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Abstract

In this paper, a hybrid buck—boost dc—dc converter and its analysis method are presented for LED lighting applications.
Unlike existing LED driver circuits, the proposed driver circuit has a hybrid structure which consists of a buck—boost converter
and a switched-capacitor (SC) step-up converter with flying capacitors. The features of the proposed driver are as follows:
1. High voltage gain provided by cascading two dc—dc converters, 2. Flexible LED current control using step-up/step-down
conversion, and 3. Small volume offered by a single inductor structure. Concerning the proposed driver circuit, a simple
equivalent circuit is derived by theoretical analysis. Furthermore, the characteristics of the proposed converter are revealed by
simulation program with integrated circuit emphasis (SPICE) simulations and breadboard experiments. The results of simulation
and experiment demonstrate the feasibility of the proposed driver circuit. The proposed driver circuit can achieve about 89%
efficiency and —10 V output when the output load is 400 mW.

(© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 6th International Conference on Power and Energy Systems Engineering (CPESE
2019).
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1. Introduction

In LED (Light Emitting Diodes) lighting applications, an LED driver circuit is necessary to transform an input
voltage to a high voltage for emitting light, because long strings of LEDs are commonly used to provide easy
current control of LEDs. In past studies, three types of LED driver circuits have been proposed: inductor-based
converter topology, capacitor-based converter topology, and hybrid converter topology combined with some power
converters. The inductor-based converter topologies, such as buck—boost type [1], boost type [2], LLC type [3], can
provide controllability of conversion ratios and simple circuit configuration. However, the inductor-based converter
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topology is difficult to achieve high voltage gain, because there is a limitation to control the duty cycle in actual
dc—dc converters. Unlike the inductor-based converter topologies, the capacitor-based converter topologies, such as
Fibonacci type [4], Dickson type [5] and [6], do not use any magnetic components. Therefore, the capacitor-based
converter topology can offer small size, light weight, and less electromagnetic interference (EMI). However, the
capacitor-based converter topology suffers from poor regulation, because the conversion ratio is predetermined by
the converter topology.

To solve above-mentioned problems, some LED drivers with hybrid topologies have been proposed, such as the
LED driver combined with a boost converter and an LLC converter [7], LED driver combined with the Fibonacci
converter and a buck—boost converter [8]. However, Ma’s LED driver requires several magnetic components,
although high voltage gain can be achieved. On the other hand, McRae’s LED driver can realize flexible conversion
ratio by using only one inductor. However, it provides the output voltage by adding the output of the Fibonacci
converter to that of the buck—boost converter. Therefore, in order to offer a high stepped-up voltage, the size of the
Fibonacci converter becomes bulky.

In this paper, a hybrid buck—boost dc—dc converter and its analysis method are presented. Unlike existing LED
driver circuits, the proposed LED driver circuit has a hybrid structure by combining a buck—boost dc—dc converter
with a switched-capacitor (SC) step-up converter with flying capacitors. Therefore, by cascading two-types of dc—dc
converters, the proposed driver can provide high voltage gain, flexible LED current control, and small volume with
a single inductor structure. The characteristics of the proposed hybrid converter are clarified by theoretical analysis,
SPICE simulations, and breadboard experiments.

2. Circuit configuration

2.1. LED driver circuit using traditional buck—boost converter

Fig. 1 illustrates the LED driver circuit using a traditional buck—boost converter. The LED driver circuit using
buck—boost converters drives the cathode terminal of LED strings to illuminate LEDs. The output voltage V,,, of
the traditional buck—boost converter is given by

Vom = ey

gy Ve
where D is a duty cycle. By controlling the parameter D, the current control of LEDs can be achieved. Although
the output voltage of Eq. (1) is proportional to the parameter D, there is a limitation in actual dc—dc converters.
So, it is difficult to achieve high voltage gain in the traditional buck—boost converter. To avoid the complexity of
the current control of LEDs, long strings of LEDs are commonly used in LED devices. Therefore, it is necessary
to give a larger voltage to the LED.

o Vop

Fig. 1. Circuit configuration of the conventional LED driver circuit.
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Fig. 2. Circuit configuration of the conventional LED driver circuit.

2.2. LED driver circuit using proposed hybrid buck—boost converter with high gain

Fig. 2 illustrates the circuit configuration of the proposed LED deriver circuit using the proposed hybrid buck—
boost converter. Unlike the traditional buck—boost converter, the proposed hybrid buck—boost converter consists of a
buck—boost converter and a switched-capacitor (SC) step-up converter with a flying capacitor. In Fig. 2, the current
control of LEDs is achieved by the 1st block, and the high voltage gain is realized by cascade-connecting the 1st
block and the 2nd block. When the switch S, is on, the capacitor C; is charged by the output voltage of the Ist
converter block. On the other hand, when the switch §; is on, the capacitor C, is charged by the capacitor C;. In
this timing, the capacitor C, is connected in series to the output terminal of the Ist converter block. Therefore, the
proposed converter provides the following output voltage:

2d
)
As Eq. (2) shows, the voltage gain of the proposed hybrid converter is 2 times of that of the traditional buck—boost
converter. The detail theoretical analysis of the proposed hybrid converter will be demonstrated in the next section.

X Vip. 2

om —

3. Theoretical analysis

To simplify the theoretical analysis, the equivalent circuit of the proposed hybrid converter is obtained by
assuming the conditions that 1. Parasitic elements are small and 2. Time constant is much larger the period of
clock pulses. The theoretical analysis is divided into two parts: Analysis of the 1st block and the 2nd block.

m Rac

R
Ilin —> 1 01<_Iu
Vin 3% l-lein lVo "RL
O

Fig. 3. Equivalent circuit of the 1st block.

First, the equivalent circuit of the 1st block is obtained by using the four-terminal equivalent model shown
in Fig. 3 [9,10], where R, is the internal resistance and R,; is the resistance caused by the ripple current of L.
At a steady state, the instantaneous equivalent circuit of the 1st block is expressed by Fig. 4, where R,, is the
on-resistance of S, R; is the internal resistance of L, Agr, ,,, is the electric charge of the V;, in State-T;, (i = 1,
2), and Agqr; 4, is the electric charge of the output terminal V, in State-T;. Since the electric charges of C; are the
same at the start and end of the cycle 7, the differential value Agy, satisfies

Aqf, + Aqy, =0, where T =T +T,, Ty =DT, and T,=(1—-D)T. (3)
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Fig. 4. Instantaneous equivalent circuit of the 1st block: (a) state-T; (b) state-T,.

Based on the Kirchhoff’s current law, the differential values of the inductor current Aij are expressed as
Ai Al Ai
Aipr, )= (=5 )+ (ln—=5) and Aipgp, () =— (=5 )t +ar, )
T 2 T

where Aip 1, (t) (€ [0, T1)) is the differential values of the inductor current in State-T), Aipr, (t) (S [T}, T»]) is
the differential values of the inductor current in State-T5, [;, is the average input current, and a; is a parameter. In
a steady state, Air r, (t) is equal to Air 1, (t). Therefore, the parameter a; is obtained as

=1, + 1 +D ) (&)
ay = Ijp 2(1 — D) L
From Egs. (4) and (5), Ai, is given by
. . . 1 h Vin
Aip = Aip 7, (Ty) — Aip7, (0) = —/ Vindt = —T (6)
L Jy L
. . : 1t Vo
and — Ai; = AIL,TZ (T) — ALL.Tz (Th) = — V,dt = —T>. 7
’ L Jg, L
From Egs. (6) and (7), we have
1 D
Vo=mV,, and [,=—1I;,,, where m =—[—]. (®)
nmi 1-D
Here, the total consumed energy, Wr, of Fig. 3 is expressed as
Wr = Wr, + Wy, ©))

T T
where Wiy, = / (Ron + R)) (Qip7, 0)*dr and Wy, = / (Ry + R) (Qipr, (1)) dt
0 T

1
Eq. (11) can be rewritten as

Wr =mi{D (Ron + R)) + (1 = D) (Ry + R)} T (I,)* + % {D(Ron + R)) + (1= D) (Rg+ R)} T (Air)?*,

Vi I,R
where Aip = ~27; = ( 2=LL) DT. (10)
L mlL
In Eq. (10), Ry, denotes the output load of the 1st block. In Fig. 3, Wy is expressed as
Wr = (Rac + Ro1) (1)* T. (11
Therefore, we have
Roi ( DTR\*
Ryt =m}{D (Roy+R)+ (1= D) (Ry+ R} and Roe = =+ (S (12)
3 2miL

Therefore, the equivalent circuit of the 1st block is obtained from Eq. (12).
Next, the equivalent circuit of the 2nd block is analyzed by using Fig. 5. At a steady state, the relation between
Aq% s (k =1, 2, out) is obtained by using the Kirchhoff’s current law as follows:

Aqu,v,-z = A(J}l + quz"l and Aqu,viz = _AQZI“Z + quz"za (13)
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Fig. 5. Instantaneous equivalent circuit of the 2nd block: (a) state-T; (b) state-T5.

Aqry v, = —Aqy" — Aq, — Aqz, and - Aqr, ., = —Aqz)' — Ags,.
Since the average input/output currents, ;> and 1,5 (= I,,;), is expressed as
Aqv,-z Aqu vi2 + Aqu v;2 ACIU,,Z Aqu Vp2 + Aqu Vp2

I, = = o . and I, = = . —=,
i2 T T 02 T T

We have the relation between the input and the output from Eqgs. (13)—(15) as follows:
Aqviz = _ZAC]V,M and 1,'2 = —2102.

In the same way, the total consumed energy, Wr, of the 2nd block is discussed as follows:

(Aq—%'y and Wrp, = 2R0n(Aq—}2>2.

Wr = Wr, + Wr,, where Wr =2R,,
T, T

Eq. (17) can be rewritten as

2R0’1 (AqUUZ )2

Wr =

D(1-D) T
Therefore, we have
Rsca = i
D (1 — D)
Because Wr of Fig. 3 can be expressed as
2
Wr = Rscz—(Aq;oz) .

(14)

15)

(16)

a7)

(18)

19)

(20)

Finally, we obtain the equivalent circuit of the proposed converter as shown in Fig. 6. From Fig. 6, the output
voltage and the power efficiency can be derived easily.

Performance evaluation

Through SPICE simulations, the characteristics are compared between the proposed hybrid converter and the
traditional buck—boost converter. Fig. 7 demonstrates the simulated output voltage, where we conducted the SPICE

o

R

— Rse2 Iout
Vout

in—|
Vin] %g -mVin §
O

Fig. 6. Equivalent circuit of the proposed LED driver circuit.
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Fig. 8. Simulated output voltage as a function of time.

simulations under the conditions that V;, = 3.7 V, L = 1 mH, C; = C;, = C,,;, = 10 pF, and T = 10 ps.
As Fig. 7 shows, the proposed hybrid converter can provide higher output voltage than the traditional buck—boost
converter. Fig. 8 depicts the simulated power efficiency. As you can see from Fig. 8, the power efficiency of the
proposed hybrid converter is slightly lower than that of the traditional buck—boost converter if these converters are
operated in the same D. Due to the internal resistance of the 2nd block, the power efficiency slightly decreases in
the proposed hybrid converter. However, the proposed hybrid converter can achieve about 89% power efficiency
and —10 V output when the parameter D is 0.6 and the output load is 400 mW.

5. Experiments

To confirm the feasibility of the proposed hybrid buck—boost converter, the breadboard circuit was built with
commercially available ICs, namely, photo MOS relays AQW 217, darlington sink driver TD 62004 APG, a
microcontroller PIC, and a diode 1N 4007. The experiments were conducted under the conditions that V;, = 3.7V,
L =100 mH, C; = C; = C,,; = 10 uF, T = 10 ms, and the output load R, = 51 k. Fig. 9 demonstrates the
experimental results of the proposed hybrid converter. As Fig. 9 shows, the voltage gain of the proposed hybrid
converter can be controlled by the parameter D. In Fig. 9(a) and (b), the outputs —6.38 V and —9.62 V were
measured against the duty cycles D = 0.5 and D = 0.6, respectively. As you can see from these results and
Eq. (1), the proposed converter can achieve higher voltage gain than that of the traditional buck—boost converter.

6. Conclusion

For LED lighting applications, a hybrid buck—boost dc—dc converter and its analysis method have been presented
in this paper. First, in order to clarify the characteristics, the equivalent circuit was derived theoretically. In this
theoretical analysis, the equivalent circuit was expressed as a four-terminal equivalent model. Next, through SPICE
simulations, the performance was compared between the proposed hybrid converter and the traditional buck—boost
converter. When the output load was 400 mW, about 89% power efficiency and —10 V output were achieved in
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Fig. 9. Measured output voltages of the proposed hybrid converter: (a) D = 0.5; (b) D = 0.6.

the proposed hybrid converter. Furthermore, the proposed hybrid converter demonstrated higher voltage gain than
the traditional buck—boost converter. Finally, the feasibility of the proposed hybrid converter was confirmed by
breadboard experiments. The IC implementation of the proposed LED driver circuit is left to a future study.
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