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Flicker-Free Single Switch Multi-String LED Driver
With High Power Factor and Current Balancing

Xueshan Liu Y, Member, IEEE, Xuewen Li

Abstract—A flicker-free single switch multi-string LED driver
with high power factor and current balancing is proposed and an-
alyzed. It combines a pre-stage boost PFC converter and multiple
second-stage buck dc—dc converters by a single active switch and
multiple dc-link capacitors. With the proposed circuit configura-
tion of multiple dc-link capacitors, the output current of each LED
string can be balanced. Therefore, by controlling the output cur-
rent of one LED string, the output currents of other LED strings
can be controlled via current balancing of dc-link capacitors. The
effect of the ripple of dc-link voltage on each output can be elimi-
nated by fast voltage mode control loop. Therefore, flicker-free low
ripple current for each LED string is achieved. With small voltage
ripple across dc-link capacitors, the turn ON time of active switch is
almost constant in a half line cycle. Therefore, power factor correc-
tion can be achieved with inductor current of pre-stage operating
in discontinuous conduction mode (DCM). Finally, prototypes of
dual-string LED driver with 90-135 Vac input and 175-265 Vac
input for 47 W output power are built to verify the studied results.

Index Terms—Current balancing, flicker-free, LED driver,
multi-string, power factor correction (PFC), single switch.

1. INTRODUCTION

IGH brightness light emitting diode (HB-LED), with the
distinct advantages of high light efficiency, fast response,
environmental friendly, wide color gamut, long life span, and
small size, is now renowned for extensive replacing conventional
cold-cathode fluorescent lamps and incandescent lamps [1]-[4].
The brightness of LED is directly dependent on its forward
current. For a single LED, the forward current and voltage are
limited by its package. In order to achieve the required bright-
ness and luminance uniformity, the simplest way is to connect
several LEDs in series to form a LED string. However, for high-
luminance applications, LED string with hundreds of LEDs
connected in series leads to high output voltage of LED driver,
which will cause reliability issue [5]. Therefore, several LED
strings connected in parallel with acceptable terminal voltage
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is a better tradeoff for most applications [6]. However, the cur-
rent flowing through each LED string will be different due to
manufacture tolerance of forward voltage of individual LED.
Furthermore, negative temperature coefficient of LED forward
voltage will accelerate the impact on imbalance of each LED
strings, which leads to high risk of LED lifetime reduction and
unacceptable imbalance of light intensity. Therefore, for LED
strings connected in parallel, the current balancing is necessary.

A lot of methods have been proposed to achieve current bal-
ancing among LED strings in recent years, including active cur-
rent balancing techniques [7]-[12] and passive current balancing
techniques [13]-[19]. Compared with active current balancing
techniques, passive current balancing techniques based on ca-
pacitor charge-balancing scheme have the advantages of high
power density and cost effectiveness [15]-[19]. However, most
of the proposed passive current balancing circuits based on ca-
pacitor charge-balancing scheme require many power switches
and transformer windings, which make these LED drivers
complex.

Furthermore, IEC61000-3-2 Class C for lighting equipment
establishes a strict requirement for input current harmonic con-
tent of power converter [20]. Therefore, power factor correction
(PFC) should be used in LED driver to provide sinusoidal in-
put current in high power application. The passive current bal-
ancing circuits based on capacitor charge-balancing scheme in
[15]-[19] can only be used as a second power stage for LED
driver. Pre-stage with power factor correction should be used,
which causes these topologies to suffer from lower efficiency
and higher volume [21].

High power factor single stage LED driver, with advantages
of high efficiency and small volume, has been studied in recent
years [22], [23]. However, when high power factor is achieved
with a single stage LED driver, an energy imbalance exists
between the ac input side and the dc output side, regardless
of which converter topologies or controlling methods are used.
Such energy imbalance creates a significant twice line frequency
voltage ripple across LED, which causes an even larger twice
line frequency current ripple flowing through LED [24], and
thus, cause twice line frequency lighting flicker through LEDs,
which leads to various human health-related issues [25], [26].

In order to reduce the flicker to an acceptable level, quasi-
single stage topologies are proposed in recent years [27]-[34].
However, these topologies require at least two active switches,
which make these LED drivers complex. Furthermore, these
flicker-free quasi-single stage topologies are all based on single
output, which limit their applications.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Proposed n-string LED driver and its control loop.

In this paper, a flicker-free single switch multi-string LED
driver with high power factor and passive current balancing is
proposed and analyzed. It combines a pre-stage boost PFC con-
verter and multiple second-stage buck dc—dc converters by a
single active switch and multiple dc-link capacitors. Compared
with conventional two-stage solution in [7], the proposed LED
driver benefits with low cost of active power switch and control
loop, while the dc-link capacitor is partitioned to each output
branch for current balancing. Through reasonable design, the
total volume and cost of dc-link capacitors can be closer to con-
ventional solution in [7]. With the proposed circuit configuration
of multiple dc-link capacitors, the current flowing through each
LED string can be balanced. Therefore, by controlling the cur-
rent of one LED string, the currents of other LED strings can be
controlled via current balancing of dc-link capacitors.

In the proposed converter, the effect of dc-link voltage rip-
ple on each output can be eliminated by fast voltage mode
control loop. Therefore, flicker-free low ripple current of each
LED string is achieved. With small voltage ripple on dc-link
capacitors, the turn ON time of active switch is almost constant
in a half line cycle. Therefore, power factor correction can be
achieved with inductor current of pre-stage operating in discon-
tinuous conduction mode (DCM). Finally, prototypes of dual-
string LED driver with 90—135 Vac input and 175-265 Vac input
for 47 W output power are built to verify the studied results.

II. PROPOSED MULTI-STRING LED DRIVER

Fig. 1 shows the circuit of the proposed single switch
n-string LED driver and its control loop. It combines a pre-
stage boost PFC converter and multiple second-stage buck
dc—dc converters by an active switch and multiple dc-link
capacitors. The pre-stage boost PFC converter is composed
of diode-bridge rectifier Dy, filter inductor Ly, filter capac-
itor C'y, magnetizing inductor L,,, active switch .Sy, dc-link
capacitors C,y (k = 1,2,...,2n —2), and freewheel diodes
Dy, (k=2,4,...,2n — 2). The buck 1 of second-stage is com-
posed of a magnetizing inductor L, an active switch S, a
output unit consisting of output capacitor C,; and LED load
LEDyg;, dc-link capacitors Cp, Cy, and freewheel diodes D,
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and D,. Similarly, the buck n of second-stage is composed
of a magnetizing inductor L,, an active switch S;, a out-
put unit consisting of output capacitor C,, and LED load
LEDs,, dc-link capacitors C(z,_3),C(2,,—3), and freewheel
diodes D5, 1) and Dya,, 9). By voltage mode control loop,
i,1 will be regulated to Vir / Ry, where R, is the sample resistor
of i,1,and Vi is the reference voltage of control loop. Mean-
while, i, (k = 2,3,...,n) will be equal to i, via charge
balancing of Cp;; (k= 1,2,...,2n — 2). Due to large capac-
itance of Cpj (k=1,2,...,2n —2), voltage ripples across
Cuy (k=1,2,...,2n —2) can be effectively reduced. With
fast voltage mode control loop, the effect of voltage ripples
across Cfy,) (k=1,2,...,2n — 2) on each output current can
be eliminated. Therefore, flicker-free low ripple LED current
can be achieved. The turn ON time of switch S; can be consid-
ered constant in a half line cycle due to small voltage ripples
across C,) (k = 1,2,...,2n — 2). Therefore, PFC can be real-
ized with magnetizing inductor L,, operating in DCM.
In integrated PFC converter application, DCM operation
modes of inductor currents of pre-stage and second-stage have
advantage of high PF and simple control [35], [36]. In this pa-
per, analysis and design considerations are presented when the
currents flowing through L) (k = 1,2,...,n) and L,, operate
in DCM. To simplify the analysis, other assumptions are made
as follows.
1) All the components are assumed to be ideal.
2) The switching frequency f; is much higher than the line
frequency f7 .

3) The input voltage is a full-wave rectified sine wave, i.e.,
[vin(t)| = V, | sin(wt)|, where V, is the amplitude and w =
27 f1, is the angular frequency of ac input voltage.

4) The inductances of L, (k = 1,2,...,n) are equal, i.e.,

Ly =Ly, =---=1L,. The capacitances of dc-link ca-
pacitors Cpy;) (k = 1,2,...,2n — 2) are equal, i.e.,, C =
Cy=---=Can-9)-

5) Output capacitors Cyppy (K =1,2,...,n) are large
enough. Therefore, the voltages across them can be con-
sidered to be constant in a switching cycle. DC-link
capacitors Cfi,) (k = 1,2,...,2n — 2) are large enough.
Therefore, the voltages across them can be considered to
be constant in a half line cycle.

A. Current Balancing Among LED String

For the proposed n-string LED driver, as shown in Fig. 1, the
averaged current of LE D is equal to the averaged current of
diode D, in a switching cycle via the charge balance of dc-link
capacitor C;. Meanwhile, the averaged current of LFE D5 is
also equal to the averaged current of diode D> in a switching
cycle via the charge balance of dc-link capacitor C5. Therefore,
the current balancing between LE D and LE D, is achieved
by dc-link capacitors C and C5. Similarly, the averaged current
of LED,(, 1) is equal to the averaged current of diode D5, _9)
in a switching cycle via the charge balance of dc-link capaci-
tor C'(2,,—3), and the averaged current of LED,,) is equal to
the averaged current of diode D(5,,_9) in a switching cycle via
the charge balance of dc-link capacitor C(y,, _5). Therefore, the
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Fig. 2.
cycle.

Inductor current waveforms of the proposed LED driver in a switching

current balancing between LED,,_1) and LEDq,,) is
achieved by dc-link capacitors C(z,, 3y and C(2,_3). By the
proposed circuit configuration of multiple dc-link capacitors,
the average current of each LED string can be balanced.

In order to simplify the analysis, in this paper, the capaci-
tances of dc-link capacitors C) (k = 1,2,...,2n — 2) and in-
ductances of L (k=1,2,...,n) are assumed to be equal,
respectively. In fact, according to the charge balance of dc-link
capacitors, the output current balancing among LED strings
is always satisfied even if Cpy (k= 1,2,...,2n —2) and L,
(k=1,2,...,n) are not equal, respectively.

B. Inductor Currents of Ly (k= 1,2,...,n)

As shown in Fig. 2, in a switching cycle, the average in-
ductor currents i3], (k= 1,2,...,n) are equal to the out-
put currents i, (k =1,2,... ,m), respectively, which can be
expressed as

. . Ver — Vou
1L1.av = ol = Tj-,oton(ton + toffl)
14s

. . Voo +Ves — Vi
ZL?,a'U - 202 - —ton

tOH tO
9L, T. (ton + tof2)

(D

YLin—1]av = toln—1]

VC(2n—4) + VC(Qn—?)) - V;)(n—l)t (t +t )
on\lon off(n—1)

2L(n71)TS
. . VC 2n—-2) — ‘/0 n
Ln].av = to[n] = Wton (ton + tof‘f(n))

where t,, is the turn ON time of switch Sy, %o (B =
1,2,...,n) are the time duration that iz, (k =1,2,...,n)
freewheels through diodes D 53] -3) (k=1,2,...,n) when S;
is turned OFF, Vi (K =1,2,...,2n —2) are the voltages
across capacitors Oy (K =1,2,...,2n —2), and V ;) (k =
1,2,...,n) are the voltages across LED,,) (k = 1,2,...,n),
respectively.
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The current balancing of each LED string is achieved by
multiple dc-link capacitors, when the inductances of Ly (k =
1,2,...,n) are the same, there is

(Ver = Vo1)(ton +tot1) = (Voo + Ves — Voz) (ton + tosi2)
== (VC(27174) + VC(27L73) - ‘/o(nfl))(toll + toff(nfl))

= (VG(271,—2) - V;)(n,))(ton + toff(n))- )
In a switching cycle, by applying the voltage-second balance
of inductors Ly (k = 1,2,... ,m), it gives rise to

(Ver = Vo)ton = (Voo + Vor )tos1
(Voo + Vos = Voo)ton = (Vou + Voo — Voo )toso

' 3)
(VC(Qn—4) + VC(Qn—S) - V:)(n—l))ton = (VC(Qn—Z)

+‘/o(’n,71) - VC(271,74))t0ff(n71)
(Veen—2) = Vom))ton = (Vezn—s) + Vo) )toft (n) -

From Fig. 1, in a switching cycle, the following equation can be
obtained:

Ver+Vee =Vos +Voa = =Vo@ns) + Vo)
=Veon—3) + Vo@n-2)- 4)
From (2)—(4), there is

tofi1 = lofiz = -+ = toff(n—l) = toﬁ'(n)' 5

Substituting (5) into (1) and (3), the following equation can
be obtained:

Ver = Vor =Vea +Vos = Voo =+ = Voan—a) + Vo (2n-3)
—Votm-1) = Veen-2) — Vo) (6)

Voo +Vor =Voa+ Voo = Voo =+ = Veo@n-2) + Vo1
= Veen-1) = Voen-3) + Vowm)- (7N

According to (6) and (7), the voltages across L) (k =
1,2,...,n) during the time duration of fo, and t,gpq (k=
1,2,...,n) are the same, respectively. Based on (5), the time du-
ration of freewheeling inductor currentof L) (k = 1,2,...,n)
are all equal. Therefore, when the inductances of L[k] (k=
1,2,...,n) are the same, the inductor currents iy (k =
1,2,...,n)are allequal, ie., iz =igs = - =ir(y).

C. Capacitor Voltages of Cri,) (k = 1,2,...,2n — 2)

In a switching cycle, the rectified input current |é;,(¢)| is equal
to the average current of L,,, which can be given as

. . Vo sinwt|ton (ton + Lo
|'Lin (t)| = 1Lm_av (t) = p‘ 2|LOniC(TSOI 0 )

where ¢ is the duration of freewheeling time of inductor current
ir,m When Sy is turned OFF.

Based on voltage-second balance of magnetizing inductor
L,,, there is

(®)

V,|sinwt|ton, = (Vo1 + Voo — V| sinwt|)top . 9)
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In a half line cycle, the average input power is equal to the
output power, there is

2 (T2 V, (Ver + Vo)t
Pin = in .in = on
T, Vin ()i, (¢)dt = orL T,
B sin®wt
X - dwt =P,. (10
/0 (Vo1 + Vo))V, — | sinwt| (10)

When 1.1 < (Vo1 + Veo)/V, <5, by using curve fitting
method, the following equation is almost equal:

1 /" sinwt
— - dwt
7 Jo (Vo1 +Vee)/V, — |sinwt]
N 0.48
(Ver + Vo)V, — 0.95

an

According to (8)—(11), the voltages across dc-link capacitors
can be expressed as

Vo1 +Veoa =Veg +Voy = -+

. 1~9‘/meT€P0
2L, TP, — 048 V212,

= Veon-3) + Von-2)

12)

From (6), (7), and (12), the voltages across dc-link capacitors
can be, respectively, calculated. In this paper, a proposed dual-
string LED driver will be analyzed, as an example in Section III,
including its detail analysis and design considerations.

III. ANALYSIS AND DESIGN CONSIDERATIONS OF
PROPOSED DUAL-STRING LED DRIVER

A. Operating Modes

When the currents flowing through inductors L, Lo, and
L, operate in DCM, the steady-state waveforms of the pro-
posed dual-string LED driver includes four operating modes
in a switching cycle. The theoretical waveforms and corre-
sponding equivalent circuits are shown in Figs. 3 and 4, respec-
tively. There are two different operation conditions between t,
and ¢3: trm—dis > tr1-dis (O tL2-dis) and trm —dis < L1-dis
(or t12_qis), Which are shown in Fig. 3(a) and (b), respectively,
where t1,, —qis 1S the duration of freewheeling time of inductor
current iz, when Sy is turned OFF, and t;1_qis (Or t19_qis)
is the duration of freewheeling time of inductor current iz
(oriro) when S is turned OFF.

Mode 1 [ty,t1]: At time ¢, switch S; is turned ON. The
power is delivered from voltage source |viy| to magnetizing
inductor L,,, the magnetizing inductor current %y, increases
linearly

|'U1n |

iLm (t) - L

(t — to). (13)

Meanwhile, diode D> is turned OFF under reverse bias voltage
(Vi1 + Veg). The power is delivered from dc-link capacitors Cy
and Cy to inductors L; and L, through diodes D; and Ds,

respectively. The inductor currents ¢7,; and i1 » and the capacitor
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Fig. 3. Steady-state waveforms of the proposed LED driver. (a) ¢, —dis >
tr1-dis (Ortr2-qis)- (0) tLm —dis < tp1-dis (OF tL2—dis)-

currents ¢ and ¢c9 can be expressed as

ipa(t) = YL (t — to)
) = Yoo (¢ — 1)

) = —iri(t)

109 t) = —iLQ(t).

When switch Sy is turned OFF, this mode is ended. The time
duration of this mode is 71 = t1 — tg = ton.

Mode 2 [ty,t5]: Attime t{, switch Sy is turned OFF. Diode
D, is conducted to provide a current flowing path for iy, (¢).
Similarly, Dy and Dj are still conducted to provide the current
flowing paths for iz (t) and i7,2 (). In this mode, inductor cur-
rents iz, ,¢r1 and i7,0 decrease linearly. The state equations in
this mode can be obtained as

ipm (t) =dLm(t1) + w7lvu(t —t1)

(14)

ir1(t) = Z“(tl)"'M(t—tl) )
ir2(t) =ip2(t1) + M(t—tl)
ic1(t) = ipm (t) + iLa(t)

{202(15) =ipm (t) + i1 (t). (16)

Input voltage |viy(t)| is sinusoidal in a half line cycle,
which causes a sinusoidal variation of t¢j,,_qi;s. Therefore,
there are two different operation conditions when this mode is
ended: tr, ais > tr1-dis (O tro dis) and tr,, —dis < tr1-dis
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Fig. 4. Equivalent circuits of the proposed dual-string LED driver. (a) Mode
1 [to,t1]. (b) Mode 2 [t1,t2]. (c) Mode 3-a [t2,t3]. (d) Mode 3-b [t2,t3].
(e) Mode 4 [t3,t4].

(or tr2—qis)- When &, qis > tr1-ais (or tra—qis), at time
ty,ir1 and 770 decrease to zero simultaneously. Diodes D;
and D3 are turned OFF at zero current and Mode 2 is ended. The
circuit will enter into next operation mode, Mode 3-a. In this
case, the time duration of Mode 2 is

ir1(t1) Ly _ ira(ti) Lo
Voo +Vor  Ver+ Vo

To =ty —t = (17)
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When trm—dis < tL1-dis (OI' tL27dis)’ at time t?v iLm first
decrease to zero. Mode 2 is ended at time ¢9 and the circuit will
enter into next operation mode, Mode 3-b. In this case, the time
duration of Mode 2 is

_ Z.Lm (tl)Lm
Ver + Voo — ||

To =ty — 11 (18)

Mode 3-a [to,t3]: At time ty, switch S is still turned OFF
and diode D is still turned ON. Diodes D; and D3 are reverse-
biased due to the inductor currents i7; and i75 are decreased
to zero. The magnetizing inductor current iy, still decreases
linearly. At time 3,4z, (t) decreases to zero. Diodes Do is
turned OFF at zero current and this mode is ended. The state
equations in this mode can be obtained as

iLm (t) = 7;Lm (tQ) + W%V(Z(t - tQ)

ipi(t) =ira(t) =0 (19)
iCl (t) = iCQ(t) = iLm (t)
The time duration of Mode 3-a is
) m t Lm
Ts =ty — by iz (f2) (20)

"~ Ver + Voo — v’

Mode 3-b [to,t3]: At time to, switch Sy is still turned OFF
and diode Dy, Do, and D3 are still turned ON. The magnetiz-
ing inductor current iy, is decreased to zero. Both inductor
currents 77,1 and iy still decrease linearly. At time ¢3, 471 and
119 decrease to zero simultaneously. Diodes Dy, Dy, and Ds
are turned OFF at zero current and this mode is ended. The state
equations in this mode can be obtained as

=ty by = ir1(t2) s _ ira(t2) Lo .
Voo + Vo1 Vo1 + Vi

Mode 4 [ts,t,]: As shown in Fig. 4(e), switch S, diodes
Dy, Dy, and D5 are all turned OFF. %1,,,, i1, and iy are all
zero. Output currents of two LED strings are provided by output
capacitors C,; and C,s. This operation mode will be ended and
a switching cycle is over at time ¢,. The time duration of this
modeisu :t4 7t3 :Tg — T3 — Ty — T1.

1)

B. Input Current

Fig. 5 shows the key waveforms of the proposed dual-string
LED driver in a line cycle. The peak current of magnetizing
inductor L,, can be expressed as

V,| sinwt|d T
L’"l,

. o |'Uin(t)‘ton o
LLm_pk = —

I, (22)

where d is the turn ON duty cycle of S;.
Based on voltage-second balance of magnetizing inductor
L,,, there is
Vp|sinwt|dTs = (Vo1 + Ve — V| sinwt|)di T (23)

where d; is the duty ratio of freewheeling time of inductor
current 77, when Sy is turned OFF.
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Fig. 5. Key waveforms of the proposed LED driver in a line cycle.
According to (3) and (23), there are
M1:V01+V02:d+d1 (24)
Vin dl
o1+ Vo d—d
L= Vor + Voo _ 2 (25)
Vor+Vea  d+dy
A f d+dy)(d—d
M:V1+V2_( +di)( 2) (26)

Vin N dl (d + d2)

where M, is the voltage gain of boost stage, My is the voltage
gain of buck stages, M is the voltage gain of the proposed LED
driver, and d, is the duty ratio of freewheeling time of inductor
current 77,1 (or i75) when S is turned OFF.

From (24)—(26), a step-down voltage gain can be achieved by
regulating the turn ON duty ratio of switch 5.

In a switching cycle, the rectified input current |i;,(¢)] is equal
to the average current of L,,, which can be given as

_ Vp|sinwt|d(d + dy )T

in ()| =tLm_av (t
i ()] =i 1) o

27

From (26) and (27), the rectified current |4, ()| can further be
written as

V,d*Ts(Ver + Vo) sinwt|

tin ()] =trm_av(t) = :
[in (D] =i *) 2L, Ve + Voo — V| sinwt|)

. (28)

Fig. 6 is plotted according to (28). It can be known that
the distortion of input current waveforms is related to (Vo +
Veo)/V,. With larger (Vi + Vi) /V,, the distortion of input
current will be smaller.

The average input power in a half line cycle is

2 T /2
-Pin = _/ Vin (T iin t)dt
7/, (t)iin (1)
~ Vo(Vor + Vieo)d T, /7T sinwt ot
N 27 Ly, o (Vor +Veo)/V, —|sinwt|

(29)
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Fig. 6. Normalized input current waveform with different (Vo + Vo) / V.
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Fig. 7. Relationship of PF and (Vi + Ve )/ V.

According to (28) and (29), PF of the proposed dual-string
LED driver operating in DCM can be derived as

Pill
PE= v, Tr /2
P . 2
v/ I (i (0) e

V2 m sin’ wt
™ fO 1-V, sinwt/(Vc1+V02)th
dwt

sin’wt (30)

= Lf” 4
™ JO [1-V, sinwt/ (Vo1 +Ves)]?

Fig. 7 is plotted according to (30), from which it can be known
that PF increases with the increase of (Vey + Vo) /V,.

C. Design Considerations of DC-Link Voltage
Assume that dc-link capacitors, C; and C; are large enough.
In a half line cycle, the output power can described as
2 T /2
— Vi ()i (B)dt = (Vo1 + Vo2 )io1
T Jo

= (V:)l + ‘/:)2)(7;L1_m_av + Z’LQ.m_av - Z.Lm_f_av) (31)
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Fig. 8. Relationship of Vi + Vg and kz, (Vo1 = Voo = 78 V).
where
; Vor1—Vo tgn
1L1om av = %
; Voo =V, tgn
LL2.m_av = % (32)
. 2 T5 /2 |vin ltonto
ULm_f.av = 7, Jo l ;]I‘/:HT: L dt.

According to (29), (31), and (32), the relationship between
output voltage and dc-link capacitor voltage can be given as

095V, +V, 0.24k; V2
VCI+V02:( p Vo) ol
2 Vo
095V, +V,) , 0-24ks V2 )2
+ 2 V. (33)

—(095V,V, — 0.481<JLVPQ)

where V,, = V1 + Voo, kp = L1 /Ly,.
From (6), (7), and (33), the voltages across C; and C5 can
be, respectively, expressed as

Vo1 = 0.5(V01 + VCQ) + 0.5(‘/01 — VOQ)
Voo = 0.5(V01 + VCQ) + 0.5(‘/;,2 -V, )

(34)
(35)

From (33), the relationship of Vi + Vo and kr can be il-
lustrated in Fig. 8, with the output voltage V,; = Vo =78 V.
From Fig. 8, it can be known that the sum of capacitor volt-
ages Vo1 + Vo increases with k7. As shown in Figs. 7 and 8,
kr, should be designed as high as possible to achieve high PF.
However, the reverse voltage vs; of S; is equal to the sum
of capacitor voltages Vo1 + Vio. In order to reduce the volt-
age stress of switch S, the ratio k£;, must be controlled in a
reasonable range. From Fig. 8, it can be known that through
reasonable design of &, the voltage stress of dc-link capacitors
can be designed lower. Therefore, the total volume and cost of
dc-link capacitors can be decreased, which can be closer to con-
ventional solution in [7]. In order to achieve good performance
of efficiency and PF with consideration of voltage stress, the
proposed LED driver is more suitable for narrow input voltage
range application. Considering above design guideline, k. is de-
signed to be 1.2 for 90-135 Vac input and 0.25 for 175-265 Vac
input in this paper.

6753

D. Design Considerations of Ly, Lo, and L,

Assume that dc-link capacitors C; and C5 are large enough.
From (22), when |sinwt| = 1, the maximum peak current of
magnetizing inductor L,, can be expressed as

V,dT

7;Lm pk_max — .
o Lm

(36)

When the inductor current of L,, operates in a critical con-
duction mode (CRM) at maximum input voltage in a half line
cycle, there is

(37)

Z.Lm,pk‘,max = 2iLm,a'u,max
where 47, 4v_max 15 the maximum average current of L,, in a
half line cycle.
According to (28), (36), and (37), when L,, operates in a
CRM at maximum input voltage in a half line cycle, the critical
turn ON duty cycle of switch S; can be derived as

¢ _ Ver+Vea =V,
Lm VCI + VCQ .

Substituting (38) into (31), the critical inductance of L,,, can
be derived as

(38)

e 0.A48V2(Ver + Ver — V)
" 2P, fs(Vor + Vo) (Ver + Vs — 0.95V,,)

Similarly, when inductor current of L; operates in CRM, the
critical condition can be given as

(39)

iLl,pk = 2ip1 av (40)
where
. Ver — Vor)dT
ik = % (41)
1
— Vo ton to ton
i1y = iy = 0L Vollllon Flom)lon )

2L 1 TS
From (40), when inductor current of L; operates in CRM, the
critical turn ON duty cycle of switch S} can be given as
e Vor+ Vo
BT Vet + Vs
Substituting (43) into (31), the critical inductance of L; and
L5 can be derived as

(43)

(Ver = Vo) (Vea + Vir)
244 fs (V(,‘l + VCQ)

According to (39), (44), and the analysis results of
Section II-C, Fig. 9 shows the relationship between
LS, L§, L, and input voltage vi, With v,1 = vo2 = 78 V, 151 =
io2 = 0.3 A and f; = 67 kHz. As shown in Fig. 9, the critical
inductances of L, Ly, and L,, all increase with the increase
of input voltage vy,. The minimum critical inductances are ob-
tained at vj, = 90 Vac for 90-135 Vac input and v, = 175 Vac
for 175-265 Vac input, respectively. Therefore, L,, should be
designed less than 0.69 mH for 90-135 Vac input and 1.28 mH
for 175-265 Vac input, respectively. Considering design mar-
gin and current stress, in this paper, L,, and L, (Ls) are set
to 0.56 mH and 0.68 mH for 90-135 Vac input, and are set to
1.1 mH and 0.275 mH for 175-265 Vac input, respectively.

L§=L5 =

(44)
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Fig. 9. Operation area of the proposed LED driver.

E. Design Considerations of Cy and Cs

The analysis in Section III-C and D are based on the assump-
tion that the de-link capacitors C'; and C are large enough. The
ideal parameter for dc-link capacitor is difficult to realize due
to the limit of circuit volume in practical application. There-
fore, the effects of voltage ripple across C and C5 need to be
considered due to small capacitances are selected. Due to the un-
balance of instantaneous power between pulsating input power
and fixed output power, the dc-link capacitor is needed to equi-
librate the instantaneous power, which results in line frequency
voltage ripple across dc-link capacitors. In general, it only needs
to consider the second harmonic component of voltage ripple
that can meet the requirement of analysis.

The average current flowing through diode D in a switching
cycle can be derived as

V,| sinwt|tontom
2L,, T
V2t2 sin® wt

= on . 45
2L,,T, (VCI + Voo — ‘/p| sinwt\) 5)

iLm,f,av (t) =

With Fourier decomposition, (45) can be further described as

iLm_fav(t) = %) + nﬁ; a,, cos nwt (46)
where
ag = /0 iLm_f.av(t)dwt 47
a, = iLm_f.av (t) cos nwtd(wt)

2V2t2 .

x
p on 7

sin®wt cos nwt
Vo1 + Voo =V, sinwt

2
T
E
7T
n is odd
i T d (wt) nis even.
(48)

The second-order harmonic component of iz, 4, flow-
ing though dc-link capacitors leads to the second-order line
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Fig. 10. Variation of voltage ripples of dc-link capacitor with different
Cl and CQ.

frequency voltage ripple. Therefore

C, +C )
Avcriea(t) = ﬁ /ZLm,f,mx[Q] (t)ydt  (49)
where
iLm_fav]2)(t) = az cos(2wt). (50)

According to (48) and (49), the voltage ripple can be calcu-
lated as

Avciscoa(t)
Cy +Cy Vzt?)n sin(2wt) /g sin’wt cos 2wt d (wt)
e wt).
C1Cy wm L, T o Vo1 +Veg —Vysinwt
(51

In this paper, the capacitances of dc-link capacitors are set to
the same. Therefore, the voltage ripples across C and C5 can
be given as

Avcitcoz(t)
—

Based on the analysis results of Section III-C and III-D,
Fig. 10 shows the variations of voltage ripple across dc-link
capacitor with different C; and C5 in a line cycle, from which
it can be known that with the larger capacitance of C; and Cs,
the variation of voltage ripple AV, oo will be smaller.

According to (28) and (51), the rectified input current |i;y|
with second-order harmonic component can be described as

A’U(jl( ) AU(‘Q( ) (52)

V,d®Ts(Ver + Voo + AVeiio2)| sinwt|
2L (Vor + Voo + AVeri02 — V;)| sinwt|) '

|iin (t)| = (53)

From (53), the normalized input current waveforms with dif-
ferent C; and C5 are shown in Fig. 11. There is a discernible
distortion in the waveforms of input current, as shown in Fig. 11.
With smaller capacitance of C and C5, the distortion of input
current waveform will be more serious. Specially, when C and
Cy are greater than 47 pF, the distortion of input current wave-

form is not obvious, which can be used as the design guideline
of C; and Cy, i.e., C; = Cy =47 uF.
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Fig. 11.  Normalized input current waveform with different C'; and C5.
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Fig. 12.  Photo of 90-135 Vac input prototype.

IV. EXPERIMENTAL VERIFICATION

To verify above analysis, prototypes of the proposed dual-
string LED driver with 90-135 Vac input and 175-265 Vac
input for 47 W output power are built. Fig. 12 shows the photo of
90-135 Vac input prototype. The schematic and corresponding
parameters of the prototypes are shown in Fig. 4 and Table I,
respectively.

According to the analysis in Section III, with k7, = 1.2, the
voltage stress of S can be controlled below 456 V for 90—
135 Vac input. With k; = 0.25, the voltage stress of S can be
controlled below 550 V for 175-265 Vac input. Therefore, MOS-
FET 15NM65 with 650 V drain-source voltage is used in both
90-135 Vac input and 175-256 Vac input prototypes. A con-
ventional voltage mode controller, Texas Instruments TL494, is
used in these prototypes.

The input current waveforms of the proposed LED driver at
rated output power are shown in Fig. 13. From which it can be
known that input current %;, is sinusoidal and in phase with input
voltage vj,. PF of these two prototypes are shown in Fig. 14. It
can be known that PF of these two prototypes are higher than
0.97 within wide input voltage range. Therefore, the proposed
LED driver has a good performance of PF.

Harmonic current under 120 and 220 Vac input are shown in
Fig. 15. According to Fig. 15, each harmonic component (up to
15th) of input current is lower than the limit of IEC-61000-3-2
Class C with large margins. The total harmonic distortion of

TABLE I
CIRCUIT PARAMETERS OF TWO 47 W PROTOTYPE

Variable Definition Value
Vor~ Vos Rated voltage of each LED 78 V LED string
output
io1 Output Current of LEDy, 03A
S Power MOSFET 15NM65
D~Dy Freewheeling diode KBL608
Ci~ G, Dc link capacitor 47 uF/400 V
Co1~Co2 Output capacitor 22 uF/100 V
Ly Input filter inductance 470 pH
fs Switching Frequency 67 kHz
FOR 90~135Vac INPUT
Ly Magnetizing inductance 560 pH
Li~L, Inductance of buck stage 680 uH
Cy Input filter capacitance 680 nF
FOR 175~265Vac INPUT
Ly Magnetizing inductance 1100 pH
Li~L, Inductance of buck stage 275 uH
Cy Input filter capacitance 220 nF

Auto_CH4: -50mA/\DC

199.94kSa/s __Real Time Complete

(b)

Fig. 13. vy and 4, waveforms of the proposed dual-string LED driver.
(a) 120 Vac (90-135 Vac input prototype). (b) 220 Vac (175-265 Vac input
prototype).

input current is 9.61% and 20.92% in 120 Vac and 220 Vac
input, respectively.

Fig. 16 shows the voltage waveform of switch S;, inductor
current waveforms under 120 Vac input and 220 Vac input.
According to the Fig. 16, it can be known that iy,,,i7;, and
ir2 all operate in DCM. The current waveforms of i;; and
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Fig. 14.  PF of the proposed dual-string LED driver.
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Fig. 15.  Harmonic test results of input current %jj,.
TABLE II
OUTPUT CURRENT UNDER RATED LOAD
vin (Vac)
Output 90~135Vac input 175~265Vac input
prototype prototype
90 120 135 175 220 265

i,y(mA) 3009 301.5 301.6 299.7 300.0 3002
Vo1 (V) 80.19 8031 80.26 79.84 79.67  79.69
inp(mA) 300.7 301.2 301.3 299.5 299.8 300.1
Vo2 (V) 7992  80.03 7999 7738 7725 77.26

119 are almost the same, which verifies the analysis results in
Section II-B.

The output voltages and currents under rated LED load and
extreme LED load imbalance are given in Tables II and III. From
Tables II and III, it can be known that the output currents of two
LED strings are almost the same under different output loads,
which shows good performance of current balancing among two
LED strings.

The startup waveforms of 90-135 Vac input prototype are
shown in Fig. 17. It can be known that balanced output currents
are quickly established after startup. The ripple on LED current
may be a potentially health hazard to human eyes, which has
been recommended in IEEE Standard 1789-2015 [37]. From
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Fig. 16.  irm.ip1,%52, and vgy of the proposed LED driver. (a) 120 Vac
input. (b) 220 Vac input.

TABLE III
OUTPUT CURRENT UNDER EXTREME LOAD IMBALANCE

vin (Vac)
Output 90~135Vac input 175~265Vac input
prototype prototype
90 120 135 175 220 265
i,y(mA) 301.1 3014 301.8 299.6 300.1 3003
vor(V)  80.13 80.30 8022 79.69 79.79  79.77
i»(MA) 3009 3012 301.7 2993 2999  300.2
va (V) 4455 4466 44.61 4253 4259 42.58
TEv 200ms T: 400ms Norm CH4: 80 mA /DC 5kSals Raal Tims Complats
S Y
g 5 A
i .
A ot Zoom in
T e
300mA
, T
- N ,io2
i i
300mA
| { N

Fig. 17.  Startup waveforms of the proposed LED driver in 120 Vac input.
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Fig. 18. Dynamic balancing response waveforms (90-135 Vac input).
(a) LE Dy is short-circuit. (b) LE Dy is open-circuit.

[37], it can be known that the percentage of flicker, Mod%, can
be expressed as follows:

Max — Min

Mod% =
od% Max + Min

x 100% (54)
where Max and Min represent maximum and minimum light
intensity from the lamp, respectively. When f; = 60 Hz, the
low-risk level leads to Mod% < 10%. Assume that the light
intensity is proportional to the LED current. In Fig. 17, the
output current ripple is below 15 mA, Mod% = 2.5%. Therefore,
flicker-free low-risk LED current is achieved.

Fig. 18 shows the dynamic balancing response waveforms.
As shown in Fig. 18(a), when LE Ds is short-circuit, the output
current of LE Dy still keeps balance after a small transient over-
shoot. For LED driver application with constant current control,
the output voltage will increase continuously if LED string is
open-circuit. The continuously increased voltage will damage
the LED driver. Therefore, over-voltage-protection (OVP) cir-
cuit is needed. In the prototype, OVP circuits are placed in each
output. When LE D, is open-circuit, the waveforms and cor-
responding circuit schematic of OVP are shown in Fig. 18(b).
The OVP circuit consists of a SCR switch @),,; (MCR100-6), a
trigger diode D,,; (DB3), a current limit resistor R,,; (5.1 ),
and voltage divider consisting of R, R,3, and C},1. When the
divided voltage v, is increased to the trigger voltage of D,
SCR switch @1 will be triggered. Output 2 will be shorted by
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Fig. 19.  Efficiency curve of the proposed dual-string LED driver.

Qp1 and R,;. Therefore, v,2 will be clamped to a low voltage
level and the output 1 can still operate normally. From the exper-
iment waveforms, it can be known that the OVP trigger voltage
is about 86 V. Similarly, when output 1 is opened, the output
voltage v,1 will be clamped to a low level. But the average cur-
rent flowing through R, is still controlled to the required level.
Therefore, 7,9 is not changed when LE Dy, is opened. Fig. 18
shows a good dynamic balancing characteristic of the proposed
LED driver.

Fig. 19 shows the efficiency of the proposed dual-string LED
driver. As shown in Fig. 19, the maximum efficiency of 90-
135 Vac prototype and 175-265 Vac prototype are 87.8% and
89.7%, respectively. Therefore, the proposed dual-string LED
driver has good efficiency performance.

V. CONCLUSION

A flicker-free single switch multi-string LED driver with high
power factor and passive current balancing is proposed and
analyzed. It combines a pre-stage boost PFC converter with
second-stage buck dc—dc converters by a single active switch
and dc-link capacitors. With the proposed dc-link capacitors
connection method, the output current of each LED string is
balanced. Therefore, by controlling the output current of one
LED string, the output currents of other LED strings can be
controlled, which simplifies circuit design. The effect of dc-link
voltage ripple on each output is eliminated by fast voltage mode
control loop of second-stage circuit. Therefore, flicker-free low
ripple current of each LED string is achieved. With small voltage
ripple on dc-link capacitors, the turn ON time of active switch is
almost constant in a half line cycle. Therefore, power factor cor-
rection is achieved. Experimental results are presented to verify
the analysis results of the proposed driver, and demonstrate its
advantages. The proposed scheme needs only one active switch
and one control loop, which makes circuit volume small and
cost low. In fact, the proposed scheme comes from an integra-
tion of a two-stage solution. The inductor currents of two stages
flow though the shared switch. The current and voltage stress
should be considered carefully in design. This solution can be
easily applied to high power multi-string LED lighting such as
panel lighting application.
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