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ABSTRACT

The paper proposes a new integration scheme between
supercapacitor (SC) and battery as energy storage system
(ESS) for electric vehicle. Even though there are several
researches have been conducted to improve the quality
or performance of ESS such as using hybrid fuel cell,
solar and fast charging ESS, the findings in this paper
are significant in providing an alternative practical
design of SC-battery integration scheme. SC and battery
were integrated in parallel connection with the aid of
direct current (DC) converters; boost converter for the
battery and bidirectional converter for the SC. It was
found that the SC was capable in providing higher rate of
power during an extreme change of power demand. In
contrast, the battery was capable of complementarily
supplying stable power in accordance to peak power
profile of demand.

1. INTRODUCTION

Battery storage system is being used as an energy
supply of electric vehicles. Battery can give high-energy
output when the vehicle is moving. The battery can be
recharged during the regenerative braking [Noshin, et al.
(2009)]. The drawbacks of battery are obviously that the
poor traits of low temperature, low life cycle and low
power density [Yu, et al. (2009)]. The ideal requirements
for an energy storage system (ESS) are high energy
density, high power density and excellent discharge
capability. If the battery capacity is increased to meet the
power demand, the cost and weight of electric vehicles
will be increased [Hayet, et al. (2011) & Hengbing, et al.
(2010)]. In other term, the weakness found in battery
energy storage being the main barrier to commercialized
superb technology of electric vehicle.

Thus, supercapacitor (SC) should be introduced to
solve this matter by coming up with SC-battery storage

system to achieve higher power density, higher energy
density and much longer battery lifetime. The reason to
combine battery with SC is due to SC stores charge in
faster rate inside its structure. During discharging,
electrons rapidly leaving through the terminal without
having undergone slow chemical reactions process.

Although the SC-battery can improve the
performance of ESS, the power distributed between
these two components must be controlled. The paper
proposes a new integration scheme of SC-battery as ESS
for electric vehicle. Study on the integration scheme in
terms of its power delivery, current behavior and
state-of-charge were carried out via MATLAB software
through Simulink program.

2. DESIGN OF SUPERCAPACITOR-BATTERY
INTEGRATION SYSTEM

In this paper, the simulation configuration was in
accordance to the SC-battery integration model as shown
in Fig. 1. The model is designed to have two DC
converters, one converter for each of individual energy
source so that the power distribution between the SC and
battery can be controlled. Not only that, the battery
performance is improved via this configuration since the
DC bus voltage is more stable [Xiang, et al. (2014) &
Aree, et al. (2014)]. Fig. 2 shows the overall system of
SC-battery integration. The detail configuration in each
block — for the Energy Management System for ESS, the
Electric Vehicle Motor, the ESS Bidirectional DC-DC
Converter and the ESS Boost Converter — in Fig. 2 are
illustrated in Fig. 3(a) to 3(d).

2.1 Model of Supercapacitor and Lithium Ion Battery

As shown in Fig. 2, the SC model used in this project
was referred to Maxwell K2 series ultra-capacitor
BCAP0650 with a capacity of 650 F. The main
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Fig. 1. Supercapacitor-battery integration scheme.

parameters of SC were set as in Table 1. Referring to Fig.

2, the applied rating of the battery nominal voltage was
in the range of 12 to 265 V for the simulation according
to the previous studies [Aree, et al. (2013) ]. Therefore,
the rating of the battery nominal voltage was set to 28 V.
All the parameters of the battery are also tabulated in
Table 1.

2.2 Designing Boost Converter

A boost converter was applied on Li-ion battery to
step up its output voltage equal to the DC bus voltage, as
illustrated in Fig. 3(a). Table 1 displays design criteria
for the boost converter. Based on what had been listed in
the table, the value of duty cycle D of 0.377, inductor L
of 21.11 mH, average inductor current /; of 0.902 A and
capacitor C of 424.12 pF for boost converter were
calculated. The inductance value obtained from the

calculation was the minimum inductor value required by
the boost converter to fulfill the 5 % ripple current
criteria. For a better simulation result of making the
ripple practically smaller, the inductance value was
further increased as much as 25 % so that it became L =
26.39 mH [Hart (2011)].

2.3 Designing Bidirectional Converter

On the other hand, as shown in Fig. 3(b), the SC was
connected to bidirectional converter. Table 1 also
tabulates the design criteria for the bidirectional
converter. The same method was used to obtain the duty
cycle, inductor, capacitor and average inductor current of
bidirectional converter. Their values were D = 0.644, I,
= 1.58 A, L = 2575 mH and C = 724.5 pF. This
bidirectional converter then was combined with boost
converter in parallel connection so that the SC and
battery could be integrated.

In order to provide two-direction of energy flow from
the sources — as shown in Fig. 2 and 3(c) — a dynamic
load was selected by utilizing a “DC Source” block to
represent as a DC Bus or Motor. The existence of DC
source as the DC Bus could be an analogy for the
electric vehicle motor, which was to comply with the
classical theory of -electrical machines where the

Table 1 Design criteria for the supercapacitor, battery, bidirectional converter and boost converter.

Supercapacitor Battery Bidirectional Converter Boost Converter
C=650F Vpominat =28 V V=16V V,=28V
ESR=2.1 mQ Capacity = 6600 mAh V,=45V V,=45V
Vinitiat =16 V SOCiia= 100 f;=10kHz f;=10kHz
Rinernar = 42.42 mQ Al = 5% Al = 5%
AV, =5% AV, =5%
R=280Q R=280Q

*C is the capacitance, ESR represents the equivalent series resistance, Viq is the initial voltage, V,omina 1s the nominal voltage, SOCiiiia

represents the initial state-of-charge, R« 1s the internal resistance, V; is the input voltage, ¥, is the output voltage, f; denotes as the

switching frequency, 41, is the inductor current ripple, 47, represents the output voltage ripple and R is the load.
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Fig. 2. The supercapacitor-battery integration system



generated voltage or back electromotive force is being
symbolized as a voltage source.

2.4 Control System of DC-DC Converter

The “Power Demand” block in Fig. 2 is taken from
“Repeating Sequence” block diagram that can be
specified its time values and output values. It represented
the load profile of the electric vehicle in term of power.
It was assumed that the increasing power demand
showed the electric vehicle was accelerating while
decreasing power demand meant it was decelerating.

Fig. 2(d) is the model used to limit the rate of battery
power supplied to the load. The power demand had to
pass through the “Rate Limiter” block before sending the
signal to the boost converter that connected to battery.
This “Rate Limiter” block would restrict the power
drawn from battery and was set to be 300 W/min.
Meanwhile, the SC power was subtraction of battery
power from the demand profile.

The switches of both converters should be controlled
on certain sequence to produce a Pulse Width
Modulation (PWM) on their switching. Hence, as
depicted in Fig. 2, a triangular signal was generated from
“Triangle Generator” block to be a carrier signal to
control the switching frequency. While the error current
signal, obtained from the different of inductor current
and current value of the power demand, was used as the
reference waveform. These both signals are compared by
passing them through “Comparator” block before
entering the switches. They are illustrated in Fig. 2(a)
and 2(b).

3. RESULTS AND DISCUSSION

Fig. 4(a) indicates the power required by the load or
motor to enable the electric vehicle to move. The power
demand value was zero at the beginning and started to
increase from 0 to 1000 W after 2 minutes. It was
assumed that the electric vehicle began to move at t = 1
min, consuming 1000 W power from the SC-battery
source. The power demand was remain constant until it
was further increased to be 1500 W at t 6 min,
indicated that the electric vehicle was accelerating. Next,
the power demand decreased to 500 W or the electric
vehicle decelerated 3 minutes later and finally stopped
moving at t = 12 min.

It can be obviously seen from Fig. 4(b) that the
power generated by SC-battery able to follow the pattern
of power demand, fulfilling the load requirement. From
the figure, it is found generally that SC would supply a
faster response of power when there had a rapid change
of demand, whereas the battery gave a steady response
of base power required [Xiang, te al. (2014)]. The quick
response of SC was caused by the bidirectional converter
that operated in boost mode once it detected a positive
slope of power demand profile. The SC would always
remain in idle state if there had no transient of power
demand. The power of SC and battery were obtained by
multiplying their voltage and current respectively.

During the deceleration, the braking energy was
transferred back from motor to the SC. This enable the
SC to increase its state-of-charge as a result of buck
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Fig. 3. Configuration inside each block of (a) ESS Boost Converter, (b) ESS Bidirectional
DC-DC Converter, (c) Electric Vehicle Motor and (d) Energy Management System for

ESS.
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Fig. 4. (a) Power demand profile on load side and (b)
Total power generated from integration of SC-battery

mode operation by bidirectional converter after it sensed
a negative slope of power demand profile. While the SC
was charging up, the battery reduced its power rate
accounted for -300 W/min until it reached zero value.
The reason for battery power drop dramatically to zero at
phase of deceleration because no power was needed by
motor when electric vehicle slowed down or stopped
moving. These findings suggest that the simulated model
has successfully integrated SC and battery — connected
to a bidirectional DC-DC converter and a boost
converter, respectively — in a such way that capable of
complementing each other in terms of providing
demanded power by the load of an electric vehicle. The
SC was capable of providing higher rate of power during
an extreme change of power demand. In contrast, the
battery was capable of complementarily supplying stable
power in accordance to peak power profile of demand.

4. CONCLUSION

In a conclusion, the integration of SC-battery scheme
presented in the paper is able to generate dynamic power
transient according to the load demand, where the low
power density of the battery is supported by high power
density from the SC. The boost converter and
bidirectional converter are applied to the battery and SC
respectively in order to control their dynamic response
towards the demand profile.
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