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ORIGINAL STUDY

Design and Analysis of a Hybrid Energy Storage
System for a BLDC Motor in Lightweight Electric
Vehicles

Mohammed Turki Baidar *, Yasir M. Y. Ameen

Department of Electrical Engineering, University of Mosul, Iraq

ABSTRACT

Internal Combustion Engine (ICE) vehicles are being replaced by electric vehicles to decrease fossil fuel depletion,
pollution, and the effects of global warming. However, in electric vehicles, the primary concern is battery power
consumption and lifespan, which affects the driving range. This study presents a hybrid energy storage system (HESS)
comprising a lithium-ion battery and super capacitor array, designed and simulated in MATLAB/Simulink to enhance the
range and performance of lightweight electric motorcycles powered by 2.5 kW BLDC motors. A 16-cell super capacitor
module (3V, 3000F per cell) achieving 187F total capacitance was integrated with a 44.4V battery through a bidirectional
DC-DC converter. Simulation results demonstrated that during startup acceleration, the super capacitor delivered peak
currents up to 300A while battery current went to a steady value at 12A, reducing battery stress by 25 times. During
variable torque transitions (half to full rated load), the super capacitor handled transient power peaks reaching 1700W,
while battery power ramped gradually to 1150W. Most significantly, regenerative braking analysis revealed the super
capacitor’s state-of-charge increased by 0.85% (from 97.6% to 98.45%) within two seconds, compared to only 0.035%
for battery-only systems under identical conditions, representing a 24-fold improvement in energy capture efficiency.
These results confirm that the proposed HESS effectively isolates transient load fluctuations from the battery, including
regenerative braking capability, and providing a practical pathway toward extended battery lifespan and improved
vehicle range in lightweight electric vehicle applications.

Keywords: Electric vehicle (EV), Hybrid energy storage system (HESS), Super capacitor (SC), State of charge (SOC)

1. Introduction

Electric vehicles are becoming more popular due to
their low cost and environmental benefits. Battery-
only systems face performance issues under changing
load demands. Hybrid systems using both batteries
and super capacitors offer a better solution by com-
bining energy storage and fast power delivery [1].
The integration of Hybrid Energy Storage System
(HESS) helps solve key issues in electric vehicles such
as handling peak power during acceleration, recover-
ing energy from braking, and reducing battery stress
to extend its lifespan [2]. Super capacitors provide

high power density, fast charge and discharge, and
long cycle life, making them well-suited for handling
sudden power demands and capturing energy dur-
ing braking [3]. HESS improves regenerative braking
efficiency because super capacitors can handle high
charging currents better than battery-only system
[4]. Different HESS topologies have been proposed,
mainly divided into passive parallel setups and active
types that use DC-DC converters. Each type offers
a trade-off between control complexity, cost, and
performance [5]. Passive HESS setups are simpler
and more cost-effective but have limited control over
power flow. Semi-active and fully active systems of-
fer better power management but come with added
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complexity [6]. Choosing the right DC-DC converter
topology is important in active HESS designs. Bidi-
rectional converters allow better control but increase
system complexity and cost [7]. The performance of
a HESS largely depends on proper sizing of its com-
ponents to balance energy, power, weight, volume,
and cost, while also matching the vehicle’s needs
and driving conditions [8]. Advanced power and en-
ergy management strategies are key to managing
power flow between storage units based on driving
conditions. These strategies include rule-based meth-
ods, optimization approaches, and machine learning
algorithms [9]. Understanding aging and degrada-
tion in batteries and super capacitors is important
for predicting their lifetime and designing energy
management strategies that consider long-term per-
formance [10]. Recent improvements in lithium-ion
batteries have increased their energy density and
lifespan. However, issues like thermal management,
safety risks, and long-term degradation still present
challenges [11]. Standardized testing protocols and
performance metrics are needed for HESS to allow
fair comparison between different system designs and
control methods [12]. Integrating HESS with elec-
tric motors and power electronics calls for a holistic
design approach to ensure the entire system works
efficiently and effectively [13]. While electric vehi-
cles offer environmental benefits and lower operating
costs, several technical and practical drawbacks limit
their widespread adoption and performance. Battery-
only EVs typically provide 150-400 km per charge,
significantly less than ICE vehicles, causing ’range
anxiety’ among potential users. Complete battery
recharging requires 30 minutes to several hours de-
pending on charging infrastructure -, compared to
minutes for refueling ICE vehicles. Lithium-ion bat-
teries experience capacity fade of 2–3% per year, with
high discharge rates during acceleration accelerating
this degradation. The battery pack constitutes 30-
40% of total EV cost. [14–17].

This research presents the design of HESS, first
to choose the motor size for the e-Motorcycle, after
that the sizing of super capacitor is done. The fo-
cus of research will be on sizing of super capacitor,
the sizing of battery and bidirectional converter will
be passed. The simulation was done by MATLAB /
Simulink. The first section is introduced here in in-
troduction. The second section will have the HESS
and its components. The third section will have the
methodology. Fourth section will have the motor se-
lection and super capacitor sizing. The fifth section
will have the results and discussion. Finally, sec-
tion six will give the conclusion and future works.
The motivation for this research stems from three
critical gaps identified in existing literature, where

most HESS studies focus on full-size electric cars,
limited research addresses lightweight vehicles (mo-
torcycles, scooters, tricycles) despite their growing
market share in developing countries. Also, exist-
ing studies often propose complex control algorithms
(fuzzy logic, neural networks, model predictive con-
trol) that increase computational requirements and
cost, limiting practical implementation. Lastly, quan-
titative comparative data between battery-only and
HESS configurations under identical operating condi-
tions remains limited in the literature.

A simplified hysteresis-based control strategy and
optimized HESS sizing are developed for a 2.5kW
electric motorcycle, enabling practical implementa-
tion without high-cost algorithms. Results demon-
strate 24× improvement in regenerative braking
energy recovery, reduced battery current stress with
25 times (12A vs. 300 A), and superior performance
compared with battery-only configurations under
various driving conditions.

2. Hybrid energy storage system

HESS integrates multiple energy storage tech-
nologies to enhance performance, efficiency, and
reliability in energy management. These systems typ-
ically combine energy-type storage, such as batteries,
with power-type storage, like super capacitors, to
optimize energy delivery and stability across various
applications [18].

2.1. Super capacitor

Super capacitors are a promising alternative to
lithium-ion batteries or at least a complement source
at the moment, offering a balance between traditional
capacitors and batteries. They combine fast charge-
discharge rates, high power density, moderate energy
density, and extended life cycles [19, 20]. In this
study, they are used to reduce battery degradation
caused by load fluctuations during frequent acceler-
ation and braking [21]. Compared to batteries, super
capacitors are lighter, charge faster, and support far
more charge-discharge cycles [22].

3. Methodology

Fig. 1 presents a block diagram of the proposed
system to drive a BLDC motor. The system begins with
a battery that supplies energy to a bidirectional con-
verter, enabling power flow in both directions, either
from the battery to the super capacitor and load, or
back to the battery for energy recovery. The converter
is connected to a super capacitor, which responds
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Fig. 1. Block diagram of a HESS feeding a BLDC motor via three
phase inverter.

to sudden power demands and voltage surges. The
super capacitor is linked to a three-phase inverter via
a DC-link. This inverter converts the DC voltage into a
three-phase AC signal, which drives the BLDC motor
through phases(a, b, c).

3.1. Comparison of energy storage approaches

There is Battery-Only Systems, where it has advan-
tages of simple architecture, lower initial cost, mature
technology, no additional converters required. And
its disadvantages are limited peak power capability,
slow charge acceptance during regenerative braking
(0.035% SOC gain in 2 seconds as shown in this
study), accelerated degradation under high C-rate
operation, reduced lifespan under frequent acceler-
ation/deceleration cycles.

In Passive HESS (Direct Parallel Connection), it
has advantages of simple implementation, no active
control required, cost-effective. It has disadvantage
of uncontrolled power distribution, inability to opti-
mize charge/discharge profiles, limited performance
improvement, super capacitor underutilization.

In Semi-Active HESS (One Bidirectional Converter),
it has advantages of controlled power management
for one storage element, moderate complexity, better
performance than passive systems. It has disadvan-
tages of limited control flexibility, suboptimal power
sharing, one storage element still directly exposed to
load variations. Lastly, for Fully Active HESS (Two
Bidirectional Converters), it has advantages of com-
plete control over both storage elements, optimal
power distribution, maximum performance. Its disad-
vantages include highest complexity, increased cost
and weight, higher control system requirements, re-
duced overall efficiency due to multiple conversion
stages [23].

For the proposed Semi-Active HESS with battery-
side control, this study implements a semi-active
topology with the battery connected through a
bidirectional buck-boost converter and the super ca-
pacitor. This configuration offers advantages of con-
trolled battery charging/discharging prevents stress,
super capacitor handles all DC-link voltage fluctu-
ations naturally, moderate complexity suitable for
lightweight vehicles, cost-effective implementation,

Fig. 2. A hub BLDC motor.

Table 1. BLDC motor specifications.

Parameter Value Unit

Rated Power 2500 W
Rated Speed 888 RPM
Rated Voltage 48 V
Rated Torque 26.8 N.m
Rated Current 48.71 A
Phase-Phase Resistance 19.1 m�

Phase-Phase Inductance 0.096 mH
Rated Torque Constant 0.47 N.m/A

fast super capacitor response without converter de-
lay. Unlike previous studies focusing on complex
optimization algorithms, this work demonstrates that
simple hysteresis-based control achieves effective
power management for lightweight EVs, making
implementation more practical for commercial adop-
tion.

3.2. Motor selection

Fig. 2 shows a hub-type BLDC motor. With a rated
power of 2.5 kW and nominal voltage of 48V selected
for this study, The specifications of this motor are
listed in Table 1.

3.3. Super capacitor sizing

The sizing of the super capacitor system follows
a methodology aimed at ensuring adequate dy-
namic power support during transient events, such as
sudden accelerating, sudden hill climbing and regen-
erative braking.

The selected single-cell super capacitor has a typ-
ical voltage of (Vsc−cell = 3 V) and a capacitance of
(Csc−cell = 3000 F). To achieve the required DC-link
voltage, multiple cells must be connected in series.
However, series connection reduces the overall ca-
pacitance, which necessitates a combination of series
and parallel arrangements to meet both voltage and
capacitance requirements [24].

Number of cells of series super capacitor required
to fulfill system voltage is calculated by the Eq. (1)
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Table 2. Calculated variables for super capacitor.

Output quantity Unit Value

Series cells, Ns — 16
Parallel strings, Np — 1
Total cells, NSC — 16
Achieved capacitance, CSC F 187.5
String voltage V 48

Fig. 3. Simulink diagram for the system.

[26]:

NSCseries =
VDC−link

Vsc−cell
. (1)

Assuming identical capacitors in series, the multi-
plication of number of series capacitors by the series
capacitance string results in single cell capacitance
(Cs-cell), or [26]:

Cseries =
Csc−cell

NSCseries
(2)

It’s known that to increase the voltage of super
capacitor, cells are connected in series and to increase
capacitance, cells are connected in parallel, so the
resulting capacitance will be the product of capaci-
tance of one string which its capacitors are connected
in series by number of parallel connected strings, or
[26]:

Csc = Cseries × NSC parallel . (3)

The calculations of the super capacitor sizing are
done based on Eqs. (1) to (3). The single cell capacitor
has 3000F, 3V each. Desired dc-link voltage is 48V.
Table 2 shows the obtained output variables.

For lithium-ion battery, the voltage was taken as
44.4V.

4. Simulation and results

Fig. 3 shows system using MATLAB / SIMULINK.
It consists of a hybrid energy storage system, three

phase inverter, BLDC motor and control strategy.
HESS is shown in Fig. 4.

Fig. 4. HESS components.

Fig. 5. BLDC motor speed during up-hill climbing scenario (battery-
only system).

4.1. Hybrid energy storage system

It consists of a bi-directional converter which has
a battery as source from left and super capacitor as
second source at the DC-link. There are two MOSFET
switches (S1, S2) in the BDC that switch on and off
to act in boost or buck mode relying on battery man-
agement system.

4.2. Scenarios of simulation for the system

The cases will be taken first based on battery as
the only energy source and second based on HESS
(battery with super capacitor) as the energy source.
Last but not least, the third case will be taken based
on a comparison between battery and super capacitor
in capturing SOC in regenerative mode.

4.2.1. Scenarios of system with battery-only
The Up-Hill climbing road simulation case was

taken under half rated torque then a transition to
full rated torque happens at second Eq. (1). Also,
the system was subjected to rated load speed. Figs. 5
and 6 show the response of torque and speed of BLDC
motor.

The BLDC motor starts with half rated torque and
maintains a stable speed. At one second, the load
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Fig. 6. Electromagnetic torque response in up-hill climbing scenario
(battery-only system).

Fig. 7. Output power of the BLDC motor during variable torque
(battery-only case).

torque suddenly reaches its full rated value. The
motor reacts instantly, shown by a sudden rise in elec-
tromagnetic torque. Despite the load change, speed
remains nearly constant with minimal fluctuation at
second one. This reflects effective control, ensuring
smooth operation under varying loads.

Fig. 7 shows the output power. The output power
rises at 1 second due to a torque increase. Initially,
the motor delivers about 1400W at half-rated torque.
When torque doubles, power increases to nearly
2500W at constant speed. This jump aligns with the
power formula (P = T × ω). It confirms the motor’s
efficient response to sudden load changes.

Fig. 8 shows the battery’s current. The main wave-
form is shown above, with zoomed average values
below for 1–2 seconds At one second, battery current
spikes due to a jump in torque demand. This reflects
the need for more power to maintain speed under full
load. After the spike, the current gradually decreases

Fig. 8. Battery current during up-hill climbing scenario (battery-only
system).

Fig. 9. Battery voltage during up-hill climbing scenario using battery-
only system.

and stabilizes at a higher level. This shows the battery
adapting to support the increased torque consistently.

Fig. 9 shows the battery voltage. The battery volt-
age stays relatively stable around 52V with minor
fluctuations. This indicates minimal voltage sag de-
spite sudden load changes. The voltage behavior
mirrors the high current demand pattern. It gradually
declines, showing potential stress on battery capacity.
This reflects the impact of sustained load under six-
step hysteresis control.

Fig. 10 shows the stator current phase A. The stator
current starts at 27.1A under half-rated torque. At one
second, it increases to 47.4A as full torque is applied.
Phase A current shows high-frequency switching from
hysteresis control. Brief fluctuations occur during the
torque shift but quickly stabilize. This ensures effi-
cient operation of rated speed under increased load.

4.2.2. Scenario of system with HESS
The Up-Hill climbing road in HESS will be taken for

speed and torque based on variable load torque with
constant speed. Or half rated torque, and full rated
speed. (TL = 23.35/2, 23.35 N.m, speed 888 rpm).
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Fig. 10. Stator phase A current response during torque transition
(battery-only system).

Fig. 11. BLDC motor speed in up-hill climbing scenario using pro-
posed HESS.

Figs. 11 and 12 show the motor speed and electro-
magnetic torque. The motor maintains a steady speed
around 888rpm throughout the torque transition.
Initially operating at half torque, it shows stable per-
formance under light load. At one second, torque
demand doubles, causing a sharp rise in electromag-
netic torque. The HESS smoothly supports this shift,
keeping the motor speed stable. After this transition,
torque stabilizes at a higher level.

Fig. 13 shows the output power. The output power
of the BLDC motor starts from 0 W and rapidly rises
to approximately 1400 W, where it stabilizes. Until
the 1-second mark. At exactly 1 second, a transition
occurs as the power jumps from around 1400 W to
rated power, reflecting the shift from half to full
rated torque. Following this change, the output power
settles, indicating the system’s ability to sustain the
higher load demand efficiently.

Figs. 14 and 15 show the super capacitor current
and battery current, respectively. The super capac-
itor current starts high, supplying transient energy
during half-rated load operation. At the one-second
mark, it increases from about 20A to 33A to meet
the surge in power demand. After this peak, the

Fig. 12. Electromagnetic torque response in up-hill climbing sce-
nario using proposed HESS.

Fig. 13. Output power of the BLDC motor during torque transition
(proposed HESS).

Fig. 14. Super capacitor current profile in up-hill climbing scenario
(proposed HESS).

current steadily decreases as the system reaches full
load steady-state. This decline shows reduced energy
contribution, indicating less demand on the super
capacitor. Its dynamic role buffers power transients
and minimizes stress on the battery.

The battery current gradually rises from 0A to
around 14A during half-load operation. When torque
shifts to full load at one second, it increases to nearly
24A. This pattern reflects the battery’s role in provid-
ing continuous power to the motor. Unlike the super
capacitor, it supports steady-state operation rather
than short bursts. Together, they ensure balanced,
stable power delivery under varying load conditions.
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Fig. 15. Battery current profile in up-hill climbing scenario (proposed
HESS).

Fig. 16. Battery voltage profile during up-hill climbing scenario (pro-
posed HESS).

This work handled a stress starting current of about
300A which exceeded the 250A in [25].

Figs. 16 and 17 show the battery voltage and super
capacitor voltage. The system’s battery voltage de-
creases gradually from approximately 48.1V to about
47.78V over 2 seconds, reflecting discharging under
load, while the super capacitor voltage fluctuates
around 48V due to the switching control and energy
exchange dynamics between the battery and super
capacitor. The battery’s voltage drop indicates energy
being supplied to the BLDC motor at full-rated speed,
with the half-rated torque initially, before adjusting
to full torque. Meanwhile, the super capacitor voltage
shows rapid transient fluctuations owing to the six-
step HCC, ensuring efficient energy delivery while the
battery provides a stable supply voltage for the motor
operation at high speed.

Fig. 17. Super capacitor voltage variations during up-hill climbing
scenario (proposed HESS).

Fig. 18. Stator phase A current in up-hill climbing scenario (pro-
posed HESS).

Fig. 19. Battery state-of-charge during regenerative braking on
down-hill slope scenario (battery-only system).

Fig. 18 shows the stator current phase A The stator
phase A current stays relatively steady with minor
fluctuations, showing the controller’s effort to main-
tain torque and speed under varying load. As torque
demand rises, the current increases from around 28A
to 47A, reflecting the surge from the HESS, battery
and super capacitor combined. This response supports
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Fig. 20. Super capacitor state-of-charge during regenerative brak-
ing on down-hill slope scenario (proposed HESS).

acceleration and increased torque before the current
stabilizes with the new load. The coordination be-
tween energy sources ensures smooth operation at
rated speed. Overall, the current draw briefly ampli-
fies during transition and returns to a steady level for
stable performance.

4.2.3. Comparison scenario between super capacitor
and battery based on SOC in down-hill slope road

The comparison will be based on simulation of the
battery only system, and the HESS, both under the
same condition which is down-hill slope road (regen-
erative braking). It will be taken for speed and torque
based on constant negative load torque with constant
speed at the rated values. (TL = –23.35 N.m, speed
888 rpm).

Figs. 19 and 20 show battery SOC in battery only
system and super capacitor SOC in HESS.

In a battery-only system powering a BLDC motor,
the battery SOC shows a slight rise from 85% to
85.035%, due to regenerative braking. This gradual
increase reflects the battery’s inherent slow energy
receiving in storage.

When using a HESS with both battery and super
capacitor (where the super capacitor only gets the
regenerative energy by the energy management shar-
ing system, the super capacitor SOC rises sharply
from 97.6% to 98.45%. This indicates its primary
role in capturing short-term energy surges during
dynamic phases. The high SOC gain allows the su-
per capacitor to quickly absorb regenerative energy
during deceleration. Meanwhile, the battery SOC
stays mostly stable, supporting fair energy delivery
over time. This work got measured 24-fold improve-
ment in SOC recovery rate (0.85% vs. 0.035% in 2
seconds) substantially exceeds 8× improvement in
[4].

Fig. 21 shows up-hill climbing road–battery power
and super capacitor power.

During full-speed operation and a variable torque
from half rated to full rated value at second 1, bat-
tery power rises from 0 to about 650 W at second
1 and then rises to 1150W as torque transitions to
full-rated value, while the super capacitor initially
peaks to 1600W to handle transient loads before
stabilizing around 1200W. The HCC effectively co-
ordinates these rapid power exchanges, optimizing
energy delivery, easing battery stress, and sustaining
BLDC motor performance.

Fig. 21. Battery and super capacitor power contributions during up-hill climbing scenario (proposed HESS).
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5. Conclusion

This paper proposed a HESS for a lightweight EV
(e-Motorcycle) feeding a BLDC motor via three phase
inverter. A 2.5KW motor with a voltage of 48V
is selected. A super capacitor comprised of 16 se-
ries connected cells each of 3000F and 3V is added
to the storage system along with the bi-directional
converter. The sizing calculations were done and ca-
pacitance of the constructed super capacitor was 187
F. The simulation showed good results in shielding
the battery by super capacitor where the last absorbed
transient currents efficiently. The super capacitor
was used to capture the regenerative energy instead
of battery. The hybrid storage system achieved a
balanced power distribution. The super capacitor
handled startup demands and sudden load varia-
tions efficiently, protecting the battery from stress,
while the battery ensured stable energy supply during
steady operation. During regenerative braking, the
super capacitor captured energy quickly and effec-
tively, whereas the battery showed slower and less
significant recovery. This work got measured 24-fold
improvement in SOC recovery rate (0.85% vs. 0.035%
in 2 seconds), and provides quantitative validation.
It also handles stress starting current of about 300 A.
This performance makes the configuration a strong
candidate for lightweight electric vehicles, especially
in handing stresses in circumstances where battery
only system may not work well in it, and in protecting
battery from surges and heavy loads. Future research
should extend this work with detailed thermal anal-
ysis and more advanced control strategies to further
enhance reliability and lifespan.
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