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Abstract: In this work, a new closed-loop control system is applied to a class-E resonant DC-DC
converter with voltage clamp used for light-emitting diode (LED) supply. The proposed power
topology was first described by Ribas et al. in a recent work. In the present paper, the LED current is
sensed and used to implement a feedback control loop instead of the simplified feedforward scheme
used in this previous reference. To design the control, a novel, simplified small-signal model is
presented. This model is used to analyze the converter behavior as a function of the output power.
The proposed approximation is significantly simpler than the multifrequency averaging technique
normally used to analyze resonant converters. The feedback control loop is designed to reduce
the LED low frequency current ripple while providing dimming control. Both the model and the
control are verified by simulation and laboratory experimentation and the results obtained are in
good accordance with the expected values.

Keywords: light-emitting diode (LED) driver; high efficiency LEDs; resonant DC-DC
converter; Class-E inverter; single-switch topology; voltage clamp; small-signal dynamic model;
closed-loop control

1. Introduction

This work is a continuation of the one published in Reference [1].

The use of systems that automatically adapt the lighting level to the actual illumination conditions
allows for significant energy savings [2,3]. In this type of system, occupancy- and light-level sensors
can be used to automatically deactivate artificial lighting where it is not needed or maintain the desired
level of light by adjusting the electricity consumption based on the available natural light. In this
context, light-emitting diode (LED) lamps are especially suitable due to their instantaneous turn-on,
reduced in-rush current, ease of level regulation and the fact that their useful life is not affected by the
number of on—off cycles or frequent operation at low power levels [4,5]. These features, combined with
the possibility of using cost-effective embedded control systems inside every luminaire, allows LED
lamps to be controlled using a dimming protocol as part of a networked lighting system. Embedded
software on microcontrollers further enables adding a first layer of intelligence to LED lighting systems.
In these lighting systems, complex control strategies can be used to maximize user comfort while
minimizing power consumption [6-8].

There are two basic techniques to control the light produced by a LED lamp: constant current
reduction (CCR) and pulse-width-modulation (PWM). In CCR dimming, the LED current is adjusted
between nominal and a minimum value using a constant current. The main drawback of this technique
is due to the dependence of the correlated-color-temperature (CCT) with the driving current that most
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white LEDs have [9,10]. Therefore, CCR dimming should be avoided in applications where color
consistency is critical. PWM dimming is based on alternating between nominal and zero current at a
frequency above 1.25 kHz. In this technique, the output power is controlled by changing the ratio
between the on time and the period. The CCT shift that occurs with CCR dimming is avoided with
this control strategy. The 1.25 kHz limit is set by the standard IEEE PAR1789 [11] to mitigate the
adverse effects that the 100% light ripple provided by the PWM control has over the final user. In fact,
using a PWM frequency above 3 kHz is recommended. In any case, this technique must be avoided in
environments with fast moving objects, as it might produce annoying visual artifacts [12].

In this work, a CCR dimming technique is proposed to control the LED current using the resonant
series-regulator introduced in [1]. This topology is especially suited to work as a post-regulator in
a two-stage LED drive supplied from the alternating current (AC) mains. Two-stage topologies are
the preferred solution of most ballast manufacturers in order to comply with the harmonic standard
regulations, provide dimming control and minimize light output flicker [13-16]. The first stage provides
power-factor correction and the second stage works as a direct current (DC)-DC post-regulator for
LED current control. In Reference [1], authors introduced a novel resonant converter derived from a
Class-E inverter. In this prior work, authors described the circuit operation, provided a simplified
procedure for circuit design and used the results to build and test an experimental prototype with
dimming control. However, the proposed control was based on a feedforward scheme and no actual
current feedback was implemented. However, this kind of control may lead to important variations
in the operating point due to tolerances and deviations in component values caused by temperature
effects, aging, etc. In present work, a new closed-loop control scheme for the topology proposed in
Reference [1] will be presented (see Figure 1). To do so, the LED current will be measured indirectly
from the source current (i) using a low-cost nonisolated sensing circuit. This current will then be used
to implement a feedback loop and automatically adjust the frequency according to the desired LED
current reference. Similar closed loop strategies for CCR dimming are described in prior literature for
other circuit configurations [17-19]. However, as this is a totally different power topology, both the
modeling and the practical implementation of the current sensing circuit are original contributions of
this work.
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Figure 1. Schematic of the proposed circuit.

A brief revision of the static characteristics obtained in [1] is the first step towards the analysis
of the circuit. These characteristics were intended for the converter design at nominal operating
conditions. In this work, this study will be modified and oriented to determine how the operating
point changes depending on the dimming level. This analysis is required to determine how the
stresses are modified and also to check if the soft-switching condition is maintained across the desired
dimming range.

In Reference [1], a sensitivity analysis was carried out to determine the gain of the feedforward
control required to compensate for deviations in both the bus and LED voltages. It was demonstrated
that both effects could be approximately compensated using a single voltage measurement. In present
work, this sensitivity analysis will be used as the starting point to obtain an approximated small signal
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dynamic model whose parameters change according to the dimming level. This simplified model will
be used to calculate the transfer function of the controller required to meet the low-frequency ripple
requirements of the IEEE PAR1789 [11] and ensure stable operation across the entire dimming range.

The most commonly used technique to analyze the dynamic behavior of a resonant converter is
the Multifrequency Averaging (MFA) technique [20-22]. This method is used when the high frequency
current ripple in the converter inductors or the voltage ripple in the capacitors are too high to be
neglected as they are in the traditional averaging procedure [23]. MFA is based on applying the Fourier
transform on the converter’s signals inside a sliding window whose length is equal to the switching
period. This analysis allows obtaining the dynamic evolution of the DC and some selected harmonics.
Normally, for resonant converters, the MFA analysis is applied only to the DC and fundamental
components and higher order harmonics are neglected. Typically, the nonlinear elements of the circuit
are analyzed using the describing function [21]. This procedure provides a fairly complicated model
where in most cases, obtaining the converter transfer function cannot be made in a straightforward way.

In the proposed circuit, the filter inductor L is used to provide a constant LED current with a
negligible ripple. Therefore, the dynamics associated with this inductor will be much slower compared
with the components of the resonant tank (L, Cr and Cp). The approximation that will be used in
this work consists in considering that solely L determines the dynamics of the LED current and all
other dynamic effects can be considered instantaneous in comparison. This approximation leads to a
first-order model that is extremely simple to use.

The remainder of the paper will be organized as follows. In the first section, the basic circuit
behavior will be briefly explained. In the third section, the static analysis of the circuit will be revised
paying special attention to how the circuit behaves when the power level is reduced below its nominal
value. The basic design equations and charts will also be revised and summarized in this section.
A more detailed explanation can be found in Reference [1]. The fourth section of the paper will be
dedicated to revise the small-signal static analysis and to introduce a novel simplified dynamic model of
proposed converter. This model will be used in Section 5 to design a proportional-integral (PI) controller.
The design methodology will be summarized in this section. The simulation and experimental results
will be presented in Sections 6 and 7 respectively. In the final section, the conclusions of this work will
be presented.

2. Simplified Analysis of the Circuit Operation

Figure 2 shows the basic waveforms of the proposed circuit. To simplify the analysis, the resonant
current ires will be approximated as a pure sinusoidal waveform and the high-frequency current ripple
across the load will be neglected.

When the transistor is switched off (marked as tgy-off in Figure 2), the current if pp—ires is positive
and capacitor Cp starts charging. When its voltage reaches the bus voltage Vg, the clamping diode
D¢ turns on and the mosfet voltage is kept constant. When the current ij pp—ires becomes negative,
capacitor Cp is discharged until it reaches zero volts. At this point, the mosfet intrinsic diode starts
conducting as it can be seen in the lower trace. The transistor must be switched on during this interval
in order to obtain zero-voltage-switching (ZVS).

As it can be easily deduced from the circuit shown in Figure 1, when the clamping diode Cp
is in the off-state, the current through the input source i is equal to the LED current. This allows
sensing the load current using a simple resistor referred to ground placed in series with the input
source. Adding a peak detector after this current sensor provides a cost-effective way to measure the
load current even though it is not referred to ground.
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Figure 2. Circuit waveforms.

3. Static Analysis and Basic Design Equations

The design equations for the proposed circuit where explained in detail in [1]. The proposed
procedure was based on selecting a suitable operating point at nominal power and then modifying the
switching frequency in order to control the output power. In present work, this analysis will be revised
and reoriented to determine how the operating point is modified when working at reduced power
levels. As a first step, a brief review of the static behavior of the circuit will be made.

Considering the description made in the previous section, the circuit operation can be divided in
four steps: charging of Cp, voltage clamped by D¢, discharge of Cp and voltage clamped at zero by the
mosfet (or its intrinsic body diode Dyjog). Figure 3 shows these four steps and defines the angles where
changes in the operating mode take place. According to this evolution, voltage Cp can be described by
the following four interval equation:

£, . .
CL[) fa/w(lLED —I,es(peak)‘sm(a)'tu))-dta if 2 < t< g
Vg if &<t
UCP(t) = 1 ot . . . asin(q) y 7 )
Ve + G J:;sin(q)/w(lLED - Ires(peak)' sm(a)-tb))-dtb if o <t< =
0 otherwise

where w is the angular frequency and Iyes pear) is the peak value of the resonant current and parameter q

is defined as: )
1
res(peak)
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Figure 3. Detailed circuit waveforms and angle definitions.

Normalizing expression (1) it can be transformed into:

ff(l —q7! sin(@u))-deu if a<6O<p
M ' 0 < asi
Mcp(0) = Is N if B < a.szn(q) ’ )
Mg + fasm(q)(l —q sm(@b))-deb if asin(g)<O<vy
0 otherwise
using the following definition:
Lyes (peak
Ucp(t) = rg(fz ) Mcp(w-t). (4)
Besides, the normalized expression of the bus voltage Mp can be calculated by means of:
p L.
Mp— f (1 -q° sm(Ga))-dGa. ®)
a

There are three equations that define the basic operating restrictions that apply to the proposed
circuit. To define these equations the following additional parameter will also be used:

k= B ®)

ViED

The first equation comes from considering zero energy balance in capacitor Cp (A+ area equal to
A-in Figure 3):

cos(y) — 1 —¢? _

0. 7
. @)

1 .
Fl1(g,a,B,y) =B—a+ a(cos(ﬁ) —cos(a)) +y —asin(q) +
An additional equation can be obtained considering that the input and output powers are equal:
K sin(9) 1
F2(q,B,%x) = > 2 —asin(q) + B+ fﬂ asin(Q)-dG -1=0, ®)
p

As the resonant tank formed by Lgr-Cr cannot handle active power, a third equation is obtained:

F3(q,a,B,7) = f_ Mcp(6,q,a,B,7)-sin(6)-d6 = 0. )
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These three equations allow obtaining the angles «, , ¥ and yuy as a function of parameters g
and «. Figure 4 shows these angles as a function of g for three different x values: 1.2, 1.6 and 2.
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Figure 4. Variation of the angles «, 8, asin(g), y and ymax in degrees as a function of g for different k
values: (a) k equal to 1.2; (b) k equal to 1.6; (c) k equal to 2.0.

For x equal 2, angles y and ;¢ are equal and the circuit operates at the limit of ZVS. Figure 5
shows the converter waveforms in this particular case. To fulfill Equations (7)-(9), the only possibility
is that the charging and discharging intervals of Cp have to be centered with respect to the minimum
and maximum values of i;,s current respectively. In this case, angles y and 4y are equal. Therefore,
higher values of x cannot be used in this circuit without severely reducing the efficiency.
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Figure 5. Theoretical waveforms for x equal to 2.

To calculate the Cp value in [1], expression (1) was integrated between a and f providing the
following equation:
ViEp®

o w-Cp = %(‘B —a+q Ycos(B) - cos(a))), (10)

Besides, the fundamental component of the ucp signal must be equal to the equivalent impedance
of the resonant tank Z,,; multiplied by the resonant current I e:

Vg 1 (7"
]WBB ; f MCP(Gf q,a,p, )/)-COS(Q) 0 = ZVES'Ires(peak) : (11)
=T
Combined with (5) and (6), expression (11) can be transformed in:

6I'K'%fl]\/fcp(@,LLOé,ﬁ,y)-cos(@)-al@
[/~ g sin(6,))d6,

1
= |lwLp - ——
’w R w-Cr

P
.LDZ' (12)
ViED

Expressions (10) and (12) where used in [1] to calculate the values of the converter components
(Cp, Cr and Lg), but they can also be combined with (7) to (9) to calculate how the LED power Prrp
and the switching frequency w are modified as a function of g and x once the component values are
known. Using the design parameters summarized on Table 1, the theoretical representation of irgp,
Prep and iyes(pear) as a function of the operating frequency where obtained. These relations are shown
in Figure 6. The highlighted spot inside these graphics correspond to the nominal operating point. If
the LED voltage and the bus voltage are kept constant, values will change following the traces with a
constant k.

As it can be seen, these three parameters present a strong dependence on the frequency thus
providing a wide dimming range with a limited excursion of the control frequency. This is an interesting
feature because it reduces the size of the electromagnetic interference (EMI) filter that will be required
in a practical implementation [24].

To fully charge and discharge capacitor Cp the resonant current must be sufficiently high. However,
at lower power levels, if the resonant current is high compared to the LED current (low g values), the
losses in the resonant inductor will have a strong impact on the converter efficiency. Figure 6.c shows
how the resonant current changes with the switching frequency. For a fixed load and bus voltages
(x equal to 1.6), the peak resonant current goes from 1.25 A at nominal power to 0.67 at 6W. This
reduction in the resonant current at low LED currents contribute to maintain a good efficiency when
the circuit works below its nominal operating power.

Special care has to be taken with the LED voltage reduction that takes place when working at low
power levels. If the LED voltage is reduced or the bus voltage increases, the « value will be higher
thus increasing the risk of reaching the 2.0 limit and losing the ZVS condition. Fortunately, the voltage
ripple of the power-factor-correction stage will be smaller at low power thus mitigating this effect.
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Table 1. Design example specifications.

8 of 22

Basic Circuit Specifications

Nominal input voltage Input voltage excursion

Nominal frequency

128V +15V (peak) 200 kHz
Nominal output current Output voltage Nominal output power
05A 80+5V 40W
LED Lamp Characteristics
Model Manufacturer Nominal current Number of LEDs
Oslon SSL80 Osram 0.8 A 24
Parameters Chosen by Design
q K
0.4 1.6
Circuit Parameters
Cp Cr Mosfet
3.7 nF 6.8 nF IRF640
LR L F Diode
141 uH ETD29 3F3 2 mH ETD29 3F3 MUR120

Other Circuit Components Used in The Laboratory Prototype

Microcontroller
ARM STM32F407

Mosfet driver
NCP87074A

2.5
irss( psuk)(A)

80
Pn(W)

60F

40 L5

20}
1.5
— H 1.6

153 Lo~ L7 1) . i :
0 H L
180k 200k 220k 240k 260k 180k 200k Frézo(kHz) 240k 260k

Freq (Hz) q

(a) (b)

2 T
1ep(A)

1.5

0.5

0 { L e el Y
180k 200k 220k 240k 260k
Freq (Hz)

(c)

Figure 6. Theoretical evolution against changes in the operating frequency: (a) output power;

(b) light-emitting diode (LED) current; (c) resonant current (peak value).
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4. Simplified Small-Signal Dynamic Model

The linearization of the static model Equations (7)—(10) and (12) has been previously described by
the authors in [1]. The small-signal static model can be expressed as:

ILED
ILEDO

%
= Hyg(wo, 90, a0, o, Y0, %0) 75 + HvLeD (w0, 90, a0, o, Yo, Ko)-

VLED @
VLEDO + Ha) (a)O/ do, &0, ﬁOI Yo, KO) (lTO

(13)

This expression relates the quasi-static small-signal variations of the LED current i1 pp with the
small signal perturbations in the bus voltage V3, the LED voltage Vi rp and the switching frequency &.
The terms Hyp, Hyr ep and H,, on previous expression can be calculated as functions of the steady
state values of parameters: w, g, @, , ¥ and k. Sub-index ‘0’ will be used to identify steady state values.

To simplify the notation the following definitions will be used:

Hypo = Hyg(wo, 90, @0, Bo, V0, %0), (14)
Hyrepo = Hyrep(wo, 90, @0, Bo, Yo, ko), (15)
Huo = Hu(wo, 90, @0, Po, Y0, K0)- (16)

As it was made in the previous section, the small signal characteristic given by (13) can be
calculated for a specific design as a function of w and « values. Using the parameters shown in Table 1,
the sensitivity of the current i ;p against changes in the bus voltage V3, the LED voltage V;rp and the
frequency @ where calculated and the results obtained are shown in Figure 7. As it can be observed,
the irrp sensitivity against changes in Vg and Viep signals increase significantly at higher frequencies
(lower power levels). One of the consequences of this behavior is that, if a feedforward control is used
to compensate for variations on the LED or the bus voltages, the gain of the controller must be changed
depending on the dimming level.

As it was previously discussed, using the MFA technique with the proposed topology will lead
to a fairly complex model. The approach that will be used in this work is based on the assumption
that the dominant effect in the converter dynamics is given by the large value of inductor Lg. The
purpose of this inductor is to obtain a small high-frequency current ripple across the LED thus the
changes in the resonant components Cp, Cr and Lr will be significantly faster compared to those in
the output current.

At the beginning of this section, the small-signal static expression of the LED current as a function
of the bus and LED voltages and the switching frequency was obtained. Considering solely the
variations on the LED voltage, Equation (13) can be written as:

5 V1EDO -
— = ViED. 17
Irepo-HviEDO LED 17)

Therefore, the small signal behavior of the LED current against small and quasi-static changes in

the LED voltage can be defined by the following equivalent resistance:

ViEDO
Ry=——""--++"—. 18
“ Irepo-HviLEDO (18)



Electronics 2019, 8, 1380 10 of 22

. 20 . 0 r T .
Ligp Vi 1.7 L' Vien
i\fn'Ir EDO {}LED-ILLUU
15r 1.87 -5
10F —10}
5F —15}
1.5
0 . . . 20 . . .
180k 200k 220k 240k 260k 180k 200k 220k 240k 260k
Freq (Hz) Freq (Hz)
(a) (b)
s . : .
lLtD.mO
a)l [LLDU
71 0 L
—15
720 5
25 L L N
180k 200k 220k 240k 260k
Freq (Hz)
(c)

Figure 7. Sensitivity of LED current against changes in three different parameters as a function of the
operating frequency: (a) Bus voltage; (b) LED voltage; (c) Frequency.

For a given operating point, this resistance can be calculated directly from Figure 7a. Therefore,
if the dynamic of the circuit is determined by the filter inductance Lf, and any other effect can be
considered instantaneous, the circuit shown in Figure 8 can be used to calculate the dynamic evolution
of the LED current against changes in the LED voltage:

il,l:l)d(t)

eq

Figure 8. Small signal dynamic behavior approach.

Where V; gp,(t) and i ppgy(t) are the dynamic variations of the LED voltage and current respectively.
This simplified equivalent predicts a first-order behavior in the circuit dynamics. The effect of the bus
voltage and the frequency can also be included in the previous model with the same approach. Firstly,
the quasi-static model given by Equation (13) will be rewritten using the definition (18) as:

V ‘H N V -H,
LEDO'TVBO o\ VIEDOHw o (19)

—Regitep = Viep + B
1 Hy1Epo-VBo Hy1epo-wo

If the dynamic effect of the inductor Lr is included in this quasi-static model using the same
approach as before the circuit in Figure 9 is obtained:
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"~
7VLth(t)
3 () Vieno Hygo
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- (t)- Vieno Hao
7 @0 Hypgpp

Figure 9. Small signal dynamic equivalent circuit.

This approach provides a single pole transfer function in the form:

5 -1 1 —1 VigpoHypo 1 =1 VigpoHeo 1
1 §) = —— “VIED + 5 . Vp+ —- . ‘@, 20
LEDd( ) qu 1+ _(/.fp LED qu HVLEDO'VBO 1+ —(jp B qu HVLEDO'CUO 1+ _(Usp ( )
where wp is the system pole frequency:
Reg
=1 21
wp = T (21)

Expression (21) can be calculated as a function of the frequency and « values for a given design.
Using the circuit parameters summarized in Table 1 the results shown in Figure 10 were obtained. As
it can be seen, the system becomes faster at lower power levels.

8k - - -
,
6k ‘ -
" o
4kt .
1.6
21K J
1.5
0 1 ) .
180k 200k 220k 240k 260k
Freq (Hz)

Figure 10. System pole frequency as a function of the operating frequency.
5. Feedback Loop Design

The feedback loop has to comply with two different goals: compensate the variations of the LED
voltage and mitigate the strong effect that the bus voltage ripple has in the low-frequency LED light
flicker. This last goal is required in order to comply with the IEEE PAR1789 recommendations. As in
many resonant converters, the only parameter that can be used in this topology to control the load
current is the switching frequency.

Considering that the dynamic behavior of the system corresponds to a single-pole transfer function,
a simple PI regulator will be used for the control. Using Equation (20), the block diagram shown in
Figure 11 is obtained.
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Figure 11. Small signal control loop.

Another aspect that must be considered is that the bus voltage ripple supplied by the PFC stage
depends on the output power. For this analysis, the input stage will be assumed to work as an ideal
resistance emulator with a constant power load (see Figure 12). Considering that the difference between
the instantaneous input power Py and the constant output power Poyr must be handled by the bulk
capacitor Cg, the energy balance in the capacitor can be expressed as:

1 1
E'CB'VB(max)z - E'CB'VB(min)z = A+, (22)

where A+ is the positive shaded area in Figure 12b and Cj is the bulk capacitor placed at the output
of the PFC stage. In this case, the peak-to-peak low frequency ripple can be estimated by the
following formula:

P

1% — VBmin) = —,
B(max) B(min) Z'CB'T['fM'VB

where fy; is the mains frequency and Vj is the average output voltage of the PFC. As it can be seen,
if the input stage works as a constant voltage source, the output ripple is proportional to the output
power. This characteristic helps to meet the flicker restrictions at reduced power levels. In this example,
the Cp capacitor was 33 uF providing a peak-to-peak ripple of 30 V at nominal power for a mains
frequency of 50 Hz.

L Py Poyr
MAINS f— i :>
AT PFC C l_l_J v Resonant -
MAIRS Resistance i B [ post-regulator *
emulator
o—
(a)
VM.‘\INS
Lyiams =
r 3 PH
A+
.................................... POUI
A-
VBlumx)“--
VBlmin)
e
(b)

Figure 12. Input ripple estimation: (a) equivalent block diagram; (b) basic waveforms.
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Therefore, considering that the worst conditions in terms of input voltage ripple will happen at
maximum power, the PI controller will be designed to comply the low-frequency flicker constraint at
the nominal operating point. After that, the fulfillment of this constraint and the stability margin will
be verified inside the complete dimming range.

Table 2 summarizes the results obtained for the controller design. The zero of the controller was
placed at the system pole frequency for a lamp voltage of 85.3V at nominal current, and the gain was
calculated to obtain a low-frequency current ripple below 8%. The worst case to meet this condition
was at minimum current and maximum lamp voltage. Ripple values were calculated according the
definition used in the IEEE PAR1789 standard, that is:
iLED(max) - iLED(min) 1

Ripple(%) = -

: 00. (24)
ILED(max) "t ILED (min)

Table 2. Controller design.

System Model
-1 _1 —Viepo-Hypo 1 —Viepo-Hwo 1
Reg 1+$ Reg-HviEDo VB0 I+ Reg-HvLEDO @0 1+
Viep=75V Iigpp=053A
-0.024 0.018 -2.1910°5
1+ 204108 1+ 204108 1+ 2.0;104
Viep =853V I1gpp =053 A
—0.037 0.029 =3.34-107°
1+ 135104 1+ 135108 1+ 1.353-104
Viep=75V ILigpp=014 A
70.01 O.Olq —8‘07-10’(’
1+ 317108 1+ 317108 I+ 3.1;104
Viep =853V Iigpp=0.14 A
-0.022 0.016 -9.110°
1+ 234108 1+ 234104 1+ 2.345-104
PI Controller
500106 + 1.3;104
S
Output Current Flicker at 100 Hz
Lgep =053 A Lgp=0.14 A
VieEp=75V Vigp =853V VieEp=75V Vigp =853V
2.9% 3.5% 4.5% 7.1%
Digital Controller
Sampling frequency Antialiasing filter PI transfer function
—1 5.62-10*~6.19-10%2"!
10 kHz = T 1zt

For the practical implementation of the controller a digital regulator was used. The ‘z” transfer
function was calculated using the bilinear transform with a sampling frequency of 10 kHz. A first-order
antialiasing filter with a corner frequency of 4.1 kHz was used in the experimental setup.

Figure 13 shows the Bode plot of the loop gain for a lamp voltage of 75 V and 85.3 V with a LED
current of 0.53 A and 0.14 A. As it can be seen, the stability condition is met for the proposed design.
This loop gain corresponds to the product of three transfer functions: system model, PI controller and
antialiasing filter. These transfer functions are shown in Table 2.
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Figure 13. Bode plot of the loop gain: (a) gain modulus; (b) gain phase.

According to the previous analysis, the design methodology for the resonant converter and the
PI regulator can be schematized as seen in Figure 14. The first step of the design is calculating the
circuit parameters at nominal power. This step, including the design charts and the specific criteria to
optimize the operation at nominal power, was thoroughly described in Reference [1]. The proposed
procedure is based on the static analysis described in Section 3 and it provides the values for the main
circuit components of the power topology (Cp, Lg, Cr and Lg).

The second step of the design is calculating how the operating point is modified during dimming.
The frequency excursion required to obtain the desired output power control range can be calculated
using the procedure described in Section 3. If this excursion is not valid for a specific application, the
design of the nominal operating point must be adjusted accordingly.

The third step of the design methodology described in Figure 14 is estimating the input voltage
ripple provided by the PFC stage. In the case that this stage behaves as an ideal resistance emulator,
the converter input ripple can be calculated as a function of the output power using expression (23).

After this step, the parameters of the small signal model of the resonant converter must be
calculated according to the methodology described in Section 4. These parameters will change with
the output power.

The last step of the design is calculating the PI regulator parameters to ensure stable operation
while complying with the flicker recommendations of IEEE PAR1789. As the dynamic behavior of the
converter corresponds with a single-pole stable transfer function, a simple PI controller will normally
suffice to ensure a stable operation in all dimming range.

The higher gain that the system has at low power levels (see Figure 7b) increases the effect of the
input ripple but, according with expression (23), the actual input voltage ripple provided by the PFC
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stage is also smaller thus the condition given by expression (24) must be verified both at nominal and

Converter design
at nominal power
v
Calculation of the parameter
excursion between
PM!\1 and PMIT\
v
Input voltage ripple
estimation at Py, and Py,
v
Calculation of the small-signal
model parameters at P, and P,
v

PI regulator calculation
at Py, complying IEEE1789

¢ YES

minimum lamp power.

At P, flicker
and stability ok?

At Py flicker
and stability ok?

NO [ Adjust PI regulator
47 parameters

NO

Figure 14. Proposed design methodology.

6. Simulation Results

To verify the proposed simplified model and the behavior of the controller the circuit was
simulated using PSIM 9.0 Software. This software works with a fixed simulation time-step and it
is especially suited to simulate power converters were the semiconductor transient behavior is not
critical. It also allows the implementation of complex control strategies in a straightforward way.

The circuit implemented in the simulation was the one shown in Figure 1 with the component
values in Table 1. The control block included an enable signal to select whether the circuit operates at
constant frequency or with the PI regulator described in previous section. The turn-on of the switch
was made either when the MOSFET voltage falls below a threshold value or when the duty cycle is
lower than a minimum value of 20%. This behavior is required in the converter start-up transient.

The first simulation was used to check the validity of the simplified small-signal model proposed
in Section 4 (see Figure 9). To do so, both the complete converter and the simplified model were
simulated with 2.5% step changes in bus voltage, LED voltage and frequency. Figure 15a shows the
results obtained at nominal LED current for a switching frequency of 203.2 kHz. In the same way,
and for a LED current of 0.14A, another step transient simulation was carried out and the results are
shown in Figure 15b. As it can be seen in both simulations, although the simulation confirmed the
first-order behavior, the gain predicted by the model for small-signal steps in the bus and LED voltages
is slightly higher compared to the actual results. The concordance in the case of small frequency steps
is significantly better.
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Figure 15. Simulated open-loop step-response of the actual average LED current (blue) and the
proposed simplified model (red): (a) at nominal power; (b) for i gp equal to 0.14A.

Figure 16 shows the LED current ripple with and without the PI controller enabled at two different
dimming levels. The bus voltage input ripple was modified linearly with the converter output power
according to expression (22). In both cases, and with the PI controller enabled, the LED ripple was
below 8% required by the IEEE PAR1789 standard. The stair-like evolution that can be seen in the
frequency signal is due to the 10 kHz equivalent sampling frequency used for the simulation.
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Figure 16. Simulated closed loop LED current ripple and frequency for Vgys =128 +4.2V, Vi gp = 85.3 V:
(a) for iLED =05 A, (b) for iLED =0.14 A.
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7. Experimental Results

To further verify the behavior of the proposed power topology and control, a laboratory prototype
was built based on the specifications in Table 1. A photograph of the prototype is shown in Figure 17.
To emulate the behavior of the power factor correction stage an AC source model Agilent HP681B
was used. This source allows to obtain a DC signal with a controllable AC ripple. The load was built
using 24 SSL80 white LEDs from Osram connected in series. This lamp provides a voltage that varies
between 85.3 and 75 volts when the output power is adjusted between 45 and 10 watts.

Figure 17. Laboratory prototype.

To measure the LED current, an Agilent JP48100658 current probe was used. The load voltage
was measured using a Yokogawa 700924 differential probe. Input and output powers were measured
using a Yokogawa WT3000 Precision Power Analyzer.

The first experiment conducted was made to verify the simplified dynamic model proposed in
this work. For this purpose, the converter was tested in open loop configuration using a frequency
modulated control signal obtained using a function generator model Agilent 33210A. The frequency
excursion was set to +2 kHz and the modulation frequency was modified from 100 Hz to 10 kHz.
Figure 18 shows the ratio between the small-signal variation of the LED current and the amplitude
of the frequency excursion in decibels. The continuous red trace represents the expected evolution
according the simplified model. The blue crosses are the actual values measured in the prototype.
However, the theoretical evolution was calculated assuming a constant LED voltage. If the LED voltage
ripple is measured and this ripple is compensated according the theoretical gain between i;p and
01ED, the corrected values marked with red crosses in the figure are obtained. As it can be seen, the
corner frequency predicted by the model is in good agreement with the measured value.

-90 T
dB & ; YT ’(*—*——Corrected

”
-100 S

Measured \K
-110 \

1201 . (1 | Theoretical”] \.\

-130

10 100 1k 10k 100k
f (Hz)

Figure 18. Theoretical and experimental LED current small-signal response against changes in the
operating frequency.
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The HP681B AC source used to supply the converter only allowed to introduce AC components
up to 1 kHz thus the effect of V5 could not be experimentally verified this setup.

Figure 19 shows the simplified schematic of the circuit used for experimentation. The LED current
is measured indirectly by sensing the current supplied by the input source. As it was already explained
in Section 2, when the clamping diode is in the off-state, the LED current and the source current will be
equal. On the other hand, when the clamping diode is on, the current through the source will be lower
thus a peak detector that captures the maximum current handled by the source during a switching
cycle will provide the LED current. Two Schottky diodes were used to reduce the power dissipated in
the sensing resistor Rps. The comparator and the synchronization block were used to switch on the
transistor just after the capacitor Cp is fully discharged.

LED 3
Vg D,
Le
v iLl:l_)
]
Ly G, —IE
p— >
R, .
Ps C B Driver
| R 'l b -
v ——

-1 —

i[,lil)
Peak PI -
detector % regulator VCO [~ Sync. 4@

Ref Vol

Figure 19. Simplified schematic of the control circuit.

For the practical implementation of the control circuit, the PI regulator and the voltage-controlled
oscillator (VCO) blocks shown in Figure 19 were built using an ARM STM32F407 low-cost
microcontroller. This microcontroller was used to implement the digital controller described in
Section 5, whose transfer function is included in Table 2.

In the practical implementation of the circuit, the maximum and minimum frequencies were
limited to 150 and 250 kHz respectively and the maximum frequency variation between samples was
limited to 3 kHz. This last protection is only required when steep changes take place, such as the
starting transient of the converter.

Figures 20 and 21 show the experimental waveforms of i; gp, vigp and vpys measured at two
different power levels with the PI controller enabled. The first was obtained for a LED current of 0.5 A
and 15 V peak bus voltage ripple, and the second was obtained for 0.14 A and 4.2 V ripple according to
expression (23). As it can be observed on both figures, the ripple limit is below the maximum 8% limit
imposed by the IEEE PAR1789 standard.

One of the most critical concerns in the proposed design procedure is complying with the ripple
restrictions set in Reference [11]. The ripple values calculated using the procedure described in Section 5
are summarized in Table 3 together with the results obtained by simulation and those experimentally
measured. As it can be observed, the experimental values are slightly higher than both simulated and
calculated ones, probably due to the noise induced in the LED current sensing circuitry. The deviation
between the calculated and simulated ripple at low current is due to the high sensitivity the converter
has while working at low power levels.
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Figure 20. Experimental waveforms at nominal power with PI controller enabled. (4.9% ripple).
Channel 2: LED current, green trace, 0.1 A/div; Channel 3: Bus voltage, magenta trace, 20 V/div;
Channel 4: LED voltage, cyan trace, 50 V/div.
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Figure 21. Experimental waveforms at i; gp = 0.14 A with PI controller enabled. (5,7% ripple). Channel
2: LED current, green trace, 50 mA/div; Channel 3: Bus voltage, magenta trace, 20 V/div; Channel 4:
LED voltage, cyan trace, 50 V/div.
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Table 3. Comparison between calculated, simulated and experimental LED current ripples.

Output Current Flicker at 100 Hz

Calculated
Itgp =0.53 A Iigp=014 A
Vigp =75V Vigp =853V Vigp =75V Vigp =853V
2.9% 3.5% 4.5% 7.1%

Simulated
Itgp =0.53 A Iigp=014 A
Vigp =75V Vigp =853V Vigp =75V Vigp =853V
2.6% 3.6% 3.6% 5.7%

Experimental
Itgp = 0.53A Vigp = 85.3V Iigp =0.14A Vigp =75V
4.9% 5.7%

8. Conclusions

The present work complements the results presented by the authors in [1]. In this previous work,
the circuit was controlled using a feedforward control. This alternative has two important drawbacks:
it cannot be used to compensate deviations on the component values and the feedforward gain must
be adapted to the dimming level in order to comply with the flicker constraints of IEEE 1789. In the
present work, a new control scheme based on implementing a feedback control loop to control the
LED current has been proposed. Although the LED is not referred to ground, its current can be sensed
indirectly by adding a shunt resistance in series with the input source. This shunt combined with a
peak detector provides a low-cost alternative to measure the load current.

To analyze the small-signal dynamic behavior of the resonant converter, a simplified first-order
model has been proposed. The simplification used to derive this model is based on the fact that the
dominant dynamic is given by the filter inductance placed in series with the LED.

This model was used to calculate the small-signal system transfer function at different power
levels and lamp voltages. These results were used to calculate a simple PI regulator to ensure the
compliance of the LED current ripple condition while maintaining system stability.

The model and the controller were also tested using PSIM 9.0 simulation software and experimentally
using a laboratory prototype. The results obtained were in good agreement with the expected values.
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