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LED Current Balancing Scheme Using Current-Fed
Quasi-Z-Source Converter

Daheon Hong

Abstract—This article presents a novel two-channel light emit-
ting diode (LED) current balancing method using current-fed (CF)
quasi-Z-source (qZS) dc—dc converter. The proposed LED driver
is simple in structure and requires minimal number of component
counts. Currents flowing through the two LED strings are auto-
matically balanced owing to charge (amp-sec) balance condition
on capacitors in the CF—qZS network. Since current balancing is
achieved automatically by passive components, current control of
the proposed converter is very simple. In addition, the proposed
circuit uses only one active switch and one diode. The operating
principle and characteristics of the proposed two-channel LED
driver are analyzed in detail. To verify validity of the proposed
converter, 80 W prototype is built and tested.

Index Terms—Charge balance condition, current balancing,
current-fed (CF), LED current balancing, quasi-z-source (qZS)
network.

1. INTRODUCTION

IGHT emitting diodes (LEDs) are widely used in resi-
dential, automotive, and medical applications owing to its
advantages such as long lifetime, small size, high illumination
efficiency, and environmentally friendly characteristics [1]. In
general, LEDs are connected in multistring (or -channel) struc-
ture to avoid high voltage of a series connected structure and
to ensure sufficient output illumination intensity [2]. However,
current balancing is crucial in multistring structure because the
brightness of LED is directly related to its forward current [3].
There are several methods to balance string currents in mul-
tistring LED drivers. Fig. 1(a) shows an active method of LED
current balancing where individual current controller is used
to control each LED current evenly. This method, however,
is complex, expensive, and bulky. Another approach is to use
passive components as shown in Fig. 1(b). This method bal-
ances LED currents automatically and it is largely divided into
inductive method using coupled inductor or current sharing
transformer and capacitive method using charge (amp—sec) bal-
ance condition on capacitor. In [4]-[7], LED balancing circuits
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Fig.1. Common methods for LED current balancing. (a) Separated converters.
(b) Integrated converter with passive components.

using inductive method were introduced. They used coupled
inductors to balance LED currents by current sharing mech-
anism of transformer action. In [8]—[17], on the other hand,
various LED drivers using capacitive method were introduced.
In [8], various LED drivers using capacitors to bridge-type
circuits were introduced. In [9]-[12], multichannel LED drivers
using resonant converter were employed to achieve the current
balancing among LED strings. In [13]-[17], nonisolated LED
drivers using capacitive current sharing mechanism and utilizing
a coupled inductor were introduced. However, all the mentioned
LED drivers require many semiconductor devices to balancing
LED currents.

Z-source inverter was first introduced in 2003 to overcome
some technical barriers in the traditional voltage-fed (VF) and
current-fed (CF) inverters [18]. Since then, it has been applied
to multilevel converters [19], [20], dc—dc converters [21]-[23],
and others [24]-[26]. Fig. 2 shows basic structures of the Z-
source/quasi-Z-source (qZS) dc—dc converters. In the VF-Z-
source shown in Fig. 2(a), the two capacitor voltages of the
Z-source network are always balanced even if different value of
loads are connected across the capacitors. In fact, the capacitor
voltage balance is achieved by flux (volt—sec) balance condition
on the two inductors in the Z-source network. The CF—Z-source
shown in Fig. 2(b) is dual circuit of Fig. 2(a). Therefore, ac-
cording to the duality principle, the two inductor currents in the
Z-source network can be balanced even if different value of loads
is connected in series with the inductors. The inductor current
balance is achieved by charge (amp-sec) balance condition on
the two capacitors in the Z-source network. Fig. 2(c) shows
CF—qZS dc—dc converters [27]. When compared with Fig. 2(b),
the CF—qZS provides common ground between input source
and switching devices while the inductor current balancing is
still maintained.


https://orcid.org/0000-0003-4326-6004
https://orcid.org/0000-0003-1564-6552
mailto:hongda1021@knu.ac.kr
mailto:chahonny@knu.ac.kr
https://doi.org/10.1109/TPEL.2021.3083842

14188

A1 o
D L / L /
Vi TN swlig & 1, p7 TN swli &
L, L
o 1N
(a) (b)
L é C ==
1m<> -—|§]—- SWJE}
G == L, ?

©

Fig. 2. Basic structure for Z-source de—dc converters. (a) VF-Z-source. (b)
CF-Z-source. (¢) CF—quasi-Z-source.

+ vLin
Lin -
fin} F Com Vien
L +
L Vel
ipd[ + + v -
V. <+> 1
in \ - . -« N
lc2¢ ip D
+
C =V
Fig.3. Proposed two-channel LED driver using CF—qZS converter.

In this article, the CF—qZS network shown in Fig. 2(c) is
applied to two-channel LED driver. Although many researches
were conducted on the CF—qZS converter, the use of the CF—qZS
converter on the current balancing has not been reported so far.
To verify performance of the proposed converter, 80 W prototype
is built and tested. Detailed operating principle of the proposed
converter is explained in Section II. Section III presents some
design considerations of the proposed LED driver. Experimen-
tal results and the conclusion of this article are discussed in
Sections IV and V, respectively.

II. OPERATING PRINCIPLE OF THE PROPOSED LED DRIVER

Fig. 3 shows the proposed two-channel LED driver. As already
mentioned in the introduction, both CF-Z-source and CF—qZS
converters can balance the two inductor currents. However, the
CF—-qZS is considered in this article because it has common
ground feature, so low-side (nonisolated) gate driving circuit
can be used. As shown in Fig. 3, the two LED strings and output
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Fig. 4. Key waveforms of the proposed converter.

capacitors (C'y1, C,o)are connected in series with inductors Ly
and Lo, respectively. The output capacitors C,; and C, are
added to remove ripple component of inductor currents, thus
both LED currents have only dc value. More importantly, if there
are no output capacitors and LED is failure with open circuit, the
inductor current drops to zero in a very short time because there
is no current path, thus a huge voltage overshoot is generated.

A. Operation Mode Analysis

Key waveforms and operating modes of the proposed LED
driver are shown in Figs. 4 and 5, respectively. As shown in
Fig. 4, there are two operating modes. The switch is turned-ON
and -OFF, respectively. For the sake of simplicity, it is assumed
that all the semiconductor devices are ideal and the inductors
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Fig. 5.

and capacitors in the qZS network have no equivalent series
resistance. In addition, it is assumed that the capacitors C; and
Cs inthe gZS network are big enough, thus the capacitor voltages
V1, Voo have only dc component with no ripple.
1) Switch oN (0 <t < DT,): In this mode, the switch is
turned-ON and diode is turned-OFF, as shown in Fig. 5(a).
The input inductor L, stores energy and the two capaci-
tors C and C' are discharged. The two inductor currents
ir,1 and ip9 are increasing and the two capacitor currents
are as follows:

ic1 = —ir2, ic2 = —iL1. (D

Switch current isyw is sum of the input current 43, and the
two inductor currents (ir,1, ¢1,2). Diode voltage vp is sum
of the two capacitor voltages V1 and Vis.

2) Switch oFF (DT, <t <7Ty): In this mode, switch is
turned-OFF and the diode is turned-ON to ensure inductor
currents continue to flow, as shown in Fig. 5(b). Capacitors
C1 and Cy are charged and the inductor currents are
decreasing. ¢ is sum of the input current 4;;, and iz;.
Similarly, 75 is sum of the input current 4;,, and i 1,o. Thus,
equations for the two capacitor currents in this mode are
as follows:

tc1 = tin T 111, tCc2 = bin T 112 (2)

Similar to mode 1, diode current ip is sum of the input
current 7;;, and the two inductor currents (iy,1, 71,2). Also,
the switch voltage vgyy is sum of the two capacitor voltages
VC1 and VCQ.

B. LED Current Balancing and Voltage Gain

The proposed LED driver balances the two LED currents by
charge balance condition on the capacitors C; and Cy. Fig. 4
shows the capacitor current i; waveform and i< can be found
similarly. From (1) and (2), charge balance condition on the
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Operation modes of the proposed converter. (a) Switch ON. (b) Switch OFF.

capacitors C7 and C' are expressed as
Cl : D(*Z‘LQ.avg) + (]- - D)(iin.avg + Z‘Ll.avg) =0 (3)
CQ : D(_iLl.avg) + (]- - D)(iin.avg + iLZavg) =0 (4)

where D is duty cycle of the switch. i1 avg, 1.2.ave, and
Tin.avg T€present average values of the inductor currents ir,1, 1,2,
and input current ¢;,, respectively. From (3) and (4), following
expressions can be derived:

Z.Ll.avg = Z.L2.atvg; (5)
iL.avg o 1-D
7:in.avg 2D -1

(6)

In (6), i1.ave TEPrESENts ir1 avg and iro avg. From (5), it is
found that the two LED string currents are precisely balanced
regardless of external conditions such as different number of
LEDs in string, unequal LED characteristics occurring in man-
ufacturing process, and thermal conditions. Current gain of the
proposed converter is shown in (6).

On the other hand, from the inductor voltage (vr1, vi2)
waveforms in Fig. 4 and using flux balance condition on the
inductors L; and Lo, following equations are derived:

Ly : D(Vea —Vigpi) = (1 — D)(Ver + Viepi) @)
Ly: D(Ver —Vigp2) = (1 — D)(Voa + Viep2).  (8)

From (7) and (8), capacitor voltages Vo1 and Vo are ex-
pressed as

(1 = D)Vigp1 + DVigD2

Vo1 = 5D — 1 9
D 1-D
Ve = VLED1 -Qi-lg - )VLEDQ. (10)

From (9) and (10), it is found that the two capacitor voltages
Ve and Voo depend on LED string voltages (Vigpi, ViED2)
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and D. Thus, if voltages of LED1 and 2 are different, V>, and
Vo are different. In addition, voltage of the input inductor vy,
is shown as

I Vin , (0<t< DTy)
Fin =\ Vin = Ver = Voo, (DT <t < Ty).
From (9)—(11) and using flux balance condition on the input

inductor L;,, voltage gain of the proposed converter can be
obtained as

an

Viep: + Vegpe 2D —1
Vin - 1-D°
Fig. 6 shows voltage gain of the proposed converter. The
proposed converter has buck—boost function when the duty cycle
is between 0.5 and 1. On the other hand, when D < 0.5, the
voltage gain becomes negative. Thus, the proposed LED driver
should be operated in the range of 0.5 < D < 1.0 for proper
steady-state operation. However, during start-up, D starts from
zero, thus the LED strings experience negative voltage. Most of
individual LEDs in a string can withstand at least 5 V in reverse
direction [28]. Therefore, when selecting the number of LEDs
in a string or input voltage Vj,, a care must be taken not to
exceed the reverse voltage of LED. This issue will be discussed
in Section ITI-D.

12)

III. DESIGN CONSIDERATIONS OF THE PROPOSED LED DRIVER
AND COMPARISONS WITH OTHER TOPOLOGIES

In the proposed LED driver, several design issues exist as
follows.

A. Voltage and Current Stresses of the Switch and Diode

In the proposed driver, the voltage stresses of switch and diode
are sum of the two capacitor voltages. Thus, from (9)—(10), they
can be derived as

ViED1 + VLED2
2D —1
where Vgw and Vp are voltage of the switch and diode, when

they are turned-OFF, respectively.

Vsw =Vp = 13)
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Fig. 8. Proposed converter with feedback circuit.

Similarly, switch and diode currents are sum of the input
current (4i,) and two inductor currents (1,1, ¢7.2). Thus, by using
(6), switch and diode currents are obtained as

iL.avg
1-D
where Isw and Ip are currents flowing through the switch and
diode, respectively, with ripple components are neglected. From
(13) and (14), it is found that switch and diode voltages (or
currents) depend on both LED voltages (or currents) and duty
cycle (D).

Fig. 7 shows the voltage and current stresses of the switch.
The LED voltages (VLep1, VieD2) and currents (ir ave) can
be assumed to be constant in steady state. Thus, switch voltage
stress increases as D decreases. Therefore, switch voltage stress

(14)

Isw =1Ip =



HONG AND CHA: LED CURRENT BALANCING SCHEME USING CURRENT-FED QUASI-Z-SOURCE CONVERTER

I~ LI B B A
Input cap. L B B B
LR B B B
- " " 0
L R .‘ »
LR B B
. r " 2
LR B B
s "
L B B
(a) (b)
Fig. 9. (a) Photograph of prototype converter. (b) LED strings (HILOM-
RH12).
Vigpr [20 V /divl]—~ e
VLED2 [20 V/le]
—> Soft start
_________ — [50 ms/div]
(a)
Vi gpy [50 V / div] wEs=
VLED2 [50 V/le]TA
> Soft start [50 ms/ div]
(b)
Fig. 10. LED voltages during soft-start. (a) Vi, = 50 V. (b) Vi, = 100 V.

is relatively high in buck mode (i.e., 0.5 < D < 2/3). On the
other hand, switch current stress increases as D increases. There-
fore, it is relatively high in boost mode (i.e., 2/3 < D < 1).In
this article, the converter is designed to operate in boost mode
to reduce switch voltage stress.

B. Inductor Current Ripple
From the inductor voltage waveforms in Fig. 4, inductor
current ripples (Aip1, Aiyo) are calculated as
Voo — W1
Nigy = C2 LED1
Ly

Ver — VieD2
Ly

DT, (15)

Nipy = DT,. (16)
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As shown in (15) and (16), the inductor current ripples
are affected by capacitor voltages (Vo1, Vioe), LED voltages
(Viep1, VLED2), inductances (L1, Ls), period (T%), and D. If
inductance values or inductor voltages are different, two current
ripples are unequal. However, as mentioned earlier, average
values of the two inductor currents 77,1 ayvg and 1,2 avg are same
by charge balance condition on the capacitors C; and Cs. As
is well known, for the reduction of inductor current ripple,
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high inductance is preferred. However, the size of inductor is
increased. Therefore, a trade-off should be made.

C. Gate Driving and Feedback Circuit

Fig. 8 shows the proposed LED driver with feedback circuit.
As shown, in the proposed converter, source terminal of the
MOSFET is common to the input voltage Vi, thus low-side gate
driving circuit can be used. In addition, since average values of
the two LED currents are well balanced, only one LED current
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needs to be sensed for current control. In this article, inductor
current 7,5 is sensed by connecting sensing resistor 2 in series
with Lo. To filter out high-frequency current ripple and sense
average value of the inductor current, an RC low-pass filter (LPF)
is added to feedback compensation and the output of the LPF is
compared with V.. which is reference voltage across the sensing
resistor. In this article, an RC LPF with 4.8 kHz cut-off frequency
(Rppr = 33k, CLpr = 1nF)isadded and simple integrator
having 1 ms time constant (Rp = 10 kQ, Cr = 100 nF) is
applied to control LED currents.

D. LED Voltage and Input Voltage Range

As discussed in Section II-B, reverse voltage is applied to
the two LED strings during soft-start or start-up. Before the
start (D = 0), sum of the two LED voltages is equal to
—Vin (i-e., VLEp1 + VLEDp2 = —Vin). Thus, when designing a
hardware, input voltage range, and number of LEDs must be
decided carefully. If we define n; and ny as the number of
LEDs in strings 1 and 2, respectively, and V,. as reverse blocking
voltage of each LED, then the maximum input voltage should
be smaller than (ny + n2) V..

E. Comparisons With Other LED Drivers

The proposed LED driver was compared with various noniso-
lated drivers using capacitive method to balance LED currents.
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TABLE I
COMPARISONS WITH OTHER LED DRIVERS USING CAPACITIVE METHOD

No. of channel  No. of switch  No. of diode  No. capacitor No. of magnetics Gate driving Switch voltage
Driver in [13] 2 2 2 4 2 High-side V;
L T Viep1
Driver in [14] 2 2 2 3 2 High-side — V., V;
Viep1 + Viep2
Driver in [16] 2 1 3 3 1 Low-side D(Vyepr + Vigp2)
. . V +V,
Proposed driver 2 1 1 4 2 Low-side _LED1 T "LED2

(L1 &L, are coupled) 2D —1

TABLE II
ELECTRICAL SPECIFICATIONS OF THE PROPOSED CONVERTER

Parameter Value
Input voltage (V;,,) 50-100 V
LED current (i1 qvg> 12.avg) 450 mA / channel
Number of LED 36,24
Switching frequency 50 kHz
Input inductance (L;,) 2mH
qZS inductance (Lq, L,) 11 mH
qZS capacitance (C;, C;) 2.2 uF
Output capacitance (C,1, C,3) 100 nF
MOSFET SPP20N60CFD
Diode C3D0806A

Table I shows a brief comparison with other LED drivers. Drivers
in [13] and [14] use two switches. Although their voltage stresses
are always equal to or less than input voltage, they require high-
side (isolated) gate driving which implies more complicated gate
driving circuity. Driver in [16] uses one switch and low-side gate
driving is used owing to common ground feature.

The proposed LED driver also uses low-side gate driver, but
switch voltage depends on duty cycle and it is always greater
than input voltage. However, the proposed LED driver uses only
one active switch and one diode to balance two-channel currents
and its operation mode is simple.

IV. EXPERIMENTAL RESULTS

In order to verify performance of the proposed converter, 80
W prototype converter was built and tested. Fig. 9(a) shows
the prototype converter and the two LED strings used in the
experiment are shown in Fig. 9(b). Each LED used in the ex-
periment can endure more than —10 V reverse voltage and flow
1500 mA forward current. The two inductors L, and L» are cou-
pled together using PQ32/30 ferrite core. Large input inductance
value is required to implement a current source. Too large input
inductance, however, increases total volume of the converter.
Therefore, input inductor design requires trade-off similar to the
gZS inductor (L1, L) design. In this article, the input inductor
Ly, is designed using PQ20/16 ferrite core. UC3823 PWM IC
is used for feedback control and gate signal generation. Table II
shows electrical specifications of the prototype converter used in

experiment. In order to verify the current balancing under severe
mismatched condition, different number of LEDs is connected
in each string (i.e., 36 for LED 1 and 24 for LED 2).

Fig. 10 shows the LED voltage waveforms during soft-start
(start-up). As mentioned in Section III-D, before the start-up,
sum of the two LED voltages are equal to —Vj,. As the gate
signal is applied and D is gradually increased from zero, the
LED voltages increase from negative to positive values causing
LEDs turn-ON. Figs. 11 and 12 show experimental waveforms of
the proposed converter tested under the conditions in Table II.
Fig. 11 shows waveforms with Vi, = 50 V and D = 0.81.
Fig. 12 shows waveforms with V;, = 100 Vand D = 0.72.In
addition, LED currents are shown in Fig. 13 when Vj;, = 50V
and Vj;, = 100 V, respectively. As shown, the average values of
the LED currents are well balanced even if different number of
LEDs is connected. It can also be seen that the capacitor voltages
(Ve1, Vo) are not equal and the difference is caused by the
different LED voltages. In addition, as input voltage increases
(duty cycleis decreased), the capacitor voltages also increase. As
a result of this, switch and diode voltage stresses also increase.
Fig. 14 shows measured efficiency and loss analysis of the
proposed LED driver as V;,, varies with same output power. As
the input voltage increases, the efficiency also increases because
conduction losses of inductors and semiconductor devices are
decreased.

V. CONCLUSION

In this article, two-channel LED driver using the CF—qZS
converter was proposed. Owing to the unique current balancing
feature of the CF—qZS network, LED currents are precisely
balanced. The proposed circuit requires only one switch and
one diode. In addition, input current is continuous and low-side
gate driving is possible. The proposed LED driver was verified
through experiments.
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