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Abstraci—This paper proposes a light-emitting diode
(LED) driver based on a three-phase resonant switched
capacitor (SC) converter. The LED lamp employs chip-on-
board (COB) technology, as it is possible to achieve high
power density. The three-phase structure provides low rip-
ple current and reduced percent flicker. Besides, it does not
use electrolytic capacitors, thus, causing the driver lifetime
to increase. The converter active switches are turned off un-
der zero current switching (ZCS) and zero voltage switching
(ZVS) conditions, as efficiency is consequently increased.
LED dimming is also a prominent advantage, what can be
obtained by varying the switching frequency. An experimen-
tal prototype rated at 216 W has been developed in order to
evaluate the performance of the proposed approach, while
results are properly presented and discussed. LED dimming
is possible as the output power varies from 50% to 100%.
Overall efficiency and power factor are higher than 90% and
0.97 over the entire load range, respectively.

Index Terms—Chip-on-board (COB) light-emitting diodes
(LEDs), LED driver, reduced flickering, switched capacitor
(SC) converters, three-phase converter.

|. INTRODUCTION

IGHT-EMITTING diodes (LEDs) have been increasingly
L used in various lighting applications. Due to their intrinsic
high luminous efficacy and long lifetime, they have been inten-
sively used in domestic, automotive, industrial, and also in pub-
lic lighting sectors. At higher power levels, e.g., street lighting
and industrial lighting, chip-on-board (COB) LED technology is
a prominent choice since LED chips are mounted directly close
to each other on a substrate or a circuit board, thus, providing
higher power density [1]. Currently, COB LEDs whose lumi-
nous efficacy is about 160 Im/W are commercially available

[2].
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The useful life of LEDs is estimated at 50 000 h [3]. However,
the useful life of LED drivers is generally limited by the use of
conventional electrolytic capacitors, whose useful life is about
10 000 h and depends on the operating temperature [4]. It is also
reasonable to state that such devices are not appropriate when
considering lifespan extension of LED drivers.

Some research works have shown that excessive percent
flicker may cause damage to human health, such as headache,
malaise, and even seizures [5], [6]. According to [7], it is nec-
essary to restrict the percent flicker in order to minimize risks
to human health. Due to the existence of an ac—dc stage in
LED drivers, the flickering frequency is typically rated at twice
the ac mains frequency. Therefore the percent flicker occurs at
100 Hz or 120 Hz for 50 Hz or 60 Hz, as it must be restricted to
8% and 10%, respectively [7].

LED drivers can be classified in two types: single-stage
[8]-[10] and two-stage drivers [11], [12]. The first class ag-
gregates both power factor correction (PFC) and power control
(PC) in a single power converter and usually presents low com-
ponent count [13]. However, they typically use an output elec-
trolytic capacitor to reduce the ripple current through LEDs,
thus, compromising the very useful life of the driver. On the
other hand, two distinct converters are responsible for PFC and
PC in two-stage drivers. Generally, the PFC stage is designed
to provide high output voltage ripple, thus, avoiding the use of
electrolytic capacitors. However, the PC stage is supposed to
be designed in order to overcome such undesirable ripple [14].
Even though the use of electrolytic capacitors can be avoided,
high component count, and reduced overall efficiency are possi-
ble drawbacks in this case. When the integrated-stage approach
is adopted [15]-[17], the same active switches can be used by
both PFC and PC stages, with consequent reduction of compo-
nent count. However, the circuit complexity generally increases
and overall efficiency is reduced since energy flows repeatedly
through the circuit. If partial energy processing techniques are
used [18]-[20], most of the energy is directly processed by the
LEDs as efficiency increases, since only a small amount of the
energy flows through the PC stage. However, a bidirectional
converter is usually required for the PC stage, thus, bringing in-
creased complexity to the control system. Drivers based on the
ripple cancellation converter (RCC) [21]-[23] aim at reducing
the redundant energy flow, while the RCC is only supposed to
process a small part of the total output power. Some authors re-
fer to such drivers as optimized cascade [24]-[26] ones, where
the output current ripple and consequently the percent flicker
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depend on the accurate functioning of a complex control sys-
tem, thus implying increased cost.

The use of three-phase drivers in public and industrial lighting
is a feasible solution due to the presence of an ac three-phase grid
at the power distribution system [27]. It is worth to mention that
the instantaneous power in a balanced three-phase converter
with unity power factor is constant [28]. Since LEDs present
voltage source characteristic, the output voltage V, is nearly
constant, so the output current is. Thus, three-phase drivers
come as a prominent solution as it is possible to obtain low
ripple current through the LEDs, with consequent reduction of
percent flicker.

Unlike single-phase drivers, the ac—dc conversion in three-
phase drivers causes the output voltage ripple frequency to be
six times higher than the mains frequency [29]. In this case, if the
mains frequency is 50 Hz or 60 Hz, flicker will occur at 300 Hz
or 360 Hz and should be limited to 24% or 29%, respectively [7].
Since the flickering frequency is higher in three-phase drivers,
the percent flicker limit is higher than that for single-phase ones,
thus, making them a prominent choice.

A three-phase flyback converter for driving LEDs was pro-
posed in [27]. The converter can operate over a wide input
voltage range and employs peak current mode control strategy,
which reduces overall costs due to the use of a simple controller.
However, appreciable losses exist due to the inductance of the
flyback transformer. A three-phase converter with galvanic iso-
lation based on loss-free resistors (LFRs) for high-brightness
LEDs was introduced in [30]. The driver provides full dimming
and does not employ electrolytic capacitors. However, two LFR
flyback cells are used in each phase, thus, causing the circuit
complexity to increase.

Recently, switched capacitor (SC) converters, also known as
charge-pump ones, have been extensively used to drive power
LEDs. They aggregate high power density and are able to keep
the output current stable without the need of current sensors,
which reduces design costs. In addition, LED dimming can be
easily performed by varying the switching frequency [31]-[34].
According to [35], conventional SC-based topologies are de-
fined as dc—dc converters composed only by switches and ca-
pacitors, which typically present low efficiency due to high cur-
rent peaks that occur due to charging and discharging of existing
SCs [36]-[38]. On the other hand, three-phase ac—ac converters
using SCs have been proposed in [39] and [40] for power levels
higher than 3 kW, whose efficiency is higher than 90%. Some
authors also recommended the connection of a small inductor in
series with the SC so that current peaks are minimized and ef-
ficiency is consequently improved. Such topologies are defined
as resonant SC converters [41]-[43].

AC-DC charge-pump electronic ballasts were introduced in
[44]-[47] for PFC purposes, although such approaches employ
electrolytic capacitors. Charge-pump converters for LED drivers
have been proposed in [33] and [48], which on the other hand
do not require the aforementioned components. The topology
implemented in [33] is able to achieve zero voltage switching
(ZVS), where efficiency is 89.5% for a 22-W experimental pro-
totype. However, the 120-Hz current ripple is 59%, which may
lead to a percent flicker higher than the limit established as 10%
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Fig. 1. Basic circuit of the three-phase resonant SC LED driver.

in [7]. It is worth to mention that this parameter may assume
appreciable values up to 59% in this particular case [33]. The
LED driver presented in [48] uses a low-pass LC (inductor—
capacitor) filter in order to reduce the ripple current through the
LEDs, which is equal to 65.6%.

Within this context, this paper proposes a three-phase LED
driver based on resonant SC converters to drive a LED COB
lamp rated at 216 W. The converter does not use electrolytic
capacitors, also providing stable constant current through the
LEDs and low percent flicker. The converter also allows LED
dimming when varying the switching frequency, as high effi-
ciency is achieved over the entire load range. An open-loop
control system is also designed to demonstrate that it is possi-
ble to obtain low percent flicker without the need of complex
closed-loop control.

Il. THREE-PHASE RESONANT SC LED DRIVER

Fig. | shows the basic configuration of the three-phase res-
onant SC LED driver without using an electromagnetic inter-
ference (EMI) filter. The converter consists of a three-phase
full-bridge inverter; three SCs (Cy1, Cy9, and Cy3); one high-
frequency diode bridge composed of six diodes (D, —Dg); one
output inductor L, ; one output filter capacitor C,; and the LED
array that behaves as a load. The output inductor L, provides
operation in continuous conduction mode, where the converter
output side presents current source characteristic and allows
the complete charging and discharging of the SCs. The out-
put filter capacitor C, is only used to mitigate high-frequency
components.

A. Principle of Operation

Fig. 2 presents the time interval for which the converter
operating stages can be defined. Time instant ¢ = ¢, within
lven| > lvan| > |vpn| and vony < 0 is assumed for the ini-
tial analysis of the converter operation, since the three-phase
voltages are assumed to be balanced. Fig. 3 shows the operating
stages of the proposed converter. In order to simplify the anal-
ysis, switches S;, S3, and S5 are driven simultaneously, and so
are switches So, Sy, and Sg. However, it is worth to mention that
S1—S3—S5 and Sy —S4 —Sg operate complementarily, where the
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Fig. 3. Operating stages of the proposed LED driver (Black: turned ON
components. Light gray: turned OFF components).

duty cycle is about 0.5. Fig. 4 shows the main theoretical wave-
forms of the proposed converter at ¢, for one switching period
T, (Ts = 1/f,, where f; is the switching frequency). The con-
verter operation is analogous if any other initial time instant
considered, according to the equivalent circuits and relevant
waveforms discussed as follows. Besides, the drain-to-source
on-resistances of metal oxide semiconductor field effect tran-
sistors (MOSFETS) and the intrinsic series resistances associated
to inductors and capacitor are neglected in the analysis. Besides,
all switches are turned ON hardly, although they are turned OFF
under zero current switching (ZCS) and ZVS conditions.

Stage 1 [to, t1]: Before instant ¢, the SCs are discharged. At
to, switches Sy, S3, and S; are turned ON, while S,, Sy, and
S¢ are turned OFF. During this stage, diodes D; and Dg are
forward biased and, consequently, capacitors C's; and C3 are
charged. There is no current flowing through Cjo since the
line voltage V4 ¢ is higher than the line voltage V.

Stage 2 [t1, t2]: The voltage across the capacitor Cy; equals
the line voltage V4 p at ¢;. Diode D3 is forward biased and
capacitor Cyo is charged.

Stage 3[ts, t3]: The voltage across each SC equals the re-
spective instantaneous phase voltage at t. During this stage,
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Fig. 4. Main theoretical waveforms of the proposed LED driver.

there is no current flow through the SCs. The voltage across
inductor L, becomes negative as energy is provided to the
LEDs, thus, causing all diodes to be forwarded biased. It is
also possible to notice that the SCs are connected to a com-
mon neutral point, as the voltage across them is equal to the
phase voltage, which allows switches S, S3, and S5 to be
turned OFF under ZVS condition.

Stage 4 [t3, t4]: At t3, switches S, Sy, and S¢ are turned
ON hardly, while Sy, S3, and S; are turned OFF under ZCS
and ZVS conditions. During this stage, diodes D, and Dy are
forward biased and, consequently, capacitors C; and Ci3
start discharging. There is no current flowing through Cjo
since the voltage across Cj3 is higher than the voltage across
Csa.

Stage 5 [t4, t5]: The voltages across Ciy and Ci3 are equal at
t4. Thus, diode Dy is forward biased and capacitor Cy starts
discharging.

Stage 6 [t5, ts]: The SCs are fully discharged at 5, while the
current through them is null. Besides, inductor L, provides
energy to the LEDs and all diodes are forward biased. When
this stage finishes, switches So, Sy, and Sg are turned OFF
under ZCS and ZVS conditions and a new switching cycle
begins.

B. Calculation of SC Capacitances

Since the converter behaves as a three-phase balanced system,
the phase voltages are defined as in (1)—(3), where V}; is the
maximum input voltage and w is the line angular frequency
w = 2mf,, since f, is the line frequency

va(t) = Vi - sin (wt) (1)

vp(t) = Vi - sin (wt + 2;) 2)
. 2w

ve (t) = Vi - sin (wt — 3) . 3)



COUTINHO et al.: THREE-PHASE RESONANT SWITCHED CAPACITOR LED DRIVER WITH LOW FLICKER

5831

Considering that unity power factor is verified in the system
phases, the input currents are given by (4)—(6), where I, is the
maximum input current and K = I /Viy

1a(t) = Iy - sin(wt) = K - vy (1) “4)
ip(t) = I - sin (wt—&-z?jr) =K -vp(t) 5)
ic (t) = IM - sin (wt - 2;T> =K- (Yol (t) (6)

The input powers can be obtained by expressions (7)—(9)
pa(t) =va(t)-ia(t) = K -0v4(t) (7)
pp(t) = vp(t) -ip(t) = K - v (t) (8)
pe(t) = vo(t) i (t) = K - v (t). )

On the other hand, considering that each SC is fully charged
and discharged within one switching period, the input power can
be determined as a function of the amount of energy associated
to the charging and discharging of the SC as suggested in [32]
and [49]. Thus, the input power for each phase can be given
by (10)—(12) analogously to the procedure developed in [45]
and [46], where E¢ 1 (t), Ecso(t), and E¢g3(t) correspond to
the amount of energy stored in SCs Cj1, Cys, and Cy3, whose
capacitances are equal and assumed as C

pA(t):2-ECS1(t)'fs:Cs'fs'vzl(t) (10)
pc(t)ZQ'ECSS(t)'fs:Cs'fs'vé(t)' (12)

Comparing (10)—(12) with (7)—(9) and considering K = C -
fs, itis possible to notice that the phase instantaneous powers in
the proposed converter are equal to those regarding a balanced
three-phase system with unity input power factor. It is then
reasonable to assume that the resonant SC converter is able to
provide PFC.

The total instantaneous input power p;, (¢) is equal to the sum
of the phase input powers, i.e., summing (10)—(12) gives

pin(t) = Co f Vi - [sin2 (wt) + sin? <wt+2;>

+ sin? (wt— 2;)] (13)

According to [50], the sum of terms involving si-
nusoidal components represents a constant value
(sin® (wt) + sin® (wt + &) + sin® (wt — 27 ) = 3).  There-
fore, the instantaneous input power is given by (14)

3
Pin (t) = §Cs . fs . V]\Q[ (14)
Equation (14) shows that the instantaneous input power is
constant over time. By averaging (14), the average input power
P;,, can then be obtained as (15)

3
P =5Cs - fs - %78 (15)

D——mm —rrm
V4 Csl :Cs LO Cseq:Cs/ 2 LU J_
V, =/ = v, +vg v,
VB Cs2:Cs \BVM -l_
O—i
Fig. 5. Simplified equivalent circuit of the converter for v4 5 = V3V .

On the other hand, the average output power P, can be deter-
mined from (16), where 7 is the converter efficiency, V,, is the
average output voltage, and I, is the average output current

Po:Rn'n:‘/u'Io- (16)

The voltage across the LED array, i.e., the output voltage
(V,) is given by (17), where n is the number of series-connected
LEDs in the array, Vigp is the LED forward voltage and Ry kp
is the LED intrinsic series resistance

Vo =n-(Vigp + Riep - 1,) - (17)

Substituting (13) in (16) gives the average output power as in
(18)

Py =3Cs - f- Vi . (18)

Expression (18) shows that the converter provides constant
output power. In addition, the power transferred to the LED array
does not depend on the voltage across it, i.e., V,, [32], [S1]. Since
LEDs present voltage source characteristic, the output voltage is
practically constant and does not vary significantly with temper-
ature [52]. Thus, the output current will be practically constant,

assuming that V}; also is.
Isolating Cy in (18) gives the SC capacitance as in (19)

Cs = 19)

2_ K
3fs

C. Calculation of the Output Filter Inductance

The peak current through the inductor Itk occurs when
the line voltage associated to any two phases assumes the peak
value, while the other phase voltage is null. Let us definet = ¢,

as the instant at which v (t,) = V3Vas, van (ta) = @ M s

vpn (te) = ngM, and veoy (t,) = 0. Fig. 5 shows the sim-
plified representation of the converter at ¢ = ¢, when switches
Si1, S3, and S5 are ON, while the LED array is represented
by V,. Besides, there is no current flowing through Cj3 since
ven = 0.

By analyzing the circuit in Fig. 5 according to Kirchhoff’s
voltage law, expression (20) can be obtained, where Cq is the
equivalent capacitance for the parallel association of Cs; and
Cl2, which is equal to Cy/2. Solving (20) gives (21), where
It omin 18 the minimum current through inductor L,, and w, is
the circuit resonance frequency defined as L__ Inaddition,

oUseq

the initial conditions for the differential equation in (20) are
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steq(tO) = O and Z.Lo(t(]) = ILomin

dzvcseq (t)
VBVir = LyCueq =5 + teseq(t) + Vo (20)
UCseq(t) =V, - \/§VM) - cos (w,t)
+ ILomin\/ CLstq - sin (Wot) + <\/§VA{ - ‘/:;) (21)

The instantaneous current through the inductor iy, (t) can be
obtained from (22)

Cse .
ino(t)= Tq . (\/§VM—V0) - 8in Wo )+ 116 min - cos (wot) .
’ (22)
Time instant ¢, is defined by (23) as
_ V, — a
ty = (cos™ (—7%) +tan"" (§)) 23)

Wo

where
a:ILomin'\/Ceﬁ ;b:‘/;)_\/gvﬂf§c: Va2+b2~ (24)

The instant at which the inductor current is maximum, i.e.,
Ly 1s given by (25)

Cs
1 1 (\/§VM _VO)' 2L,
tpk = - tan
Wob

25
ILomin ( )

The output filter inductance can be determined from (26)
and depends on t,, which on the other hand also depends on
L,. Substituting (23) in (26) results in an expression whose
analytical solution is not possible. However, parameter L, can
be determined by using a numerical method, which consists
in setting the inductor current ripple Ai, and an initial value
for the inductance. The minimum current through inductor L,
iS Itomin, Whose value can be estimated by (27). Then, the
maximum inductor current I7,,; is obtained substituting ¢, in
(22), while A7y, is determined from (28). The value assumed
by L, is incremented until a fixed value for Aiy, is obtained

(o —#2)

Ly=——"F—+—-*>—— 26
ZLo(tZ) - ILomin ( )
Aip,
ILomin = Io - L (27)
2
AZ-Lo = Ika - ILOIIliIl' (28)

I1l. DESIGN CONSIDERATIONS

In order to evaluate the proposed converter performance in
terms of reduced ripple current through the LEDs and low per-
cent flicker without requiring a closed-loop control system, a
216-W prototype was implemented. Table I shows the design
specifications of the resonant SC converter.

The converter has been designed to supply four series-
connected COB LEDs, where each one of them has a series
resistance Rypp = 2.48 (), forward voltage Vi gp = 26.59V,
and rated current of 1.75 A. Then the output power and the

TABLE |
DESIGN PARAMETERS

Symbol Parameter Value

Vin aoms rms phase input voltage 220V (Vyr = 311V)
fr Line frequency 60 Hz

fs Switching frequency 50 kHz

Air, Ripple current through inductor L, 56%

I, Average output current 1.75 A

VLED LED forward voltage 26.59 V

RygD LED intrinsic series resistance 248 Q)

n Number of series-connected LEDs 4

output voltage can be calculated from (16) and (17), where
P, = 21651 W and V, = 123.72 'V, respectively.

Considering that efficiency is 90%, the SC capacitance can
be calculated from (19) as Cs = 33.16nF, being C; = 33nF
chosen as a commercial value.

Inductor L, is designed considering that the current ripple
is Aip, = 098A, i.e., 56% of the output current. The min-
imum current through L, is obtained from (27). Using Aig,
and I7,min, it is possible to use a proper algorithm that allows
calculating the inductance, which provides L, = 830 pH.

The output capacitor C, is designed to operate at high
frequencies according to the guidelines given in [53], where
C, = 10 uF and eight multilayer ceramic capacitors rated at
10 F/100 V each have been used in the prototype. It is worth to
mention that the capacitances associated to such components is
reduced as the voltage across them increases [54]. Two parallel-
connected strings composed of four series-connected 10-uF ca-
pacitors have been used in this case, as the resulting equivalent
capacitance is 20 pF. Considering that the involved capacitance
is reduced by about 50% for the applied voltage, 10 uF is then
obtained.

An input low-pass LC filter is added to reduce EMI levels. In
order to achieve high input power factor over the entire dimming
range, the input filter is designed according to the guidelines
given in [55] considering an damping factor of 0.5 for the lowest
operating frequency, i.e., 25 kHz, which corresponds to 50% of
the rated output power.

MOSFETs are chosen for switches S; —Sg considering that the
maximum voltage across them is equal to the peak line-to-line
voltage. It is also worth to mention that all switches are turned
OFF under ZCS-ZVS condition. However, according to [56],
the turn-on losses in a given MOSFET correspond to one third
of the switching losses, which on the other hand depend on
the intrinsic capacitances associated to the switches. MOSFETSs
IRFBONG60OA are then chosen in order to minimize the afore-
mentioned losses as much as possible, where C,ss = 49 pF and
RDSon = 750 m{2.

Switches S —S4 —S¢ present common-source connection, be-
ing a high-side bootstrap driver used to drive MOSFETs IR21844,
where the dead time is 400 ns. All integrated circuits employ a
same gating signal whose duty cycle is about 0.5 and the switch-
ing frequency varies from 25 to 50 kHz in order to achieve
LED dimming. For general-purpose lighting applications, it is
worth to mention that the converter should employ frequency
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TABLE Il
PROTOTYPE PARAMETERS AND COMPONENTS

Symbol Parameter/Component Value/Type
Lyy —Lys Filter inductors 5.5 mH/core EE25
Cpp —Cy3 Filter capacitors 330 nF/EPCOS B32694/P9 film capacitor
S1-S6 MOSFETs IRFBONG60OA
Cs1 —Cys Switched capacitors 33 nF/ WIMA MKP 10 film capacitor
D;—Dg Output diodes MUR460
L, Output filter inductor 830 pH/core EE30/14
c, Output filter capacitors 8 x 10 pF/multilayer ceramic capacitor
MOSEFET drivers IR21844
Vg Ve
............ V3LV L B8V
L, Ly EMI Filteré
5.5mH 5.5mH :
Cy (330 0F
Cn H 330 nH :
Ci3,,330nH
Vil
............................. C63F LED Model:
g 22 V,pp= 10636V
C/5,‘63nF R =902V
G, 63 nF o
Si* S3* Ss* " = L
L L £ D,~ D; D ~én__ LED Model
r € 18 |8 [s0uH
Az A2 &2 |
I =) =) =) S
= = = S
C‘I } D71ﬁ8 C =
33 nF a
33sz +—I =t=1< |ZI04F
Sy* s BnFogx o Cy $ 43 23 |°
33aF A AS AZ
| =} =} =}
= |5 |5
2 D4 D6
*IRFBOIN6OA =
Fig. 6. Power stage of the three-phase resonant SC converter.

modulation to compensate variations of the input voltage. Ta-
ble II presents the parameters and components used in the im-
plementation of the experimental prototype.

Fig. 6 represents the power stage of the three-phase converter.
Three polypropylene capacitors (C'y4, Cy5, and Cg) rated at
63nF/630V are added to prevent eventual overvoltage across
the MOSFETs. Besides, a SiC (silicon carbide) diode (D7) is
also connected in parallel with the rectifier bridge diodes to
avoid them to be forward biased when inductor L, is discharged.
Since the forward voltage across D7 is lower than the sum of
voltages across two series-connected diodes, it is supposed to
be forward biased first, thus, preventing the remaining diodes
to be on. Therefore, it is possible to reduce conduction losses
considering that the current flows through less components. Be-
sides, switching losses are also minimized since SiC diodes have
reverse recovery times less than those regarding the ultrafast sil-
icon diodes MUR460 used in the rectifier bridge.

IV. EXPERIMENTAL RESULTS

Fig. 7 shows the input voltage and input current in phase
A, and also the output voltage and output current at rated load
condition, where power factor is 0.996 and the current total
harmonic distortion (THD) is 4.22%. Besides, the rms values
of the voltage and current in phase A are 217.9 V and 373 mA,

v, [200 V/div]
N\/ ¢ [500 mA/div]

Time Base: 5 ms/div

Fig. 7. Input voltage (v4 ) and input current (i4 ) in phase A; voltage
(v, ) and current waveforms (i, ) in the LEDs at rated load condition.

TABLE llI
PARAMETERS MEASURED WITH POWER ANALYZER PA4000

Input Output
Chl Ch2 Ch3 Ch4
Vims 21442V 220.82 V 219.65 V Ve 12527V
Arms 37425mA  371.83mA 37290 mA  Ag4. 1.7712 A
Wart 79.541 W 81.660 W 81.247T W Wart  221.90 W
PF 0.9912 0.9946 0.9919
ATtup 3.5670% 3.7509% 4.3456%
30
I Phase A
25 I IEC61000-3-2 (Class C)
9
< 20
-
=
@
E
= 15
]
2
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35 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Harmonic Order

Fig. 8. Harmonic content of the input current in phase A and limits
imposed by standard IEC 61000-3-2 for class C equipment.

respectively. On the other hand, the output voltage is 121.1 V
and the output current is 1.755 A, while the current ripple at
360 Hz is 174 mA, thus, corresponding to 10% of the average
output current.

In order to measure the converter efficiency, power ana-
lyzer model PA4000 manufactured by Tektronix was employed.
Channels 1, 2, and 3 are used to measure some relevant quanti-
ties in the converter input side, while channel 4 is connected to
the output side. Table III shows that the three-phase converter
presents high input power factor and low current THD. Besides,
overall efficiency is 91.5% for the rated load condition.

Fig. 8 shows the harmonic content of the input current in phase
A. It is worth to mention that the converter can be considered
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i,[200 mA/div] i,[200 mA/div] M0 mA /div

Time Base: 5 ms/div |

Fig. 9. Input currents at rated load condition.

as class A equipment since it is a balanced three-phase system.
It may also belong to class C because it consists in lighting
equipment [30]. The harmonic content of the input current is
then compared with the limits imposed by IEC Std. 61000-3-
2:2014 to class C equipment, which is the most restrictive one. It
can be seen that the converter complies with the aforementioned
limits, as well as those established for class A, which have been
omitted in the graph since they are represented in terms of
absolute values, and not as a percentage of the fundamental
component. Since the converter is supplied by nearly balanced
voltages, similar results are expected for the remaining phases.

Fig. 9 presents the input currents, which are phase-shifted by
120° from each other and are nearly sinusoidal, thus, showing
that the converter allows PFC.

Fig. 10 represents the voltage and current waveforms regard-
ing SC Cj;. Fig. 10(a) shows that the maximum voltage across
it is equal to that regarding its respective phase voltage. It can
be seen in Fig. 10(b) that the capacitor is fully charged and
discharged over one switching period, thus, allowing PFC.

Fig. 11 shows the drive signals applied to switches
S1—S3—S5 (v41) and So—S4—S¢ (vy2), as well as the detailed
view of voltage and current waveforms representing the com-
mutation of So. It can be seen that the switch is turned OFF
under ZCS and ZVS condition, with consequent reduction of
switching losses and increase of converter efficiency.

LED dimming is achieved when varying the switching fre-
quency. Fig. 12 presents the behavior of the output power as a
function of the switching frequency. It can be seen that reducing
the switching frequency from 50 kHz to 25 kHz causes the rated
output power to be reduced from 100% to 50%, respectively.
If the output power is further reduced, the switching frequency
is supposed to assume values within the hearing range, and
consequently the output power has been limited to 50% in this
case.

Fig. 13 shows the recommended operating area defined ac-
cording to the percent flicker or modulation (%) and ripple
frequency [7]. The percent flicker is measured using photodi-
ode model BPW21R, whose sensitivity curve is close to that
regarding the human eye [57]. Besides, it is worth to mention
that the output current of the three-phase resonant SC converter
presents a ripple current frequency of 360 Hz, for which the

Vel
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Fig. 10. Voltage (vcs1) and current (ics;) waveforms in SC Cy;:

(a) Low-frequency view anb (b) high-frequency view.
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Fig. 11.  Gating signals applied to the active switches and detailed view
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1,=963 mA Proposed References
g LED driver
E LB Recommende
£ z [91 [27] [30] [33]
= Operating Ar
-§ Number of Three-phase Single- Three-phase  Three-phase Single-
s 1 phases phase phase
Power 216 W 90 W 54 W 90 W 22W
Efficiency 91% 84% 77% 88% 89.5%
)
0.1 THD 4.22% 14.5% 6.72% 5.71% 1.61%
1 100 1000 10000 Percent 4.97% (at 65% (at Not 15% (at Not
Frequency (Hz) flicker 360 Hz) 120 Hz) evaluated 300 Hz) evaluated
Current 10% 140% Not About 28% 59%
Fig. 13.  Recommended operating area in terms of percent flicker [mod- ~ ripple evaluated
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Fig. 14. Efficiency and power factor in phase A as a function of the Fig.d1 5. Estimated losses in the power stage elements under rated load
condition.

output power.

maximum recommended percent flicker is 29% [7]. Percent
values of 4.97%, 5.64%, and 6.83% have been obtained for out-
put currents rated at 1.77 A, 1.39 A, and 963 mA, respectively. It
can be stated that the converter output power can be reduced up
to 50% while maintaining the percent flicker at 360 Hz within
the IEEE recommended limits. The proposed converter does not
employ any specific closed-loop control technique, thus making
it a simple approach.

Fig. 14 represents the curves of the converter efficiency and
power factor in phase A as function of the output power. It
can be seen that overall efficiency is higher than 90% over the
entire load range, while it is 90.5% at nearly half load condi-
tion (111.93 W). It is also worth to mention that all switches
are turned OFF under ZCS and ZVS conditions over the entire
load range. Power factor remains higher than 0.97 and effi-
ciency does not seem to be drastically affected as the switching
frequency varies. The current THD is lower than 6% over the en-
tire dimming range. Since the converter is supplied three-phase
balanced voltages, similar results have also been achieved for
the remaining phases. It is then reasonable to state that the con-
verter allows dimming with high power factor and low harmonic
distortion in accordance with the limits established by standard
IEC 61000-3-2:2014 [58].

Table IV shows a brief comparison associated to distinct LED
drivers involving efficiency, THD, percent flicker, current rip-
ple, and dimming range. It can be seen that the configuration

Fig. 16.

Experimental prototype.

proposed in this work presents the best performance in terms of
rated power, efficiency, percent flicker, and current ripple.

Fig. 15 shows the estimated losses in the main components of
the power stage. It is worth to mention that losses were properly
estimated numerically and the resulting theoretical efficiency is
about 92% in this case, which is close to the value obtained
when evaluating the experimental prototype. Besides, it can be
seen that the existing losses are mainly due to MOSFETs and the
output diodes.
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Fig. 16 presents the experimental prototype, where the ab-
sence of electrolytic capacitors is clearly noticed.

V. CONCLUSION

This paper has proposed a LED driver based on a three-phase
resonant SC converter. Experimental results obtained from a
216-W prototype have shown that the converter overall effi-
ciency is 91% at rated load condition, while power factor is
higher than 0.97 and percent flicker is lower than 7% for the
dimming range from 50% to 100% of the rated output power.
Besides, lifespan is expanded considering the absence of con-
ventional electrolytic capacitors in the developed prototype.

Therefore, the introduced three-phase resonant SC converter
comes as a prominent solution to drive LEDs, since it aggregates
long useful lifer, high efficiency, low ripple current, and low
percent flicker using a simple circuit that does not require a
closed-loop control system.

Further improvements can be obtained by using a microcon-
troller in order to adjust the switching frequency according to
the amplitudes of the input phase voltages. Thus, the output
power can be maintained constant even though the grid voltage
comes to vary over a wide range.
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