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ABSTRACT

In this paper, we aim to make a detailed study
on the evaluation and the characteristics of the non-
inverting buck—boost converter. In order to improve
the behaviour of the buck-boost converter for the
three operating modes, we propose an architecture
based on peak current-control. Using a three modes
selection circuit and a soft start circuit, this converter
is able to expand the power conversion efficiency and
reduce inrush current at the feedback loop. The pro-
posed converter is designed to operate with a variable
output voltage. In addition, we use LDMOS transis-
tors with low on-resistance, which are adequate for
HV applications. The obtained results show that
the proposed buck-boost converter performs perfectly
compared to other architectures and it is successfully
implemented using 0.18 ym CMOS TSMC technol-
ogy, with an output voltage regulated to 12 V and
input voltage range of 4-20 V. The power conversion
efficiency for the three operating modes buck, boost
and buck-boost are 97.6%, 96.3% and 95.5% respec-
tively at load current of 4 A.

Keywords: Buck-Boost Converter, Three Modes Se-
lection, High Efficiency, Soft Start, Li-lon Batteries

1. INTRODUCTION

Recently, the automotive sector has experienced a
very remarkable revolution in the production of elec-
tric vehicles, in accordance with the global policy on
the application of renewable energies and alternative
energies. In this respect, the electric vehicle repre-
sents a large field of research concerning its opera-
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tion, its autonomy, batteries used and also its impact
on the environment. Among the batteries used in
electric vehicles are the lithium-ion batteries; they
promise increased storage capacity, high efficiency,
lower cost, greater durability and even faster charg-
ing [1]. Energy management systems have become
a major element in the charge process of the Li-ion
battery; these systems should be able to sufficiently
cover the battery output voltage for application sys-
tems. In [2-4], the architecture used is based on LDO
regulator which offers high accuracy, fast charging,
and high integration.

But this charging circuit has a major disadvan-
tage which is low power efficiency caused by the time
lag between power supply and battery voltage Vpar.
On the other hand, the charging circuits in [5-10]
such as switching capacitors, switching mode power
supply or DC-DC converter are typified by high effi-
ciency. However, these structures are not appropriate
for integration in a single chip and also, they have low
accuracy.

The four switches de-de converter (Fig. 1) is widely
used as a power management system for Li-ion bat-
teries either as buck, boost or buck-boost mode be-
cause of its high efficiency [9, 12]. However, buck-
boost converters suffer from a lower efficiency com-
pared with buck or boost, and this is due to several
factors: switching loss (number of switches twice than
that in buck or boost), and integration and design
of two control loops (current or voltage) is complex.
Additionally, the conduction loss of a buck-boost is
higher than that of other modes. In this paper, a
peak current-control non-inverting buck-boost con-
verter is designed to provide a stable and unruffled
mode transition. The proposed architecture is based
on the current mode control, it represents a simple
compensation, fast dynamic response, improved reg-
ulation, and over-current protection compared with
the voltage mode control. In addition, a three modes
selection circuit is proposed to control the operating
mode transition; also, a soft start circuit is used to
decrease the inrush current at the feedback loop.

This paper is planned as follows: in Section 2, the
architecture and circuits description are presented.
Results and discussion are shown in Section 3 and
finally, conclusion is giving in Section 4.
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Table 1: Operation of the buck-boost converter.

Switches l Inductance mode l Buck mode l Boost mode Buck-boost mode
S1 Inductor charge ON ON ON
Inductor discharge OFF ON OFF
Sa Inductor charge OFF OFF ON
Inductor discharge ON OFF OFF
S3 Inductor charge OFF ON ON
Inductor discharge OFF OFF OFF
S4 Inductor charge ON OFF OFF
Inductor discharge ON ON ON

1 D
Average load voltage Vout = DVs | Vout = i-D DVS Vout = 1-D Vs

2. ARCHITECTURE AND CIRCUITS DE-
SCRIPTION

2.1 Architecture

As shown in Fig. 1, the non-inverting buck-boost
converter can increase or decrease the supply voltage
according to the output needs. However, when the in-
put signal V;,, is lower than that of the output V4,
the converter is operating in boost mode: transistor
S1 is always ON and Sy is always OFF. This oper-
ating mode is achieved by controlling power switches
S3 and S;. On the other side, when Vj, is higher
than V., the converter is operating in buck mode:
transistor Sy is always ON and S3 is always OFF,
the conductor is charging and discharging by switch-
ing the power transistors S and S;. The last state
is when the input V;,, is close to the required voltage,
the converter is operating in buck-boost mode. In
this case, all the transistors are activated to make two
groups, (51-53) and (S2-S4) in order to control the in-
ductor cycle (charge, discharge). The different states
of the transistors, inductor charge and discharge and
the output voltage are given in Table 1.

The proposed architecture of the peak current-
control buck-boost converter is given in Fig. 2. The
power stage is composed of four LDMOS power tran-
sistors (S7, S2, S3 and S4) [13], an output capac-
itor, an inductor and peak current controller feed-
back. The signals (Vg1—Vg4) are generated by the
driver blocks to control the switching activities of the
transistors (S1—S4). A three modes selection circuit
is used to select the operating mode for buck, boost
or buck-boost considering the input and output volt-
ages.

The soft-start circuit is designed to decrease the
inrush current at the feedback loop. Additionally,
a control logic block is used to generate the main
control signals Vpycr and Vpeesi. Finally, a ramp
generator and a bandgap reference (BGR) are utilized
to provide the ramp signal and the reference voltage,
respectively.
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Fig.1: Buck-boost converter states.

2.2 Circuits Description

To solve the problem of efficiency regarding the
buck-boost converter, several studies have been pub-
lished in literature [14-16]. In this approach [14],
they used an architecture with fixed output voltage,
which is not applicable with variable output. [15]
used a constant ramp and a level-shifted error volt-
age. But this approach is inapplicable to current con-
trolled mode. Additional study to control the buck-
boost converter based on the digital control is pro-
posed in [16]. However, this method is not able to
work with higher load current condition. Therefore,
to have a fast system with high integration, able to
work in low or high load current condition and espe-
cially with high efficiency, we propose a three modes
selection circuit (Fig. 3). The output voltage Vo, is
divided into two voltages Vi, and V and V;, into Vi;
their equations are proportional to W/L ratio such
as:
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Fig.2: Block diagram of the proposed buck-Boost converter.
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where Vg is the threshold voltage, Ip is the bias
current, W/L is the aspect ratio, and upC,, is the
mobility and gate capacitance per unit area.

The three modes selection circuit is designed to
work with two blocks, one to generate the comparison
signals Vi, Vi, and Vy in order to have, Vi < Vg
and V; between Vj, and Vg when input voltage V;, is
equal to V,,;, and the second, to provide the selection
signals BCK, BST and BCK-BST. As shown in Fig. 3
the circuit works in three states BCK, BST and BCK-
BST which represent modes buck, boost, and buck
boost respectively.

e State 1: V1 <V < Vg

Vi = Vour — |Vru| — \/ (3)

| JE—=—

B Lw |

VH
A
>K_D—v BCK
V1 | BCK-BST
+ B
I
= BST

The proposed three modes selection circuit.

We start by comparing the input voltage V;,, with
output voltage V.. In this state V;, is much lower
than V¢, so the converter will be operating in boost
mode and this implies that BST turns into high and
the both signals BCK and BST-BCK into low.

e State 2: Vi, < Vi < Vg

In this state V;, is close or equal to V,,:; the con-
verter will be working in buck-boost mode. In this
case, BCK-BST turns into high and the signals BCK
and BST into low.

o State 3: Vi, < Vg <V

When V;,, increments until it becomes higher than
Viout, so the converter is set to the buck mode. There-
fore, the BCK switches into high and the signals BST
and BCK- BST into low.

The values of the three selection signals BCK, BST
and BCK-BST depend on the outputs A and B of the

two comparators such as:

BCK =AoB (4)
BST=AoB (5)
BCK - BST=A®B (6)
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In our study, the operation range of the
buck-boost mode is regulated to £150 mV higher and
lower than required output voltage.

2.2.1 Soft start circuit

During the operation of the DC-DC buck-boost
converter, a perturbation current is present called in-
rush current. This current is caused by several fac-
tors: buck-boost converter environment, transistors
switching and input variation. The inrush current
generates undesirable effects such as radiated and
conducted electromagnetic interference [17]. Further-
more, this current represents a major disadvantage
that can disrupt the battery charge as it can reduce
the efficiency of the system. However, to solve the in-
rush current problem, it is necessary to apply a simple
circuit which can adapt with the input variation.

Fig. 4 shows the soft start circuit. It is composed of
two blocks, one for providing the ramp voltage V;.qmp
and the other one for comparing that with the error
voltage V.., in order to charge and discharge the ca-
pacitors C7 and Cs and get the soft start time. Before
starting this operation, we have to reset the output
voltage Vo by switching on M7 and My transistors.
C, and Cy are discharged.

In initial state V., is higher than Vi which pro-
vides current for transistors Mz, Mo and Mg. The

value of aspect ratio (W/L) of My and Mj are pre-
defined to set the ratio of current Igyqin (Ms, Ms)
to . When « reaches 1, a microampere order cur-
rent is provided in the capacitor C, then V4, be-
gins to increase. Once Vyqmp is higher than Ve,
the ramp voltage switchs to a lower state and acti-
vates the transistor M;; to charge Cs. Thereafter,
the transistor Mg turns on by the reverse voltage of
Viamp through inverter 4, then V., gets higher than
Vramp, Mi1 switches off and Cy stops charging. On
the other hand, the voltage V.., increases during the
charging time. When the transistor Mg is turned off,
C1 begins charging with a low current. Once V¢ sur-
passes V..., the transistors M3, Mo and Mg switch
off. Finally, the soft start time is provided using a
simple technique.

2.2.2 Compensation circuit and Ramp generator

The compensation circuit used in this work is type-
II, it represents a typical compensation for the peak-
current controlled converters. The main role of this
circuit is to assure a stable operation for the three
modes of operation buck, boost and buck-boost. The
type-II compensation circuit (Fig. 5) is broadly used
in the literature [18, 19]. It is composed of an ampli-
fier, two capacitors, resistors and divider point. The
transfer function of the compensation circuit is giving
by:

VS’I"T‘

Vout

1+ sRyCq
C1Cy

F1 (Cl 02) ( 201 CQ)

We used a ramp generator which is already pub-
lished by our team in [6]. The same circuit is im-
plemented and adapted with high voltage in order to
provide a symmetry ramp signal.
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Fig.6: (a) Control signals waveforms for boost mode
and (b) input voltage (Vi =8 V) and output voltage
(Vout = 12.05 V).

3. RESULTS AND DISCUSSIONS

The proposed non-inverter converter is designed
in 0.18 wm CMOS TSMC technology. The measure-
ment results of our buck boost converter are shown
in the following Figs. 6, 7, and 8. The simulations are
presented in three operating modes: buck, boost and
buck-boost, where the output voltage desired is 12 V.
The control voltages of each transistor for boost op-
erating mode are shown in Fig. 6(a). As we already
said in Section 2, once the selection mode BST is
activated, the transistor S; is always ON and S5 is
always OFF and the switching activities are in tran-
sistors S3 and S4. The converter output is 12 V even
when the input voltage is 8 V. Fig. 6(b) present input
and output voltage.

Figs. 7(a) and (b) show control voltages of each
transistor for buck operating mode and input and
output voltage respectively. Once the selection mode
BCK is activated, transistor S, is always ON and
Ss is always OFF and the switching activities are
in transistors S; and Ss. The converter input drops
from 18 V to the desired output 12 V.

Figs. 8(a) and (b) show control voltages of each
transistor for buck-boost mode and input and output
voltage respectably. Once the input voltage is near
to the output, the selection mode BCK-BST is acti-
vated and all transistors switch in order to regulate
the output voltage at 12 V.

The power conversion efficiency of the proposed
buck-boost converter is presented in Fig. 9. The
proposed buck—boost shows high efficiency for the
three operating modes buck, boost or buck—boost. As
shown in Fig. 9, our converter operates in three in-
put voltages, for buck mode the power efficiency is

———

(b)

Fig.7: (a) Control signals waveforms for buck mode
and (b) input voltage (V;y, = 18 V) and output voltage
(Vout = 12.05 V).
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Fig.8: (a) Control signals waveforms for buck-boost
mode and (b) input voltage (Vi, =12 V) and output
voltage (Vour = 12.05 V).

97.5%, for boost mode it equal to 96.5% and even for
the buck-boost mode we have high efficiency of 95.5%
at load current of 4A.

As expected, the obtained results are much better
compared with other works. However, the developed
techniques of three modes selection and soft start
circuit presents an excellent solution to control the
mode transition, to have a stable output signal (phase
margin equal to 63.42° presented in Fig. 10) with-
out inrush current and furthermore to enhance the
converter efficiency. Table 2 shows a comparison of



142 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.18, NO.2 AUGUST 2020

100

90

_—
EE, 80 1
b
(%]
=
N 704 N
N Buck-Boost
S o] —e— Buck
—a— Boost
50
T T T T T T T T T T T
o 1 2 3 4 b

Load Current (A)

Fig.9: Power efficiency of the proposed DC-DC con-
verter for the three operating modes. In boost mode,
Vin = 8 Voand Vo = 12.05 V. In buck mode,
Vin = 18 V and V,u = 12.05 V. In buck-boost mode,
Vin =12 V and V,y = 12.05 V.

Table 2: Comparison of performances with other
works.
‘ 9] ‘ [11] ‘ This work
Technology 0.18 0.18 0.18
(pm)
Modes Buck-boost | Buck-boost | Buck-boost
Efficiency 91 94.8 95.5
(%)
Switching 25 39 25
Freq (MHz)
Input range 2.7-5.7 3-8 4-20
(V)
Output 5 5 19
V)

the proposed architecture with previous buck—boost
converters with similar specifications. The approach
[9] leads to a high leakage current at the transistors
disabled during the light load current mode. This
reduces the efficiency of the converter. In [11], a self-
tracking zero current detector was proposed to mini-
mize the time error when the current of the inductor
came to zero and improved the efficiency of the con-
verter. However, the efficiency of those structures is
still not enough when the load becomes extremely
low; for this condition the power loss of the feedback
loop is serious. Compared with [9,11], the power con-
version efficiency of the proposed converter is higher,
due to use of LDMOS Switches with low on-resistance
to reduce the power loss. In addition, the proposed
three modes selection allows the converter to work
in the buck-boost mode in the narrow input voltage
range to avoid the lower efficiency.
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Fig.10: Simulation of the frequency responses of the
proposed converter for buck-boost mode: Vi, = 12 V
and Vo = 12.05 'V, (a) gain response (dB) and (b)
phase margin response (deg).

4. CONCLUSION

In conclusion, the proposed architecture represents
a good choice for automotive systems as an energy
management system. The proposed converter is able
to switch from one operating mode to another with-
out reducing its efficiency, and also it can perform for
a high range of input voltages from 4 V to 20 V using
the proposed three modes selection circuit. For fixed
output voltage of 12 V| the results of simulations of
the proposed buck-boost converter confirm the cor-
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rect operation and the high-power efficiency of our
converter. The circuit is designed in 0.18 pym CMOS
TSMC technology. The power conversion efficiency is
higher for the three operating modes and for different
load current.

It appears that:
e The buck-boost converter can perform with high
power efficiency in the three operating modes: 97.5%
for buck mode, 96.5% for boost mode, and 95.5% for
buck-boost mode.
¢ The buck-boost converter can work with variable
output from 3 V to 25 V due to the three modes
selection.
o The obtained output voltages are presented in the
above figures without any inrush current.
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