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Abstract— The proposal of this work is a modular three-phase 
ac-dc LED driver for high power luminaires based on Light-
Emitting Diodes (LEDs), that uses each phase to control an 
independent LED load removing in the process both the 
electrolytic capacitor and the second stage to increase both the 
lifetime and the efficiency. The driving of each LED load is done 
by means of a dc-dc converter operating as a Loss Free Resistor 
responsible for controlling the current across it. Furthermore, 
each dc-dc converter needs to achieve Power Factor Correction 
(PFC) to comply with the restrictive IEC 61000-3-2 Class C 
requirements. Hence, achieving unity Power Factor (PF) and low 
Total Harmonic Distortion (THD). Taking advantage of the light 
properties, the output of the LED driver will be the sum of the 
light of each of the phases. Therefore, a theoretical study will be 
carried out to observe the feasibility of removing the electrolytic 
capacitor while guaranteeing a flicker free behaviour of the LED 
luminaire, even if the current of each string is pulsating at twice 
the mains frequency. This particular performance under high 
output current and voltage ripples requires reevaluating the well-
known limits between the conduction modes in PFC converters. 
In addition, the theoretical analysis also discusses and proposes 
control methods for the LED driver, which thanks to its 
modularity can easily scale in power to drive high power 
luminaires. 

In order to validate the theoretical analysis, a prototype has 
been built comprised of three PFC boost converters disposing of 
their electrolytic capacitors. The designed prototype operates in 
the full range of the European three-phase line voltage, which 
varies between 380 V and 420 V, and supplies an output light of 
42.000 lm at a maximum power of 300 W while achieving an 
electrical efficiency of 97.5%. 

Keywords— Single phase, ac-dc power conversion, Power 

Factor Correction, HB-LED driver 

I. INTRODUCTION 
Light-Emitting Diodes (LEDs) are becoming increasingly 

ubiquitous across all aspects of illumination products due to 
their reliability, long lifetime, energy efficiency and low 
maintenance requirements. These advantages make LEDs 
suitable to replace traditional lamps in household, commercial 
and industrial installations [1]. Specifically, this work focuses 

in replacing high power lamps, i.e. 200 W to 10 kW, at almost 
inaccessible locations, such as tunnel lights, stadium spotlights 
or floodlights, where access to the three-phase power grid is 
also available.  

Conventionally, single-phase LED drivers need to comply 
with both ENERGY STAR® [2], [3] and the harmonic 
injection regulation IEC 61000-3-2 [4]. The first requires the 
driver to achieve a Power Factor (PF) of 0.9 and a lifetime of 
more than 50,000 h in commercial environments. In fact, the 
lifetime is considered as the elapsed operating time over which 
the LED light source will maintain a 70% of its initial light 
output. The compliance with the lifetime requirement makes 
mandatory the disposal of the electrolytic capacitor from ac-dc 
LED drivers, which has been a major research topic in ac-dc 
LED drivers. This feat has been performed in single-phase 
with the addition of a bidirectional converter [5], [6], a partially 
cascaded dc-dc converter [7], [8] or a fully cascaded dc-dc 
converter [1] that in some cases can be integrated within the 
PFC converter [9], [10]. However, this is not the case for three-
phase ac-dc LED drivers as they can perform the disposal of 
the electrolytic capacitor naturally. 

The harmonic injection regulation IEC 61000-3-2 requires 
the driver to comply with Class C for lamps of more than 25W. 
In fact, for three-phase LED drivers the regulation is not clear 
since the driver falls into Class A category according to it 
being balanced three-phase equipment, or into Class C because 
it is also lighting equipment. The aim of this work will be 
complying with the most restrictive regulation, which is Class 
C. In that case, each phase of the driver will be required to 
demand a sinusoidal current in phase with its phase voltage.  

Considering that an LED driver needs to be cheap and 
reliable, a three-phase single-switch converter will be ideal. In 
fact, a single-switch three-phase flyback converter [11], [12] 
has been previously proposed to drive LEDs, as illustrated in 
Fig. 1 (a). However, its PF is roughly 0.9 for the higher 
voltages of the European three-phase grid, its efficiency is well 
below the desired 90% for an LED driver and the switch needs 
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to withstand high voltages unless a snubber is used [13]. These 
characteristic make this driver unfitting for luminaries of more 
than 200 W.  

In accordance to previous literature, another feasible LED 
driver for this application is based on a modular approach and 
is able to comply with the aforementioned regulation, either 
with three cells [14], [15], or six cells to achieve higher 
efficiencies [15]-[17]. The proposal of these works to drive 
LED luminaires is to use a cell based on either a single-stage 
or a two-stage approach per phase, as illustrated in Fig. 1 (b). 
The latter being used for high power luminaires due to the 
limitations of single-stage isolated solutions. In the second 
scenario, each cell is comprised of a first stage that achieves 
Power Factor Correction (PFC), typically a boost converter, 
followed by a fixed-gain isolated step-down dc-dc converter to 
adjust voltages and currents to that of the LED string [18]. In 
fact, this approach is similar to the two-stage single-phase ac-
dc solution, and the second stage can be implemented by 
means of resonant converters [19], as an Asymmetrical Half-
Bridge (AHB) [20] or a Zeta AHB [21].  

The galvanic isolation of the second stage is required in this 
LED driver to be able to connect the outputs of each cell in 
parallel to the LEDs, as shown in Fig. 1 (b). The parallel 
connection is necessary to eliminate the electrolytic capacitor, 
otherwise present in single-stage ac-dc converters if the second 
stage does not have the proper control. However, this solution 

requires an excessive amount of components, which would 
hinder its reliability and penalize the efficiency of the LED 
driver at lower loads due to the second stage. In fact, taking 
into account the aim of this work for low maintenance LED 
lamps placed in inaccessible locations galvanic isolation can 
be removed, as only authorized personnel should have access 
to the LED lamp and driver.   

Some authors have tackled the design of three-phase 
non-isolated LED drivers based on switched capacitors [22]. 
These drivers can achieve high power density, high efficiency 
and do not require current sensing to maintain a stable light 
output. In contrast, the proposal requires variable frequency 
operation, cannot achieve full dimming condition and requires 
six active switches, which similarly to the multi-cell approach, 
previously described, will hinder the reliability of the driver. 

In order to solve the reliability and cost issues, the proposal 
of this work is based on eliminating the isolated dc-dc 
converter that comprises the multi-cell approach, depicted in 
Fig. 1 (b). Hence, directly connecting an LED string to each 
PFC converter, as shown in Fig. 2. It should be noted that, any 
PFC converter as long as it operates as a Loss Free Resistor 
(LFR) is able to perform this achievement. This statement 
increases the amount of potential topologies that can be used 
as cells of the proposed topology, taking into account galvanic 
isolation is no longer a mandatory condition. Thus, a boost 
converter operating as a PFC can be used with High Voltage 
(HV) LEDs. The HV LED driving approach has been studied 
by a handful of authors thanks to the newer LEDs recently 
introduced in the market, showing promising results to reduce 
cost and increase the reliability of drivers [23]. 

The main benefit that all previous three-phase LED drivers 
share is the removal of the most limiting component in terms 
of lifetime, which is the electrolytic capacitor. This is achieved 
due to the non-pulsating power at the load in a balanced three-
phase power grid.  However, in the proposed LED driver, the 
size of the output capacitor of each cell (i.e. CR, CS and CT, 

 
Fig. 2. Proposed LED driver based on a modular approach without galvanic
isolation. 
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Fig. 1. Isolated three-phase rectifier. (a) Single-switch three-phase ac-dc
flyback LED driver. (b) Multicell three-phase ac-dc LED driver based on using
three single phase converters with fictional neutral connection. 
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referred as CX) cannot be diminished, if a constant current is to 
be assured to drive each string.  

In order to comply with the lifetime requirements of 
ENERGY STAR®, this work analyzes the reduction of CX, 
allowing a certain ripple to appear in terms of the current 
across the LEDs. This ripple will modulate the amplitude of 
the light due to the well-known relationship between current 
and light on an LED [24], hence, causing a perceptible flicker 
on each phase. It should be noted that, this current modulation 
of a low frequency ac signal plus a dc signal does not have any 
impact in terms of the lifetime of the LEDs [25]. In contrast, 
the perceptible flicker both annoying and hazardous for human 
beings is not an issue for this solution, considering that the low 
frequency modulation of the light is cancelled between phases, 
rendering a constant light output [26]. 

 Therefore, the aim of this work is proposing a three-phase 
multi-cell ac-dc LED driver capable of achieving high 
efficiencies to drive high power luminaires based on LED 
loads, while still keeping the design of the cell as simple as 
possible, and without using an electrolytic capacitor. For that 
matter, Section II studies the feasibility of removing the 
electrolytic capacitor in the proposed solution by means of an 
analytical study. In fact, considering the potentially high 
variation of the output voltage allowed with the usage of low 
output capacitances compared to the conventional approach, it 
is also necessary to study the limits of operation between 
Continuous Conduction Mode (CCM) and Discontinuous 
Conduction Mode (DCM), carried out in Section III and 
particularized for the boost PFC converter. Section IV is 
dedicated to the proposed control methods for the LED driver 
under study, carefully stating the required start-up and 
proposing two methods of controlling the LED driver. Section 
V focuses on the experimental results obtained with three PFC 
boosts working as cells, each handling a maximum power of 
100 W. This results lead to the discussion of the conclusions 
extracted from this work in Section VI. 

II. WORKING PRINCIPLE 
The proposed driver takes advantage of the sum of the light 

output of each cell to guarantee a flicker free behaviour while 
disposing of the second stage required in a multi-cell three-
phase LED driver. Understanding the operation of a dc-dc 
converter as an LFR is key to guarantee compliance with the 
harmonic regulation, removal of the electrolytic capacitor and 
the ability to achieve full dimming. An LFR performance is 
available for converters from the family of either boost or 
buck-boost, either by operating in CCM with a Multiplier 
Based Control (MBC) [27], in Boundary Conduction Mode 
(BCM) [28] or with a Voltage Follower Control (VFC) [29]. 
This operation guarantees a resistor behaviour at its input by 
shaping the input current in accordance to its input voltage, and 
whose value, RLFR, depends on a control variable. The output 
performance is that of an ideal power source that depends on 
the demanded input power. In fact, by considering the PFC 
converters as an ideal LFR, Fig. 2 can be redrawn as Fig. 3, 
where the LEDs are replaced with their equivalent circuit 
comprised of: an ideal diode, an equivalent dynamic resistance 

(rLED) and an ideal voltage source, representing the knee 
voltage of the diode (Vγ_LED). The circuital problem is then 
reduced to a star network of equal resistors 
(i.e. RLFRR=RLFRS=RLFRT) at the input, and an ideal power 
source feeding both the output capacitor and a string of LEDs 
at the output of each cell. 

The first study carried out is to estimate the theoretical ripple 
of the low frequency component that modulates the output 
luminance of the driver (lo) without an output capacitor. Then, 
the study will be completed using an output capacitor of equal 
value on each cell.  

In order to calculate lo(t), the currents through the LEDs, 
ioR(t), ioS(t) and ioT(t), need to be determined. In addition, 
considering the sum of these currents to be proportional to the 
light supplied by the LEDs, then, lo t =α ioR t +ioS t +ioT t , (1) 

where α represents the proportionality between the low 
frequency modulation of the light and the current through the 
LEDs.  

A. Without output capacitor 

This first study will shed some light on whether it is feasible 
to achieve a non-flicker performance when driving the LEDs 
with pulsating currents. The current through the LEDs can be 
obtained by analyzing and solving a simple circuit of a power 
source in parallel with the LEDs, taking into consideration that 
capacitance CR, CS and CT from Fig. 3 are removed for this 
analysis. Hence, 

pX t =ioX2 t nrLED+ioX t nVγ_LED
, (2) 

where n represents the amount of LEDs in series in an LED 
string and X represents the phase under study, R, S or T which 
are given a fixed value to unify and simplify the analysis. 
Consequently, X is equal to 0 for phase R, 1 for phase S and 2 
for phase T. Then, solving for ioX in (2), yields, 

 
Fig. 3. Equivalent LFR model of the proposed LED driver based on a modular
approach without galvanic isolation. 
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ioX t =
-nVγ_LED

+ n2Vγ_LED
2 +4nrLEDpX(t)

2nrLED
, (3) 

where, 

pX t =IgVgsin2 ωt-X
2π
3 , (4) 

Vg and Ig are the mains peak input voltage and current, 
respectively, and ω is the mains angular frequency. 

By operating with (1) and (3), the output luminance can be 
obtained. However, this is not a practical expression and 
conclusions cannot be easily drawn from it, unless it is 
processed with a numerical computing environment. For that 
matter and considering that this is a periodic waveform, the 
Fourier series can be applied marking the 60th harmonic as the 
limit in accordance to the flicker regulation. However, this is a 
difficult Fourier series to determine, so the Fourier series is 
attained by means of graphical characterization considering 
that commercially available LEDs present low values of rLED. 
The theoretical waveform has been represented, studied and 
compared with two approximations in both time and frequency 
domain, as illustrated in Fig. 4. The first one is based on the 
traditional current waveform at the output of a PFC converter 
with unity PF, which does not present a component at six times 
the line frequency. Thus, the Fourier series approximation is 
proposed: lo t =

Lmax+Lmin

2 -
Lmax-Lmin

2 cos 6ωt , (5) 

where, 

Lmin=α
-nVγ_LED

+ n2Vγ_LED
2 +3nrLEDPg

nrLED
, (6) 

and 

Lmax=α
-nVγ_LED

+ n2Vγ_LED
2 +4nrLEDPg

2nrLED
 

+α
-nVγ_LED

+ n2Vγ_LED
2 +nrLEDPg

nrLED
, 

(7) 

are the maximum and minimum luminance of the LED 
luminaire, obtained from combining (1) and (3) and solving at 
ωt = 0 and ωt = π/2, respectively, and Pg is the peak input power 
(i.e. Pg = VgIg) of one of the phases, considering that ideally all 
the phases demand the same amount of power. 

 In (5), it can be seen that the output luminance is 
comprised of a dc and a sinusoidal component of six times the 
line frequency. If rLED is considered to be negligible, then (6) 
and (7) can be approximated by, 

Lmin rLED=0 =Lmax rLED=0 =
3αPg

2nVγ_LED

. (8) 

Eq. (8) is obtained after solving the zero divided by zero 
indetermination that appears from substituting rLED = 0 in both 
(6) and (7). 

It should be noted that the deviation that occurs between Lmin 
and Lmax becomes remarkable for high values of rLED (i.e. > 
100 Ω). However, the available LEDs on the market do not 
present such high values of rLED. Hence, lo(t) can be 
approximated to be a constant value close to either Lmax or Lmin, 
not showing any flicker on the light output under ideal 
conditions.  

 This analysis is able to validate the removal of the 
output capacitor. However, even if this operation is desirable 
in terms of light output, it is not from the perspective of the 
current supplied to each LED string due to the high current 
ripple withstood. This will require the LEDs to be oversized or 
even increase the amount required to ensure a safe operation in 
terms of their maximum current rating, not in terms of the 
average current across them. Therefore, a study needs to be 
carried out to evaluate the adequate size of the output capacitor 
in terms of the output current ripple, to adjust the current levels 
while still using a film or ceramic capacitor that has an 
acceptable lifespan to comply with ENERGY STAR®. 

 
(a) 

 
(b) 

Fig. 4. Graphical characterization of the Fourier series for the proposed
converter. (a) Time domain. (b) Frequency domain. 
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B. With output capacitor 

 The addition of an output capacitor requires to start 
over the mathematical analysis previously carried out. For that 
reason, (2) can be rewritten as, 

pX t =CXvoX t
dvoX t

dt +voX t ioX t , (9) 

where voX(t) can be defined as, 

voX t =nVγ_LED
+ioX t nrLED. (10) 

and where CX defines the capacitance of the output capacitor 
of one of the cells that comprise the LED driver, as seen in Fig. 
2. Eq. (9) is a complex differential equation that requires 
knowing beforehand the mathematical expression of the 
solution. Fortunately, it is well-known that the output current 
(ioX(t)) should follow the expression of a sinusoidal waveform 
at twice the line frequency with a certain dc level, taking into 
account the voltage source behavior of the LEDs. Hence, 

ioX t =Iac sin 2ωt-φ-
2π
3 X +Idc , (11) 

where Iac is the peak value of the ac component, Idc is the dc 
level of the output current and φ represents a phase delay. 
Substituting (11) into (9), is the start point of this mathematical 
analysis in order to attain the three aforementioned parameters 
(i.e. Iac, Idc and φ). The study for phase R yields, 

Pg sin2 ωt = 𝐴 Iaccos 2ωt-φ + 𝐴 Iacsin 2ωt-φ  

+
Iac
2

2 +Idc
2 nrLED+IdcnVγ_LED

 , 
(12) 

if the four times the line frequency components are removed 
and losses are not considered, where A1 and A2 are defined as, 

A1=CXnrLED nrLEDIdc+nVγ_LED
2ω , (13) 

A2= 2nrLEDIdc+nVγ_LED
. (14) 

 Grouping components in (12) in terms of the dc and 
sinusoidal components of double the line frequency renders, 

Pg

2 =
Iac
2

2 +Idc
2 nrLED+IdcnVγ_LED

 , (15) 

and -Pg

2 cos 2ωt = 𝐴 Iaccos 2ωt-φ + 𝐴 Iacsin 2ωt-φ . (16) 

Looking at (15) and (16), it can be seen that both equations 
are dependent of Iac and Idc which gives a system of two 
equations and three unknown variables. In order to attain a 
useful model from an engineering perspective, there is one 
simplification that can be performed, which is removing Iac 
from (15). This approximation dramatically decreases the 
complexity of the solutions, and can be performed due to two 
reasons: 

1. An LED load is used at the output of each 
cell. Thus, the impact of the ac component on the total 

losses in comparison to the dc component can be 
considered negligible since it only multiplies the 
dynamic resistance, which has a much lower value 
than the knee-voltage of the LED. 

2. The maximum achievable value of Iac is 
equal to Idc if no capacitor is used on the cells. In fact, 
the higher the value of the output capacitance the 
lower the value of Iac due to the diminishment of the 
output current ripple of the cell.  

 For these two reasons, Iac is removed, achieving an error of 
less than 5% without output capacitance, which gets lower the 
higher the value of the output capacitance is. Now, Idc can be 
easily obtained by solving (15) without the Iac terms as, 

Idc=
-nVγ_LED

+ n2Vγ_LED
2 +2nrLEDPg

2nrLED
 . (17) 

 In order to attain Iac and φ, it is necessary to solve 
(16). This equation can be simply solved by applying wave 
superposition theory, which is widely used in other fields of 
study [30], reducing the problem to the sum of two plane waves 
with different amplitude. Hence, 

Iac=
-Pg

2 A1
2+A2

2
 , (18) 

φ tan 𝐴𝐴  . (19) 

 Having calculated all the parameters, a relationship 
between the required output capacitance for a certain peak-to-
peak current ripple (ΔI) can be made from (18). The first step 
is to substitute (13) into (18), obtaining: 

Iac=
-Pg

2 CXnrLED nrLEDIdc+nVγ_LED
2ω 

2
+A2

2
. (20) 

Then, (20) is squared and terms are grouped to help solving 
for CX, yielding, 

Iac
2 4CXnrLED nrLEDIdc+nVγ_LED

2ω 
2

= 

Pg
2-Iac

2 4A2
2
. 

(21) 

Now, it is possible to solve for CX in (21), giving the next 
expression: 

CX=
1

Iac
2 4nrLED nrLEDIdc+nVγ_LED

2ω
Pg

2-Iac
2 4A2

2
, (22) 

By operating with (21) the next relationship can be yielded, 

CX=
1

nrLED nrLEDIdc+nVγ_LED
2ω 

 
Pg

2

4Idc
2 ∆I2 -A2

2. (23) 
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considering that Iac can be defined as Idc multiplied by ΔI.
  

 At this point, it becomes necessary to normalize the 
previous equations in order to attain a useful model. For that 
matter, solving (13), (14) and (15) into (18), considering the 
approximation previously taken into account for (15), yields, 

Iac,normIdc=
-Idc In+1

2In+1 2+kn
2 In+1 2

, (24) 

where, 

kn=2ωCXnrLED, (25) 

In=
Idc

Vγ_LED
/rLED

. (26) 

Similarly, solving (13), (14) and (15) into (19), gives, 

φnorm= tan-1 - 2In+1
kn In+1 . (27) 

From here, it is now possible to solve (24) and (27) into (11), 
and then factorize in terms of Idc, obtaining, 

 ioX,norm t =Idc Iac,normsin 2ωt-φ-
2π
3 X +1 . (28) 

Eq. (28) depends on Idc, t and Iac,norm, which at the same time 
depends on kn and In. Hence, it is possible to study the impact 
of the variation of kn, which varies linearly with the output 
capacitance, and In, which is a parameter heavily reliant on 
LED technology and whose value tends to be minimized with 
the newer LEDs, on the output current for a certain Idc. For that 
matter, Fig. 5 (a) and (b) show the normalized output current 
when varying the aforementioned parameters. As can be seen, 
the output current ripple increases as kn decreases, which 
means that the ripple increases as the output capacitance 
decreases, and that In does not have an impact on the analysis, 
considering the lower In used as a feasible value for the newer 
LEDs and the higher as an unreachable limit considering the 
current LED technology. In summary, this analysis shows that 
it is possible to diminish the ripple to a certain extent without 
using an electrolytic capacitor; likewise, it is necessary to 
foresee under this conditions whether it is possible or not to 
obtain a constant dc light output. 

 Substituting (11) into (1), gives the light output 
waveform of the proposed converter with an output capacitor 
in each cell, as 

lo t =α Iac sin 2ωt-φ +Idc+Iac sin 2ωt-φ-
2π
3  

+Idc+Iac sin 2ωt-φ-
4π
3 +Idc =α3Idc, 

(29) 

taking into account that the sinusoidal components cancel 
each other. Hence, it is feasible to attain a constant light output 

with a non-electrolytic capacitor that is also able to reduce the 
current ripple to acceptable levels.  

III. LIMITS BETWEEN CCM AND DCM 
The higher ripple allowed at the output of each of the cells, 

both in voltage and current, does not correspond with the 
conventional operation of a PFC converter, in which the 
voltage and current are to be as constant as possible. Under the 
last assumption, the limits between CCM and DCM have been 
already studied in [31]. Hence, it is required to study the limits 
between CCM and DCM under high ripple conditions. In fact, 
this study proves to be key in order to correctly design and 
select the magnetic component of the LFR cells. For this 
reason, the study will include a scenario with fixed switching 
frequency, and variable switching frequency scenario 
(i.e. BCM), in which this variation will also be analyzed both 
in terms of the output capacitance. It should be noted that, this 
section is particularized for a boost PFC converter, however, 
following the same criteria it is possible to attain the same 
expressions for any other converter operating as an LFR. 

 
(a) 

 
(b) 

Fig. 5. Normalized output current versus line phase in terms of kn for (a) In

equal to 0.05 and (b) In equal to 0.25. 
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A. Fixed switching frequency 

 The first parameter that needs to be calculated is the 
dc voltage conversion ratio that can be defined by relating the 
input and output voltage as, 

m ωt =
nVγ_LED

+IdcnrLED

Vg|sin ωt | +
Iac sin 2ωt-φ nrLED

Vg|sin ωt | , (30) 

 where the first term represents the conventional component 
studied in [31] and the second and newer term represents the 
ripple. 

 At this point, the analysis requires to obtain the load 
as it is seen by converter, which is defined by, 

r ωt =
nVγ_LED

+ Iac sin 2ωt-φ +Idc nrLED
2

Pg sin2 ωt
. (31) 

 The limits between CCM and DCM can be studied 
similarly to any dc-dc converter by obtaining the mathematical 
expression of k(ωt) and kcrit. k(ωt) is a well-known parameter 
specified by, 

k ωt =
2L

Tswr ωt , (32) 

where Tsw is the switching period of the boost converter and 
L is the input inductance. kcrit is the value of k(ωt) that defines 
the boundary between CCM and DCM. Hence, if k(ωt) is 
greater than kcrit the converter will work in CCM, otherwise it 
will work in DCM. kcrit can be determined, according to [30], 
as, 

kcrit ωt =
m ωt -1
m ωt 3 . (33) 

 Consequently, it is possible to obtain the limits 
between modes for the presented conditions. Therefore, for 
operation in CCM, solving (31) into (32), (30) into (33) and 
applying that k(ωt) has to be greater than kcrit, renders, 

2LPg

TswVg
2 > max K1 , (34) 

where, 

K1 ωt =
voX t -Vg|sin ωt |

voX t . (35) 

Maximizing K1 in (34) yields the condition that guarantees 
CCM operation in whole line period, which is defined as, 

2LPg

TswVg
2 > 1. (36) 

Henceforth, it is possible to obtain the inductance value that 
guarantees CCM operation from (31) as, 

L> 
TswVg

2

2Pg
, (37) 

 In a similar fashion, for operation in DCM, 

2LPg

TswVg
2 < min K1 . (38) 

needs to be satisfied. Unfortunately, the minimization of K1 
to achieve DCM operation for the whole line period is not 
trivial and the function needs to be numerically solved. For that 
matter, and in order to alleviate the study, (35) will be 
normalized, substituting (10) and then (28) into it. Thus, 
obtaining,  

K1,norm ωt =1 -
Vgn|sin ωt |

1+In 
Iac,norm

Idc
sin 2ωt-φ +1

. (39) 

where, 

Vgn=
Vg

nVγ_LED

, (40) 

 It is this dependency of K1 on parameters that at the 
same time depend on the output capacitance (i.e. Iac and φ), 
which cause the difficulty of obtaining an analytical solution 
for its minimization. This fact marks an important difference 
for a DCM design when compared to the solution obtained in 
[31]. Consequently concluding the design conditions and 
selection of the main inductance of each cell, which is of 
importance for PFC boost in order to diminish THD or for 
those control techniques that require operation in CCM, such 
as, one cycle control [32] or voltage ramp compensation 
control [33], or for a voltage-follower control which would 
require operation in DCM [34]. 

B. Variable switching frequency 

 The analysis for BCM focuses on studying the 
switching frequency limits. For that matter, if an LFR 
performance is obtained, the input power of the phases can be 
defined as, 

pX t =
Vg

2

L ton sin2 ωt-
2π
3 X , (41) 

where ton defines the constant on time of the main switch. 
Averaging (38) and solving for ton yields, 

  t P LV . (42) 

By applying volt-second balance to the inductor, the next 
expression can be obtained, 

Vg|sin ωt |
L ton+

voX t -Vg|sin ωt |
L toff t =0, (43) 

where toff(t) defines the variable off time in the main switch. 
Solving for toff(t) in (41) and considering the variation of the 
period over a line cycle, yields, 

Tsw t =ton+toff t =
voX t ton

voX t -Vg|sin ωt | . (44) 
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Consequently, the switching frequency (fsw) can be obtained 
from (44) solving (10) into it, as, 

fsw t =
nVγ_LED

+ioX t nrLED-Vg|sin ωt |
nVγ_LED

+ioX t nrLED ton

. (45) 

As with the analysis carried out in the previous section, the 
maximum value of (45) can be easily determined as,  

fsw,max=
Vg

2

PgL , (46) 

but the minimum value has to be studied carefully due to the 
dependency on the output capacitance. In order to adequately 
analyze the switching frequency variation, (45) needs to be 
normalized. In that sense, by solving (27) into (45) and 
factorizing adequately, (45) can be rewritten as, 

fsw,norm t =
K1,norm ωt n2Vγ_LED

2 Vgn
2

PgL , (47) 

Eq. (44) gives all the information required to understand the 
effect of varying several design parameters on the switching 
frequency of the converter. In fact, kn is linearly related to CX, 
In is related to Idc and Vgn is related to Vg, while at the same all 
of them are in function of the LED characteristics. It is then 
possible to plot (47) in function of the line phase while varying 
the three aforementioned parameters, one at a time, obtaining 
Fig. 6 in order to study their effects. In fact, Fig. 6, serves two 
purposes, the first one is the analysis of the variation of the 
switching frequency, and the second one is the study of the 
minimum value of K1,norm, through Fig. 6 (a), (b), (c) and (d), 
introduced in (39). Fig. 6 (a) and (b) show the variation of the 
switching frequency with kn for two different values of In. As 
can be seen, for the lower value of In the variation of kn does 
not affect the switching frequency other than at the minimum, 
whereas for the higher values it impacts the whole waveform. 
This effect can be explained due to the ripple increase of both 
output voltage and current caused by lowering kn, which means 
lowering CX. For that matter Fig. 6 (c) and (d) studies the 
variation of In for two different values of kn, showing that the 
variation of In impacts the switching frequency similarly for 
the lower values of In reaching similar minimum values, 
however, this fact is not true for the higher values. Hence, it 
can be concluded that the minimum of K1 needs to be 
particularized for a specific design in terms of the selected 
output capacitance. Finally, Fig. 6 (e) and (f), show that, as 
expected, the variation of Vgn changes both the minimum and 
maximum values. 

IV. CONTROL TECHNIQUES 
The design criteria of the cell for different operation modes 

have been discussed in the previous sections ensuring a 
constant light output. However, the control of the cell has not 
been presented, and LEDs as many other loads require close 
loop operation to have an adequate current for their driving in 
order to provide an acceptable light output. 

A. Schemes for closed loop operation 

In the particular case of the proposed driver, two control 
loop schemes that can be of interest are proposed. The first one, 
depicted in Fig. 7 (a), is based on a conventional approach for 
a PFC converter controlling the output current instead of the 
output voltage [27], in which each cell will have its output 
current controlled by means of an independent Current Control 
Loop (CCL). The CCL controls the variable vc, which directly 
impacts the RLFR value of the cell in order to demand more or 
less power in accordance to a current reference set by the 
central control. It should be noted that in each of the cells the 
LFR performance is ensured by means of an Input Current 
Controller (ICC) in charge of controlling the switches of the 
PFC converter to adequately shape the input current.  

This proposal is simple, follows a conventional approach 
and assures that the LEDs are driven with a determined average 
current level. Consequently, the light output should be 
guaranteed to be constant in accordance to the prior 
mathematical analysis. In contrast, it is necessary to filter the 
low frequency components of the output current, hindering in 
the process the maximum achievable bandwidth. Furthermore, 
the current reference value needs to be carefully isolated to be 
able to provide this information to each cell. This can be 
extrapolated to the signals that are required for the start-up of 
the LED driver. 

The other scheme, illustrated in Fig. 7 (b), controls the light 
output of the whole LED driver. This method proposes sensing 
the light output at a fixed distance by means of a photodiode 
and a transimpedance amplifier that will convert the light to a 
determined voltage. Then, this voltage is compared to the light 
reference to calculate the error, which is processed by the Light 
Current Loop (LCL). Similarly to the CCL, the LCL generates 
vc, which will be send via wireless communications to each of 
the modules. In that sense, this method is similar to the 
conventional control used for three-phase modular ac-dc 
converters with a parallel output connection in which the 
output voltage is the only variable being controlled and the 
cells receive vc to set the power they have to supply to the load 
[16], [35]. Moreover, this scheme will theoretically have the 
same potential bandwidth as a dc-dc converter, although 
limited to 300 Hz due to the tolerances of real components, 
which will cause a certain ripple at that frequency that is 
required to be filtered. Even so, the bandwidth is improved in 
comparison with the previous scheme. The main issue comes 
from requiring a light sensor at a fixed distance with a wireless 
communication protocol to transmit the required information 
to the cells, increasing cost and complexity. 

A combination of both schemes can also be evaluated to 
achieve a better performance than the previous schemes with 
higher bandwidth and a constant light output. However, the 
increase of complexity does not justify the aforementioned 
benefits taking into account that LEDs are a dynamically slow 
load. 
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                                                                 (a)                                                                                 (b) 

 
                                                                 (c)                                                                                 (d) 

 
                                                                 (e)                                                                                 (f) 
Fig. 6. Normalized switching frequency versus line phase in terms of: (a) kn for Vgn and In equal to 0.65 and 0.05, respectively, (b) kn for Vgn and In equal to 0.65 
and 0.25, respectively,  (c) In for Vgn and kn equal to 0.65 and 0.5, respectively,  (d) In for Vgn and kn equal to 0.65 and 50, respectively,  (e) Vgn for kn and In

equal to 0.5 and 0.05, respectively,  and (f) Vgn for kn and In equal to 0.5 and 0.25, respectively. 
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B. Average small-signal analysis 

In order to design for either of the two presented schemes, it 
is necessary to obtain a transfer function to control. Firstly, 
RLFR needs to be defined, 

RLFR=
k
vc

, (48) 

where k is a constant that depends on the control method 
used in the ICC defining its gain. Considering (9), then, 
substituting the power in terms of the input voltage and RLFR 
while averaging the aforementioned equation, yields,  

vg
2

RLFR
=Cxvo

dvo

dt +voioX. (49) 

Solving (10) and (48) into (49), and then perturbing the 
obtained equation, considering ioX=IoX+ioX , vc=Vc+vc and 

vg=Vg+vg,  while eliminating the second order and dc terms, 
yields, 

Vgp
2

2k vg+
VgVc

k vc=CX nVγ_LED
+IoXnrLED nrLED

dioX

dt  

+ nVγ_LED
+2IoXnrLED ioX. 

(50) 

Note that lower case characters are used for the static 
analysis, capitalized characters are used for constant values 
and to particularize the equation in a determined point of 
operation, and lower case characters with a circumflex 
represent small ac variations. By applying the Laplace 
transform to (50), it becomes simple to solve for ioX obtaining, 

ioX=

VgVc
k vg+

Vg
22k vc

CX nVγ_LED
+IoXnrLED nrLEDs+ nVγ_LED

+2IoXnrLED
. (51) 

Hence, from (51) the transfer function that relates ioX to vc 
and ioX to vb can be yielded for any of the cells described 
previously in the first scheme of control, depicted in Fig. 7 (a), 
as, 

GioXvc s =
ioX

vc vg=0
=

Vg
2

2k nVγ_LED
+2IoXnrLED

CX nVγ_LED
+IoXnrLED nrLED

nVγ_LED
+2IoXnrLED

s+1

, (52) 

and, 

GioXvg s =
ioX

vg vc=0

=

VgVc

k nVγ_LED
+2IoXnrLED

CX nVγ_LED
+IoXnrLED nrLED

nVγ_LED
+2IoXnrLED

s+1

. (53) 

In order to obtain the transfer function to be used for the 
second scheme of control, an extra step is required from the 
previous analysis to obtain the relationship between ioX and lo. 
This requires the averaging and linearizing of (1), which 
yields, lo=α ioR+ioS+ioT . (54) 

 Then, (54) can be perturbed considering, ioX=IoX+ioX, 
yielding: lo=α IoR+ioR+IoS+ioS+IoT+ioT . (55) 

 At this point, the analysis takes into account for the sake of 
simplification that all phases are going to be perturbed at the 
same time. Then, removing the dc components and applying 
the Laplace transform, yields, 

lo s =3αioX. (56) 

Finally, the combination of (53) and (54) with (55) give the 
transfer function for the second scheme of control, depicted in 
Fig. 7 (b), as follows, 

                                                    (a) 

(b) 
Fig. 7. Closed loop operation. (a) Current closed loop per cell. (b) Light  output
closed loop operation per LED driver. 
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Glovc s
lo s
vc s vg=0

=3αGioXvc s . (57) 

and, 

Glovc s
lo s
vg s

vc=0

=3αGioXvg s . (58) 

The analysis carried out in this section can be extrapolated 
to any dc-dc converter operating as an LFR. For this reason, 
Table I, summarizes the values that Vc, vc  and k should take 
for three different scenarios. It should be noted that the 
parameter G1 introduced in Table I refers to the gain of the 
input current sensor of the boost PFC converter. 

V. EXPERIMENTAL RESULTS 
For the sake of validating the proposal of this work, which 

is to drive LEDs in three-phase power grids, a prototype has 
been built controlling three boost converters working in CCM 
with an MBC. The control of each cell is performed with the 
help of an analog IC, the UCC3817 widely used in PFC. In 
particular, the control methodology used by the experimental 
prototype is the one described in Fig. 7 (a). The LED driver is 
designed in such a way that each cell is required to drive two 
strings in parallel of 20 LEDs (L150-5770502400000), which 
are equivalent to 490 V at 100 W. The number of LEDs 
selected in series on a string is not done randomly and is picked 
ensuring that the sum of knee voltages from the LEDs in a 
string at the operating temperature is higher than the maximum 
input voltage in the worst case scenario of the power grid, 
which is around 400 V for the European power grid. This fact 
is based on the inherent behaviour of a boost converter, which 
is only able to increase the voltage at its input. Otherwise, the 
driver would not be able to guarantee full dimming operation. 

The components that comprise each of the cells are 
summarized in Table II, where the boost inductance has been 
designed in accordance to the mathematical analysis carried 
out to study the limits between CCM and DCM in order to 
guarantee operation in CCM. 

Fig. 8, shows a picture of the designed prototype with its 
three cells, its central control unit and the designed luminaire. 
The central control unit is responsible for two functionalities: 
the first one being the start-up of the LED driver, and the 
second, giving the command to each cell to provide the LEDs 

with the same current. In terms of the start-up, it can be tackled 
in a similar fashion to [36], [37]. Following the same principle, 
the cells are off at the start of the LED driver until the output 
capacitors are all charged to the maximum voltage achievable 
in a star connection through the inrush current diode, at which 
point all the cells are started up. Hence, an isolated signal is 
given to the control unit of each cell to start-up the boost 
converter. In the picture, it can also be seen that the LED 
strings are distributed between phases in order to ensure a 
better blend of the light. 

A. Output capacitor analysis 

The first experimental analysis is carried out in order to 
validate the operation of one of the cells when it is connected 
to a single-phase power grid at its input and an LED string at 
its output with a high current ripple and voltage. The design of 
the cell has to be carried out following the traditional design 
criteria for a single-phase ac-dc LED driver (i.e., meeting the 
power requirements of the LED load, selection of 
semiconductor devices, etc.), while keeping in mind two 
significant changes: the selection of the output capacitance and 
the selection of the magnetic components and switching 
frequency. The selection of the output capacitance has to be 
done in accordance to (23), which marks a significant change 
to the traditional scenario. In addition, the selection of the 
magnetic components and switching frequency has to be done 
in accordance to the analysis carried out in Section III 
depending on the selected method used to ensure the LFR 
performance. It should also be noted that taking into account 
the modularity of the converter it is possible to optimize a cell 

 
Fig. 8. Photograph of the experimental setup. 

TABLE II. SUMMARY OF THE COMPONENTS USED IN EACH CELL 

 Fig. 2 reference VALUE 

L1, L2 and L3 1.7 mH 
Q1, Q2 and Q3 IPW65R190C7 
D1, D2 and D3 IDH06SG60C 

CR, CS and CT 10 µF 
 

TABLE I. SUMMARY OF VC, VC  AND K FOR DIFFERENT COMMON DC-DC 
CONVERTERS. 

 Vc vc k 

Boost  operating in 
CCM with MBC [27] Vc vc G1 

Boost operating in 
BCM [28] Ton t ̂on 

L
2

 

Flyback operating in 
DCM [29] D2 2Dd 

2L
Ts

 



2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2018.2868950, IEEE

Journal of Emerging and Selected Topics in Power Electronics

for a certain power and add as many cells as required for a high 
power ac-dc LED driver. 

In that sense, Fig. 9 shows that the input current is 
adequately in phase with the input voltage ensuring, as 
expected, an LFR performance at the maximum output power 
of the cell (i.e. 100 W) while working in CCM. Particularly, 
Fig. 9 (a) depicts the high current ripple due to the use of a 
10µF and the light output measured with a transimpedance 
amplifier (TSL-257), located at a fixed distance of 20cm, 
which supplies at its output a certain voltage, vL, depending on 
the light falling upon the photodiode. In contrast, Fig. 9 (b) 
shows the voltage withstood by the LEDs for this scenario in 
which the lowest voltage never falls below the 400 V mark set 
before. However, this is the best-case scenario, as the lowest 
current is far from being zero to test whether the selection of 
LEDs is acceptable. In order to ensure an adequate 
performance in terms of its output voltage, Fig. 10 shows a 
snapshot of the oscilloscope when dimming the driver to an 
output power of 25 W. As can be seen, the output current 
reaches zero, and it is at this point where the minimum output 
voltage is reached being slightly higher than 400 V. 

Although, the operation for an LED load has been validated, 
the analysis carried out in terms of the output capacitor has not. 
For that matter, Fig. 11 summarizes three different 
measurements of current across the LEDs performed at 

maximum output power after being extracted from the 
oscilloscope, considering the only variable that changes in the 
cell is the value of the output capacitor. As can be seen, the 
higher the value of the output capacitor, the lower the current 
ripple. Furthermore, the obtained experimental results, shown 
in Fig. 11, are compared to the analytical model presented in 
Section II. In fact, with this comparison it can be seen, at a 
glance, that the developed model is extremely accurate. 

B. Evaluation in a real three-phase power grid 

 After having validated the operation of the cells 
individually, the LED driver has been assembled and 
connected to the real three-phase power grid, by means of a 
three-wire connection. Under these conditions, the waveforms 
presented in Fig. 12 have been obtained from the oscilloscope 
at maximum load, i.e. 300 W. Particularly, Fig. 12 (a) depicts 
the input waveforms of the three-phase LED driver after the 
EMI filter, which is not included in the schematic of Fig. 2. As 
can be seen, phase R achieves an LFR performance. This 
performance can be assumed for the other two phases, 
considering the phase-shift between the currents. Moreover, 
Fig. 12 (b) shows the current across the LED strings for each 
of the cells presenting extremely similar current levels for all 
of them, although, there exists slight difference caused by the 
tolerances of the components that comprise each cell. Its sum, 
measured again with a photodiode connected to a 

 
(a) 

 
(b) 

Fig. 9. Standalone operation of one the cells that comprise the LED driver at
maximum power, depicting both input and output current, input voltage, and
(a) light output measurement or (b) output voltage measurement. 

 
Fig. 10. Standalone operation of one the cells that comprise the LED driver at
a quarter of the maximum output power. 

 
Fig. 11. Output current across the LEDs when varying the output capacitor of
the cell. 
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transimpedance amplifier, in this case at a fixed distance of 
60 cm, is comprised of a dc level with a low frequency ripple 
at 300 Hz and is almost not affected by this error. Considering 
the amplitude of this ripple the light output of the driver can be 
considered to be constant. In fact, Fig. 13 displays a snapshot 
showing the performance of the driver at 25 W, where it can 
also be seen the similarity between the output currents with an 
adequate phase-shift in between, and an almost constant light 
output.  

The almost constant light output of the driver validates the 
analysis carried out. However, the low frequency ripple needs 
to be evaluated to ensure a flicker free performance. In that 
respect, the IEEE standard 1789-2015 will be used to limit the 
biological effects and detection of flicker in general 
illumination. In order to achieve this performance the 
modulation (%), normally referred as Mod. (%), should be kept 
withing the shaded region defined in [38] for all the harmonic 
components of the light output. Consequently, the Mod. (%) 
for each of the harmonics can be defined as follows, 

Mod. % m =
LH,max m -LH,min m

LH,max m +LH,min m +Ldc
∙100, (59) 

where m defines t he number of the harmonic in reference 
to the fundamental one, Ldc represents the average luminance 
of the LED driver, and LH,max and LH,min correspond to the 

maximum and minimum luminance for harmonic m, 
respectively. 

The luminance over time of the LED driver has been 
obtained for a line period and has been processed with 
MATLAB in order to attain the harmonic components with the 
help of the Fourier series, considering the line frequency as the 
fundamental frequency. Fig. 14 shows that the Mod. (%) of all 
the harmonic components 50 Hz to 3 kHz fall under the shaded 
region which represents the recommended operating area 
from. A flicker free performance of the proposed LED driver 
can then be assured from this analysis. 

C. Electrical performance  

The proposal of summing the light output of each cell has 
been validated for the proposed LED driver. However, two 
characteristics need to be evaluated before closing the analysis. 
The first one is the compliance with the regulation 
IEC 61000-3-2, in which the input current harmonics at 
maximum power are compared with the limits set in the 
aforementioned regulation for each of the phases. Fig. 15 
summarizes the results from this comparison assuring 
compliance with the regulation.  

In that sense, a few parameters can be of interest from the 
point of view of the input current quality, as are the THD and 

 
(a) 

 
(b) 

Fig. 12. Experimental waveforms at maximum load. (a) Input voltage and
currents. (b) Output currents and light output. 

 
Fig. 13. Experimental output currents and light output waveforms at a quarter
of the maximum output power. 

Fig. 14. Recommended flicker operation for the proposed LED driver [38]. 

Recommended 
operating area
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PF. These parameters are summarized in Table III for three 
different input voltages with their respective efficiency at full 
load. As can be seen, the measured THD is about 7% and the 
PF is 0.99, furthermore, the LED driver presents an efficiency 
of 96.9% for the lowest input voltage and 98.2% for its 
maximum.  

The efficiency has been measured under different dimming 
conditions at 400 Vrms, as shown in Fig. 16, obtaining a 
maximum efficiency of 97.5% at full load, which is equivalent 
to 42.000 lm, outputting a luminous efficacy of 140 lm/W. It 
should be noted that, even if the minimum output current 
shown in Fig. 16 is equivalent to 25 W, the driver is able to 
achieve full dimming conditions with an output power that 
almost reaches zero. 

As regards the efficiency measurements, the input power 
can be easily obtained, however, the output power becomes 
more complicated as it is comprised of a dc component and an 
ac component. For this reason, the instantaneous value of the 
power consumed by each LED load has been measured during 
several times the line period. Then, this waveform has been 
averaged within the same time in order to attain the power 
consumed by each LED load. After having all the average 
values, they have summed in order to obtain the total power 
consumption, which is then compared with the total input 
power at certain operating point set by the current reference. 

Finally, a comparison of the proposed ac-dc LED driver has 
been made with state-of-the-art three-phase ac-dc LED drivers, 

in terms of efficiency, number of components, percent flicker, 
etc. This comparison is shown in Table IV, and as can be seen, 
the proposed ac-dc LED driver is able to achieve an efficiency 
5.5 points higher than the closest state of the art solution with 
a very low percent flicker, low output capacitance and low 
component count. In fact, the value of the output capacitance 
can be lowered even further at the cost of increasing the output 
current ripple on the LEDs without having an actual impact on 
the percent flicker. It should also be noted that being the 
proposed ac-dc LED driver a modular solution, it is also easy 
to scale its power to the requirements of the design by 
including more modules, if required. 

VI. CONCLUSIONS 
The presented modular three-phase ac-dc LED driver 

removes the electrolytic capacitor and the second stage aiming 
for LED driving of high power luminaires that require a long 
lifespan, generally in inaccessible places. In addition, the 
proposed solution complies with the most restrictive harmonic 
regulation and ENERGY STAR®. The presented idea is based 
on taking advantage of the light properties to sum the light 
output of each phase, thus not requiring the connection of the 
output of each cell in parallel to remove the electrolytic 
capacitor. It is thanks to this fact that galvanic isolation can be 
removed being able to use a single-stage approach per cell.  

In order to remove the electrolytic capacitor from the PFC 
converters that comprise each cell, high current ripples are 
allowed across the LED loads. However, this high ripple may 
end up requiring the oversizing of the LED loads. It is this fact 
that leads to the theoretical study in terms of the output 
capacitance to check the feasibility of having a small sized 
capacitor that ensures flicker free and a gentler ripple on the 
LEDs. The proposed model is validated showing a high 
accuracy with an error below 5%, which helps in order to 
achieve an optimum design. In addition, due to this high ripple 
the limits between CCM and DCM had to be revaluated, 
yielding a handful of equations that are key for the design of 
the proposed ac-dc LED driver. 

 The experimental results have shown that the 
proposed LED driver is capable of achieving a constant light 

 

Fig. 15. Harmonic content of each phase for the proposed driver under study
assuring compliance with Class C IEC 61000-3-2. 
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TABLE III. SUMMARY OF THD, PF AND EFFICIENCY FOR DIFFERENT INPUT 
VOLTAGES 

Phase/ Max. 
 input voltage  R S T 

 THD [%] 6.7 6.8 7 
380 Vrms PF 0.997 0.997 0.997 
 Efficiency [%]  96.9  
 THD [%] 6.7 7.1 7.3 
400 Vrms PF 0.995 0.995 0.995 
 Efficiency [%]  97.5  
 THD [%] 7.4 7.6 7.9 
420 Vrms PF 0.992 0.992 0.997 
 Efficiency [%]  98.2  

 

Fig. 16. Electrical efficiency measured under different dimming conditions at
400 Vrms. 
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output meeting the flicker recommendation, compliance with 
the harmonic injection regulation and a high efficiency. In fact, 
the efficiency increase compared to three-phase state of the art 
LED drivers is not inconsequential, improving those solutions 
by more than 5.5% efficiency [13], [15], [17], [22]. 
Furthermore, the discussed control methods for the proposal 
are not more complex or costly than other modular solutions, 
becoming a possibility the input parallelization of several cells 
per phase, to further increase the power capabilities of the 
driver, without increasing or changing the central unit. In fact, 
taking advantage of the independency of the cells, when 
several cells are used per phase, if a failure occurs it is possible 
for the central control unit to switch off an equivalent amount 
of cells on the other phases at the cost of reducing the 
maximum power of the solution. For the aforementioned 
reasons, this driver is an ambitious solution to drive LEDs in 
three-phase power grid when galvanic isolation is not required. 
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