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Abstract—The goal of this paper is to control a fully active
hybrid energy storage System (HESS) with a battery and super
capacitor (SC) by introducing an uniform higher order sliding
mode control. The system parameters to be tracked are the
battery and SC current. To track the reference values of battery
and SC currents, an uniform continuous higher order sliding
mode controller (UCHOSMC) is applied which is a combination
of two controllers one is an uniform super twisting control for
disturbance rejection and other is uniform time convergence
for a disturbance free system. Current references to be tracked
are generated by a rule-based energy management system, the
stability of the system is validated using Lyapunov stability
analysis. The simulation results show the robustness of the
controller with an effective tracking of the reference values under
different load conditions.

Index Terms—Electric vehicles (EV), Hybrid energy storage
system (HESS), Uniform continuous higher order sliding mode
controller (UCHOSMC), Battery-super capacitor.

I. INTRODUCTION

In the present scenario, energy consumption has increased
dramatically as a result of advancements in the field of life-
style technology and transportation. The majority of countries
use fossil fuel as their principal source to meet their energy
needs in automobiles [1].

The obvious alternative to the global energy crisis is hybrid
electric vehicles (HEVs) which can ensure sustainable trans-
portation with clean mobility emission mitigation and reduced
resource utilization [2], [3]. The challenge of their emergence
is a high-capacity energy storage system that controls the
performance and cruising range of electric vehicles. Energy
is consumed by the battery during charging, and the energy is
released from the battery during driving period.

Since the energy storage unit in HEVs endure intermittent
charging and discharging conditions and as a result, unin-
tended battery deterioration occurs, leading to a reduction in
battery life [4], [5]. On the contrary, the energy storage device
like the super capacitor (SC) has an immense life cycle relative
to the battery. By integrating SC with the battery, the hybrid
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energy storage system (HESS) can be introduced, adding
benefits that cope with current spikes and regular charging
and discharging [6], [7], [8]. HESS takes advantage of the
SC’s potential, which offers a relatively high power density
and a fast response time to ensure the safety of the battery [9].
HESS is thus known to be one of the most effective sources
of energy for EVs [10].

HESS can be categorized into three groups: passive, semi-
active and fully active types. The passive HESS aligns the
battery and SC in parallel and is connected directly to the DC
bus [11]. Passive HESS has a basic topology and is relatively
simple to implement in EVs. Saving one or two high-power
DC-DC converters will result in substantial cost savings for
the EV system. When cost is taken into account, passive HESS
is a solid option.

In semi-active HESS, power electronic converters are used
between the SC or battery elements and the DC bus in order
to allow better use of HESS elements. This enables active
control of the power flow. Only one of the two HESS elements
is actively controlled with semi-active HESS. This topology
which ensures better performance when compared with passive
HESS, and it has a good performance-cost balance [12], [13].

In fully-active HESS, the power flow of the battery and SC
are both actively controlled via bidirectional DC/DC convert-
ers in full active HESS topology [14], [15]. This improves the
HESS’s flexibility and enhances the system’s overall efficiency
and life cycle. Through a carefully designed control strategy,
this topology can improve efficiency, battery life, and DC bus
stability. A fully active HESS is shown in Fig. 1.

Different methods of energy management system (EMS)
have been used in order to safeguard the SC and battery. Some
type of EMS are, rule based strategy (RBS) [16], filtration
based strategy [17], model predictive strategy [18], fuzzy
logic strategy [5], “all or nothing” strategy [19], and global
optimization strategy like dynamic programming (DP) [20]
and Poynting’s minimum principle [6]. These EMS strategies
produce battery and SC current references through optimal
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Fig. 1. Fully-Active HESS.

power demand allocation. Upon receiving the current refer-
ence, the controller is designed to regulate the necessary power
flow from the battery and the SC to follow the desired drive
pattern.

As far as the controller is concerned, the conventional
PID controller will provide high reliability and will be rel-
atively simple to realize. The drawback is that, due to lo-
cal linearization the performance may degrade at different
operating conditions [21]. In this contest, non-linear control
methodologies have been proposed to address this challenge
[22], [23], [24]. A conventional sliding mode control with
a Lyapunov-based control function is proposed in [22] to
monitor the reference created by EMS and to control the bus
voltage. In [23] an estimator based adaptive SMC is proposed,
which can estimate load variance and disturbances by state
observers and Lyapunov function. The problem of control
design is transferred into a numerical optimization problem
with linear matrix inequality (LMI) constraints in [24]. Two-
state feedback law is used in LMI to control battery current
and bus voltage.

The advantage of using SMC is that, by rejecting external
disturbances, it can stabilize non-linear systems and ensure
robust reference parameter tracking. The down sides are, the
presence of discontinuous control action, which can lead to
chattering effect and result in improper system performance.
To mitigate the chattering phenomenon, a higher order sliding
mode controller can be used [25]. There are several algorithms
available to realize HOSMC, some of them are sub-optimal
controller, terminal sliding mode controller, twisting algorithm
based HOSMC, super twisting algorithm based HOSMC.
Among this super twisting algorithm guarantees continuous
control action with assured robustness for the system.

In this paper, a new controller called uniform continuous
higher order sliding mode controller is applied which is a
combination of a super-twisting controller intended for distur-
bance rejection and a controller designed to ensure uniform
finite time convergence in the absence of disturbance. The ro-
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bustness of the controller is simulated in MATLAB/Simulink.

The remaining portion of the paper is organized as follows:
Section II addresses HESS and its state equations. The rule
based energy management system (EMS) is described in Sec-
tion III. Section IV investigates the principle of super twisting
algorithm. In Section V, the uniform continuous higher order
sliding mode control for HESS is explained. Section VI shows
simulation results and inference. In the end, section VII gives
conclusion and inference from the controller.

II. HESS MODELLING

Fully active HESS is preferred in EVs due to its inherent
flexibility. The schematic diagram of HESS is shown in Fig.
2. The HESS system consists of two separate sources, one of
which is a battery source and the other is a super capacitor
pack, and a bidirectional converter is connected to each source.
The output of the HESS is connected to the load through an
inverter. The switches S; (S3) and S, (S4) will not conduct
at the same time. D;, D; are the on state duty ratios of the
switches S; and S3 respectively, and will always be between
0 and 1.

Table. I shows the terminologies used in the Fig. 2.

TABLE I
CIRCUIT TERMINOLOGY

Terms Circuit Component
Rpar Parasite resistance of battery
Rsc Parasite resistance of SC
Cy Filter capacitance across battery
C; Filter capacitance across SC
Ve, Voltage across C;
Ve, Voltage across C»
L; Inductance series with battery
L Inductance series with SC
iL, Current through L;
ir, Current through L;
R; Resistance in series with L;
R, Resistance in series with L,
Viar» Vsc | Battery voltage and SC voltage
Co DC bus capacitance
Vo Bus voltage
im Load current

The average model of the HESS can be given as [13],

Vl_f%‘;ilc’l.ZCLll+1§:tc‘1 (1)
ey el e @
iny = 20— = O Vo T )
i1, = VLZ —12%2—‘2—(2’+Vo% @)
Vo=t DDy (9

III. ENERGY MANAGEMENT SYSTEM (EMS)

Energy management system (EMS) divides the power-
demand between battery and the SC according to the load
requirement. For an electric vehicle motor will be the load,
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Fig. 2. Fully-Active HESS.

which is fed from inverter module powered from HESS. In
EMS algorithm, battery reference current ip,.,r is generated
from power demand, battery current and super capacitor
voltage. The assumption take into consideration is that super
capacitor voltage always above 50% of its maximum voltage
rating.

EMS is realized by rule based approach and it is given in
Fig. 3. Power-demand is the power required for the motor. If
the demand for power becomes positive, then, need to check
whether power-demand is greater than pre defined value P-
min, where P-min is the minimum power which battery can
supply. If demand is greater than minimum value, then need
to check the super capacitor voltage, in this step, system will
check whether super capacitor have charge more than 50% of
its full charge. If SC charge is more than 50%, P-min will
supply by battery and remaining will be provided by the SC.
On the other hand, if the SC charge is less than the 50%
of power-demand will send by battery alone. If the power-
demand is less than P-min, then, check whether SC voltage is
less than 50%, if yes, battery will supply power required and
if no, power-demand will be send by the battery and SC will
get charged. During regenerative braking condition, SC will
get charged from load.

IV. SUPER TWISTING ALGORITHM

The super twisting (ST) algorithm is a form of higher order
sliding mode control, with relative degree one. It provides the
controller with a continuous control action. This algorithm
have a continuous function of sliding variable accompanying
with an integration of discontinuous sliding variable.

ST algorithm can mathematically represents as follows,

Consider a 2" order system with state variables are in the
form,

f1:$2

6

Power-demand > 0
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Fig. 3. Rule based energy management system.

and, sliding surface can represent as,
0 =11 + Cop (7

The control law using super twisting algorithm for distur-
bance and chattering removal can be given as,

u=—ki/|o|sign(c) +v (8)
0 = —kasign(o) )

Where, o is the sliding surface, and k; and k, are the
constants which can defined a,

k1 =1.1k (10)

ke = 1.5k (11)

Where, k is the bound of disturbance d [26].

The 2™ order super twisting algorithm has the property of
asymptotic convergence. A modified controller with finite time
convergence capability is required, so an uniform continuous
higher order sliding mode controller (UCHOSMC) can be
used.

V. UNIFORM CONTINUOUS HIGHER ORDER SLIDING MODE
CONTROLLER (UCHOSMC)

When compared to the super twisting algorithm,
UCHOSMC shows finite time state convergences regardless of
initial conditions. UCHOSMC is a hybrid of two controllers:
one that will stabilise the system uniformly in the absence of
disturbances, and another that uses an uniform super twisting
algorithm which have a disturbance observation property. In
this controller, the uniform super twisting controller takes
over the effect of disturbances, and the uniform controller
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governs the closed loop system response. As a result, this
approach yields an exact continuous control law and finite
time convergence [27].

The UCHOSMC can be mathematically represents as below,
Consider a system which can represent a chain of integrator
as mentioned in (6).

The control u can propose as,

u=1uo +up (12)

Where uy is the control during the absence of a disturbance,
up will help in the convergence of the state to the desired
value, irrespective of initial condition and up is the ST
algorithm to eliminate the disturbance.

So, for the given system up can given as,

uo = —k1 |S1]|“" sign(Sy1) — ko |S2|*® sign(Sa) (13)
where S can given as,

Si =x; + i |z a sign(z;) (14)

ni = % (15)

Where i= 1,2,...,n, and x and k; are the constant values.
The super twisting algorithm uj can given as,

up = —ki1¢1(0) +0 (16)
0= —kap1(0) (17
Sliding variable o defined as,
t
o=x, — / uodr (18)
0
and ¢ and ¢5 will be equal to,
1 N
¢1(0) = 1 |o|? sign(o) + usg |o|? sign(o) (19)

1, 3 .
d2(0) = pisign(o) + 2z |o| + 3|0’ sign(o) (20)

In (19) and (20) w1 and po should be greater than zero and
by proper designing of constants control u will be uniformly
finite time stable. The converging condition is explained in
[27].

VI. CONTROLLER DESIGN FOR HESS

In order to design controller for HESS consider state
equations (1)- (5). In order to implement UCHOSMC, the
state equation must be in the form (6) therefore, (1)-(5) is
rearranged in order to satisfy the conditions of chain integrator.
Design for battery side is as follows,

By integrating (2), will results V; which can given as,

Vl:ifVc1 7fiL1+ S Veat @1
Rpat C1 C1 RpatC1
Substituting (21) into (2) will gives derivative of i.
Therefore,
o Vo Vo, Ru.  [Ve
Ly Ly Ly Ryt C1Ly 22)
fiLl f%at
CiL1  RpaCiln
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Hence, state variable can taken as,

i1 =21 =3 (23)
Taking derivative of (23) gives X
ip1 = Yo Yo 1 - azl i1 — Yo _
L, Ly Ly RpasC1L1 (24)
Z‘Ll ‘/bat
CiLi ReatCrLy
The chain integration can given as,
ip1 =y =13 (25)
By rearranging (24)
Vo Rpy .- Ve, i1
i1 =(——+———11 — — +
= Ly L ™ RyuCiLy CiLy (26)
‘/bat VO
——F— )+ —D
FowCiLy) T L
Similarly for SC side design can be written as,
ii2:_@+ﬁ 3_@1'L'2_L_
Ly L Ly RpatC2 Lo 27)
L2 Vbat
CoLy  RpatCoLo
By rearranging (27) gives,
ire = (*E Mz ir2 — Vo, w2 +
Ly Ly RpatC2Ly  CoLo >
v v (28)
bat O
——F )+ —D
FouCals) T 1o

Where(26) and (28) are in the form mentioned in (6).
Now UCHOSMC can implement to find the duty ratio D,
for the system.

A. Control design for battery side

From (23) and (24) we have X; and X, next is to design
control effort u. Here D; is taken as the control effort to
regulate the current.

From (12) u can be generated and from (13) uo for battery
side can be obtained. S; and S, for (13) can be obtained as
below,

1, .
S1 =11+ m |Z'L1‘“1 SZg’I’L(ZLl) 29)

and )
Sy =ir1 +n2 |ir1|*® sign(ir1) (30)

Thus up can be generated. Next is to design super twisting
algorithm as in (16) and (17). From (18) o can be given as,

t
U:iLl—/ ’LLodT
0

And from (19) and (20) ¢; and ¢> can generated by
substituting (31) into (19) and (20).
Adding up and up control effort u will be obtained.

&1V
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B. Control design for SC side

Similarly as in battery control design from (23) and (24)
we have x; g¢ and X;_gc, next is to design control effort u_gc.
Here D; is taken as the control effort to regulate the current.

From (12) u gc can be generated and from (13) ug sc for
battery side can be obtained. S; s¢ and S, s¢ for (13) can be
obtained as below,

a1
Si_sc =ir2 + 13 lire|®s sign(ire) (32)

and

Sy_s¢ =2 +na|ira]** sign(iLo) (33)

Thus up s¢ can be generated. Next is to design super
twisting algorithm as in (16) and (17). From (18) o g¢ can
be given as,

t
o_sc =fir2 — / uo_scdt (34)
0
And from (19) and (20) ¢; sc and ¢, sc can generated by
substituting (34) into (19) and (20).
Adding up sc and up_sc control effort u_gc will be obtained.

VII. SIMULATION RESULTS

The effectiveness of the control algorithm is evaluated in
MATLAB/Simulink. The circuit parameters taken for simula-
tion are listed in the Table. II. In the simulation load is taken
as current source equvalent to the load of EV. The values of
constants in UCHOSMC are taken as in Table III.

TABLE II
HESS PARAMETERS

Circuit Parameters Range
L;, Inductance on battery side 255 pH
Ry, Inductor series resistance 0.256 Q
C;, Capacitor across battery 69 mF
L,, Inductance on Supercapacitor side | 188 puH
Ry, SC pack resistance 0.011 ©
Ry, Resistance series with resistance 0.161
C,, Capacitor across SC 69 pF
Ron, MOSFET on time resistance 21 mQ)
Co, Load side capacitance 14.85 mF
PWM frequency 10 KHz

The controller’s main aim is to keep up with current
references. The bus voltage is set to 240 V, and the battery
and SC voltages are held just below 240 V, and the P-min is
defined as 2800 W. When the power demand reaches P-min,
the SC discharges the energy, and during regenerative braking,
the SC is charged from the load. The power demand for the

TABLE III
PARAMETERS OF UCHOSMC

Battery Control Parameters
o a | m | m | K Ko | p1 | m2
0.33 0.5 1 1 0.07 0.01 2 4
SC Control Parameters
al o | m | m2 | Ky | Ko | | 2
033 | 0.5 1 1 0.7 | 0.6 2 4
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system can be seen in the Fig. 4. In drive cycle from time O
to 2 seconds source will drive the load, and form 2 seconds
to 3 seconds energy will flows from load to source, that is at
regenerative braking condition, then 3 seconds to 5 seconds
energy will flows from source to load.

4000

3000 - 1

2000 - i

1000 —,

Drive Cycle Power (W)

1 2 3 4 5
Time (seconds)

-1000 =
0

Fig. 4. Drive cycle for the system.

A. Battery Performance

In the HESS system the battery will be able to supply the
power needed to load when the demand for power exceeds
2800W, SC along with battery supply required power. The
battery stays idle during regenerative braking, and no action
is taken at that time. Fig. 5 shows the battery current according
to the reference generated from EMS, in figure battery current
is strictly following the reference current.

14

=
N
I

—
(=]

s O ®

Battery Current (A)

21 i

== Battery current
U | | | = Reference
0 1 2 3 4 5
Time (seconds)

Fig. 5. Battery performance

Regardless of the initial state of the battery, the current will
follow the desired value. Fig. 6 shows the battery current
during various initial conditions, where X(0) is the initial
conditions.

B. SC Performance

SC is meant to meet high power demands and to recover
energy during regenerative condition. SC remains idle when
power demand is between OW and 2800W, and feeds energy
to the load when power demand is greater than 2800W. In
addition, when the power demand falls into the negative range,
the SC receives energy from the load and is charged. Fig. 7
shows the current path of SC.
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Fig. 7. SC performance

C. Switching Pulses

In this topology two duty ratios are generated using Equ.
(12) one is for battery side converter and other is for SC side
converter. Switching pulses are produced for the converter by
comparing the duty ratios D; and D3 with a sawtooth signal.
The switching pulse for the battery side converter is shown in
Fig. 8, and the switching pulse for the SC side is shown in
Fig. 9.

Time (Seconds)

Fig. 8. Switching pulse for battery side converter

Switching pulse during driving condition

o 1
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E
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Switching pulse during regenerative condition

g 1
<
2
:7;. 0.5
£
<

0 0.5 1 15 2 2.5 3 3.5 4 45 5

Time (seconds)

Fig. 9. Switching pulse for SC side converter

VIII. CONCLUSION

This paper proposes the application of new control tech-
nique for the fully active HESS in EVs. To track the reference
current and achieve finite time convergence, an uniform con-
tinuous higher order sliding mode controller is applied here.
The reference current is precisely regenerated by an energy
management system (EMS) optimized using power demand,
battery current and SC voltage. MATLAB/Simulink is used
to verified the controller’s effectiveness. Thus, the control
strategy can be used effectively for HESS in EVs for efficient
and reliable operation during varying load conditions.
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