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Electric vehicles (EVs)/Hybrid electric vehicles (HEVs) are implemented with Hybrid En
Storage System (HESS) to obtain the effective results. HESS has been framed by col

Keywords: battery with ultracapacitor (UCHerethebatteryis usedo supply the awvage power wherea
Hybrid  Electric  Vehicle$HEVs), UC can meet the transient power requirement of an electric vehicle. UC always ass
Bidirectional Converter (BDC), battery during peak power requirements and starting of the motor can also be dor
Unidirectional ~ Converter (UDC), problem associated with HESS powered vehicle is switchirigvee® battery and UC
battery, Ultracapacitor (UC), Math depending upon vehicle road conditions. The main aim of this work is to design a cor
Function Based (MFB) controller, for proper switching of energy sources in HESS. With four individual math function,
Artificial Neural Network controller controller has been designed based on the speedealéttiec motor, named as Math Functi
(ANN), fuzzylogic controller Based (MFB) controller, further, this has been integrated with ANN as well as Fuzzy

made two new hybrid controllers. After that thigbrid controllers have been implemented-
the electric motor, thereafter cparative analysis has been made between them and sugt
one good controller based on different comparative factors. Théytuid controllers have
been implemented in four modes and results are discussed in the simulation rest
discussion section

1. INTRODUCTION concept for electric vehicle application. Here UC and battery
arecombinal and forms HESS with average power gamp

The tansportatiorsystem is one of the major factors for by the batteryon other hand peak power can be feed by UC.
pollution in theatmospherdecause IC engine based vehicles HESS improvesthe life cycle of battery by reducinthe
are releasing harmful gases to #timospheréor its successful number of charging and discharging periods, this can be
operation. To avoid that type of obstacle with IC engine basedachieved with UC only. The effient combination UC and
vehiclesthosehave been replaced with electric vehicle$]1 battery forms better energy storage system than the
Both EVs and HEVs are having some technical problems conventional single battery of fuel cell by fulfilling the all road
associated with their used main energy source thatlmeay condition of the electric vehiclg6-10].
battery or fuel cell. Generally small size batteries are Many artificial intelligence techniques have been suggested
inefficient to meet the transient power requirement of the for HESS ly considering unexpected driver behavior as well
electric vehicle especially during climbing of hill areas and as load conditionNowadaysmore researchers paying more
cold start of the motor because battery having low specific attentionto optimize energy usage for better efficient electric
power inherenproperty. On another hand UCs having high ve hi cl e design. Many uni ver
specific power advantage along witie low specific energy suggested for optimal usage 0oEf like battery13-15].
that means battery and UC are having opposite characteristics For small urban electricvehicles energy management
[6-8]. Presently all available energy sources for electric architecture has been developed. Different characteristics
vehicle propulsion having highnergy density only, and it  contained energy sources have been integrated like high power
d o e dawhigh power densityThe high energy density of a  density and high energy density. For splitting energperly
source enhances the driving range and High power density carbetween two energy sources rhigsed metaheuristic
provide the quick power to the vehicle during transient periods.controller has been designed by considering different load
In order to obtain the efficient energpwsce for electric conditions ortheelectricvehicle[1].
vehicle hybridization of both the source are requjged4]. A new HESShasbeen developed with low rating BDQC

The hybridcontrollerhas been designed by combining MFB  converter further it can be compared with conventional HESS,
with adifferentintelligert controller named ANN awell as a which having large power rating BOC converter topology.
Fuzzylogic controller. Andthesenew controlless are worked In designed HESS battery end maintains lower voltage value
to perform switching between battery and UC based on the where UC end maintains higher voltagéuea Here UC will
speed of theelectric motor [1-2]. Different characteristics  supplies the power to the drive until its voltage level is less
multiple sources have been combined with the hybridization than the battery voltage level with that comparative constant



load has been created for the battfl§]. In addition, the converer remaining cases it acts as Buck converter, which

battery is not used to directly harvest energy frime means UC is mending for only to reduce the extra burden on
regenerative braking; thus, the battery is isolated from frequentthe battery during the transient conditions. The battery is
charges, which will increase the life of the battery connected here to supply the average power to the motor and

A modified soft switching method has been suggested for it always in the ON contlbn except some extreme conditions
BDC as well as UDC with coupled inductors. Hysteresis like during coll starting condition. To achre preferable
current controller halseen used for zero voltage switching up control of energy storage system overall circuit can be
to the maximum load rand&7]. An effective energy storage resolved into four sulircuits.
system has been developed for HEV/EV witte neural
networkcontroller. The suggested system reduces the energy
requirement ofhe electricvehicle[18]. B UDC

An effective control strategy has been designed to provide
the crest power requirement from U®ithin 20sec. In
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remaining all cases average power can be suppliathatyery
for electric vehiclg19]. A polynomial control has been used b
for better power m@agement between UC and battery. Here c
battery is connected directly to the dc link whereas UC has D
been connected through BDC to dc link. PIC18F4431 —45 [rs]
microcontroller has been used farDC-DC converter for !E]I— A
properpowersharing[20-21]. v
The main aim of this wrk is to design a hybrid controller I s
combining Math Function Based (MFB) controller with ANN a—||—4 n
controller for smooth switching between the battery and UC. ULTRACAPACITOR N
This paper is structured as follows. Section Il Presents the

proposed system adel. Section Il descrikes the Math

function based controlleModes of operation of converter . . .
model presented in section IV. Section V presethts Figure 1. Proposed block diagram model of thgorid

proposed model ®ntrol stategy. Section VI describes energy Storageystem
simulation results and discussionginally, the Main  ______________________,

conclusions arpresented in section VI 00 > i
| l:
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2. PROPOSEDSYSTEM MODEL

L )
Figure 1 represents that the proposed model diagram of e —‘V
HESS. This model contains two different sources with
different characteristics. In that one source is a battery with
high energy density and tisecond one is UC with high power
density. The combination of two sources always gives the | !
good results than a single source. Here UC is used to supply L TP PP -
peak and battery is used to supply average power to the electric BDC
motor. Switching between the energy smg is the difficult
task, in order to overcome that difficulty a hybrid controller Figure 2. Converter modetircuit diagram with HESS
has been designed by combining MFB with AldBl well as
the Fuzzy logic controller The hybrid controller always
switches the energy sources depending on the speed of thg, MATH FUNCTION BASED CONTROLLER (MFB)
electric motor by controlling the pulse signals of both
Unidirectional converter (UDC) and Bidirectional converter  |n this work MFB controller acts as a universal controller,
(BDC). Here BDC has been connected at UC end and UDC this can be designed with four modes which always depending
has connected at the battery end. Error signal has beempon the speed of the electric motor. This contraitenbined
generated by comparing an actughsl as well as a reference  with other intelligentontroller and made a hybrid controller
signal, after that error given as an input to the AdéNwvell as  for the secessive smooth transition between the battery and
theFuzzylogic controller Further ANNas well as Fuzzy logic ~ UC. MFB controller always decides the gate signal to the
controllergenerates a controlled signal and has been comparedparticular switch which can be generated by the other
with MFB generated signal, finallyequired pulse has been combined controller, which means the designed MFB
generated to the converter depending on the speed of theontroller, plays a vital role in the smoatWwitching of energy
electric motor sources in HESS. The four math functions generate the pulse

Figure 2 represents the converter model of hybrid energy signals based onétspeed of the motor as followartherthis

storage system. Here Buck and Buck/Boost (BD&@)verter signalcan control the gate signal of particular switches in the
model has been prefed with MOSFETswitches. One of the  converters
converters is connected to the battery end and another(i) If the speed of the motor Iess than or equal to 480Pm
converter is connected at UC end. UC end connected convertethen MFB generates signal s 1.

is a BDC and battery end connected is UDC [8]. During peaK (ji) If the speed is in between 466mto 4800 rpm then MFB
power requirements of the motor, BDC acts as a Boost generates signals;ldnd W as 1.
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(iii) If the speed of the motor lies between 48Pt to 4930

rpm MFB generates signaklds 1

(iv) If the speed of the motor is greater than or equal to 4931
romMFB generates signaldas 1.

All the above signals are used to perform the smooth
switching between the battery and UC that means switching
between sources can be done by means of Mbiraller
combined with arANN as well aghe Fuzzylogic controller.

4. MODES OF OPERATION OF CONVERTER MODEL

The switches used in the HESS can operate based on the
road conditions of the vehicle. The modeled circuit contains
three controlled switchegnd that can be operated in four
modes. These four modes illustrated with switching action of

_______________________
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Figure 4. Converter Mbdell circuit diagram with HESS

three switches from below the table. 4.3 Mode-lIl operation

Table 1.Load condition based switching action

Mode-lll is related to the rated load condition on the motor.

Mo d e S S S3 Load Tor
I OFF OFF ON Heavy

I ON OFF ON Me d i luom d
I 11 ON OFF OFF Rated |
IV ON ON OFF No Loac

4.1 Mode-| operation

In this mode of operation pulse signals have been generated

to theonly Bidirectional converter (BDC) and there is no pulse
generated to theunidirectional converter (UDC).Sothe
switches § S are in OFF position and remain switchiSin
ON condition. This mode is related to theavyload on an
electric motor, sdotal power required by the motor can be
supplied by UC only and BDC works avaostconverter.

Iy

i |©

| 1 '
! 1
——/ 1000 malk .
! Lyc S, :
P o=
P T o ARy T
[ R R _1
BDC

Figure 3. ConverteMode| circuit diagram with HESS

4.2 Mode-1l operation

Whenever slightly more than rated load has been applied to

the motor that is related to Modleoperation. In this mode of

operation, the pulse signals have been generated to BDC as
well asUDC, which means battery and UC together supply the

required power to the motor. The switches & are in ON
condition and remain switchh & in OFF position.

During this mode, the pulse signals generated to only UDC as
a boost converter that means entire power can be supplied by
the battery only required by the electric motor. So switch S
only in ON condition and remain two switches are in OFF
position. The pulses have been generated to BDC as a boost
converter by the hybrid controller.

_______________________

Figure 5. Converter Modédll circuit diagram with HESS
4.4 Mode-1V operation

In Mode 1V operation pulse signalsave been generated to
switches $as well as & during this mode of operation BDC
and UDC both are in operation but BDC working as a buck
converter for charging UC. The battery has supplied the power
to the electric motor as well UC for charging.

_______________________
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Figure 6. Converter ModdV circuit diagram with HESS



5. PROPOSED MODEL CONTROL STRATEGY pulse signals as 0. According to the converters designed, the

boost converter at the battery end and the buck converter at the
The proposed control strategy has been worked in four UC end will work in this scenario.

modes of el ectric motor operation. Hybrid controllersd

been designed by combining MFB with intelligent contraller

Hybrid controllers alwaysvork based on the speeaf an 6. SIMULATION RESULTS A ND DISCUSSIONS

electric motor. In model operation pulse signals have been

generated to only BDC as boost converter, during modle 6.1 Mode-I results

operation signals have been gener&eBDC as well as UDC,

in modelll operation pulse has been generated oi)Clas The speed responses of MFB plus ANN and MFB plus
boost converter and mod¥ operation pulse signals have Fuzzy during heavy load condition on the electric mai@r
been generated to BDC as buck and UDC as boost. shown in figure 8. During starting of electric motor both speed

responses have been reached steady state with different times,
in that MFB plus ANN has taken 0.17 sec and MFB plus Fuzzy
has taken 0.22 sec. After that at 1 sec heavy load has been

Resd ll otorprcis applied to the motor, due to that motor speed response reduced
i L By Lf

in both controllers case. MFB plus ANN has taken 0.18 sec,
MFB plus Fuzzy has taken 0.22 sec to reach steady state after
load applied.
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Figure 7. Flowchart of thecontrolstrategy
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(1) During starting of a motor and heavy loaamahdition
UC supply the power to the load. In this mode, the math ¢ | L ——
function U gives signal value 1 and remaining all math = WWM
functions generates signal 0 because during this period theg_m_w# i
speed of the motor O 4800 r°, : j : : :
on all math fuction generated signals. The converters in = TIME N SEC
operation are the boost converter at the UC end.

(2) When the power demanded by the load is beyond the
designed range of the battery output power, UC will assist the
battery to deliver power to the motor. In thisode of . .
operation, motor speed is from 4600 rpm to 4800 rpm. Hence During heavy load _cor_1d|t|on, the current response of both
MFB generates Uand U pulse signals as 1 and generates U controllers as shown in flgur_e 9._After motor reaching steady
and U, pulse signals as 0. The converters in operation are theState, no load has been applied till 1 sec on the motor. At 1 sec

boost converter at the battery end and the boost converter afi€vy 0ad has been applied, corresponding to that huge
theUC end. current varigt o n s 6 has been observe

current response. Thereafter both current responses have been
of the motor, the battery will only supply the power to the reached again steady state with a stipulated time depending

motor. In this mode of operation, the speed of the motor is UPON the particular controller action.
from 4801 rpm to 4930 rpm. Hence MFB generates pulse The pulse signals have been generatgd to BDC asawel
signal as 1 iad generates 1)U, and U, pulse signals as 0. At UDC by MFB plus ANN controller shown in figure 10. During

this time, only the boost converter at the battery terminal Starting of the motor before reaching steady state the pulse
works. signals have been generated to only BDC working as a boost

(4) When battery provides more power than the motor need,converter. After reaching steady state pulse signal are
the extra power will be used to charge the UCtt&opower generated to BD@s a buck and UDC as a boost converter. At

of the battery will flow into both the UC and the motor. In this 1 Sec heavy load applied on the motor during this period the
mode of operation, motor speed is >4931 rptance MFB pulse signal generated to only BDC working as a boost
generates a Lpulse signal as 1 and generatas U and U converter. After some time again motor reaches steady state

NT IN AMPS

Figure 9. The current responses of thkectricmotor during
aheavyload condition

(3) When battery output power matches the desired power



and pulse signals have been generatd®DC as a buck, UDC
as a boost converter.

MFB WITH ANN CONTROLLER
T T

i T T
2 LSE GENERATED TO BDC
2
gns
0 T T T T T T T

on the motor. At 1 sec slightly more than rated load has been
applied, corresponding to th
been observed in both controllers current response. Thereafter
both current responses have been reached agady sttde

with a stipulated time depending upon the particular controller
action.

T T T
CURRENT RESPONSE OF MFB WITH ANN|

B

CURRENT IN AMPS

]

Time (secs)

Figure 10.The pulse generated by the MFB with ANN
controller during éneavyload condition
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Figure 13.The current responses of thlectricmotor during
slightly more than rated loawbndition
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Figure 11.The pulse generated by the MFB with FUZZY
controller during deavyload condition

Amplitude

Figure 1lrepresents that pulse signals have been generated‘
to BDC as well as UDC by MFB plus Fuzzy controller during
heavy load condition.

Figure 14.The pulse generated by the MFB with ANN
controllerduring slightly more than rated load condition
6.2 Mode-Il results The pulse signals have been generated to BDC as well as
UDC by MFB plus AN controller shown in figure 1During

The speed responses of MFB plus ANN and MFB plus starting of the motor before reaching steady state the pulse
Fuzzy during slightly more than rated load condition am th signals have been generated teydDC working as a boost
electric motor are shown in figure 12. During starting of converter. After reaching steady state pulse signal are
electric motor both speed responses have been reached steadyenerated to BDC as a buck and UDC as a boost converter. At
state with different times, in that MFB plus ANN has taken 1 secslightly more than the rated loagbplied on the motor
0.17 sec and MFB plus Fuzzy has taken 0.22 sec. After that aduring this period the pulse signal generated to B@king
1 sec slightlymore than rated load has been applied to the as boost and also UDC working as a boost converter. After
motor, due to that motor speed response reduced in bothsome time again motor reaches steady state and pulse signals
controllers case. MFB plus ANN has taken 0.05 sec, MFB plus have been generated to BDC as a buck, UDC as a boost
Fuzzy has taken 0.06 sec to reach steady state after loadonverter.
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Figure 15 The pulse generated by the MFB with FUZZY
Figure 12.The speed responses of #lectricmotor during controller during slightly more than rated load condition
slightly more than rated loazbndition
Figure 15 represents that pulse signals have been generated
During slightly more than rated load condition, the current to BDC as well as UDC by MFB plus Fuzzy controller during
responses of both controllers have shown in figure 13. After slightly more than rated load condition.

motor reaching steady state, no load has heetfied till 1 sec



6.3 Mode-lll results signals have been generated to only BDC working as a boost
converter. After readhg steady state pulse signal are

The speed responses of MFB plus ANN and MFB plus generated to BDC as a buck and UDC as a boost converter. At

Fuzzy duringrated loadcondition on the electric motor are 1 secrated loadapplied on the motor during this period the

shown in figure 16. During starting of electric motor both pulse signal generated to only UDC working as a boost

speed responses have been reached steady state with differenbnverter. After some time again motor reackiesmdy state

times, in that MFB plus ANN has taken 0.17 sec and MFB plus and pulse signals have been generated to BDC as a buck, UDC

Fuzzy has taken 0.22 sec. After thiat @ec slightly more than  as a boost converter.

rated load has been appliemithe motor, due to that motor

speed response reduced in both controllers case. MFB plus; - ‘ ' eSS

ANN has taken 0.02 sec, MFB plus Fuzzy has taken 0.04 sec} .

to reach steady state after load applied.
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Figure 19.The pulse generated by the MFB with FUZZY
controller during aatedload condition
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Figure 19 represents that pulse signals have been generated
Figure 16. The speed responses of #ectricmotor duringa  to BDC as well as UDC by MFB plus Fuzzy controller during

ratedload condition rated load condition.
E:: T T T " commen nesponse or e v | 6.4 Mode-IV results
E o The speed responses of MFB plus ANN and MFB plus
5 S S S S| Fuzzy during rated load condition on the electric motor are

TIME IN SEC shown in figure 20. During starting of electric oo both

g af ‘ ! | [ comenaeseonse o wre wnrvzz | S
H speed responses have been reached steady state with different
c o times, in that MFB plus ANN has taken 0.17 sec and MFB plus
Eal . Fuzzy has taken 0.22 sec. After that at 1 sec slightly more than
I S R R R rated load has been applied to the motor, due to that motor

speed response reduced in both controllers case. MFB plus
Figure 17.The current responses of teklectricmotor during ~ ANN has taken 0.02 sec, MFB plus Fuzzy has taken 0.04 sec

aratedload condition to reach steady state after load applied.
During rated loadcondition the current responses of both ¢, ~ i e — — e e T
controllers have shown ifigure 17 After motor reaching £l

steady state, no load has been applied till 1 sec on the motor.5

At 1 secrated loadhas been applied, corresponding to that o T :

current variations?®o has bee w - - rol |
£ 4000 [=—sPEED RESPONSE OF MFB WiTH FuzZY| |

current response. Thereafter both curresponses have been &

reached again steady state with a stipulated time dependmgwmﬁ 1

upon the particular controller action. o i i i i

. !IﬁF! WITH AMN‘ 'CONTROLLER . . THEINSES
EI ' | Figure 20.The speed responses of tiectricmotor during
T ' : no loadcondition
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Figure 18.The pulse generated by the MFB with ANN
controller during aatedload condition “L ‘ ‘ ‘ ‘ . ‘
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The pulse signals have been generated to BDC as well as
UDC by MFB plus AN controller shown in figure 1®uring Figure 21.The current responses of thlectricmotor during
starting of the motor before reaching steady state the pulse no loadcondition



During noload condition, the current responses of both 7. CONCLUSIONS
controllers have shown in figure 21. After motor reaching
steady state, no current variations have been observing due to Table 4. Comparative analysis between Hybrid controllers
no loadcondition.

Par amet MFB with MFB wi th

MFB WITH ANN CONTROLLER
T T T

ime (secs)
T

- Del ay t 0.05 sc¢ 0.003 s
E“n o : fr : Rise ti 0.1 se 0.09 se
r Tire e — : Peak ti 0.15 sc¢ 0.1 sec
R 11 T e et
. . . Ma x i mum

2 2% 3%
over s hc

Amplitude

Table 5.Comparative analysis between Hybrid controllers to

’ ” o R b b b ’ reach steady state with and without load
Figure 22.The pulse generated by the MFB with ANN Time is Time is
controller during no load condition Control ] reac h sto reac
state W state
The pulse signals have been generated to BDC as well as : load start]
UDC by MFB plus ANN contrdér shown in figure 22During MEBvith FL 0.22 s 0.22 s
MFB with 0.18 s 0.17 s

starting of the motor before reachistpady state the pulse
signals have been generated to only BDC working as a boost . ) ) )
converter. After reaching steady state pulse signal are The main problem associated with HESS powered electric

generated to BDC as a buck and UDC as a boost converter. Vehicle can be overcome by designing the MFB controller
combined with an intelligent controller termed as a hybrid

controller. Here MFBhas been combined with ANN as well
as Fuzzy formed two different hybrid controllers. The main
0! ” : . function of MFB is to control the switching pulses of
e converters based on the speed of an electric motor on another
hand the intelligent controller generates #iwétching pulse
; - - - ) signals by comparing converter reference signal with actual
, ‘ , T ' ] converter signal, finally these two controllers worked together
Al Tm— made possible smooth switching between battery and UC
: : : : : | based on the speed of an electric motor. -fwiorid
' e sy L controlles have been adopted in four modes and responded
satisfactorily corresponding to the speed the electric motor and
Figure 23.The pulse generated by the MFB with FUZZY  generated switching pulses to the particular converter BDC or
contoller during no load condition UDC. The comparative study has been made based on various
factors; all comparati study can be tabulated in table 4 and
Figure 23 represents that pulse signals have been generated and from that MFB plus ANN has given better performance
to BDC as well as UDC by MFB plus Fuzzy controller during compared with MFB plus Fuzzy logic controller. All modes
no load condition. MATLAB/ Simulink results are obtained and discussed in
section 6.

MFB WITH FUZZY LOGIC CONTROLLER
T T T T

Amplitude

Amplitude

Table 2.Operation othe converter based on four modes
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