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Abstract This paper presents control of hybrid energy storage system for elec-
tric vehicle using battery and ultracapacitor for effective power and energy
support for an urban drive cycle. The mathematical vehicle model is developed
in MATLAB/Simulink to obtain the tractive power and energy requirement for the
urban drive cycle. This HESS system is implemented with a dual bidirectional DC-
DC converter configuration with their individual control to integrate the battery and
UC across a common DC link. A rule-based energy management strategy is formu-
lated for sharing of the tractive power demand between the two sources by main-
taining State of Charges within a desired limit. Experiments were carried out under
various test conditions and the results were presented. A significant reduction in
battery stress, especially during acceleration and sudden braking is observed due to
the pulse power support from ultracapacitor.

Keywords Battery · Ultracapacitor · Hybrid energy storage system · Power split
control · Energy management system

1 Introduction

The automotive industry is changing lanes toward electric vehicle (EV) and reshaping
the transportation sector with zero-emission vehicles. The market share of EV is
expected to cross 30% by 2030 [1]. Energy storage system (ESS) of EV is attracting
considerable interest of researcher and industry. Of late, diverse research efforts on
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various topics of ESS are proliferating, which includes State of Charge (SoC) estima-
tion, cell balancing and effective charging technique, etc. Energy sources provided
in an EV have limitations due to cost and size. Currently, Lithium ion battery is the
standard ESS in EV because of their high energy density and long life compared to
other available storages [2–4]. However, the life span of battery mainly associated
with the charging profile and frequent charging/discharging of battery has adverse
impact on battery health. Moreover, when the battery is to provide the pulse power
requirement which is very common in EVs during acceleration and to receive large
powers during sudden braking are something which deteriorate the battery life in
EVs. High energy density for sources would result in longer range while high power
density defines a quick release of power, i.e., during acceleration, hill climbing, etc.
Batteries which when discharged at high C rates to cater the inrush currents of elec-
tric motors can result in premature failure of the battery. Still, there is not a single
source available with the dual requirement of high power and energy density char-
acteristics [5, 6]. At the same time, source like ultracapacitor (UC) has a potential
to handle the high current quite comfortably because of its high power density [2].
Majority of vehicle, ESS is designed for the power rather than energy with a power
to energy ratio of 8:1 [7]. As on today, selection of the energy storage for EV is
a compromise between energy and power density. Current technology provides the
high power density battery, but at the cost of oversizing.

Oneof the promising solutions ofmeeting the power and energydemand is through
hybrid energy storage system (HESS) with multiple sources. HESS has many vari-
ants, but all of them target to have interplay between power-efficient devices (quick
response) with energy-efficient devices (slow response). Modern HESS is aimed to
get increased capacity, quick charging/discharging capability, long life and low cost.
For automotive applications, recent studies suggest thatUCandBattery hybridization
shows the significant improvement on the vehicle range [2, 6].

This paper proposes an EV power train with more viable energy storage system to
meet the power requirement by using multiple sources. Besides high power density,
UC has very low internal resistance so they are able to supply and absorb the
peak/surge power quickly.

The aimof thiswork is to develop and control aHESS and validate its performance
in a typical EV power requirement. The paper is segmented into three sections; with
Sect. 1 briefing the overview of HESS and a review to identify a suitable topology for
hybridization of battery and UC. Second section briefs the tractive power estimation
with EVmodel and energy management technique for power sharing. Inferences and
conclusion on the performance of the proposed HESS and its control are detailed in
the final section.

2 Converter Configuration for HESS and Control

The literature reviews on HESS suggest several topologies [2, 6, 8] with multiple
input ports to accommodate multiple energy sources. All these topologies share a
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common feature to combine a fast responding device like UC along with a slow
responding source like battery and can be connected with or without converter. The
passive topology presented in Fig. 1a is simple because of the absence of power
electronics and control, at the same time a major setback is its limited control on
the SoC of battery as well the UC. A generic suggestion presented in the literature
to improve the control capability of multiple sources is by inclusion of suitable
DC-DC converter(s) [2, 6]. A semi-active topology is one with one of the source
interfaced through converter while the other is directly connected. Figure 1b depicts
such a topology where battery is interfaced to DC bus via DC-DC converter while
ultracapacitor is directly connected and vice versa in Fig. 1c.

These DC-DC converters help smoothen the battery current and hence reduce
the stress on battery. The position of UC in Fig. 1b gives the inherent capability
for this topology to provide the current spike during rapid acceleration. Simulta-
neously, the battery is decoupled from DC bus which prevents the high fluctuating
charge/discharge currents to be handled by the battery. The limitation of this topology
is that DC bus may be open to large variation due to direct connection of UC, which
may burden the motor control. Yet another semi-active topology can be obtained
by swapping the position of battery and UC as presented in Fig. 1c. But the short-
coming of this topology is serious as the battery is exposed to sharp variations on
the motor side which may affect battery life. Usages of two DC-DC converters solve
the problem of voltage matching between multiple sources. However, such cascaded
topology suffers from reduced overall powertrain efficiency, because of the increased
number of cascaded converters [8].

This paper proposes an active parallel converter configuration for better control-
lability as well as reliability over existing configurations. Enhanced control over the
current delivered can be accomplished by independent converters for each source.
The dual converter-based HESS selected for the proposed study is presented in
Fig. 2, which uses two bidirectional converters for bidirectional power to flow for
both sources. This provides the flexibility in control during both the propulsion and

Fig. 1 a Passive parallel topology [2], b battery-UC active topology [6], c UC-battery active
topology [6], d UC-battery cascade active topology [8]
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Fig. 2 Dual converter-based HESS with battery and UC

regeneration. Such regeneration is much talked in the literature to recuperate power
during braking in the modern EVs. Usage of two separate converters increases the
control complexity. However, it allows the use of low battery voltage, which eases
the strict cell balancing requirements unlike high voltage batteries [6]. In addition,
the use of two bidirectional converter allows independent control of both battery and
ultracapacitor at its fullest range.

3 System Description

The proposed HESS is presented in Fig. 3 which contains various modules including,
converters and their controllers, the electric motor, the vehicle model, etc. A coor-
dinated control of converters based on an energy management strategy (EMS) is
proposed here.

EMS is an essential part of control of the overall system as the power demand
is imposed by the vehicle drive cycle, whereas the power delivered by each source
has to be controlled as constrained by their discharge capabilities. Furthermore, the
motor is also to be controlled to meet the speed references as demanded by the driver
command. Such a dual requirement of motor control and source control need a clear
energy management considering all the setpoints as well as the constraints. Thus, in
the presentHESSanEMS is proposedutilizing the drive cycle informationof a typical
EV along with battery current limit control. These aforementioned requirements of
the motor drive system with multiple energy sources of Fig. 3 are provided with
three essential controllers and converters. Each source is connected to the common
DC link through dedicated bidirectional converters with their respective controllers.
The rule-based EMS is programmed to generate the reference for these two control
loops. Another DC-DC converter is provided for the motor with a separate speed
controller to track the drive cycle dictated reference speed.



Hybrid Energy Storage System for Electric … 1207

Fig. 3 Complete hybrid energy storage system with its control

3.1 Energy Management in HESS

As mentioned earlier, the EMS is the vital part of HESS, which decides the amount
of power each source has to supply in order to meet the total tractive demand. A wide
range of EMS were found in the literature which are broadly categorized into two
groups, rule based [5] and optimization based [5].

The energy management control in the proposed work is implemented through
distribution of power between battery and UCwith a power ramp limiting technique.
Higher rate of change of power is restricted from the battery considering its low
power density. The Power ramp limiting approach is formulated as a rule-based
method in the proposedwork. The rule based is developedwith the predefined battery
parameters, viz. the C-Rating, Battery Capacity so as to reduce the battery stress.

Rule-Based EMS:

• The rate of power drawn from battery is restricted to 1500 W/s till UC SoC
is ≥40%

• When UC SoC is <40% battery power rate is increased to 3000 W/s (to prevent
the UC out of charge).
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Fig. 4 Energy management strategy

Once the power ramp limitation is entrusted on the battery controller, now the peak
power will be delivered by the UC pack through yet another dedicated controller. In
conclusion, this energy management technique will ensure that the UC supplies tran-
sient variation of the current and Battery supply the steady-state current. A pictorial
representation of the power sharing with a controlled ramp rate is presented in Fig. 4.

However, an accurate value for power ramp threshold has to be defined for the
battery controller. If this threshold is chosen as higher value, a rapid battery capacity
reduction will occur due to high ramp discharge currents, while a smaller threshold
value will make the UC run out of charge often. The power balance equation for the
hybrid system is expressed as,

PDemand = PB + PUC (1)

where PDemand is tractive power, PB is battery power and PUC is UC power.
In the proposed work, the threshold is dynamically varied according to the SoC

of UC. When UC SoC is <40%, then the threshold will be increased to keep the UC
voltage and SoC within the limit, as they are linearly related [9].

3.2 Electric Vehicle Model for Tractive Power Estimation

A vehicle dynamics model is created in MATLAB, to estimate the required tractive
power and energy from a standard drive cycle obtained from the United States Envi-
ronmental Protection Agency [10], representing a typical city driving conditions.
The vehicle dynamic model used in the present work considered the influence of
several forces on a vehicle like rolling resistance, aerodynamic drag, etc. For the
sake of simplicity, road gradient is not taken into account.

The drive cycle serves as the speed profile input to the vehicle model. For the
present analysis, an Urban Dynamometer Driving Schedule (UDDS) is chosen.
Although the complete drive cycle duration is 1369 s, a portion is selected from
160 to 320 s for the intended simulation studies. This time curtailment is as imposed
by the simulation time limitations. The segment considered for the study is also
shown in a magnified scale in Fig. 5. The drive cycle segment is so chosen as to
include all the possible operating modes of a typical EV ranging from acceleration
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Fig. 5 UDDS drive cycle

to braking and constant speed region. The mathematical vehicle model is developed
by calculating the values of the forces acting on amoving vehicle and the step-by-step
model development is presented using all the force equations.

Aerodynamics drag is the force of wind resistance opposite to the vehicle
movement. It is basically the energy lost in order to counteract the air drag. The
aerodynamic drag equation expressing the drag force, Fdrag is,

Fdrag = 1

2
ρCDAFV

2 (2)

The rolling resistance,Froll, of anymoving vehicle is the resistance occurredwhen
wheels rotate on the road surface and is calculated as,

Froll = MgC0 (3)

The vehicle acceleration force, Facceleration, is calculated as,

Faccelration = M
dv

dt
(4)
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Table 1 Vehicle parameters
for tractive power

Parameters Symbol Value Unit

Kerb weight +
passenger load

M 930 + 320 (max) kg

Rolling resistance
coefficient

C0 0.013 –

Aerodynamic
drag coefficient

CD 0.48 –

Frontal area AF 2.5 m2

Velocity V 25.35 (max) m/s2

Air density ρ 1.205 kg/m3

Gravitational
acceleration

G 9.807 m/s2

Thus, the total tractive force, F tractive, can be calculated as,

Ftractive = Fdrag + Froll + Faccelaration (5)

And finally the tractive power requirement of the vehicle is calculated by
multiplying the tractive force with the speed at which the vehicle is expected to
operate,

Tractive Power = Ftractive × Speed (6)

The vehicle parameters used for tractive power calculation in the present work
are shown in Table 1.

The complete vehicle model is developed in MATLAB/Simulink platform
utilizing the equations from (2) to (6). The sizing of energy storage system is done
according to the vehicle dynamic model and UDDS Cycle [11]. The tractive power
as calculated using Eq. (6) is integrated with respect to time to obtain the required
energy support for the vehicle, expressed as

E =
t∫

0

P(t) dt (7)

So, a particular driving range has to be considered for the system verification and
in the present work it is taken as 120 km. The drive cycle of Fig. 5 is repeated for 10
times to obtain the desired range of 120 km. Energy required for the 120 km range
for the vehicle considered is arrived as 10.24 kWh. A 48 V battery with 213 Ah is
selected with a 113 F ultracapacitor.

Two independent control loops are provided one each for two bidirectional DC-
DC converters connecting each source to the common DC link. The generic control
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loop for controlling bidirectional converters is presented in Fig. 3. From the respec-
tive power references, a reference current is manipulated with the help of battery/UC
voltage information. This reference current is comparedwith the actual current deliv-
ered by the battery/UC to result an error which is further compensated using a PI
controller. The loop ends with a PWM generation signal at the selected switching
frequency of the converter, utilizing the compensated error. The compensator gains
are so selected to reduce the steady-state tracking error of the system.

4 Performance Characterization

The entire system of Fig. 3 with various subsystem specifications of Tables 1 and 2
is implemented in MATLAB/Simulink. The motor control block is not part of the
present simulation study as the scope of this work is to realize the operation of power
sharing by hybrid sources as dictated by a typical drive cycle.

The system is tested under various example drive cycles and the salient results
are presented in Figs. 6 and 7. The drive cycle of Fig. 6a is converted as the tractive
power reference of the system and shown in Fig. 6b. The total power delivered by
both the sources is also presented in Fig. 6b whereas the individual powers delivered
by the two sources are shown in Fig. 6c. Time correlation between Figs. 6b, c makes
it evident that the higher rate of change of power is supported by UC while battery
is witnessed to supply only the steady power demand.

For instance, at 36 s load profile demands a total tractive power of 29.93 kW and
UC is observed to deliver 20.34 kW while the battery delivers 8.63 kW which is
the total minus the UC power. It is observed that the total power delivered by the
two sources of Fig. 6b closely follows the tractive power reference of Fig. 6b, which
proves the effectiveness of the proposed EMS and the accuracy of the converter
control loops. Further at 118 s tractive load demand is found to be 26.94 kW and the
UC is found to supply only 2.18 kW, while the battery contributes a major share of
24.76 kW power as seen from Fig. 6a–c. The reason being ascertained from Fig. 7a
as the low SoC of UC at the given instant, this once again proves the merit of the
proposed EMS. The SoC of UC is restricted at 40%, as developed in the rule base
of EMS by increasing the battery drawal limit. EMS is designed in such a way that
regeneration power at all possible times will be dumped into UC, this evident from
Fig. 6c by observing the deceleration periods. This can be reduced the frequent
charging of the battery. Conversely, the battery is charged with regenerative power

Table 2 Electrical parameters of HESS

Battery Ultracapacitor Miscellaneous

Energy 10.24 kWh Rated capacitance 113 F Inductor 10 mH

Voltage 48 V Rated voltage 62 V Drive cycle UDDS

Capacity 213 Ah ESR 2.1 m�
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Fig. 6 a Drive cycle b tractive power requirement and total power delivered by the HESS c power
delivered by the individual sources

in the proximity of 150 s as the UC SoC is close to 80% as seen in Fig. 7a. The actual
load current is supplied by the combined support of battery and UC, battery stress is
greatly reduced as sharp variations in load current are supplied by the fast dynamics
of UC. The battery quantities are presented in Fig. 7d–f, wherein a rise in SoC can
be observed after 150 s owing to the declining drive cycle resulting regeneration.

The sharp variation is UC SoC fortifies that only pulse power has been supplied
by UC as seen from Fig. 7a. Power limiting technique is found effective in preventing
the transient current drawn from battery under all the operating conditions. It also
ensures the sharp regeneration power being pushed into UC during braking. The
faster rate of change of UC SoC indicates its higher utilization as a result of the
effective EMS and control. Furthermore, the battery and UC currents are in good
compliance with their respective reference current trajectories.
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Fig. 7 a UC SOC b UC current c UC voltage d battery SOC e battery current f battery voltage

5 Conclusion

Hybrid energy storage system to fulfill the power and energy needs of an EV is
addressed through a rule-based EMS. Such energy management strategy has found
effective in reducing the stress on the battery andprovide extendedperiod of operation
and cycle life. The simulation results can be considered as a proof of concept for
promoting hybridization of high energy batteries with high power UC for the future
electric vehicles. A major concern of allowing the transient regenerative power if
when recuperated and sent to the battery exhibits a major concern on its cycle life
can now be resolved by this potential solution of dumping it into UC. In conclusion,
the drive range extension is a much-awaited feature in a pure electric vehicle which
is not too far with such hybrid energy storage systems.
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