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A B S T R A C T   

This paper presents a design of capacity of supercapacitor and current control for a real-scale battery hybrid 
electric vehicle using an acceleration and deceleration scheme. In the MATLAB/SIMULINK model, the super
capacitor current control strategy is explained and implemented. The proposed strategies' performances are 
evaluated by running simulations with the Extra Urban Driving Cycle and the Urban Dynamometer Driving 
Schedule driving cycles to examine speed tracking performance, supercapacitor current control performance, 
battery voltage variation, power, and energy consumption. When compared to a full-scale battery electric 
vehicle, the advantages are highlighted. The viability and feasibility of the proposed control strategies are then 
validated using a small-scale simulation and experiment. The results show that the vehicle's applicability under 
deceleration-based design contributes the lowest battery energy- and power consumption and voltage variation 
of the battery against the other schemes.   

1. Introduction 

Over the next decades, zero-emission vehicles like battery electric 
vehicles (BEVs) will replace internal combustion engine vehicles (ICEVs) 
and hybrid electric vehicles (HEVs) [1]. Despite the possibility of 
deploying BEV as the primary vehicle, the lithium-ion battery (LB) in 
BEV has some drawbacks, such as poor regenerative braking energy 
capture and short life due to lithium plating caused by highly repetitive 
power fluctuations [2]. Based on our experience with BEV development, 
the LB specification allows for a maximum discharge current of up to 7.5 
times the standard charging current (C), but it is recommended that a 
regenerative braking current of about 1C be received. As a result, it has 
the potential to increase the battery life and driving range of a BEV, for 
example, by buffering the pulsing power [1]. 

To improve BEV performance, many researchers have studied the 
hybrid energy storage system (HESS) and the energy management sys
tem. The advantages of the HESS between LB and supercapacitor (SC) as 
found in recent studies are power and energy availability, battery life 
extension, lower battery temperature, lower energy loss, safety, and 

economical implementation [2]. It has varieties of HESS connections 
along with its control strategies. In this study, a bi-directional DC-DC 
converter connected to SC to parallel with the battery is deployed 
because of the advantages in weight, losses, cost, and reliability for 
battery hybrid electric vehicle (BHEV), BEV powered by HESS, appli
cation [3,4]. Regarding the control strategy for SC, the optimization- 
based or heuristic rule-based control strategy remains an open-ended 
question [5]. Optimization-based strategy requires a high-performance 
processor for the real-time optimal solution [6]. Nevertheless, the 
heuristic-based control is a good candidate for real-time implementation 
while the optimum solutions are not guaranteed [7]. The major problem 
of the heuristic rule-based control strategy for SC as presented in the 
literature so far is the proper real-time evaluation of the reference SC 
current. A disproportionate reference leads to the depletion of the SC 
energy before the end of the acceleration period, on the other hand, the 
SC cannot save the whole braking energy because of an underprivileged 
reference current [8]. 

In [8], the references for the voltage and power have been developed 
using the energy conservation law and the fundamental v-i relation of a 
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capacitor respectively. The reference current was derived by dividing 
the reference power by the SC voltage. This requires a complex control 
structure development with a high-performance processor. Another 
rule-based control strategy has been proposed in [9]. The SC charge 
reference was produced using a charge-speed graph, and the SC current 
was controlled through the current gain bandwidth. Since the SC charge 
was influenced by the real-time battery state-of-charge (SOC), therefore, 
the stored energy in the SC is not perfectly utilized. Moreover, the inner 
current control loop influenced by the current bandwidth can result in 
the current fluctuations. The study claimed that the energy is enough for 
acceleration but, the SC size calculation was not presented. In [10,11], 
the power and current of battery and SC have been separately controlled 
by either optimal or fuzzy adaptive control strategies. The study showed 
the good performance of optimal over the fuzzy control. However, the 
complicated structure could load the processor in a real-world applica
tion. In addition, the experiment verification has not been confirmed its 
viability. Conversely, a lesser complicated yet effective, the studies as in 
[1] proposed a rule-based control strategy to control the voltage and 
current of SC instead of the energy and power. The SC energy and power 
control can be simply controlled through a single current control ob
tained by the v-i relationship of a capacitor and the vehicle kinetic 
energy. 

Therefore, in this paper, new heuristic rule-based control strategies 
referred to acceleration-based design (ABD), which is comparable to the 
previous study as in [1,9], and deceleration-based design (DBD) are 
proposed. The control strategies relate to the SC size calculations for the 
BHEV. The key beneficial elements of the proposed control strategies 
are: 1) the efficient utilization of SC in storing and releasing the energy, 
2) the reduction of battery voltage variations as well as battery energy 
consumption, and 3) the simple implementation. In addition, our prior 
work was mentioned by a car manufacturer for a U.S. Patent [12], where 
the current finding is reported in this research. 

In this paper, the effectiveness of the proposed control strategies is 
verified through simulations and experiments, whereby comparisons 
between the BEV and BHEV (with ABD and DBD) are thoroughly con
ducted. An actual scale simulation is performed using the actual scale of 
PROTON SAGA BHEV as shown in Fig. 1. Due to the constraints on the 
availability of the equipment and hardware, the simulation and exper
iment of the small-scale BHEV are performed to show the effectiveness 
of implementing the proposed algorithm in real-time. 

The rest of the paper is presented as follows. The design of the SC 
based on ABD and DBD is presented in Sections 2 and 3 respectively. The 
contributed current control strategy of SC is demonstrated in Section 4, 
followed by the real-scale and the small-scale simulation/experiment in 
Sections 5 and 6 respectively. Lastly, the conclusion is addressed in 
Section 7. 

2. Acceleration-based design of SC size 

In ABD, the size of the SC is designed to justify the benefit of the 

proposed strategy in providing most of the power to assist the battery in 
acceleration. To find the capacitance, the vehicle kinetic energy and the 
stored energy in SC are balanced based on the energy conservation law. 
In general, the BHEV powertrain system can be separated into two parts; 
electrical and mechanical systems, as depicted in Fig. 1. The electrical 
system composes of lithium-ion batteries, SCs, DC-DC converter, motor 
drive system (traction inverter, and motor). The mechanical system 
consists of the mechanical transmission system; differential gear (DG) 
and driving wheels. The vehicle kinetic energy at maximum vehicle 
speed can be written as Eq. (1), 

Ek =
1
2
MVs2

V,max (1)  

where Ek is the vehicle kinetic energy, MV is the vehicle mass and sV, max 
is the maximum speed of the vehicle. 

The stored energy of the SC in Fig. 1 at maximum SC voltage can be 
calculated using Eq. (2), 

ESC =
1
2
CSCV2

SC,max (2)  

where ESC is the stored energy in SC, CSC is the capacitance of SC and VSC, 

max is the maximum SC voltage, with the internal SC voltage at t = 0, 
uSC(0) = VSC, max. 

The efficiencies of the electrical and mechanical system in Fig. 1 are 
used as the discharge efficiency of SC for its capacity calculation. The 
average efficiency of mechanical transmission (ηmech) and motor drive 
system (ηm) is obtained from the vehicle manufacturer datasheet; they 
are 94% in this study. The mean efficiency of SC (ηSC), is found from the 
cycle efficiency stated in the manufacturer datasheet which is between 
75% and 95% [13]. One of the manufacturers claims that the efficiency 
in high current pulsing (positive and negative) is still over 90% [14]. 
Therefore, 95% is selected for SC mean efficiency optimistically. For the 
mean efficiency of bi-directional DC-DC converter (ηcon), it is inten
tionally chosen at 97%. Thus, total efficiency for discharging the SC 
(ηtotal) is given by Eq. (3), 

ηtotal = ηmechηmηconηSC. (3) 

To discharge the energy stored in SC effectively, the minimum 
discharge voltage of SC is designated at one-half of SC terminal voltage 
to discharge 75% of the energy stored in SC to the tractive load effec
tively [15]. The energy supplied to the propulsion system is obtained by 
the applying of total efficiency on the energy stored in SC, as in Eq. (4), 

ηtotalCSC− ABD

[

V2
SC,max −

(
1
2

VSC,max

)2
]

= MVs2
V,max. (4) 

As a summary, the capacity of SC for ABD, CSC− ABD, can be calculated 
by using the equation as in Eq. (5), 

Fig. 1. Schematic diagram of the proposed PROTON SAGA BHEV.  
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CSC− ABD =
MVs2

V,max

ηtotal

(
0.75V2

SC,max

). (5) 

The voltage rating of the SC is selected to match the maximum 
voltage gain of the boost converter. According to [8], the efficiency of 
the boost converter is acceptable if the maximum voltage ratio is less 
than or equal to 3. As shown in Fig. 1, the DC bus voltage (vbus) is 260 V, 
thus the output voltage of SC (vSC) is chosen at 200 V. It can be 
configured by a series/parallel connection of elementary cells or auto
motive modules of SC. According to Eq. (5), the SC capacity is calculated 
as 48 F. Therefore, the capacity of a single cell, CSC, cell, is given by Eq. 
(6), 

CSC,cell =
CSC∙Ns

Np
(6)  

where Ns is the number of series connections (Ns = 74) and Np is the 
number of parallel connections (Np = 2). 

After the capacitance of a single cell and its connection are obtained, 
the internal resistance of the SC bank rSC can be derived from a single 
cell internal resistance, rSC, cell, by Eq. (7), 

rSC =
rSC,cell∙Ns

Np
. (7) 

The connection of SC elementary cell 2000 F (Maxwell BCAP2000), 
148 units provides the SC bank capacity for 54 F. This value is consid
ered to approximate the calculated value, which was 48 F. The internal 
resistance and weight are 13 mΩ and 53 kg respectively. 

3. Deceleration-based design of SC size 

In DBD, SC is designed to save the regenerative braking energy 
instead of the battery and the result is for benchmarking with the ABD. 
The capacity of SC in DBD, CSC− DBD, is calculated oppositely to the ABD. 
The energy to charge the SC is obtained by multiplying the vehicle ki
netic energy with the total efficiency, as expressed by Eq. (8), 

CSC− DBD

[

V2
SC,max −

(
1
2

VSC,max

)2
]

= ηtotMVs2
V,max. (8) 

As a result, the capacity of SC can be calculated by Eq. (9), 

CSC− DBD =
ηtotMVs2

V,max(
0.75V2

SC,max

). (9) 

According to Eq. (9), the SC capacity in DBD is calculated as 31 F. 
Thus, the capacity of a single cell can be obtained by Eq. (6) and the 
internal resistance of the SC bank can be derived by Eq. (7). The 
connection of SC elementary cell 1200 F (Maxwell BCAP1200) for 148 
units provides the SC bank capacity of 32 F. This value is considered to 
approximate the calculated value, which was 31 F. The internal resis
tance and weight are 21.5 mΩ and 38.5 kg respectively. 

4. Contributed control strategy of SC current 

In this section, the proposed control strategies using the determin
istic rule-based control strategy for controlling the SC currents for ABD 
and DBD are presented. The contributions of the proposed control 
strategies are to reduce the battery discharge power and battery energy 
consumption supplied to the vehicle load. 

4.1. Contributed current control strategy of SC in ABD 

The SC voltage reference is used for generating the current reference 
of SC. The simplified equivalent circuit of the SC as in [16] is used for 
developing the voltage control reference. By ignoring the small voltage 
drop across the internal resistance of SC, rSC, as shown in Fig. 1, the 
internal voltage of SC, uSC, can be simply approximated as vSC [17]. 
According to the energy conservation law, the stored energy presented 
by the SC voltage can be directly related to the vehicle kinetic energy as 
expressed in Eq. (4). In ABD application, 12VSC,max and sV, max in Eq. (4) 
are substituted with the time-varying internal SC voltage reference for 
ABD, uSC, ref− ABD(t), and the time-varying vehicle speed, sV(t), respec
tively as in Eq. (10): 

1
2
ηtotCSC

[
V2

SC,max − uSC,ref − ABD(t)2
]
≅

1
2
MVs2

V(t). (10) 

From Eq. (10), it shows the higher the vehicle speed, the lower the SC 
reference voltage. Thus, uSC, ref− ABD(t) can be obtained by Eq. (11): 

uSC,ref − ABD(t) ≅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
SC,max −

MVs2
V(t)

ηtotCSC
.

√

(11) 

To develop the time-varying of SC current reference for ABD iSC, 

ref− ABD(t), the v-i relationship of the capacitor is deployed. Therefore, the 
derivative of the uSC, ref− ABD(t) can be obtained by Eq. (12), 

iSC,ref − ABD(t) = − CSC
duSC,ref − ABD(t)

dt
= − CSC

d

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
SC,max −

MV s2
V(t)

ηtotCSC

√

dt

=

(
MVsV(t)

ηtotVSC,max

/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
MVs2

V(t)
ηtotCSCV2

SC,max

√ )

⋅
dsV(t)

dt
.

(12) 

From Eq. (12), the SC current reference in ABD is proportional to the 
speed and acceleration of the vehicle; the high acceleration causes the 
high current reference (high power injection to the load). On the other 
hand, in case of no acceleration, the current reference is zero (no power 
injection to the load). This relation describes the intuitively dynamic 
behavior between vehicle acceleration and SC current. In terms of SC 
energy, it is inversely related to the vehicle speed as expressed in Eq. 
(10). The higher speed of the vehicle means the lower the reference 
voltage (or energy) of SC and vice versa. Therefore, the capacity of the 
SC is sufficient for supplying the vehicle's dynamic load. 

4.2. Contributed current control strategy of SC in DBD 

To control the stored energy in the SC, the energy conservation law 
of DBD in Eq. (8) is considered. With the same manner as in ABD, the 
time-varying of internal SC voltage reference for DBD, uSCs, ref− DBD(t), 
can be evaluated by Eq. (13), 

1
2
CSC

[
V2

SC,max − uSC,ref − DBD(t)2
]
≅

1
2
ηtotMVs2

V(t). (13) 

Therefore, uSC, ref− DBD(t) can be obtained as follows: 

uSC,ref − DBD(t) ≅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
SC,max −

ηtotMVs2
V(t)

CSC

√

. (14) 

To derive the SC current reference for the current control loop, 
similar to ABD, the time-varying SC current reference in DBD, iSC, 

ref− DBD(t), can be derived as in Eq. (15),   
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From Eq. (15), it indicates that the SC current reference for DBD is 
proportional to the speed and deceleration of the vehicle as prospected 
in ABD. The changing speed over time generates the SC current refer
ence. Differ from the current reference of ABD in Eq. (12), the total ef
ficiency is displaced. Therefore, this study justifies a strategy beneficial 
to the vehicle application. 

4.3. Current control loop of SC 

The SC current references for both ABD and DBD can be developed 
using the closed-loop current control as shown in Fig. 2. 

To design a PI-controller (PI), a small signal model of the system has 
to be established. In this work, a state-space averaging method is used to 
find the averaged state (non-linear) equations, then the average state 
equations are linearized to obtain the small-signal state equations [18]. 
Once the small-signal model is obtained, the controller is designed using 
the PID tuner in MATLAB. The system is analyzed with the help of Bode 
plots. 

4.4. Small-signal modeling of Bi-directional DC-DC converter 

From the schematic diagram of a bi-directional DC-DC converter in 
Fig. 1. The converter works in two operation modes: boost, and buck 
modes. The upper switch (buck switch, Sbuck) and lower switch (boost 
switch, Sboost) are fed with switching signal with duty ratios d(t) and 1 −
d(t) respectively. In boost operation mode, the power from SC is supplied 
to the load, while the power from the load is recharged to SC in buck 
operation mode. Because the converter works complementarily, the 
dynamic model of the boost converter in continuous conduction mode 
(CCM) is chosen because it is more challenging to design the controller 
due to its Right Half Plan (RHP) zero. The state equations of the boost 
converter are derived from the physical state variables of the converter 
during the ON and OFF states. In general, the state variables are inductor 
currents and capacitor voltages related to the storage of energy. The 
derivatives of state variables are related to the system input to establish 
state equations of a linear system in matrix form [18]. 

To apply the state-space averaging method, the boost converter as 
shown in Fig. 3(a) is considered where uSC(t) is the time-varying internal 
voltage of SC, L is converter inductance, iL(t) is time-varying inductor 

current, rL is equivalent inductive converter resistance, rSC is internal SC 
resistance, C is output capacitance of converter, rC is internal output 
capacitor resistance, iC(t) is time-varying output capacitor current, uC(t) 
is the time-varying internal voltage of output capacitor, R is equivalent 
resistance at maximum power, and vo(t) is the time-varying output 
voltage. During ON state, as in Fig. 3(b), the switch Sboost is ON, there
fore, the output capacitor supplies current to the load while the inductor 
receives energy from SC. Applying KVL to the inductor voltage loop, the 
state-space form is as in Eq. (16),   

Fig. 2. PI controller structure for SC current control.  

Fig. 3. Equivalent circuit model of boost converter; (a) circuit, (b) switch ON, 
(c) switch OFF. 

iSC,ref − DBD(t) = − CSC
duSC,ref − DBD(t)

dt
= − CSC

d

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
SC,max −

ηtotMV s2
V(t)

CSC

√

dt
iSC,ref− DBD(t) = − CSC

duSC,ref− DBD(t)
dt

=

⎛

⎝ηtotMVsV(t)
VSCs,max

/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
ηtotMVs2

V(t)
CSCV2

SC,max

)√
√
√
√

⎞

⎠⋅
dsV(t)

dt
.

(15)   
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where ẋ(t) is the derivative of state-variable vector, x(t) is the state- 
variable vector, u(t) is the input vector, y(t) is the output vector, A1 is 
the state matrix during ON state, B1 is the control matrix during ON 
state, C1 is the output matrix during ON state. 

From Fig. 3(c), when the switch Sboost is OFF, the inductor current 
flows to the load and output capacitor. If R ≫ rL ∙ rSC, then rL ∙ rSC can be 
ignored. Applying KVL, the state-space form can be written as in Eq. 
(17),  

where A2 is the state matrix during OFF state, B2 is the control matrix 
during OFF state, C2 is the output matrix during OFF state. 

To build a small-signal model at a quiescent operating point, the 
average description of the circuit over a switching period is derived and 
the results are obtained by Eq. (18), 

ẋ(t) = [A1d(t) + A2d́(t) ]x(t) + [B1d + B2d́(t) ]u(t)
y(t) = [C1d(t) + C2d́(t) ]x(t)

(18)  

where d(t) is duty ratio of converter and ́d(t) = 1 − d(t), the complement 
of duty ratio. 

To obtain the small-signal transfer function of duty ratio to SC cur
rent, the linearized small-signal equations are transformed to s-domain 
using Laplace transformation as shown in Eq. (19), 

ISC(s)
D(s)

= C(sI − A)
− 1
[(A1 − A2)X+(B1 − B2) U ] + (C1 − C2)X (19)  

where ISC(s) is the SC current in s-domain, D(s) is the duty ratio in s- 
domain, A = A1D + A2(1 − D), C = C1D + C2(1 − D), D, U and X is DC 
quiescent quantities of the duty ratio vector, input vector, and state- 
variable vector respectively. 

From Eq. (19), it can be transformed to the standard equation of 
MATLAB transient response analysis, as given by Eq. (20), 

ISC(s)
D(s)

= Cs(sI − As)
− 1Bs +Es;

⎧
⎨

⎩

As = A
Bs = (A1 − A2)X + (B1 − B2)U

Cs = C,Es = (C1 − C2)X
(20)  

where As, Bs, Cs and Es are matrices. 
Consequently, the small-signal transfer function of the duty ratio to 

SC current in DBD (similar to ABD), is as in Eq. (21), 

ISC(s)
D(s)

=
1, 247, 231.3787 s + 808, 657, 406.3969

s2 + 609.7559 s + 1, 595, 134.7125
. (21) 

Then, the PID controller block in MATLAB/SIMULINK/Continuous is 
used as the controller. As the bandwidth and phase margin are desig
nated as 1 kHz (6280 rad/s) and 75 degrees respectively, the parameter 
of PI, bode plot, phase margin, and gain margin of the open-loop 

response of the tuned current control loop are tabulated in Table 1. 

5. Real-scale vehicle simulation 

5.1. Modeling of vehicle 

In this paper, the performance of the vehicle is mathematically 
modeled in the longitudinal forces' direction. Fig. 1 shows all the lon
gitudinal forces acting on a vehicle. Based on Newton's second law of 
motion, the dynamic force upon the vehicle, Fdy, can be described by Eq. 
(22) [19]: 

Fdy =
∑

Fte −
∑

Ftr = MV
dsV

dt
(22)  

where 
∑

Fte is the summation tractive effort and 
∑

Ftr is the summation 
tractive resistance force, MV is the vehicle mass in kg, and sV is the 
vehicle speed in m/s. 

Based on the principles of the mechanics and aerodynamics of the 
vehicle, the summation tractive resistance forces opposing its movement 
are composed of rolling resistance force Frr, aerodynamic resistance 
force, Far, and grading resistance force Fgr, given by Eq. (23), 
∑

Ftr = Frr +Far +Fgr. (23) 

Rolling resistance force existed due to the tire flattening at the con
tact surface of the road. The rolling resistance is almost constant, and it 
is proportional to the vehicle mass and cosine of road slope angle, α. The 
main control factor is the rolling resistance coefficient, μrr, which de
pends on the tire characteristics. In this study, μrr = 0.005 is specified 
based on the BEV characteristics. The calculation is given by Eq. (24), 

Frr = μrrMVgcosα. (24) 

Aerodynamic resistance force is the viscous resistance that drags the 
vehicle's body moving through the air. The constants which are used in 
the calculation of the aerodynamic resistance are: air density ρ = 1.25 
kg/m3, aerodynamic drag coefficient Cd = 0.358 and vehicle frontal area 
Af = 2.098 m2. The calculation for aerodynamic resistance is given by 

Table 1 
PI parameters of the current controller for SC.  

Description Bandwidth Phase margin kp ki 

Current controller 6.28×103 rad/s >60◦ 0.004 5  

d
dt

[
iL(t)

uC(t)

]

⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟ẋ(t)

=

⎡

⎢
⎢
⎢
⎣

−
rL + rSC

L
0

0 −
1

C(R + rC)

⎤

⎥
⎥
⎥
⎦

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟A1

[
iL(t)
uC(t)

]

⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅⏟x(t)

+

⎡

⎣
1
L
0

⎤

⎦

⏟̅̅⏞⏞̅̅⏟B1

uSC(t)
⏟̅̅⏞⏞̅̅⏟u(t)

iSC(t)
⏟̅⏞⏞̅⏟y(t)

= [1 0]
⏟̅⏞⏞̅⏟C1

[
iL(t)
uC(t)

]

⏟̅̅̅̅̅⏞⏞̅̅̅̅̅ ⏟x(t)

(16)   

d
dt

[
iL(t)

uC(t)

]

⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟ẋ(t)

=

⎡

⎢
⎢
⎢
⎢
⎣

− (R(rC + rL + rSC) )

L(R + rC)

− R
L(R + rC)

R
C(R + rC)

− 1
C(R + rC)

⎤

⎥
⎥
⎥
⎥
⎦

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟A2

[
iL(t)
uC(t)

]

⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅⏟x(t)

+

⎡

⎣
1
L
0

⎤

⎦

⏟̅̅⏞⏞̅̅⏟B2

uSC(t)
⏟̅̅⏞⏞̅̅⏟u(t)

iSC(t)
⏟̅⏞⏞̅⏟y(t)

= [ 1 0 ]
⏟̅̅̅ ⏞⏞̅̅̅ ⏟C2

[
iL(t)
uC(t)

]

⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅⏟x(t)

(17)   
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Eq. (25), 

Far = 0.5ρAfCds2
V. (25) 

The grading resistance force of the vehicle can be either climbing 
uphill or downhill forces. The grading force is the component of the 
vehicle mass acting parallel to the road as given by: 

Fgr = MVgsinα. (26) 

In the translational simulation, the equivalent load torque is trans
ferred to the motor's shaft, Teq, is derived by considering power at the 
motor shaft and the moving vehicle with the mechanical transmission 
loss as given by Eq. (27) [20], 

Teq =
Ftr

ηmech

(
sV,max

ωm,max

)

. (27) 

To calculate the equivalent moment of inertia referred to the motor 
shaft, Jeq, the transmission loss is neglected. Thus, the kinetic energy due 
to Jeq is the summation of the kinetic energy of various moving parts 
[20]. The calculation of Jeq is given by Eq. (28), where Jm is the moment 
of inertia of the motor, 

1
2

Jeqω2
m,max =

1
2

Jmω2
m,max +

1
2
MVs2

V,max

Jeq = Jm + MV

(
sV,max

ωm,max

)2

.

(28) 

Thus, the driving power of the vehicle can be applied for sizing the 
motor drive system and obtained by, 

ωmTdr = ωmTeq +ωmJeq
dωm

dt
⇒Pdr = Ptr + Pdy (29)  

where ωm is the angular speed of the motor, Tdr is the driving torque, Pdr 
is the driving power, Ptr is the tractive resistance power, and Pdy is the 
dynamic power, ωmJeq

dωm
dt , is the change of kinetic energy stored in the 

vehicle. 

5.2. Simulation result 

In this comprehensive, real-scale simulation study, the Extra Urban 
Driving Cycle (EUDC) and Urban Dynamometer Driving Schedule 
(UDDS) - in Appendix A are applied to the BEV, BHEV-ABD, and BHEV- 
DBD. The parameters of the vehicle and SC in the designs are deployed in 
the simulation. 

The Simulink block diagram for the simulation of BHEV-ABD and 
DBD is as shown in Fig. 4. The BHEV systems consist of a lithium-ion 

Fig. 4. MATLAB/SIMULINK block diagram for real-scale simulation of BHEVs.  

Fig. 5. Vehicle speed profiles in EUDC simulation.  

(a)

(b)

Fig. 6. Reference and actual current of SC in EUDC simulation: (a) BHEV-ABD, 
and (b) BHEV-DBD. Fig. 7. Battery power of all vehicles in EUDC simulation.  
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battery, SC, bidirectional DC-DC converter, drive unit (with vehicle 
dynamic load), PI controller, and the proposed current control algo
rithms. For BEV simulation, the bidirectional DC-DC converter (for the 
SC), the controller, and SC are removed. The positive and negative 
current limit setting in the drive unit controller of BEV is +300 A and 
− 30 A respectively as recommended by the manufacturer (10% of the 
positive current limit) to prolong the battery life, but the limits are +300 
A and − 300 A for BHEV. 

In this analysis, a standard driving cycle, the Extra Urban Driving 
Cycle (EUDC), which composes of several accelerations and de
celerations with a duration of up to 400 s, is used as the reference speed. 
The simulation result of all vehicles is shown in Fig. 5. In Fig. 5, the 
actual speeds of BHEVs exactly follow the speed reference. Conversely, 
the actual speed of BEV fails to follow the reference speed at two in
stances: at t = 110 s and t = 346 s. The reason for this is the battery 
charging current is set to only 10% of the maximum positive. From the 
simulation, the vehicle appears to be coasting and the braking is assisted 
by the aerodynamic drag and frictional force. In practice, of course, the 
mechanical braking system will be installed in the vehicle to stop or 
decelerate as desired, and this is the loss of energy recuperation in BEV. 

In Fig. 6(a) and (b) (for BHEV-ABD and BHEV-DBD respectively), the 
actual SC currents are exactly following the references throughout the 
driving cycle. The BHEV-ABD has the maximum discharge current of 
100 A at t = 330 s and the maximum charging current of − 250 A at t =
346 s while for BHEV-DBD the maximum discharging and charging 
currents are 80 A and − 195 A respectively. ABD draws a larger SC 
current than DBD, thus a more depleted SC charge in ABD after the 
acceleration. In a subsequent deceleration, it pulls more power from the 
battery to charge up the SC. 

Next, the effectiveness of the proposed strategies in terms of battery 
power consumption is considered as shown in Fig. 7. In BEV, only the 
battery supplies power to the vehicle during accelerations, and the 
maximum power of about 30 kW occurred at t = 334 s at the end of the 
acceleration. In deceleration phases at t = 110 s and 346 s, the battery in 
BEV is recharged by the braking energy based on its recharged capa
bility. The battery power of BHEV-ABD reaches the maximum value of 
25.5 kW at t = 346 s, i.e. at the beginning of the deceleration phase. 
Instead, in BHEV-DBD, the maximum battery power of 22.7 kW occurred 
at the end of the acceleration phase at t = 334 s. It can be observed that 
the peak power in both ABD and DBD occurred at high-speed acceler
ation and deceleration phases. Larger battery power is drawn in DBD 
when accelerating because the SC current reference demand for DBD is 
lower compared to ABD. At every instant of acceleration, the battery 
power in DBD exceeds that of ABD; from Fig. 7, this happened at roughly 
t = 20 s, t = 185 s, t = 250 s, and t = 320 s. Though the battery power in 
ABD is much higher than that of DBD during deceleration, at roughly t =
110 s and t = 345 s. In contrast, more power from the SC is used during 
acceleration in ABD than in DBD. Yet, at the end of the cycle, the SOC of 
the SC for ABD and DBD are the same since their capacitances are 
differently designed. As a result, larger battery power is used in ABD 
than DBD to charge up the SC in the subsequent deceleration phase. 

The battery voltage variation, VB, var, is another factor to highlight 
the benefit of the proposed control strategies. VB, var indicates the 
amount of current drawn from or supplied to the battery. With low VB, 

var, the inverter loss is reduced and the battery is protected from the 

possible damaging conditions [21]. VB, var in all vehicles can be calcu
lated by Eq. (30), 

VB,var(%) =
VB,max − VB,min

VB,initial
∙100% (30)  

where VB, max is the maximum voltage of the battery, and VB, min is the 
minimum voltage of the battery. 

VB, var for all vehicles is shown in Fig. 8. During the whole driving 
cycle, BHEV-DBD has the smallest voltage variation which inverses its 
power profile. Using Eq. (30), the voltage variation is calculated for BEV 
and BHEV-ABD and BHEV-DBD and tabulated in Table 2. 

The battery energy consumption for all vehicles is depicted in Fig. 9. 
In EUDC simulation, BEV consumes the highest amount of battery en
ergy while BHEV-DBD provides the lowest energy saving compared with 
BEV and BHEV-ABD by 2.7% and 1.4% respectively. The energy con
sumption shows in Table 2. The higher energy consumption in ABD 
compared to DBD is mainly due to the higher battery power which is 
used to charge up the SC during the deceleration phase. To sum up, DBD 
is the algorithm that provides the most energy-saving with significant 
performance to reduce battery peak power and battery voltage variation 
compared to other vehicles. This finding confirms with UDDS driving 
cycle, which is presented in Appendix A. To study the feasibility and 
practicability of the proposed strategies, the small-scale simulation and 
experiment are conducted and described in the next section. 

6. Small-scale simulation and experiment 

The small-scale experiment is constructed using small size battery 
bank manufactured by RS components Co., Ltd., model 537-5488 (80 V 
and 7 Ah) and a supercapacitor bank manufactured by Cooper Bussmann Fig. 8. Battery voltage of all vehicles in EUDC simulation.  

Table 2 
Real-scale vehicle simulation results of EUDC.   

EUDC simulation 

PB, max (kW) VB, var (%) EB (Wh) 

BEV  30  8.3  649.1 
BHEV-ABD  25.5  7.4  640.2 
BHEV-DBD  22.7  7.3  631.5  

Fig. 9. Battery energy consumption of all vehicles in EUDC simulation.  

DC motor/ 
Flywheel/
Encoder

SC Bank

Converter

Battery 
Bank

Gate Driver

ES1104 
Board

Interfacing 
Board

Fig. 10. The picture of small-scale propulsion hardware for experiment.  
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Inc. (25 F in series for 30 cells) as the energy sources, and a separately 
excited DC motor (rated power 187 W) coupled to a mechanical flywheel 
where the equivalent moment of inertia of the motor and flywheel, Jm, is 
0.035 kg ∙ m2 [3]. The DS1104 controller board is used to implement the 
control algorithm in real-time. The small-scale experimental set-up for 
the propulsion system and the corresponding hardware components is 
shown in Fig. 10. 

In the following discussion, the small-scale simulation and experi
ment will be referred to the pure Battery Simulation (BS), pure Battery 
Experiment (BE), Battery Supercapacitor Simulation (BSCS), and Battery 
Supercapacitor Experiment (BSCE). The differences in the rating of the 
equipment, maximum speed, time scale, current limits between the 
small-scale and the actual-scale system in the simulation are 

summarized in Table 3 to assist the finding hereafter. 
In Extra Urban Driving Cycle Simulation and Experiment, the speed 

tracking performance of BS, BE, BSCSs, and BSCEs is shown in Fig. 11(a) 
and (b) respectively. From the figures, the actual speed exactly follows 

Table 3 
Electric propulsion system parameters.   

Real-scale 
simulation 

Small-scale 
experiment 

Battery bank 
Rated voltage [V] 240 84 
Max. cont. discharge/charge 

current 
[A] 300/30 105/7 

Capacity [Ah] 81 7 
Internal resistance [mΩ] 57 161  

SC bank 
Rated voltage [V] 200 60 
Maximum current 1 s (ABD/ 

DBD) 
[A] (3200/2000) N/A 

Continuous current 40 ◦C (ABD/ 
DBD) 

[A] (720/520) N/A 

Capacity (ABD/DBD) [F] (54/32) 0.83 
Internal resistance (ABD/DBD) [mΩ] (13/21.5) 750  

DC motor (separated field excited) and propulsion load 
Rated voltage [V] 240 120 
Rated current [A] 250 3.3 
Rated speed [rpm] 1750 3000 
Rated power [kW] 60 0.187 
Maximum angular velocity [rad/s] 183.2 183.2 
Equivalent moment of inertia [kg⋅m2] 34.97 0.035 
Viscous friction coefficient [N⋅m⋅s] 0.007032 0.0015  

Bi-directional DC to DC converter for SC 
Inductance (ABD/DBD) [mH] (0.16/0.21) 5 
Approximate internal resistance 

of inductor (ABD/DBD) 
[mΩ] (20/20) 400 

Output capacitor [mF] 1.8 10 
Power IGBT module rating [V/A] N/A 600/100  

(a)

(b)

Fig. 11. Vehicle speed profiles in EUDC: (a) Simulation and (b) experiment.  

(a)

(b)

Fig. 12. Reference and actual current of SC in EUDC simulation and experi
ment: (a) BSCS-ABD and (b) BSCE-ABD. 

(a)

(b)

Fig. 13. Reference and actual current of SC in EUDC: (a) BSCS-DBD and (b) 
BSCE-DBD. 

(a)

(b)

Fig. 14. Battery power profiles of EUDC: (a) Simulation and (b) experiment.  
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the reference speed except in BS at the last deceleration t = 367 s, the 
speed remaining caused by the Jm which is obtained from the average 
tested value. Though this has not happened in the experiment where the 
friction at any speed is different, thus the Jm changes. 

Figs. 12 and 13 show the reference and actual SC currents for BSCSs 
and BSCEs. It can be seen that the actual current managed to track the 
reference current without any problem. Similar to the real-scale vehicle 
simulation, the maximum SC current is higher in ABD than DBD since 
higher power is fed by the SC in ABD during the acceleration compared 
to that of DBD. Subsequently, a higher current is drawn from the battery 
in ABD to recharge the SC during the braking. 

The battery power consumption of BSCSs and BSCEs is shown in 
Fig. 14(a) and (b) respectively. Unlike the results obtained from the real- 
scale simulation whereby the average model is used, the waveforms 

contain ripples due to the switching of the converters. From Fig. 14(a), it 
is found that the maximum power of all strategies occurs at 250 s < t <
350 s. The power of BSCS-ABD, BS, and BSCS-DBD is 67 W, 63 W, and 59 
W respectively. In the experiment as shown in Fig. 14(b), the power has 
the same pattern as in simulation, and the maximum power of 51 W, 50 
W, and 45 W occur in BSCE-ABD, BE, and BSCE-DBD respectively. 

The simulation and experimental results of the battery voltage 
variation are presented in Fig. 15(a) and (b). In Fig. 15(a), the lowest 
voltage variation occurs in BSCS-DBD at 0.36%. BSCS-ABD and BS has 
voltage variation of 0.37% and 0.38% respectively. The voltage profile 
from the experiment as shown in Fig. 15(b) indicated that BSCE-DBD has 
the lowest voltage variation of 1.42%, followed by BSCE-ABD of 1.45%, 
and BE of 1.67%. The difference of voltage profile in simulation and 
experiment are from the inapplicable of battery modeling. However, 
their presences have the same trend. 

The small-scale simulation and experiment results for battery energy 
consumption are shown in Fig. 16(a) and (b) respectively. It is found out 
that BS and BE consume energy by 2.7 Wh and 2.57 Wh respectively 
while the energy consumption in BSCS-ABD, DBD are 2.91 Wh, and 
BSCE-ABD, DBD are 2.60 Wh and 2.59 Wh respectively as in Table 4. 
The energy saving in experiment of BSCE-DBD compared with BSCE- 
ABD is by 0.4% but it is higher when compared with BE by 0.7%. 
Contradict to the real-scale vehicle simulation, the internal resistance of 
SC and converter inductor in the small-scale hardware is higher than 
around 20 times. Thus, the losses during the charging of the SC in the 
small-scale hardware are relatively higher than that of the real-scale 
vehicle simulation when compared to the saved energy. To justify this 
reasoning, small-scale simulation using real-scale vehicle parameters 
(SC and inductor internal resistance) is conducted and presented in 
Appendix B. The simulation results showed that with the small internal 
resistance of the SC and inductor, the results resemble that of the real- 
scale simulation since the losses are reduced. 

7. Conclusion 

This paper has presented the design of the proposed strategies; ABD 
and DBD. The proposed strategies are composed of two important tasks 
that are SC capacity calculation and control strategy development. The 
paper starts with the calculation of SC capacity for ABD and DBD and 
follows with its current control strategy development. In this paper, the 
performances of the proposed control strategies are investigated 
through real-scale vehicle simulations and small-scale simulations and 
experiments. The tests are carried out using EUDC. Simulation and the 
experimental results are in agreement thus confirms the effectiveness of 
the proposed strategies. These key points of the benefits of the proposed 
strategies are;  

• The calculation of SC auxiliary energy storage for BHEV applications 
whereby the DBD gives the lower capacitance compared to the ABD; 
thus, it is lower in weight, volume, and cost.  

• A novel and less complex SC current control strategy for BHEV, 
relative to the previously reported work as in [1], have been pre
sented in the literature.  

• The reduction in battery peak power, battery voltage variation, and 
battery energy consumption contributed by the DBD compared to the 
ABD can be observed. 

Based on the simulations and experiments conducted, with the DBD 
strategy, the vehicle mass can be reduced, DC bus voltage becoming 
more stable, and the battery energy consumption is reduced thus 
extending the traveling range. 

(a)

(b)

Fig. 15. Battery voltage profiles of EUDC: (a) Simulation and (b) experiment.  

(a)

(b)

Fig. 16. Battery's energy consumption of EUDC: (a) Simulation and 
(b) experiment. 

Table 4 
Small-scale experimental results of EUDC.   

EUDC experiment 

PB (W) %VB (V) EB (Wh) 

BE  50  1.67  2.57 
BSCE-ABD  51  1.45  2.60 
BSCE-DBD  45  1.42  2.59  
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Appendix B. Small-scale simulation with maximum acceleration for battery energy consumption using the real-scale internal resistance 
of SC and inductor [3]
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