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Abstract—This work presents a driver for High-Brightness
Light-Emitting Diodes (HB-LED) in three-phase grids, which
complies with IEC 1000-3-2 Class C requirements, achieves high
Power Factor (PF), low harmonic distortion, as well as, the
capability to achieve full dimming while disposing of the bulk
capacitor and having galvanic isolation. The HB-LED driver is
based on the use of six two-port cells with their inputs connected
to the three-phase network and their outputs connected in parallel.
Each one of these cells is a DC/DC converter operating as a Loss-
Free Resistor (LFR) based on the concept of a flyback working in
Discontinuous Conduction Mode (DCM). Moreover, it works in
the full range of the European three-phase line voltage, which
varies between 380V and 420V, and it supplies an output voltage
of 48V with maximum power of 90W.
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L INTRODUCTION

Light emitting diodes (LED) are becoming increasingly
ubiquitous across all aspects of illumination products, by
offering a lot of advantages over traditional lighting solutions.
Furthermore, several commercial and industrial installations
around the globe receive primary three-phase power with a wide
variety of voltages depending on the country, e.g. line-neutral is
347V in Canada, 480V in the US or 230V in the European Union
with the exception of the UK (240V). Hence, one question
arises, why is not a specific solution for LEDs used in three-
phase grids.

High-Brightness Light-Emitting Diodes (HB-LED) drivers
are normally designed for single-phase universal input voltage
supplies (100 to 277V). Therefore, the use of these LED drivers
in installations with exclusive access to three-phase requires a
step-down autotransformer, as well as, access to neutral [1]. The
use of these step-down autotransformers reduces the efficiency
of the whole system greatly due to their electrical efficiency not
being higher than ~95% in a best case scenario. Another aspect
that needs to be taken into account is the size increase of the
power supply [2]. Hence, the necessity of a compact solution
especially designed for this specific application.

In prior literature, there are several works dedicated to the
study of AC/DC three-phase power supplies, synthesized in [3].
Most of the converters based on a single switch have high power
factor (PF) by penalizing the Total Harmonic Distortion (THD)
or having the need of high output voltage. In order to have high
PF and not to penalize THD, it will be necessary to use a three-
phase driver based on multi-cell loss free resistor (LFR). These
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Fig 1. Diagram of the multi-cell three-phase HB-LED driver.

drivers are more complex from a control point of view since they
add more components and are arguable more expensive, but they
have a better trade-off between the output voltage and THD.
There are only a handful of these converters in literature, based
on DCM flybacks [4] [5], Cuk [6], SEPIC [7], used as LFR cells.
This digest proposes the use of this type of multi-cell converter
as HB-LED driver. It should be noted that, the use of any three-
phase converter with unity PF means that the output power is not
pulsating, therefore allowing not only to remove the electrolytic
capacitor in commercial and industrial installations, but also to
increase the light quality in these environments.

In order to design this driver the IEC 1000-3-2 [8-10]
regulation is going to be taken into account. However, it is not a
simple task to fit a three-phase power supply for lighting
applications in the classes (A, B, C and D) specified in the
regulation. It should be classified as Class A equipment taking
into account that it is three-phase equipment, but it should
comply with Class C taking into account that it is also lighting
equipment. Therefore, the aim of this work will be for the HB-
LED driver to comply with the more restrictive of the two which
is Class C.

It should be noted that some work has been done previously
in the field of three-phase dimmable lightning, in this case for
fluorescent lamps [11]. Although, it has never been done for
LED lighting. In this paper, a compact HB-LED dimmable
driver is proposed, based on the idea of [5] by using LFR cells
as it is illustrated in Fig. 1, which will be extensively described
in Section II. Section III will be dedicated to the control of said
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converter, and finally Section IV will synthesize the most
relevant experimental results.

In summary, the use of three-phase AC/DC converters
instead of single-phase ones makes possible to remove the most
critical device from the point of view of the converter lifespan:
the electrolytic capacitor. The price to pay is to connect the LED
driver to a 3-wire line instead of a 2-wire one.

II.  PROPOSED LED DRIVER

The concept of the HB-LED driver presented in this work is
depicted in Fig. 1, based on a family of three-phase power
supplies which are built with LFR, in order to achieve high
quality rectification [4]. The one presented in this work is based
on the idea of [5].

Each one of the cells depicted in Fig. 1, is a DC/DC
converter working as a LFR. The proposed cells in this case are
flyback converters working in DCM, as shown in Fig. 2.
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Fig 2. Schematic of the LFR flyback cell.

As has been stated in [12], a flyback working in DCM
supplies a fixed amount of current to the load, which in this case
are HB-LED. The LFR of a DCM flyback converter, which is
the basic cell, can be defined by:

2L
D2T’
where D is the duty cycle of the converter, L is the
magnetizing inductance of the transformer and T is the
switching period. By forcing the flybacks to work in DCM with
a fixed duty cycle, it can be assured that each one of the flybacks
behaves as a resistor at their input. Hence, each phase will

demand a sinusoidal current granting both high PF and low
THD.

Henceforth, to simplify the analysis of the HB-LED driver,
the LFR cells are going to be considered as ideal resistors. Their
value is going to be considered equal not taking into account
tolerances that could come from the components.
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In order for the HB-LED driver to demand a sinusoidal
current, each one of the diodes is going to be conducting during
half line cycle. Hence, three different diodes are going to be
conducting every 60°, depending on the phase voltages (Vg, Vs,
Vr), as it is summarized in Fig. 3. For instance, D, conducts
during the positive half line cycle of line S, from t; to t4, as stated
in Fig. 3. At the time, there are two other diodes conducting.
However, they do not share the same conduction time as D (ti,
t4) meaning there is a different set of three diodes conducting
every 60°.

Therefore, the driver can be divided in three stages for each
one of the diodes. These three stages are depicted as an example
for diode D> in Fig. 4 (a), (b) and (c), where D; is the diode that
is conducting from t; to t4 and D, D3, D4 and Ds are the diodes
that are swapping in between depending on the voltages of
phases R and T.

The analysis done for D, is equivalent for the rest of the
diodes. Hence, if the whole line period where to be considered,
the HB-LED driver is equivalent to a star connection (Y), as
shown in Fig. 3 (d), meaning that the input current of each phase
(Ipnn) of the converter is going to be defined by:
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where Vy is the phase-neutral voltage of one of the phases
(N defines whether is phase R, S or T), Vp is the peak amplitude
of the phase-neutral voltage and @x is the phase of the signal.
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Fig 3. Theoretical conduction of the diodes depending on the
phase voltages.
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behaviour of the driver.



Assuring unity factor power correction allows not to have
pulsating power at the HB-LED driver input. Therefore, the
input power of the converter will be defined by the sum of each
phase, as shown in (3), since only three of the six cells are going
to be working at the same time.
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P(t) = 3)

It should be noted, that the sinusoidal components that come
out from the summation in (3) can be removed due to their sum
being equal to zero. Hence, the input power of the converter can
be defined by a DC component.

From Figure 4, it can be observed that the line currents
undergo the voltage drop corresponding to only three rectifier
diodes, which is an important advantage over the topology
proposed in [4], where the line currents undergo the voltage drop
corresponding to six rectifier diodes.

Regarding the connection of the outputs, every single one of
the LFR cells needs to be connected in parallel to the same load.
Accordingly, if the simplification from Fig 3. (d) is taken into
account with the parallel output connection, Fig. 5 can be
derived. In this figure the basic operation of the converter is
explained with the three active cells that are feeding the LED
string keeping in mind the cell behaviour as a power source.
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Fig 5. Three-phase HB-LED driver simplified with LFR.

The parallel output connection allows the complete removal
of the bulk capacitor due to the non-pulsated power given to the
load. Hence, a film capacitor can be used to reduce the switching
frequency ripple, which is the only ripple at the HB-LED driver
output. Furthermore, being able to eliminate the bulk capacitor
from the HB-LED driver, increases dramatically the lifespan of
the driver. Particularly important for lighting environments with
either difficult access or expensive solutions that need to
guarantee a high lifespan of the driver.

Therefore, if non-pulsated power given to the load is
considered and a relation is made between input power (3) and
output power, equation (4) is derived:
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where Vo is the output voltage and Ry is the load resistance.

From (4) the duty cycle required to drive the HB-LED driver
can be obtained, considering the same PWM signal is going to
be driving all the flybacks, as has been stated in (5):
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Full dimming on the LED is achieved by reducing the duty
cycle, which increases the emulated resistance diminishing the
output current while keeping theoretical sinusoidal input current.

From the design point of view, the designer needs to
calculate both the theoretical duty cycle (5) and the maximum
output power (3) required for its specifications. Afterwards, the
LFR flyback cell needs to be designed, as has been explained in
previous literature [12], considering an input voltage in the cells
equal to the one of the phase-neutral. Furthermore, the designer
needs to keep in mind that each flyback is going to handle one
sixth of the input power.

III. CONTROL STRATEGIES

Closed loop operation is mandatory in most applications
where a certain voltage or current levels needs to be guaranteed
at the output. HB-LED drivers are no exception, meaning a
certain voltage/current level needs to be assured in order to
guarantee not only, good light quality but to avoid harmful
effects for human beings in an industrial environment.

From the schematic depicted in Fig. 5, the control of the HB-
LED driver can synthesized as a problem of three power supplies
connected in parallel to the same load. Many works in previous
literature have address the parallelization of powers supplies and
are synthesized in [13-15]. From these works a quick conclusion
can be extracted: the most optimal way to control the power
supplies (LFR cells) would be for each one of them to have their
own control current loop. However, in our case of study that
means the use of a current sensor for each cell, which leads to
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Fig 6. HB-LED driver voltage loop diagram.



six current sensors. This soulution would increase not only the
price but the complexity of the control. Hence, a voltage loop
like the one depicted in Fig. 6 is going to be used.

It is important to note that the tolerances of the components
are going to have an effect over the LFR value (Reen1). Especially
the tolerance of L which is the most critical component in this
sense. This variation of the Reeii from one cell to another will
have an effect on the output voltage of the converter. Therefore,
an independent current control for each cell would be optimal to
reduce the tolerance effects or any unbalance that could come
from the three-phase grid. However, since the change between
Reen are really small, it does not justify the use of a more complex
control.

The voltage loop proposed in Fig. 6, is going to be based on
measuring the output voltage by means of a voltage divider. That
voltage is going to be digitally converted and processed by an
FPGA, in order to generate the digital pulse-width modulation
(DPWM) that goes to the isolated driver of each cell. The signal
that goes into each isolated driver is V(t), and is the same signal
for the switch of each cell.

In order to determine the compensator to be used in the HB-
LED driver, the plant of the HB-LED driver needs to be
calculated using a similar analysis to the one done in [4] by using
Ridley’s average small signal analysis [16]. Consequently, the
starting point for this analysis would be the input power handled
by the HB-LED driver and defined by (3) and the equation that
can be obtained from the circuit in Fig. 6 defined by (6)
considering the HB-LED string as a resistor:

AAOIN/AC)
By equating both (3) and (6), (7) is derived. It should be
noted, that both V, and D are dependent on time. The first one
due to the variations that can occur in a three-phase grid and the
second one due to the variation that the loop is now able to do to
the duty cycle in order to regulate the output voltage.
32 (OD*(OT dv,(®) V) _ 0
4L dt R,

After perturbing equation (7), and eliminating the second
order and the DC terms, equation (8) is reached.
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Then, the Laplace transform of (8) needs to be performed in
order to yield (9) and (10).
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It should be noted that equations (9) and (10) are valid, if and
only if, the compensator has a crossover frequency of less than
300Hz, that guarantees that there is no frequency component

having an effect over the control action. This is extremely
important, because when closing the loop, the power supply can
vary the value of the Rcei, meaning that this will have an impact
on the THD. So if rapid changes are allowed the unity factor
correction that assures almost DC current at the output might
not be guaranteed.

IV. EXPERIMENTAL RESULTS

The HB-LED driver introduced in the previous sections has
been designed for a maximum power of 90W. This driver
receives a three-phase input of 400V line-to-line and feeds five
strings of 12 HB-LED (W42180T2-SW) that are equivalent to
1.8A/48YV at full load. The switching frequency of each flyback
is 100 kHz. Moreover, the LFR cell is based on a flyback
converter working in DCM, as the one shown in Fig. 2 and
whose components are summarized in Table I. Each one of these
flybacks handles one sixth of the total power as it was previously
stated, meaning that each one handles 15W. The rest of the
components that form the HB-LED driver are summarized in
Table II. Finally, Fig. 7 shows a picture of the prototype that was
built to validate the concept of this work. It should be noted that
the flyback transformers are on the other side of the board.

TABLE L COMPONENTS OF THE EXPERIMENTAL LFR CELL
PROTOTYPE

Fig. 2 reference Value
D, STTH208U
D, FES8BT-E3/45
C1 1uF 800V Ceramic Cap.
C2 100nF 50V Film Cap.
C3 1uF 50V Film Cap.
R 10.5kQ
Q IPP65R225C7
T Coilcraft Z9007-BL

Fig 7. HB-LED driver prototype.



TABLE IL REST OF COMPONENTS OF THE HB-LED DRIVER
Fig. 1 reference Value
D;-Dg 1N4007
C, 10uF 100V Film Cap.
FPGA XC7A100T-1CSG324C

All the tests have been done connected to the real three-phase
power grid, which justifies the distortion of Vr in Fig. 8. In the
same figure, a snapshot of the oscilloscope is shown where the
input currents of the driver, as well as, one of the phase-neutral
input voltages of the converter can be observed. As it can be
seen, the current (Ir) follows the voltage (Vr) demonstrating
that power factor correction is achieved. The phase shift
between currents is 120° so it can be assumed that power
correction in the three phases is achieved. In Fig. 9, it can be
observed that both the output current and the output voltage
have low ripple with a 10pF film capacitor.

100mA/ 100mas 3

100maf 4 2.000ms# 0.0s Stop
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Fig 8. Input currents for all three phases and input voltage of
phase R when fully loaded.
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Fig 9. Output current and output voltage when fully loaded.

In order to validate the HB-LED driver, several
measurements are going to be taken into account. Firstly, to
validate the dimming of the HB-LED driver, three operating
points are going to be measured by varying the voltage
reference of the loop, therefore, varying the output current to
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Fig 10. Efficiency of the LED driver versus output current.

1.8A (fully loaded), 0.9 A (full dimming condition) and 0.45 A.
Secondly, the HB-LED driver needs to work in the full range of
the European three-phase voltage line meaning that also three
operating points are going to be measured, 380, 400 and
420V .

To correctly analyze the waveforms in both scenarios, the
waveforms are going to be extracted from the oscilloscope as
data and processed with MATLAB®. The parameters that are
going to be extracted for each one of the points are: efficiency,
THD, PF, compliance with Class C IEC 1000-3-2 [9-11] for
both, and flicker operating recommendation [18][19] for the
dimming validation.

A. Dimming validation of the HB-LED driver.

The dimming validation is shown in Table III, which
summarizes PF and THD measurements for each phase based on
input voltages and input currents extracted from the oscilloscope
for the three operating points stated before, which are 1.8A, 0.9A
and 0.45A. It can be observed that THD increases and PF
decreases, when lowering the output current by diminishing the
duty cycle of the power supply. As for the efficiency of the HB-
LED driver, in Fig. 10 it can be seen that it decreases by lowering
the output current, being roughly 86% at the full dimming point
(0.9A).

The efficiency of the HB-LED driver is 88% at full load. It
should be noted that the efficiency of the driver was not the aim
of this work, since it was proving the concept of feeding HB-
LED in three-phase power grids. The efficiency of the HB-LED
driver is completely reliant on the efficiency of each cell
(flyback). In fact, it will be the efficiency of the cell affected by
the voltage drop corresponding to the rectifier diode associated

TABLE IIL. COMPONENTS OF THE EXPERIMENTAL LFR CELL
PROTOTYPE
Output
Current/Phase 1.8A 0.9A 0.45A
R PF[%] 99.81 99.72 99.56
THD[%] 5.71 6.97 8.03
S PF[%] 99.87 99.75 99.59
THD[%] 4.62 6.96 7.71
T PF[%] 99.85 99.73 99.58
THD[%] 5.26 6.86 7.97
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Fig 12. Output current and output voltage in full dimming.

To limit the biological effects and detection of flicker in
general illumination, the Modulation (%) should be kept within
the shaded region defined in [18][19], where Modulation(%)

0 o 30 40 calculation can be define as follows:
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In this case a proportionality between luminance and the ac
component of output current has been assumed. Results of this
analysis are shown in Fig. 13 for the three operating points
under study. As you can see, all ac harmonic content is within
the shaded region. Therefore, good light quality and non-
harmful effects can be assumed from the HB-LED driver
presented, even in full dimming conditions.

B. Input voltage range validation.

Fig 11. Harmonic content of each phase compared with
both Class A and Class C limits. (a) Class A comparison
for 1.84. (b) Class C comparison for 1.84 (c) Class C
comparison for 0.94 (d) Class A comparison for 0.45A.

The European three-phase voltage standard is 230Vims
phase-neutral and a variation of 10%, except for the UK, Malta
and Cyprus which is 240V [20]. As in this previous subsection
three points are going to be considered to validate the operation
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of the HB-LED driver, in this case those are 380V, 400V and
420V line-to-line RMS. However, only the THD, PF and
efficiency are going to be shown since the compliance with class
C was already demonstrated in the previous subsection and this
low variation have next to none effect over the other parameters.
The first two parameters are shown in Fig. 14, where it can be
seen that THD increases with the input voltage. This is due to
the voltage loop lowering the duty cycle in order to regulate the
voltage. It should also be noted that the prototype complies with
ENERGY STAR regulations [21].
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Fig 14. Evolution of the PF, THD versus the line input
voltage.

As for the efficiency, the results are shown in Fig. 15. In this
case the efficiency of the converter have been measured in
several operating points using a resistor instead of the HB-LED.

C. Detailed description of the designed voltage loop.

In this subsection the designed compensator for the voltage
loop is going to be explained. For that reason, in Fig. 16 there
is a detailed diagram of said voltage loop.

It is important to note that the compensator is designed for a
digital control. Therefore, limit cycling needs to be taken into
account in the design of the compensator, in this case by using
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Fig 15. Evolution of the efficiency with input line voltage
and the load.

the definitions that guarantee non limit cycling in PFC [17].
Moreover, the design shown in (11) with a very simple
compensator has settling time of roughly 4ms. This
compensator satisfies the requirements stated at the end of the
previous subsection while having a phase margin of 80.7°, as it
is shown in Fig. 17.
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Fig 16. Block diagram of the digital control loop.
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The tests done to validate the voltage loop are executed with
a resistive load going from full load (90W) to half load (45W)
and vice versa. These tests are depicted in Fig. 18 (a) and (b),
where it can be seen that when a load transient is applied, not
only is the voltage loop able to correct the output voltage but
the settling time matches the 4ms corresponding with the one

that was obtained from doing the dynamic analysis of the HB-
LED driver.

C(2) = (11)

It should be noted that these tests are done for the sake of
completion of the voltage loop analysis and they are not crucial
from the point of view of the stability and dynamic response of
a load composed of HB-LED.
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Fig 18. Load transient response of the HB-LED driver.
(a)Half load to full load. (b) Full load to half load.

V. CONCLUSIONS AND FUTURE WORK

A three-phase HB-LED driver has been reported and
experimentally proven in this work. The HB-LED driver under
study provides high PF and low THD and compliance with Class
C IEC 63000-3-2. The analysis carried out over different
dimming operating shows a non-flicker behaviour from a health
point of view, while disposing of the traditional bulk capacitor
in power factor correction. The disposal of said capacitor
increases greatly the lifespan of the HB-LED driver making it a
great solution for lighting in primary three-phase grids.

The driver has been tested in the whole range of European
three phase voltage, showing lower efficiencies for the higher
values of the range but still being a valid solution, taking into
account that THD and PF roughly vary in this analysis.

Finally, the voltage loop has been validated with a couple of
transient loads with the use of resistive loads. In this regard more
work will be done in the future by looking at different controls
or different LFR setups that can help reduce the ripple of both
output voltage and current.
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