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Abstract

This paper presents an advanced energy management system (EMS) for optimizing power
distribution in a battery/ultracapacitor (UC) hybrid energy storage system (HESS) for
electric vehicles (EVs). The proposed EMS accounts for all energy flow scenarios within a
practical driving cycle. A regenerative braking control strategy is developed to maximize
kinetic energy recovery using an induction motor, efficiently distributing the recovered
energy between the UC and battery. Additionally, a power flow management approach is
introduced for both motoring (discharge) and braking (charge) operations via bidirectional
buck-boost DC-DC converters. In discharge mode, an optimal distribution factor is dynami-
cally adjusted to balance power delivery between the battery and UC, maximizing efficiency.
During charging, a DC link voltage control mechanism prioritizes UC charging over the
battery, reducing stress and enhancing energy recovery efficiency. The proposed EMS is
validated through simulations and experiments, demonstrating significant improvements
in vehicle acceleration, energy efficiency, and battery lifespan.

Keywords: battery/ultracapacitor hybrid energy storage modules; regenerative braking
control; power flow distribution; current control mode; voltage control mode

1. Introduction
1.1. Related Works

Lithium-ion (Li-ion) batteries are the predominant energy storage solution for portable
electronic devices and electric vehicles (EVs). Modern Li-ion battery technology focuses on
balancing high cell voltage with other performance parameters, such as rate capability and
cycle life [1]. However, Li-ion batteries alone face challenges in handling high-peak-power
demands efficiently. Supercapacitors (5Cs), also known as ultracapacitors (UCs), exhibit
superior charge/discharge rate capability, making them suitable for compensating transient
high-power demands when battery power is insufficient.
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The combination of a battery and UC in a hybrid energy storage system (HESS) lever-
ages the complementary advantages of both storage technologies. In such a configuration,
UCs absorb rapid power fluctuations, thereby reducing stress on the battery and prolonging
its operational lifespan. When integrated into EVs, the HESS facilitates effective storage of
regenerative braking energy (RBE), which can be reused to enhance vehicle acceleration.
Additionally, a well-optimized HESS improves overall vehicle performance by offering high
energy density, long cycle life [2], and a significant reduction in system weight compared
to a battery-only energy storage system.

In EV and hybrid electric vehicle (HEV) applications, a battery pack (BP) combined
with an UC as a HESS provides superior power management and control flexibility com-
pared to conventional stand-alone battery designs [3]. Various studies have explored
different control methodologies for HESSs. For instance, a characterization method for UCs
was presented in [4], where a control strategy for DC-bus voltage and current regulation
in a BP/UC HESS was implemented using two buck-boost converters. An alternative
approach employing a UC-only energy storage system (ESS) was proposed in [5], where a
DC-DC converter was used to regulate power flow. Additionally, load-sharing strategies
between the battery and UC have been explored in [3-7]. However, achieving maximum
discharge efficiency in HESSs remains an area that has received limited research attention.

The economic viability of HESSs is particularly evident in municipal transportation
systems, such as city transit buses, where regenerative braking plays a crucial role in
improving energy efficiency [2,8,9]. Regenerative braking (RB) enables EVs and HEVs to
recover kinetic energy by employing an electric traction motor to generate negative torque,
converting kinetic energy into electrical energy that recharges the ESS [10]. However,
conventional battery technologies impose limitations on RB due to their relatively low
power density and charge acceptance rate. UCs, with their high specific power and
extended cycle life, offer a promising solution for efficiently storing and utilizing RBE [11].

Several studies have proposed advanced control algorithms for optimizing regen-
erative breaking. In [12-14], the braking process was categorized into dissipative and
regenerative modes. A slip speed control mechanism for induction motors (IMs) was
introduced in [13,14] to maximize energy recovery by operating the motor in the negative
slip region. Additionally, non-monotonic energy consumption behavior during battery
discharge was examined in [15], where SCs were utilized to compensate for rapid energy
fluctuations. Recent advancements in model predictive control (MPC) techniques have
further improved HESS performance. The authors in [16] proposed an MPC-based control
strategy for three-level bidirectional DC-DC converters in a DC microgrid, ensuring voltage
regulation and minimizing system current ripple. In [17], an MPC-based approach was
also introduced to optimize energy distribution in a HESS for EVs. A two-loop control
framework was implemented, consisting of an inner predictive current controller and an
outer voltage control loop, which efficiently allocated low-frequency power variations to
the battery while managing high-frequency power fluctuations using SCs.

Moreover, other recent studies emphasize the increasing complexity of distributed
energy systems, driven by the rise in residential PVs, electric vehicles (EVs), and the demand
for grid flexibility [18-21]. Additionally, in [22], an optimal distributed RES sizing strategy
is presented for hybrid low-voltage networks with EV integration. The work highlights
critical issues such as mismatched generation—-demand profiles, space constraints, and the
high cost of energy storage systems (ESSs). By employing fuzzy cognitive maps (FCMs),
the authors design a data-driven graph structure that correlates household demand, EV
charging behavior, and RES capacity. This approach enables a tailored PV sizing strategy
per household, achieving up to 40% energy cost reduction without the need for grid
expansion. In [23], autonomous PV-powered reverse osmosis (RO) desalination systems are
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examined for island applications. The authors evaluate multiple configurations using FCM-
based energy management, showing that systems combining PV, limited battery storage,
and water tanks offer a cost-effective and technically viable solution. The methodology
optimizes lifetime system performance while minimizing operational and capital costs
under autonomous operation, demonstrating that FCM-enabled EMSs lead to the lowest
power losses and overall cost.

On the other hand, Ref. [24] focuses on EV charging management in islanded low-
voltage microgrids. The proposed decentralized energy management system (EMS) is
built using a multi-agent framework integrating fuzzy logic and FCMs. This configuration
significantly improves system performance by reducing peak load by 17%, lowering load
variance by 29%, and increasing the mean number of chargeable EVs by 31%. The total
microgrid investment cost is reduced by 8.8% over 20 years, indicating the economic via-
bility of advanced EMS strategies. For EV propulsion systems, [25] offers a multi-criteria
analysis comparing brushless, induction, and synchronous reluctance motors in the context
of hybrid energy storage systems (HESSs). The analysis confirms that permanent magnet
and induction motors provide the best overall performance. However, synchronous reluc-
tance motors outperform in scenarios emphasizing HESS integration, regenerative braking
efficiency, and system response to varying load demands. Authors in Ref. [26] present
a case study on the energy consumption of an autonomous electric cargo robot under
field conditions. This contributes to the broader understanding of EV energy dynamics in
non-urban, application-specific contexts.

The reported studies support the growing need for intelligent and integrated energy
management strategies in electric vehicle (EV) systems, particularly those incorporating
hybrid energy storage systems (HESSs) with batteries and ultracapacitors. Prior research
has explored optimal renewable energy sizing, decentralized EV charging control, and
motor drive performance, but there remains a gap in managing real-time energy flow
during dynamic driving conditions. This work addresses that gap by developing an
advanced energy management system (EMS) tailored for battery/ultracapacitor HESS
in EVs. Unlike conventional strategies, the proposed EMS coordinates all energy flow
scenarios, including regenerative braking, motoring, and bidirectional power exchange
through DC-DC converters. By focusing on real-world driving cycles, this approach
enhances energy recovery, optimizes power distribution, and improves battery lifespan—
offering a practical, efficient solution for next-generation EVs.

1.2. Research Gap and Contribution

This study presents an advanced energy management system (EMS) for efficiently
integrating battery packs with ultracapacitors in electric vehicle (EV) applications. Previ-
ously, in [18], the authors made initial efforts to control the IM during braking instances.
Additionally, the negative power generated during braking was analyzed for its potential
use in charging both the battery and the ultracapacitor. However, further research and
improvements were necessary for realization. The key contributions of this paper are:

e  Updating the state of the art and related works concerning the research topic.

e Providing a more detailed analysis of power flow operational modes between the BP,
UC, and load.

e  Expanding experimental studies on IM braking at different speeds.

e  Experimentally integrating the BP and UC with a 4 kW static load.

e Analyzing the performance of the hybrid energy storage system under different
operational modes using experimental results.

e  Presenting detailed calculations of energy efficiency across various operational modes.
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In this paper, the proposed EMS accounts for various energy flow scenarios encoun-
tered during practical EV driving cycles.

1.  Regenerative Braking Control:

e A control strategy is developed for an induction motor to maximize kinetic
energy recovery during regenerative braking.

e  The braking energy is strategically distributed between the UC and battery to
enhance overall system efficiency.

2. Power Flow Management in HESS:

e  During motoring (discharge mode), an optimal power distribution strategy is
implemented, balancing power delivery between the battery and UC using a
distribution factor.

e  The distribution factor is dynamically adjusted to maximize system efficiency,
with UC discharge current actively controlled.

e During braking (charge mode), a DC link voltage control mechanism prioritizes
UC charging over the battery, improving energy recovery efficiency.

3. Theoretical, Simulation-based, and Experimental-based Validation:

The proposed EMS and control strategies are validated through simulations and exper-
iments to demonstrate improvements in vehicle performance, energy efficiency, and battery
lifespan. Experiments and simulations have been performed to prove the regenerative
braking control and power distribution between battery and UC.

The remainder of this paper is organized as follows: Section 2 provides a detailed
description of the system architecture and its various operational modes. Section 3 intro-
duces the proposed control strategy for the hybrid energy storage system, including the
estimation of the optimal power distribution factor between the battery and ultracapacitor,
as well as the regenerative braking control of the induction motor. Section 4 presents the
simulation results and experimental validation. Finally, Section 5 concludes the paper by
summarizing the key contributions and findings.

2. System Description and Operational Modes

The adopted system consists of a three-phase induction motor, a two-level three-
phase inverter, an ultracapacitor, a battery pack, and a DC link regulated by a DC-DC
chopper, as illustrated in Figure 1. The IM operates in both motoring and generating modes;
however, this paper focuses exclusively on the regenerative operation during braking
periods. The DC-DC chopper functions in both buck and boost modes, depending on the
vehicle’s driving cycle. The ultracapacitor and battery pack are connected to the DC bus
through a buck-boost converter, which facilitates energy exchange with the load. The
DC-DC converter, responsible for regulating current flow in the HESS, operates in two
modes—buck and boost—depending on load conditions and the direction of power flow,
as illustrated in Figure 1.

The operational modes discussed in this paper are as follows:

1.  Mode 1: Charging the UC from the battery at light loads (Path E1): During this
mode, the load is powered by the BP (Path E3), while the UC is charged. The chopper
operates in buck mode, with switch S2 turned ON.

2. Mode 2: Charging the UC from the load during regenerative braking (Path E2): In
this mode, the chopper remains in buck mode, with switch S2 ON, to store recovered
energy in the UC.

3. Mode 3: Simultaneous charging of the UC from both the BP and the load (Paths E1 and
E2). In Mode 3, the ultracapacitor is charged simultaneously from the regenerative
braking system and the battery pack. This mode is enabled only when the energy
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recovered from braking is insufficient to meet the UC charging demand. A dedicated
DC-DC converter allows supplementary power from the battery under controlled
conditions. The energy management system monitors braking intensity, battery
state-of-charge, and UC voltage to ensure safe operation, prevent overcharging, and
optimize power flow efficiency.

4. Mode 4: Power sharing at heavy loads: The load current is drawn from both the
battery (Path E3) and the UC (Path E4) through diode D2, following a load power
sharing strategy, which will be explained in the next section.

B EEEREES > I =
~ R A P —
P ye—) £ — | 2-level 3-ph
, dmio 8 Inverter IM
Battery
Y . Distribution Factor
Ni . verter Efficiency
Ryc
Nm . Motor Efficiency
Cuc P
: Motor Load Power

Ultracapacitor

Figure 1. Integration of BP and UC by DC-DC converter for IM drive.

In this system, the internal resistance of the BP is higher than that of UC. Therefore
power loss of the BP path is higher. Therefore, with no load or/and light loads, the UC is
charged by low current from the battery. At high load, the load current is drawn from both
the BP and UC using the gamma distribution technique.

3. Control Strategy for Hybrid Energy Storage System

The battery pack is integrated with the ultracapacitor via a DC-DC chopper, enabling
efficient energy exchange between the two storage components. The control methods
of the chopper are illustrated in Figure 2. The chopper’s control signals are generated
based on two primary modes of operation, buck mode and boost mode, which are selected
according to the system’s operational requirements and load conditions. In buck mode,
voltage control is applied to regulate the charging process of the UC, ensuring stable energy
transfer. In contrast, boost mode employs current control to efficiently discharge energy
from the UC to support the load. As shown in Figure 2, the appropriate control mode
is selected by a mode switch based on the rotor position and its directional movement,
optimizing energy utilization.
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Figure 2. Battery/ultracapacitor with control principle of buck-boost control.

The system operates in two distinct modes:

Motoring Operation—The system functions in boost mode, utilizing current con-
trol to manage energy discharge from the UC, supplementing the battery to power the
load efficiently.

Braking Operation—The system operates in buck mode, using voltage control to
regulate energy recovery during regenerative braking, prioritizing UC charging to enhance
system efficiency and prolong battery lifespan.

3.1. Motoring Operation (Boost Mode, Current Control, Discharge Mode)

During vehicle acceleration or cruising, the drive system operates in motoring mode.
In this state, the ultracapacitor voltage is boosted to match the threshold DC link voltage,
and both the UC and battery pack discharge to supply power to the load (mode 4). As
shown in Figure 2, when the load power demand and UC parameters are known, the
optimal power distribution ratio can be determined. Based on this ratio, the reference
current for the UC is estimated. The reference current is then directly compared with the
measured UC current using a proportional-integral (PI) controller, which generates the
duty cycle for the UC’s unidirectional DC-DC converter.

The control signals for the DC-DC converter are generated through a pulse-width
modulation (PWM) modulator. The boost mode of the DC-DC converter (i.e., discharging
mode) is activated under high-load conditions, where the load current is supplied by both
the BP and UC according to a predefined distribution factor, . To maximize discharge
efficiency, the optimal distribution factor is first derived. Given that the output power of
the induction motor is defined as P, the distribution factor is constrained within the range
0<y<1l

For a gamma distribution factor v and consumed load power P, the power that is
supplied from the battery to the load (E3 in Figure 1) is estimated as follows:
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P
P, = 7( : ) =Voly = (Vy — Rplp) I, 1)
i Um

where Vj, is the no-load battery voltage, R; is the internal resistance of the BP, I is the
load current drawn from the BP, and #; and #,, are efficiencies of the inverter and motor.
The current of the battery is positive for discharge and negative for charging. For a given
output-input power of the BP, the current and terminal voltage are easily determined by
solving quadratic equation of (1).

For charging, the solution is as follows:

“p
o \/Vb2 _4R”<m W)

I, = 2
b IR, )

For discharge, the solution is as follows:

P
o= \/Vl’2 A (m 17m>

Iy = i ®)

where V}, [, and R, are the no-load voltage of battery, battery current, internal resis-
tance of the battery, respectively; and 7; and 7, are the efficiencies of the inverter and
IM, respectively.

By the same way, the power exerted from UC to the load can be calculated as follows:

P
i Mm

Puc = (1 - 'Y) < ) = Vuc Iuc = ﬂch(Vuc - Rucluc)luc (4)

Then, UC current is expressed as follows:

. P
L = 2Ruc e, (UchVuc - \/th Vie = 4Ructjar(1=7) (’7i M ) ) , ©

where Vi, I, and Ry are open-circuit voltage, current, and an internal resistance of the

UC, respectively; and 7, is the efficiency of DC-DC converter.
The overall efficiency of the system at discharge mode could be given as follows:

p p

_ _ 6
T B ¥ P Vily + Ve Lnc ©)

Optimal distribution factor 7, at which the maximum discharge efficiency could be

achieved, is determined when gz = 0. It yields the following:
4Ruc77ch < 1 > + GV% — ﬂ?h VL%C
* m
¥ = ! 5 %
4(R,G+R ( )
(Re ucllch) i
Ruc*V2 .
where G = R 4V;C' After obtaining v using (7), the reference current of the UC is
b

obtained using (5). Then, the actual current is compared to the reference value of the
UC and the error is treated by a PI current controller to obtain the control signal of the
chopper via a PWM technique. This work focuses on optimizing instantaneous power
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distribution between energy sources during motoring operation. The control scheme
maximizes discharge efficiency using a real-time distribution factor and current control.
Although power balancing is the primary goal, the control transitions implicitly reflect time-
dependent energy flow. However, cumulative energy effects—such as SoC behavior over
extended cycles—are not explicitly modeled. Future work will address this by integrating
energy-based constraints and long-term SoC management strategies.

3.2. Braking Operation (Buck Mode, Voltage Control, Charging Operation)

The buck mode is utilized for the regenerative braking operation of the IM. As shown
in Figure 3, when the mode switch is set to braking mode the control system transitions
accordingly. In this mode, a proportional-integral (PI) controller regulates the DC link
voltage by generating the reference current for the UC. Once the reference current is
determined, the same control sequence as in the previous mode is followed, including
the generation of control signals via the modulator. Maximum power transfer point
methodology is used to determine the optimal reference current of the UC at braking
time (i.e., w, < wy). This subsection describes the dynamic behavior of the regenerative
braking system. A slip speed control technique is employed to adjust the synchronous
speed, enabling the IM to operate as a generator during braking.

IU-IC_ l
* £ *
@, | Reference Slip | @st — Iyc DC/DC .
speed —: Pl —( —> PI comverter UltraCapacitor
T w. | Slip controller |+ DC current controller
k sl
wy (k)

MPTP

Battery J_ 2 Level __( IM
pack T Inverter

B e U
wyi | |Reference] | + Toue | yf Compuatonof L&y b S| |
; speed | — —»| calculation reference states Toraue Control L S |i [abe 0,
limitation |@limited A — * Winod (27 Field- = orque L.oniro 4 dq [
| A * w, (k) A- y | L_increased Ldgs AU A i
- T,(k) dkf — ¢ Ak +2)
‘ T, (k) [ Load Torque Wy Field-limited q idqs (k +2) 3 I:S:I
ATE "] Estimator : A(k) T Ldgs
| o || Feld- d || Prediction & & Ll S
_\ r L) |+ | [ weakening \Z compensation JLe(R) | Thux < "
w, P oA \ & Estimator
: o, ~ A ‘
Torque limit table Voltage limitation

Speed control loop Torque control loop

Figure 3. Control system of IM in motoring and braking modes. The lower part was implemented by
the first author in [11,12].

The speed control strategy consists of two cascaded control loops:

1. Inner loop: Designed for torque control, implemented using a finite control set
model predictive control (FCS-MPC) approach with an optimal duration technique,
as previously adopted in [19,20].

2. Outer loop: Responsible for speed control, relying on an individual MPC cost function.

The speed and torque control loops are illustrated in Figure 3. In the following section,
an MPC-based method is applied to control the IM during braking events.
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Generation of Reference Torque T, for IM

The dynamic relationship linking the inner and outer control loops is expressed
as follows:

w = %(—Bwﬁ—pTg—pTL) (8)

where p, ], and B, are pole pairs, inertia, and the friction coefficient, respectively. The state
form in the time domain of the dynamic system is as follows:
pT

wr(k+1) = (1 - B?“’)cw(k) + 22 i - Elsery ©)

where w; (k) is the electrical speed and Ty is the sampling time of the speed loop. Due to
the discrete nature of digital control platforms, (9) is discretized by Euler approximation.
The discrete mechanical state space can be described as follows:

where x,,[k] = wy[k] is the state variable, u,,[k] is the input control variable, and the
disturbance term d,,, represents the load torque T} [k], assumed to be constant during the
speed sampling time. The matrices A;;, By, and E;; are defined as follows:

B Tsyw PTsw PTSW
-—V B, =+—,E;;, = —"——.
] " J " J

When the IM works as a motor, the reference torque T}, in this paper, is generated

Ap =1

by a separate MPC presented in [19,20] in terms of state error (x}, — xm), which refers to
speed error as follows:

J
p Tsw

T: — Bm TS?U

(0 Kn) = w16 + B2 s 1+ 221 7)
The steady-state error in speed is compensated by an integrator with a gain of K.
In this method, the load torque is estimated Tr using a Kalman filter [19]. The inner loop
for current control is implemented at the sampling time of T; whereas the outer loop is
performed at the sampling time of speed loop Ts;. The time T, is taken as five times Ts.
When the IM is controlled to stop or to decrease, a regenerative braking technique
is employed. In this case, the reference state x}, decreases, i.e., it becomes lower than the
current state x,,. Given that T [k] represents a passive load torque, while friction torque
acts as an active load, the reference torque T, during complete motor stop (xj,, = 0) is given

by the following:
By T. Tsw 4
T = p§ (<1+1<ms><—xm[k+1|k1)+ “"xm[k+1|k1—’°]5wmkl) (12)
sw

The negative reference torque T, < 0 from Equation (12) can also be directly gen-
erated through the braking pedal, which provides a negative torque signal to initiate
regenerative braking.

Reference Slip Speed w
11
In general, with the FOC of IM, the slip speed can be obtained as wq = ?zﬁ At
r tds
braking (w; < wy), the reference slip speed w}; = (w; — w;) becomes negative. Maximum

torque per ampere control could be achieved when i} = iz;. In this case, the slip speed
is set to w}; = —1/7,, where 7, is the rotor time constant (= R,/L;). This means that the
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synchronous speed is controlled to be below the rotor speed when the IM is braked. Thus,
the supply frequency is decreased in such a manner so as to operate the IM in the generating
region to achieve regeneration.

Reference Rotor Flux A"

As a result of decreasing the rotor speed, from the principle of the FOC of IM, the
reference rotor flux linkage A* can be determined by the following:

. 122 | TF _ IE
A= gﬁLr/Tr wf*—k)\ "’ (13)

sl sl

where k) = 4/ %%Lr / Tr. The rotor flux linkage becomes a positive value because both T;
and w;‘l have same sign.

Reference Current Components 7} gs

The reference stator current components could be calculated in terms of reference flux
and torque as follows:
. 1 . 22 L 1
12§S=E 5 1;s:§§ﬁ/\*7[k] c (14)
The reference torque of (12) is carried out in the outer loop whereas the slip speed
wy,, reference rotor flux A* (13), and the reference stator current components i} gs (14) are
implemented in the inner loop. When the slip speed increases, the IM works as a generator
to increase the voltage of the DC link above the normal value. The normal value of the DC
link voltage is 450 Vdc, which represents the rated operating level during steady motoring.
Values above this threshold indicate regenerative operation or overvoltage conditions that
trigger appropriate control responses. Then, referring to Figure 3, the voltage error into the
PI voltage controller becomes negative. This results in reversing the direction of the UC
current, i.e., from discharging into charging mode.

4. Results and Analysis
4.1. Integration of Battery—Ultracapacitor HESS

This section presents a preliminary stage in the development and control of the
UC/battery HESS before integrating the UC in parallel with the battery within an electric
vehicle. At this stage, the UC is connected in parallel with the battery via a buck-boost
DC-DC converter to regulate power flow. The control strategy is designed to maximize
energy transfer efficiency and is first validated through laboratory implementation with a
static load. An experimental test bench was established to validate the proposed strategy
outlined in Section 5. The schematic diagram of the test setup and photos of all of the
equipment are illustrated in Figure 4. It consists of a lithium BP with its BMS and automatic
charger, a specified UC module, a buck-boost DC-DC converter, and a static resistive
load bank.

In the experimental setup, the UC, serving as an auxiliary energy storage unit, is
integrated into the inverter’s DC link through a DC-DC converter. The ultracapacitor
model “LS Mtron LSUM 086R4C 0093F EA” [21] is employed to support energy sharing
with the load. The UC module is tested under both charging and discharging conditions,
ensuring optimal power distribution. The detailed specifications of the UC module are
listed in Table 1. The UC and lithium BP are coupled to the DC bus via a buck-boost
converter, facilitating bidirectional energy exchange between the UC, BP, and load to
enhance system performance.
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Figure 4. Experiment set of battery /ultracapacitor charge/discharge tests: (a) schematic diagram,
and (b) photo of setup.

Table 1. Specifications of LS Mtron LSUM 086R4C 0093F EA.

Specification [unit] Value Specification [unit] Value
Rated voltage [V] 86.4 Maximum current [A] 80
Capacitance [F] 93 Max. stored energy [Wh/kg] 3.7
Resistance [ mQ))] 11.3 Weight [kg] 26

4.2. Relationship Between Distribution Factor, Efficiency, and Load Power

This section analyzes the relationship between overall discharge efficiency, the gamma
distribution factor (y), and load power (P). As derived in (7), the optimal duty that maxi-
mizes efficiency is dependent on the load power. Simulation results, illustrated in Figure 5,
depict the variation of " at different power levels. The maximum efficiency is achieved at
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'f = 0.85,0.45, and 0.25 for load power values of 5 kW, 10 kW, and 20 kW, respectively. It
is evident that 7" decreases as P increases. These findings suggest that, for higher loads,
the ultracapacitor should play a more significant role in power distribution to optimize
efficiency and enhance system performance.

0.95

0.9

o
I
3

Efficiency

o
®

0.75

0.7

0 0.2 0.4 0.6 0.8 1
Gamma distribution ratio v*

Figure 5. Discharge efficiency and gamma distribution factor.

4.3. Experimental Validation of Slip Control of IM for Regenerative Braking

In this stage, the proposed regenerative braking technique for the induction mo-
tor is experimentally validated. The experimental setup consists of a three-phase IM, a
three-phase voltage source inverter, and an associated control system implemented on a
TMS320F28335 Digital Signal Processor (DSP). The regenerative braking control strategy is
executed using a slip speed control technique based on finite control set model predictive
control. This approach enables precise control of the IM during braking, ensuring optimal
energy recovery and system efficiency. Experimental tests were conducted to validate the
slip control strategy of the IM and to quantify the amount of energy recovered during
braking. The IM parameters used in the experiments are listed in Table 2.

Table 2. Induction motor parameters.

Quantity Symbol Value
DC-bus volt [V] Ve 450
Number of Poles p 4

Rated voltage [V] Y/A 220/380
Rated current [A] 14.2/8.2
Stator Resistance [()] Rs 1.77
Rotor Resistance [()] R, 1.275
Stator Inductance [H] L 0.157
Rotor Inductance [H] L, 0.158
Mutual Inductance [H] Ly 0.15
Inertia coefficient [Kg~m2] ] 0.00006
Rated Motor Speed [rpm|] N 1740
Rated Power [kW] Py 3.7

Initially, the motor operates at no load and runs at its rated speed of 1740 rpm to
assess the effectiveness of the braking control. At time t = 0, the speed reference is set to
zero, as depicted in Figure 6. During this transition, the motor speed decreases rapidly,
while the phase-current increases, generating a reverse magnetomotive force that enables
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operation in generation mode. As a result, the developed torque becomes negative, leading
to negative generated power. Additionally, the DC-bus voltage rises above 450 V, indicating
surplus energy available for storage. This excess energy can be efficiently utilized to charge
the ultracapacitor through the proposed control technique.

2000

1500
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Torgue(Nm)
k

—1000

—-2000

—3000

0 2 4 6 8 10 12 14 16
Time(s)

(b)
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-20
0 2 4 6 8 10 12 14 16

Time(s)
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Figure 6. Experimental results (plotted in Matlab) of braking test of IM when it runs at 1740 rpm:
(a) motor speed, (b) developed torque and motor power, (c) DC voltage and phase current.
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The experimental results in Figure 7 illustrate the performance of the IM operating in
motoring mode at speeds of 600 rpm and 1200 rpm, respectively. After reaching a steady
state, the IM transitions to the braking control mode. The results demonstrate the amount
of energy that can be recovered and returned to the supply.
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’ Fi mebase_ 003 Tioger @Y
N0Vidv) — 500A/vf  1.00Vid)  100Vid] 200 VA Rl 200sfdv|Stop 0V
000Vofd)  OmAoffset]  0.0mVofst|  0.0mVofstf udlisldi S00kS  25kSls|Edge Positve
(a)
e e e S

- + . + + |- — — ‘ "
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(b)

Figure 7. Experimental results at braking test of IM from top to bottom: DC link voltage, phase
current, motor speed, developed torque, and motor power when machine runs at: (a) 600 rpm and
(b) 1200 rpm.
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In this particular experiment a braking resistor is used to dissipate the regenerated
energy. However, in the subsequent simulation results, we demonstrate how this recovered
energy can be harnessed for fast charging the ultracapacitor instead of the battery pack,
enhancing overall system efficiency.

The capacity of each component was determined based on a combination of laboratory
testing, manufacturer specifications, and practical performance requirements related to the
electric motor and drive system. The detailed process is as follows:

1.  Induction Motor (IM):
The capacity of the induction motor was selected based on its compatibility with
experimental speed and torque control studies. The motor parameters are listed in Table 2.

2. Battery Pack (BP):

The battery capacity was selected to ensure continuous operation of the motor under
load and during regeneration.

The battery pack was assembled using a 32s4p LiFePOjy cell configuration, providing
a total voltage of 100 V and a capacity of 40 Ah, as listed in Table 3. The system supports a
maximum charge current of 18 A via the onboard charger.

Table 3. Battery pack configuration and specifications for the LiFePO4-based HESS used in the

proposed EV system.
Parameter Specification
Configuration 32s4p LiFePOy cells
Cell Voltage/Capacity 3.2V/10 Ah
Total Pack Voltage 100 V
Total Pack Capacity 40 Ah
Total Energy 4.0 kWh
Max Charge Current 18 A (via onboard charger)

This configuration was determined based on motor energy requirements, braking
regeneration energy, and average power demands during acceleration and cruising, as
evaluated in practical experiments.

3. Ultracapacitor (UC) Module:

The UC was added to support the battery under high transient loads and regenerative
braking. The sizing has been determined to provide fast charge/discharge capability while
maintaining voltage stability at the DC link. The specifications of the selected UC have
been listed in Table 4.

Table 4. Specifications of the selected UC module used for transient load support and regenerative
braking in the HESS.

Parameter Specification

Model LS Mtron LSUM 086R4C 0093F EA
Rated Voltage 86.4V

Capacitance 93 F

Maximum Current 80 A

Internal Resistance 11.3 mQ)

This module was selected to match the power demands of high dynamic events (e.g.,
quick acceleration or braking), based on simulation and experimental validations of the
energy/power balance.
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4. DC Link Capacitor:

A 4700 pF capacitor was used at the DC link to buffer the voltage variations during
power transitions between the motor, UC, and BP. This value was chosen based on typical
practice and transient simulation results ensuring minimal voltage ripple at 450 Vdc.

5.  Power Electronics (DC-DC Converters):

Bidirectional buck-boost DC-DC converters were designed to interface the UC and
BP with the 450 V DC link. The design specifications were based on the maximum power
transfer expected during load/generation cycles.

In summary, the sizing process combined practical testing in the lab, matching load
requirements of the IM, energy and power characteristics of the BP and UC, and ensuring
voltage compatibility at the DC link. Where applicable, manufacturer datasheets and EV
application best practices were also used.

4.4. Performance Assessment of HESS with a Static Load
Efficiency of Charge/Discharge in HESS

In the first experimental setup, the UC is connected in parallel with the BP viaa DC/DC
converter to supply a static load, as depicted in Figure 4. A 4 kW resistive load is used
to evaluate the charge and discharge efficiency of the HESS. The energy flow efficiency is
experimentally measured for both the battery and UC under different operating conditions.
When the battery alone is used to power the load, the overall efficiency is observed to be
0.95 at low currents and 0.80 at very high currents. The efficiency reduction at high currents
is attributed to internal resistance losses within the battery. With the integration of the UC,
the efficiency of charging from the battery and discharging to the load is determined as
2 x (0.96 x 0.95) x 100 = 83%. This result demonstrates that at high current flow, the UC
significantly enhances the energy transfer efficiency by mitigating the internal resistance
effects of the battery.

Charging of Ultracapacitor from Battery (Path E1)

The experimental results for ultracapacitor charging from the battery pack are shown
in Figure 8. In this operating mode, the BP supplies 10 A at 100 V, delivering 1 kW to
charge the UC. Initially, the UC draws a high current, which gradually decreases to a
steady-state current of 10 A, while the UC voltage increases progressively to 60 V. The
total energy exported from the battery is measured as 139 kJ, while the energy stored in
the UC through the DC-DC converter (path E1 in Figure 1) is found to be 121 kJ. The total
energy extracted from the battery, including losses, is 142.359 k], with a battery power loss

of 3.359 kJ. Thus, the efficiency of the DC-DC converter during UC charging is calculated

121
as e, = 139 = 0.87. This result confirms that the DC-DC converter operates with an 87%

efficiency during UC charging, highlighting its effectiveness in energy transfer.

Discharging of Battery to Load (Path 3)

Figure 9 presents the experimental results when the battery supplies 40 A to the same
static load. The battery voltage is 100 V, while the ultracapacitor voltage remains low at 20 V.
Consequently, the 4 kW load power is entirely supplied by the battery. The power loss due
to the battery’s internal resistance, as calculated by the BMS, is 17.55 kJ. The total energy sup-
plied by the battery is 236.55 k], which matches the load energy over the same time period.
The system efficiency is determined as 7 = 219000/ (219000 + 17550.83) x 100 = 92.58%.
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Figure 8. Experimental results when UC is charged from battery, from top to bottom: UC and battery
currents [10 A/div], battery and UC voltages [50 V/div], UC power [1 kW /div] and energy, and
battery power [1 kW /div].
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Figure 9. Experimental results when static load is supplied from battery only, from top to bottom:
load and battery currents [20 A /div], battery and UC voltages [50 V/div], load power [2 kW /div]
and energy [200 k] /div], and battery power [2 kW /div] and energy [200 k] /div].
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Discharging of BP and UC to Load (Path 3 + Path 4)

Figure 10 presents the experimental results when both the battery and the ultracapaci-
tor supply power to the load. The total load current of 40 A is shared equally, with 20 A
drawn from the battery and 20 A from the UC at a DC link voltage of approximately 100 V.
Meanwhile, the UC supplies 33.33 A at 65 V at its terminals. The total discharge of energy
delivered to the load is 200 kJ. The power loss due to the battery’s internal resistance is
3.256 kJ. The battery supplies 98 k] of discharge energy to the load, while its total energy
expenditure is 101.256 kJ. The UC receives 121 k] of energy and delivers 102 k] to the load.
Considering that 142.359 kJ could be transferred from the battery to charge the UC, the total
discharge efficiency is calculated as 7 = (200/(102 + 101.256)) x 100 = 98.5%. Compared to
the case where the battery alone supplies the load, utilizing the UC improves discharge
efficiency, thereby enhancing energy savings in frequent discharge operations.
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Figure 10. Experimental results when UC and battery are discharged to static load, from top to
bottom: load and battery currents [20 A/div], battery and UC voltages [50 V/div], load power
[2 kW/div] and energy [200 k] /div], and battery power [2 kW /div] and energy [200 kJ/div].

4.5. Dynamic Performance with Regenerative Braking

This subsection presents simulation results demonstrating the effectiveness of the
proposed control schemes for the buck—boost chopper during both the regenerative braking
and discharging modes of the adopted system. The results are obtained under rated load
conditions of 20 Nm and a speed of 1740 rpm, as shown in Figure 11. Regenerative braking
is initiated at t = 2.9 s, where the control strategy ensures that the motor speed closely
follows the command speed during both acceleration and deceleration, exhibiting good
dynamic performance.
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Figure 11. Speed response of IM.

Corresponding to the speed response in Figure 11, the electromagnetic torque and its

reference torque are illustrated in Figure 12. During acceleration, the torque is limited to
25 Nm, after which a full load of 20 Nm is maintained at the rated speed of 1740 rpm. When
regenerative braking is applied, a negative torque of 20 Nm is developed. Att=2.95s, the

torque exhibits an irregular shape due to the transition of the IM operating point from the

flux-limited region to the flux-increased region [18,19].
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Figure 12. Electromagnetic torque of the adopted IM.
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The corresponding BP and UC currents during both motoring (discharging) and
braking (regenerative) modes are shown in Figure 13. During braking the reversed current
flows entirely through the UC. In motoring mode the UC supplies 10 A at 70 V, while the
battery provides 8 A at 450 V.
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Figure 13. Battery and ultracapacitor currents.

Figure 14 presents the input and output power of the IM, as well as the power contri-
butions from the battery and UC. It is evident that the regenerated power is stored in the
UC. At steady-state operation the UC delivers 0.8 kW, while the battery supplies 3.7 kW.
The IM draws 4.5 kW from the inverter but delivers 3.7 kW to the load. During braking the
battery is not charged, whereas the UC absorbs more than 1.0 kW of regenerative power.

Finally, Figure 15 illustrates the voltage profiles of the battery and UC. With the hybrid
energy storage system (HESS), the battery and DC link voltages are effectively maintained
at 450 V, while the UC voltage remains at 70 V.

To validate the energy storage feasibility of the proposed system, a complete round-trip
efficiency analysis was conducted. The lithium-ion battery showed an average round-trip
efficiency of approximately 92%, tested under a 1C rate and 25 °C ambient temperature.
In contrast, the UC system combined with the bidirectional DC-DC converter exhibited
a round-trip efficiency of about 74%, due to converter losses during both charging and
discharging phases. These results support the control strategy, which leverages the battery
for sustained energy supply and prioritizes the UC for fast transients.
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Figure 15. Battery and ultracapacitor voltage.

5. Conclusions

This paper presented a successful control method for regulating the speed of an induc-
tion motor during both running and braking operations. Experimental results demonstrate
that the proposed control strategy effectively enables the IM to regenerate power to its
DC link bus during braking. This regenerated energy is efficiently utilized to charge the
ultracapacitor, enhancing overall system efficiency. A control strategy for the coordinated
discharging of both the UC and the battery was also introduced, showing that power flow
efficiency can be improved by optimizing the distribution factor.
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Preliminary experimental results confirm the successful integration of the UC with
the battery in the laboratory, validating the proposed energy distribution method. The
findings highlight that using a UC in parallel with the battery increases system efficiency,
particularly in regenerative braking scenarios. Future research will focus on optimizing the
efficiency of the hybrid UC/battery-powered hybrid energy storage system and integrating
it into electric vehicles.

Key findings include the following:

e  The proposed control technique efficiently utilizes excess energy to charge the UC.

e  For higher load demands the UC plays a crucial role in power distribution, optimizing
efficiency and system performance.

e The DC-DC converter achieves 87% efficiency during UC charging, demonstrating
effective energy transfer.

e Compared to a battery-only configuration (82%), incorporating a UC improves dis-
charge efficiency (92%) and enhances energy savings in frequent discharge operations.

In this paper, a supercapacitor (UC)-based energy storage system integrated with
a bidirectional DC-DC converter has been designed, implemented, and evaluated. The
system was developed to assess the charging and discharging behavior of the UC under
various load conditions. The converter’s efficiency is measured during both charging
and discharging phases and compared to the overall system performance with that of a
conventional lithium-ion battery. Experimental results were used to analyze energy transfer
efficiency, evaluate the converter’s dynamic response, and discuss the feasibility of using
UCs in real-world energy applications. The complete energy efficiency analysis confirms
that the lithium-ion battery subsystem is more efficient than the UC-based system in terms
of energy storage. However, the UC still plays a critical role in handling dynamic load
demands due to its fast response, justifying the hybrid configuration.
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