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Abstract

In this paper, a two-surfaces sliding mode controller (TSSMC) is proposed for the voltage tracking control
of a two input DC-DC converter in application of electric vehicles (EVs). The imperialist competitive
algorithm (ICA) is used for tuning TSSMC parameters. The proposed controller significantly improves the
transient response and disturbance rejection of the two input converters while preserving the closed-loop
stability. The combination of the proposed controller and ICA, realizes a fast transient response over a wide
transient load changes and input voltage disturbances. For modeling the equations governing the system,
state-space average modeling technique is used. In order to analyzing the results, the two input converter
equipped with the proposed controller, was modeled in MATLAB/SIMULINK environment. Simulation
results are reported to validate the theoretical predictions and to confirm the superior performance of the
proposed nonlinear controller when it is compared with a conventional pure SMC.

Keywords: Electric vehicles (EVs), Imperialist competitive algorithm (ICA), Two-surfaces sliding mode controller

(TSSMC), Two input DC-DC converter.

1. Introduction

In recent decades, electric vehicles (EVS) have
improved their performance and are suitable for
commercial use instead of conventional fuel vehicles.
However, due to the limited battery capacities, EVS
still suffer from the main problem of shorter driving
range compared with fuel vehicles [1]. In all sources
of EVs, their available energy varies in a random
manner resulting a wide variation in the available
output voltage and power, furthermore the voltage
provided by the sources decrease during their
discharging. To provide a constant voltage to the
electronic system during the whole sources runtime,
the sources voltage must be regulated by a DC-DC
converter; due to these situations, the power converter
is a necessary part of the EVs.

To integrate hybrid DC energy sources of
different types to a power storage such as battery and
supercapacitors (SCs), multi input DC-DC converters
are commonly used to step up low level source
voltages to a constant high level voltage that is
required by a system. Comparing to that solution, a

two input bidirectional DC-DC converter is preferable
owing to the advantages of using fewer components,
lower cost, higher power density, and higher
efficiency [1,2]. The two input converter topologies
can be classified into non-isolated and isolated
topologies [3]. Non-isolated two input converters are
usually used in the applications where a low voltage
regulation ratio is required [4,5]. In contrast, in the
applications requiring a high voltage regulation ratio,
isolated converters which contains a transformer is
preferred [6,7].

Recently, two input topology were proposed by
adding one middle branch to the conventional half-
bridge converter [8,9], furthermore by combining any
two of the three basic converters (buck, boost, and
buck-boost converter), a family of novel two-inductor
two input DC-DC converters are proposed in [10,11].
These converters use only one switch to manage the
power distribution among the three ports, which
reduces the size and cost of the converter
significantly. It uses less controllable power switches
than the half-bridge topology and can achieve soft
switching for all main switches. However, the voltage
of the primary source should be maintained at a high
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value to charge the battery and the battery is both
charged and discharged within a switching period.
Such a high-frequency charge/discharge has a
negative effect on the battery lifetime.

A novel non-isolated two input converter is
proposed in [12] by combining a traditional boost
converter and a buck converter. Ref. [13] proposed a
two input energy storage system (ESS) by using a
traditional buck-boost converter which analyzed in
detail in [14].

The controller is an important part of the most
converters. Designing a good controller with an
acceptable transient and steady-state performance is
an effortful process because of the highly non-linear
dynamics and non-minimum phase structure of the
most converters [15-17]. Many kinds of controllers,
namely linear, [18-20] non-linear [21-23], and
intelligent [16, 24-26] methods have been offered for
the control of the energy management systems
(EMSs). Although the linear controllers, such as
proportional integral (P1) and Pl derivative (PID)
could have been established with an acceptable
performance around the selected operating point, their
performance might be declined when the operating
point of the system is changed [15, 27-29].

To increase the effectiveness of the Pl or PID
controller devoted for the converter, various kinds of
the auto gain tuning methods were proposed in [30-
32]. However, the controller design processes of these
methods are more complicated than the classical
PI/PID control methods. In several studies, it was
demonstrated that the intelligent methods, such as
neural network [24], fuzzy logic [25, 27], queen bee,
and genetic algorithm [26] dedicated for the control
of the converter have a suitable performance.

In addition to the acceptable transient and steady-
state behavior, the controller devoted to control
converter should also be robust to disturbances, such
as variations in the load resistance and input voltage
which may occur naturally during operation of the
converter. Various control methods were offered to
achieve a robust converter structure. The robustness
of the controller against variation in the load and the
line disturbances was explored by using linear matrix
inequalities [33,34], H2 [35], Heo and sliding mode
controller (SMC) [36,37] approaches.

Ref. [38] designed and analyzed a simple novel
control strategy for a hybrid ESS. Ref. [39] presented
the utilization of an ESS device consisting of a SC
bank for future EVs with a hydrogen fuel cell (FC) as
the main power source and mainly focused on the
innovative control law based on the flatness
properties for a FC/SC hybrid power source. In [40], a
control method of energy management based on SMC
is proposed. This method, not only maintains the DC

bus voltage of the hybrid ESS but also makes the SC
voltage work in a proper limited range.

SMC is an alternative method of designing the
control loop of parallel systems controlled by
democratic or master-slave current-control schemes.
Essentially, the SMC utilizes a high-speed switching
control law to drive the nonlinear state trajectory onto
a specified surface in the state space, called the
sliding or switching surface, and to maintain it on this
surface for all subsequent time [41]. The main feature
of the sliding mode is the robustness that the system
acquires against disturbances in the load and in the
input voltage [42], [43].

In this paper as shown in Figs. 1 and 2, for
controlling ESS and having smaller current ripple for
the battery and SCs, a two-surfaces sliding mode
controller (TSSMC) was proposed for two input
bidirectional DC-DC converter. The proposed
controller used two-surfaces, one for SC port and
another for battery port. The imperialist competitive
algorithm (ICA) is wused for tuning TSSMC
parameters. The proposed controller significantly
improves the transient response and disturbance
rejection of the two input converters while preserving
the closed-loop stability and improving EVs
efficiency.

The combination of the proposed controller and
ICA operation over a wide load range, narrowed
regulating frequency range, robustness, and fast
transient response against transient load changes. For
modeling the equations governing the system, state-
space average modeling technique was used.
Simulation results are reported to validate the
theoretical predictions and to confirm the superior
performance of the proposed nonlinear controller
when it is compared with a conventional pure SMC.

The rest of this paper is organized as follows:
dynamic modeling of two input converter extracted in
Section Il. A TSSMC will be designed, in Section IlI.
In Section 1V, the dynamic models are described for
parts of proposed EMS. In Section V, the simulation
results for the proposed EMS will be presented and
compared. In Section VI, the conclusions of this
paper will be stated.

2. Dynamic Modeling of Two Input Converter

There are many methods to achieve dynamic
modeling of power converters and in this paper, the
state space averaged model for the hybrid ESS was
used. The model is derived based on the well-known
averaging method initiated by Middlebrook in [44].
The two MOSFETSs S1 and S2 operate synchronously,
when one is off, the other is on. Similarly with S3 and
S4. Let the switching period be Ts, the duty cycle for

International Journal of Automotive Engineering

Vol. 5, Number 2, June 2016



P. Bayat, H. Mojallali A. Baghramian, P. Bayat

2120

the on state of S2 be D1 and the duty cycle for the
on-state of S4 be D2.

The circuit has two state variables for SC port and
three state variables for battery port, as marked in
Figs. 3 and 4. The state variables, usually the
inductors current and the capacitors voltage, are
represented in the vector X.

State space average modeling method for SC port

In Fig. 3, the half-bridge SC cells is shown in two
different modes. The equations governing the system
has been extracted in (1)-(21), then sort out these
formulas based on state space variables and the state
space is extracted according to (4) and (10). Transfer
function of the output voltage (Vout) to D has been
extracted in (21). Parameter values shown in table |
are used in transfer function (21) for dynamic
investigation.
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Fig2.Fig. 2. EMS with battery pack, SCs and two input bidirectional converter
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SC port
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Fig3. Two operating modes of the SC port
Table. I. Parameters of the two converters
Parameters Value
Rin (for SC) 0.04 Q
L, Lgat 32 uH
Rin (for Battery) 0.11Q
R1 025Q
Cl 0.22 uF
Co 1 uF
\
. (4)
AR

]l |
X = °|, U =
I VSC (1)

For Fig. 3.A the equations are:

0

o Tout
1 |[Vsc
L

Ve =Ry, +L d(;tL :JEIL :%Vsc _RLin i, 2) For Fig. 3.B the equations are:
dv, dv, 1 1.
I, =c, Do Do 1, 1;(5)
dv 1 out T 0 out L
Vou =Roloue ¥V & dto :élout (3) dt dt Co C,
o
V. =R, +L 3L Ly
: sc — 'vin'L out
So: ot ©
Vout =Rolout +RolL +V, ) From (6) and (7), obtained:
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. i D-1 ! 16
Ve =(Rin +R, )i +L =54V, + Ryl oy s . (16)
t 1-D S7%+(Rin+Ro)
L L L
_ 1
dip 1, _(RatRo). Vo Ry, }z{,%y«n+RD)JS+<D—1>2
dt L sc L L L L out(9) L L LC,
s_DPR,  (Rn+Ry) 1-D
« L L C,
According to the (5) and (9): { DL*I s }
v, 2
VO IOLII . H -
H%LL}B{VWJ 10) L R
—L L L LC,
dt
0 L SLE
G E_/o}r Co ['out } So:
1 (Rin+Ry) [LIL Ry 1 |[Vey
-t ST DR, _(R+R,) 1-D
V . Lt G | [b-t (18)
o _C[SI -A] .[(A -A,). 0 1]x ¥ Yol L 2
o(s) CB AT AR ) S R
L 3
+(51*Bz)-ui]+(clfcz)-x v v
A=AD +A2(1 D ) (12) Thus, the resulting transfer function is:
Then: D-1 _CI_L v
L i x (o] . _ _out (19)
A ° 5 (13) YW Vo tReiL | D(s)
“lo o8 "o (D -D(RwtR) L
L L
(0] ];D Vout _ (D_l) i
B D—-1 DR, (Rin+Ro) D(S) [Sz+(DR°+(Ri"+R°)JS+(D_1)2JLC L(20)
L L L L L LC, °

where, in case of ideal converter B, =B,and C, =C, [44], so:

C,=C,=[0 1],C=[0 DJ+[0 1-D]=[0 1] (14)

From (11):

1-D

Vou _ 0 1 [s 0}_ C,
D(s) oo s D-1 DR, (Rin+Ro)
L L L

(15)

S

+
2
[52 +[7%+(Ri” +R°)]s +(D —1) JLCDL
L LC,

\/
Vo

L

So the transfer function that describe behavior of SC port is:

Vou 5i +sV,
D 8x107s”+4x107s +.25 (21)

Gsc (5) =

State space average modeling method for battery
port

Fig. 4 shown two operating modes of the battery
port. The equations governing the system has been
extracted in (22)-(33), then sort out these formulas
based on state space variables and the state space is
extracted according to (26) and (32). According to the
method used in SC half-bridge, the transfer function
of the output voltage (Vout) to D, using (11), (12) and
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(14) and for battery parameters in accordance
table I has been extracted in (33).

Vo I (22)
X = V1 'Ui :{ out}
i Vbatt
Lbatt
For Fig. 4.A the equations are:
dV_O = L (23)
- out
dt  C,
Vit = Rini Lo 4V + Lpg 103
batt in! Lbatt 1 batt dt (24)
b = ! batt — Ry i Lbat — ! V,
dt Lbatt Lbal[ Lbatt
dv, . . .
CthI'HRI:ILban & Rjig; =V, = (25)
dv, VvV . dv 1. 1
Ci—Lt L =i >t =i ———V
1 dt R] Lbatt dt C] Lbatt R1C1 1
av, 1
e e |, (26)
av, | _ 1 1 v
dt | R.C, C, ; !
di L bare 1 1 ~(Rin +Ry) Lbat
dt Lpart Lpatt Loare
! 0
CO
Iout
+| 0 (0] |:V :|
1 batt
0
Lpatt

For Fig. 4.B the equations are:
dv, dv, 1

. . 1
Ipat +lout =Co —— =l par +— ot @7
T dt T dt C, C, ™
av, .
IR +C —— =l &
dt 28)
V,odv, 1 Ly,
RIR1 " at ¢, ™™ Rrc, !
Where:
Vg =R V,+L ¥ bt Y,
batt inlibat V1 + Lpatt at +Vout (29)
Ol _ 1y Ly Ruy Y
ou
dt Lpatt Lpatt Lpatt Loatt

0

av .
Vout =R Co d_to"’_vo = I:QolLbaIt +R0|out +Vo (30)

From (29) and (30):

it _ 1 V patt - R +RO)iLban ~ R t
- v ou
dt Lpa Lpart Lpart (3 1)
— 1 vV, _LV .
Lpart Lpatt

These matrices are arranged in the following:
v, 0 0 1

dt c
0 vO
v, oy (32)
dt RC, c, , !
i e 1 1 _(Rin +Ry) Loat
dt Lba‘t[ Lbaﬂ Lball
LI
c
N IOU[
+ 0 0 v
LN I
Lba\t Lban

From (11), (12) and (14) the transfer function that
describe the behavior of battery port is:

Gt (5) Vou _ 061 gar +5V,
o D 6.1x107°s2+225x107s +.33

(33)

Energy Management and Control System

Proposed EMS has a battery pack and SCs, which
are connected through a two input bidirectional
DC/DC converter. This converter accomplished by
connecting two bidirectional DC-DC converter which
can stepping up or stepping down the voltage
magnitude. The investigated EMS layout is shown in
Fig. 6. In the proposed EMS, a TSSMC passed error
signals between the voltages/currents and the
references, also the ICA are used for tuning SMC
parameters.

Two-surfaces sliding mode controller (TSSMC)

The uncertainty of the proposed EMS is the input
voltage and load disturbances and it has two surfaces
because of two input sources. It consists of two
phases, first, designing an equilibrium surface, such
that any state trajectory of the plant restricted to the
sliding mode surface is characterized by designed
behavior; second, designing a discontinuous control
law to force the system to move on the sliding mode
surface in a finite time. As soon as the system enters
into the sliding mode surface, the controlled system
reaches the designed steady state.

Formation of the sliding surface and the control
law in terms of circuit parameters make the controller.
In order to change the switching frequency of SMC to
practical ranges, duty ratio control is adopted. For
each port the control law is given by:
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1,5)0

control signal =d=u=
0,s¢0

,d=0.5(1+sgn(s))  (3)

In the proposed EMS the terms of the sliding
surface are the battery current error x; for battery
port, the SC current error x, for SC port, the voltage
error X; and the integrated sum of the two errors x,.

. Batt s Balt _ . .
X =it ~iigar el =K, (Vet =Wou ), K,isthe gainof voltage error

_:SC
Xo =l —Ip s =K, (Veer —Wou ), K, isthe gainof voltageerror
)

X3 =Vt —Wout
X, :I(xl,x2)+x3
Where K, and K, are the gain of voltage errors

for battery and SC port. Differentiating (39-42) we
obtain:

(i i) d(8) d (i) ey dliom)
= dt R
dinf —i) l, d(iy)
X2 :—:—Kz;/_o_—
dt C, dt
X =d(vref _Wout)z_}/d(vout)
: dt dt

X4 =(X1,X5)+X5,
By averaging the equations (24) and (31) for
battery port in switching period Ts:

diLbatt =u( 1 V ot — Rin i patt — Vi )
dt Lt Lt Lpatt
1 1 Ri . \Y
)V par ——Vour =1 ot — )
Loar Lo Lpa Lpatt
1 Ri, . \Y u-1
= Vo =y ———+ —V oy
Lt Lt Lot Loar
So:

d(iLBar[)_ivbi Rin Vi @yt
b dt Ly ' Lpat o ¥ Lpat ' Lbanvam Kur Co
By averaging the equations (2) and (9) for SC port
in switching period Ts:
di,

R \Y

e UVge i) @)V ~Ti, Yo
:%vsc iy _VOTUMJ'VTM (45)

So:

X.f‘dgf):‘\%ﬁ%iﬁw%‘w% (46)

By irrespective of internal resistance (R,) for
capacitor Cy:

X1 for battery port and X2 for 5C bart

X, for battery port and x, for SC port

d (VUUt ) _ *}/(U( _VOLIt )+(LT)( _Vout + (I L I LBatt )))

X3 ==Yy

dt COROUt COROLH CO
— Vou +(LT)(||_v||_Ban)): Moaut 77(”7)(ILVILBatt)(47)
CO ROUI CO CO ROLII CO

Where 0=1-u and u has the value 1 if the
switch S,/S, is on and the value 0 when the switch

82/84 is off.

Also:

Xg=(X,X)+X5 X
for battery port and X, for SC (48)
port

The, instantaneous trajectory of the state variables
ry port has the expression:

Sgatt = Uatt 1X1 T Xgat 2X3 + Agat 3X 4 (49)

And for SC port:

Ssc =gc (X +gc pX5 +a5c Xy (50)
Where a1, Xpat 2 Ppart3 Fsc 1 %c » - and

asc 5 are the sliding coefficients.

The sliding surface for battery and SC ports are
obtained by equaling (49) and (50) with zero:

Spat = Xgait 1X1 + Xpar 2X3 + gt 3X4 =0

(51)
Ssc =sc Xy +0sc pX3 + 05 3X4 =0 (52)

3. Obtaining Existence Condition
The existence condition ensures that in the

vicinity of the sliding surface the state variable
trajectories are always directed towards the sliding
surface. To guarantee the existence condition,
reachability condition given in (53) must be satisfied
[37].

. ds

limS — <0 (53)
S—0
This can be expressed as,

ds

o :JT(BMVSC)AX +JT(BMVSC)BUS>0 +JT(BMVSC)D <0,  Ugsg :1(54)
ds

Wsw IJT(BmvSC)AX +JT(Ban<SC)BuS<" +JT(Ban‘SC)D >0, Uso :0(55)

X3 X =|X;

Where P] for battery port, xz} for SC port,
X =

X4 X4
T -

J' Bat = [aBan’] Qpatt 2 aBan,_,,J are the sliding

coefficients for battery port,

\JTSC = [asc’l Ofscz asc’3:| are the SI'd'ng
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coefficients for battery port, A, B and D are the
state and input matrix.

The existence condition for battery port by
replacing (49) in the differentiation of (53) can be
obtained as:

d (@ga 1X) + Xpat 2X 3 + Xpat 3X 4)
dt

ds
%(0» 0 for Sgg)0 and T=0

Ri,
> Opa, 1(*f+

Low " Lo Rm )+ G 3 (X1 +X3)(0

v, [ N
i +—-Kyy—)+¢
Lbat Lban 17 Co ) Eatl.z(c ™

0 (g X1 + a2 5 + gt X4

ds;j%m» 30 for Sgy (0 and T =1

\ Rip - v 1 Ie, M, y@n
DL T g+t Vo — K7 ) + g o (2~ B a5 (, +,))0
Lt Lot L Loar ¢, CoRouw ©

The existence condition for SC port by replacing
(50) in the differentiation of (53) can be obtained as:

d (a5c X5 + s 0X5 + sc 3X4)

> Ggar (-

Osc

0 for Sgc)0 and T=0

dt
RI" H D
—’0!5(:1(*7+ L *sz )Hlsc z( )*‘1’50 3(X2 +x3)(0
ds d X, + X3+ X
sc oy (s 1 X2 +asc 2X3 +sc 3 4)>0 for Sec(0 and T=1
dt dt
B R S AT
Rou 0

To make the controller as duty ratio controlled
circuit, (U ) the equivalent control signal as a

i i i ds/ _
function of input u is found from At_o' The

equivalent control u., for each port is obtained by
replacing (39-42) in the differentiated equations (51)

“SOHMO
dt dt
Riy v, @) I N 7@E1 g,
“m‘ P T Ky ) et o (o T TR g () +X5) =0
L Lbatt LD Lhan out 1 ¢, Ban.Can" Cq Batt 3\41 3
ds, d(agc X5 +Qsc 2X3 +Asc 3X
e, I@scaXatascXs +aseXs)
dt dt
sc _—
R, @ I
e (D504 B, +(*“LN““‘ K /—>+asc (W""‘ ,7(3 M e sz o120

Where g =1-ug” and Ug'=1-ug

eq
values between 0 and 1, so:

g (2
o

s, [P
e

Rin ; le, Now
o + T lfwi)wsm (o) sy +5)

at 1 = ipar
( Vou + o =50
Loae o

Hm |, M2 Fat ) ~an K7
Vou R )*'man(ﬂsmzc +'lsan1|_ )V Vo ) )+| L ( . )+ a3 () +X5)
_ Lpay batt
Pat 1 Patt 2
Vou (. )+l g )
Loat Co
Bat a1 gt 2
Ueq” Vou (- )+ Lo )
Lo Co
Poats | V%2 Ysat) ~eat K17
FVou (Tt o)+ i (a2 c, *asa‘u a )+ Vo)) e )+ a3 (X1 +X5)
batt oRout att batt Co
Pgan 1 V%2 Batt
Vs gart = Vou ( )+ igar (), Vs pa ¥Ueq =Ue g
Loar Co
Opatt) | /%Batt.2
G pae L. 'cR.
batt oRou
_ = Rin
G pan = Pt 2 c tmati
o batt
gan
Gy pan = T
batt
G _ ~%aaKiy
aBat =T
Co

G pa = a3

Where V s g 1S the magnitude of a triangular
signal, Gy ga + G2 Bart » G3.Bat + Capar AN Gy are
the controller coefficients.

Then:
Ue gat =Vout Grae) + 1 Lsat Ga.sae) + V1 Vit JG3 parr) + e, G pae) +Gs pan (X1 +X3)

And for SC port:

Ri, .
L el B e (o) )
Ueg' = v ” =N
(asc T +asc o 07)
Psc , V%c.o ( “Vsc 2 [lsclRm\ “scuy —asc Koy
_ CoRou() +IL C, L Ve L )+, € c )+ase 3 (X +X3)
o (51, (inc 2)
a —ye
U Vou (52D #1250 =
.
a yor —yasc , Qe Rin —a —a Y4
Vou ( sc‘* STyl (o SCI'_I ) +Vsc ( SCI) le, (——— ez )+asc 3 (X2 +X3)
0 "out ]
If: (58)
Osc 1 —YUsc 2 sC
ths,SC :Nout( L )+|L( C )), ths,sc ><ueq :Ue,SC
0
(59)
Osc,1  Vlscp
G = +—
ST T C R
o' ‘out
—¥lsc > e iRin
Gsc ¢ +—L
0
G _ “%c,
3¢ T
G _ —asc Ky
4asC =
0

Gssc =sc 3
This can be expressed as:

Uesc =Vout Gisc) +1L Gasc) +Vsc Gsse) + Ie, Gusc) +Gssc (X5 +X3)

Where V s sc is the magnitude of a triangular
signal, Gysc ,Gy5c »G3sc1Gysc and Gsge are the
controller coefficients.

X X

X =|X; X =| X5

Xy Xy
Where for battery port, for

T

SC port I Bat = [O‘Baxt,l OBatt 2 aBatt,3:| are the
sliding coefficients for battery port,
JTSC = [asc’l ascg aSC’3:| are the SI'd'ng

coefficients for battery port, A, B and D are the state
and input matrix.

The existence condition for battery port by
replacing (49) in the differentiation of (53) can be
obtained as:

ds d (e X, +a X5 + o X _
Batt (0 ( Batt1X1 Batt,2X 3 Batt,3 4) 0 for Sgg)0 and T=0
dt dt
Vi : 2 Mo
= Qgan 1 (- i e *7*}(17 )*“Bauz( )+(ZBaA[3(X +X3)(0
Lbalt Lbatl Lhatt
dsds‘an >0‘>d("sa\|,lxv*"E:;.le"aam.,xxﬂw for S (0 and T=1

V, \ 1 ()l
- g by y—)wm (Lo 1@ TR 0y X200

T CoRo
The existence condition for SC port by replacing
(50) in the differentiation of (53) can be obtained as:
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(ﬁim_)d(asc,lxz+asc X3 +asc X 4) 0 for Sg.)0 and T =0 Vv ts Batt ; . . (58)
dt s Where ~ M. is the magnitude of a triangular
Rm H oul .
"asc1(*T+ L *Kz}’ )+asc z(c )+asc 3(Xy +X3)0 S|gnal, Gl,Balt ,GZ,]?at.t ,G3.Batt ,G4,Batt and GS,Batt are
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e (V3 B Ve y—)wsc g T s atxs +0 Then:

To make the controller as duty ratio controlled

— u . .
circuit, () the equivalent control signal as a

dS/ =0
function of input U is found from dt™"  The

. u . .
equivalent control @ for each port is obtained by
replacing (39-42) in the differentiated equations (51)
and (52):
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And for SC port:
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If:
Vs sc = (\/out(asf‘l)JrlL(_}/z%))v V mts sc ><l"esc|c =U¢sc
Gisc = aslf = ‘*’%OZ:LZ
G _7%cp asc 1Rin
2s¢ C, L (61)
Gz,sc :y
Gasc = _“s::::Kz}’
Gssc =asc 3
(62)
This can be expressed as:
Uese =Vou Gisc) +1L Gasc) +Vse Gise) + ¢, Gasc) +Gssc (X2 +X3)
Where V s sc is the magnitude of a triangular
signal, G, gc ,Gagc »Gasc+Gasc and Gsge are the (63)
controller coefficients.
ICA
ICA is a computational method that is used to
solve optimization problems of different types. Like
fifost of the methods in the area of evolutionary
computation, ICA does not need the gradient of the
function in its optimization process. The standard
ICA proposed in [45] consists of the following parts: (64)

Generating initial empires (initialization)
Moving the colonies of an empire toward the

imperialist (movement of colonies)

Finding the total power of an empire (selection of

the new imperialist)

Imperialistic competition (competition between
capture colonies)
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After a number of iterations only the most
powerful empire will remain and this imperialist will
control all the countries, which is the optimum
solution of the problem (evaluation and elimination of
empty empires)

TSSMC-ICA

The ICA starts with an initial population which
named countries; some of the best countries in the
population are selected to the imperialist and the rest
form the colonies of these imperialist. All the colonies
of initial population are divided among the mentioned
imperialists based on their power. Fig. 7 shows the

J :Zt‘/ref _Wout| (70)
i=0

ICA is an evolutionary algorithm which starts
with some initial populations, each one called a
country [45]. If the optimization problem is N-
dimensional, a country is a 1xN array, defined by:

country =|:p1vp2'p3!p4’---apNvar:| (71)

Our optimization problem is designing a robust
TSSMC controller for controlling the two input
bidirectional converter and generating the switching
function for each switches, so we generate the initial
country that is defined by (72) and the initial matrix
of the countries is defined by (73).

TSSMC-ICA  flowchart for tuning TSSMC .
parameters. In an optimization problem, having an country; =[Gy;,Gy;,Gs;,Gy;,Gs; |, 1 =SG@aBatt
objective function cost (J), the object is to find an )
argument ‘‘J”’, whose relevant cost is optimum.
Battery port
R1
RAi[A\l Wi LBatt iout
_l Ro |+
vBatt_Ls. a + Rout2 Vout
Vo —|—Co _
R1

VBatt _|

mln

C1

iLBatt

(A)

iout

R +
<
+ Rout< Vout
<
Vo Co -

A

(B)

Fig4. Two operating modes of the battery port
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high-frequenc
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A
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H H
L 4
) 4
‘.\ '/‘—b Using (70)-(74)

Fig7. TSSMC-ICA controller for two input bidirectional converter

Imperialist

New position of
colony

Fig8. Moving colonies toward the imperialist

COUNtIY gy por colony is shown in Fig. 8. The direction of the
country = ’ (73) movement is the vector from colony to imperialist.
country sc port Where:

Imperialist’s countries started to improve their
colonies. This aim modeled by moving all the
colonies toward the imperialist. The new position of
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x ~U (0,8xd ), 8 =number greater than 1,
d =distance between colony and imperialist

In order to calculate the cost functions, the initial
matrixes of the countries are transferred to the
MATLAB environment. There are 600 countries
which will result in 600 initial cost functions using
150 iteration. These cost functions are transferred to
the ICA algorithm subsequently.

A country with a less cost is deduced as a
powerful one, so number of the most powerful ones
will be selected to form empires. Rest of them will be
the colonies; each of them belongs to an empire. The
power of weaker empires will decrease and the power
of more powerful ones will increase gradually during
imperialistic competition. This competition is
modelled by picking some of the weakest empires to
initiate a competition among all empires to possess
these weak colonies.

The most powerful empires have more chance to
possess these colonies. In the competition process,
weak empires will lose their colonies and ultimately
all the empires except the most powerful one will
collapse, so just this unique empire will govern all the
colonies in a country which the power and position of
its colonies and the empire is identical.

A pseudo-code for TSSMC-ICA is given as
bellow:

1) initialization (select some random points of the function and
initialize the empires);

2) Due to the (74), moving colonies toward the imperialist;

3) According to the (70), if there is a colony in an empire which
has lower cost than that of imperialist, exchange the positions of
that colony and the imperialist;

4) Compute the total cost of all empires using (70);

5) Pick the weakest colony from the weakest empire and give it
to the empires that has the most likelihood to possess it;

6) Eliminate the powerless empires;

7) If there is just one empire, stop, if not go to first;

System Modeling

In this section, the dynamic models are described
for parts of proposed EMS, which consists of lithium-
ion battery pack and SC pack. The mathematical
models describing the dynamic behavior of each of
these components are given below.

Li-ion battery model

Li-lon batteries are now generally accepted as the
best choice for energy [46]. The battery model used in
this paper is based on a high-power lithium ion cell
[47], which provides high power density and high
efficiency. Battery characteristics are determined by
internal chemical reactions. These reactions are
affected by the ambient temperature (T), the charge-

discharge rate and charge-discharge history. The
battery characteristics can be modeled as follow:

PBatt = ps + I:)Ioss (Ps ) Es T ) (75)
Where Ps is power delivery from battery pack and

Ploss is power loss. The battery energy level (Es) is
given by (76):

E, (t)=E (0)+sz (r)dz (76)

The current flowing into the battery is determined
based on the charging voltage and the internal
impedance of the battery [48]. The most common
method of SOC calculation that also has been selected
in this study is Coulomb-counting. The equations are
as follow:

soc :socﬂ+cij'\im |dt,During Charging

n (77)

t
SOC =50C, -Cij\ism |dt, During Discharging
L)

(78)

This method needs an accurate measurement of
battery current (iBatt) and knowing the initial value of
SOC (SOCO0).

The dynamic model of battery is presented in Fig.
9, where VtBatt is the cell terminal voltage and Rin is
a lumped resistance due to cell interconnections. A
double layer capacitance C1 is shown in parallel with
the charge transfer polarization represented by R1. It
should be noted that the battery open circuit voltage
(VBatt) and lumped resistance (Rin) are strongly
dependent on battery SOC.

4. SC model

The power density of the SC is considerably
higher than the battery; this is due to the fact that the
charges are physically stored on the electrodes. Low
internal resistance gives SC high efficiency but can
result in a large burst of output currents if the SC is
charged at a very low SOC [49]. Another feature of
the SC is that the terminal voltage is directly
proportional to the SOC. As shown in Fig. 10, the
SCs are modeled as a series connection of a SC open
circuit voltage (VSC) and an initial resistor (Rin). The
output current of SC can be modeled as follow:

Vs i\stc2 — 4P, Ripy

icc = , P. is power request
sc 2R, ri5p auest (79)
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R1
Rin(SOCBatt) _W\'_|
—WW\— +V1-
HH +
VBatt(SOCsatt) _Ls | & c1
T | VtBatt
Fig9. Simplified equivalent circuit of the battery
Rin
AAA
+
vsc_ls | &
T I~ VtSC

Fig10. Equivalent circuit of a SC

5. Simulation Results and Discussion

In order to verify the effects of proposed EMS, all
the components were modeled in
MATLAB/SIMULINK  environment, then, the
performance of EV which equipped with proposed
EMS was investigated through simulation in two
cases: a) in case of fixed input voltages (with and
without disturbances) ; b) in case of the stochastic EV
driving cycle. As illustrated in (80), energy required
by the electric motor is always balanced by the
proposed original control algorithm.

Poad = Psc + Pgar

Fixed input voltages (with and without
disturbances)

The proposed EMS works in two operations,
discharging mode and charging mode (regenerative
braking). In EVs, regenerative braking is a system
that utilizes the mechanical energy from the motor by
converting kinetic energy into electrical energy and
fed back to the sources of energy. In an EV, when

regenerative braking occurs, the speed is reduced and
the electric machine can operate as a generator.

For these two modes, the proposed TSSMC-ICA
controller passed error signals between the
voltages/currents and the references. For discharging
mode the converters step-up stages are used to step up
the storage voltages; the current in the battery/SC
arises from the transfer of electrons from one
electrode to the other.

During discharging, the oxidation reaction at the
anode generates electrons and reduction reaction at
the cathode uses these electrons; therefore during
discharging, electrons flow from the anode to the
cathode. In discharging mode, when the switch S2/54
is on, the battery/SC supplies energy to the battery/SC
inductor (L).

When the switch S2/S4 is off, the output capacitor
CO receives energy from the inductor as well as from
the battery/SC. Thereby, the voltage at the output
capacitor terminals can be regulated accordingly with
the motor speed by adjusting the duty-cycle of the
switch S2/S4. Whenever either the reference value for
the motoring current is set to zero or the EV braking
command is issued, the switch S2/S4 is turned off and
kept in this state till the braking command is removed
and a reference value greater than zero is commanded
for the motoring current. Hence, when the switch
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S2/S4 is permanently off the battery/SC output
current goes to zero because of the instantaneous
difference between the voltage Vout and battery/SC
voltage which reverse biases the diode. After a fixed
blanking time interval the switch S1/S3 is turned on
to allow the reversal of the power flow. Thereafter,
the switch S1/S3 is operated at constant switching
frequency and variable duty-cycle in order to keep at
the desired value the braking current flowing in the
storage elements.

For charging mode (regenerative braking), the
vehicle energy is accomplished by using the converter
step down stages, which give a path for the braking
current and allow the recovery of the vehicle energy
in the storages, it must be noted that in this mode
when the switch S1/S3 is on, the battery/SC receives
energy from the capacitor CO as well as from the
motor, which operates as a generator at expenses of
the vehicle kinetic energy. By turning off the switch
S1/S3 the storage elements are isolated from such an

30
>
O 201
9
2 10}
£
> 0 { — The input voltage without disturbance {
0 0.002 0.004 0.006 0.008 0.01
30 : : : :
S
20r 1
2 1
3 10F ]
£
> 0 { — The input voltage with low disturbance [
0 0.002 0.004 0.006 0.008 0.01
30 : . . :
S
G 20+ 1
n
5
g 10} *
> 0 { — The input voltage with high disturbance {
0 0.002 0.004 0.006 0.008 0.01
Time (sec)
Figl1.

energy supply, and thereby the control of the average
value of the braking current flowing in the battery can
be accomplished by regulating the duty cycle of the
switch S1/S3.

For any of these two operations, the switches S1
and S2 or S3 and S4 are never operated at the same
time, being the switch S1/S3 always off during
motoring operation, in order to avoid a shoot through,
whereas the switch S2/S4 is kept off continuously
whenever the regenerative braking operation is
commanded. Figs. 11 and 12, respectively show the
output voltage of the SC port and the output voltage
of the battery port when using the proposed TSSMC-
ICA controller, in case of fixed input voltages (with
low and high disturbances and without disturbances).
Fig. 13 shows the output voltage response of the
proposed TSSMC method under load disturbance
from 15 to 8 Ohm. Fig. 14 shows Ueq,SC, Ueq,Batt,
PWM for switch S2 and PWM for switch S4.
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The output voltage of the SC port under different input voltage disturbances
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Stochastic EV driving cycle

As illustrated in Fig. 15, in this section the
performance of EV which equipped with proposed
EMS was investigated through simulation in case of
the stochastic EV driving cycle. Battery health
management plays a vital role in defining the state of
health of battery based on different aging processes.
Rapid loss of power and sudden rise of temperature
are some examples of events that reduce the battery
life.

Fig. 16 shows the output battery current along
with SC pack with proposed EMS and the output
battery current without SC pack. When the SCs is not
installed in the system the peak current is 196A and
the working current of the battery varied greatly,
which will reduce the operating life of the battery and
tend to generate extensive heat inside the battery,
which leads to increased battery internal resistance,
thus lower efficiency and ultimately premature
failure.

When the SC is coupled with the battery with
proposed EMS, it is clear from Fig. 16 that the battery

peak current is decreased to 100 A. In addition, there
are fewer spikes of current from the battery, therefore
producing a steadier current. Without the SC’s
assistance, there are ten spikes of current above 50 A,
with the addition of the SC, there is only three spike
of current above 50 A, with one other close.

When the current from the battery is closer to a
constant value with fewer spikes, the battery has a
potential for an increased efficiency and life
expectancy, further reducing the cost of the energy
source and actual power loss in the EMS.

Therefore, as can be seen from Fig. 17 the value
of SOC with and without SC at the same amount of
battery charge are different.

The DC-link voltage of proposed EMS is shown
in Fig. 18. According to this figure, by combining the
TSSMC and ICA, the energy storage device is
delivered a smooth line voltage to the motor,
furthermore the voltage spikes are so little. As shown
in Fig. 19 in order to verify the improvement of
energy indices, at the end of 1000 second efficiency
of proposed EMS with TSSMC-ICA and pure SMC
was compared.
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Fig15. Stochastic EV driving cycle
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Fig16. Comparison of battery pack current (along with SC pack using proposed EMS and without using SC pack)
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. bidirectional DC-DC converter. For modeling the
Conclusion

In this work, a new two input sources EMS with
novel controller which combining the TSSMC and
ICA based feedback control of an ESS to be used in
EV applications has been proposed. Each storage port
are controlled directly through a sliding mode
controller based on ICA. The purpose of the EMS
consists of Li-lon battery, SC bank and two input

equations governing the system, state-space average
modeling technique was used. The results show that
the proposed method can effectively improve the
performance of EV power control and follow a
desired output power for electric motor. The proposed
EMS has continuous input and output current; hence
reduced ripple current in the output.
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