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Abstract.- High-Brightness Light Emitting Diodes 
(HB-LEDs) are considered as a remarkable lighting device 
due to their high reliability, chromatic variety and increasing 
efficiency. As a consequence, a high number of solutions for 
supplying LED strings are coming out. One-stage solutions 
are cost-effective, but their efficiency is low as they have to 
fulfill several purposes with only one converter: Power 
Factor Correction (PFC), galvanic isolation (in some cases) 
and current regulation. Two-stage and three-stage solutions 
have higher efficiency as each stage is optimized for just one 
or two tasks and they are the preferred option when 
supplying several strings at the same time. Nevertheless, due 
to their higher cost in comparison to one-stage solutions, they 
are used when high-efficiency, high-performance and the 
possibility of supplying several strings are the main concerns. 
Besides, they are also used when high reliability is needed 
and electrolytic capacitors cannot be used. 

In this paper, a three-stage solution and its complete 
design guideline for LED-based applications is proposed. 
PFC is achieved by a Boost converter while the galvanic 
isolation is provided by an Electronic Transformer (second 
stage). The third stages (one for each LED string) are 
designed following the Two-Input Buck (TIBuck) schematic, 
but taking advantage of the load characteristics (i.e., the high 
value of the LED string knee voltage, approximately equal to 
half the string nominal voltage). Besides, a variation of the 
analog driving technique is also proposed. 

Experimental results obtained with a 160-W 
prototype show an efficiency as high as 93% for the whole 
topology and 95% for the cascade connection of the second 
and third stages. 

I. INTRODUCTION 

High Brightness Light Emitting Diodes (HB-
LEDs) are considered the future trend in lighting as their 
efficacy converting energy into light is increasing and their 
reliability is very high [1]. Nevertheless, it is necessary to 
develop converters that perfectly fit the characteristics of 
these devices and make the best of them. According to 
this, two driving techniques have been proposed in the 
literature and topologies without electrolytic capacitor 
(high reliability) [2] and high efficiency have been 
developed. 

Regarding the converters for supplying the LED 
strings, it should be mentioned that LEDs need to be 
supplied with a dc current and, consequently, ac-dc and 

dc-dc converters have been proposed in literature. 
According to the number of stages, these converters can be 
classified in one, two or three-stage solutions. The main 
characteristics that the converters for LED-based lighting 
need to ensure are high reliability, high efficiency and, in 
some cases, galvanic isolation. Besides, the Power Factor 
Correction (PFC) is mandatory in all ac-dc topologies 
connected to the line in order to comply with EN 61000-3-
2 Class C regulation [3-5]. 

Normally, two-stage [6-8] and three-stage [9] 
solutions are the preferred option when reliability and 
efficiency are more important concerns than cost (per unit) 
[10]. LED-based street lighting is an application in which 
the cost of the LED driver is less important than its 
efficiency due to the amount of energy consumed by street 
lighting every day. Besides, the maintenance and 
replacement cost of street-lighting drivers is considerably 
higher than in home applications [11-14]. Hence, 
reliability is also a key issue as it represents a considerable 
saving. Therefore, two-stage or three-stage topologies are 
the preferred option for LED-based street lighting. 

In this paper, a high-efficiency high-reliability 
three-stage topology is proposed for LED-based street 
lighting application (see Fig. 1). The first stage is a boost 
converter [7-9]. This topology has proven to be a perfect 
option for doing PFC in this kind of application. As it is 
designed without electrolytic capacitor, its output voltage 
ripple cannot be neglected and will strongly influence the 
design of the second and third stages. The second stage is a 
two-output electronic transformer (ET) optimized for 
providing galvanic isolation at very high efficiency. 
Nevertheless, this topology is completely unregulated, and, 
as a consequence, the aforementioned low-frequency 
ripple affects its output voltages. The third stage is a 

This work has been supported by the AEG Power Solutions B.V. 
under project FUO-EM-002-10 and by Spanish Government under 
projects CONSOLIDER MICINN-10-CSD2009-00046 and MICINN-10-
DPI2010-21110-C02-0. Besides, a patent is pending. 

Rectifier

+ 

Boost 

PFC

Electr. 

Transf.

TIBuck

LED string 1

LED string 2

LED string 3

LED string N

TIBuck

TIBuck

TIBuck

TWO 

Output 

Voltages

Fig. 1. Basic schematic of the proposed topology. 



topology based on the Two-Input Buck (TIBuck) converter 
[15-18]. This third stage is in charge of eliminating the 
low-frequency ripple and independently adjusting the 
output current to the desired level in each LED string (i.e., 
no equalizing technique [19-21] is needed as each LED 
string has its own regulator [22]). The main advantage of 
this topology is that the stress on its components is 
considerably reduced, what has a high impact on its size 
and efficiency. This topology has already been proposed as 
post-regulator for LED-based applications [23, 24]. In that 
paper, the TIBuck is used as an active equalizer (limited 
regulating capability) with very high efficiency, but 
without the possibility of providing full dimming on its 
own [20]. As it will be deeply explained, the key point of 
the TIBuck proposed in this paper is that it takes benefit 
from the high value of the LED string knee voltage [1]. 
This means that it can reach full dimming in LEDs 
although its output voltage range is limited. Finally, not 
only the first stage, but also the second and the third stages 
can be implemented without electrolytic capacitor. Hence, 
the proposed topology has a very high reliability. 

As the final application is street lighting, some 
additional details should be considered. Wavelength 
(color) quality is less important than other issues like 
efficiency. Besides, the stress on the LEDs should be the 
lowest as a way of boosting the reliability. These points 
can be achieved by means of, among other things, the use 
of amplitude-mode driving technique as it has lower 
current stress on LEDs and semiconductors than the PWM 
driving technique. Two other important aspects should be 
highlighted: the whole converter operates at constant 
frequency and it provides galvanic isolation, which is 
mandatory in certain applications or for certain customers. 

This paper is organized as follows. In section II, 
the ET design is developed for this application, making 
some specific recommendations. Section III explains the 
new driving technique. The third stage is explained in 
section IV. In section V, a guideline on how to design 
stages two and three is provided. In section VI the 
experimental results are shown and, finally, in section VII 
the conclusions will be presented. 

II.  ELECTRONIC TRANSFORMER (SECOND STAGE) 

Before explaining the second stage, it should be 
mentioned that the first stage is a Boost converter 
operating in BCM. This topology may reach an efficiency 
as high as 97% without electrolytic capacitor and, as a 
consequence, it is widely used in two-stage and three-stage 
topologies for LED-based street lighting. The most 
relevant aspect is that, due to the absence of electrolytic 
capacitor, its output voltage has to be expressed as: 

v
out _1 out _1_ nom in

r
V V · 1 ·sin(2· ·t)

2
 = + ω 
  , 

(1)  

where ωin = 2·π·fin, fin being the line frequency, Vout_1_nom 
is the nominal value of the first stage output voltage and rv 
is the relative value of the peak-to-peak low-frequency 
ripple. This ripple will affect the second stage and the 
overall design of the proposed topology. 

As has been said, galvanic isolation is a 
mandatory requirement. Hence, it is vital to find a 
topology capable of providing it with very high efficiency. 
If the second stage is also in charge of canceling the low-
frequency ripple as in [9], then its output voltage has to be 
regulated and the ET concept cannot be used. 
Nevertheless, as the third stages are regulated in order to 
control the LED string current, then they can also be in 
charge of canceling the low-frequency ripple. As a 
consequence, the only requirement applicable to the 
second stage is providing the galvanic isolation. This 
opens the possibility of using an ET, which is an 
unregulated topology with very high efficiency. The other 
option, using a galvanic-isolated topology for the third 
stages (no second stage needed), would lead to as many 
magnetic transformers as LED strings, which 
unnecessarily raises cost and size. 

In this LED-based street lighting driver, the ET 
concept developed in [25] is applied to a two-output half-
bridge topology (see Fig. 2). The main idea is operating 
the primary switches at constant switching frequency and 
with a fixed duty cycle of 50% (disregarding the dead 
times necessary for achieving Zero Voltage Switching 
(ZVS) and for avoiding overlapping). As a consequence, 
the dc conversion ratios (gains) between the input and the 
two outputs are fixed (i.e., it has no regulating 
capabilities). This means that any variation in the input 
voltage will affect the output voltages. The reason for 
having two outputs will be explained in sections III and 
IV. Therefore, the two output voltages of the ET can be 
expressed as: 

v
out _ 2 _ high high out _1_ nom in

r
V G ·V · 1 ·sin(2· ·t)

2
 = + ω 
  , 

(2)  

v
out _ 2 _ low low out _1_ nom in

r
V G ·V · 1 ·sin(2· ·t)

2
 = + ω 
  , 

(3)  

where Ghigh and Glow are the gains of the ET for both 
outputs and are fixed values determined by the “magnetic” 
transformer used in the topology. It should be noted that 
the term “magnetic” is going to be used in order to 

Fig. 2. Schematic of the Electronic Transformer. 



differentiate between the topology (electronic transformer) 
and the component (“magnetic” transformer). 

High efficiency is one of the objectives of this 
three-stage topology. Hence, ZVS and Zero Current 
Switching (ZCS) are mandatory in this stage in order to 
reduce the losses. ZCS in diodes can be easily obtained by 
means of the resonance between the output capacitor and 
the leakage inductances of the “magnetic” transformer. It 
should be taken into account that this resonance is possible 
because there is no filter inductor in the outputs. Besides, 
the primary switches (MOSFETs) are quite close to ZCS. 
This is all perfectly explained in [25], where all the 
equations needed for calculating the output capacitor for a 
given leakage inductance, frequency and dead time are 
provided. Nevertheless, these equations are thought for 
only one output. Hence, they need to be carefully used 
taking into account the worst possible load sharing 
between both outputs in order to always achieve ZCS. 

III.  BRIEF DESCRIPTION OF THE PROPOSED 
DRIVING TECHNIQUE FOR LEDS 

Normally, the converters in charge of regulating 
the dimming of the LED string current are always 
designed in such a way that they can vary their output 
voltage from zero to nominal value (i.e. Buck topology). 
Nevertheless, if the special characteristics of LED strings 
are taken into account (i.e., the high value of the knee 
voltage and the dynamic resistance), it is possible to 
propose a new driving technique which opens a new field 
for novel topologies. 

In Fig. 3, a relation between the voltage supplied 
to a string of N LEDs and the corresponding current is 
given. Besides, this current is related to the luminous flux 
of the string. As can be seen, LED strings emit an amount 
of light (λA) nearly proportional to the current driven by 
them (IA). Nevertheless, they have an electrical model 
which involves an ideal diode, a dynamic resistance and a 
voltage source, whose value is equal to the knee voltage of 
a single LED of the string (Vγ_LED) multiplied by the 
number of LEDs (N). Hence, current driven by a LED is 
not directly proportional to the voltage applied to it (VA). It 
is necessary to apply a threshold voltage (i.e., a voltage 

slightly higher than the previously mentioned voltage 
source) in order to have some current through the LED 
(i.e., some light emitted). Hence, for totally regulating the 
amount of light emitted by a LED string, it is not necessary 
to use topologies with the capability of reaching zero 
voltage at their output. In fact, it is possible to use 
converters (topologies) which have a minimum output 
voltage higher than zero, as far as this minimum voltage is 
lower than the equivalent knee voltage of the LED string 
(N·Vγ_LED). 

This new approach to the driving technique (from 
this point, it will be defined as “Total Current Dimming”) 
allows the development of new topologies that sacrifice 
output voltage range but, as a counterpart, raise their 
efficiency and reduce the stress on their semiconductors. 
As has been mentioned, due to the knee voltage of their 
load (i.e. LED strings), these new topologies still have the 
possibility of totally turning off the strings (i.e. stopping 
the emission of light) even with a considerable voltage at 
their output. 

Finally, it should be mentioned that this approach 
to the driving technique is compatible with both 
amplitude-mode and PWM-mode dimming. Besides, 
adding communication options, such as DALI (Digital 
Addressable Lighting Interface), to this driver is 
straightforward. It can be easily turned into a DALI ECG 
(Electronic Control Gear) simply adding some additional 
components (essentially, a microcontroller or equivalent). 
This modification would provide the proposed driver with 
the possibility of storing the power-on level, 16 preset 
scene levels, etc. 

IV.  TIBUCK CONVERTERS (THIRD STAGES) 

a) Brief description and steady-state analysis 

The third stages are responsible for eliminating 
the voltage ripple coming from the ET outputs (due to the 
first stage) [26-28] and adjusting each LED string current 
to the desired level. 

As can be seen in Fig. 4, the TIBucks are to some 
extend similar to the conventional Buck converters used to 
drive LEDs, but the anode of the diode is connected to a 
voltage V3_low lower than V3_high, which would be the input 
voltage of a conventional Buck. Hence, for a given duty 
cycle, the input voltage of the output filter Vf is similar to 
the one shown in Fig. 4. Applying the volt·second balance 
in the output inductor results in: 

( ) ( )3 _ high out _ 3 3_ low out _ 3V V ·D V V ·(1 D) 0− + − − =
 

(4)  

where D is the duty cycle of the MOSFET and V3_high and 
V3_low are the input voltages of the TIBuck. From (4), the 
output voltage equation can be obtained: 

Compared to a conventional Buck, the main 
advantages of this topology are mainly two. First, as can 
be seen in Fig. 4, the input voltage of the filter is easier to 
filter and, consequently, its size is smaller, which allows us 

out _ 3 3_ high 3_ lowV V ·D V ·(1 D)= + −
. (5)  

Fig. 3. Relation between input voltage, current and luminous flux in a 
LED string. Saturation is enlarged for clarity reasons. 



to implement it without electrolytic capacitor. Second, the 
voltages withstood by the MOSFET and the diode are 
considerably lower than in a traditional Buck: 

where VS_max and VD_max are the maximum voltages 
withstood by the MOSFET and the diode of the TIBuck, 
respectively. As can be seen, they can be rated for a lower 
voltage (in the Buck converter, they should be rated for a 
voltage equal to V3_high) and, consequently, this fact 
increases the efficiency of the proposed converter. 
Besides, the MOSFET is referred to ground for this 
application, so its gate driver is easy to implement. 

It should be noted that the energy processed by a 
Buck converter controlling a LED string comes from the 
single input port of this converter, while the processed 
energy in the case of each TIBuck comes from its two 
inputs. However, the total energy in both cases is similar 
(actually, it is lower in the case of the TIBuck due to its 
improved efficiency and better processing of energy). 

The main disadvantage of the TIBuck is that its 
minimum output voltage is limited to the value of V3_low. 
Hence, it is not possible to reach 0 V or any voltage lower 
than V3_low at the output. Nevertheless, as has been 
explained in section III, the special characteristics of the 
load allow the use of this topology without losing the 
possibility of reaching full dimming in the strings. The 
only requirement is that V3_low has to be chosen in such a 
way that, for the minimum duty cycle of the TIBuck, a 
voltage slightly lower than N·Vγ_LED is achieved. This is 
one of the key points of the design procedure and will be 
deeply explained in the following section. A minimum 
output voltage higher than zero also presents a problem 
when the output is short-circuited. Nevertheless, in this 
particular case it is possible to solve the problem by 
turning off the second stage (i.e. the electronic 

transformer) when this situation is detected. The circuit for 
detecting this situation in the third stages and sending the 
turning-off signal to the ET is quite simple. Another 
possible solution is implementing fuses in the input or 
output of each TIBuck. In this way, it is not necessary to 
turn off the ET and the strings which are not short-
circuited still can be used. If part of a string is short-
circuited, total dimming of that string current is lost and 
turning off the lamp (i.e., all strings) can only be achieved 
by turning off the second stage then. In this case, using 
fuses is the most recommendable solution. Nevertheless, it 
is possible to reduce the impact of partially-short-circuited 
strings if a security factor is added when calculating the 
low input voltage of the TIBucks. In this way, it is possible 
to totally control the string current even when some of its 
LEDs are short-circuited. Obviously, a trade-off between 
this security factor and efficiency has to be met as the 
lower V3_low the lower the efficiency. 

As has been said, it should be taken into account 
that, the closer V3_high and V3_low, the lower will be the 
voltages that the semiconductors (MOSFET and diode) 
will have to withstand. Besides, the size of the magnetic 
component will also be lower. Taking into account the 
high value of the LED-string knee voltage (around half the 
nominal voltage), the improvement in efficiency and size 
is considerably high when using the TIBuck for LED-
based applications. 

b) Small-signal analysis: Stability and 
Audiosusceptibility 

As has been mentioned, the third stages have to, 
not only regulate the current provided to the LED string, 
but also cancel the low-frequency ripple that affects the 
output voltages of the first and the second stages. This 
cancellation is achieved by means of the closed-loop 
controller and, consequently, the audiosusceptibility 
analysis is a key point in the design of the TIBuck. The 
linear equations that define the behavior of this third stage 
topology are: 

where Vf is the input voltage of the output filter, ICf is the 
current through the filter capacitor and ILf is the inductor 
current (see Fig. 4). Perturbing these equations, we obtain: 

S _ max D _ max 3_ high 3_ lowV V V V= = −
, (6)  

f 3 _ high 3_ lowv v ·d v ·(1 d)= + −
, (7)  

Lf
f out _ 3 f

di
v v L ·

dt
− =

, 
(8)  

out _ 3
Cf f

dv
i C ·

dt
=

, 
(9)  

out _ 3 _ LED LED out _ 3v N·v N·R ·iγ− =
, (10)  

ɵ ɵ ɵ ɵ
f 3 _ high 3_ low 3_ high 3 _ lowv v ·D v ·(1 D) d·(V V )= + − + −

, 
(11) 

ɵ ɵ
Lff out _ 3 fv v L ·s·i− = ɵ

, 
(12) 

ɵ
Cf out _ 3fi C ·s·v=ɵ

, 
(13) 

ɵ
out _ 3out _ 3 LEDv N·R ·i= ɵ

, 
(14) 

Fig. 4. Schematic of the proposed TIBuck converter proposed for 
driving each LED string. 



where quantities in capital letters correspond to the steady-
state values of the quantities in lower-case letters. With 
these equations, the following transfer functions can be 
obtained: 

Analyzing the control loop shown in Fig. 4, it can 
be seen that the inductor current is sensed by means of two 
current transformers (which merge their outputs) plus a 
low-pass filter. Hence: 

where R is the gain of the current transformers, Vm the 
peak value of Vtr, PI(s) is the regulator and F(s) represents 
the low-pass filter at the output of the current transformers. 
Considering (16) and (17), the equation of the system in 
close loop can be expressed as: 

For analyzing the audiosusceptibility, equation 
(17) can be expressed as: 

Considering that the second stage has a fixed gain 
for each of its outputs, equation (11) can be expressed as: 

Therefore, the audiosusceptibility, defined as the 
output current (i.e. LED string current) divided by the 
input voltage of the second stage, is represented by the 
following equation: 

which, as can be seen, is not adimensional (Ω
-1). With this 

equation, it is possible to design a suitable controller PI(s) 
that obtains a reasonable ripple in the output current for a 
given low-frequency ripple in the input voltage. 
Considering that a PI controller is enough for reaching 
stability, the only variables for adjusting the stability and 
the audiosusceptibility are two: the gain of the controller 
(its pole would be located at a very low frequency) and the 
pole defined by the filter at the output of the current 
transformers. In the next section, some tips will be 
provided regarding this point. 

V. OVERALL DESIGN GUIDELINE 

The design of the three-stage topology should 
begin with the third stages (TIBucks) but fixing the value 
of the first-stage output voltage and its ripple. A typical 
ripple value, taking into account that no electrolytic 
capacitor is going to be used, is about 10%. The other 
values that should be known are given by the LED strings: 
number of LEDs per string (N), knee voltage of each LED 
(Vγ_LED), its dynamic resistance (RLED) and its nominal 
current (Inom) (or its nominal power (Pnom)). 

The maximum and minimum values of the output 
voltages of the TIBuck can be calculated as: 

nom
out _ 3_ max _ LED nomL D

nom
E

P
V N·V N·R ·I N·

Iγ= + = , (22)  

out _ 3_ min _ LEDV N·Vγ=
. 

(23)  

Considering (5) and defining Dmax and Dmin as the 
maximum and minimum duty cycles attainable by the 
control circuits of the TIBucks, we have: 

out _ 3_ max max 3_ high max 3_ lowV D ·V (1 D )·V= + −
, (24)  

out _ 3 _ min min 3 _ high min 3_ lowV D ·V (1 D )·V= + −
. (25)  

As has been explained, the ET has no regulating 
capability. Hence, its output voltages (i.e. the input 
voltages of the TIBucks) will have a considerable ripple 
(equal, in relative value, to the Boost output voltage 
ripple). As can be seen in Fig. 5, there are two critical 
situations: 

• Trying to obtain the maximum output 
voltage (Vout_3_max) when the input voltages are the lowest 
due to the ripple. 

• Trying to obtain the minimum output 
voltage (Vout_3_min) when the input voltages are the highest 
due to the ripple. 

Hence, taking into account (2), (3), (24) and (25), 
we obtain: 

v
out _ 3 _ max max high max low out _1_ nom

r
V D ·G (1 D )·G ·V · 1

2
 

 = + − −  
 

, (26)  

v
out _ 3_ min min high min low out _1_ nom

r
V D ·G (1 D )·G ·V · 1

2
 

 = + − +  
 

. (27)  

ɵ

out _ 3

iout _ vf 2
f f f LED f LED

i 1
G (s)

s ·L ·C ·N·R s·L N·Rv
= =

+ +

ɵ

. 

(15)  

ɵ

out _ 3

iout _ d 3_ high 3_ low iout _ vf

i
G (s) (V V )·G (s)

d
= = −
ɵ

. 

(16)  

ɵ
ref Lf

m

PI(s)
d ·(i R·F(s)·i )

V
= −ɵ ɵ , (17)  

( )

3_ high 3_ low

2
out _ 3 mf f LED f LED

3_ high 3 _ lowref f LED
2

m f f LED f LED

V VPI(s)
·

Vs ·L ·C ·N·R s·L N·Ri
V V (1 s·C ·N·R )i 1 ·F(s)·R·PI(s)·

V s ·L ·C ·N·R s·L N·R

−
+ +

=
− +

+
+ +

ɵ

ɵ

. 
(18) 

ɵ

d _ ilf
Lf m

d PI(s)·R·F(s)
G (s)

Vi
= = −
ɵ

. (19)  

ɵ ɵ

ɵ

f out _1_ nomhigh low

3_ high 3 _ low

v [G ·D G ·(1 D)]·v

d·(V V )

= + − +

+ −
. 

(20)  

ɵ

out _ 3 iout _ vf

out _1_ nom iout _ vf d _ ilf 3_ high 3_ low f LED

high low

G (s)i
·

1 G (s)·G (s)·(V V )·(1 s·C ·N·R )v

·(G ·D G ·(1 D))

=
 − − + 

+ −

ɵ

, 

(21) 

Fig. 5. Influence of the ripple in the second and third stages. 



This system of two equations and two unknown 
variables can be easily solved, obtaining the values of Ghigh 
and Glow. 

Once the two gains of the ET have been obtained, 
its “magnetic” transformer can be designed. First of all, the 
turns ratios of this transformer (Rthigh and Rtlow) can be 
defined as: 

high
high

pri

n
Rt

n
=

, 
(28)  

low
low

pri

n
Rt

n
=

, 
(29)  

where npri is the number of turns of the primary winding 
and nhigh and nlow are the number of turns of the secondary 
windings of each output (see Fig. 2). Considering that the 
ET operates with a fixed duty cycle of about 0.5, the 
relation between its input and its two output voltages can 
be expressed as: 

out _ 2 _ high high in _ 2

1
V ·Rt ·V

2
=

, 
(30)  

out _ 2 _ low low in _ 2

1
V ·Rt ·V

2
=

, 
(31)  

so, 

high highRt 2·G=
, 

(32)  

low lowRt 2·G= . 
(33)  

In equations (30) and (31), the dead times 
required for achieving ZVS have not been considered. 
Although their influence is low, a conservative calculation 
would imply a total dead time of 10%, which would lead 
to a duty cycle of 45%. 

Although conventional transformers have no 
airgap in the magnetic core, in this design it is mandatory 
to reach ZVS in the primary switches. As has been 
explained, due to the low value of the input current of the 
ET, the best option is adding the necessary airgap that 
assures a high-enough magnetizing current. 

The next element to be designed is the output 
capacitor of the ET. Its value is defined by the equations 
presented in [25]. In this case, it is quite difficult to 
estimate the leakage inductance due to the complex design 
of the transformer (one input winding and two centre-
tapped output windings). Hence, the best option is making 
the “magnetic” transformer with the parameters obtained 
during the theoretical design and, once this is 
accomplished, measuring the leakage inductances in each 
winding. With these values, it is possible to calculate the 
capacitor of each output of the ET in order to achieve ZCS 
in secondary switches and nearly ZCS in the primary ones. 

Finally, the component selection is immediate. 
The MOSFET and diode of the TIBuck are going to 
withstand a voltage equal to the difference of both input 

voltages (see (6)). The average currents passing through 
the MOSFET and the diode, in the worst case, are equal to 
the nominal current demanded by one LED string 
multiplied by Dmax and (1-Dmin) respectively: 

S_ max nom maxI I ·D=
, (34)  

D _ max nom minI I ·(1 D )= −
, (35)  

In the case of the ET, the MOSFETs are going to 
withstand a voltage equal to the maximum value of the 
input voltage of the ET obtained from (1): 

v
MOSFET _ ET out _1_ nom

r
V V · 1

2
 = + 
  . 

(36)  

The output diodes rating voltage should be: 

v
diode _ high _ ET out _1_ nom high

r
V V · 1 ·Rt

2
 = + 
  , 

(37)  

v
diode _ low _ ET out _1_ nom low

r
V V · 1 ·Rt

2
 = + 
  . 

(38)  

The current should be calculated taking into 
account that this stage is common to all the strings. Hence, 
considering that the duty cycle is fixed and that the worst 
situation corresponds to all the current drained from only 
one of the two outputs (the other would be driving no 
current), the average values of semiconductor currents are: 

nom
MOSFET _ ET high

N·I
I ·Rt

2
=

, 
(39)  

nom
diode _ ET

N·I
I

2
=

. 
(40)  

Finally, the design of the third stages controllers 
needs to be made. First of all, it should be taken into 
account that the pole of the filter of the current 
transformers should be located at a frequency higher than 
that of the low-frequency ripple that needs to be removed. 
Hence, this pole has no influence in the audiosusceptibility 
at around 100 Hz. Besides, the zero defined by N·RLED and 
Cf is considerably higher than this frequency. Therefore, it 
has no influence in the audiosusceptibility at that 
frequency either. Considering this, the design procedure 
should be as follows: 

• Adjusting the gain of the PI controller so 
that a valid audiosusceptibility is reached at 100 Hz. The 
higher the gain, the lower the audiosusceptibility. 

• Placing the pole of the current 
transformers filter at a frequency that provides a valid 
phase margin in the stability analysis. 

• If it is not possible to obtain a stable 
system, the gain should be reduced until stability is 
reached. Obviously, adding poles and zeros to the 
controller may help in reaching stability without reducing 



the gain (i.e., without affecting audiosusceptibility at 100 
Hz). Nevertheless, a PI controller is normally enough. 

VI.  EXPERIMENTAL RESULTS 

A 160-W prototype has been built (see Fig. 6). 
Four TIBucks (one for each LED string) have been 
connected at the outputs of the ET. Hence, the prototype 
has the capability of independently driving 4 LED strings. 
The LEDs used for the lamp are W4218T2-SW from Seoul 
Semiconductors (distributed by Avnet). They belong to the 
Z-Power LED family. Their nominal forward current is 
0.350 A and their nominal forward voltage is 3.25 V (the 
nominal power of each LED is 1.14 W). In each string, 35 
LEDs are connected in series. Therefore, the nominal 
output voltage of each string is around 115 V (35x3.25 V) 
and its nominal power is around 40 W (115 V x 0.350 A). 
The total power demanded by the lamp is 160 W. 

Regarding the Boost converter (first stage), it 
operates in Boundary Conduction Mode (BCM) in order to 
reduce switching losses. The output capacitance (30 µF) is 

obtained by means of Metallized Polypropylene Film 
Capacitors (MKP) from EPCOS high density series [29]. 
In the prototype shown in Fig. 6, three 10-µF capacitors 
rated for 450 V are implemented. Another possibility 
would have been using a 30-µF capacitor rated for 800 V if 
a higher security factor had been required regarding rated 
voltage. 

The ET nominal output voltages are 80 V and 144 
V (when the input voltage is 400 V). They have been 
chosen taking into account equations (24) and (25) and the 
characteristics of the LED strings: they need 130 V to fully 
turn on and around 90 V to totally turn off. As can be seen, 
a 10-V security factor has been added in both output 
voltages in order to deal with the tolerance in the knee 
voltage of the LEDs and in their dynamic resistance. 
Besides, this security factor also allows the driver to deal 
with partially-short-circuited strings. The input voltage of 
the ET is intended to be 400 V with a maximum peak-to-
peak ripple of 10%. The control of both MOSFETs runs at 
100 kHz. The transformer is an ETD-39 with 3F3 
magnetic core and 0.8-mm gap in order to achieve ZVS at 
any load range in primary switches. For achieving ZCS, 
the equations presented in [25] imply that a 200-nF output 
capacitor is necessary. 

The four TIBucks are operated at 100 kHz. The 
output filter is implemented by means of an E20 core with 
a value of 0.350 mH and an output capacitor of 150 nF. 
Due to the low voltage that both semiconductors are going 
to withstand (144-80=64 V), it is possible to use an 
IRF540 MOSFET and an 11DQ10 diode. These low-
voltage-rated devices allow us to boost the efficiency of 
these converters. A very simple PI controller (with the pole 
located at very low frequency and a dc gain of about 80 
dB) is implemented in each TIBuck so that the current can 
be independently controlled while maintaining an 
audiosusceptibility as low as 0.0003 Ω-1 at 100 Hz (see 
Fig. 7). 

In Fig. 9, it can be seen how the primary switches 
(MOSFETs) of the ET achieve Zero Voltage Switching 
(ZVS) condition at full load and at no load. It has to be 
taken into account that the energy for doing so is stored in 
the leakage inductance and, therefore, is defined not only 
by the load current, but also by the magnetizing current of 
the “magnetic” transformer. Hence, if some gap is added 
to the core of this transformer, it is possible to have 
enough energy stored in the leakage inductance for 
achieving ZVS even with an output current equal to zero. 
In this particular case, the gap was added because the 
amount of energy determined by the output current was 

Fig. 7. Audiosusceptibility in closed loop for two different duty cycles. 

Fig. 6. a) Prototype of the PFC Boost; b) Prototype of the 160-W 
ET; c) Prototype of the four 40-W TIBucks (one for each LED 

string). 
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not enough for achieving ZVS even at full load. 

At this point, it may be interesting to determine 
whether it is better decreasing the magnetizing inductance 
of the transformer or not. If some airgap is added, the 
switching losses of the MOSFETs are going to be reduced 
(ZVS is achieved). Nevertheless, the current level through 
them, and through the transformer, is going to be 
increased, and so is going to be increased their conduction 
losses. For solving this, the same topology has been tested 
with and without airgap for the same testing condition and 
adjusting dead times for achieving ZVS (with airgap) or 
being the closest to it (with no airgap). The efficiency was 
1% higher when adding some gap to reduce the switching 
losses than when minimizing it to reduce conduction 
losses. 

Another characteristic of the ET is the possibility 
of achieving Zero Current Switching (ZCS) at secondary 
switches (diodes). In Fig. 8, this characteristic is shown for 
one of the diodes of the higher-voltage output. Considering 
that the amount of current extracted from each output will 
strongly depend on the TIBucks operation, the best option 
is calculating the output capacitors of the ET considering 
that the nominal current is extracted from each output. In 
this way, diodes will always achieve ZCS in nominal 
conditions. The primary switches of the ET will also be 
closed to ZCS as the input current is the output one 
multiplied by the turns ratio, but adding the magnetizing 
current. 

Regarding the TIBucks, Fig. 10 shows the voltage 
withstood by semiconductors and the input voltage of the 
output filter. As can be seen, the voltage withstood is equal 
to the difference between both input voltages. In this way, 
switching losses are considerably reduced. Besides, the 

necessary MOSFET and diode are going to be rated for a 
lower voltage, what means lower RDSON, Coss, voltage drop 
and reverse recovery time, what also reduces losses. 
Analyzing Fig. 10b, it can be seen that the output filter is 
going to be considerably smaller than in a conventional 
Buck. This also leads to a reduction of the losses in the 
inductor. 

In Fig. 11a and Fig. 11b, the current through one 
of the strings is shown when second and third stages are 
connected in cascade and when the input voltage of the 
second stage has no ripple. As can be seen, there is no low-
frequency ripple and the high-frequency one is 
considerably reduced, especially for an application like 
street-lighting. This high-frequency ripple could be even 
more reduced if the output capacitor of the third stage were 
increased (it has a value of 150 nF, so its capacitance could 
be easily increased without using electrolytic technology). 
In Fig. 11c, the output current is shown when the input 
voltage of the second stage has a ripple of 10%. In this 
system, the audiosusceptibility of the third stage has been 
defined as output current of the third stage divided by the 
input voltage of the second stage (see equation (21)). 
Taking into account the nominal values of these two 
variables, audiosusceptibility should be around 0.0003 Ω-1 
at twice the line frequency. In this way, a 10% ripple in the 
input voltage (40 Vpp) of the second stage will produce a 
12-mApp low-frequency ripple in the output current of the 
TIBucks (40 Vpp·0.0003 Ω-1). This represents a 3.5% 
relative ripple in the output current (12 mApp/350 mA), 
which is an excellent current ripple for street-lighting 
applications. 

In Fig. 12 the efficiency of the second and the 
third stages is shown. Fig. 12a shows the efficiency of one 
of the TIBucks for different input voltages, which are 

Fig. 9. ZVS in ET MOSFETs at a) full load and b) no load. 

b)

a)

VGS (10 V/div) 

VDS (100 V/div) 
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VDS (100 V/div) 

1 µs/div

1 µs/div

Fig. 8. a) Current through one of the ET output diodes; b) detail. 



defined by the maximum, nominal and minimum input 
voltage of the ET. Fig. 12b shows the efficiency of the 
second stage for the maximum, nominal and minimum 
input voltage. In both cases, the power consumption of the 
control stages is not included. This total power 
consumption is around 2 W for the 4 TIBucks plus the ET 
control stages. Hence, the efficiency of the second stage in 
cascade with the four third stages operating at full load is 
nearly 96.0% (see Fig. 12c for the whole-range efficiency). 

If the power consumption of the control stages is included, 
this efficiency is as high as 94.8%. Considering that the 
second stage proposed in [9] has an efficiency as high as 
97% and considering that the third stage of that topology 
(the conventional Buck converters) has an efficiency as 
high as 94%, the overall topology has an efficiency as high 
as 91%. Hence, the topology proposed in this paper (ET 
plus the TIBucks) implies an improvement in efficiency of 
about 4-5%. 

Finally, as the BCM-PFC Boost converter may 
reach an efficiency as high as 97%, the overall efficiency 
of the proposed three-stage topology may be as high as 92-
93%. In Fig. 12d, the efficiency of the three stages in 
cascade for different ac input voltages is shown. 

VII.  CONCLUSIONS 

HB LEDs are gaining consideration in lighting 
due to their high efficacy when converting electrical 
energy into light. Nevertheless, this new technology needs 
power supplies different from the rest of lighting devices. 
The main issues when analyzing these new converters are 
high efficiency, high reliability, color quality and total 
dimming. Nevertheless, there are applications in which 
some of this features are more important than others. In 
street lighting, light quality is less important than 
reliability and efficiency. 

In this paper, a converter for LED-based street 
lighting application is presented. It is based in a three-stage 
topology. Each stage is designed for one specific task, in 
such a way that the overall efficiency is above 93%. 
Besides, it is a solution without electrolytic capacitor; 
hence, it has high reliability. 

The first stage of the proposed solution is the 

a)

b)

VMOSFET (50 V/div) 

Vdiode (50 V/div) 

VGS (10 V/div) 

Vfilter (25 V/div) 

2.5 µs/div

2.5 µs/div

Fig. 10. a) Voltage withstood by the TIBuck diode and MOSFET; b) 
Gate signal of the MOSFET and filter input voltage. 

Fig. 12. a) Efficiency of one of the TIBuck, b) Efficiency of the ET for different input voltages (control stage consumption is not included), c) 
Efficiency of the ET connected in cascade with the four Modified Bucks (control stage consumption is not included) and d) Efficiency of the three 

stages connected in cascade for different ac input voltages. 

Fig. 11. ET Input voltage and LED string current when a) the input voltage has no low-frequency ripple; b) detail when the input voltage has no 
low-frequency ripple; c) the input voltage has a 45-Vpp 100-Hz ripple. 



very-well known boost converter. Its main task is 
achieving PFC with high efficiency. The second stage is an 
Electronic Transformer. It provides two output voltages 
with a fixed gain (unregulated) between input and outputs. 
Its task is providing galvanic isolation. The third stage is a 
TIBuck. While the first two stages are common, each LED 
string is connected to a TIBuck. In this way, the current of 
each string can be regulated independently. Besides, the 
first stage has a considerable output voltage ripple due to 
the absence of electrolytic capacitors. As the second stage 
is unregulated, this ripple has to be cancelled by the third 
stage. 

The three stages have been implemented without 
electrolytic capacitor. The first stage has three 10-µF MKP 
capacitors from EPCOS high density series. The ET has 
two MKP capacitors of 100 nF in each output. Finally, 
each TIBuck (third stage) has a 150-nF output MKP 
capacitor. 

The experimental results have been obtained with 
a prototype designed for 4x40-W LED strings achieving an 
efficiency at full load as high as 95% for the second and 
third stages in cascade. If the first stage is also considered, 
the proposed three-stage LED driver may reach an 
efficiency as high as 93%. 
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