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Abstract: In this paper, a battery pack and a supercapacitor bank hybrid energy storage system
(HESS) with a new control configuration is proposed for electric vehicles (EVs). A bidirectional
quasi-Z-source inverter (Bq-ZSI) and a bidirectional DC-DC converter are used in the powertrain
of the EV. The scheme of the control for the proposed HESS Bq-ZSI using finite control set model
predictive control (FCS-MPC) is first deduced to enhance the dynamic performance. With the idea of
managing battery degradation mitigation, the fractional-order PI (FOPI) controller is then applied
and associated with a filtering technique. The Opal-RT-based real-time simulation is next executed
to verify the performance and effectiveness of the proposed HESS control strategy. As a result, the
proposed HESS Bq-ZSI with this control scheme provides a quick response to the mechanical load and
stable DC link voltage under the studied driving cycle. Moreover, the comparative results also show
that the proposed HESS Bq-ZSI equipped with the new control configuration enables the reduction
of the root-mean-square value, the mean value, and the standard deviation by 57%, 59%, and 27%,
respectively, of the battery current compared to the battery-based inverter. Thus, the proposed HESS
Bq-ZSI using these types of controllers can help to improve the EV system performance.

Keywords: quasi-Z-source inverter; DC-DC converter; finite control set model predictive controller;
real-time simulation; hybrid energy storage system; battery; supercapacitor; electric vehicle

1. Introduction

Electric vehicles (EV) are becoming an increasingly important part of the automotive
landscape due to concerns about environmental pollution, rapidly rising fuel costs, and
the depletion of fossil fuel reserves. In the last decades, there has been growing interest in
EV research. Several combinations of energy storage systems (ESSs) for EVs such as full
EV, hybrid EV, and EV plug-in have been developed. The hybrid energy storage system
(HESS) combining the battery (BAT) and the supercapacitor (SC) is widely used [1–3]. It
constitutes an attractive solution for the EV energy storage system. The HESS exhibits
good characteristics in terms of the power and energy density to extend the EV driving
range while enhancing its dynamic performance [4,5]. The battery is generally capable of
delivering high energy density, while the supercapacitor has an advantage of higher power
density. Various configurations for the design of the HESS have been proposed in the
literature [1]. These configurations can be classified into the passive or active types. In the
passive type, the battery and the supercapacitor are directly connected via the DC input of
the inverter. This topology has an advantage in terms of cost and power density; however,
its lack of control negatively affects the system performance, which might have a negative
impact on the battery lifetime. In this respect, the usage mode of the battery highly affects
its lifetime [6]. Variations of large and frequent currents greatly stress the battery [7]. The
cycle life of the battery deteriorates over time as it is affected by cycling conditions and
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multiple degradation mechanisms [8]. Moreover, the control method of the battery current
and its behavior can seriously impact the long-term performance of the battery. In [9],
the aging index of the battery was used to evaluate the performance of fractional-order
PI control using the ant colony optimization Nelder–Mead algorithm. In the active type,
DC-DC converters are commonly used to couple the DC-link with the ESSs [10,11]. The
rates of charge and discharge control of the two sources are achieved through the DC-DC
converters. This leads to increasing the lifetime of the battery and improving the system
efficiency. Consequently, this kind of HESS configuration can provide better performance
over the passive one. However, the use of DC-DC converters in traction drive systems
is generally limited due to their large volume, extra weight, high cost, and complexity
of control [4,10].

In order to solve the aforementioned problems, utilizing single-stage converters based
on the Z-Source inverter (ZSI) and quasi-ZSI (qZSI) has come under attention to replace the
conventional two-stage inverters. Their superiorities compared to the conventional ones
have been shown by Peng [12,13], who showed that these topologies present a unique buck-
boost capability characteristic, allowing them to have a wide range of voltage variations.
To promote their application to the EV power electronics system, numerous studies have
been implemented. The dynamic operation of the qZSI system has been investigated using
the small-signal analyses and mathematical models in the literature [14]. The ZSI and the
qZSI are widely used with different ESSs due to their advantages. Z-source network (ZSN)
configuration based on the qZSI using a fuel cell has been shown in [15]. A comparison
between the ZSI and the conventional two-stage inverter in fuel cell vehicles has been
presented in [16]. As pointed out, using the ZSI results in improved system efficiency and
reduced system size and volume for this vehicle. However, the adoption of the ZSI in the EV
system is still under restriction since the ZSI experiences discontinuous input/high inrush
currents, resulting in a reduction in the lifetime of the ESS. Recently, the SC/BAT HESS ZSI
has been studied for the EV in [17]. This converter integrates the BAT into its ZSN without
adding an extra dc-dc converter. That enables the obtention of a lower cost and better
performance compared to the conventional two-stage inverter. Nonetheless, this integration
could lead to the damaging of the BAT because of its rush discharging/charging currents
exiting in a short time, which might be beyond its controller’s bandwidth. Moreover, the
BAT’s lifetime is strongly influenced by these rush currents. In this paper, the dual-source
Bq-ZSI is used in the EV powertrain to overcome these issues mentioned above. This
impedance source inverter is obtained by coupling the BAT with the ZSN of the Bq-ZSI
through a bidirectional dc-dc converter.

The HESS Bq-ZSI is considered as a non-minimum phase system with right-half plane
(RHP) zeros. This results in restraints in the controller’s bandwidth and the system’s
slow dynamic response for the dc-link controller. It is well understood that the RHP zero
results in an undershoot as well as an overshoot in the transient response. Moreover, the
Field Oriented Control (FOC) of motor drives with PI controllers also has limitations in
fast and smooth performances over a broad range of motor speeds. Thus, to enhance
the dynamic performance of the HESS Bq-ZSI, designing an effective control strategy is
extremely important to deal with rapid input and load changes. Various control schemes
have recently been studied to manage the power distribution for stand-alone renewable
energy power systems, wind power systems, and EV applications [18–24]. Among these
schemes, the finite control set model predictive control (FCS-MPC) has been found to be
a promising control scheme in power electronics [25]. This controller examines only a finite
set of possible switching states of power converters, solves the cost function for each of
them, and chooses a switching state that minimizes the cost function. Thus, it possesses
a simple nature, nonlinearities in the control design, an easy implementation, and a fast
dynamic response in tracking the reference values of the controlled variables [26–29]. As
a result, this controller is used in this study for improving the dynamic performance of
the proposed HESS Bq-ZSI. For conducting experiments more safely and decreasing the
development cycle and costs, the control schemes of the EV power electronics converters
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can first be carried out by offline simulation tools, such as MATLAB/Simulink, PSIM,
PSCAD, etc. However, the goal of these tools is to attain simulation results quickly, and
their computing time can be shorter or longer than the response time of the real system.
Furthermore, they may struggle to interface with real hardware and controllers. This
makes them not suitable for controlling the industrial complex powertrains. By contrast,
the real-time simulation in which the computing time is shorter than the time-step is
a considerable platform for tackling these issues, owing to its extremely high security and
repeatability. Therefore, it is applied in this study to implement more precisely for EV
power electronics systems.

A literature survey reveals that there is a lack of studies on control methods to enhance
the dynamic performance of EV systems based on the HESS ZSI topology. To fill this gap,
this paper presents the control enhancement of the dual-source Bq-ZSI for an off-road EV. In
this respect, the FCS-MPC controller is used for the Bq-ZSI deployment, while the fractional-
order PI (FOPI) controller is integrated with a filtering technique to mitigate the degradation
of the battery. Compared to the traditional PI controller, the FOPI controller provides greater
flexibility in improving system performance due to the presence of fractional integrator
gain. This additional tuning parameter gives the FOPI controllers more features, such as
robustness regarding plant uncertainties, flexibility regarding the system stability, high-
frequency noise rejection, and reduced sensitivity to load disturbances [30]. Thus, the main
contributions of the paper are as follows:

• It provides a novel control configuration of SC/BAT HESS Bq-ZSI for EV systems.
• It improves the SC/BAT HESS EV in terms of the dynamic performance and the

battery lifetime.

To verify the proposed control method, an Opal-RT-based real-time simulation is
used to evaluate the dynamic performance of the SC/BAT HESS Bq-ZSI. This paper is
organized as follows. Section 2 introduces the configuration of the HESS. In Section 3, the
design of the proposed HESS control using FCS-MPC and its effectiveness are discussed.
The real-time simulation results and the comparison of different architectures and control
methods in terms of the aging performance indexes of the battery are presented in Section 4.
A conclusion is drawn in Section 5.

2. Hybrid Energy Storage System Configuration and Modeling

Figure 1 shows the configuration of the proposed HESS Bq-ZSI. This configuration
is based on the ZSN of the Bq-ZSI composed of capacitors (C1, C2) and inductors (L1,
L2) and the bidirectional DC-DC converter. This DC-DC converter is composed of C1,
which represents its output capacitor, the inductor L, and the switches (S8, S9). Since the
shoot-through state of the Bq-ZSI could solely be altered in a zero state, its practical boost
factor is commonly restricted. This may limit its applications in the EV, where the high-
voltage gain is required for the ESS. To tackle this issue, the higher voltage of the battery is
necessary for the Bq-ZSI; however, it might increase the EV cost, the system size, and the
volume. Thus, in this study, the battery is connected to the bidirectional DC-DC converter
to supply the required power for the electric motor, while the supercapacitor coupled to the
qZSI network is used as backup energy storage to provide/absorb transient power during
acceleration/braking operations. Moreover, the battery-absorbed and -released power are
controlled in bidirectional power flows by the DC-DC converter through its switches S7
and S8.

The Bq-ZSI operating principles have been largely examined in [31]. The relationship
between the capacitor voltages and the supercapacitor terminal voltages during the steady
state can be deduced with the shoot-through duty cycle DH by:{

vc1 = 1−DH
1−2DH

vsc

vc2 = DH
1−2DH

vsc
(1)
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The DC-link peak voltage v̂dc can be derived from the sum of two capacitor voltages,
vc1 and vc2, by:

v̂dc = vc1 + vc2 =
1

1− 2DH
vsc = Bvsc (2)

where B ≥ 1 is the boost factor resulting from the shoot-through period. Regarding the AC
side of the Bq-ZSI, the peak phase voltage can be written as follows:

v̂o = mH
v̂dc
2

=
mH

1− 2DH
.
vsc

2
= GH

vsc

2
(3)

in which mH and GH denote the inverter modulation index and the total voltage gain of
the Bq-ZSI, respectively.

The battery power exchange is controlled by the DC-DC converter, which can operate
in two states, as shown in [31]. The relationship between the capacitor C1 and the battery
voltage can be expressed as:

vc1 =
1

1− dC
vbat (4)

where dC is the duty cycle of the DC-DC converter.
In general, the proposed HESS operation modes can be categorized into low-power,

high-power [32,33], and supercapacitor energy recovery modes. In traction or regenerative
operation, each of these power modes can be used. In the low-power traction/regenerative
mode, the battery pack only offers the total motor power demand. In this case, there is no
power exchange for the supercapacitor with the battery and the motor. Additionally, the
EV traction motor receives/stores energy in the battery through modes 1 and 2, as shown
in Table 1.
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Figure 1. Proposed HESS Bq-ZSI configuration.

Table 1. Operation modes of the HESS.

Supercapacitor Battery Motor

Mode 1 Null + −
Mode 2 Null − +

Mode 3 + + −
Mode 4 − + −
Mode 5 + − −
Mode 6 + − +

Mode 7 − + +

Mode 8 − − +

In the high-power traction/regenerative mode, the supercapacitor power can be
discharged or charged. Its power is used to assist the battery pack to afford the motor
power demand. During acceleration, the supercapacitor helps the battery to sustain the
maximum traction power via mode 3 (Table 1). This enhances the response time of the
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EV for a request of acceleration. The major part of the regenerative power is stored in the
supercapacitor during braking or deceleration through mode 8 (Table 1). This will help to
extend the lifetime of the battery due to operation within a safe operating point.

The supercapacitor is charged in the supercapacitor energy recovery mode after
releasing the power to maintain the energy storage level via mode 4 or 7 (Table 1).

The complete modes of HESS operation are listed in Table 1, where positive and
negative denote releasing and absorbing the energy, respectively. Null indicates that the
supercapacitor is bypassed. Figure 2 presents the power flow between the motor and the
energy storage device in the HESS high-power traction/regenerative mode.
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3. Finite Control Set Model Predictive Controller

In this study, a surface permanent magnet synchronous machine (SPMSM) is used as
a traction electric motor. Its state space representation can be described as presented in [31].
The FCS-MPC and FOPI controllers are designed to improve the dynamic performance for
the speed control and disturbance rejection. The FCS-MPC is an optimal control technique
which provides the easy handling of constraints and fast dynamic performance [34]. In
this respect, the cost function of the FCS-MPC is used for the enhanced performance,
considering some parameters of the system. The FCS-MPC control technique is adopted
based on the model of SPMSM. From the SPMSM side, the feedback signals are the rotor
speed and the three-phase stator currents iabc. The id and iq currents are obtained from the
measured and converted three-phase stator currents of the SPMSM. The FOPI controller is
designed to achieve the speed control. It also allows for the determination of the reference
current iqre f . With the idea of ensuring correct operation with the maximum available
torque within current and voltage limits at any speed, the flux weakening (FW) strategy
is applied. This strategy is realized by taking into consideration the motor’s maximum
allowable phase voltage and phase current. The available maximum phase voltage and
maximum phase current constraints can be deduced as follows:

id
2 + iq

2 ≤ imax
2 (5)

vd
2 + vq

2 ≤ vmax
2 (6)
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where vmax and imax denote the voltage and current limitations, respectively. In the constant
torque region, where the motor speed is smaller than the base speed (Ω ≤ Ωbase), the idre f
is set as zero. When the motor speed is greater than the base speed ( Ω > Ωbase), the FW
strategy allows for the obtention of the negative current reference idre f in the FW region.
The idre f is determined from the following expression [35].

Id =
ψ f

Ld

(
Ωbase

Ω
− 1
)

(7)

where Ld is the phase d inductance of the SPMSM, ψ f represents the equivalent magnetic
flux linkage of the SPMSM, and Ω and Ωbase are the motor speed and the base speed,
respectively.

According to the discrete time model obtained with the backward Euler method, as
shown in [36], the state variables isc(k + 1), vc1(k + 1), vc2(k + 1), id(k + 1) and iq(k + 1) are
predicted for the (k + 1)th time instant. They are also used to evaluate the predetermined
cost function. The cost functions are established with the aim of minimizing the tracking
error between the measured currents and the reference currents. The cost function g1 for
the SPMSM control system can be given as:

g1 =
(

idre f (k + 1)− id(k + 1)
)2

+
(

iqre f (k + 1)− iq(k + 1)
)2

+ flim

with

flim =

{
∞ i f |id(k + 1)| or

∣∣iq(k + 1)
∣∣ ≥ imax

0 i f |id(k + 1)| or
∣∣iq(k + 1)

∣∣ ≤ imax

(8)

From the Bq-ZSI side, the cost function g2 can be expressed as:

g2 =
(

iscre f (k + 1)− isc(k + 1)
)2

+ λ(vc1(k + 1)− vc2(k + 1))2 (9)

where λ is the weighting factor adjusted according to the desired performance. It is used for
the DC-link capacitor voltages balancing control. flim is a hard constraint function which
limits the current output magnitude and represents a safety future. The optimal switching
state associated with the minimum values of g1 and g2 is selected and applied to the qZSI
and the SPMSM at the beginning of the next sampling time.

The inductor currents of the DC-DC converter and DC-link voltage are controlled
using the FOPI controller. The bidirectional power flow is operated by the switch S7 of
the Bq-ZSI. The pulse width modulation (PWM) technique is used to control the switch
S7. It has a signal that is complementary with the shoot-through signal of the inverter.
Figure 3 shows the control scheme of the proposed HESS. As shown in the control scheme,
the low-pass filter (LPF) allows for the filtering of the average current. The filtering
strategy is used to distribute the power. This strategy is formulated based on the different
frequency characteristics of energy storages [37]. The low pass filter (LPF) ensures that the
battery supports a low frequency power to reduce the current stress and extend the battery
lifetime [38]. The filtering strategy can be achieved by using the following expression:

Ibatre f
=

1

mS8S9 ηkconv
conv

(
1

τLPFs + 1

)
Iload (10)

where Iload denotes the load current. A fraction of the load average current filtered amount
represented by 1

mS8S9 ηkconv
conv

is used as the battery reference current Ibatre f
, where mS8S9 , ηkconv

conv ,

and kconv indicate the modulation index, the efficiency, and the coefficient which depend
on the DC-DC converter power direction, respectively. τLPF represents the time constant
of the LPF and is deduced by τLPF = 1

2π fLPF
, where fLPF is the cut-off frequency. The

average current is combined with the filter to reduce the very high frequency ripple and
the noise that is caused by the switching operation. The buck and boost operation of the
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battery are controlled through this current that is used in the bidirectional DC-DC converter.
The control of this current must achieve suitable charging and discharging currents of the
battery with better stability in response to the transient power variation.
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4. Results and Discussion
4.1. Real-Time Simulation Results

The OP4510-based real-time simulation from Opal-RT is performed to verify the real-
time operation of the proposed control method for the SC/BAT HESS Bq-ZSI under the
Artemis driving cycles with the main parameters in Table 2. In this respect, the reference
EV used in this study is the e-TESC 4W platform, as presented in Figure 4. It is an off-road
EV supplied by a battery pack of lithium-ion LG Chem ICR2 cells and a supercapacitor
bank of Maxwell BMOD0058 E016 B02. Figure 5 shows the real-time simulation setup. The
proposed HESS Bq-ZSI is first implemented on the OP4510 FPGA-based Electric Hardware
Solver, and the control algorithm in Figure 3 is then executed on the OP4510 CPU, in which
the controller parameters of the FOPI are presented in Table 3.

Table 2. Parameters of EV platform.

Parameters Variable Name Values

Vehicle (e-Commander)

Total mass of the EV 857 kg
Aerodynamic standard A 1.3

Rolling coefficient 0.035
Air density (at 20 ◦C) ρ 1.223 kg/m3

Motor-to-wheel-transmission ratio 20.5
Efficiency of the transmission 0.87

Wheel radius 0.3175 m

Parameters of SPMSM

Phase inductance Ld, Lq 1 mH
Phase resistance rs 0.08 Ω

Number of pole pairs np 2
Global inertia referred to the rotor J 1 kg.m2

Equivalent magnetic flux linkage ψ f 0.1 Wb
Rated power Pr 15 kW
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Table 2. Cont.

Parameters Variable Name Values

Parameters of original configuration

Inductance L 2.5 µH
Capacitance C 4.5 mF

Switching frequency Fs 10 kHz

Parameters of multi-source Bq-ZSI parameters

Inductance L1, L2 660 µH
Inductance L 2.72 mH
Capacitance C1 4.9 mF
Capacitance C2 8.9 mF

Cut-off frequency of LPF fLPF 40 mHz
Switching frequency Fs 10 kHz

Batteries (Lithium-ion LG Chem ICR2 cell)

Cell capacitance Cbatcell 2500 mAh
Cell maximum voltage vcellmax 4.2 V

Number of cells in series Ns 12
Number of branches in parallel Np 48

Supercapacitor (Maxwell BMOD0058 E016 B02)

Rated capacitance Csc 58 F
Nominal voltage vscnom 16 V

Number of series capacitors Ns 4
Number of parallels capacitors Np 4

Internal resistance rsc 22 mΩ
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Table 3. FOPI controller parameters summary.

Parameters Kpv Kiv λv KpL KiL λL KpC KiC λC

FOPI Structure Motor Speed Battery Current DC-Link Voltage

Value 0.2086 3.4246 0.1000 0.1075 15.9137 0.7500 0.0231 22.9688 0.7000

The real-time simulation results of the speed and torque waveforms are shown in
Figures 6 and 7, respectively. The currents iq and id, with their references, are repre-
sented in Figures 8 and 9, respectively, while the vdc voltage and its reference are shown
in Figure 10. Figures 11 and 12 represent the battery and supercapacitor currents and
their references, respectively. The battery and supercapacitor voltages are represented
in Figures 13 and 14, respectively.
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In Figures 6 and 10, the proposed HESS Bq-ZSI shows the quick responses to the
mechanical load and provides a constant DC-link voltage over the power-demand profile.
The battery, the supercapacitor, and the total power of the proposed HESS during EV motor
traction in the high-power mode are presented in Figure 15.
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For time t < 75 s, the EV motor operates in the traction mode, while the proposed
HESS conducts in the high-power mode. Both the battery pack and the supercapacitor are
discharged. In this condition, the supercapacitor transfers its power to help the battery
afford the motor power demand. During acceleration, the supercapacitor helps the battery
offer the maximum traction power and enables the enhancement of the response time of the
EV for a request of acceleration. From 75 s to 85 s, the EV motor works in the regenerative
mode, and the supercapacitor implements in the recovery mode. The major part of the
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regenerative power is stored in the supercapacitor during the deceleration. The EV motor
also operates in the traction mode, while the proposed HESS works in the high-power
mode for time 85 s to 105 s. The supercapacitor affords its power to assist the battery
for the required motor power. From 105 s to 130 s, the EV motor also performs in the
regenerative mode, whereas the supercapacitor operates in the recovery mode. From the
abovementioned results obtained, it can be inferred that integrating the supercapacitor can
help the battery to provide the maximum traction power demand of the EV. Therefore, it
contributes to the efficient use of battery energy to obtain a longer distance coverage.

4.2. Battery Aging Index Comparison

The aging performance indexes of the battery are determined to compare the proposed
HESS Bq-ZSI using the new control configuration and powertrain original configuration
(inverter directly supplied by the battery). The battery lifetime is strongly influenced by
their usage mode, in which the sudden changes in large and frequent currents may result
in decreasing its lifetime. The value of the root-mean-square (RMS), the mean value (µ),
the standard deviation (σ) of the cell current, and the coefficient (cν) characterizing the
instantaneous current peaks over the driving cycle illustrate the aging performance indexes
of the battery [39].

The RMS value of the cell current indicates the effective current. It can be expressed as:

RMS =

√√√√ 1
N

N

∑
i=1

(IB,cell(i))
2 (11)

The mean value of the cell current specifies the long-term stress from losses and the
respective thermal effect on batteries. It can be written as:

µ =
1
N

N

∑
i=1

IB,cell(i) (12)

The standard deviation defines the strong variation of the C-rate of the batteries and
can be deduced by the following expression:

σ =

√√√√ 1
N

N

∑
i=1

(IB,cell(i)− µ)2 (13)

The variation coefficient illustrating the instantaneous current peak can be determined
as follows:

cν =
σ

µ
(14)

Figure 16 presents the performance comparison utilizing the aging index of the battery
branches for these two topologies under the same driving cycle. As is observed, the multi-
source Bq-ZSI using the proposed control configuration provides better aging indexes in
terms of the RMS and the average values of the battery current. It helps to reduce the
RMS, µ, and σ values by 57%, 59%, and 27%, respectively, as compared to the original ones.
Moreover, using the FCS-MPC for the multi-source Bq-ZSI leads to improved aging indexes
compared to only using the FOPI controllers. Based on these results, it could be concluded
that using the FCS-MPC-based multi-source Bq-ZSI for the e-TESC 4W EV leads to an
improvement in the battery lifetime over the original inverter and the FOPI-based multi-
source Bq-ZSI, which makes it more suitable in EV systems than the original configuration.
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5. Conclusions

This paper has proposed a new control configuration for multi-source Bq-ZSI based
on the SC/BAT HESS for the EV. To overcome the problems of the battery rush discharg-
ing/charging currents, the bidirectional DC-DC converter is employed to connect the
battery, while the ZSN of the Bq-ZSI is used to couple the supercapacitor. The proposed
HESS Bq-ZSI control scheme using the FCS-MPC and the FOPI was first investigated to
achieve the dynamic response that is required for energy storage devices. The real-time
simulation based on Opal-RT was then implemented to validate the effectiveness of the
proposed HESS control strategy. The results have proved that the proposed HESS can be
well operated for different modes of the EV motor, in which independent power routines
for the supercapacitor and the battery can be accomplished by the multi-source Bq-ZSI. The
proposed HESS Bq-ZSI control using the FCS-MPC has shown good dynamic responses and
stable DC-link voltages under the studied driving cycle. In comparison with the original
configuration, the battery lifetime can be improved by using the proposed HESS Bq-ZSI
with the new control structure. Moreover, the multi-source Bq-ZSI using the FCS-MPC
also provided improved aging performance index values for the battery of the studied EV
compared to only using the FOPI controllers.

These results indicate that the proposed HESS Bq-ZSI using the FCS-MPC improves
the EV system performance. The integration of the supercapacitor into the proposed HESS
allows for the efficient use of battery energy, enabling longer distance coverage and thus
extending the driving range of the EV. Future work will consist of proposing a power
distribution strategy in multi-source off-road EVs with a signal-hardware-in-the-loop
experimental test, including a stability analysis.
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