needed to calculate (5.31), ���t is obtained based on (5.3). Hence, ���t is shown in (5.30). 

 

� �t = 0 − W0 −  � ��Y cosû 4�Å¢ − �Ð��	�Ð��	�  (5.30) 

 

���_«4 = �Á¤ − ���t�¤  (5.31) 

 

From section 5.3 and Table 5.3, ���4= 99.02 V, �Á¤= 48 V and �¤= 16.54 Ω are obtained. In 

this way, ���t= -6.63V and ���_«4= 3.3 A.   

 

The average drain current ���Õ¿_«4 through the transistor �4 during the interval t0-t1 is 

calculated as shown in (5.32).  

 

���Õ¿_«4 = �����Ø������� + ��Ù�Á¤�  (5.32) 

  

From Table 5.1 and Table 5.3, ��= 16.312 Ω, ��= 53.212 V and �����=0.368 A are obtained. 

The average drain current calculation is ���Õ¿_«4= 0.488 A. 
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On the other hand, the maximum operating drain-source voltage of �4 ��Ì_«4 demanded by 

the URSC converter is �Á¤, as illustrated in Fig. 5.6. Hence, ��Ì_«4= 48 V.  

 

  

Diode D1 calculation 

 

In this  calculation section, it is not necessary to calculate maximum and average diode �4 

currents, because they are the same as those calculated average and maximum transistor �4 drain 

currents, owing to the fact that �4 and �4 operate at the same time in charge operation stage as 

shown in Fig. 5.2. Therefore, ���_�4= 3.3 A and ���Õ¿_�4= 0.488 A. In regards to the maximum 

reverse operating voltage of �4 in the URSC converter, it is �ø_�4= �Á¤ − �����= 11.2 V as 

illustrated in Fig. 5.6. 

 

 

Diode D2 calculation 

 

The maximum diode current ���_�#, which circulates through the diode �# during the interval 

t1-t2  in the discharge operation stage is calculated as follows: 

  

���_�# = ���4 − ������¤  
(5.33) 

 

Likewise, �����= 59.2 V and ���4= 99.02 V are obtained from Table 5.1 and section 5.3 

respectively, in order to calculate (5.33). The calculation result is ���_�#= 2.4 A. The average 

diode current ���Õ¿_�# is calculated from (5.23), so that, ���Õ¿_�#=0.368 A.  

 

On the other hand, the maximum reverse operating voltage of �# is �ø_�#= �����= 59.2 V as 

depicted in Fig. 5.6.   
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Transistor Q2 calculation 

 

The maximum drain current ���_«# circulating through the transistor �# during the interval t3-

t4 in the balance operation stage is calculated by using (5.34). Note that ����=���# in terms of 

capacitor voltage magnitude, as mentioned in section 5.2.  

  

���_«# = �����¤  (5.34) 

 

Then, from section 5.3, ���#=19.39 V. Based on this, the calculation result is ���_«#= 1.2 A.  

 

The average drain current ���Õ¿_«# through the transistor �# during the interval t3-t4 is 

calculated based on (5.15). However, (5.15) is simplified, owing to the fact that just the 

maximum drain current of the transistor �# in the interval t3-t4 of the interval t3-t5 of the balance 

operation stage is investigated. Hence, ���Õ¿_«# is calculated as the following:  

 ���Õ¿_«# = 2���#��	� (5.35) 

  

From Table 5.1 and Table 5.3, 	�= 46.2 nF and ��= 100 kHz are obtained. So that, the 

calculation result is ���Õ¿_«#= 0.18 A. 

 

Regarding the maximum operating drain-source voltage of �# ��Ì_«# in the URSC converter, 

it is ��Ì_«#= ����� as shown in Fig. 5.6. Thereby, ��Ì_«#= 59.2 V. 

 

A summary of the calculation results of the maximum and average currents of transistors �4 

and �# and diodes �4 and �# is shown in Table 5.4. 
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Table 5.4. Summary of maximum and average currents of �4 and �# and �4 and �#. 

 

Max  

drain 

current ���_«4 

W!Y 

Average 

drain 

current ���Õ¿_«4 

W!Y 

Max 

drain 

current ���_«# 

W!Y 

Average 

drain 

current ���Õ¿_«# 

W!Y 

Max  

diode 

current ���_�4 

W!Y 

Average 

diode 

current ���Õ¿_�4 

W!Y 

Max 

diode 

current ���_�# 

W!Y 

Average 

diode 

current ���Õ¿_�# 

W!Y 

3.3 0.488 1.2 0.18 3.3 0.488 2.4 0.368 

 

Likewise, a summary of the calculation results of the maximum drain and reverse voltages of 

transistors �4 and �# and diodes �4 and �# is illustrated in Table 5.5. 

 

Table 5.5. Calculation summary of maximum drain voltages of �4and �# and reverse voltages of �4 and �#. 

 

 Drain-source voltage ��Ì_«4 

WjY 

 Drain-source voltage ��Ì_«# 

WjY 

 Reverse voltage �ø_�4 

WjY 

 Reverse voltage �ø_�# 

WjY 

48 59.2 11.2 59.2 

 

Since the maximum ratings of current and voltage of the transistors �4 and �# and switching 

diodes �4 and �# have been calculated, �4 and �# and �4 and �# can be selected. In addition, it 

is important to take into consideration two important parameters of transistor and diode 

components, as they are on-resistance ��ÌÂ¤ in the transistor and forward voltage �Å in the 

switching diode, due to these two factors affect the energy efficiency of the URSC converter, 

based on the fact that this converter is considered to have only conduction losses, according to 

the principle of operation under ZCS. Also note that in order to increase the power density of the 

URSC converter, a surface mounted device (SMD) transistor and a SMD diode are proposed to 

be used. 

 

Based on the aforementioned information about maximum current and voltage ratings and 

some important parameters of power components to consider, the parameters of the proposed and 
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available transistor and switching diode used in the URSC converter are shown in Table 5.6 and 

Table 5.7.  

 

Table 5.6. Electrical parameters of the SMD transistor BUK7613-100E.  

 

 Drain  

current �� 

W!Y 

Drain- 

source  

voltage ��Ì 

WjY 

On- 

Resistance ��ÌÂ¤ 

W"ΩY 

 

Input 

capacitance 	Á�� 

W2GY 

Saturation 

current  �� 

WH!Y 

Ideality 

factor � 

 

72 100 13 3.3 0.6766 1 

 

Table 5.7. Electrical parameters of the SMD Schottky diode MBR20100CT.  

 

 Reverse  

voltage �ø 

WjY 

Average  

forward  

current �ÅW(�Y 
W!Y 

Peak  

forward  

current �ÅWà��ÆY 
W!Y 

Forward  

voltage �Å 

WjY 

Saturation  

current  ��4 

Wo!Y 

Ideality  

factor � 

 

100 10 20 0.77 10 1.5 

 

Note that information in regards to the reverse recovery time of the Schottky diode 

MBR20100CT is not available from the suppliers’ datasheet.     

 

 

5.5. Energy efficiency analysis 

 

The energy efficiency � parameter of the URSC converter can be obtained by calculating the 

RMS current of each individual operation stage of the URSC converter. In this way, it is 

necessary to calculate the RMS current value of each individual operation stage as they are 

charge, discharge and balance from (5.8), (5.9), (5.10) and (5.31).  
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However, beforehand, it is needed to calculate the average of the maximum input current of 

the interval t0-t1 by using (5.31). Afterwards, isolate for ), which is the magnitude in radians of 

the angle ) involved to calculate ��ë�4 of the charge stage. In this way, the expression obtained 

for ) is as follows: 

 

) = cos`4
⎝⎜
⎛ �Á¤

��	� Ä�Á¤ + ���# cosÄ ���¢`�Ð�¶ ¶Ð�¶ ¶ ÇÇ − 1⎠⎟
⎞

 (5.36) 

   

In the following, the RMS current of the charge operation stage is shown. It is clear that ��ë�4 

is calculated in the angular frequency interval duration from ) to �. Therefore, ��ë�4 is obtained 

by calculating (5.31) as shown below in (5.37). 

 

��ë�4 = 
⎷⃓⃓⃓⃓
⃓⃓⃓⃓⃓⃓,��	��¤ .⎝⎜⎜

⎛�2 + sin �2 cos`4 � £�¸Å¢ ¶¿ − 1¦¦4
− cos`4 � £�¸Å¢ ¶¿ − 1¦2 ⎠⎟⎟

⎞  (5.37) 

 

Where 
 is a variable used to simplify the expression (5.37): 

 


 = û�Á¤ + ���# cosû 4�Å¢ − �Ð��	�Ð��	�  (5.38) 

 

On the other hand, the RMS current of the discharge operation stage is calculated by using 

(5.8). Thereby, ��ë�# is obtained in (5.39). 

 

��ë�# = Ñ��	��¤ .�2 . W����� − ���4Y (5.39) 
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In (5.40) and (5.41), ��ë�� and ��ë�t are obtained from (5.9) and (5.10), respectively. ��ë�� 

and ��ë�t are the equivalent RMS current of the balance operation stage. Note that ��ë�� and ��ë�t sum the RMS current of the balance operation stage during the intervals of operation t3-t4 

and t4-t5 of the transistor �# in order to calculate the power losses dissipated across the ��ÌÂ¤. 

 

��ë�� = Ñ��	��¤ .�2 . W���#Y (5.40) 

 

��ë�t =
⎷⃓⃓⃓⃓
⃓⃓⃓⃓⃓⃓
⃓⃓⃓⃓,��	����##�¤ .

⎝⎜
⎜⎜⎜⎛�2 +

sin û2 Ä ���¢`�Ð�¶ ¶Ð�¶ ¶ Ç
4

− 4�Å¢ − �Ð��	�2Ð��	� ⎠⎟
⎟⎟⎟⎞ (5.41) 

 

An additional expression to define the average input current �Á¤ is needed in order to continue 

this calculation. So that, rearranging (5.19), (5.42) is obtained. 

 

�Á¤ = ����� + 2	����#�� + 	����#�� ûcosû 4�Å¢ − �Ð��	�Ð��	� − 1 (5.42) 

 

 

Transistor �4 and �# power dissipation 

 

The transistor power dissipation calculation is carried out by considering power conduction 

and switching power losses as well known. However, in this calculation switching conduction 

losses are neglected based on the fact that this URSC converter works under ZCS condition. In 

this way, the power dissipation calculation of the transistors �4 and �# will just take into 

consideration, conduction losses and gate power losses due to the fact that it is necessary to 

control de switching speeds of the transistors, which improves the switching behavior, even 

though, it causes a slight power loss. 
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Therefore, the power conduction losses of the transistor �4 and �# and any other device that 

has a parasitic resistance involved through the current flow path are calculated based on (5.43). 

 �Â¤Ã = ��ë�#� (5.43) 

       

Then, the power conduction losses of the transistor �4 and �# are expressed in the following. 

 

�Â¤Ã_«4 = 
# ��	���ÌÂ¤�¤ .⎝⎜⎜
⎛�2 + sin �2 cos`4 � £�¸Å¢ ¶¿ − 1¦¦4

− cos`4 � £�¸Å¢ ¶¿ − 1¦2 ⎠⎟⎟
⎞

 (5.44) 

 

�Â¤Ã_«# = ���##��ÌÂ¤ ��	��¤ .
⎝⎜
⎜⎜⎜⎛� +

sin û2 Ä ���¢`�Ð�¶ ¶Ð�¶ ¶ Ç
4

− 4�Å¢ − �Ð��	�2Ð��	� ⎠⎟
⎟⎟⎟⎞ (5.45) 

 

On the other hand, the gate power losses of the transistor �4 and �# are expressed as the 

following [152]. 

 ¿��� = �-Ì#��. W	Á�� + 	-ÌY (5.46) 

 

 

Diode �4 and �# power dissipation 

 

The Schottky diode equation shown in (5.47) is used to calculate the forward voltage �Å of the 

diodes �4 and �# at a certain forward current of operation owing to the fact that it offers a better 

accuracy to obtain the forward voltage than using the threshold voltage of the diode [76]. Note, it 

is considered to operate the diodes at ambient temperature condition.  
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�Å = ��� ln ±�Å�� + 1¹ (5.47) 

 

Where: �� is the thermal voltage, � is the diode ideality factor or emission coefficient, �Å is the 

forward current of operation and �� is the saturation current. 

 

In this way, the power diode losses of the diodes �4 and �# are calculated in (5.48) and 

(5.49). 

 

�4 = �Á¤��� ln ±�Á¤�� + 1¹ (5.48) 

 

�# = �������� ln ±������� + 1¹ (5.49) 

 

 

Passive components power dissipation 

 

The power dissipation across the capacitor 	� and inductor ��, which are connected in series, 

are calculated based on the expression (5.50), because the RMS current that flows through 	� 

and �� are equal in each operation stage, as they are charge, discharge and balance. Note that the 

power losses of the 	Â capacitor are neglected in this analysis, due to the fact that it is assumed 

that the output current is constant and the voltage ripple is neglected as worked in [143][144].     

  �_�� = ��ë�4# ��  + ��ë�## ��  + ��ë��# ��  + ��ë�t# ��  (5.50) 

  

Thus, by substituting (5.37), (5.39), (5.40) and (5.41) into the expression (5.50), which lays 

down that the sum up of each operation state power losses across the passive components 	� and ��, yields the total power dissipation; which is denoted by the square RMS current values: ��ë�4, ��ë�#, ��ë�� and ��ë�t times total stray resistance ��  across the passive components 	� and �� 

as shown in (5.51). 
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 �_�� = �� 

⎝⎜
⎜⎜⎜
⎛


# ��	��¤ .⎝⎜⎜
⎛�2 + sin �2 cos`4 � £�¸Å¢ ¶¿ − 1¦¦4

− cos`4 � £�¸Å¢ ¶¿ − 1¦2 ⎠⎟⎟
⎞

+ ��	��¤ .�2 W����� − ���4Y# + ��	��¤ .�2 W���#Y#

+ ��	����##�¤ .
⎝⎜
⎜⎜⎜⎛�2 +

sin û2 Ä ���¢`�Ð�¶ ¶Ð�¶ ¶ Ç
4

− 4�Å¢ − �Ð��	�2Ð��	� ⎠⎟
⎟⎟⎟⎞
⎠⎟
⎟⎟⎟
⎞

 

(5.51) 

 

Where ��  is: 

 ��  = ��� + � � (5.52) 

 

Another important aspect to take into consideration in this analysis, is the magnetic losses of 

the inductor ��. Then, it is necessary to use an expression that calculates the core losses, which is 

in function of the magnetic flux density and switching frequency at the operating point as 

needed. In this way, the Steinmetz equation is proposed to calculate the core losses �Â�� of ��. 

The Steinmetz expression is illustrated in (5.53) [153]. 

 �Â�� = »�À���
 (5.53) 

     

Where: », � and � are the Steinmetz coefficients, � is the magnetic flux density and �� is the 

switching frequency. 

 

Concerning the Steinmetz », � and � coefficients, they are obtained from the expression 

(5.53) by means of the curve fitting toolbox in Matlab and by entering the suppliers’ information 
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regarding effective volume ��, relative core losses Õ, magnetic flux density �, core loss �Â�� 

and switching frequency �� as shown in Table 5.8 and Table 5.9. A calculation comparison 

between the �Â�� obtained from the suppliers’ datasheet and the �Â�� obtained from the 

Steinmetz expression are illustrated in Fig. 5.10. As it is shown, a good matching is obtained 

between both calculation results. 

 

Table 5.8. N87 EFD25 material datasheet information. 

 

 Effective 

volume �� 

W""TY 

Relative  

core  

losses Õ 

W�/""TY 

Flux  

density � 

WXY 

Core  

losses �Â�� 

W"�Y 

3310 4.35x10�`� 0.025 14.4 

- 7 x10�`� 0.03 23.2 

- 15 x10�`� 0.04 49.7 

- 25 x10�`� 0.05 82.8 

- 37.5 x10�`� 0.06 124 

- 55 x10�`� 0.07 182 

- 75 x10�`� 0.08 248 

- 100 x10�`� 0.09 331 

- 135 x10�`� 100 447 

- 200 x10�`� 125 662 

- 300 x10�`� 150 993 

- 450 x10�`� 175 1490 

- 600 x10�`� 200 1990 

 

Table 5.9. Steinmetz coefficients. 

 » e > 

1.866 2.211 0.3136 
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Fig. 5.10. �Â�� under different � operating points and constant ��. 

 

In addition, the power losses caused by the feedback resistor involved in the closed loop 

system of the URSC converter are included in this calculation. A basic expression that calculates 

the power in the resistor is shown in (5.54). 

 Å��� = �����#�Å (5.54) 

 

In this point, the total power loss õÂ�� defined by the sum of all the power dissipations 

calculated in each active or passive component that integrate the URSC converter is shown in 

(5.55).  

 õÂ�� = �Â¤Ã_«4 + �Â¤Ã_«# + ¿��� + �4 + �# +  �_�� + �Â�� + Å��� (5.55) 

 

Also, the OLED power ���� is expressed in (5.56). 

 ���� = �����Ø������� + ��Ù (5.56) 
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As last step, substitute (5.44) to (5.46), (5.48), (5.49), (5.51), (5.53) and (5.54) into (5.55). 

And then, since (5.55) is already solved, substitute (5.55) and (5.56) into (5.57), which is the 

expression that calculates the electrical energy efficiency �. In this way, the electrical energy 

efficiency � expression is illustrated in (5.58). 

 

� = �������� + õÂ�� (5.57) 

  

� = �����Ø������� + ��Ù
�����Ø������� + ��Ù + 
# Å¢ ¶ø�./¸0¸ .⎝⎛

�# + 123�# 451´�� ·�¸�¢�¶6`4¦¦
t

− 451´�� ·�¸�¢�¶6`4¦
# ⎠⎞+

���##��ÌÂ¤ Å¢ ¶0¸ .⎝⎜⎜
⎛� + 123û#7 ���¢´8Ð�¶�¶Ð�¶�¶ ü

t
− ���¢`�Ð�¶ ¶#Ð�¶ ¶ ⎠⎟⎟

⎞+ 2�-Ì#�� . W	Á�� + 	-ÌY +
�Á¤��� ln �£�¸£¢ + 1¦ + �������� ln �£����£¢ + 1¦ +

�� 

⎝⎜
⎜⎜⎜
⎜⎜⎛
# Å¢ ¶0¸ .⎝⎛

�# + 123�# 451´�� ·�¸�¢�¶6`4¦¦
t

− 451´�� ·�¸�¢�¶6`4¦
# ⎠⎞+ Å¢ ¶0¸ . �# W����� − ���4Y#

+ Å¢ ¶0¸ . �# W���#Y# + Å¢ ¶�9¶��0¸ .⎝⎜⎜
⎛�# + 123û#7 ���¢´8Ð�¶�¶Ð�¶�¶ ü

t
− ���¢`�Ð�¶ ¶#Ð�¶ ¶ ⎠⎟⎟

⎞
⎠⎟
⎟⎟⎟
⎟⎟⎞+

»�À��� + �����#�Å

 

(5.58) 

 

Where: 

 

�Á¤ = ����� + 2	����#�� + 	����#�� ûcosû 4�Å¢ − �Ð��	�Ð��	� − 1 (5.59) 
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 = û�Á¤ + ���# cosû 4�Å¢ − �Ð��	�Ð��	�  (5.60) 

 

Recalling the input and calculated design parameters shown in Table 5.1, Table 5.3 and 

section 5.3 and section 5.4 for solving (5.58) as well as entering the following parameters: �� = 26 ��, 	-Ì = 10 �0, �Å = 1Ω, � = 0.095 - and �-Ì = 11.82 �, the electrical energy 

efficiency � obtained for the nominal ����� of the URSC converter, is � = 93.4. 

 

 

5.6. Variable inductor (VI) 

 

In this work, the variable inductor (VI) control technique is employed to drive the OLED 

current ����� of the URSC step-up converter. The VI structure is presented in Fig. 5.11. The VI 

operation is as follows: a DC current bias �Ã� is injected through the auxiliary windings ÖÃ�4 and ÖÃ�#, which are connected with reverse polarity in order to cancel the AC voltage component 

generated across them. The DC flux bias ∅Ã� circulating through the outer arms of the magnetic 

core generated by the injected DC current bias �Ã� biased the operating point of the magnetic 

material in the � − E curve, working very close to the saturation knee. This DC flux bias ∅Ã� 

modifies the variable reluctances of the material, which makes a change in the main winding Ö� 

inductance [154][155]. Some literature about VI basics, simulation models and applications are 

presented in [156]-[180].  
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Fig. 5.11. Variable inductor structure. 

 

The VI reluctance model is shown in Fig. 5.12. It consists of the variable reluctances ℜ� ,ℜõ 
and ℜ�, the constant reluctance ℜ¿ and the magnetomotive forces 0Ã� and 0�. The variable 

reluctances magnitudes ℜ� ,ℜõ and ℜ� depend on the operating point of the magnetic material 

that is settled by the injected DC current bias to the auxiliary windings. ℜ� ,ℜõ and ℜ� are in 

function of the magnetic permeability é of the magnetic material. The constant reluctance 

magnitude ℜ¿ is depending on the central air gap of the magnetic structure and the 

magnetomotive forces 0Ã� and 0� magnitudes depend on the number of turns of the windings ÖÃ� 

and Ö� and the current magnitudes �Ã� and ��, respectively. The variable reluctances ℜ� ,ℜõ and 

ℜ� model the non-linear behavior of the magnetic material. 
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Fig. 5.12. VI equivalent reluctance model. 

 

 

5.6.1. Constant reluctance model 

 

The constant reluctance ℜ� models the behavior of the non-ferromagnetic section of the 

magnetic structure, namely, the air gap of the magnetic core and it is represented by a resistance. 

The constant reluctance is calculated as shown in (5.61). 

 ℜ� = B�é�J�; (5.61) 

 

Where, B� is the magnetic path length and J� is the cross section area of the constant reluctance ℜ�, which is on the central arm of the magnetic core. é� is the permeability of the free space and ; is the fringing factor, which takes into consideration the phenomenon in which the magnetic 

flux flowing in a magnetic core spreads out into the surrounding medium as in the vicinity of 

the air gap. 
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5.6.2. Variable reluctance model 

 

As it was already discussed, the variable reluctance ℜë models the non-linear behavior of the 

magnetic material used. Then, the variable reluctance ℜë is calculated from (5.62). 

 ℜëWéY = BëéW�YJë (5.62) 

 

Where, Bë is the magnetic path length and Jë is the cross section area of the variable reluctance ℜë, which is on the outer arms of the magnetic core. éW�Y is the magnetic permeability of the 

material and it is in function of the magnetic flux density of the material. This is so because the 

variable reluctance ℜë is in function of the magnetic permeability éW�Y and it depends of the 

operation point inside the � − E curve. In [154][155] it was proposed to use Brauer’s expression 

to model � − E curve. This model relates the magnetic field intensity E and the magnetic flux 

density � as shown in (5.63). 

 

EW�Y = Ø;4�Æ�Ò� + ;�Ù� (5.63) 

 

Where, ;4, ;# and ;� are the Brauer’s coefficients of the magnetic material. 

 

On the other hand, the differential magnetic permeability éW�Y is found by calculating (5.64). 

 

éW�Y = ���E (5.64) 

 

Therefore, from (5.63) and (5.64), (5.65) is shown below: 

 

éW�Y = ×;4W1 + 2;#�#Y�Æ�Ò� + ;�Ú`4
 (5.65) 
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The Brauer’s coefficients ;4, ;# and ;� shown in Table 4.10 are obtained from the TDK-

EPCOS N87 material datasheet [181]. The coefficients are recommended for 25°	 ambient 

temperature.  

 

Table 5.10. Brauer’s coefficients for N87 material at 25°	. 

 

Coefficient Value ;4 0.062  J�`4-`4 ;# 42.995  -`# ;� 302.904 J�`4-`4 

 

 

5.6.3. Winding model 

 

The winding model is represented by expressions (5.66) and (5.67), which define the 

electrical and magnetic interaction of the magnetic structure. 

 ℱ=WÊY = Ö= ∙ �=WÊY (5.66) 

 

÷=WÊY = Ö= ∙ �∅=WÊY�Ê = Ö=J= ��=WÊY�Ê  (5.67) 

 

Where, ℱ= is the magnetomotive force, Ö= is the number of turns of the winding, �= is the 

current of the winding, ÷= is the voltage of the winding, ∅= is the magnetic flux, J= is the cross 

section area of the magnetic core and �= is the magnetic flux density. 

 

 

5.6.4. VI model elements 

 

The variable reluctance model is illustrated in Fig. 5.13. It consists of a behavioral voltage 

source �ë that emulates the resistive behavior of the variable reluctance under certain magnetic 
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flux ∅ø flow. The behavioral current source ?ëÀ represents the magnetic flux density magnitude, 

which is converted into voltage across the parallel resistor at node �ë. The behavioral current 

source ?ëÈ represents the magnetic permeability magnitude of the material, and then it is 

converted into voltage across the parallel resistor at node îë. 

 

+
-

value={(lm/(V(um)*Am))*I(Em)}

Em Gmb

value={-I(Em)/Am}

Bm

Gmu1k 1k

value={u(V(Bm))}

um

+

-
FR

φR

 

 

Fig. 5.13. Variable reluctance model. 

 

The winding model is shown in fig. 5.14. It consists of the magnetic and electrical parts. The 

electrical part is integrated by a voltage dependent voltage source ��=, whose dependency in 

voltage magnitude comes from the magnetic flux ∅= flowing through the winding Ö=, owing to 

the fact that the number of turns Ö of the winding is constant. The behavioral voltage source �0= 

represents the magnetomotive force in the magnetic part and the behavioral current source ?�= 

represents the magnetic flux density magnitude. The 1�Ω resistor is used to avoid convergence 

issues. 
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Fig. 5.14. Winding model. 

 

 

5.7. Conclusions 

 

The analysis and design of the URSC step-up converter for driving an OLED lamp load of 

three FL300 OLED lamps has been addressed in this chapter. In addition, of the study of the 

URSC step-up converter, the objective of finding an expression that relates the variable 

inductance and the OLED lamp current ����� is achieved. In this way, the OLED lamp current ����� can be controlled and dimmed by the VI, while the URSC step-up converter is controlled 

by means of the switching frequency. 
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6. Simulation and experimental analysis 

 

Since the analysis and design of the URSC converter was carried out in the chapter 5 

[143][144][150], now the simulation and experimental study of the URSC step-up converter 

OLED driver can be tackled. The LTspice software simulator is used to achieve the open and 

closed loop URSC step-up converter simulations for driving an OLED load under the VI control 

technique [182]. Moreover, the VI model proposed for this OLED driver is simulated. Also, the 

small signal characteristics of the VI inductor built are studied by making several experimental 

measurements using a laboratory test circuit [183]-[185].   

 

 

6.1. Design of the laboratory prototype 

 

A laboratory prototype for validating the performance of the URSC step-up OLED driver 

based on VI technique for OLED lamps is implemented as shown in Fig. 6.1. The OLED driver 

is integrated by the URSC converter + VI, the operational subtractor based on LM358A op-amp, 

theLM358B proportional-integral (PI) controller, the constant current source 

LM358C+PBSS4540Z and the PWM driver based on PIC12HV615. 
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Fig. 6.1. Schematic diagram of laboratory prototype. 

 

In Table 6.1, the list of materials for the laboratory prototype implementation is included 

according to the component values calculations in Chapter 5 [181][186]-[192]. 

 

Table 6.1. Components list of the laboratory prototype. 

 

Reference Description 
Q1, Q2 BUK7613-100E FET Transistors 
D1, D2 MBR20100CT Schottky Diodes 
Cr 
Cr1, Cr2, Cr3, Cr4, Cr5 

Cr6 

Cr1||Cr2||Cr3||Cr4||Cr5+ Cr6 
PHE450RD5100J10nF, 650V Capacitor 
15nF J 1000V 378 MKP Capacitor 

Lr EFD 25/13/9 Inductor 
Np=11T, 66x0.08mm 
Ns1=Ns2=63T, 35AWG 
GAP=0.57 mm 

Co ECQE2106KFB10uF, 250V Capacitor 
 



  

 

A brief performance explanation of the closed loop URSC step

based on VI shown in Fig. 6.2 is presented in the following.

 

 

Fig. 6.

 

The control operation of th

microcontroller PIC12HV615 generates the 5V PWM signals for transistors 

switching frequency �Ì of 100 kHz, with an on

they both are out of phase for 180 degrees according to the principle of operation of the URSC 

step-up OLED driver. Open collector DM7407 buffers take charge of supplying 12V PWM 

signals to the high-low side driver IR2110 driver, which is in charge of commanding t�4 and �#.  

 

The operational subtractor based on LM358A op

terminal, the average OLED current 

order to subtract the feedback volta

���ÅÒ + �£����, because �ÅÀ is never equivalent to 

LM358B to bias the VI and obtain the desired OLED current ���Å( − �ÅÀ adequate its output voltage to follow 

current that finds the resonant inductor value 
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A brief performance explanation of the closed loop URSC step-up OLED driver prototype

.2 is presented in the following. 

Fig. 6.2. URSC laboratory prototype. 

The control operation of the URSC step-up OLED driver is achieved as follows: the 

microcontroller PIC12HV615 generates the 5V PWM signals for transistors 

of 100 kHz, with an on time of one third of the switching period, and 

h are out of phase for 180 degrees according to the principle of operation of the URSC 

up OLED driver. Open collector DM7407 buffers take charge of supplying 12V PWM 

low side driver IR2110 driver, which is in charge of commanding t

The operational subtractor based on LM358A op-amp senses, through the negative input 

terminal, the average OLED current ����� from a 1Ω resistor placed in series with the load, in 

order to subtract the feedback voltage �ÅÀ from the reference voltage ���Å(, which is equal to 

is never equivalent to ���ÅÒ as needed by the error amplifier 

LM358B to bias the VI and obtain the desired OLED current �����. Then, the subtractor output

adequate its output voltage to follow ���ÅÒ reference voltage value to that DC bias 

current that finds the resonant inductor value �� for fulfilling the average OLED current 

Simulation and experimental analysis  

up OLED driver prototype 

 

up OLED driver is achieved as follows: the 

microcontroller PIC12HV615 generates the 5V PWM signals for transistors �4 and �# at a 

time of one third of the switching period, and 

h are out of phase for 180 degrees according to the principle of operation of the URSC 

up OLED driver. Open collector DM7407 buffers take charge of supplying 12V PWM 

low side driver IR2110 driver, which is in charge of commanding transistors 

amp senses, through the negative input 

resistor placed in series with the load, in 

, which is equal to 

as needed by the error amplifier 

. Then, the subtractor output 

reference voltage value to that DC bias 

for fulfilling the average OLED current �����. 
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The voltage ���ÅÒ is the equivalent in DC bias current and the voltage �£���� is the equivalent in 

OLED current �����. 

 

In order to compensate average OLED current ����� changes from input voltage variations or 

load steps down and up, a PI controller defined as in (6.1) is proposed [193].  

 ? W�Y = ;� 1 + �/2��@�  (6.1) 

  

Nonetheless, a modeling of the system to attain a frequency response analysis of the URSC 

step-up converter in cascade with PI controller is not tackled in this work; it will be undertaken 

in a future work.  

 

The resulting voltage from the operational LM358A subtractor is then compared to the 

voltage reference ���ÅÒ to set the average OLED current �����. Then, LM358B PI controller 

compensates the error voltage between the resulting voltage of the subtractor and ���ÅÒ. The 

output signal of the controller is then applied to the constant current source LM358C + 

PBSS4540Z to supply an adequate control bias current to the VI. 

 

Then, it is clear that OLED current ����� is well regulated against input voltage �Á¤ and DC 

OLED voltage ����� variations under the following operation conditions of the VI: (a) �� is 

decreased in value when �ÅÀ > �£����, that is, when ����� is increased and (b) �� is increased in 

value when �ÅÀ < �£����, that is, when ����� is decreased, owing to the two subtractions in the 

closed loop control shown in Fig. 6.1, that is ���Å( − �ÅÀ = Ø���ÅÒ + �£����Ù − �ÅÀ and 

Ø���ÅÒ + �£���� − �ÅÀÙ − ���ÅÒ = �£���� − �ÅÀ. 

 

 

6.2. VI model simulation 

 

The schematic of the electrical-magnetic VI model is illustrated in Fig. 6.3 in order to 

implement the VI model simulation under the design conditions optimized for the URSC step-up 



  

 

converter operation control before integrating the VI model + URSC step

consists of the non-linear reluctors

windings î1, î2 and î3. The VI design parameters

of this dissertation [183]-[185]. 

 

Fig. 6.3. Sch

The Spice symbols, the electrical equivalent circuits and the Spice models of the electrical

magnetic VI circuit are described in Table 6

reluctor A;, non-linear reluctors

Chapter 5. 
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converter operation control before integrating the VI model + URSC step-up converter system.

reluctors A�,A� and A�, the air gap A
, the linear reluctor

. The VI design parameters are calculated and found in 

 

Schematic of the magnetic-electrical VI model. 

 

The Spice symbols, the electrical equivalent circuits and the Spice models of the electrical

circuit are described in Table 6.2. The expressions that define the airgap

linear reluctors A�, A� and A� and windings î1, î2 and î

Simulation and experimental analysis  

up converter system. It 

, the linear reluctor A; and the 

in the Attachments 

 

The Spice symbols, the electrical equivalent circuits and the Spice models of the electrical-

The expressions that define the airgap A
, linear î3 are defined in 
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Table 6.2. Spice symbols and models of the electrical-magnetic model of VI. 

LTspice Symbol Equivalent Circuit Spice Model 
 

Air Gap 
 

 

 
 

 

;AIRGAP 
.subcktairgap 1 2 
; vg, fringing factor 
; lg, length 
; Ag, area 
.param pi=3.1415926 
.param u0=4*pi*1e-7 
Rg 1 2 {lg/(u0*Ag*vg)} 
.ends airgap 

 
Linear Reluctor 

 

 

 
 

 
 

; LINEAR RELUCTOR 
.subckt reluctor_1 1 2 
; vo, fringing factor 
; ur, relative permeability 
; lo, length 
; Ao, area 
.param pi=3.1415926 
.param u0=4*pi*1e-7 
Rr1 1 2 {lo/(ur*u0*Ao*vo)} 
.ends reluctor_1 

 
 
 
 
 
 

Non-linear Reluctor 
 
 

 
 

 

 
 

 
 
 
 

 

;NON-LINEAR RELUCTOR 
.subckt reluctor_n1 1 2 3 4 
; 2, positive mmf pin 
; 1, negative mmf pin 
; 3, 4, B output 
; lm, length, Am, area 
; k1, k2, k3, material 
; coefficients according to 
; Brauer's approximation 
.funcud(B) {1/(k1* 
+(1+2*k2*B*B)*exp(k2*B*B)+k3)} 
;differential permeability 
Em 1 2a 
+value={(lm/(V(um,2)*Am))*I(Em)} 
Rm 2a 2 1m; small resistance to 
; avoid voltage loop 
Gmb 2 Bm value={I(Em)/Am} 
Rbm Bm 2 1 
Gmu 2 um value={ud(V(Bm,2))} 
Rmu um 2 1 
; B Output 
EB 3 4 value={V(Bm,2)} 
RB 3 4 10k 
.ends reluctor_n1 

 
 

 
Winding 

 
 

 
 
 

 
 
 
 

 

;WINDING 
.subckt winding 1 2 3 4 5 6 
; 1,2 electric pins 
; 3,4 magnetic pins 
; 5,6 inductance value pins 
; Nw, number of turns 
; magnetic part 
EFw 3 4a value={Nw*I(EVw)} 
RFw 4a 4 1m ;small resistance to 
;avoid voltage loop 
;electric part 
GVw 2 w1 value={-I(EFw)} 
Rgw w1 w2 1m 
Lw w2 2 {Nw} 
EVw 1a 2 value={V(w2,2)} 
Rew 1 1a 1m ;to avoid voltage loop 
;inductance calculation 
Ei 5 6 value={-Nw*I(EFw)/I(EVw)} 
Ri 5 6 10k 
.ends winding 



  

 

The simulation results of the VI model proposed for 

Fig. 6.4. The inductance value of 

observed, the DC bias current is set to run from 0 mA to 500 mA and the VI value ranges from 

5.8 éE to 15.78 éE. The operation nominal inductance value is 12.64

Chapter 5. 

Fig. 6.4. Inductance vs DC bias current curve of the VI inductor simulation

 

 

6.3. URSC step-up converter + VI model Simulati

 

The schematic of the URSC step

load consists of three sections, which are the URSC step

model and the constant current source + PI controller
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The simulation results of the VI model proposed for the URSC step-up converter are shown in 

.4. The inductance value of �� vs DC bias current curve of the VI is shown. As can be 

observed, the DC bias current is set to run from 0 mA to 500 mA and the VI value ranges from 

e operation nominal inductance value is 12.64 éE 

 

 

Inductance vs DC bias current curve of the VI inductor simulation

(3 µV/div and 100 mA/div). 

up converter + VI model Simulation 

schematic of the URSC step-up converter closed loop + VI model for driving an OLED 

three sections, which are the URSC step-up converter, the VI electrical

constant current source + PI controller as shown in Fig. 6.5. 

Simulation and experimental analysis  

up converter are shown in 

vs DC bias current curve of the VI is shown. As can be 

observed, the DC bias current is set to run from 0 mA to 500 mA and the VI value ranges from 

 as calculated in 

 

Inductance vs DC bias current curve of the VI inductor simulation 

up converter closed loop + VI model for driving an OLED 

up converter, the VI electrical-magnetic 
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a) 

b) 
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Fig. 6.5. URSC step-up converter closed loop: a) URSC step

VI model and c) constant current source + PI controller.

Fig. 6.6 illustrates the resonant current 

OLED voltage ����� and OLED current 
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c) 

up converter closed loop: a) URSC step-up converter, b) electrical

VI model and c) constant current source + PI controller. 

 

.6 illustrates the resonant current ��� and voltage � �. Fig. 6.7 shows the nominal DC 

and OLED current ����� of the URSC step-up converter. 
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up converter, b) electrical-magnetic 

.7 shows the nominal DC 



  

 

Fig. 6.6. Resonant tank waveforms: Blue: resonant capacitor voltage 

inductor current 

 

Fig. 6.7. Steady state load waveforms: Blue: DC OLED voltage�����. (20 V/div, 100 mA/div and 1ms/di

Fig. 6.8 shows the dynamic response of the URSC step

input voltage �Á¤ step-down and up from 48V to 43V respectively. As shown, good dynamic 

behavior is achieved owing to the fact that the OLED current 
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Resonant tank waveforms: Blue: resonant capacitor voltage � � and Red: resonant 

inductor current ���. (40V/div, 3A/div and 10µs/div). 

 

Steady state load waveforms: Blue: DC OLED voltage ����� and Red: OLED current 

. (20 V/div, 100 mA/div and 1ms/div). 

 

.8 shows the dynamic response of the URSC step-up converter in closed loop under 

down and up from 48V to 43V respectively. As shown, good dynamic 

behavior is achieved owing to the fact that the OLED current ����� is well regulated to 368mA. 
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and Red: resonant 

 

and Red: OLED current 

up converter in closed loop under 

down and up from 48V to 43V respectively. As shown, good dynamic 

is well regulated to 368mA. 
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The stabilization time of the OLED current ����� after a step-down input voltage is applied is 

about 1 ms. 

 

 

 

Fig. 6.8. Transient response waveforms: Blue: DC OLED voltage ����� 20V/div, Red: OLED 

current ����� 100mA/div and Green: input voltage  �Á¤ 20V/div. (2ms/div). 

 

 

6.4. Experimental Results 

 

The variable inductor built for the laboratory prototype of the URSC is shown in Fig. 6.9. The 

small-signal characteristics are used to know the dynamic response and stability of the system. 

The small-signal characteristic of the VI is simply the variation of the AC winding inductance of 

the main winding î2 in function of the DC bias current supplied to the auxiliary windings î1 

and î3 connected one another with inverse polarity. Therefore, the values of the AC winding 

inductance î2 are obtained in accordance with the circuit of Fig. 6.10. As shown, a power 

supply and LCR Meter are used in order to bias the auxiliary windings and measure the AC main 

winding inductance, where the LCR meter supplies the AC main winding with 1Vrms at 100 

kHz, whilst the DC bias current through the auxiliary windings is swept from 0 mA to 500 mA. 

 



  

 

Fig. 6.9. Variable indu

Fig. 6.10. Small

The inductance value of �� vs DC bias current curve of the VI is shown in Fig. 

be observed, it finds a very good agre

VI inductor. 

 

Current 
power 
supply
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Variable inductor for the laboratory prototype. 

 

 

Small-signal measurement circuit of the VI. 

 

vs DC bias current curve of the VI is shown in Fig. 

be observed, it finds a very good agreement between simulation and experimental curve of the 

AC 

winding

IDC 

winding

IDC IAC

Variable 
Inductor
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vs DC bias current curve of the VI is shown in Fig. 6.11. As can 

ement between simulation and experimental curve of the 

LCR 

Meter
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Fig. 6.11. Inductance vs DC bias current curve of the VI inductor: a) simulation (Blue) and b) 

experimental (Red). (3 µV/div and 100 mA/div). 

 

Fig. 6.12 illustrates the behavior of the DC OLED voltage ����� and OLED current ����� in 

steady state. As it can be seen, DC OLED voltage ����� and OLED current ����� stabilize at 

about 59.2 V and 368 mA.   

 

 

 

Fig. 6.12. Steady state load waveforms: Red: DC OLED voltage ����� 20V/div and Blue: OLED 

current ����� 100mA/div. 
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Fig. 6.13 shows the switching waveforms on �4, which do not show overlapping between 

both signals. Fig. 6.14 shows the resonant current ��� and the resonant voltage � � of the URSC 

converter. 

 

 

 

Fig. 6.13. Switching waveforms of �4: Red: drain-source voltage 20V/div and (Blue) drain 

current 1A/div. 

 

 

 

Fig. 6.14. Resonant tank waveforms: Red: resonant capacitor voltage � � 20V/div and Blue: 

resonant inductor current ��� 1A/div. 
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Fig. 6.15 shows the dynamic response of the URSC converter in closed loop under a DC 

OLED voltage ����� decrease of 4V from 59.2V nominal by short-circuiting 5 1N4001 rectifier 

diodes from a 75 in series rectifier diodes dummy load. 

 

 

 

Fig. 6.15. Transient response waveforms: Red: DC OLED voltage ����� 10V/div and Blue: 

OLED current ����� 200mA/div. 

 

Fig. 6.16 represents the experimental average OLED current ����� of the URSC converter at 

constant reference voltage ���ÅÒ under different input voltage �Á¤ in open loop. The average 

OLED current ����� is dimmed from 0 mA to 445 mA by keeping constant ���ÅÒ at 127 mV and 

sweeping the input voltage from 0 V to 53 V. 
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Fig. 6.16. ����� vs �Á¤ in open loop. 

 

The experimental average OLED current ����� under different resonant inductor �� values 

and reference voltage ���ÅÒ values at constant input voltage �Á¤ in open loop is shown in Fig. 

6.17 and Fig. 6.18, respectively. The average OLED current ����� is dimmed from 135 mA to 

390 mA by keeping constant the input voltage �Á¤ at 48 V and sweeping the reference voltage ���ÅÒ from 105 mV to 270 mV. 
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Fig. 6.17. ����� vs �� in open loop. 
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Fig. 6.18. ����� vs ���Å in open loop. 
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Fig. 6.19 depicts the experimental electrical efficiencies � under different average OLED 

power ����. This is dimmed from 7.6 W to 23 W by keeping constant the input voltage �Á¤ at 

48 V and sweeping the reference voltage ���ÅÒ from 105 mV to 270 mV. The electrical 

efficiency � measured at nominal ���� is 92.97%. 
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Fig. 6.19. Electrical efficiency � vs ���� in open loop. 

 

 

6.5. Conclusions 

 

In this chapter, the URSC step-up converter + VI inductor has been simulated by using the VI 

model based on the electrical-magnetic model in its simplest way. Owing to, this methodology 

reduces the complexity of the SPICE-based simulation circuit of the VI magnetic + electrical 

model, which is based on the VI reluctance model, in which the fundamental magnetic elements 

used are airgap, linear reluctor, non reluctor, and winding. The VI model simulation and 

experimental results present a very good agreement one another.  
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The VI control technique provides a very good output current regulation and dynamic 

response to the URSC step-up converter by means of resonant frequency control. 

 

However, it is needed to improve the switching behavior of the URSC step-up converter by 

operating the switching frequency equal to the resonant frequency by means of implementing 

additional hardware that can achieve this operating condition. This could improve even more the 

efficiency of the converter.  
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7. Conclusions, contributions and future works 

 

In this section, the conclusions obtained during the development of this investigation and 

contributions of this dissertation are presented. Besides, achievements of this dissertation and 

future works identified are listed. 

 

 

7.1. Conclusions 

 

A revision of the state of technology of the OLED has been carried out in order to study the 

OLED technology and understand the OLED fundamentals, as they are the architecture design, 

principle of operation, driving, supply and operating considerations such as electrical, 

photometric and thermal, as well as the different shapes and types of OLED lamps. This allows 

us to operate OLED lamps in a safe region and design OLED systems in a more efficient way. 

 

A review of the art state of the OLED models has been carried out, which presents the 

different investigations related to electrical, PET and SPET OLED models. The simplified 

electrical modeling of power LEDs for DC-DC converter analysis and simulation arises as the 

simplest approach reported in the state of the art. Its great advantage is that it does not need any 

sophisticated equipment for the OLED modeling development. In this way, it presents the best 

option to obtain the equivalent electrical OLED model of the FL300 Phillips Lumiblade OLED 

lamp. Thereby, the equivalent electrical OLED model of the OLED lamp was obtained by using 

this approach. The calculated and experimental steady state and dynamic state results of the 

OLED equivalent electrical model presented a 1.6% maximum relative error between calculated 

and experimental results of the OLED power ���� and the OLED static resistance ����� at 

steady state and OLED current ����� and OLED DC voltage ����� at dynamic state. 

 

A review of the state of the art of SC converters has been carried out, making emphasis on the 

resonant SC converters, which are used for regulating the output power of the OLED lamp. 

Among the different SC converter topologies, resonant converters stand out because they provide 
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low EMI noise and high efficiency. Moreover, resonant SC converters provide compactness, 

simplicity, low cost and the possibility of integration OLED driver + OLED lamp. A comparison 

of resonant SC converters topologies presented in the state of the art has been carried out, where 

the URSC converter arises as the best option for OLED driving and OLED driver + OLED lamp 

integration.  

 

The URSC converter has been analyzed and designed, obtaining an output power control 

function of the resonant SC converter as a function of the VI control parameter, ��, which is the 

control technique proposed to regulate the output power owing to the fact that the OLED power 

of the resonant SC converter is regulated by its resonant frequency; resonant frequency is 

controlled by the resonant tank integrated by the �� − 	� network. In this way, the VI control 

technique reduces the complexity of the control loop and circuitry, which increases the power 

density of the OLED driver because it is operated by a simple constant current source to meet the 

operating point of the VI. This fact leads to a more efficient OLED driver + OLED lamp 

integration, because it is possible to achieve high power density OLED drivers. 

 

The URSC converter has been tested in an ad hoc laboratory prototype, whose experimental 

results obtained presented a good behavior to drive OLED lamps because it provides a high 

efficiency, high output voltage regulation and high output voltage conversion ratio, low output 

voltage and current ripples, no efficiency dependency on conversion ratio and low EMI noise. 

The VI control technique showed a very good output current regulation and dynamic response to 

the URSC step-up converter. 

 

 

7.2. Contributions 

 

The contributions of this research work are the following: 

 

• Review and comparison of the different OLED lamps existing in the market in regards to 

electrical, photometrical and thermal aspects. 

• Review of the state of the art of the OLED PET models. 
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• Equivalent electrical modeling of the FL300 Phillips Lumiblade OLED lamp. 

• Review of the state of the art of SC converters for OLED lamp driving. 

• A comparative analysis among the different resonant SC converters was performed. This 

analysis determined that the most adequate resonant SC converter for OLED lamp 

driving and OLED driver + OLED lamp integration system is the URSC converter. 

• Analysis and design of the URSC converter + VI closed loop OLED lamp driver. 

• Simulation model of the closed loop URSC converter + VI for OLED lamp driving. 

• Theoretical analysis of the power dissipation of the closed loop URSC converter + VI 

OLED lamp driver.  

• Experimental verification of the URSC converter + VI closed loop OLED lamp driver. 

• An ad hoc laboratory prototype implementation for the URSC + VI closed loop OLED 

lamp driver. 

 

 

7.3. Future Works 

 

Continuing the research work developed in this dissertation, the following future work 

research lines are proposed: 

 

• Study other control strategies for the output power regulation of the closed loop URSC 

converter + VI OLED lamp system. For instance, variable capacitor (VC) control 

technique can be a good option owing to the fact that the output power control function of 

the resonant SC converter can be in function of the VC control parameter, 	�, because the 

OLED power of the resonant SC converter is regulated by its resonant frequency, which 

is controlled by the resonant tank integrated by the �� − 	� network. However, a control 

circuitry for the VC operation is necessary, in order to set the operating point of the VC. 

• Analyze other resonant SC converters for OLED lamp driving. 

• Design and study the URSC converter for operating at higher switching frequencies in 

order to achieve more compact OLED drivers. 
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• Analyze dimming techniques for the closed loop URSC converter + VI OLED lamp 

system. 

• Study and development of modeling techniques of SC converters, which can be applied 

to the URSC converter, so that the frequency response of the closed loop URSC 

converter + VI OLED lamp system can be analyzed for different design conditions and 

cases. 

• Study of digital control techniques, which can be applied to the closed loop URSC 

converter + VI OLED lamp system, in order to increase the power density of the OLED 

driver. A digital control approach provides even more design simplicity of the closed 

loop URSC + VI OLED lamp system as well as hardware implementation and OLED 

driver manufacturing. 
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Analysis and Design of a Unidirectional Resonant 

Switched Capacitor Step-up Converter for OLED 

Lamp Driving Based on Variable Inductor 
Gilberto Martínez, José Marcos Alonso, Senior Member, IEEE, and René Osorio 

 
Abstract-This paper presents an analysis and design of a 

unidirectional resonant switched capacitor (URSC) step-up 

converter for OLED lamp driving. The URSC converter includes 

a very small inductor in series with the switched capacitor to 

improve the switching behavior. Also, the URSC converter 

presents the advantages of high power density, higher efficiency 

compared to other SC converters, low output voltage and current 

ripples and low EMI noise, which make it adequate for driving 

OLED lamps. URSC is designed to operate in closed loop with 

constant current VI control technique. By working the resonant 

inductor as a VI, the OLED current can be regulated and 

dimmed because of resonant frequency change. Simulation and 

experimental results of the VI inductor, which are in a good 

agreement, and the results of a URSC step-up converter design 

example for a 21.8 W OLED lamps array supplied from 48Vdc 

are presented, where a maximum 92.97% efficiency is obtained.  

 

Index Terms- Organic-Lighting-Emitting-Diode (OLED), 

Switched-Capacitor (SC), Resonant Switched-Capacitor (RSC), 

Variable Inductor (VI), Closed-Loop Operation. 

 

I. INTRODUCTION 

In [1], a review of SC converters for OLED lamp driving 

was presented, where the URSC step-up converter was 

proposed as the best option for driving OLED lamps, based on 

the performance comparative results among the different SC 

converters under study [2]-[14], and relying on the collected 

experimental results of the URSC step-up converter. The 

benefits of using the URSC step-up converter instead of 

conventional non-resonant and resonant SC converters, 

fractional-voltage-conversion-ratio RSC converters, dual-

phase converters, step-down half bridge RSC converter with 

isolation transformer, and step-down SC converter with 

coupling inductors are: high output voltage regulation, low 

output voltage and current ripples, high efficiency, no 

efficiency dependency on conversion ratio, low EMI noise, 

and high power density [1]. 

 

 

 

 

 

 

 

 

 

The objectives of this work are to use an RSC converter 

that meets high efficiency and high power density and that can 

supply and regulate the OLED lamp power, to study an output 

power control method of the RSC converter, to analyze the 

RSC converter in order to obtain an output power control 

function of the RSC as a function of the control parameter and 

to achieve an ad-hoc laboratory prototype in order to 

experimentally confirm a good agreement with the control 

function of the RSC converter.  

The OLED power of the RSC converter is regulated by its 

resonant frequency, which is controlled by the resonant tank 

integrated by the �� − �� network [15]. Based on this fact, a 

control parameter that regulates the output power of the RSC 

converter is needed. Hence, the VI control technique is 

proposed to regulate the output power of the RSC, which 

reduces the complexity of the control loop and circuitry, and 

increases the power density of the OLED driver because it is 

operated by a simple constant current source to meet the 

operating point of the VI. In this way, it is possible to achieve 

more compact OLED drivers. A proposed SPICE-based 

electrical-magnetic model and the analysis and design of the 

VI used in this work as well as its application to an LED 

driver are presented in [16]-[18]. Also, some additional works 

in the literature about VI study and application are illustrated 

in [19]-[20]. However, due to lack of space, the analysis and 

design of the VI will be omitted in this work. 

Nowadays, more compact, small and flat OLED drivers are 

arising to enable new design possibilities such as avant-garde 

interior floor and table lamps, mirror and ceiling lamps, ablaze 

tiles and partition wall lighting applications; however, LED 

drivers are bulky and larger, which makes their use difficult in 

the aforementioned lighting applications. Thus, the main 

difference between OLED drivers and LED drivers relies on 

their compactness, size and flatness [21]-[22]. The OLED can 

be operated by the same topologies used for driving the 

conventional LED; this is because the OLED supplied by a dc 

current behaves very similarly to the conventional LED. 

Therefore, the V-I characteristic of the OLED shows an 

exponential behavior [22]-[23]. 

Some high efficiency LED drivers, such as buck-boost 

(BB) and an LED power supply based on a synchronous buck 

converter are reported in [24]-[25]. The BB converter 

processes only a part of the LED power owing to the fact that 

the LED power is supplied by two sources, the DC input 

voltage source and the BB converter output [24]. The 
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synchronous buck converter drives a split LED string; the first 

LED string is driven by the buck converter and the second 

LED string is placed in series with the input voltage source 

[25]. These works obtain a good efficiency, around 92-93%, at 

maximum LED power, but they present a low power density 

due to the use of bulky and heavy switching inductors, input 

and output filter capacitors. These LED drivers show high 

output ripple current, which can reduce the OLED’s life span 

and could cause eye-visible luminous flux variations. A fly-

back converter functioning as a current regulator between the 

DC voltage source and the LED is presented in [26]; the 

converter returns a part of the energy from the output filter 

capacitor to the DC link input capacitor, which lowers the 

power conversion losses because only a small part of the LED 

power is processed by the fly-back converter [26]. An 

integrated half bridge zeta (HBZ) asymmetrical half bridge 

(AHB) converter is presented in [27], which obtains high 

efficiency on an entire output voltage range at constant low 

output current. In this way, it achieves high efficiency either at 

high output voltage or low output voltage as reported in [27]. 

A HB-LC series resonant converter based on high power HB-

LED driver is proposed in [28]. It operates under ZVS, and 

drives the LED load by means of two sources; the input DC 

bus source supplies the cut-in voltage and the second source 

regulates the forward current, which leads to obtain high 

efficiency because not all the LED power is processed by the 

HB-LC series resonant converter. A high input-voltage-ripple-

rejection ZAHB (zeta asymmetrical half bridge), which 

overcomes the performance drawbacks of the AHB such as 

limited duty cycle range, non-linear DC gain and not fully 

cancellation of the low frequency ripple, is reported in [29]. 

Even though, the converters reported in [24]-[29] show high 

peak efficiencies in the range of 92-96%, regrettably, they 

show very low power density compared to the SC converters 

due to the total number of components, bulky and heavy 

inductors and switching transformers, DC link and output 

filter capacitors. Therefore, they do not allow the designers to 

attain a compact, flat and small OLED driver + OLED lamp 

system. Moreover, it is important to mention the drawbacks of 

using electrolytic capacitors to reduce the output voltage and 

current ripples, which lower the lifetime of the driver, and on 

the other hand, the use of coupling transformers, which are 

difficult to design and more expensive to manufacture.  

In this work, the URSC step-up converter is analyzed and 

designed for driving a 21.8 W OLED lamps array [15]. The 

resonant inductor is designed to operate at a resonant 

frequency above the switching frequency for any OLED 

power. Under this condition, a good dynamic behavior against 

input voltage or luminous flux variations is obtained. 

In section II, the operation of the URSC step-up converter 

is presented. In section III, the analysis and design of the 

URSC step-up converter is carried out. Section IV illustrates 

the design of a laboratory prototype. Simulations and 

experimental results are shown in sections V and VI. 

Conclusions are presented in section VII. 

II. OPERATION OF THE  UNIDIRECTIONAL RESONANT 

SWITCHED CAPACITOR STEP-UP CONVERTER 

Fig. 1 shows the URSC step-up converter, which consists 

of two switches, �� and ��, two diodes, �� and ��, a resonant 

capacitor, ��, a resonant inductor, ��, and an output filter 

capacitor, �	. The converter has four operation modes, 

namely, charge, discharge, off and balance, where this last 

stage balances the remaining charge into the resonant 

capacitor before the beginning of the next switching period, in 

order to further improve the switching behavior of the 

converter. In addition, the URSC step-up converter behaves as 

a current source; therefore, the output voltage amplitude 

depends on the OLED dc equivalent resistance. In the 

following, the different operation intervals of the URSC step-

up converter are presented. Figs. 2 to 5 illustrate the 

equivalent circuit in each time interval. Fig. 6 shows the main 

waveforms of the converter operation. 

 

Fig. 1.   URSC step-up converter. 

A. Charge Operation Stage: t0<t1 

Fig. 2 shows the equivalent circuit for charge operation 

stage. As can be seen, transistor ��, and diode ��, are on, 

while transistor ��, and diode, �� are off. The resonant 

capacitor ��, is charged through, �� and ��, while the output 

filter capacitor �	, is discharged to the load. It is important to 

mention that the resonant current 
��  at the beginning of this 

stage is not zero due to the conduction period of the 

freewheeling diode of �� in the balance stage. 

 

Fig. 2. Stage t0<t1. 

B. Discharge Operation Stage: t1<t2 

Fig. 3 illustrates the discharge operation stage, where 

transistors �� and ��, and diode �� are off, while diode ��, is 
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on. The resonant capacitor ��, is discharged through ��, and 

the output filter capacitor �	, is charged. 

Vin

Cr

Lr

D1

CoQ2

LoadD2

Q1

 

Fig. 3. Stage t1<t2. 

C. Off Operation Stage: t2<t3 

In this operation stage, transistors �� and ��, and diodes �� and ��, are off. The resonant inductor current ��� through �� − ��, is zero. Fig. 4 shows the off operation stage 

equivalent circuit. 

 

Fig. 4. Stage t2<t3. 

D. Balance Operation Stage: t3<t5  

The balance operation stage circuit is shown in Fig. 5. In 

which during t3<t4, transistor ��, and diodes �� and ��, are 

off, while transistor �� is on and the output filter capacitor �	, 

keeps discharging to the load. The resonant tank, �� − ��, is 

shortcircuited in order to balance the energy stored in ��, so 

that the same charge level as that at instant t0 is attained for the 

next charge operation state. At the end of this stage during 

t4<t5, the current is flowing through the body diode of ��, 

thereby, transistors �� and ��, and diodes �� and ��, are off, 

while the resonant capacitor �� is charged. 

 

Fig. 5. Stage t3<t5. 

The waveforms corresponding to each operation state are 

shown in the Fig. 6. 

 

Fig. 6. Main waveforms of the RSC step-up converter during one switching 

period. 

III. ANALYSIS AND DESIGN OF THE URSC STEP-UP 

CONVERTER 

In this section, the analysis and design of the URSC step-

up converter is carried out based on the methodology used in 

[11][12]. First, by analyzing the charge operation stage circuit 

shown in Fig. 2, the expressions (1) and (2) are obtained. ������ = ��� − �����  (1) 

 ������ = �����  
(2) 

Now, from (1) and (2) and after some manipulation, ���  is 

obtained in (3). And then by substituting (3) into (2), and 

isolating and solving for ���, (4) is obtained, which is the 

expression of the resonant inductor current ���. ��� = ��� − (��� −  ���(0)) cos �� (3) 

 ��� = ��� − ���(0)�� sin �� (4) 

Where ��� is the DC input voltage and �� is the equivalent 

resonant tank impedance: 
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�� = �����  (5) 

Similarly, the circuits shown from Fig. 3 to Fig. 5 can be 

analyzed in order to obtain the expressions for ��� and 
��, 

which lead to the form of (3) and (4), where ��� takes the 

values of the DC OLED voltage �	� !  and 0, respectively. 

Based on the afore-mentioned procedure, (6) and (7) are found 

for the maximum ���  values at the end of discharge and t3-t4 

balance operation stages by considering �� = ". ���� = 2�	� ! − �$�� (6) 

 ���% = −�$�� (7) 

Where ����, ���� and ���% are the capacitor �� voltages at ��, �� and �', respectively. 

In addition, (4), (8), (9) and (10) show the obtained 

expressions for the resonant inductor current ��� for discharge 

and t3-t4 and t4-t5 balance operation stages: ��� = �	� ! − �$���� sin ��    (ℎ*+       �� < � < �� (8) 

 ��� = −�$���� sin ��       (ℎ*+         �% < � < �' 
(9) 

 ��� = −�$�%�� sin ��       (ℎ*+         �' < � < �- 
(10) 

The resonant frequency .� is known as follows: .� = 12"0���� (11) 

In this analysis, the resonant frequency .1 expression is 

used [11][12]: .1 = 13"0���� (12) 

The URSC step-up converter operates under the following 

condition: .1 > .4 (13) 

The time duration of �' − �- for the balance stage is 

obtained by considering that t3<t4  time interval duration is " 

and that t3<t5 time interval duration is one third of the inverse 

of the switching frequency. Then, it is as follows: 

�' − �- = �%56 − "0����0����  (14) 

The next step is to find the average balance current 
7 

during the t3<t4 and t4<t5 time intervals, which both integrate 

the total conduction time of the balance stage. Thus, the total 

average balance current is the sum of the calculated average 

balance currents from (9) and (10) as shown in (15). 〈
7〉 =              −2�$��.4�� −               �$��.4�� :cos : 13.;−"0�<�<0�<�< = − 1=  

(15) 

The average OLED voltage �	� !  is defined from the 

OLED parameters as shown in (16). �	� ! = 
	� !>? + �? (16) 

Then, in order to find the average input current 
��, the 

input output energy balance is used, which involves the energy 

efficiency A, the input voltage ���, the input current 
�� and the 

OLED voltage �	� !  and OLED current 
	� !. The result is 

shown in (17). 


�� = 
	� !B
	� !>? + �?C���A  (17) 

Also, by involving (18) and knowing that the average 

resonant inductor current in one complete cycle is zero, then 

(19) is obtained.  〈�!�〉 = −
	� ! (18) 

 
�� − 
	� ! + 
7 = 0 (19) 

Then, by substituting (15) and (17) in (19) and isolating for �$��, (20) is obtained. 

���� = − 
	� ! − DEFGHBDEFGHIJKLJCLMNO2��.4 + ��.4 :cos : PQR6ST0�U�U0�U�U = − 1= (20) 

By inserting (6) in (20) and isolating for �$��, the capacitor �� voltage level �$�� is obtained as shown in (21). ���� = 2B
V�W�>X + �XC
+ 
V�W� − 
V�W�B
V�W�>X+�XC��+A 2��.4 + ��.4 :cos : PQR6ST0�U�U0�U�U = − 1= (21) 

The resonant inductor �� is obtained by calculating the 

average of ��� from (8) and making it equal to (18) and then 

isolating for ��, thereby the resonant inductor �� is shown in 

(22). �� = Y �%56Z�

�� [\
]" + 2 sinS� [\

]���U56LJK��U56IJDEFGHS
V�W�B
V�W�>X+�XC��+A0��U56LJSDEFGHK��U56IJDEFGH _̀̂_̀̂
� 

(22) 
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From (22), OLED current 
	� ! is isolated, then (23) is 

obtained. 
	� ! =     aBLMNOSLMNOIJ$CKLMNOIJ$SLJ�IJ +
       b

acBLMNcOcIJc$cS�LMNcOcIJ$KLMNcOcCKaBS�LMNcOcIJc$cK�LMNcOcIJ$S�LMNOIJ$LJS�LMNOLJCKLMNcOcIJc$cK�LMNOIJ$LJKLJc�IJ   

(23) 

Where d and e are variables used to simplify the expression 

(23): 

d = fsin f �%56 − "0����20���� gg�
 (24) 

  

e = 2��.4 (25) 

An important parameter to keep in mind in OLED drivers 

development is the dynamic resistance >?, which must be 

taken into consideration to properly select the output 

capacitance value, needed to achieve the desired OLED ripple 

current ∆
	� !  and OLED ripple voltage ∆�	� !. Therefore, it 

is possible to find an expression that relates the output filter 

capacitor �i and the output voltage ripple ∆�	� ! in (26), to 

obtain the output capacitor value [11][12]. �i = 
	� !∆�	� ! j1.4 − 13.�k (26) 

  

IV. DESIGN OF THE LABORATORY PROTOTYPE 

A laboratory prototype for validating the performance of the closed loop unidirectional RSC step-up OLED driver based on VI 

technique for OLED lamps has been developed as shown in Fig. 7. 

Ω

Ω

Ω
Ω

Ω

Ω

Ω

Ω

Ω

Ω

 

Fig. 7. Schematic diagram of laboratory prototype. 

 

The load is formed by three FL300 OLED lamps in 

series array, where its nominal DC OLED voltage is 59.2V 

and nominal OLED current is 368mA for a nominal OLED 

power of 21.8W [30]. The FL300 OLED lamp is shown in 

Fig. 8. The calculated model parameters of the OLED’s 

array at room temperature are: �? = 53.21 � and >? =16.31 Ω. The equivalent OLED resistance at nominal power 

is >	� ! = 161 Ω. The selected OLED current ripple is ∆
	� ! = 6.6%. Some additional specifications of the 

laboratory prototype are the following: ���=48 V; .q=100 

kHz; �rstr=100ns; A=92.97%. Since the input design 

parameters were already described, the design calculation 

can be addressed. To find the capacitor �� voltage �$�� from 

(20), �� = 46.2 +v is proposed, therefore, ���� = 19.39 � 

is calculated. Now, as from (21), the capacitor �� voltage ���� can be calculated as ���� = 99.02 �. Then, the 

resonant inductor �� is obtained from (22) as �� =12.64 xy. The tank impedance is extracted from (5) as �� = 16.54Ω. The resonant frequency .1 is then calculated 

from (12) as .1 = 138.9 kHz. From (26), the output filter 

capacitor is �i = 10x by selecting the OLED voltage ripple 

as ∆�	� ! = 0.5%. 
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Fig. 8. FL300 OLED lamp. 

In Table I, the list of materials for the laboratory 

prototype implementation is included according to the 

component values calculations from Section III.

TABLE I. COMPONENTS LIST OF THE LABORATORY 

PROTOTYPE. 

Reference Description

Q1, Q2 BUK7613-100E FET Transistors

D1, D2 MBR20100CT Schottky Diodes

Cr 

Cr1, Cr2, Cr3, Cr4,Cr5 

 

Cr6 

Cr1||Cr2||Cr3||Cr4||Cr5+ Cr6 

PHE450RD5100J10nF, 650V

Capacitor 

15nF J 1000V 378 MKP Capacitor

Lr EFD 25/13/9 Inductor 

Np=9T, 66x0.08mm 

Ns1=Ns2=53T, 35AWG 

GAP=0.35 mm 

Co ECQE2106KFB10uF, 250V

The variable inductor built for the laboratory prototype 

of the URSC is shown in Fig. 9. 

Fig. 9. Variable inductor for the laboratory prototype.

A brief performance explanation of the closed loop 

URSC step-up OLED driver prototype based on VI shown 

in Fig. 10 is presented in the following. 

Fig. 10. URSC laboratory prototype.

The control operation of the URSC step-up OLED driver 

is achieved as follows: the microcontroller PIC12HV615 

generates the 5V PWM signals for transistors 

 

In Table I, the list of materials for the laboratory 

prototype implementation is included according to the 

component values calculations from Section III. 

TABLE I. COMPONENTS LIST OF THE LABORATORY 

Description 

100E FET Transistors 

MBR20100CT Schottky Diodes 

10nF, 650V 

Capacitor 

 

ECQE2106KFB10uF, 250V Capacitor 

The variable inductor built for the laboratory prototype 

 

. Variable inductor for the laboratory prototype. 

A brief performance explanation of the closed loop 

based on VI shown 

 

. URSC laboratory prototype. 

up OLED driver 

is achieved as follows: the microcontroller PIC12HV615 

generates the 5V PWM signals for transistors �� and �� at a 

switching frequency .q of 100 kHz, with an On

third of the switching period, and they both are out of phase 

for 180 degrees according to the principle operation of the 

URSC step-up OLED driver. Open collector DM7407 

buffers just take charge of supply 12V PWM signals

high-low side driver IR2110 driver, which is in charge of 

commanding transistors �� and �
The VI �� control operation is as follows: a reference 

DC current bias 
�s5 is injected through the auxiliary 

windings ~4� and ~4�, which are co

with reverse polarity in order to cancel the AC voltage 

component generated across them. The injected 

a DC flux bias ∅r$ that circulates mainly through the 

variable reluctances ℜ1 of the outer arms of the magnetic 

core due to the higher reluctance 

which is air gapped; this flux biases the operating point of 

the magnetic material in the �
change of the main winding ~�
reluctance value depends on the operating point of the 

magnetic material that is settled by 
�s5  and is a function of the magnetic permeability 

magnetic material [16]-[17]. 

The control loop of the OLED dr

and performs as the following: the OLED current 

fed back through the 1Ω sensing 

amplifier to the control input

amplifier. The output voltage of the

the LM358C to drive the constant current source

meet the operating point of the VI 

at the output current of the URSC 

voltage �5a is compared to a reference 

because �5a must be equivalent to 

operating point of the VI and 
	� !�DEFGH . Hence, ��s5� − �5a  is equivalent

voltage, which is equivalent to that

finds the resonant inductor value 

average 
	� ! . �DEFGH  is the 

compensate average OLED current 

input voltage variations or load steps down and up

controller defined as in (27) is proposed.

complete modeling analysis of the URSC converter + VI 

out of the scope of this work due to lack of space.��(;) = �$ 1 + ;/;
The control output voltage

amplifier is increased as 
	� !
decreased because �5a is greater than 

hand, the control output voltage

decreased as 
	� !  decreases whi�5a is lower than �DEFGH . The control laws �5a < �DEFGH  are based on the fact that B��s57 + �DEFGHC − �5a  and ��s57 = �DEFGH − �5a. 

of 100 kHz, with an On-time of one 

third of the switching period, and they both are out of phase 

for 180 degrees according to the principle operation of the 

up OLED driver. Open collector DM7407 

buffers just take charge of supply 12V PWM signals to the 

low side driver IR2110 driver, which is in charge of ��. 

control operation is as follows: a reference 

is injected through the auxiliary 

, which are connected one another 

with reverse polarity in order to cancel the AC voltage 

component generated across them. The injected 
�s5  causes 

that circulates mainly through the 

outer arms of the magnetic 

higher reluctance ℜi of the center arm, 

biases the operating point of � − y curve, producing a � inductance. The variable 

on the operating point of the 

magnetic material that is settled by means of the injected 

function of the magnetic permeability x of the 

of the OLED driver is shown in Fig. 7 

the OLED current 
	� ! is 

sensing resistor and the LM358A 

control input of the LM358B error 

of the LM358B is adapted by 

the constant current source in order to 

meet the operating point of the VI and to produce regulation 

of the URSC converter. The feedback 

is compared to a reference voltage ��s5�, 

must be equivalent to ��s57 to meet the 	� !; where ��s5� = ��s57 +
is equivalent to ��s57 reference 

voltage, which is equivalent to that DC bias current that 

finds the resonant inductor value �� for fulfilling the 

is the equivalent to 
	� !. To 

compensate average OLED current 
	� !  changes from 

or load steps down and up, a PI 

) is proposed. Nonetheless, a 

modeling analysis of the URSC converter + VI is 

due to lack of space. /2".�
 (27) 

voltage of the LM358B error 	� ! increases, whilst �� is 

is greater than �DEFGH . On the other 

voltage of the LM358B is 

while �� is decreased because 

The control laws �5a > �DEFGH  and 

are based on the fact that ��s5� − �5a =
and B��s57 + �DEFGH − �5aC −



2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2018.2827324, IEEE Journal
of Emerging and Selected Topics in Power Electronics

 

Fig. 11 illustrates the circuit schematic of the URSC with the VI electrical

unidirectional RSC step-up converter. The VI model is proposed in [1

 

 

 

The inductance value of �� vs DC bias current curve of 

the VI is shown in Fig. 12. As can be observed, it finds a 

very good agreement between simulation and experimental 

curve of the VI inductor. 

 

 

Fig. 12. Inductance vs DC bias current curve of the VI

a) Simulation (Blue) and b) Experimental (Red)

(3 µV/div and 100 mA/div). 

V. SIMULATIONS RESULTS 

circuit schematic of the URSC with the VI electrical-magnetic model in closed loop for simulating the 

The VI model is proposed in [16]-[17]. 

 

Fig. 11. URSC and VI model in closed loop. 

 

vs DC bias current curve of 

the VI is shown in Fig. 12. As can be observed, it finds a 

very good agreement between simulation and experimental 

Experimental

Simulation

 

Fig. 12. Inductance vs DC bias current curve of the VI inductor:                

d b) Experimental (Red).                                         

Fig. 13 illustrates the resonant current 

resonant voltage ��� . 

 

 

Fig. 13. Resonant tank waveforms: Blue: resonant capacitor voltage 

and Red: resonant inductor current ���. 

 

Fig. 14 shows the nominal DC OLED voltage 

OLED current 
	� !  of the URSC step

magnetic model in closed loop for simulating the 

 

 

illustrates the resonant current 
��  and the 

 

. Resonant tank waveforms: Blue: resonant capacitor voltage ��� 

 (30V/div, 2A/div and 5µs/div). 

Fig. 14 shows the nominal DC OLED voltage �	� !  and 

of the URSC step-up converter. 
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Fig. 14. Steady state load waveforms: Blue: DC OLED voltage 

Red: OLED current 
	� !. (20 V/div, 100 mA/div and 

 

Fig. 15 shows the dynamic response of the

up converter in closed loop under input voltage 

and down from 48V to 43V respectively. As shown, good 

dynamic behavior is achieved owing to the fact that the 

OLED current 
	� !  is well regulated to 

stabilization time of the OLED current 
	� !
down input voltage is applied is about 1 ms. 

 

 

Fig. 15. Input voltage step-down transient response waveforms: Blue: DC 

OLED voltage �	� ! 20V/div, Red: OLED current 
	� !
Green: input voltage  ��� 20V/div. (2ms/div)

 

VI. EXPERIMENTAL RESULTS

 

Fig. 16 illustrates the behavior of the DC OLED voltage �	� !  and OLED current 
	� ! in steady state

seen, DC OLED voltage �	� !  and OLED current 

stabilize at about 59.2 V and 368 mA.  

  

 

Fig. 16. Transient response waveforms: Red: DC OLED voltage 

20V/div and Blue: OLED current 
	� ! 200mA/div

 

 

Steady state load waveforms: Blue: DC OLED voltage �	� !  and 

0 mA/div and 1ms/div). 

of the URSC step-

input voltage ��� step-up 

. As shown, good 

the fact that the 

 368mA. The 	� !  after a step-

 

down transient response waveforms: Blue: DC 	� ! 100mA/div   and 

2ms/div). 

EXPERIMENTAL RESULTS 

the behavior of the DC OLED voltage 

in steady state. As it can be 

and OLED current 
	� !  

 

: DC OLED voltage �	� ! 

200mA/div. 

Fig. 17 shows the switching waveforms on 

not show overlapping between both signals

 

 

Fig. 17. Switching waveforms of ��: Red

and (Blue) drain current 1

 

Fig. 18 shows the resonant current 

voltage ���  of the URSC converter.

 

 

Fig. 18. Resonant tank waveforms: Red

20V/div and Blue: resonant inductor current 

 

Fig. 19 shows the dynamic response of the URSC 

converter in closed loop under a 

decrease of 4V from 59.2V nominal by short

1N4001 rectifier diodes from a 75 in series 

dummy load. 

 

 

Fig. 19. Transient response waveforms: Red:

10V/div and Blue: OLED current 

the switching waveforms on ��, which do 

overlapping between both signals. 

 

: Red: drain-source voltage 20V/div 

) drain current 1A/div. 

shows the resonant current 
��  and the resonant 

of the URSC converter. 

 

Resonant tank waveforms: Red: resonant capacitor voltage ��� 

: resonant inductor current ��� 1A/div. 

Fig. 19 shows the dynamic response of the URSC 

converter in closed loop under a DC OLED voltage �	� !  

of 4V from 59.2V nominal by short-circuiting 5 

1N4001 rectifier diodes from a 75 in series rectifier diodes 

 

rms: Red: DC OLED voltage �	� ! 

: OLED current 
	� ! 200mA/div. 
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Fig. 20 represents the experimental average OLED 

current 
	� !  of the URSC converter at constant reference 

voltage ��s57 under different input voltage ��� in open loop. 

The average OLED current 
	� ! is dimmed from 0 mA to 

445 mA by keeping constant ��s57 at 122.5 mV and 

sweeping the input voltage from 0 V to 53 V. 

The experimental average OLED current 
	� ! under 

different resonant inductor �� values and reference voltage ��s57 values at constant input voltage ��� in open loop is 

shown in Fig. 21 and Fig. 22, respectively. The average 

OLED current 
	� !  is dimmed from 135 mA to 405 mA by 

keeping constant the input voltage ��� at 48 V and sweeping 

the reference voltage ��s57 from 73.3 mV to 196 mV. 
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Fig. 20. 
	� !  vs ��� in open loop. 
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Fig. 21. 
	� !  vs ��  in open loop. 
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Fig. 22. 
	� !  vs ��s5  in open loop. 

Fig. 23 depicts the experimental electrical efficiencies A 

under different average OLED power �	� !. This is 

dimmed from 7.91 W to 25.08 W by keeping constant the 

input voltage ��� at 48 V and sweeping the reference 

voltage ��s57 from 73.3 mV to 196 mV. The electrical 

efficiency A measured at nominal �	� ! is 92.97%. 
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Fig. 23. Electrical efficiency A vs �	� !  in open loop. 

 

VII. CONCLUSIONS 

URSC step-up converter finds a very good behavior to 

drive OLED lamps because it provides a very good 

efficiency, VI control loop simplicity, high power density 

and low cost. The VI control technique provides a very 

good output current regulation and dynamic response to the 

URSC step-up converter by means of resonant frequency 

control. This paper has been focused on designing and 

analyzing experimentally the URSC step-up converter. 
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Abstract- This paper presents a review of high-power-density 

non-resonant and resonant switched-capacitor (SC) converters 
topologies for driving organic-lighting-emitting-diode (OLEDs) 
lamps. These converters are light, small and cheaper in 
comparison with the linear power supplies and conventional DC-
DC converters owing to the avoidance of large magnetic 
components. Resonant SC (RSC) converters show high efficiency 
and low EMI noise because they employ a small resonant 
inductor, which is connected in series with a switched capacitor 
in order to resonate at a frequency higher than switching 
frequency, thus allowing them to attain zero-current-switching 
(ZCS). The bidirectional step-up RSC converter has been 
identified as one of the best candidates to be used as an OLED 
driver. Simulation and experimental results from a laboratory 
prototype designed to supply a 60V 25W OLED lamp from a dc 
30 V voltage source are presented.  

 
Index Terms- Electromagnetic Interference (EMI), Organic-

Lighting-Emitting-Diodes (OLEDs), Power Factor Correction 
(PFC), Resonant-Switched-Capacitor (RSC), Switched-
Capacitor (SC), Zero-Current-Switching (ZCS). 
 

I. INTRODUCTION 

Nowadays, OLED lamps allow lighting designers and 
architects to develop their ideas down to the smallest detail 
owing to their easy integration and customization. Since their 
slimness is just few millimeters thin, OLEDs can be integrated 
into many different areas, and allow light sources to be 
designed in a variety of shapes and sizes [1]. These can be used 
on luminous walls and ceilings, windows that shine brightly 
with daylight even when it is dark, mirrors and indoors lamps 
[1][2]. The greatest difference between OLEDs and inorganic 
LEDs lies in the way they emit light. OLEDs are surface light 
sources, not point sources. The light generated by OLEDs has 
a naturally soft and comfortable diffuse characteristic and is 
glare-free. 

One way to drive OLED lamps is by means of linear power 
supplies because of their ease of design, low EMI noise and 
low output voltage ripple. Nevertheless, these power supplies 
have the disadvantages of low efficiency, bulky and heavy 
because of the large energy storage components that are 
required. 

 
This work has been supported in part by the Spanish government under 
research grant ENE2013-41491-R. 

On the other hand, conventional switched DC-DC 
converters have the benefit of high efficiency in comparison 
with linear power supplies. Also, they are easy to design and 
very mature in terms of good performance. However, these 
converters have the drawbacks of high EMI noise, high output 
voltage ripple, bulky and heavy due to use of large magnetics 
and capacitors, since their size is dependent on the switching 
frequency. One way to reduce the components size of the DC-
DC converter is by increasing the switching frequency. But, 
increasing the switching frequency affects efficiency so that 
soft-switching circuits are used, in which the size of the 
components are large, making DC-DC converters bulky [3][4]. 

    
Other type of converters used to drive OLED lamps are SC 

converters, which consist of diodes, switches, and capacitors. 
These converters do not use any large inductor, and switched 
capacitors are small [5]-[7]. This leads to a high power density 
of the converter, making it very attractive for the 
aforementioned lighting OLED applications, which require 
high-power-density converters. Examples are portable and any 
low-profile electronic equipment applications, such as 
notebook computers, tablets and portable digital assistants.  

 
Due to low power density inconvenience of linear power 

and conventional switched DC-DC converters, this work 
focuses on analyzing different SC converters topologies in 
order to highlight their advantages and disadvantages, in terms 
of efficiency, voltage conversation ratio, EMI noise, power 
density, output voltage ripple and power level. 
 

II. NON-RESONANT SC CONVERTERS 

The family of non-resonant SC converters consists of step-
up, step-down and inverter converters. Each of these 
converters has two diodes,  and , two switches,  and 

, one switched capacitor, , and one output filter capacitor, 
. Fig. 1a shows the step-up converter, which has a voltage 

conversion ratio of 2. In Fig. 1b the step-down converter with 
a voltage conversion ratio of 1/2 is shown. Finally, Fig. 1c 
illustrates the inverter converter, whose voltage conversion 
ratio is -1 [8].  

 
For instance, non-resonant SC step-up converter consists 

of charge and discharge operation modes, in which the 
switches,  and  are operated at 50% duty cycle in a 
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complementary way by PWM technique, and require of a 
dead-time.  

 
In charge operation mode,  is switched-on while  is 

off, the switched capacitor, , is charged to the voltage source 
, through . In this operation mode,  is discharged to the 

load.  
 
In discharge operation mode,  is switched-on and  is 

switched-off while the switched capacitor,  is discharged to 
the load, charging , through .              
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Fig. 1.   Non-resonant SC converters: (a) Step-up, (b) Step-down and (c) 

Inverter. 
 

Fig. 2 illustrates the switching waveforms of the 
transistors,  and , during both charge and discharge 
operation modes.    

These converters present disadvantages of poor voltage 
conversion ratio and output voltage regulation as well as low 
efficiency and high EMI noise due to switching losses, which 
are caused by switched capacitor charge and discharge 
oscillatory currents, since these are only limited by the internal 
resistances of the devices. 

IdQ2(A)

IdQ1(A)

VgQ2(V)

VgQ1(V)

TS(S)
 

Fig. 2.  Switching waveforms of the step-up non-resonant SC converter. 
 

III. RESONANT SC CONVERTERS 
 

Due to the disadvantages of conventional SC converters, 
resonant SC converters were introduced [9]-[14]. These 
converters use a small resonant inductor in series with the 
switched capacitor in order to operate under ZCS, which 
reduces switching losses and EMI noise and improves voltage 
conversion ratio, efficiency and output voltage regulation. In 
addition, they can be operated at higher switching frequencies 
because of ZCS operation, which leads to higher power density 
of the converter. In order to operate under ZCS, the resonance 
frequency has to be greater than the switching frequency. 
 
A. Conventional RSC Converters 
 

Conventional non-resonant SC converters are transformed 
into RSC converters by inserting a small resonant inductor  
in series with the switched capacitor in order to operate under 
ZCS [9]. This family consists of step-up, step-down and 
inverter converters, as shown in Fig. 3(a)-(c). Voltage 
conversion ratios are the same to those conventional non-
resonant SC converters.  

 
For instance, RSC step-up converter consists of four 

operation modes, and it is shown in Fig. 3a. The switches,  
and  are operated at 50% duty cycle in a complementary 
way with a small dead-time, just like non-resonant step-up 
converter.  

 
On the other hand, in the first operation mode,  is 

switched on under ZCS operation while  is off, since the 
switched capacitor,  and the resonant inductor,  enter into 
resonance at a frequency higher than the operation frequency, 
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which is a condition to operate into ZCS. In this operation 
mode,  is charged to the voltage source, , through , and 

 is discharged to the load.  
 
In the second operation mode, the current through the 

switched capacitor,  and the resonant inductor,  are zero 
while  is switched-off under ZCS operation. Also, the output 
filter capacitor,  is still discharging to the load.  

 
In the third operation mode,  is switched on under ZCS 

operation while  is off, the switched capacitor,  is 
discharged to the load, charging , through . 

 
In the fourth and last operation mode, the current through 

the switched capacitor,  and the resonant inductor,  are 
zero as the second operation mode, while  is switched off 
under ZCS operation, and the output filter capacitor  is 
discharged to the load. 

Fig. 4 shows the switching waveforms of the transistors  
and  under ZCS operation as well as resonant current, , 
through  during the four operation modes. 
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Fig. 3.  Resonant SC converters: (a) Step-up, (b) Step-down and (c) Inverter. 
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Fig. 4.  Switching waveforms of the step-up RSC converter. 

 
However, the efficiency and the voltage conversion ratio 

of conventional RSC converters depend on the load 
conditions, being both lower as the load decreases, which is an 
important drawback of this type of SC converters. 

    
B. Fractional-Voltage-Conversion-Ratio RSC Converters 
 

The fractional-voltage-conversion-ratio (FVCR) RSC 
converter family consists of step-up, step-down and inverter 
converters with voltage conversion ratio of 3, 1/3 and -0.5, 
respectively, as illustrated in Fig. 5 [10]. These converters are 
designed for voltage conversion ratios greater than those of the 
aforementioned conventional RSC converters by inserting 
extra cells of diodes, ,  and , and switched capacitors, 

 and . Also, operation under ZCS is achieved by using a 
small resonant inductor in series with switched capacitors. Fig. 
5(a)-(c) shows step-up, step-down and inverter converters with 
voltage conversion ratios of 3, 1/3 and -0.5, respectively.  
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Fig. 5.  Fractional RSC converters: (a) Step-up, (b) Step-down and (c) Inverter. 
 

These converters present the advantages of wide, fractional 
and quite constant voltage conversion ratio and constant 
efficiency because the highest the voltage ratio from input to 
output is, the smallest variation effect on the efficiency and 
voltage conversion ratio dependency on the load are. In 
addition, lower output voltage ripple is provided in 
comparison with conventional RSC converters. Nevertheless, 
the power density of the converter is lower due to the extra 
components required. 
 
C. Dual-Phase RSC Converters 
   

The dual-phase (DP) converter family is shown in Fig. 6(a)-
(c). This family consists of step-up, step-down and inverter 
converters with voltage conversion ratios of 2, 0.5 and -1, 
respectively [11]. These dual-phase converters are based on 
conventional RSC converters with an additional switched 
capacitor, , added to the circuit. Also, this type of converters 
provides an output voltage more stable because the output 
voltage ripple is half to those of conventional RSC converters. 
Their efficiency is quite high and constant under different load 
conditions, except at very light load, in which case it decreases 
rapidly. The output voltage ripple is quite low, similar to 
fractional RSC converters, but the size of the output filter 
capacitor for dual-phase RSC converters is smaller than 
fractional RSC converters, which improves the power density 
of the converter.  
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Fig. 6.   Dual-phase RSC converters: (a) Step-up, (b) Step-down and (c) 

Inverter. 
 
D. Multi-Configurable Bidirectional RSC Converter 
 

A multi-configurable bidirectional (MCB) RSC converter is 
shown in Fig. 7 [12]. This converter is built based on the 
principles of the conventional RSC converters, and can be 
configured into different types of operation modes by 
considering uni-directional power flowing. Table I shows the 
possible switch configurations for 7 different unidirectional 
conversion modes, in which switches can be short-circuited, 
disconnected or replaced by a diode.  

 
This converter consists of three switching states, which are 

charge, discharge and balance. This last third state is included 
in order to balance the remaining energy of the switched 
capacitor, which is the main difference with respect to those 
conventional RSC converters.    
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Fig. 7.  Bidirectional MCB-RSC converter. 

 
TABLE. I.  SWITCH MAPPING FOR UNI-DIRECTIONAL DERIVATIVES IN THE 

MCB-RSC CONVERTER1. 

Converter 
Function Q1 Q2 Q3 Q4 Q5 Q6 Q7 

Step up-down 1 D 2 2 3 O S 
Step up 1 D S D 3 O S 
Step down 1 D 2 D D O S 
Doubler step 
up-down 

S 3 S D 3 O 1 

Doubler step 
down 

S D S D 3 O 1 

Divider step 
up-down 

1 S 2 S O 3 2 

Divider step 
down 

1 S 2 S O D 2 

1. Numbers and letters characters in the table represent the following: S - 
MOSFET is short-circuited; O - MOSFET is disconnected; D – just a 
diode is needed; numbers represent the switching states into which 
MOSFET are active. 

 
For instance, the basic uni-directional step-up converter 

configuration is shown in Fig. 8. It consists of two switches, 
 and , two diodes,  and , placed instead of   and 
, switched capacitor, , resonant inductor,  and output 

filter capacitor, . When a load resistor in paralleled with an 
output filter capacitor is connected to one of the output 
terminals, the unidirectional step-up RSC converter behaves a 
current sourcing, by which the output voltage just depends on 
the load resistor.  

Vin1

C1

Lr

Q1
D1

RLCoQ5

D2

 
Fig. 8.  Uni-directional step up RSC converter. 

 
Its efficiency is kept constant under different voltage 

conversion ratios, which can be upper or lower than unity as 
well as being wide and continuous. Efficiency does not depend 
on voltage conversion ratio, as conventional RSC converters 

do. Then, efficiency just depends on conduction losses, which 
is an advantage with respect to those conventional, fractional 
and dual-phase RSC converters, in which efficiency depends 
on voltage conversion ratio. In conventional RSC converters it 
is difficult to achieve a desired output voltage because the 
resultant charge energy balance into the switched capacitor is 
not zero after charge and discharge switching periods, that is, 
the remaining energy on the switched capacitor avoids 
converging to the desired voltage. On the contrary, multi-
configurable bidirectional RSC converter make an energy 
balance on the switched capacitor after charge and discharge 
switching states by means of an additional switch, Q5 or Q6, 
which is used to create a trajectory for the resonant current on 
the switched capacitor when its charge is balanced to its initial 
charge state by reversing its polarity. In addition, output 
voltage regulation can be made by applying timing delays 
between switching states, i.e, changing operation frequency 
effectively. This feature is an advantage over conventional, 
fractional and dual-phase RSC converters. Output filter 
capacitor and load can be connected at any output terminals, 
but considering power flowing direction based on transistors 
operation sequence. 

  
E. Step-Down Half Bridge RSC Converter with Isolation 

Transformer 
 

A step-down half bridge RSC converter with isolation 
transformer is described [13]. It consists of two switches  
and , four diodes, , ,  and , 2 capacitors,  and 

, for removing current continues on the transformer, , a 
switched capacitor, , a resonant inductor,  and an output 
filter capacitor, , as shown in Fig. 9. Output current is 
controlled by switched capacitor, Cs, and it is connected in 
series with a small resonant inductor Lo, which operates in 
DCM in order to achieve ZCS on transistors and improve 
efficiency. The magnetizing inductance of the isolation 
transformer helps reducing switching losses due to ZVS 
operation in transistors, which increases efficiency. 
Nevertheless, efficiency is still lower than fractional, dual-
phase and bidirectional RSC converters efficiency. Also, this 
step-down half-bridge RSC converter with isolation 
transformer has the disadvantages of high output voltage ripple 
in comparison with aforementioned RSC converters, 
efficiency dependency on voltage conversion ratio and low 
power density. 
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Fig. 9.  A step-down half bridge RSC converter with isolation transformer. 
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F. Step-Down SC Converter with Coupling Inductors 

Step-down SC converter with coupling inductors are based 
on conventional step-down SC converter, which includes two 
switches,  and , three diodes, ,  and , one switched 
capacitor, , three coupling inductors, ,  and  and one 
output filter capacitor, , as shown in Fig. 10 [14]. Coupling 
inductors ,  and , work in DCM operation based on 
Flyback transformer operation principles, in order to solve 
issues of switching losses and reduce peak current magnitudes 
on transistors, which leads to high PF in off-line applications, 
high efficiency and low EMI noise, as well as providing wide 
voltage conversion ratio. Output voltage ripple is also low, for 
the same reasons as in previously presented RSC converters 
with low output voltage ripple. 

 

Vin C1 RL

D1

C2

D2

Q2Q1

L2L1

D3

L3

Fig. 10.  Step-down RSC converter with coupling inductors. 
 

In this converter, the average output power is limited by the 
capacitance value of , when considering constant input 
voltage,  and switching frequency, . Also, the output 
power keeps constant at different low output voltage values so 
that different load conditions can be applied without affecting 
output power. In addition, output voltage depends only on load 
parameters. Inductor  works in DCM and delivers current to 
the load when current on  and , reach zero.  

 
However, even though the step-down SC converter with 

coupling inductors works in DCM operation, efficiency is 
lower than all aforementioned RSC converters, except for 
conventional SC converters. Another drawback is the high 
dependency of output power on the input voltage.   

 
IV. SUMMARY AND COMPARISON 

 
Table II shows a comparison of all SC converters 

performance, in terms of output voltage regulation, output 
voltage ripple, efficiency, efficiency dependency on 
conversion ratio, EMI noise and isolation and PFC capability. 
As can be seen, multi-configurable bidirectional RSC 
converter present the best performance compared to the other 
SC converters.   

 

  

 

TABLE II.  SC CONVERTERS PERFORMANCE COMPARISON.

Type of SC converter 
High 

output 
voltage 

regulation 

Low 
output 
voltage 
ripple 

High 
efficiency 

No 
efficiency 

dependency 
on 

conversion 
ratio 

Low 
EMI 
noise 

High 
power 
density 

Isolation PFC 
capability 

Non-resonant SC      +   
Conventional RSC     + +   

Fractional voltage conversion ratio RSC + + +  +    
Dual-phase RSC + + +  + +   

Multi-configurable bidirectional RSC + + + + + +   
Step-down half-bridge RSC with isolation 

transformer 
  +  +  +  

Step-down SC with coupling inductors + +  +    + 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

Page 6 of 8

978-1-4799-8374-0/15/$31.00 © 2015 IEEE

2015-ILDC-0335



V. SIMULATION RESULTS 
 

As shown in previous section, the bidirectional step-up RSC 
converter presents the best performance in terms of the 
different characteristics considered. Therefore, this converter 
is proposed as one of the best options to be employed as OLED 
drivers. In order to test this converter, a real application has 
been considered in Fig. 11 with the following specifications: 

=30 V; =217 kHz; =225 kHz; =5.8 μH; =38.19 nF; 
=10 μF and the series parasitic resistances: =41mΩ, 
=200mΩ and =41mΩ. The OLED lamp consists of 

three Philips OLED lamps type Brite FL300 connected in 
series [15]. Its equivalent series voltage is 20 V and the 
equivalent series resistance is 54.34 Ω. The nominal OLED 
current is 0.368 A. The DC equivalent resistance  
is obtained by dividing the output voltage  and the nominal 
output current . The proposed application uses BUK7613-
100E FET transistors for  and , QBC807 BJTs transistors 
for  and , MBRB20H100CTT4G fast recovery diodes for 

 and  and a 300ns deadtime between  and .         
 

 
Fig.  11.  Prototype of the OLED driver based on RSC converter. 

 
Simulation results can be seen in Fig. 12. Note that three 

switching states on both the current of the resonant inductor  
and the voltage across the switched capacitor  are visualized 
in Fig. 12(a). In Fig. 12(b), the output voltage on the capacitor 

 and the output current  are shown. It can be seen in Fig. 
12(a) that after the third switching state (charge balance) 
occurs, the voltage on the switched capacitor  is adjusted to 
the initial point voltage magnitude, which helps reducing 
switching losses on the RSC converter. In Fig. 12(b), it is 
observed that output voltage  and output current  are quite 
well regulated. 

  
         
 

 
(a) 

 

 
(b) 

 
Fig. 12.  Simulation results of bidirectional step-up RSC converter: (a)  

and  and (b)  and . 
 

VI. EXPERIMENTAL RESULTS 

A prototype was built for the bidirectional RSC step-up 
converter based on the parameters of section V. The efficiency 
achieved by this prototype was 88%, which is really good for 
the RSC converters family. Fig. 13 depicts the waveforms of 
voltage across capacitor  and current through inductor , 
respectively.  
 

 
Fig. 13.   Capacitor voltage  and Inductor current . 20 V/div, 1 A/div, 

2 μs/div. 
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As can be seen, the bidirectional RSC step-up converter is 
operating according to the expected behavior since the 
resonant voltage and current across  and  pass through the 
three modes of operation: charge, discharge and balance. Also, 
ZCS is achieved working at a natural frequency of 225 kHz, 
which ensures ZCS beginning with > .  

Fig. 14 shows the waveforms of output voltage and output 
current of the bidirectional RSC step-up converter. As can be 
seen, the bidirectional RSC step-up converter is supplying 65 
V output voltage and 392 mA output current, which gives an 
output power equal to 25.5 W. The demanded input power is 
29 W at an input voltage of 30 V, with an average input current 
of 951 mA. The output voltage conversion ratio is equal to 2.16 
times the input voltage. 

IV. CONCLUSIONS 

SC converters appear as a very good option to drive OLED 
lamps because they provide compactness, simplicity, low cost 
and the possibility of integration. Therefore, this paper has 
been focused on reviewing the different non-resonant and 
resonant topologies of SC converters that can be used as 
OLED drivers, highlighting their features and possibilities. 
Among the different SC converter topologies, resonant 
converters stand out owing to their capability of providing soft 
switching and, therefore, low EMI and high efficiency.  

 
Fig. 14.  Top: output voltage . Bottom: output current . 10 V/div, 100 

mA/div, 200 μs/div. 
 

 

 

 

 

 

 

 

 

A comparison of SC converter topologies have been carried 
out, showing that the multi-configurable bidirectional resonant 
SC converter is a very good option for OLED driving. This 
topology has been tested in an ad hoc laboratory prototype, 
which showed a good potential for this kind of application.  
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A Systematic Approach to Modeling Complex
Magnetic Devices Using SPICE: Application to

Variable Inductors
J. Marcos Alonso, Senior Member, IEEE, Gilberto Martı́nez, Marina Perdigão, Member, IEEE,

Marcelo Rafael Cosetin, and Ricardo N. do Prado, Member, IEEE

Abstract—In this paper, a methodology to develop SPICE-based
models of complex magnetic devices is presented. The proposed
methodology is based on a reluctance equivalent circuit, which al-
lows the user to study both the magnetic and electric behavior of the
structure under any operating conditions. The different elements
required to implement the reluctance model, namely, constant re-
luctances, variable reluctances, and windings, are implemented us-
ing SPICE behavioral modeling. These elements can thus be used
to build a complete model for any magnetic device. The model-
ing process is illustrated with a particular example for a variable
inductor. Simulations and experimental results are presented and
compared to evaluate the accuracy and usefulness of the proposed
modeling procedure.

Index Terms—Magnetic devices, modeling, SPICE behavioral
modeling, variable inductor (VI).

I. INTRODUCTION

MODELING magnetic devices, such as inductors and
transformers, has been a particularly important topic

in power electronics. The great advances achieved in the last
decades in the power electronics area in terms of miniaturiza-
tion, efficiency improvement, and reliability, would have been
impossible without new magnetic materials, devices, and mod-
eling techniques. Understanding the real behavior of magnetic
devices is a key issue to improve its performance, and that of
the whole power electronics converter. Additionally, in today’s
power electronics applications, more complex magnetic struc-
tures are being employed, such as variable inductors (VIs) and
transformers, saturable inductors and transformers, integrated
magnetics, etc. [1]–[11].
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One of the more accurate and painless ways to study the
behavior of magnetic structures is by using computer simula-
tions. Basically, there are two methods to address this task: 1)
finite elements analysis (FEA) and 2) SPICE-based behavioral
models.

Surely, FEA provides the best accuracy, especially when us-
ing three-dimensional (3-D) models. However, it takes a con-
siderable time to develop a 3-D model of a magnetic device.
Moreover, the simulation time using FEA results very long; it
can take many hours or even days to obtain the final results.
Convergence problems may arise, breaking the simulation and
wasting many hours of time. Any change or improvement in
the model means a new simulation, making the analysis process
quite painful and strenuous. On the other hand, computer simu-
lation based on SPICE-like models results much more friendly;
simulations can be done in seconds or minutes at the most, and
they can easily be used within more complex electrical circuits
or power converters. Of course, accuracy is lower than using
FEA, nonetheless good enough for many applications.

In this paper, a SPICE-based model for computer simulation
of any magnetic structure is presented. The proposed model
is inspired on several models previously presented in the lit-
erature [12]–[17], which employed a reluctance or permeance
equivalent circuit to simulate both the electrical and magnetic
behavior of the magnetic structure. Particularly interesting is
the methodology used in PSIM simulator [17]. However, the
authors have found it too closed to allow the users to attain full
benefit from it. This paper explores a similar methodology based
on a reluctance model in which the reluctances depend on the
magnetic flux level. A variable magnetic permeability, which is
derived from the B–HB − H curve of the magnetic material,
is used to model the change of the reluctance. In this way, the
different elements present in any magnetic structure, such as
variable reluctances, air gaps, constant reluctances, and wind-
ings, will be modeled separately. Thus, they can be used to build
an equivalent circuit of any magnetic structure. The model can
be employed under any operating conditions, including dc and
ac operation in any winding. In addition, the model will be able
to provide electric and magnetic outcomes as voltage, current,
magnetic flux, magnetic flux density, inductance, and so forth.

The original motivation to develop this study has been the
investigation of the behavior of both saturable and controllable
inductors and transformers. These devices have been studied
and employed in power electronics applications for many years
now with encouraging results [1]–[8], [12]–[26]. Particularly,
controllable (variable) inductors are complex magnetic devices

0885-8993 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

http://www.ieee.org/publications_standards/publications/rights/index.html


7736 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 11, NOVEMBER 2016

Fig. 1. Physical structure of a VI implemented in an EE core.

that deal with several windings under ac and dc superposed
operation. In these devices, the reluctance of some sections of
the magnetic material experiences a great variation owing to
the dc component of the magnetic flux, even though the ac
component remains under the saturation level. This makes a
conventional analysis of these devices very laborious, while by
using computer simulations it can be carried out very easily.
Also, computer simulations allow the designer to change core
geometry, magnetic properties, number of turns, air gap length,
current, and voltage levels, etc., making design and redesign
processes extremely straightforward.

In Section II, a review of the VI structure that will be used
as a modeling example is carried out. Section III presents the
modeling of the different elements of the reluctance equivalent
model of a magnetic device. Section IV shows the implementa-
tion of the VI SPICE model using the proposed methodology.
Section V presents simulation and experimental results. Finally,
the conclusions of this study are provided in Section VI. This
paper is a revised version of [27], in which several corrections
and improvements have been made.

II. REVIEW OF THE SELECTED VI STRUCTURE

In this paper, the VI structure based on a double E core, as
shown in Fig. 1, will be employed as an example to illustrate
the use of the proposed modeling technique.

The detailed operation of this device has been presented in
previous literature [5] [7] [8]. A summary of its structure and
operation can be made as follows. A double-E core with a gapped
center arm is used, while no gap is present in the left and right
arms. The main coil is wound on the center arm with a given
number of turns Np , which will implement the main inductor.
Two auxiliary windings are placed on the left and right arms of
the core, with an equal number of turns Ndc and with reversed
polarity, so that the ac voltages generated across them tend
to cancel each other when connected in series. Actually, as
demonstrated in [13], a full cancellation is not possible due
to the nonlinear behavior of the magnetic material B–H curve
around the saturation knee. This is one of the aspects that would
be very difficult to tackle by an analytical study. However, it
is possible to deal with this issue quite straightforwardly by
computer simulation.

Fig. 2. Reluctance equivalent circuit of the VI shown in Fig. 1.

In the VI structure, a dc current is injected through the aux-
iliary windings. This generates a dc flux bias that circulates
mainly through the outer part of the core, because the center
arm is gapped and exhibits a much higher reluctance. On the
other hand, the ac flux circulating through the main winding
splits into the outer arms, as shown in Fig. 1(a). The dc flux is
used to bias the operating point of the magnetic material within
the B–H curve, thus modifying the reluctances and changing the
value of the inductance as seen from the main winding terminals.

This device can be modeled by using the reluctance circuit
shown in Fig. 2. In this circuit, �c , �l , and �r represent the
reluctances of the center, left, and right arms, respectively, and,
in a general case, their values depend on the dc operating point
of the magnetic material, and can therefore be expressed as a
function of the material magnetic permeability. �g represents
the air gap reluctance and can be assumed as a constant.

The other components in the circuit are the voltage sources
Fdc and Fp , which represent the magnetomotive forces (MMF)
created by the auxiliary and main windings, respectively, which
are given by the turns by current product. Next section will
present how the different elements of the reluctance model can
be implemented following the methodology presented in this
study.

III. BASIC ELEMENTS OF THE RELUCTANCE EQUIVALENT

CIRCUIT

The basic elements of a reluctance equivalent circuit are three:
1) constant reluctances, which model an air gap or any other non-
ferromagnetic material used in the core structure; 2) variable re-
luctances, used to model the nonlinear behavior of the magnetic
material of the core; and 3) windings, which model the inter-
action between the electric and magnetic quantities involved in
the behavior of any magnetic device. Once these elements are
independently modeled for computer simulation, they can be
used to implement any magnetic structure model, disregarding
its complexity.

A. Constant Reluctance Model

A constant reluctance is used to model the behavior of a non-
ferromagnetic section of the magnetic device. In the reluctance
equivalent circuit, a constant reluctance is modeled by a resistor,
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whose value is defined as

�0 =
l0

μ0 A0ν
(1)

where l0 , and A0 are the length and section of the constant re-
luctance element, respectively, μ0 = 4π10−7 H/m is the per-
meability of free space, and ν is the fringing coefficient, which
is equal to 1 when the fringing effect is disregarded. However, a
value slightly higher than 1 will usually render a better accuracy.
Note that reluctance units are H−1 .

B. Variable Reluctance Model

A variable reluctance models the nonlinear behavior of the
magnetic material employed in the device. It can be expressed
as

�m (B) =
lm

μd (B)Am
(2)

where lm , and Am are the length and section of the variable
reluctance element, respectively, and μd(B) is the absolute dif-
ferential permeability of the material, expressed as a function of
the magnetic flux density B.

As can be seen in (2), in this type of element, the reluctance is
a function of the magnetic permeability of the material, which in
turn depends on the dc operating point within the material B–H
curve. Therefore, at this point, it is necessary to find a model for
the B–H characteristic of the magnetic material, from which the
permeability can be obtained.

In this study, after testing other possibilities, Brauer’s model
of the B–H curve has been selected [28]–[29]. This model de-
fines the relationship between the magnetic field intensity H
and the magnetic flux density B, by expressing H as a function
of B as

H (B) =
(
k1e

k2 B 2
+ k3

)
B (3)

where k1 , k2 , and k3 are the Brauer’s model constants for each
magnetic material.

For the sake of simplicity, the hysteresis effect is being ne-
glected in this study, as it is usually done in most FEA software.
From (3), it is very simple to obtain the differential permeability
of the magnetic material by differentiation. The result is given in
a closed form in (4). Also, note that (4) is valid for positive and
negative values of B, because the μd(B) curve is symmetrical
with respect to the vertical axis

μd (B) =
dB

dH
=

[
k1

(
1 + 2k2B

2) ek2 B 2
+ k3

]−1
. (4)

As an example, which will also be used to test the proposed
model against experimental measurements, the N87 material
from TDK-EPCOS has been modeled [30]. Brauer’s model co-
efficients were derived from the graphical information given by
the manufacturer’s datasheet [30], obtaining the B–H curve data
points and using a mathematical software for curve-fitting. The
resulting values are shown in Table I. Fig. 3 shows a compari-
son between manufacturer’s datasheet information and Brauer’s
model, both for N87 material at 25°C. With this approximation,

TABLE I
BRAUER’S COEFFICIENTS FOR N87 MATERIAL AT 25ºC

Parameter Value

k1 0.062 Am−1 T−1

k2 42.995 T−2

k3 302.904 Am−1 T−1

Fig. 3. B–H curve of N87 material at 25°C. Comparison between datasheet
information and Brauer’s model.

Fig. 4. Implementation of a variable reluctance in LTspice.

the maximum relative error was obtained at B = 0.3 T and
was calculated as 26%.

Fig. 4 shows the implementation of the variable reluctance
component in SPICE, particularly in LTspice, which is the soft-
ware that has been selected in this study [31]. As can be seen
in Fig. 4, a behavioral voltage source Em is used to imple-
ment a resistive behavior that models the variable reluctance.
The behavioral current source Gmb generates a current equal to
the flux density in the magnetic element, which is transformed
into a voltage at node Bm . The behavioral current source Gmu

generates a current equal to the actual differential permeability
of the magnetic material by implementing (4). Finally, the volt-
age at node um is used in the expression of Em to define the
component reluctance by using (2).

C. Winding Model

A winding model must represent the electrical and magnetic
interaction within the magnetic device structure. Neglecting
losses, the winding model can be expressed as follows:

Fw (t) = Nw · iw (t) (5)
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Fig. 5. Winding model implemented in LTspice.

Fig. 6. EFD25 core dimensions [30].

vw (t) = Nw · d∅w (t)
dt

= Nw Aw
dBw (t)

dt
(6)

where Fw is the MMF created by the winding inside the mag-
netic core, Nw is the winding number of turns, vw and iw are
the winding voltage and current, ∅w and Bw are the magnetic
flux and magnetic flux density in the core, respectively, and Aw

is the area of the core.
Fig. 5 shows the SPICE implementation of the winding

model. A voltage-dependent voltage source EVw is used to
implement the relationship between voltage and flux as given
by (6). The behavioral voltage source EFw is employed in the
magnetic part of the model to generate the corresponding MMF
according to (5). The behavioral current source GVw generates
a current equal to the magnetic flux, which is differentiated with
respect to time by using the inductance Lw with a value equal
to the number of turns of the winding (Nw ) so that (6) can be
implemented. The 1-mΩ resistance placed in series with GVw

is used to avoid convergence issues during simulation.

IV. IMPLEMENTATION OF THE VI MODEL

By using the three basic elements presented in the previous
section, the reluctance equivalent circuit of any magnetic struc-
ture can be implemented for SPICE simulation. In this section,
a model developed for the VI shown in Fig. 1 will be presented.
This particular VI has been used in a previous work for the
controlling of the output voltage in dc–dc resonant converters
[20].

Fig. 6 illustrates the geometric diagram of the EFD25 core,
which is used to calculate the average lengths and sections of the

TABLE II
VI DATA

Core material N87 TDK-EPCOS Air gap length 0.6 mm
Core type EFD25 Estimated fringing

factor (ν )
1.06

Expected inductance
range

1.2 − 4.5μH Central arm
average length (lc)

24.4 mm

Main winding turns
(Np )

6 Central arm section
(Ac )

59.3 mm2

Intended operation
regime

Sinusoidal, 500 kHz Outer arms average
length (l1 )

43.6 mm

Main winding peak
current

6.0 A Outer arms section
(A 1 )

28.7 mm2

Bias windings turns
(Nd c )

65

magnetic paths. Table II gathers the values of all the parameters
related to the VI under study.

Fig. 7 illustrates the complete electrical diagram of the VI
implemented in LTspice. As can be seen, it is divided into two
main parts: magnetic part and electric part.

The magnetic part includes the reluctance model, where the
variable reluctances �l , �c , and �r of Fig. 2 are implemented
through the voltage sources E5 , E3 , and E4 , respectively. The
magnetic flux density and permeability on each arm are calcu-
lated by current sources G5 , G3 (central arm), G8 , G6 (right
arm), and G11 , G9 (left arm). Reluctances Rsl, Rsc , and Rsr

shown in Fig. 7 are used to measure the flux on each arm and
to avoid voltage-loop issues during simulation. Their value of
1 H−1 is very small compared to the other series reluctances
and therefore have no effect on the structure. Voltage source E1
implements the magnetic part of the main winding of the VI,
while voltage sources E7 and E6 implement the magnetic part
of the left and right auxiliary windings, respectively.

The electric part of the model includes the implementation of
the electric part of the three windings of the VI. Thus, sources
E2 , G1 , and L1 implement the behavior of the main winding,
E8 , G12 , and L2 correspond to the right auxiliary winding and
E9 , G13 , and L3 to the left auxiliary winding. Note that some
additional small value resistors (R3 , R6 , R7 , R8 , R13) are
required to avoid voltage-loop and convergence issues.

The circuit shown in Fig. 7 can be employed to perform a dc
transient simulation. Thus, the main winding is supplied with a
1-V dc voltage source with a 10-Ω series resistance. Auxiliary
windings are supplied by using a dc current source with an
output impedance of 100 kΩ. An important point that must be
highlighted is that the auxiliary windings must be supplied with
a dc source with a high output impedance, just as it is done in
a real application. In this way, any interaction of the auxiliary
source on the VI will be avoided.

The behavioral current source G2 is used to calculate the
inductance of the main winding by multiplying the flux of the
main winding by its number of turns and dividing by its current.

The dc operating point simulation (.dc directive in SPICE) of
the circuit shown in Fig. 7 will provide the steady-state values
of all magnetic and electric variables of the VI, including the
inductance value, given as a voltage at node L_SPICE.
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Fig. 7. Complete electrical model of the VI implemented in LTspice.

Fig. 8. Small-signal inductance of the VI. Comparison between simulation and experimental results.
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Fig. 9. Simulations results of the VI model under a dc start-up transient.

Fig. 10. Electric diagram for the simulation of an L–R inverter with VI. The VI is placed across terminals LT1 and LT2 according to the schematic shown in
Fig. 7. Readers can refer to the active content for further details.

V. SIMULATION AND EXPERIMENTAL RESULTS

The first simulation carried out was a dc operating point (.dc)
using the circuit shown in Fig. 7, in which a small current of 0.1
A is injected to the main winding to reach steady state, while
the auxiliary windings carry a dc current of 0.25 A. Fig. 7 itself
shows the simulation results by means of the voltage labels on
each relevant node. As can be seen, the resulting inductance
value is 2.27μH (voltage at node L_SPICE). The magnetic flux
density at central, right, and left arms are obtained as voltage at
nodes Bc, Br , and Bl , giving –638.05 μ T, –391.17 mT, and
392.49 mT, respectively. Therefore, the central arm is operating
with almost zero flux density (origin of the B–H curve), while
the right and left arms are operated at a given dc flux density
level owing to their biasing by the auxiliary windings, and in
opposite direction. The small difference of flux density between
left and right arms is due to the small flux level (0.638 mT)
generated through the main winding, which adds to the left arm
flux density, while subtracts from the right arm’s.

The magnetic permeability of central, right, and left arms is
obtained as voltages at nodes uc, ur , and ul , respectively. The
resulting values are 3.30, 1.070, and 1.033 mH/m, for central,
right, and left arms, respectively. As expected, the permeability
of the central arm is higher because of the lower flux density;
the material of the central arm is operated around the origin of
the B–H curve. On the other hand, the permeability of right and
left arms is lower, because they operate at a much higher flux
density level, within the knee of the B–H curve.

The above-presented simulation under dc operation can also
be used to obtain the small-signal value of the VI inductance
with very fast simulations. This can be done by performing a
dc sweep analysis over the dc bias current source, shown as I1
in Fig. 7. Following this procedure, Fig. 8 shows the simulation
results in comparison with the experimental results obtained
at the laboratory by using an impedance analyzer under small
signal measurement of the inductance at a frequency of 1 kHz.
Experimental results were added into the simulation for the
sake of comparison by using a voltage-controlled source with a
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Fig. 11. Square voltage (top) and output voltage (bottom) of the circuit shown in Fig. 10: (a) simulation and (b) experimental. VI bias current 0.25 A.

look-up table (not shown in Fig. 7). Relative errors of –11% at
0.125-A bias current and +25% at 0.45-A bias current can be
measured.

The difference between simulation and experimental results
can be justified by three causes: 1) tolerances during the mag-
netic material fabrication, producing that the actual material
B–H curve is not exactly the same as that given in the manufac-
turer’s datasheet, 2) the error in the approximation of the B–H
curve by the selected equation, in this case Brauer’s model, 3)
the effect of the leakage flux; the inclusion of a parallel reluc-
tance to model, the leakage flux can render more approximated

results. This effect will also be explored in future works [32]
[33].

As an example, Fig. 9 shows the waveforms obtained from
the same circuit shown in Fig. 7 when a transient simulation
is performed. The inductor voltage and current, and the flux
density inside the three arms of the structure are shown in this
figure. As can be seen, it takes some time to the flux densities in
right and left arms to reach their steady-state values, 50 ns ap-
proximately. This time is related to the dynamic response of the
VI model. In the proposed model, this time is influenced by the
output resistance of the current source that supplies the auxiliary
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Fig. 12. VI voltage (top) and output voltage (bottom) of the circuit shown in Fig. 10: (a) simulation and (b) experimental. VI bias current 0.25 A.

winding and the equivalent inductance seen from the auxiliary
winding. In the example under study, an output resistance of
100 kΩ has been selected in order to have a dynamic response
fast enough so that it can be used up to frequencies of several
hundreds of kilohertz. Nevertheless, this is a point that requires
further investigation. In order to get more accurate results, the
VI and its driving circuit should be dynamically modeled, the-
oretically or experimentally, and the time constant should be
adjusted according to the obtained results. These issues will be
addressed in future works [32] [33].

Fig. 10 illustrates the electrical diagram used for the simu-
lation of a dc–ac converter with VI control. The converter has
an input voltage of 20 V, applying a 10-V peak voltage square

waveform to the L–RL − R circuit. The switches are operated at
500 kHz with 200-ns dead time. The load resistance is 11Ω. In
the following, simulation and experimental results correspond-
ing to this circuit are presented.

Fig. 11 shows the simulation and experimental results cor-
responding to the square wave voltage and the output voltage
across the load resistance for a VI bias current of 0.25 A. Fig. 12
illustrates the voltage across the VI and the output voltage for
the same value of the VI bias current. As can be seen, simulation
and experimental results match well.

Fig. 13 shows the simulation and experimental results corre-
sponding to the VI bias windings. As can be seen, bias windings
reflect voltages with peak values around 100 V. As expected, a
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Fig. 13. Top: total voltage across VI bias windings. Middle: voltage across left bias winding. Bottom: voltage across right bias winding. All of them corresponding
to the circuit shown in Fig. 10. (a) simulation and (b) experimental. VI bias current 0.25 A.

small difference can be seen comparing the voltages of left and
right bias windings. As commented before, this difference is due
to the nonlinear behavior of the magnetic material around the
knee of the B–H curve [13]. However, the difference is higher in
the simulation than in the experiments. This disagreement could
be due to the response of the oscilloscope probe, which could
not be able to follow so high dv/dt. Also, the high-voltage ripple
superposed to the experimental waveform does not appear in
the simulation. This ripple could also appear due to the effect
of the oscilloscope voltage probe or other parasitic elements
not considered by the model. The voltage probe used in these

measurements was a differential voltage probe model 700924
from Yokowaga with 1:100 attenuation selected.

Fig. 14 shows the simulation results from the circuit in Fig.
10 corresponding to the instantaneous flux density in left, right,
and center arms of the structure, and also to the instantaneous
inductance of the VI. All of them are obtained from the cor-
responding nodes in the model. The VI bias current is 0.25 A.
Experimental results are not available for these variables due
to the difficulty of measuring dc levels of flux density inside
a magnetic material. Nevertheless, the simulation results are in
accordance with the expected ones.
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Fig. 14. Simulation results of the circuit in Fig. 10 with the VI bias current of 0.25 A. Top: flux density in each VI arm. Right arm (top), center arm (middle),
and left arm (bot.). Scales: 200 mT/div. 500 ns/div. Bottom: inductance of the VI as obtained from the model. Scales: 1 μH/div, 500 ns/div.

Fig. 15. Comparison between experimental and simulation results. RMS out-
put voltage as a function of the VI dc bias current for the converter shown in
Fig. 10.

Finally, in order to test the possibility of controlling the output
voltage by means of the bias current on the VI, Fig. 15 presents
the simulation and experimental results of the rms voltage in the
load resistance of the circuit in Fig. 10 when varying the dc bias
current of the VI. As can be seen, simulation and experimental
results exhibit a similar curve. Again, the difference between
simulation and experiments can be justified by the error in the
modeling of the magnetic material B–H curve.

VI. CONCLUSION

This paper has presented a modeling technique for magnetic
devices based on SPICE behavioral modeling. The three basic
elements required for developing a reluctance-based equivalent
circuit have been implemented in SPICE. These elements can
easily be integrated in a SPICE library in order to simplify its
use in circuit simulation [33]. It has been explained how by

using these three elements any magnetic structure can be mod-
eled and simulated providing magnetic, electric, and inductance
results. Besides, the proposed modeling technique can be used
under any operating conditions with good accuracy, because
the nonlinear behavior of the magnetic material is taken into
consideration. A modeling example of a VI with an EE struc-
ture has been presented and simulated, showing good approxi-
mation with experimental results. Simulation and experimental
results for a VI-controlled dc–ac inverter have also been pre-
sented. The comparison between simulated and experimental
results rendered good expectancies for the proposed modeling
methodology.

Finally, it must be pointed out that the proposed methodol-
ogy can also be implemented by using mathematical software
packages, which could be used to solve the corresponding set
of equations. The advantage of using a SPICE model resides in
the fact that the model can easily be used to perform complete
simulations including the power converter or other any electric
or electronic circuit in which the VI is intended to operate.
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Abstract—In this paper a methodology to develop SPICE-based 

models of complex magnetic devices is presented. The proposed 

methodology is based on a reluctance equivalent circuit (REC), 

which allows the user to study both the magnetic and electric 

behavior of the structure under any operating conditions. The 

different elements required to implement the reluctance model, 

namely, constant reluctances, variable reluctances and windings, 

are implemented using SPICE behavioral modeling. These 

elements can thus be used to build a complete model for any 

magnetic device. The modeling process is illustrated with a 

particular example for a variable inductor. Simulations and 

experimental results are presented and compared to evaluate the 

accuracy and usefulness of the proposed modeling procedure. 

I.  INTRODUCTION 

Modeling magnetic devices, such as inductors and 

transformers, has been a particularly important topic in power 

electronics. The great advances achieved in the last decades in 

the power electronics area in terms of miniaturization, 

efficiency improvement and reliability, would have been 

impossible without new magnetic materials, devices and 

modeling techniques. Understanding the real behavior of 

magnetic devices is a key issue to improve its performance, and 

that of the whole power electronics converter. Additionally, in 

today’s power electronics applications, more complex magnetic 

structures are being employed, such as variable inductors (VI) 

and transformers (VT), saturable inductors (SI) and 

transformers (ST), etc. [1]-[8]. 

One of the more accurate and painless ways to study the 

behavior of magnetic structures is by using computer 

simulations. Basically, there are two methods to address this 

task: (i) Finite Elements Analysis (FEA) and (ii) SPICE-based 

behavioral models. 
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Surely, FEA provides the best accuracy, especially when 

using 3-D models, but it takes considerable time to develop a 3-

D model of a magnetic device. Moreover, the simulation time 

using FEA is very long; it can take many hours or even days to 

obtain the final results.  Convergence problems may arise, 

breaking the simulation and wasting many hours of time. Any 

change or improvement in the model means a new simulation, 

making the analysis process quite painful and strenuous. On the 

other hand, computer simulation based on SPICE-like models 

results much more friendly; simulations can be done in seconds, 

or minutes at the most. Of course, accuracy is lower than using 

FEA, nonetheless good enough for many applications. 

In this paper, a SPICE-based model for computer simulation 

of any magnetic structure is presented. The proposed model is 

inspired in several models previously presented in the literature 

[9]-[14], which employed a reluctance or permeance equivalent 

circuit to simulate both the electrical and magnetic behavior of 

the magnetic structure. Particularly interesting is the 

methodology used in PSIM simulator [14]. However, the 

authors have found it too closed to allow the users to attain full 

benefit of it. This paper explores a similar methodology based 

on a reluctance model in which the reluctances depend on the 

magnetic flux level. A variable magnetic permeability, which is 

derived from the 𝐵 − 𝐻 curve of the magnetic material, is used 

to model the change of the reluctance. In this way, the different 

elements present in any magnetic structure, such as variable 

reluctances, air gaps, constant reluctances and windings, will be 

modelled separately. Thus, they can be used to build an 

equivalent circuit of any magnetic structure. The model can be 

employed under any operating conditions, including dc and ac 

operation in any winding. In addition, the model will be able to 

provide electric and magnetic outcomes as voltage, current, 

magnetic flux, magnetic flux density, inductance, and so forth. 

The original motivation to develop this work has been the 

investigation of the behavior of both saturable and controllable 

inductors and transformers. These devices have been studied 

and employed in power electronics applications for many years 

now with encouraging results [1]-[23]. Particularly, 

controllable (variable) inductors are complex magnetic devices 
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that deal with several windings under ac and dc superposed 

operation. In these devices, the reluctance of some sections of 

the magnetic material experiences a great variation owing to the 

dc component of the magnetic flux, even though the ac 

component remains under the saturation level. This makes a 

conventional analysis of these devices very laborious, while by 

using computer simulations it can be carried out very easily. 

Also, computer simulations allow the designer to change core 

geometry, magnetic properties, number of turns, air gap length, 

current and voltage levels, etc., making design and redesign 

processes extremely straightforward. 

In Section II a review of the variable inductor structure that 

will be used as a modeling example is carried out. Section III 

presents the modeling of the different elements of the reluctance 

equivalent model of a magnetic device. Section IV shows the 

implementation of the variable inductor SPICE model using the 

proposed methodology. Section V presents simulation and 

experimental results. Finally, the conclusions of the paper are 

provided in Section VI. 

II.  REVIEW OF THE SELECTED VARIABLE INDUCTOR 

STRUCTURE 

In this paper, the variable inductor (VI) structure based on a 

double E core, as shown in Fig. 1, will be employed as an 

example to illustrate the use of the proposed modeling 

technique.  

The detailed operation of this device has been presented in 

previous literature [5][7][8]. A summary of its structure and 

operation is as follows. A double-E core with a gapped center 

arm is used, while there is no gap in the left and right arms. The 

main coil is wound on the center arm with a given number of 

turns (𝑁𝑝), which will implement the main inductor. Two 

auxiliary windings are placed on the left and right arms of the 

core, with an equal number of turns (𝑁𝑑𝑐) and with reversed 

polarity, so that the ac voltages generated across them tend to 

cancel each other when connected in series. Actually, as 

demonstrated in [10], a full cancellation is not possible due to 

the non-linear behavior of the magnetic material 𝐵 − 𝐻 curve 

around the saturation knee. This is one of the aspects that would 

be very difficult to tackle by an analytical study. However, it is 

possible to deal with this issue quite straightforwardly by 

computer simulation. 

In the VI structure, a dc current is injected through the 

auxiliary windings. This generates a dc flux bias that circulates 

mainly through the outer part of the core, because the center 

arm is gapped and exhibits a much higher reluctance. On the 

other hand, the ac flux circulating through the main winding 

splits into the outer arms, as shown in Fig. 1a. The dc flux is 

used to bias the operating point of the magnetic material within 

the 𝐵 − 𝐻 curve, thus modifying the reluctances and changing 

the value of the inductance seen from the main winding 

terminals.  

This device can be modelled by using the reluctance circuit 

shown in Fig. 2. In this circuit, ℜ𝑐 , ℜ𝑙 and ℜ𝑟 represent the 

reluctances of the center, left and right arms respectively and, 

in a general case, their value depend on the dc operating point 

of the magnetic material, and can therefore be expressed as a 

function of the magnetic permeability of the material. 

ℜ𝑔 represents the air gap reluctance and can be assumed as a 

constant.  

The other components in the circuit are the voltage sources 

𝐹𝑑𝑐  and 𝐹𝑝, which represent the magnetomotive forces (MMF) 

created by the auxiliary and main windings respectively, which 

are given by the turns by current product. Next section will 

present how the different elements of the reluctance model can 

be implemented following the methodology presented in this 

work. 
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Fig. 1. Physical structure of a VI implemented in an EE core. 
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Fig. 2. Reluctance equivalent circuit of the VI shown in Fig. 1. 
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III.  BASIC ELEMENTS OF THE RELUCTANCE EQUIVALENT 

CIRCUIT 

The basic elements of a reluctance equivalent circuit are 

three: (i) constant reluctances, which model an air gap or any 

other non-ferromagnetic material used in the core structure; (ii) 

variable reluctances, used to model the non-linear behavior of 

the magnetic material of the core, and (iii) windings, which 

model the interaction between the electric and magnetic 

quantities involved in the behavior of any magnetic device. 

Once these elements are independently modelled for computer 

simulation, they can be used to implement any magnetic 

structure model, disregarding its complexity. 

A. Constant Reluctance Model 

A constant reluctance is used to model the behavior of a non-

ferromagnetic section of the magnetic device. In the reluctance 

equivalent circuit, a constant reluctance is modelled by a 

resistor, whose value is defined as shown in (1).  

ℜ0 =
𝑙0

𝜇0 𝐴0𝜈
 , 

 

(1)  

where 𝑙0, 𝐴0 are the length and section of the constant reluctance 

element, 𝜇0 = 4𝜋10−7 𝐻/𝑚 is the permeability of free space, 

and 𝜈 is the fringing coefficient, which is equal to 1 when the 

fringing effect is disregarded. However, a value slightly higher 

than 1 will usually render a better accuracy. Note that reluctance 

units are 𝐻−1. 

B. Variable Reluctance Model 

A variable reluctance models the non-linear behavior of the 

magnetic material employed in the device. It can be expressed 

as shown in (2):  

ℜ𝑚(𝜇) =
𝑙𝑚

𝜇(𝐵)𝐴𝑚
 , 

 

(2)  

where 𝑙𝑚 , 𝐴𝑚 are the length and section of the variable 

reluctance element, and 𝜇(𝐵) is the absolute magnetic 

permeability of the material, expressed as a function of the 

magnetic flux density 𝐵. 

As can be seen in (2), in this type of element the reluctance 

is a function of the magnetic permeability of the material, which 

in turn depends on the dc operating point within the material 

𝐵 − 𝐻 curve. Therefore, at this point it is necessary to find a 

model for the 𝐵 − 𝐻 characteristic of the magnetic material, 

from which the permeability can be obtained. 

In this work, after testing other possibilities, the Brauer’s 

model of the 𝐵 − 𝐻 curve has been selected [24][25]. This 

model defines the relationship between the magnetic field 

intensity 𝐻 and the magnetic flux density 𝐵, by expressing 𝐻 as 

a function of 𝐵 as shown in (3).  

𝐻(𝐵) = (𝑘1𝑒𝑘2𝐵2
+ 𝑘3)𝐵, (3)  

where 𝑘1, 𝑘2 and 𝑘3 are the Brauer’s model constants for each 

magnetic material.  

For the sake of simplicity, in this first work the hysteresis 

effect is being neglected.  Also, it must be noted that (3) gives 

the 𝐵 − 𝐻 relationship only in the first quadrant. It must be 

extended to the third quadrant taking into account that the curve 

is symmetrical with respect to the origin of coordinates. This is 

very easily done in SPICE using the built-in function “if”.  

From (3) it is very simple to obtain by differentiation the 

differential permeability of the magnetic material. The result is 

given in a closed form by (4). Also, note that (4) is valid for 

positive and negative values of 𝐵, because the 𝐵 − 𝜇 curve is 

symmetrical with respect to the vertical axis. 

 𝜇(𝐵) = [𝑘1(1 + 2𝑘2𝐵2)𝑒𝑘2𝐵2
+ 𝑘3]

−1
. (4)  

As an example, which will also be used to test the proposed 

model against experimental measurements, the N87 material 

from TDK-EPCOS has been modelled [26]. The Brauer’s 

model coefficients were derived from the graphical information 

given by the manurfacturer’s datasheet [26], obtaining the 𝐵 −
𝐻 curve data points and using a mathematical software for 

curve-fitting. The resulting values are shown in Table I. Fig. 3 

shows a comparison between manufacturer’s datasheet 

information and Brauer’s model, both for N87 material at 25 

ºC. With this approximation, the maximum error was obtained 

at 𝐵 = 0.3 𝑇 and was calculated as 26%.   

TABLE I. BRAUER’S COEFFICIENTS FOR N87 MATERIAL AT 25ºC 

Parameter Value 

𝑘1 0.062  𝐴𝑚−1𝑇−1 

𝑘2 42.995  𝑇−2 

𝑘3 302.904 𝐴𝑚−1𝑇−1 

Fig. 4 shows the implementation of the variable reluctance 

component in SPICE, particularly in LTspice, which is the 

software that has been selected in this work [27]. As can be seen 

in Fig. 4, a behavioral voltage source 𝐸𝑚 is used to implement 

a resistive behavior that models the variable reluctance. The 

behavioral current source 𝐺𝑚𝑏 generates a current equal to the 

flux density in the magnetic element, which is transformed into 

a voltage at node 𝐵𝑚. The behavioral current source 𝐺𝑚𝑢 

generates a current equal to the actual permeability of the 

magnetic material by implementing (4). Finally, the voltage at 

node 𝑢𝑚 is used in the expression of 𝐸𝑚 to define the 

component reluctance by using (2). 
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Fig. 3. B-H curve of N87 material at 25 ºC. Comparison between datasheet 

information and Brauer’s model. 
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Fig. 4. Implementation of a variable reluctance in LTspice. 

 

C. Winding Model 

A winding model must represent the electrical and magnetic 

interaction within the magnetic device structure. Neglecting 

losses, the winding model can be expressed by (5) and (6):  

ℱ𝑤(𝑡) = 𝑁𝑤 ∙ 𝑖𝑤(𝑡), (5)  

𝑣𝑤(𝑡) = 𝑁𝑤 ∙
𝑑∅𝑤(𝑡)

𝑑𝑡
= 𝑁𝑤𝐴𝑤

𝑑𝐵𝑤(𝑡)

𝑑𝑡
, (6)  

where ℱ𝑤 is the magnetomotive force (MMF) created by the 

winding inside the magnetic core, 𝑁𝑤 is the winding number of 

turns, 𝑣𝑤 and 𝑖𝑤 are the winding voltage and current, ∅𝑤 and 

𝐵𝑤 are the magnetic flux and magnetic flux density in the core 

respectively, and 𝐴𝑤 is the area of the core.  

Fig. 5 shows the SPICE implementation of the winding 

model. A voltage dependent voltage source 𝐸𝑉𝑤 is used to 

implement the relationship between voltage and flux as given 

by (6). The behavioral voltage source 𝐸𝐹𝑤 is employed in the 

magnetic part of the model to generate the corresponding MMF 

according to (5). The behavioral current source 𝐺𝑉𝑤 generates a 

current equal to the magnetic flux, which is time derived using 

the inductance 𝐿𝑤 with a value equal to the number of turns of 

the winding (𝑁𝑤) so that (6) can be implemented. The 1 m 

resistance placed in series with 𝐺𝑉𝑤 is used to avoid 

convergence issues during simulation.      

IV.  IMPLEMENTATION OF THE VARIABLE INDUCTOR MODEL 

By using the three basic elements presented in previous 

section, the reluctance equivalent circuit of any magnetic 

structure can be implemented for SPICE simulation. In this 

section, a model developed for the VI shown in Fig. 1 will be 

presented. This particular VI has been used in a previous work 

for the controlling of the output voltage in dc-dc resonant 

converters [17]. 

+
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Fig. 5. A winding model implemented in LTspice. 

 Fig. 6 illustrates the dimensions of the EFD25 core used to 

calculate average lengths and sections of the magnetic paths. 

Table I gathers the values of all the parameters related to the VI 

under study.  

Fig. 7 illustrates the complete electrical diagram of the VI 

implemented in LTspice. As can be seen, it is divided in two 

main parts: magnetic and electric.  

The magnetic part includes the reluctance model, where the 

variable reluctances 𝑅𝑙, 𝑅𝑐 and 𝑅𝑟 of Fig. 2 are implemented 

through the voltage sources 𝐸5, 𝐸3 and 𝐸4 respectively. The 

magnetic flux density and permeability on each arm are 

calculated by current sources 𝐺5, 𝐺3 (central arm), 𝐺8, 𝐺6 (right 

arm) and 𝐺11, 𝐺9 (left arm). Reluctances 𝑅𝑠𝑙, 𝑅𝑠𝑐 and 𝑅𝑠𝑟 are 

used to measure the flux on each arm and avoid voltage-loop 

issues during simulation. Their value of 1 H-1 is very small 

compared to the other series reluctances and therefore have no 

effect on the structure. Voltage source 𝐸1 implements the 

magnetic part of the main winding of the VI, while voltage 

sources 𝐸7 and 𝐸6 implement the magnetic part of the left and 

right auxiliary windings respectively. 

The electric part of the model includes the implementation 

of the electric part of the three windings of the VI. Thus, sources 

𝐸2, 𝐺1 and 𝐿1 implement the behavior of the main winding, 

𝐸8, 𝐺12 and 𝐿2 correspond to the right auxiliary winding and 

𝐸9, 𝐺13 and 𝐿3 to the left auxiliary winding. Note that some 

additional small value resistors (𝑅3, 𝑅6, 𝑅7, 𝑅8, 𝑅13) are 

required to avoid voltage-loop and convergence issues. 

The circuit shown in Fig. 7 can be employed to perform a 

dc transient simulation. Thus, the main winding is supplied with 

a 1 V dc voltage source with a 10  series resistance. Auxiliary 

windings are supplied by using a dc current source with an 

output impedance of 100 k. An important point that must be 

highlighted is that the auxiliary windings must be supplied with 

a dc source with a high output impedance, just as it is done in a 

real application. In this way, any interaction of the auxiliary 

source on the VI will be avoided.  

The behavioral current source 𝐺2 is used to calculate the 

inductance of the main winding by multiplying the flux of the 

main winding by its number of turns and dividing by its current. 

The dc operating point simulation (.dc directive in SPICE) 

of the circuit shown in Fig. 7 will provide the steady state values 

of all magnetic and electric variables of the VI, including the 

inductance value, given as a voltage at node L_SPICE. 
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3.15

CENTRAL ARM

5.20

0.60

12.20 gap

EFD25 CORE*

 
Fig. 6. EFD25 core dimensions. 
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TABLE II. VARIABLE INDUCTOR DATA 

Core material N87 TDK-

EPCOS 
Air gap length 

0.6 mm 

Core type 
EFD25 

Estimated fringing 

factor (𝝂) 
1.06 

Expected 

inductance 

range 

1.2 µH – 

4.5 µH 

Central arm average 

length (𝒍𝒄) 
24.4 mm 

Main winding 

turns (𝑵𝒑) 
6 

Central arm section 

(𝑨𝒄) 
59.3 mm2 

Intended 

operation 

regime 

Sinusoidal, 

500 kHz 

Outer arms average 

length (𝒍𝟏) 
43.6 mm 

Main winding 

peak current 6.0 A 
Outer arms section 

(𝑨𝟏) 
28.7 mm2 

Bias windings 

turns (𝑵𝒅𝒄) 
65 

  

V.  SIMULATION AND EXPERIMENTAL RESULTS 

The first simulation carried out was a dc operating point 

using the circuit shown in Fig. 7, in which a small current of 0.1 

A is injected to the main winding in steady state, while the 

auxiliary windings carry a dc current of 0.3 A. Fig. 7 itself 

shows the simulation results by means of the voltage labels on 

each relevant node. As can be seen, the resulting inductance 

value is 2.04 µH (voltage at node L_SPICE). The magnetic flux 

density at central, right and left arms is obtained as voltage at 

nodes 𝐵𝑐 , 𝐵𝑟 and 𝐵𝑙, giving 572.7 µT, 327.8 mT and -328.9 mT, 

respectively. Therefore, the central arm is operating with almost 

zero flux density (origin of the 𝐵 − 𝐻 curve), while the right 

and left arms are operated at a given dc flux density level owing 

to their biasing by the auxiliary windings. The small difference 

of flux density between them is due to the small flux level (0.57 

mT) generated by the main winding, which adds to the left arm, 

while subtracts to the right arm.  

The magnetic permeability of central, right and left arms is 

obtained as voltages at nodes 𝑢𝑐 , 𝑢𝑟 and 𝑢𝑙, respectively. The 

resulting values are 3.29 mH/m, 745.8 µH/m and 723.0 µH/m, 

for central, right and left arms respectively. As expected, the 

permeability of the central arm is higher because of the lower 

flux density; the material of the central arm is operated around 

the origin of the 𝐵 − 𝐻 curve. On the other hand, the 

permeability of right and left arms is much lower, because they 

operate at a much higher flux density level, around the knee of 

the 𝐵 − 𝐻 curve.    

 

 

 

 

 
 

Fig. 7. Complete electrical model of the VI implemented in LTspice. 
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The above-presented simulation under dc operation is also 

intended to obtain the small-signal value of the VI inductance 

with very fast simulations. This can be done by performing a dc 

sweep analysis over the dc bias current source, shown as 𝐼1 in 

Fig. 7. Thus, Fig. 8 shows the simulation results in comparison 

with the experimental results obtained at the laboratory by using 

an impedance analyzer under small signal measurement of the 

inductance at a frequency of 1 kHz. Experimental results were 

added into the simulation for the sake of comparison by using a 

voltage controlled source with a look-up table (not shown in 

Fig. 7). Relative errors of -11% at 0.125 A bias current and 

+25% at 0.45 A bias current can be measured. 

The difference between simulation and experimental results 

can be justified by two causes: (i) tolerances during the 

magnetic material fabrication, producing that the actual 

material 𝐵 − 𝐻 curve is not exactly the same as that given in 

the manufacturer’s datasheet, and (ii) the error in the 

approximation of the 𝐵 − 𝐻 curve by the selected equation, in 

this case the Brauer’s model.  

As an example, Fig. 9 shows the waveforms obtained from 

the same circuit shown in Fig. 7 when a transient simulation is 

performed. The inductor voltage and current, and the induction 

inside the 3 arms of the structure are shown in this figure. As 

can be seen, it takes some time to the induction in right and left 

arms to reach their steady-state values, 50 𝑛𝑠 approximately. 

This time is related to the dynamic response of the VI model. In 

the proposed model this time is affected by the output resistance 

of the current source that supplies the auxiliary winding. In the 

example under study, an output resistance of 100 𝑘Ω has been 

selected in order to have a dynamic response fast enough so that 

it can be used up to frequencies of several hundred of kHz. 

Nevertheless, this is a point that requires further investigation. 

The VI should be dynamically modelled, theoretically or 

experimentally, and the time constant should be adjusted 

according to the obtained results. 

Fig. 10 illustrates the electrical diagram used for the 

simulation of a dc-ac converter with VI control. The converter 

has an input voltage of 20 V, applying a 10 V peak voltage 

square waveform to the 𝐿 − 𝑅 circuit. The switches are 

operated at 500 kHz with 200 ns dead time. The load resistance 

is 11 . In the following, simulation and experimental results 

corresponding to this circuit are presented. 

Fig. 11 shows the simulation and experimental results 

corresponding to the square wave voltage and the output 

voltage across the load resistance for a VI bias current of 0.25 

A. Fig. 12 illustrates the voltage across the VI and the output 

voltage for the same value of the VI bias current. As can be 

seen, simulation and experimental results match well. 

Fig. 13 shows the simulation and experimental results 

corresponding to the VI bias windings. As can be seen, bias 

windings reflect voltages with peak values around 100 V. Also, 

a small difference can be seen comparing the voltages of left 

and right bias windings. As commented before, this difference 

is due to the non-linear behavior of the magnetic material 

around the knee of the 𝐵 − 𝐻 curve. However, the difference is 

higher in the simulation than in the experiments. This 

disagreement could be due to the response of the oscilloscope 

probe, which could not be able to follow so high a dv/dt. Also, 

the high voltage ripple superposed to the experimental 

waveform does not appear in the simulation. This ripple could 

also appear due to the effect of the oscilloscope voltage probe 

or other parasitic elements not considered by the model. The 

voltage probe used in these measurements was a differential 

voltage probe model 700924 from Yokowaga with 1:100 

attenuation selected. 

Fig. 14 shows the simulation results from the circuit in Fig. 

10 corresponding to the instantaneous flux density in left, right 

and center arms of the structure, and also to the instantaneous 

inductance of the VI. All of them obtained from the 

corresponding nodes in the model. VI bias current is 0.25 A. 

Experimental results are not available for this variables due to 

the difficulty of measuring dc levels of flux density inside a 

magnetic material. Nevertheless, the simulation results are in 

accordance with the expected ones. 

Finally, in order to test the possibility of controlling the 

output voltage by means of the bias current on the VI, Fig. 15 

presents the simulation and experimental results of the rms 

voltage in the load resistance of the circuit in Fig. 10 when 

varying the dc bias current of the VI. As can be seen, simulation 

and experimental results exhibit a similar curve. Again, the 

difference between simulation and experiments can be justified 

by the error in the modeling of the magnetic material 𝐵 − 𝐻 

curve.    
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Fig. 8. Small-signal inductance of the VI. Comparison between simulation 

and experimental results. 
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Fig. 9. Simulations results of the VI model under a dc start-up transient. 
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Fig. 10. Electric diagram for the simulation of an L-R inverter with variable 

inductor. The variable inductor is placed across terminals LT1 and LT2 

according to the schematic shown in Fig. 7. 
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Fig. 11. Square voltage (top) and output voltage (bottom) of the circuit shown 

in Fig. 10: (a) simulation, (b) experimental. VI bias current 0.25 A. 
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Fig. 12. VI voltage (top) and output voltage (bottom) of the circuit shown in 

Fig. 10: (a) simulation, (b) experimental. VI bias current 0.25 A. 
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Fig. 13. Top: total voltage across VI bias windings. Middle: voltage across left 

bias winding. Bottom: voltage across right bias winding. All of them 

corresponding to the circuit shown in Fig. 10. (a) simulation, (b) 

experimental. VI bias current 0.25 A. 
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Fig. 14. Simulation results of the circuit in Fig. 10 with VI bias current of 0.25 

A. Top: flux density in each VI arm. Right arm (top), center arm 

(middle) and left arm (bot.). Scales: 200 mT/div. 500 ns/div. Bottom: 

inductance of the VI as obtained from the model. Scales: 1 µH/div, 500 

ns/div.   
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Fig. 15. Comparison between experimental and simulation results. RMS output 

voltage as a function of VI dc bias current for the converter shown in 

Fig. 10. 

VI.  CONCLUSIONS 

This paper has presented a modeling technique for magnetic 

devices based on SPICE behavioral modeling. The three basic 

elements required for developing a reluctance-based equivalent 

circuit have been implemented in SPICE. These elements can 

easily be integrated in a SPICE library in order to simplify its 

use in circuit simulation. It has been explained how by using 

these three elements any magnetic structure can be modeled and 

simulated providing magnetic, electric and inductance results. 

Besides, the proposed modeling technique can be used under 

any operating conditions with good accuracy, because the non-

linear behavior of the magnetic material is taken into 

consideration. A modeling example of a VI with an EE structure 

has been presented and simulated, showing good approximation 

with experimental results. Simulation and experimental results 

for a VI-controlled dc-ac inverter have also been presented. The 

comparison between simulated and experimental results 

rendered good expectancies for the proposed modeling 

methodology. 

APPENDIX I 

LTspice models presented in this work are available to 

interested readers at the web site indicated below. See resources 

section. www.unioviedo.net/ate/marcosaa/ 
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Abstract—This paper presents the analysis and experiments of
a variable inductor (VI) based LED driver for dc grid lighting ap-
plications. The proposed driver requires only a series inductor and
a transformer as major components to drive the LED lamp from a
half-bridge inverter. By introducing a VI as the series inductor, the
LED current can be controlled independently from any other pa-
rameter, which makes it possible to drive and regulate several LED
branches from the same half-bridge output. Other advantages of
the proposed converter include inherent open-circuit and short-
circuit protections, zero-voltage switching for the bridge transistor
and zero-current switching for the output rectifier diodes, simple
dynamics, possibility of analog and pulse width modulation dim-
ming, constant switching frequency operation, and high efficiency.
The converter is thoroughly analyzed and modeled for both steady-
state and dynamic operation. As another novelty of this paper, the
dynamic response of the VI has been studied and taken into account
to obtain the complete transfer function of the VI-controlled sys-
tem. In addition, some housekeeping issues that usually arise when
dealing with VI, e.g., how to drive the VI bias winding, are solved in
this work. Experimental results provided from a 50 W laboratory
prototype demonstrate the correctness of the performed analysis
and the good possibilities of the proposed converter.

Index Terms—Closed-loop operation, dc grid, dynamic response,
LED driver, single inductor converter, variable inductor (VI).

I. INTRODUCTION

W ITH the exponential increase of electronic equipment in
homes, offices, and buildings, dc power distribution is

gaining more and more attention in the present time. The use
of a dc grid makes it possible to simplify the power converters
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used to supply equipment such as computers, TVs, cameras,
cell phone battery chargers, and many others, whose number is
rapidly increasing, especially under the new Internet of Things
trend [1]–[3]. Besides, dc power distribution allows the con-
verters to get rid of the ac–dc conversion stage and also of the
electrolytic capacitors required to cope with the ac–dc power
unbalance. Therefore, efficiency and reliability are simultane-
ously improved. These advantages are especially significant in
lighting systems and particularly with today’s highly efficient
highly reliable LED-based lighting technology. In this context,
the search for new LED driver topologies specifically developed
for dc applications is a relevant field of research.

Most of the works available in the literature agree that the fu-
ture dc grid for homes, offices, and building applications will be
deployed on two voltage levels: 1) a high-voltage level of 380 V,
with a 360–400 V range to allow for system regulation, which
will be used for high power loads such as main lighting, heating,
air conditioning, washing machines, dishwashers, etc.; and 2) a
safer low-voltage level of 48 V, to supply low power equipment
that operate closer to the end user, such as cell phone battery
chargers, side table lights, personal computers and tablets, etc.

In the literature, it is possible to find many works dealing with
ac–dc LED drivers, providing power factor correction (PFC),
avoiding the use of electrolytic capacitors, improving dimming
characteristics, etc. [4]–[16]. However, few proposals can be
found related to dc-operated LED drivers aiming for the new
dc power distribution. Some of the works that can be found
are intended to be used as second or third stage after PFC and
conditioning stages [17]–[24].

The goal of this work is to propose a topology for LED driving
specifically developed for the future dc grid deployment. The
topology will be investigated in order to obtain its static and
dynamic behavior, which can be used not only to design the
closed loop operation of the converter, but also to investigate
its interaction within the dc grid. While the former is of great
importance for the operation of the LED driver itself, the latter
is essential for the design of the dc bus control strategy [3].

This paper is an improved version of the conference paper pre-
sented in [31], which includes several corrections and additional
information. In Section II, the proposed LED driver topology is
introduced, highlighting its most relevant features and charac-
teristics. Section III presents the static analysis of the converter,
which can be used in the design of the LED driver. Section IV
deals with the dynamic analysis of the converter, in which the
most relevant transfer function for closed loop operation and dc

0885-8993 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Proposed LED driver for application in dc grids.

grid interaction will be derived. Section V illustrates a design
example for a 50-W 380-V operated LED driver, which can be
applied in multi-array lamps. Section VI presents experimen-
tal results from the laboratory prototype. Finally, Section VII
summarizes the conclusions of the work.

II. PROPOSED DC-GRID LED DRIVER

Fig. 1 shows the electric diagram of the proposed LED driver
for dc grid applications. A half-bridge inverter followed by a
dc blocking capacitor (CB ) is used to generate a symmetri-
cal square voltage waveform (vg ) with an amplitude of Vdc/2
and a frequency fs , where Vdc is the dc grid voltage and fs

is the switching frequency of the half-bridge transistors. A
series inductance L is used to limit the current through the
LED lamp. The latter is supplied through an isolating trans-
former, a full wave rectifier, and a filter capacitor Co , so that
the current through the lamp is continuous, with a small su-
perposed ripple at 2fs . In order to provide output current
regulation against input and load changes, a variable induc-
tance (VI) is proposed to control the power delivered to the
load [25]–[26].

One of the advantages of the proposed driver is that it can be
used to supply several LED lamp arrays with an independent
regulation of the current through each LED lamp, as illustrated
in Fig. 2, where VI Li controls the current through LED lamp
#i. As shown in Fig. 2, it is preferred to connect the second
arrangement on the top side of the half-bridge inverter, instead
of in parallel with the first arrangement. In this way, the current
supplied from the dc bus will not present a dead time, thus
requiring a smaller electromagnetic interference (EMI) filter.
The structure can be replicated to accommodate any number of
LED arrays.

The advantages of the proposed LED driver can be summa-
rized as follows:

1) Ability to supply multiple LED arrays with independent
current control to provide current equalization.

2) Ability to include galvanic isolation. However, the trans-
former could be avoided if galvanic isolation is not

Fig. 2. Proposed driver used to supply several LED arrays.

required. In this case, the transformer and rectifier can
be replaced by a 4-diode full bridge rectifier.

3) Low switching losses owing to zero-voltage switching
(ZVS) operation in the half-bridge switches. With proper
dead time selection the switching losses can be kept to a
minimum.

4) Zero-current switching (ZCS) of the output rectifier
diodes, thus providing negligible turn-OFF losses.

5) Constant switching frequency operation provided by in-
ductance variation control. This feature allows for an
easy EMI filter design and minimization.

6) Simple first-order dynamics, allowing for an easy closed
loop operation and dc grid interaction.

7) Inherent low LED current compensation against LED
operating junction temperature.

8) Inherent short-circuit protection. In the case of an output
short-circuit the series inductance limits the half-bridge
current to a triangular waveform with a maximum peak
value.
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Fig. 3. Equivalent circuit of the proposed LED driver.

9) Inherent open-circuit protection. In an open-circuit sit-
uation the current through the series inductor tends to
zero.

10) Easy implementation of pulse width modulation (PWM)
dimming. This is a consequence of previous features.
Since the output can safely be short-circuited or open-
circuited, several possibilities are available to implement
PWM dimming.

11) Modularity. If the half-bridge inverter is properly de-
signed for high power, which is very easy and low cost
goal to achieve, it can be used to supply a large num-
ber of modules. Each module could even be indepen-
dently dimmed or switched ON/OFF by wireless commu-
nication and dedicated ICs in high-end smart-lighting
applications.

III. STATIC ANALYSIS OF THE PROPOSED CONVERTER

A. Basic Analysis of the Converter

Fig. 3 illustrates the equivalent circuit of the proposed LED
driver, which can be used to analyze its behavior. The voltage
source vg represents the voltage generated by the half-bridge
after removing its dc level by capacitor CB . The voltage source
v1 represents the voltage at the primary of the transformer,
whose amplitude is equal to the dc output voltage Vo times the
transformer turns ratio n.

Fig. 4 illustrates the main waveforms of the converter. Be-
cause of the effect of the series inductance, the voltage v1 will
lag the input voltage by a phase angle ϕ, equivalent to a time
interval tϕ = ϕ/ωs , where ωs = 2πfs is the angular switch-
ing frequency. Thus, the inductor current will be delayed by the
same angle ϕ, providing ZVS operation of the bridge transistors,
which is an important feature of the proposed converter.

Analyzing the circuit shown in Fig. 3, the evolution of the
inductor current during the two time intervals can be expressed
as

i (t) = −Ip +
0.5Vdc + nVo

L
t t ∈ [0, tϕ ] , (1)

i (t) =
0.5Vdc − nVo

L
(t − tϕ ) t ∈ [tϕ , Ts/2] (2)

where Ts denotes the switching period (Ts = 1/fs).
In steady-state operation, the following condition must be

reached:

i (Ts/2) = −i (0) . (3)

Fig. 4. Main operating waveforms of the proposed LED driver.

By using condition (3) in (1) and (2), the values of the peak
current Ip and time delay tϕ are obtained, respectively, as

Ip =
V 2

dc − 4n2V 2
o

8VdcLfs
, (4)

tϕ =
0.5Vdc − nVo

2Vdcfs
. (5)

The average current through the LED lamp Io can be cal-
culated as the average value of the rectified inductor current
transformed to the secondary side, this is

Io =
2
Ts

∫ Ts /2

0
n · |i (t)| dt =

nIp

2
(6)

Io =
nV 2

dc − 4n3V 2
o

16VdcLfs
. (7)

Now, taking into account the following relationship between
voltage and current in the LED:

Vo = Vγ + Rγ Io (8)

where Vγ and Rγ are the threshold voltage and dynamic resis-
tance of the LED array, respectively, using (8) in (7) and solving
for the LED current, the following expression can be obtained:

Io = − Vγ

Rγ
− 2VdcLfs

n3R2
γ

+
1
2

×

√(
4VdcLfs

n3R2
γ

)2

+
16Vγ VdcLfs

n3R3
γ

+
V 2

dc

n2R2
γ

. (9)
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Fig. 5. Equivalent circuits of the proposed LED driver at output terminals: (a) averaged time domain and (b) Laplace domain.

As can be seen, expression (9) is a closed form for the average
LED current as a function of all the parameters of the circuit:
input voltage, inductance, switching frequency, transformer turn
ratio, and LED array parameters. By using this expression, it is
possible to design the converter and analyze its operation under
different conditions. A design example will be illustrated later.

B. Analysis of Lamp Current Perturbations

At this point, since the LED lamp threshold voltage has a
great dependence on the operating junction temperature [27],
it is interesting to evaluate how the threshold voltage Vγ will
affect the average output current. This can be done by taking a
partial derivative in (9)

kγ =
∂Io

∂Vγ
= − 1

Rγ

+
4VdcLfs

n3R3
γ

√(
4Vd c Lfs

n3 R2
γ

)2
+ 16Vγ Vd c Lfs

n3 R3
γ

+ V 2
d c

n2 R2
γ

(10)

where kγ is the per-unit change of the output current against
LED threshold voltage. Referring to (1) and (2) and Fig. 4,
it is easy to understand that when the LED voltage increases,
the positive slope of the inductor current will decrease, while
its negative slope will increase, thus leading to a lower LED
average current and lower power, and reversely. Therefore, the
LED power is inherently compensated against changes in LED
voltage, which means that small values of kγ should be expected.

Similarly, the variation of the LED current against pertur-
bations of the dc voltage can be obtained by taking a partial
derivative of (7), as follows:

kv =
∂Io

∂Vdc
=

n

16Lfs
+

4n3V 2
o

16V 2
dcLfs

(11)

where kv is the per-unit variation of the output current against
dc input voltage. As per (11), the changes in the input voltage
Vdc have the contrary effect on the LED current compared to
the LED voltage. This means that the value of kv will be high,
and changes in LED current should be compensated by closed
loop operation, which measures the LED current and adjusts the
inductance value accordingly.

C. Analysis of Open-Circuit and Short-Circuit Operation

In an open-circuit situation, the current injected to the output
capacitance will be equal to zero in steady state. Considering
ideal behavior (no losses), the output capacitance Co will be
charged to a voltage level equal to Vdc/2n; the voltage across
the transformer primary v1(t) will be a square voltage with
an amplitude equal to Vdc/2 and in phase with vg (t). Thus, no
current will circulate through the inductor. The only precaution
would be to select an output capacitor with a voltage rating
higher than Vdc/2n.

During a short-circuit on the output, the current through
the series inductor will be inherently limited, and so will be
the current through the bridge switches. The current through the
inductor will be a symmetrical triangular waveform, with a peak
value Ipcc that, assuming ideal behavior, can be calculated by
making null the output voltage in (4), this is

Ipcc =
Vdc

8Lfs
. (12)

IV. DYNAMIC ANALYSIS OF THE PROPOSED CONVERTER

A. Modeling of the Power Stage

The proposed driver can be modeled by the averaged circuit
shown in Fig. 5(a). The converter is modeled by a current source,
which injects the averaged rectified current is into the RC net-
work given by the output capacitor and the equivalent circuit
of the LED lamp. The equivalent series resistance (ESR) of the
output capacitor has been neglected in this case, because usually
film capacitors with very low series resistance are employed in
LED drivers. Thus, the dynamic effect of the capacitor ESR will
be beyond the frequency range of interest.

Using a similar methodology as that presented in [28], the
circuit in Fig. 5(a) can be perturbed and represented in the
Laplace domain as shown in Fig. 5(b). By analyzing this circuit,
the following relationship can be obtained:

Rγ Cos io (s) + io (s) = kv vdc (s) + kol l (s) (13)

where l(s) and vdc(s) represent the perturbations in the VI
inductance and dc bus voltage, respectively, kv is defined as in
(11), and the factor kol can be calculated by the partial derivative
of (7), as follows:

kol =
∂is
∂L

= −Io

L
. (14)
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Fig. 6. (a) VI bias circuit, (b) implementation using a bipolar transistor and a low-voltage source, and (c) equivalent circuit for small-signal perturbations.

The corresponding transfer functions can now easily be ob-
tained from (13)

Gol (s) =
io (s)
l (s)

=
kol

1 + sRγ Co
, (15)

Gv (s) =
io (s)
vdc (s)

=
kv

1 + sRγ Co
. (16)

B. Modeling of the Variable Inductor

Fig. 6(a) shows the circuit used to provide the bias level to the
VI. A current source Ii generates the dc current for the auxiliary
windings. Ri represents the output resistance of the current
source, Rb is the series resistance of the auxiliary windings, and
Lb is the total inductance seen from the auxiliary windings in
series connection.

In a VI, the magnitude that modifies the main winding induc-
tance is the dc level of the magnetic flux density introduced by
the auxiliary winding inside the magnetic material, namely Bb .
A change in Bb will produce a change in the VI inductance. As
it will be shown in the following, the auxiliary windings total
inductance Lb and resistances Ri and Rb introduce a major time
constant in the VI response. Therefore, it is possible to consider
an instant response between Bb and VI main inductance, in
other words, to neglect the dynamic of the magnetic material
itself by assuming that it is much faster than that due to the
auxiliary winding components. Following this reasoning, it is
easy to analyze the circuit in Fig. 6(a) to obtain the following
transfer function between the dc bias current and the VI main

inductance:

Glb (s) =
l (s)
ic (s)

≈ kl
Bb (s)
ic (s)

= kl
Lb

NbAb

ib (s)
ic (s)

=
klb

1 + sτi
, (17)

klb = kl
Ri

Ri + Rb

Lb

NbAb
; τi =

Lb

Ri + Rb
(18)

where ic is the control current of the dc bias circuit, Ab is the
effective area of the dc bias magnetic path, and kl is the dc gain
that relates the VI main inductance and the dc magnetic flux
density. This gain can be obtained by calculating the slope of
the characteristic VI main inductance versus dc magnetic flux
density at a given operating point.

Fig. 6(b) shows the implementation of the dc bias circuit pro-
posed in this work. The bias circuit is supplied with a dc voltage
Vcc obtained from an auxiliary winding in the transformer. The
current source is implemented using a bipolar transistor oper-
ating in the linear region with low collector–emitter voltage to
minimize losses.

The voltage level Vcc should be low enough to assure low
losses, but high enough to allow the bipolar transistor to control
the bias current ib from the control voltage uc applied to the tran-
sistor base circuit. Fig. 6(c) shows the small-signal equivalent
circuit of the bias circuit shown in Fig. 6(b).

The circuit can easily be analyzed to obtain the remaining
transfer functions necessary to model the complete system. The
transfer function relating dc bias current and control voltage is
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TABLE I
CHARACTERISTICS OF THE BXRA-C4500 LED ARRAY

Junction Threshold LED Array Total
Temperature (°C) Voltage, Vγ (V) Voltage, Vo (V)

–25 25.53 28.74
25 22.33 25.40
70 19.25 22.46
Rγ = 1.53 Ω; Io = 2.1 A

obtained as follows:

Gbc (s) =
ib (s)
uc (s)

=
hfe

Rc + hie
· 1
1 + hoeRb

· 1
1 + s Lb

h−1
o e +Rb

(19)
where hie , hfe , and hoe are the bipolar transistor input
impedance, forward current gain, and output admittance, re-
spectively, which are the common hybrid parameters used for
small-signal modeling of bipolar transistors.

The global transfer function of the converter can be obtained
as

Goc (s) =
io (s)
uc (s)

=
io (s)
l (s)

· l (s)
uc (s)

=
io (s)
l (s)

kl
Lb

NbAb

ib (s)
uc (s)

= Gol (s) kl
Lb

NbAb
Gbc (s) . (20)

Finally, by using (15) and (19) in (21), the final expression
can be obtained as

Goc (s) =
ko

(1 + sτo) (1 + sτb)
, (21)

ko = kol kl
Lb

NbAb
· hfe

Rc + hie
· 1
1 + Rbhoe

; τo

= Rγ Co ; τb =
Lb

h−1
oe + Rb

. (22)

The most important conclusion that can be extracted from this
analysis is that there are two main time constants influencing
the dynamic behavior of the proposed converter:

1) τo , which is given by the LED dynamic resistance and
the output filter capacitance and it is independent of the
operating point.

2) τb , which is given by the output resistance of the auxiliary
power supply plus the series resistance of the auxiliary
windings together with the auxiliary windings inductance.
This inductance changes with the bias level and therefore
it changes with the converter operating point. This can be
a difficulty when designing the compensator for closed
loop operation.

Therefore, in order to increase the response of a VI-controlled
converter, it will be necessary to attain high output impedance of
the bias circuit, low series resistance of the bias windings, and
low inductance of the bias winding. To decrease the inductance
of the bias windings it is necessary to use less turns, but this
means that a higher bias current will be necessary to achieve the
same dc magnetic flux density, which will decrease efficiency.
Thus, there is a design trade-off between fast dynamic response

Fig. 7. Output current as a function of series inductance, (a) for the limiting
values of the dc grid voltage (360–400 V) and LED junction temperature and (b)
for the nominal dc grid voltage (380 V) and limiting values of the LED junction
temperature.

and bias circuit efficiency. Time constants τo and τb can easily
be calculated from the converter components. The dc gain ko

in (21) cannot be calculated so easily because it is necessary
to know the dc gain kl , which as stated previously relates the
VI main inductance and dc bias magnetic flux density in steady
state. However, a good possibility is to obtain experimentally the
converter dc characteristic of output current versus control volt-
age. Then, from it is possible to obtain the global dc gain ko by
calculating the characteristic slope at the desired operating point.
This process will be illustrated in Section VI. Additional infor-
mation on VI design and SPICE modeling can be found in [32].

V. DESIGN EXAMPLE

A design example for a BXRA-C4500 LED array from
Bridgelux will be presented in this section. This LED array
has a nominal voltage and current of 25.4 V and 2.1 A. From
the datasheet characteristic, taking into account the manufac-
turing tolerance and the temperature coefficient given by the
datasheet, the parameters shown in Table I can be calculated.
The LED array series resistance is assumed to be temperature
independent. The driver is designed to operate from a dc grid
of 380 V nominal voltage, with a variable range from 360 to
400 V. The switching frequency has been selected to be 100 kHz
as a compromise between size and efficiency. However, the
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Fig. 8. Electric diagram of the laboratory prototype.

TABLE II
LABORATORY PROTOTYPE MATERIALS

Component Values

Transistors M 1 , M 2 STP28NM50N
Diodes D1 − D2 , Da DSSK28-01A, 11DQ10
Capacitors Cb , Co , Ca 2 μF/400 V, 10 μF/100 V, 220 μF/63 V
Bias circuit Qb , RB BD139, 330 Ω

Transformer N1 = 15, 66 × 0.08 mm (litz)
N2 = 8, 66 × 0.08 mm (litz)

Na = 1, 1 × 0.2 mm
EFD25/13/9, N87

Variable Inductor Np = 66, 66 × 0.08 mm (litz)
Nb /2 = 65, 1 × 0.2 mm

Gap 1.6 mm
ETD29/16/10, N87

switching frequency can be increased if necessary because of
the good soft-switching features of the proposed converter.

The design starts by calculating the nominal value of the
series inductance, which can be obtained from (7) as follows:

L =
nV 2

dc − 4n3V 2
o

16VdcIofs
. (23)

The first step is to select a suitable value of the transformer
turn ratio, n. As per (6), for a given output current Io , n will
affect the peak value of the VI current as follows:

Ip =
2Io

n
. (24)

Since the VI current is a continuous triangular waveform, the
rms current through the VI will be Ip/

√
3. Therefore, the higher

the transformer turn ratio, the lower the VI rms current and the
lower the VI losses. However, there is a limit for the turn ratio,
because for n = Vdc/2Vo , the phase angle, the primary current,
and the output current would be zero, as per (4), (5), and (7), and
there will be no energy transfer. In the present design, this lim-
iting value is 7.48. On the other hand, a higher value of the turn
ratio will require more turns in the transformer primary, increas-
ing the losses of the transformer. Also, a minimum value of the

peak current Ip is necessary to assure proper soft-switching of
the bridge transistors. Therefore, in this example a value n = 2
has been selected. Using this value in (23), along with the rest
of the converter parameters a value of L = 210 μH is obtained.
The corresponding time delay is tϕ = 1.83 μs, which gives a
current phase angle of 65.9°.

The next step is to evaluate the operating range of the LED
driver. For this, using (9) it is possible to plot the output current as
a function of the series inductance, as illustrated in Fig. 7. Since
the output current increases with increasing values of Vdc and
with decreasing values of Vγ , the nominal and limiting curves
have been plotted in Fig. 7(a). The inductance range required to
maintain nominal current of 2.1 A is 192–226 μH.

Fig. 7(b) illustrates the output current as a function of the
series inductance for the nominal dc grid voltage of 380 V
and the different junction temperatures. As can be seen, the
LED voltage influence on the output current is very small, as
expected. In any case, closed loop operation is required because
dc grid voltage changes must be compensated to maintain a
given LED current and lighting level. The use of the inductance
as control parameter makes it possible to control each LED array
independently.

VI. EXPERIMENTAL RESULTS

A laboratory prototype has been developed following the de-
sign example presented in previous section. Fig. 8 illustrates the
electric diagram of the laboratory prototype. As can be seen,
an auxiliary secondary winding in the transformer is used to
generate dc voltage level for the inductor bias winding. The cur-
rent through the bias winding is controlled by using a bipolar
transistor in active region. Thus, the voltage uc applied to the
base resistance can be used to control the inductance and conse-
quently the LED average current. Table II gathers the complete
list of materials.

As illustrated in Fig. 8, the bias circuit is supplied from an
auxiliary winding in the transformer. The auxiliary voltage Vaux
is around 2.3 V. For a maximum bias current of 0.67 A, the total
bias winding losses are 1.53 W approximately. The bias winding
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Fig. 9. Inverter voltage and inductor current at (a) nominal output power and
(b) reduced output power. 50 V/div, 1 A/div, 2 μs/div. (a) Vo = 25.5 V, Io =
2.1 A, Po = 53.6 W and (b) Vo = 24.3 V, Io = 1.36 A, Po = 33 W.

voltage is 1.82 V and collector–emitter voltage in transistor Qb

is 0.46 V.
Fig. 9(a) shows the inverter voltage and the inductor current

at nominal power (53.6 W). As can be seen, the inductor peak
current and phase angle match the theoretical analysis. To illus-
trate the possibility of analog dimming with the VI technique,
Fig. 9(b) shows the operating waveforms at a reduced power
level of 33 W.

Fig. 10 presents a detail of the switching waveforms in the
half-bridge low transistor. Drain-to-source voltage and drain
current are shown. It can be seen how ZVS operation is attained.

Fig. 11 shows the current and voltage waveform in one of
the output rectifier diodes. As can be seen, ZCS operation is
achieved for the output rectifier diodes, thus minimizing turn-
OFF recovery losses.

Fig. 12 shows the dc characteristic of the converter, which
represents the output current through the LED Io as a function
of the control voltage uc applied to the VI bias circuit. As

Fig. 10. Detail of the switching waveforms in the bridge low transistor: gate-
to-source voltage (CH1: 10 V/div), drain current (CH2: 5 A/div), and drain-to-
source voltage (CH3: 50 V/div). Horiz. scale: 1 μs/div.

Fig. 11. Output rectifier diode voltage (bottom) and current (top). 50 V/div,
2 A/div, and 2 μs/div.

Fig. 12. Experimental result. LED current as a function of the control voltage
uc measured from the laboratory prototype. Grid voltage 380 V.
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Fig. 13. Control transfer function output current (io ) to control voltage (uc )
obtained experimentally from the laboratory prototype.

Fig. 14. Implemented PI regulator for closed-loop operation.

commented previously, from this characteristic it is possible
to obtain the dc gain of the converter transfer function ko by
calculating the slope of the curve at a given operating point.
For example, at the nominal point, with output current equal to
2.1 A, ko ≈ 45 mA/V is obtained, which represents a dB gain
of 33 dBmA/V for the transfer function.

Regarding the dynamic behavior, the values of the output filter
capacitor and LED dynamic resistance give a cut-off frequency
of 1.04 kHz, while the cut-off frequency due to the VI bias circuit
is calculated to be around 3 kHz. With this information, and
using (21), it is possible to theoretically determine the dynamic
behavior of the converter, and design an adequate compensator
for closed-loop operation.

The dynamic response of the converter has been verified ex-
perimentally by injecting a sinusoidal wave to the control signal
uc . Fig. 13 shows the Bode diagram of the open-loop control
transfer function obtained experimentally and its comparison
with the theoretical function. As can be seen, a good approxi-
mation is obtained with the proposed model.

Using the dynamic response of the system, a PI compensator
has been designed for the output current regulation. Fig. 14 il-
lustrates the circuit used for closed-loop operation. A 0.2 Ω se-
ries resistance is placed to sense the LED current. The reference

Fig. 15. Closed-loop operation experimental results. LED output current and
compensator output voltage as a function of the dc bus voltage.

Fig. 16. Output current response for a step-up on the closed-loop reference
voltage. Top: closed-loop reference voltage. Bot.: LED output current measured
on a 0.2 Ω resistance. (500 mV/div, 1 A/div, and 200 μs/div).

Fig. 17. Experimental results. Efficiency as a function of the output power for
a dc input voltage of 380 V.



9188 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 12, DECEMBER 2017

Fig. 18. Photograph of one of the 50 W LED modules.

voltage uref ranges from 0 to 10 V to control the current through
the LED lamp. The PI compensator is built using an LM358
operational amplifier. The implemented transfer function is as
follows:

C (s) =
uc (s)
us (s)

= kc
1 + s/2πfz

s
. (25)

The compensator components were designed using conven-
tional techniques to provide a phase margin of 90°. The follow-
ing values were attained: kc = 450 · 103 , fz = 3 kHz.

Fig. 15 shows the output current through the LED in closed-
loop operation for different values of the dc bus voltage. As can
be seen, the LED current is well regulated since it is maintained
almost constant in the range 370–400 V. Fig. 15 also illustrates
the controller action by showing its output voltage. As shown,
as the input voltage increases the controller decreases its output
voltage so that the VI inductance increases and the LED current
is regulated. The shape of the control output voltage curve is in
accordance to the open loop response characteristic shown in
Fig. 12.

Fig. 16 shows the experimental dynamic response of the sys-
tem for a step-up voltage in the closed-loop reference voltage
(uref in Fig. 14). The first-order response of the output current
with a settling time of around 400 μs is in good agreement with
the theoretical design.

Fig. 17 shows the measured efficiency as a function of the
output power. The maximum efficiency is 90.5% for an output
power of 33 W.

Fig. 18 shows a photograph of one of the 50 W LED mod-
ules. Each of these modules is intended to be connected at the
output of the half-bridge inverter and operated independently.
In this way, the proposed LED driver can be used in a modular
fashion, connecting the required number of modules for each
application. The half-bridge inverter is used only to generate the
square wave at the input of each module. The remaining tasks,
driving, dimming, and regulation are carried out by each module
independently.

VII. CONCLUSION

This paper has presented and investigated a converter for
LED driving for dc grid applications. The converter is based
on a half-bridge inverter, a single inductor, a transformer, and
a rectifier. This structure can be replicated to supply several
LED arrays from the same half-bridge inverter. By using a VI
on each branch, it is possible to provide an independent con-
trol parameter for each branch, without requiring any additional
downstream converter. The converter has thoroughly been stud-
ied for both steady-state and dynamic operation. A novelty of
this paper is the dynamic modeling of the VI, which makes it
possible to obtain the dynamic behavior of the complete sys-
tem. Both static and dynamic analyses have been verified ex-
perimentally by using a 50 W laboratory prototype supplied
from a 380–400 V dc grid voltage. The procedure for dynamic
modeling of the VI developed in this paper allows for a better
understanding of its behavior and opens a new field of research
and application of VI-based converters, where the complete
static and dynamic behavior of the system can be taken into
consideration.

Of course, there are many other possibilities for dc grid LED
drivers, especially operating at lower inherently safe voltages.
However, the use of 48 V input is suitable only for low power
applications, such as those in desks, night tables, side tables, and
so on, due to the high currents involved. The presented converter
is intended for high power applications, such as those used in
ceiling lightings.

The proposed converter presents many favorable features,
such as inherent short-circuit and open-circuit protection, which
enables it to easily implement PWM dimming. This is a great
advantage compared with other popular topologies such as the
flyback converter. Besides, the converter operates with ZVS and
constant frequency, making it possible to increase the switching
frequency to decrease size and volume if required. The simple
first-order dynamics is another advantage when compared to
other converters because it makes easier the stabilization of the
system in closed-loop operation.
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Another advantage of the proposed converter resides in its
modularity, so that if the half-bridge inverter is properly de-
signed for high power, which is very easy and low cost goal
to achieve, it can be used to supply a large number of mod-
ules, with a total power in the kW range. Each module could
even be independently dimmed or switched ON/OFF by wireless
communication and dedicated ICs in high-end smart-lighting
applications.
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Abstract- This paper presents a novel variable inductor (VI) 

based LED driver for DC grid lighting applications. The proposed 

driver requires only a series inductor and a transformer as major 

components to drive the LED lamp from a half-bridge inverter. By 

introducing a VI as the series inductor, the LED current can be 

controlled independently from any other parameter, which makes 

it possible to drive and regulate several LED branches from the 

same half-bridge output. Other advantages of the proposed 

converter include inherent open circuit and short circuit 

protections, ZVS for the bridge transistor and ZCS for the output 

rectifier diodes, simple dynamics, possibility of analog and PWM 
dimming, constant switching frequency operation and high 

efficiency. The converter is thoroughly analyzed and modelled for 

both steady-state and dynamic operation. As another novelty of 

this paper, the dynamic response of the VI has been studied and 

taken into account to obtain the complete transfer function of the 

VI-controlled system. In addition, some housekeeping issues that 

usually arise when dealing with VI, e.g. how to drive the VI bias 

winding, are solved in this work. Experimental results provided 

from a 50 W laboratory prototype demonstrate the correctness of 

the performed analysis and the good possibilities of the proposed 

converter. 

Keywords-LED driver, DC grid, single inductor converter, 

variable inductor, variable inductor dynamic response, closed

loop operation. 

I. INTRODUCTION 

With the exponential increase of electronic equipment in 
homes, offices and buildings, dc power distribution is gaining 
more and more attention in the present time. The use of a dc 
grid makes it possible to simplify the power converters used to 
supply equipment such as computers, TVs, cameras, cell phone 
battery chargers, and many others, whose number is rapidly 
increasing, especially under the new Internet of Things (loT) 
trend [1]-[3]. Besides, dc power distribution allows the 
converters to get rid of the ac-dc conversion stage and also of 
the electrolytic capacitors required to cope with the ac-dc power 
unbalance. Therefore, efficiency and reliability are 
simultaneously improved. These advantages are especially 
significant in lighting systems and particularly with today's 
highly-efficient highly-reliable LED-based lighting technology. 
In this context, the search for new LED driver topologies, 
specifically developed for dc applications is a relevant field of 
research. 

This work has been supported by Spain national government and Asturias 
regional government under research grants ENE20 13-4l491-R and GRUPINI4-
076, respectively. 

Most of the works available in the literature agree that the 
future dc grid for homes, offices and building applications will 
be deployed on two voltage levels: (i) a high-voltage level of 
380 V, with a 360-400 V range to allow for system regulation, 
which will be used for high power loads like main lighting, 
heating, air conditioning, washing machines, dishwashers, etc, 
and (ii) a safer low-voltage level of 48 V, to supply low power 
equipment that operate closer to the end user, like cell phone 
battery chargers, side table lights, personal computers and 
tablets, etc. 

In the literature it is possible to find many works dealing 
with ac-dc LED drivers, providing power factor correction 
(PFC), avoiding the use of electrolytic capacitors, improving 
dimming characteristics, etc. [4]-[15]. However, few proposals 
can be found related to dc operated LED drivers aiming for the 
new dc power distribution. Some of the works that can be found 
are intended to be used as second or third stage after PFC and 
conditioning stages [16]-[20]. 

The goal of this work is to propose a novel topology for 
LED driving specifically developed for the future dc grid 
deployment. The topology will be investigated in order to 
obtain its static and dynamic behavior, which can be used not 
only to design the closed loop operation of the converter, but 
also to investigate its interaction within the dc grid. While the 
former is of great importance for the operation of the LED 
driver itself, the latter is essential for the design of the dc bus 
control strategy [3]. 

In Section II the proposed LED driver topology is 
introduced, highlighting its most relevant features and 
characteristics. Section III presents the static analysis of the 
converter, which can be used in the design of the LED driver. 
Section IV deals with the dynamic analysis of the converter, in 
which the most relevant transfer function for closed loop 
operation and dc grid interaction will be derived. Section V 
illustrates a design example for a 50-W 380-V operated LED 
driver, which can be applied in multi-array lamps. Section VI 
presents experimental results from the laboratory prototype. 
Finally, Section VII summarizes the conclusions of the work. 

978-1-4799-8397 -1116/$31.00 © 2016 IEEE 



2016-ILDC-0605 Page 2 of 8 

II. PROPOSED DC-GRID LED DRIVER 

Fig. 1 shows the electric diagram of the proposed LED 
driver for dc grid applications. A half bridge inverter followed 
by a dc blocking capacitor (C B) is used to generate a 
symmetrical square voltage waveform (Vg) with an amplitude 

of VDcl2 and a frequency is, where VDC is the dc grid voltage 
and is is the switching frequency of the half bridge transistors. 
A series inductance L is used to limit the current through the 
LED lamp. The latter is supplied through an isolating 
transformer, a full wave rectifier and a filter capacitor Co, so 
that the current through the lamp is continuous, with a small 
superposed ripple at 2fs. In order to provide output current 

regulation against input and load changes, a variable inductance 
(VI) is proposed to control the power delivered to the load 
[21] [22]. 

One of the advantages of the proposed driver is that it can 
be used to supply several LED lamp arrays with an independent 
regulation of the current through each LED lamp, as illustrated 
in Fig. 2, where VI Li controls the current through LED lam #i. 
As shown in Fig. 2, it is preferred to connect the second 
arrangement on the top side of the half bridge inverter, instead 
of in parallel with the first arrangement. In this way, the current 
supplied from the dc bus will not present a dead time, thus 
requiring a smaller EMI filter. The structure can be replicated 
to accommodate any number of LED arrays. 

The advantages of the proposed LED driver can be 
summarized as follows: 

• Ability to supply multiple LED arrays with independent 
current control to provide current equalization. 

• Ability to include galvanic isolation. However, the 
transformer could be avoided if galvanic isolation is not 
required. 

• Low switching losses owing to zero-voltage-switching 
(ZVS) operation in the half-bridge switches. With proper 
dead time selection the switching losses can be kept to a 
minImum. 

• Zero current switching (ZCS) of the output rectifier 
diodes, thus providing negligible turn-off losses. 

• Constant switching frequency operation provided by 
inductance variation control. This feature allows for an 
easy EMI filter design and minimization. 

• Simple first-order dynamics, allowing for an easy closed 
loop operation and dc grid interaction. 

• Inherent low LED current compensation against LED 
operating junction temperature. 

• Inherent short-circuit protection. In the case of an output 
short-circuit the series inductance limits the half-bridge 
current to a triangular waveform with a maximum peak 
value. 

• Inherent open-circuit protection. In an open-circuit 
situation the current through the series inductor tends to 
zero. 

• Easy implementation of PWM dimming. This is a 
consequence of previous features. Since the output can 
safely be short-circuited or open-circuited, several 
possibilities are available to implement PWM dimming. 

D, � � LED 

Fig. l. Proposed LED driver for application in DC grids. 
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Fig. 2. Proposed driver used to supply two LED arrays. 

III. STATIC ANALYSIS OF THE PROPOSED CONVERTER 

A.- Basic Analysis a/the Converter 

Fig. 3 illustrates the equivalent circuit of the proposed LED 
driver, which can be used to analyze its behavior. The voltage 
source Vg represents the vo Itage generated by the half bridge 

after removing its dc level by capacitor CB• The voltage source 
VI represents the voltage at the primary of the transformer, 
whose amplitude is equal to the dc output voltage Va times the 

transformer turns ratio n. 

Fig. 4 illustrates the main waveforms of the converter. 
Because of the effect of the series inductance, the vo Itage VI 
will lag the input voltage by a phase angle ({J, equivalent to a 
time interval t<p = ({J/ws' where Ws = 2rris is the angular 

switching frequency. Thus, the inductor current will be delayed 
by the same angle ({J, providing ZVS operation of the bridge 
transistors, which is an important feature of the proposed 
converter. 

Vg 

Fig. 3 .  

+ Voc 
2 

Equivalent circuit of the proposed LED driver. 
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Fig. 4. Main operating waveforms of the proposed LED driver. 

Analyzing the circuit shown in Fig. 3 the evolution of the 
inductor current during the two time intervals can be expressed 
as in (1) and (2), where Ts denotes the switching period CTs = 
1Ifs)· 

'C ) 
O.5VDC + nVa 

l t = -Ip + 
L 

t 

'C) O.5VDC - nVa ( ) 
l t = 

L 
t - t<p 

(I) 

(2) 

In steady state operation the following condition must be 
reached: 

iCTs/2) = -iCO). (3) 

By using condition (3) in (1) and (2), the values of the peak 

current Ip and time delay t<p are obtained as given in (4) and (5) 

respectively. 

O.5VDC - nVa t - -----<p - 2VDCfs 

(4) 

(5) 

The average current through the LED lamp 1
0 

can be 
calculated as the average value of the rectified inductor current 
transformed to the secondary side, this is: 

then: 

2 j Ts/2 nI IO = T n'liCt)ldt = --!-, s 0 

nV2 - 4n3v:2 
I - DC 0 o - 16VDcLfs 

(6) 

(7) 

Now, taking into account the following relationship between 
voltage and current in the LED: 

(8) 

where Vy and Ry are the threshold voltage and dynamic 

resistance of the LED array respectively, using (8) in (7) and 
solving for the LED current, the following expression can be 
obtained: 

Vy 2VDCLfs 
Ry n3R� 

1 (4VDCLfs)2 16VyVDcLfs V5c 
+ -2 3R2 + 3R3 + 2R2 n y n y n y 

(9) 

As can be seen, expression (9) is a closed form for the 
average LED current as a function of all the parameters of the 
circuit: input voltage, inductance, switching frequency, 
transformer turn ratio and LED array parameters. By using this 
expression it is possible to design the converter and analyze its 
operation under different conditions. A design example will be 
illustrated later. 

B. - Analysis of Lamp Current Perturbations 

At this point, since the LED lamp threshold voltage has a 
great dependence on the operating junction temperature [23], it 

is interesting to evaluate how the threshold voltage Vy will affect 

the average output current. This can be done by taking a partial 
derivative in (9): 

alo 
ky = at-:: y 

1 (10) 

Ry 

where ky is the per-unit change of the output current against 

LED threshold voltage. Referring to (1) and (2) and Fig. 4 it is 
easy to understand that when the LED voltage increases, the 
positive slope of the inductor current will decrease, while its 
negative slope will increase, thus leading to a lower LED 
average current and lower power, and reversely. Therefore, the 
LED current is inherently compensated against changes in LED 

voltage, which means that small values of ky should be 

expected. 

Similarly, the vanatIOn of the LED current against 
perturbations of the dc voltage can be obtained by taking a 
partial derivative of (7), as fo 1I0ws: 

aI n 4n3V2 (11) 
kv = _0_ = -- + 2 0 , 

avDC 16Lfs 16VDcLfs 
where kv is the per-unit variation of the output current against 
dc input voltage. As per (11), the changes in the input voltage 

VDC have the contrary effect on the LED current compared to 

the LED voltage. This means that the value of kv will be high, 
and changes in LED current should be compensated by closed 
loop operation, which measures the LED current and adjusts the 
inductance value accordingly. 

978-1-4799-8397 -1116/$31.00 © 2016 IEEE 
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c. - A nalys is of Open-Circuit and Short-Circuit Operation 

In an open circuit situation the current injected to the output 
capacitance will be equal to zero in steady state. Considering 

ideal behavior (no losses), the output capacitance Co will be 
charged to a voltage level equal to VDcl2n; the voltage across 

the transformer primary Vi (t) will be a square voltage with an 
amplitude equal to VDcl2 and in phase with vg(t). Thus, no 

current will either circulate through the inductor. The only 
precaution wou Id be to select an output capacitor with a vo Itage 
rating higher than VDC j2n. 

During a short-circuit on the output, the current through the 
series inductor will be inherently limited, and so will be the 

current through the bridge switches. The current through the 
inductor will be a symmetrical triangular waveform, with a peak 

value Ipee that, assuming ideal behavior, can be calculated by 

making null the output voltage in (4), this is: 

VDC 
Ipee = BLfs' 

(12) 

[v. DYNAMIC ANALYSIS OF THE PROPOSED CONVERTER 

A.- Modelling of the Power Stage 

The proposed driver can be modelled by the averaged circuit 
shown in Fig. Sa. The converter is modelled by a current source, 
which injects the averaged rectified current (is) into the RC 
network given by the output capacitor and the equivalent circuit 
of the LED lamp. The ESR resistance of the output capacitor 
has been neglected in this case, because usually film capacitors 
with very low series resistance are employed in LED drivers. 
Thus, the dynamic effect of the capacitor ESR will be beyond 
the frequency range of interest. 

Using a similar methodology as that presented in [24], the 
circuit in Fig. Sa can be perturbed and represented in the 
Laplace domain as shown in Fig. Sb. By analyzing this circuit 
the following relationship can be obtained: 

RyCos io(s) + io(s) = kv Vde(S) + koll(s), ([3) 

where l (s ) and V de ( S ) represent the perturbations in the 
inductance and dc bus voltage respectively, kv is defined as in 
(11) and the factor kol can be calcu lated by the partial derivative 
of (7), as follows: 

([4) 

The corresponding transfer functions can now easily be 
obtained from (13): 

([S) 

(16) 

,--__ -----.-----+=; i,(s) 

+ 
v,(S) Ry 

(a) (b) 
Fig. 5. Equivalent circuits of the proposed LED driver at output terminals: 

(a) averaged time domain, (b) Laplace domain. 

B.- Modelling of the Variable Inductor 

Fig. 6a shows the circuit used to provide the bias level to the 
VI. A current source Ii generates the dc current for the auxiliary 
windings. Ri represents the output resistance of the current 
source, Rb is the series resistance of the auxiliary windings and 

Lb is the total inductance seen from the auxiliary windings in 
series connection. 

In a VI the magnitude that modifies the main winding 
inductance is the dc level of the magnetic flux density 
introduced by the auxiliary winding inside the magnetic 
material, namely Bb. A change in Bb will produce a change in 
the V[ inductance. As it will be shown in the following, the 
auxiliary windings total inductance Lb and resistances Ri and 
Rb introduce a major time constant in the VI response. 
Therefore, it is possible to consider an instant response between 
Bb and V[ inductance, in other words, to neglect the dynamic 
of the magnetic material itself by assuming that it is much faster 
than that due to the auxiliary winding components. Following 
this reasoning, it is easy to analyze the circuit in Fig. 6a to obtain 
the following transfer function between the dc bias current and 
the dc magnetic flux density: 

(17) 

(18) 

where Ab is the effective area of the dc bias magnetic path and 
kl is the dc gain that relates the VI inductance and the dc 
magnetic flux density. As shown later, this gain can be obtained 
by calculating the slope of the characteristic VI inductance 
versus dc magnetic flux density at a given operating point. 

Fig. 6b shows the implementation of the dc bias circuit 
proposed in this work. The bias circuit is supplied with a dc 
voltage Vce obtained from an auxiliary winding in the 
transformer. 

(a) (b) 

Fig. 6. (a) VI bias circuit, (b) implementation using a bipolar transistor and 
a low-voltage source. 
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The voltage level Vcc should be low enough to assure low 
losses, but high enough to allow the bipolar transistor to control 
the bias current ib from the control voltage Uc applied to the 
transistor base circuit. The complete circuit can easily be 
analyzed to obtain the remaining transfer functions necessary to 
model the complete system: 

ib(S) hie 
Gbc(S) = -- = --'---uc(S) Rc + hie 

(19) 

where hie and hie are the bipolar transistor input impedance and 

forward current gain. The output resistance of the bias circuit is 
given by the output admittance of the bipolar transistor hoe as 
follows: 

1 
R. - - (20) 

t 
- hoe 

Finally, by using (15), (17) and (19) it is possible to obtain 
the following global transfer function for the output current io 
versus control voltage Uc: 

io( s) ko (21) 
Goc( s) = uc( s) 

= (1 + sTo)(l +STb) 

(22) 

The most important conclusion that can be extracted from 
this analysis is that there are two main time constants 
influencing the dynamic behavior of the proposed converter: 

• To, which is given by the LED dynamic resistance and the 
output filter capacitance and it is qu ite independent of the 
operating point. 

• Tb, which is given by the output resistance of the auxiliary 
power supply plus the series resistance of the auxiliary 
windings together with the auxiliary windings inductance. 
This inductance changes with the bias level and therefore it 
changes with the converter operating point. 

Therefore, in order to increase the response of a VI 
controlled converter it will be necessary to attain high output 
impedance of the bias circuit, low series resistance of the bias 
windings and low inductance of the bias winding. To decrease 
the inductance of the bias windings it is necessary to use less 
turns, but then higher bias current will be necessary to achieve 
the same dc magnetic flux density, which will decrease 
efficiency. Thus, there is a design trade-off between fast 
dynamic response and bias circuit efficiency. 

Time constants To and Tb can easily be calculated from the 
converter components. The dc gain ko in (21) cannot be 
calculated so easily because it is necessary to know the dc gain 

kz, which as stated previously relates inductance and bias 
magnetic flux density in steady state. However, a good 
possibility is to obtain experimentally the converter dc 
characteristic of output current versus control voltage. Then, 
from it is possible to obtain the global dc gain ko by calculating 
the characteristic slope at the desired operating point. This 
process will be illustrated in the experimental results section. 

V. DESIGN EXAMPLE 

A design example for a BXRA-C4500 LED array from 
Bridgelux [25] will be presented in this section. This LED array 
has a nominal voltage and current of 25.4 V and 2.1 A. From 
the datasheet characteristic, taking into account the 
manufacturing tolerance and the temperature coefficient given 
by the datasheet, the parameters shown in Table I can be 
calculated. The LED array series resistance is assumed to be 
temperature independent. The driver is designed to operate 
from a dc grid of 380 V nominal voltage, with a variable range 
from 360 V to 400 V. The selected switching frequency is 100 
kHz. 

TABLE!. CHARACTERISTICS OF THE BXRA-C4500 LED ARRAY 

Junction Threshold Voltage, V y LED Array Total 

Temperature (V) 
Voltage, Vo (V) 

("C) 

-25°C 25. 53 28.74 

25°C 22.33  25.40 

70°C 19.25 22.46 

Ry = 1.53.0.;10 = 2.1A 

The design starts by calculating the nominal value of the 

series inductance, which can be obtained from (7) as follows: 

nV2 - 4n3V2 
L = DC O. 

16VDclofs 
(23) 

The first step is to select an adequate value of the 
transformer turn ratio, n. According to (5), n will impact the 

current phase angle given by the time interval t<p' as shown in 

Fig. 4. The higher the turn ratio n, the lower the current phase 
angle and the lower rms current through the inductor. However, 

n cannot be made very high. In fact, for n = VDC j2Vo the phase 
angle, the primary current and the output current would be zero, 
as per (4), (5) and (7), and there will be no energy transfer. In 
the present design this limiting value is around 3.8. 

In order to increase efficiency, it is convenient to have a 
moderate rms current through the inductor. Thus, in this 

example a value n = 2 has been selected. Using this value in 
(21), along with the rest of the converter parameters a value of 

L = 210 pH is obtained. The corresponding time delay is t<p = 
1.83 p s , which gives a current phase angle of 65.9°. 

The next step is to evaluate the operating range of the LED 

driver. For this, using (9) it is possible to plot the output current 
as a function of the series inductance, as illustrated in Fig. 7. 
Since the output current increases with increasing values of VDC 
and with decreasing values of Vy, the nominal and limiting 

curves have been plotted in Fig. 7a. The inductance range 

required to maintain nominal current of 2.1 A is 192-226 flH. 

Fig. 7b illustrates the output current as a function of the 
series inductance for the nominal dc grid vo Itage of 3 80 V and 
the different junction temperatures. As can be seen, the LED 

voltage influence on the output current is very small, as 
expected. In any case, closed loop operation is required because 
dc grid voltage changes must be compensated to maintain a 
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given LED current and lighting level. The use of the inductance 
as control parameter makes it possible to control each LED 
array independently. A detailed SPICE modelling of both VI 
and LED driver can be found in [26]. 

VI. EXPERIMENTAL RESULTS 

Fig. 8 illustrates the electric diagram of the laboratory 
prototype. As can be seen, an auxiliary secondary winding in 
the transformer is used to generate dc voltage level for the 
inductor bias winding. The current through the bias winding is 
controlled by using a bipolar transistor in active region. Thus, 
the voltage Uc applied to the base resistance can be used to 
control the inductance and consequently the LED average 
current. Table II gathers the complete list of materials. 

As illustrated in Fig. 8, the bias circuit is supplied from an 
auxiliary winding in the transformer. The auxiliary voltage Vaux 
is around 2.3 V. For a maximum bias current of 0.67 A, the total 
bias winding losses are 1.53 W approximately. The bias 
winding voltage is 1.82 V and collector-emitter voltage in 
transistor Qb is 0.46 V. 

Fig. 9a shows the inverter voltage and the inductor current 
at nominal power (53.6 W). As can be seen, the inductor peak 
current and phase angle match the theoretical analysis. To 
illustrate the possibility of analog dimming with the VI 
technique, Fig. 9b shows the operating waveforms at a reduced 
power level of 33W. 

Fig. 10 presents a detail of the switching waveforms in the 
half-bridge low transistor. Drain-to-source voltage and drain 
current are shown. [t can be seen how ZVS operation is attained. 

Fig. 11 shows the current and voltage waveform in one of 
the output rectifier diodes. As can be seen, ZCS operation is 
achieved for the output rectifier diodes, thus minimizing turn
off recovery losses. 

400 V, 70°C Bus Voltage 

� 380 v, 25°C LED Junction Temp. 

, 
, 
, 

10=2.1 A 
______ _ L _________ _ 

� 1 1--- ---+: o��r
n

a��g 
+, --+----- 1 

� : 192.11H-226.11H : 
:. I .: 0,50'c-------'--"J'oo.,----'-----"J25CC"0 ----..,-l300 

Inductance, L (f.l H) 

(a) 
3.0 r.;:-----------,-----_ ��c__-----_+_I ;;2 1  A --

--------1--------------

a. 1.5 - LED Junction Temp_ -----l="""'."",,�- I 
6 � 1.0 
� 0.51----------+--------j .;: 

0 ,5'::-0-----:::20::0:0-----02:-:050-----::::300 
Inductance, L ( ).l H) 

(b) 
Fig. 7. Output current as a function of series inductance, (a) for the limiting 

values of the dc grid voltage (360-400V) and LED junction 
temperature, (b) for the nominal dc grid voltage (380V) and limiting 
values of the LED junction temperature. 

Fig. 8. Electric diagram of the laboratory prototype. 

TABLE II. LABORATORY PROTOTYPE MATERIALS 

Component Values 

Transistors M " M2 STP28NM50N 

Diodes 0,-02, On DSSK28-0IA,IIDQI0 

Capacitors CB, Co, Cn 2 J.1F/400V. I OJ.1FIl OOV, 220 J.1F/63V 
Bias circuit Qb. Rb 80139,3300 

Nj-15, 66xO.08 mm (litz) 
Transformer N,=8. 66xO.08 mm (litz) 

N,=I. IxO.2 mm 
EFD251l3/9, N87 

Np-66, 66xO.08 mm (litz) 
Variable Inductor Nb/2=65, IxO.2 mm 

Gap 1.6 mm 
ETD29/16/10, N87 

Fig. 12 shows the dc characteristic of the converter, which 
represents the output current through the LED 10 as a function 
of the control voltage Uc applied to the V[ bias circuit. As 
commented previously, from this characteristic it is possible to 
obtain the dc gain of the converter transfer function ko by 
calculating the slope of the curve at a given operating point. For 
example, at the nominal point, with output current equal to 2.1 

A, ko ::::; 45 mAjV is obtained, which represents a dB gain of 
33 dBmAIV for the transfer function. 

Regarding the dynamic behavior, the values of the output 
filter capacitor and LED dynamic resistance give a cut-off 
frequency of 1.04 kHz, while the cut-off frequency due to the 
V[ bias circuit is calculated to be around 3 kHz. With this 
information, and using (21) it is possible to theoretically 
determine the dynamic behavior of the converter, and design an 
adequate compensator for closed-loop operation. 

The dynamic response of the converter has been verified 
experimentally by injecting a sinusoidal wave to the control 
signal uc. Fig. 13 shows the Bode diagram of the open-loop 
control transfer function obtained experimentally and its 
comparison with the theoretical function. As can be seen, a 
good approximation is obtained with the proposed model. 

U sing the dynamic response of the system, a PI compensator 
has been designed for the output current regulation. Fig. 14 

illustrates the circuit used for closed-loop operation. A 0.2 Q 
series resistance is placed to sense the LED current. The P[ 
compensator is built using a LM358 operational amplifier. The 
implemented transfer function is as follows: 

C) 
ucCs) k 

1 + s j2rrfz 
(24) 

C s = usCs) 
= c 

s 
The compensator components were designed using 

conventional techniques to provide a phase margin of 90°. The 
following values were attained: kc = 450· 103,fz = 3 kHz. 

978-1-4799-8397 -1116/$31.00 © 2016 IEEE 



Page 7 of 8 2016-ILDC-0605 

Fig. 15 shows the output current through the LED in closed
loop operation for different values of the DC bus voltage. As 
can be seen, the LED current is well regulated since it is 
maintained almost constant in the range 370V -400V. Fig. 15 
also illustrates the controller action by showing its output 
voltage. As shown, as the input voltage increases the controller 
decreases its output voltage so that the VI inductance increases 
and the LED current is regulated. The shape of the control 
output voltage curve is in accordance to the open loop response 
characteristic shown in Fig. 12. 

Fig. 16 shows the experimental dynamic response of the 
system for a step-up voltage in the closed-loop reference 
voltage (UTe! in Fig. 14). The fIrst-order response of the output 

current with a settling time of around 400 fls is in good 
agreement with the theoretical design. 

Finally, the maximum effIciency of the converter was 90% 
for an output power of 32 W. 

Fig. 9. 

(a) Va = 25.5 V,Ia = 2.1 A,Pa = 53.6 W 
� 

(b) Va = 24.3 V,Ia = 1.36A,Pa = 33 W 
Inverter voltage and inductor current at (a) nominal output power, 
(b) reduced output power. 50 V/div, I A/div, 2 J.ls/div. 

Fig. 10. Detail of the switching waveforms in the bridge low transistor: drain
to-source voltage and drain current. 50 V/div, 1 Aldiv, 1 J.ls/div. 

Fig. 11. Output rectifier diode voltage (bottom) and current (top). 50 V /div, 2 
A/div, 2 J.ls/div. 
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Fig. 12. Experimental result. LED current as a function of the control voltage 
Ue measured from the laboratory prototype. 
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Fig. 14. Implemented PI regulator for closed-loop operation. 
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Fig. 15. Closed-loop operation experimental results. LED output current and 

compensator output voltage as a function of the DC bus voltage. 

Fig. 16. Output current response for a step-up on the closed-loop reference 
voltage. Top: closed-loop reference voltage. Bot.: LED output current 
measured on a 0.2 {2 resistance. (500 mV/div, I A/div, 200 flS/div). 

VII. CONCLUSIONS 

This paper has presented and investigated a novel converter 
for LED driving for DC grid applications. The converter is 
based on a half bridge inverter, a single inductor, a transformer 
and a rectifier. This structure can be replicated to supply several 
LED arrays from the same half-bridge inverter. By using a VI 
on each branch it is possible to provide an independent control 
parameter for each branch, without requiring any additional 
downstream converter. The converter has thoroughly been 
studied for both steady state and dynamic operation. A novelty 
of this paper is the dynamic modelling of the VI, which makes 
it possible to obtain the dynamic behavior of the complete 
system. Both static and dynamic analysis have been verified 
experimentally by using a 50 W laboratory prototype supplied 
from a 380-400 V dc grid voltage. The procedure for dynamic 
modelling of the VI developed in this paper allows for a better 
understanding of its behavior and opens a new field of research 
and application of VI-based converters, where the complete 
static and dynamic behavior of the system can be taken into 
consideration. 
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SUMMARY

This paper presents a model of power light emitting diodes (LEDs) based on electrical variables and
considering the concept of LED ‘equivalent resistance’, which has previously been used in discharge lamp
modelling and is suitable to achieve fast simulations of LED converter systems. The model can be obtained
with only some simple electrical measurements, thus making its implementation quite straightforward. The
proposed model is oriented to the electronic engineering area, and it has special application for the
simulation of the electrical behaviour of LEDs and dc–dc converter systems by using software like
Simulink. In addition, the proposed model can also be employed for the theoretical analysis and design of
LED drivers. Experimental and simulation results are obtained proving the feasibility of the proposed model.
Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Nowadays, power light emitting diodes (LEDs) are a good alternative for many lighting applications,
because they have a high luminous efficiency and a long useful life. Therefore, several dc–dc
converters have recently been proposed to feed power LEDs [1–6]. The simulations of these systems
must be carried out with a reliable LED model so that the complete system behaviour can be
investigated [7–14]. For that reason, an LED model that represents the electrical behaviour of the
power LED with acceptable accuracy and with a simple parameter estimation process will be an
excellent tool for electronic engineers, in order to perform a suitable analysis and simulation of
power LED–dc–dc converter systems.
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LED modelling commonly requires advanced physics knowledge (electronic structure, optical and
thermal properties) to develop a suitable model [7–10]. Also, the parameter estimation in some
complex models is complicated due to the fact that in certain cases it requires complex laboratory
tests [7–11], while some of these tests require sophisticated equipment, as for example an
integrating sphere with an spectrometer [7–9]. Therefore, a simplified electrical model of power
LEDs is proposed in this paper, in order to obtain acceptable simulation results of LED–dc–dc
converter system simulations with a feasible parameter extraction process. The LED parameters are
evaluated by means of straightforward measurements of current and voltage with the help of
conventional instruments like multimeter and oscilloscope, which are available in a conventional
electronic laboratory. Presently, there are some models proposed in the literature [7–18], but they
are difficult to use, because they have several optical and thermal parameters to be extracted like for
example the LED junction temperature.

In this paper, a simplified electrical nonlinear dynamic model to simulate LED–converter systems,
prior to their physical implementation, is proposed. The model is suitable to minimize simulation time
of LED converter systems due to its simplicity. Also, this model property is more useful if the designer
requires to make some complex simulations (e.g. Monte Carlo). The model is obtained with only some
simple electrical measurements. Therefore, the present model is a simple and alternative tool for LED
driver designers. The model was extrapolated from the model of a discharge lamp presented in [19, 20],
where the equivalent resistance and the constant time of the lamp were considered.

The proposed model only considers electrical variables. The optical variables are not considered
here because they are used mainly to achieve a suitable illumination level in rooms. In other words,
optical variables practically do not have any effects in the electric performance of the LED. On the
other hand, the temperature variable is indirectly considered in the power of the LEDs because this
power is affected by the temperature in a similar form than a discharge lamp [19, 20].

This paper is structured as follows: the power LED behaviour and modelling are presented in
Section 2. The evaluation of the LED parameters is presented in Section 3. In Section 4, the
simulation and experimental results are presented, and finally Section 5 furnishes the conclusions of
this work.

2. POWER LIGHT EMITTING DIODE BEHAVIOUR AND MODELLING

2.1. Stationary-state behaviour

Power LEDs present a steady-state voltage–current characteristic, where each point of the curve is
measured when the voltage and the current in the LED have reached steady state, in a similar form
to a conventional diode characteristic. However, the forward voltage of power LEDs is higher than
that of a regular diode used for signal rectification (e.g. 1N4001), as can be observed in Figure 1.

Figure 1. iD vs. vD, under steady-state conditions. [Colour figure can be viewed at wileyonlinelibrary.com]
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The Shockley equation (1) is commonly used to model diode behaviour, and it can also be used to
model the power LED behaviour [7–9].

iD ¼ I s e
qvD
nkTj � 1

� �
(1)

Equation (1) states that the diode current iD is a function of the junction temperature Tj and the LED
voltage vD.

The junction temperature Tj is a function of the LED power pD, as it is presented in equation (2).
Also, LED voltage vD is a function of the LED power pD and the ‘equivalent resistance’ of the LED
RD, which is shown in equation (3). Similarly, the diode current iD can be expressed as function of
the LED power pD and the ‘equivalent resistance’ of the LED, RD, which is shown in equation (4).

Tj ¼ f 2 pDð Þ (2)

vD ¼ f 3 pD;RDð Þ ¼ ffiffiffiffiffiffiffiffiffiffiffi
pDRD

p
(3)

iD ¼ f 4 pDð Þ ¼
ffiffiffiffiffiffi
pD
RD

r
(4)

On the other hand, power LEDs have different values of the ‘equivalent resistance’ RD at different
operating points. This resistance is a function of the LED voltage and current. Therefore, RD is also a
function of pD, which is shown in equation (5). This equation has a typical representation as shown in
Figure 2.

RD ¼ f 4 pDð Þ (5)

Combining equations (1), (2), (3) and (4), an expression for equation (5) could be developed.
However, equation (1) is a transcendental equation (exponential), and because of that, it is
practically impossible to solve these equations for RD as function of PD in a closed form. Therefore,
it is necessary to explore other ideas to solve the problem, which can be based on proposing a
mathematical expression for equation (5). In this paper, the expression given by equation (6),
previously presented in [20], is proposed because the graph of the ‘equivalent resistance’ of the
discharge lamps modelled in that prior work has a similar form to the graph of the power LED
‘equivalent resistance’.

Figure 2. Typical form of the characteristic RD vs. pD of a power LED under steady-state conditions.
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RD ¼ f 4 pDð Þ ¼ B1pD
B2 þ B3 (6)

2.2. Dynamic behaviour

The time constant of LEDs has the same meaning as the time constant of discharge lamps, whose
electric dynamical model was presented in [19, 20]. This time constant is related to the dynamic
behaviour of the power LED, and it shows how fast is the dynamic response of the LED when the
current has time-dependent behaviour. This time constant depends on the speed response of the LED
voltage, and it can be measured from the LED voltage when a step current test is applied to the
LED [19, 20]. It has been observed that power LEDs have a very fast dynamic response, with a
very small time constant (in the order of nano seconds). This behaviour is demonstrated in Figure 3
(a) and (b), where current steps are applied to the LED by using the test circuit shown in Figure 4.
However, the rise time of the current steps applied to the LED is not short enough to observe the
constant time in the LED voltage with a proper precision. Therefore, only an approximation of the
time constant can be measured with this test.

Therefore, the time constant of power LEDs is very difficult to measure with a simple electronic
circuit with common devices (transistors and resistors with poor dynamical properties and with

Figure 3. (a) Current steps applied to one LED of the panel (LMT-P12Y-77-N LED panel from Siled
Company), CH2: 0.875A per division; (b) zoom of the current step test. [Colour figure can be viewed at

wileyonlinelibrary.com]
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considerable parasitic inductance) and using conventional equipment of an electronic laboratory,
because with a small time constant the parasitic elements and the Printed Circuit Board (PCB)
layout will affect the measurements. Thus, taking into account this fact, a fast mosfet transistor with
low on resistance (PSMN1R2-25YL from NXP company) and Surface Mount Device (SMD)
technology has been used to get an approximation of the time constant. For one of the LEDs on the
Panel LMT-P12Y-77-N from Siled Company, an approximated measure of the time constant (17 ns)
of the LED is shown in the Figure 3(b). The time constant was calculated as the time needed to
reach 100% voltage from the point of 100% current.

2.3. Light emitting diode modelling

Based on [19, 20], the ‘equivalent resistance’ of the LED RD can be expressed as function of its power
pD. Therefore, equation (7) is expressed as a function of time, which is shown in equation (8).

RD tð Þ ¼ f pDx tð Þð Þ ¼ B1pDx tð ÞB2 þ B3 (7)

where: pdx is a variable related to the LED power, which can be observed in Figure 5.
The time constant of the LED is modelled by using an RC network, which is shown in Figure 5.

3. EVALUATION OF THE LIGHT EMITTING DIODE PARAMETERS

The schematic diagram of the test circuit used to extract the steady-state LED parameters is shown in
Figure 6.

A test under steady-state conditions was carried out to obtain the parameters needed in equation (8).
The characterization methodology is shown in Table I.

The experimental results for one LED of the panel (LMT-P12Y-77-N from Siled Company) are
shown in Table II and plotted in Figure 7.

At stationary state, equation (7) is transformed into equation (9):

RD ¼ f pDxð Þ ¼ B1pDx
B2 þ B3 (8)

Using a curve fitting method (nonlinear least squares) and the data in Table II, B1, B2 and B3 values
of the equation (8) are obtained as 7.986, �0.9607 and 2.828, respectively. The curve fitting process
was realized with the help of the curve fitting toolbox of MATLAB software. Equation (8) is plotted in
Figure 7(a) along with experimental results. Both curves (theoretical and experimental) match very
well, showing a relative error of only 1.13%. The range of value for the LED power are (0.0123 W,
1.1725 W), and for the LED resistance (9.57 Ω, 544.12 Ω). Figure 7(b) shows the VI curve of the
LED under test, which is obtained by using equation (8). This figure shows how the equation also
reproduces the voltage threshold of the LED, which is achieved by means of the exponential term,
PDx
B2. The minimum current in the VI curve was 1 μA.

Figure 4. Test circuit #. [Colour figure can be viewed at wileyonlinelibrary.com]
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In order to implement the time constant of 17 ns, the following values were employed for the Ri and
Ci components: Ri = 1 Ω and Ci = 17 nF.

Figure 5. Diagrams of the proposed model: (a) block diagram; (b) schematic diagram of the RC network.
[Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. Test circuit #2. [Colour figure can be viewed at wileyonlinelibrary.com]

Table I. LED characterization methodology under steady-state conditions.

a. Operation conditions
a.1. The LED resistance RD and the LED power pD are obtained for different operation points.
a.2. About ≅20 values are taken between maximum and minimum values, which allow for an appropriate
characterization of the LED resistance.

b. Measurement procedure
b.1. Turn on the LED,
b.2. Adjust the LED current to the required level,
b.3. Measure the LED current and voltage.

c. Obtained data and graphs
c.1. LED current iD and LED voltage vD.
c.2. LED resistance vs. LED power: RD vs. pD.
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The proposed model was implemented in Simulink, which is a tool included in Matlab software.
The schematic diagram of the Simulink circuit is shown in Figure 8(a). This diagram was
implemented with the same technique used in references [19, 20], where voltage controlled voltage
sources were used to implement, in electronic simulation software like Simulink, Pspice, Psim, etc.,
an electronic component with a nonlinear behaviour. In this case, a variable resistance expressed by
a nonlinear function. This is the case of discharge lamps and power LEDs proposed in this work.

where:
VD(t)1 and pD(t)1 are voltage controlled voltage sources,
vD(t) and vD(t)2 are voltage sensors,
iD(t) is a current sensor,
pD(t) and iD(t)*RD(t) are multipliers,
Resistance limiter is a limiter or saturation block.
RD(t) is a function block,
Ri is a resistor,
Ci is a capacitor.
The resistance limiter is a saturation block (0.1 to 10 kΩ), and its purpose is to avoid the simulation

of unmodelled operation points with the proposed model.
The source VD(t)1 is used to implement the LED voltage behaviour, and it is used to connect the

model to dc–dc converters. The source pD(t)1 and the multiplier pD(t) are used to generate the LED
power. The sensors iD(t) and vD(t) are used to sense the LED current and voltage, respectively. The
block RD(t) represents the LED resistance, and the multiplier iD(t)*RD(t) is used to generate the
LED voltage, which controls the source vD(t)1. The sensor vD(t)2 is used to measure the variable
pDx(t) presented in equation (8). As previously commented, Ri and Ci components implement the
LED time constant.

4. EXPERIMENTAL AND SIMULATION RESULTS

4.1. Model validation

In order to validate the proposed model, experimental and simulation results were compared. The test
circuit is the same as that previously presented in Figure 4, which is implemented with the following
specifications: nominal LED power pD = 1 W, input voltage Vdc ≅ 8.55 Vdc, LED voltage vD = 3.3

Table II. Experimental data for one LED from the LED panel (LMT-P12Y-77-N from Siled Company) for
different power levels, at steady state and at approximately 27 °C.

Number of samples vD (V) iD (A) pD or pDx (W) RD (Ω)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

3.35
3.31
3.29
3.28
3.22
3.19
3.14
3.1
3.06
3.02
2.97
2.92
2.88
2.86
2.81
2.74
2.69
2.66
2.64
2.59

0.35
0.327
0.313
0.304
0.273
0.248
0.225
0.198
0.178
0.15
0.124
0.103
0.0911
0.0804
0.0578
0.0328
0.0188
0.0124
0.00751
0.00476

1.1725
1.0824
1.0298
0.9971
0.8791
0.7911
0.7065
0.6138
0.5447
0.4530
0.3683
0.3008
0.2624
0.2299
0.1624
0.0899
0.0506
0.0330
0.0198
0.0123

9.57
10.12
10.51
10.79
11.79
12.86
13.96
15.66
17.19
20.13
23.95
28.35
31.61
35.57
48.62
83.54
143.09
214.52
351.53
544.12
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Vdc, LED current iD = 0.350 A, R1 = R2 ≅ 15 Ω, Q = PSMN1R2-25YL, one LED of the LED panel
(LMT-P12Y-77-N from Siled Company).

The experimental data obtained for the LED current are introduced in the model in order to test the
LED voltage behaviour. This process was carried out in Simulink using the model shown in Figure 8
(b).

Figure 9 shows a dynamic test based on pulses applied to transistor Q of Figure 4. As can be seen in
the figure, the model reproduces appropriately the real behaviour of the LED voltage. Also,
oscilloscope waveforms are the same as that previously presented in Figure 3.

4.2. Simulation example with a dc–dc converter

In order to verify the correct operation of the proposed LED model working with a dc–dc converter, a
laboratory prototype of Buck converter without output capacitor was built so that experimental results
and model simulation results can be compared. A Buck converter without output capacitor was
selected because it can be used to apply a large current ripple to the LED panel with the purpose of
testing the complete range of operation. Also, this test is useful to evaluate the accuracy of the

Figure 7. Curves of the LED: (a) RD vs. pD, experimental results vs. modelling results under steady-state
conditions; (b) VI curve; (c) zoom in of the curve VI. [Colour figure can be viewed at wileyonlinelibrary.

com]
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Figure 8. (a) Proposed model implemented in Simulink; (b) test circuit for the model validation implemented
in Simulink.

Figure 9. Simulation results vs. experimental results under dynamic operation conditions. [Colour figure can
be viewed at wileyonlinelibrary.com]
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Figure 10. Buck converter without output capacitor. [Colour figure can be viewed at wileyonlinelibrary.
com]

Figure 11. Results of the buck converter: (a) Simulink diagram; (b) simulation and experimental results; (c)
oscilloscope waveforms. [Colour figure can be viewed at wileyonlinelibrary.com]

R. OSORIO ET AL.

Copyright © 2017 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2017
DOI: 10.1002/cta

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


model when is used to simulate several LEDs connected in series. In this case, two panel LMT-P12Y-
77-N from Siled Company with 12 LEDs in series (in total 24 LEDs were used) was connected to the
Buck converter. A comparison between experimental and simulation results was carried out.

The schematic diagram of the Buck converter is shown in Figure 10, which has the following
specifications: nominal power of the panel pD24 = 24 W, input voltage Vdc = 154 Vdc, panel voltage
vD24 = 79.2 Vdc, panel current iD9 = 0.350 A, L = 7.126 mH, f = 20 kHz, LED panel LMT-P12Y-77-
N from Siled Company. The circuit was also simulated in Simulink, as illustrated in Figure 11(a).
Each LED of the panel was simulated using the model shown in Figure 8.

Figure 11(b) shows the experimental and simulation results of the LED–Buck converter system. As
can be seen, the obtained results are very satisfactory, because the plots have similar waveforms. Also,
this test proves that the model can be connected in series to simulate the behaviour of an LED panel
composed with several power LEDs. The mean square error was 2.82 V (3.76%), which can be
attributed to the tolerances among the different LEDs that made up the string. Also, oscilloscope
waveforms are shown in Figure 11(c).

The models presented in [7–15] have parameters that are difficult to measure, as the junction
temperature for instance, because this variable needs to be measured inside the LEDs, which is
difficult to access. The model presented in [16, 17] also incorporates optic concepts that are not
essentials to simulate the electric behaviour of the LEDs. In [18], a review of LED models is
presented; some of them are good alternatives to simulate the electrical behaviour of LEDs. There
are linear models with a simple extraction parameter process and nonlinear model with a more
complex parameter extraction process. The proposed model is a simplified nonlinear model with a
simple parameter extraction process based on a different concept, which is the ‘equivalent
resistance’ of the LED. This makes it a good alternative to perform LED simulations of its electrical
behaviour.

The equipment used in the test were power supply model DLM300-2 (Sorensen), one bench supply
GPS-3303 (GW Instek), one oscilloscope TDS2002B (Tektronix), one voltage differential probe
N2791A (Keysight Technologies) and one current probe TCP2020 (Tektronix).

5. CONCLUSIONS

In this paper, a simplified electrical model for power LEDs has been proposed where the concept of
‘LED equivalent resistance’ is used. This model is based on electrical variables like the voltage,
current, resistance and power in the LEDs. The time constant of the LEDs is also considered in the
model, which is related to the dynamical behaviour of the LEDs. This modelling method was
satisfactorily used in the modelling of discharge lamps, and it was extrapolated to the modelling of
the power LEDs. The model can be implemented in simulation programs like Simulink and PSIM.
The parameters of the proposed model are obtained from experimental measurements of current and
voltage in the LED. The model was implemented in ‘Simulink’ and ‘PSIM’. The simulation and
experimental results were compared, and the obtained results were satisfactory. The proposed model
is recommended to simulate lighting systems based on power LEDs and dc–dc converters. A future
work about this kind of model for power LEDs contemplates a more complex LED model version
with the incorporation of temperature effects for application where the operating temperature is a
critical parameter, for example to perform a proper selection of the LED heatsink. Also, it is
necessary to find other methods to obtain a better measurement of the time constant of the LEDs,
which will be investigated and presented in the future.
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NOMENCLATURE

B1, B2 and
B3

are constants.

iD(t) is the LED current, Ampere (A).
iD is the steady-state value of iD(t), Ampere (A).
pD(t) is the LED power, Watt (W).
pD is the steady-state value of pD(t), Watt (W).
R1 and R2 are constant resistances, Ohm (Ω).
RD(t) = vD
(t)/iD(t)

is the ‘equivalent resistance’ of the LED, Ohm (Ω).

RD is the steady-state value of the ‘equivalent resistance’ of the LED, Ohm (Ω).
vD(t) is the LED voltage, Volt (V).
vD is the steady-state value of vD(t), Volt (V).
Tj(t) is the junction temperature of the LED, Kelvin (K).
Tj is the steady-state value of Tj(t), Kelvin (K).
IS is the reverse bias saturation current, Ampere (A).
k is the Boltzmann constant.
q is the magnitude of charge of an electron, Coulomb (C).
Tj is the absolute temperature of the p-n junction, Kelvin (K).
n is the emission coefficient.
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                  Design calculation:

 Input parameters:

fs 100 10
3:=

Switching frequency (Hz):

Lr 18.52 10
6-:=

Maximum inductance (H):

μ0 4 π 10
7-:=

Permeability of the free space (Wb/A):

μr 2200:=
Permeability of the material:

ρCu 1.72 10

8-

:=
Copper resistivity (Ohm.m):

Irms 1.55:=
RMS inductor current (A):

Winding length (m): Gw 16.4 10
3-:=

Imax 3.3:=
Maximum current (A):

Magnetic flux density (T): Bac 0.095:=

DC winding current (A): Idc 0.5:=

Variable inductor magnetic design calculation

1



 EFD25/13/9 N87 TDK EPCOS Core parameters:

 Effective area (m): Ae 58.61 10
6-:=

 Effective length (m): le 57 10
3-:=

 Bobbin window area (m): Awb 40.7 10
6-:=

 Core window area (m): Awc 69.86 10
6-:=

 Effective volume (m): Ve 3310 10
9-:=

 Average length per turn (m): lN 50 10
3-:=

 External path length (m): lext 100 10
3-:=

 AC main winding calculation:

Number of turns: Nac

Lr Imax

Bac Ae
:= Nac 10.9764=

Air gap length (m): lg μ0 Ae
Nac

2

Lr

le

μ0 μr Ae
-









:= lg 4.5323 10
4-=

Variable inductor magnetic design calculation

2



Fringing flux factor: Ff 1
lg

Ae
ln

2 Gw

lg









+








:= Ff 1.2535=

lg1 0.57 10
3-:=

Air gap available (m):

Recalculating fringing flux factor:

New winding length for 11 turns (m): Gw1 9.57 10
3-:=

Fringing flux factor: Ff1 1

lg1

Ae
ln

2 Gw1

lg1









+








:= Ff1 1.2616=

Recalculating inductance Lr:

New Inductance (H): 
Lr1

μ0 Nac
2 Ae Ff1( )

lg1
le

μr
+

1.8787 10
5-=:=

Recalculating magnetic flux density:

New magnetic flux density (T): Bac1

Nac μ0 Ff1( )
le

μr
lg1+

Imax 0.0964=:=

Variable inductor magnetic design calculation

3



AC winding wire maximum diameter: 

Skin depth: δsk

ρCu

π fs μ0
:= δsk 2.0873 10

4-=

Dmax 2 δsk:= Dmax 4.1746 10
4-=

 Maximum wire diameter (m):

Selected wire diameter (m): Dac 0.08 10
3-:=

 Number of wires: Nwac

4 0.3 Awb

Nac π Dac
2

:= Nwac 221.3024=

Nws 66:=
Number of wires selected:

 DC auxiliary windings calculation:

Bdc Bac1 4.5 0.4337=:=
Magnetic flux density (T):

Variable inductor magnetic design calculation

4



Number of turns: Ndc

Bdc lext

0.5 μr μ0 Idc
62.7442=:=

Selected wire diameter (m): Ddc 0.35 10
3-:=

 Number of wires: Nwdc

4 0.3 Awb

Ndc π Ddc
2

:= Nwdc 2.0226=

Nws1 1:=
Number of wires selected:

Total window utilization factor:

Awtotal Nwac Nac
π Dac

2( )
4

 Nwdc Ndc
π Ddc

2( )
4

+ 2.442 10
5-=:=

Awavg

Awc Awb+( )
2

5.528 10
5-=:=

Ku

Awtotal

Awavg
0.4418=:=

Variable inductor magnetic design calculation

5


	Thesis 2018-07-16
	Attachments
	Analysis and design of a unidirectional resonant switched capacitor step-up converter for OLED lamp driving based on variable inductor - JESTPE
	Analysis and design of a unidirectional resonant switched capacitor step-up converter for OLED lamp driving based on variable inductor - IAS
	A review on switched capacitor converters with high power density for OLED lamp driving
	A Systematic Approach to Modelling Complex Magnetic Devices using SPICE
	Modeling Magnetics Devices Using Spice. Application to Variable Inductors
	Analysis and Experiments on a Single-Inductor Half-Bridge
	Analysis and Design of a Novel Variable-Inductor-Based LED Driver
	Osorio_et_al-2017-International_Journal_of_Circuit_Theory_and_Applications
	Diseño Bobina - EFD25 - Thesis
	Sin título


	Página en blanco


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.500 x 11.000 inches / 215.9 x 279.4 mm
     Shift: move down by 9.00 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20150619150348
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Down
     9.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     8
     7
     8
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 3.60 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     3.6000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     8
     0
     1
      

   1
  

 HistoryList_V1
 qi2base




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




