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1. INTRODUCTION

As generally recognized, many applications require voltage-bucking/boosting converters, such as
portable devices, car electronic devices, etc. This is because the battery has quite large variations in output
voltage, and hence, the additional switching power supply is indispensable for processing the varied input
voltage so as to generate the stabilized output voltage. There are several types of nonisolated voltage
buck/boosting converter [1]-[9], such as buck—boost converter, single-ended primary-inductor converter
(SEPIC), Cuk converter, Zeta converter, Luo converter and its derivatives, etc. However, these converters,
operating in the continuous conduction mode (CCM), possess right-half plane zeros, thus causing system
stability to be low. Consequently, a KY buck—boost converter [10] has been presented to conquer the
aforementioned problems, but it has a serious problem in four power switches used, thereby causing the
corresponding cost to be up.

In order to reduce the number of power switches in [10], the 1-plus-D converter and the SR buck
converter, combined into a buck—boost converter, both use the same power switches. Aside from this, the
proposed converter has no right-half plane zero due to the input connected to the output during the turn-on
period, and this converter always operates in CCM due to the positive and negative inductor currents existing
at light load simultaneously. As compared with the converters previously stated, this converter has the
nonpulsating output inductor current, thereby causing the current stress on the output capacitor to be
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decreased, and hence, the corresponding output voltage ripple to be small. Moreover, such a converter has the
positive output voltage different from the negative output voltage of the buck—boost converter. In this paper,
the detailed illustration of the operation of this converter is given, along with some simulated results provided
to verify the effectiveness of the proposed topology.

Prior to the end of this section, there is a comparison between the converters presented in [11] and
the proposed converter. Since the proposed converter is used to buck/boost voltage, the voltage boosting
range is not so high, that is, the voltages across two energy-transferring capacitors C1 and C2 are both D
times the input voltage, where D is the duty cycle of the gate driving signal for the main switch. Regarding
the converters shown in [11], the voltages across two energy-transferring capacitors Cla and C1b for the
hybrid Cuk converter, the hybrid Zeta converter, and the hybrid SEPIC converter are 1/(1-D), D/(1-D), and
1/(1-D) times the input voltage, respectively. Therefore, the converters shown in [11] have higher voltage
conversion ratios than that of the proposed converter. Therefore, from an industrial point of view, the
converters shown in [11] are suitable for sustainable energy applications, whereas the proposed converter is
suitable for portable products.

Furthermore, since the proposed converter comes from the 1-plus-D converter, the detailed
comparisons between the proposed buck—boost converter and the 1-plus-D converter are described as
follows.

1) Both converters always operate in CCM. That is, the negative current can be allowed at light load, but the
corresponding average current must be positive.

2) Both converters have individual output inductors, thereby causing the output currents to be nonpulsating.

3) The proposed converter has one additional inductor and one additional capacitor so as to execute voltage
bucking/boosting as compared with the 1-plus-D converter. The maximum voltage conversion ratios for
both are identical, equal to 2. Both these converters can operate bidirectional.

4) The proposed converter works with the backward voltage conversion ratio of 0.5/ (1-D), whereas the 1-
plus-D converter works with the backward voltage conversion ratio of 1/ (2-D).

2. PROPOSED CONVERTER STRUCTURE

Figure 1 shows a proposed buck—boost converter, which combines two converters using the same
power switches. One is the SR buck converter, which is built up by two power switches S; and S,, one
inductor L, one energy-transferring capacitor C;, whereas the other is the 1-plus-D converter, which is
constructed by two power switches S; and S,, one power diode D; which is disconnected from the input
voltage source and connected to the output of the SR buck converter, one energy-transferring capacitor C,,
one output inductor L,, and one output capacitor Cy. The output load is signified by R,. Furthermore, during
the magnetization period, the input voltage of the 1-plus-D converter comes from the input voltage source,
whereas during the demagnetization period, the input voltage of the 1-plus-D converter comes from the
output voltage of the SR buck converter.
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Figure 1. Proposed buck—boost converter
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In addition, during the startup period with S; being ON and S, being OFF, L, and L, are both
magnetized. At the same time, C; is charged, and hence, the voltage across C, is positive, whereas C, is
reversing charged, and hence, the voltage across C, is negative. Sequentially, during the startup period with
S; being OFF and S, being ON, L; and L, are both demagnetized. At the same time, C; is discharged. Since
C, is connected in parallel with C;, C, is reverse charged with the voltage across C, being from negative to
positive, and finally, the voltage across C, is the same as the voltage across C;. After this time onward, the

working behavior of this converter will follow the timing sequence shown in Figure 2.
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Figure 2. Key waveforms of the proposed converter
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3. BASIC OPERATING PRINCIPLES

Before this section is taken up, there are some assumptions are given as follows: 1) all the
components are ideal; 2) the blanking times between S; and S, are omitted; 3) the voltage drops across the
switches and diode during the turn-on period are negligible; 4) the values of C, and C, are large enough to
keep V¢; and V¢, almost constant, that is, variations in V¢ and V¢, are quite small during the charging and
discharging period; 5) the dc input voltage is signified by V;, the dc output voltage is represented by V,, the
dc output current is expressed by I, the gate driving signals for S; and S, are indicated by M; and M,,
respectively, the voltages on L; and L, are denoted by v ; and vy,, respectively, the currents in L, and L, are
signified by ir; and ir,, respectively, and the input current is expressed by ii; and 6) the currents flowing
through L, and L, are both positive.

Since this converter always operates in CCM inherently, the turn-on type is (D, 1-D), where D is
the duty cycle of the gate driving signal for S; and 1-D is the duty cycle of the gate driving signal for S,.
Figure 2 shows the key waveforms of the proposed converter with a switching period of Ts under ir; and i,
being positive for any time. It is noted that the input current waveform is pulsating.

4. OPERATING STATES

There are two operating states to be described
State 1:
As shown in Figure 3, S; is turned ON but S, is turned OFF. During this state, the input voltage provides
energy for L, and C,. Hence, the voltage across L, is V; minus Vi, thereby causing L; to be magnetized and
C, is charged.
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Figure 3. Current flow in state 1

At the same time, the input voltage, together with C,, provides the energy for L, and the output. Hence, the
voltage across L, is V; plus V¢, minus V,, thereby causing L, to be magnetized, and C, is discharged.
Therefore, the related equations are depicted as follows:

vy =V — Vg (D
vz =Vi+ Ve, =V 2

State 2:

As shown in Figure 4, S, is turned OFF but S, is turned ON. During this state, the energy stored in
L, and C; is released to C, and the output via L,. Hence, the voltage across L, is minus V¢, thereby causing
L, to be demagnetized and C, is discharged. At the same time, the voltage across L, is V¢, minus V, thereby
causing L, to be demagnetized and C, is charged. Therefore, the associated equations are described as
follows:
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Vi = —Ver (3)
VLZ = ch - VO (4)
Veo = Veu S

By applying the voltage-second balance to (1) and (3), the following equation can be obtained as

—C1

Vi=Ve))*D*Tg+ (V) *(1—D)*Tg =0 (6)
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Figure 4. Current flow in state 2

Therefore, by simplifying (6), the following equation can be obtained as

Vi* D*xTg—D* Vo *Tg— Ve *Tg+D*V xTg =0

Vi*D*Tg =V xTg =0

Vi*D*Tg =V + T

Ver =D+ (7

Sequentially, by applying the voltage-second balance to (2) and (4), the following equation can be
obtained as

(Vi+ Ve, = Vo) *D* T+ (Vo = Vo) * (1 =D) Ty = 0 ®)

Hence, by substituting (5) and (7) into (8), the voltage conversion ratio of the proposed converter
can be obtained as

Vi* DT+ Ve #D*xTg—Vy*xDxTy+ (Vo —Vp) x (1 —D)* Ty =0

Vi*s D*Tg+ Vo *D*xTg —Vog*xD*Tg + Ve #Tg =V x D+ Ty — Vg * Ty + Vg D+ Tg = 0
Vis D*xTg+ Vo, *Tg—VoxTg =0

Vi*D*Tg + Vi, * Tg = Vo * Ty

Ts(Vi * D 4 Vez) = Vo * T

Vi*D+ Ve, =V

Using equation (5) and (7), the following equation can be obtained as

Vi*D+VC1=V0
Vi*D+D*Vi=V0
2xVixD =YV,

i
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Therefore, such a converter can operate in the buck mode as the duty cycle D is smaller than 0.5, whereas it
can operate in the boost mode as D is larger than 0.5.
In addition, based on (5), (7), and (9), the dc voltages across C1 and C2 can be expressed to be

Vi =V, =DV
V.=V, =Dx20
c1 = Ve2 = *m

VCl = VCZ = O.SVO (10)

5. DESIGN CALCULATION

In this section, the design of inductors and capacitors are mainly taken into account. Before this
section is taken up, there are some specifications to be given as follows: 1) the dc input voltage Vi is from
10V to 16V; 2) the dc output voltage V, is 12V; 3) the rated dc load current I, rated is 3A; 4) the switching
frequency fs is 200 kHz; and 5) the name of S1 and S2 is MOSFET and diode D.

5.1. Inductor Deisgn

From an experimental point of view, the inductor is designed under the condition that no negative
current in the inductor exists above 25% of the rated dc load current. Therefore, in this letter, the critical
point between positive current and negative current in the inductor is assumed at 25% of the rated dc load
current. Therefore, the peak-to-peak values of iy and i;, are expressed by Air; and Aip,, respectively, and can
be obtained according to the following equation:

Aiy = Az = 0.5 I rated an
AiLl = AiLZ = 05 * 3

Therefore, Aij; and Ai;, are 1.5A.

Since the high input voltage makes the inductor not easier to escape from the negative current than
the low input voltage, the inductor design is mainly determined by the high input voltage, namely, 16V.
Hence, the corresponding minimum duty cycle Dy, is 0.375. Moreover, based on (10), V¢, and V¢, are both
0.5V,, namely, 6V. Also, the values of L; and L, can be obtained according to the following equations:

D Vi — V,
L1 2 min * ( 1 Cl) (12)
Aiyq * g

0.375 * (16 — 6)

>
1.5 * 200k
L, > 15pH

Similarly, L,

L, > Dmin * (Vi + VcZ - VO) (13)
2= Ay * f
0.375 % (16 + 6 — 12)

2 =
1.5 * 200k

Therefore, the values of L, and L, both are calculated to be not less than 12uH, here we used 14pH.

5.2. Capacitor Deisgn
1. Output Capacitor Design

Prior to designing C,, it is assumed that the output voltage ripple Av, is smaller than 1% of the dc
output voltage, that is, Av, is smaller than 120 mV. Hence, the equivalent series resistance of the output
capacitor ESR can be represented by

Av,

ESR < (14)

ipo
ESR < 120m
- 15
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ESR < 80m

Accordingly, ESR is calculated to be smaller than 40mQ, and eventually, one Nippon Chemi-Con (NCC) 1-
plus-D series capacitor of 370uF with ESR equal to 36mQ is chosen for C,.

2. Energy-Transferring Capacitor Design

Prior to designing the energy-transferring capacitors C, and C,, it is assumed that the values of C,
and C, are large enough to keep V¢, and V¢, almost at 6V, and hence, variations in V¢, and Vi, are quite
small and are defined to beAV(, and AV,, respectively. Based on this assumption, AV¢; and AV, are both
set to smaller than 1% of V¢, and V,, respectively, namely, both are smaller than 60mV. Also, in State 1, C,
is charged whereas C, is discharged. Therefore, the values of C; and C, must satisfy the following equations:

IO—rated * Dmax
GGz2——— 15
1 = Avc1 * fs ( )

IO—rated * Dmax
CGz——F—— 16
22 AV ST (16)

3x0.6

G2
60m * 200k
C; = 150pF

Similarly

3x0.6

C>————
60m * 200k
C, > 150uF

Since the maximum duty cycle Dp,,x occurs at the input voltage of 10V, namely, 0.6, both the values of C,;
and C, are not less than 150pF. Finally, C; and C, have individual Nippon Chemi-Con 1-plus-D series
capacitors of 470uF.

6. CONTROL DESIGN

The aim of the feedback control circuit is to regulate the output voltage v,. This voltage is compared
with the reference value V, and the resulting error is feed to PI controller output of the PI signal compared to
a triangle signal using a comparator, as illustrated in Figure 5.
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Figure 5. Generation of the switches gate signals
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there are three steps to online tune the parameters of the voltage controller to be described in the following.
Step 1: the proportional gain kp is tuned from zero to the value which makes the output voltage very close to
about 80% of the prescribed output voltage. Step 2: after this, the integral gain ki is tuned from zero to the
value which makes the output voltage very close to the prescribed output voltage but somewhat oscillate.
Then, ki will be reduced to some value without oscillation. Step 3: from this time onward, the differential
gain kd is tuned from zero to the value which accelerates the dynamic response but somewhat oscillate. Then,
kd will be reduced to some value without oscillation.

7. EXPERIMENTAL RESULTS

Figure 6 (a) and (b) shows the gate driving signals S1 and S2 for MOSFET1 and MOSFET2. The
PWM gate signal generated from PIPWM controlling technique it’s reduced the system output error and
gives accurate response and better efficiency. Both gate signals are opposite to each other as shown in
Figure 6.

2 : : : :
5 5 5 5 —PWM 1
] o oo oo R oo
S1 i i : : :
oA LLL UL L L LR,
T TS S— A S— — R—
0.4 0.4 - 0.4 04001 0.4001
Time in Sec
(a)
—PWH 2
S2 T ? :

0.4 0.4001 0.4001

Figure 6. PWM gate signals (a) PWM 1(b) PWM 2
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The wavefroms of the system input voltage shown in Figure 7. In this figure 0 to 0.4 sec the input
voltage is 16Volt and 0.4 to 0.6sec voltage is 10Volt. Figure 8 shows the system constant output voltage
12Volt during 0 to 0.4 sec input voltage is 16volt the system is start bucking and during 0.4 to 0.8 sec the

system starts boosting and shown in above figure.

Voltage in volt

Voltage in volt

The waveforms in Figure 9 shows the system rated constant output current are measured under the
input voltage 10volts to 16 volts it gives constant 3Amps. Figure 10 shows the system output power in watts
it gives 36watts. It can be shows that the proposed buck—boost converter can operate stably in CCM for any

15-------

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time in Sec

Figure 8. System response of output voltage of 12Volt

load under the closed-loop control.
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Figure 10. System output power

The wavefrom Figure 11(a) and (b) shows the system inductor current, during 0 to 0.4 sec the
system start bucking condition because of the input voltage is 16volt and the time period of duty cycle D is
less then the 1-D shown in Figure 12 (a) and during 0.4 to 0.8 sec the system start boosting because of the
input voltage is less the system output voltage i.e. 12volts at that time period the duty cycle D is greater than
the 1-D shown in Figure 12 (b).
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8. CONCLUSION

The proposed buck—boost converter, combining the 1-plus-D converter and the SR buck by using the

same power switches, has a positive output voltage and no right-half plane zero. Furthermore, this converter
always operates inCCM inherently, thereby causing variations in duty cycle all over the load range not to be
so much, and hence, the control of the converter to be easy. Above all, such a converter possesses the
nonpulsating output current, thereby not only decreasing the current stress on the output capacitor but also
reducing the output voltage ripple. By means of experimental results, it can be seen that for any input
voltage, the proposed converter can stably work for any dc load current; with the output voltage 12V was
controlled accurately.
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