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Impact of Variable Hysteresis Control in Evaluating the
Performance of an Ultra-Capacitor Configured Energy
Storage System for Electric Vehicles

Shrikant Misal  B.P. Divakar

Abstracti Uncontrolled frequent charging and discharging of
batteriesis of great concern to Hectric Vehicle manufacturers.
The idea wherein the battery is made to supply a constant
base load with an energy buffer taking care of transient load
is gaining acceptance. Ultracapacitor can undergo several
charge-discharge cycle and absorb/deliver energy for short
durations such as during acceleration and deceleration.
Because of this property, hybrid energy storage system
concepts have been developed by interfacing ultreapacitors
and batteries. There are many ways in whichhe hybrid
energy storage system can be configured in electric vehicles.
In this study, a topology wherein, the ultracapacitor is
interfaced with the battery through a bi-directional converter

is considered and analyzed. The performance of the hybrid
systam in which the capacitor voltage is controlled with
hysteresis control is studied in detail and several limitations
with the control have beenbrought out. Results reveal that
there is a need for adjusting the hysteresis window, so as to
control the power being delivered from or to the battery. The
study aids sizing of capacitor in the hybrid system.

Keywordsi Electric vehicle (EV), battery, ultra-capacitor
(UC), hybrid energy storage systm (HESS), bidirectional
DC-DC converter, hysteresis indow

|. INTRODUCTION

Energy Storage System (ESS) is one of the most importan

components of an electric vehicle that play a vital role in
improvising the overall performance of the complete
drivetrain configuration. A conventional battdpgsed ESS
possess severlimitations which are needed to be worked
upon like: i) Low power density ii) Thermal Management
iii) Cell Balancing iv) Frequent chargdischarge cycles
leading to deterioration v) Size and cost. In a typical urban
driving condition, owing to sudden aceedtion and
braking actions of an Electric Vehicle (EV), batteries are

subjected to transient loads very often. Research works

have already proved that the batteries when subjected to
constant load profile perform more efficiently and can last
longer. Hece to overcome these limitations of a
conventional battery based energy system as highlighte
above, different Hybrid Energy Storage System (HESS)
configurations integratingbattery and ultracapacitor
(energy buffer) have been suggested in literature,[[6]
and [7]. Interfacing the battery and an ult@pacitor

through a controlled dc/dc converter results in battery size

reduction and better overall performance [B] and[6].
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There are fewconfigurations for HESS design proposed
in literatures [18] and [1012] whereinbattery and ultra
capacitor are configed uniquely to share the load. Some
of the prominent configurations are i) Ukra
capacitor/Battery configuration having UC at the input of
dc/dc converter and Battery at its output. The advantages
associated with this configuration are: a) The battery
which is directly connected to tHaC link yields a rather
constant DC link voltage and b) The UC energy can be
used in a wide range by controlling-directional dc/dc
converter. The disadvantages associated with
configuration are: a) there is no meairs protect the
battery from transients and b) thediiectional converter
should be rated to handle the UC power in addition to the
load demand.ii) Battery/Ultracapacitor configuration
having battery at the input and ultapacitor at the
output of dc/d converter. The advantages associated with
this configuration are: a) requires battery with lower
voltage rating b) better utilization of the energy stored in
UC because the UC voltage is allowed to swing in a wide
range. The only limitation associatedtisat the design
calls for optimization of UC and converter size for better
utilization of energy. iii) Cascaded configuration
implements two dc/dc converters in cascade in such a
nanner that second converter is connected at the output
of first. This is anextended version of Battery/UC
configuration. A major advantage associated with this
configuration is that UC voltage can be further controlled
in much more efficient and precise manner to meet the
variable load requirements. The only disadvantage
associted with this configuration is the overall cost since
two converters are implemented. iv) Multiple Input
Converter configuration permits series connection of
converters for high voltage application. The advantages
associated with this configuration are: ldigh voltage

this

implications of dc link can be efficiently met since both

e energy buffers are not unduly stressed and b) The UC
energy is fully utilised resulting in battery size reduction.

ew disadvantages associated with this configuration are
he compexity of the system as well as the challenge of
optimizing the sizes of both battery and UC to meet the
requisite power demands. v) Multiple Converter
configurations paralleling the output of two converters
instead of cascading [1]. The advantages aswsatiaith
this configuration are the use of two dc/dc converters with
input from energy buffers helps in effective optimization
of energy associated with each buffer resulting in reduced
stress on the battery. The disadvantages associated with
this configuation are increased cost and complexity.

The configuration, in which a bidirectional converter is
interfaced between a battery and an ut@mpacitor, is the
widely preferred topology [125]. Even though this
design alleviates the peak power seen bybtittery, the
battery is still subjected to frequent charge and discharge
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operations. A Battery/Ultrgapacitor configuration is
implemented in [1] where the ult@pacitor is directly

a steady load. As the energy supplied or absorbed
depands on the difference of the square of the maximum

connected across the load so as to meet the powerand minimum voltage of the capacitor, the voltage swing

demanded by the loadThis configuration has the
advantage of flexibility in varying the dc link voltage in

of the capacitor has to be monitored and controlled for
effective operation of the system. In present scheme, the

accordance with frequent charge and discharge operationswell-known hysteresis method, in gh the capacitor

of the ultracapacitor.
Organization of the paper

The HESS configuration presented in [1] is introduced,in Il
significance of hysteresis window in Ill, mathematical
modeling of the bidirectional converter in IV, simulation of
mathematical model in V and various simulation studies in
VI, inferences drawn from simulations in VII followed by
concluding remarks iwlIl.

Il. ULTRA-CAPACITOR CONFIGURATION

A. Operation Of
Configuration :
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Fig.1 Battery/UltraCapacitor Configuration [1]

‘BiDirectional DC-DC

Converter

An ultra-capacitor based energy storage system
configuration is as shown in Fig.1 wherein the batiery
interfaced with the ultrgapacitor through a bidirectional
dcdc converter that acts as a boost converter in the
forward mode and buck converter in the regenerative
mode.

The function of the capacitor is to transfer and absorb
transient energy therebwyaking the battery see a stable
load. Thus it protects the battery against frequent
charge/discharge cycles thereby extending the life of the
battery. Since the battery voltage is stepped by boost
action, this configuration requires less number of batseri

in the string.

B. Control Strategy
lim_

LM339AN

Ultra Caparitor V_Lower Threshold

Sensed Valtage

<

Fig.2 Circuit Diagram of Window Comparator

The capacitor is expected to deliver or absorb energy as
and when required by the load so that the battery supplies
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voltage is maintained within an upper and lower limit, has

been employed. The band width plays a significant role

during forward and regenerative mode of the bidirectional

converter. Hence the main focus of this paper is to present
various options for choosing hysteresis band and their

effectiveness in satisfying the energy requirements. Fig.2.
shows the schematic of the window comparator wherein

two opamps compare the capacitor voltage with upper

and lower reference value respectively.

C. Generation of PWM Signals for Lower and Upper
Switch

=

Compare

Compare
Switch PWM Signal
Relational

Operator

Repeating Signal

Fig.3 Block diagram of PWM Subystem

The operating mode of the motor load: forward or
regenerative, influences the switching action of theldc
converter. The gate signal generation scheme s
incorporated using a PWM subsystem as shown in Fig.3
above. Here current mode control has been employed for
controlling the battery current during forward and
regenerative modes.

The current in the inductor is sensed and compared with a
reference signal whbh is produced from the PI controller

to which the error between the sensed capacitor voltage
and the reference is fed. The error between the sensed
inductor current and the commanded value is again passed
through the second PI controller and compared ttith
ramp signal for controlling the switches. Through the
pulse steering circuithe generated signals are applied to
the appropriate switches depending on the mode of
converter operation.

I1l. SIGNIFICANCE OF HYSTERESISWINDOW

The energy stored imaultra-capacitor is a function of the
magnitude of capacitance value and the square of the
hysteresis band/window as shown in Eq. (1).

EUC = (1/2) C (\fmax' V2min) (1)

where

Eyc = Energy stored by ultreapacitor
Vmax= Upper threshold voltage level attained by

capacitor
Vmin = Lower threshold voltage level attained by
capacitor
And Euc=PoTp 2
Euc=PnTc (3



where,

P, = Output power delivered by thdtra-capacitor
P = Inputpower absorbed by the wtcapacitor
Tp = Dischargdime of ultracapacitor

Tc = Chargingtime of ultracapacitor

From Eq (1) one can observe that the energy stored and

released by the capacitor depends on the two thresholds.

Similarly from equations (2&nd (3) one can observe that
the power delivered or absorbed by the capacitor varies
inversely with the respective discharging or charging
period of capacitor. Hence it can be concluded that the
energy stored or released by the ultegpacitor can be
contolled by controlling the hysteresis band or the
charge/discharge period.

IV. MATHEMATICAL MODELING EQUATIONS OF BI-
DIRECTIONAL CONVERTER

Mathematical model of the ddlirectional converter for
both boost and buck mode of operation can be realised
basedon the operation of motor load connected at its
output i.e. boost operation for motoring mode and buck
operation for regenerative mode. The equations governing
this bidirectional operation of the converter are:

Buck Mode:

(di /dty= [V 4i (1-D)Vg] / L (4)
@Vydt) = [i,-i,]/ C (5)

Boost Mode:
(di /dt) = [(1-D)V, - V] / L (6)

(dVo/dt) = [io-iL]/C (@)

where,
iL= Current through Inductor
io= Converter Output Current
Vy= Input Voltage of Converter
V, = Outpu Voltage of Converter

Since the inductor current ) and the output voltage/{)
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Fig.5: Bi-Directional Convegr Subsystem

Fig.5 represents the d{girectional converter subystem
realizing equations (4) to (7) for its respective boost and
buck operation as discussed in the previous section. The
model has been developed to depict the bidirectional
features of th system simultaneously.
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of the converter are responsible for determining its overall Fig.6: SimulationResultsin Boost Mode. Top: Capacitor Output

performance hence equations (4) to (6) have a significant

role in developing a mathematical model for impletieg

Voltage and Bottom: Output Current

the simultaneous boost and buck operation of the convertef e simulation results from the model showrFig.4 are
Eq (4) governs the boost operation of the converter with aShown inFigures6 and7 for the forward mode (generation

dut y DOy cw hei. (6degov&mmp the buck operation of
the converter.

V. SIMULATION OF MATHEMATICAL MODEL FOR
CONVERTERCIRCUIT

The Fig.4belowshows a complete mathematical model of
the bidirectional converter depicting the cyclic forward
and regenerative operation of the motor load.

mode or bost mode) and regenerative mdgeick mode)
respectively. During forward mode, the output voltage is
tightly regulated a¥80V for an input voltage of 172/8
from the battery. The capacitor voltagémost remains
constant at 480 because ofhe 0.1% hysteresis window.
The inductor current of the boost converter has an average
value of BA with a ripple content of 1A The on period

is indicated by the uplope of the inductor current while
the off period is indicated by the dowefope of the
inductor curent. The capacitor discharges during the on
time and support the load till the switch is turned off.
During the off period, the energy stored in the inductor is
used to charge the capacitor and to supply the load.
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Output Voltage (V)
T T

Table 1: Typical Ratings and Characteristics of the
Components Used in Simulation

NidMh Tltra- DCDC DC Motor

i H Battery Capacitor Converter Load

. Dnlvnl(!nmi‘(ﬂ)
Specifications 1728V, | 6.67F, 500V ., | Constant Efficiency, 100HP Max.,
Used 180AhR 12Kk'W Continuous 500V, 1750rpm
Nominal Cell 1.25 2527

fob NNy Voltage (¥ Parameters:
In]nl:l l]lh-mCl]llci(m:anllgz [\9) Em}‘;%;"'u];:g';ﬂt“' 60-120 5-30 ]:!:': g;gg 22%[

Power Density 220 4000-10000 Field
(W/Kg) Parameters:
Charge/Discharge | 300-500 | Upto 1000000 R;=58.820
L i L i I H Cycles L:=7.26TH

015 0.20 025 0.30 0.35 0.40
. i . i Operating -20 to 65 -40 to 65
Fig.7. SimulationResults in BuckMode. Top: Rated Battery Temperature (°C)
\oltage. Middle: Battery Charging Current and Bottom:
Input Capacitor Voltage s o .
4801 ;

The bidirectional model can also describe the operation
during regeneration in which the capacitor is made as the |
source and battery asetfsink. In the regenerative mode, I
the load current is reversed and the capacitor is made as : S T T Yoy — :
the source feeding the bidirectional converter which now sef i ' ' '

is operated in the buck mode. -

2001

I n the regenerative mode, o

L | L L

before is controlled ithin a hysteresis band of 0X5 o ’° & o

Fig.9: Slmulatlon Results in Forward ddle for Normal Window

The plots shown inFig.6 confirm the bidirectional Top: UltraCapacitor Voltagand Bottom: Battery Current

capability of the mathematical model.

Ultra-Capacitor Current (1)

vI. HESSCIRCUIT AND SIMULATION RESULTS = W
S04 : ; a
E"“j o ]

0 20 40 60 100 120

Fig.1Q Simulation Resu$ in Forward M)de for Normal Window
T""‘@‘:‘; From Top: UltraCapacitor CurrenfDC-DC Converter Output
Current and Motoring Load Current

=)
[ il
o S Various plots are given in Figures 9 and 10 from which
one can determine ratings of various devices. A 154 N
FIgS Complete Simulation Circuit of a Battery/ult%pacitor of motor load wll demand a peak current of 480rom
HESS Configuration the battery md that will translate into 1004veak of
output current from bdirectional converter.

The completesimulation model at the miuit level is
depicted in Fig8 and the simulation specifications are Hence the conducting switch&sand D, will see a peak
shown in Table I. As mentioned earlier, control of cagpaci current of 408 in the forward mode of operation.

vol tage i nf | uperdocnamscehenoessevergl s Becausdaf the nature of the hysteresis band, the capacitor
strategies highlighting theipros and cons are considered is allowed to dischagythereby the entire load of &3s
and discussed below. met by thecapacitor alone. Thus the battery does not
contribute during the time when the capacitor is able to
Case I: Normal Window of Hysteresis meet the load demand on its own.s Aan be seen, the
battery current is a series of high pulses which will reduce
a) Forward Opeation: With a Band (450 480)V for the life of the battery. Therefore, it can be inferred that the
Load Torque T;) = 150Nm capacitor voltage should be properly regulated by

dynamically adjusting the width of the window thereby

In this mode of operation the capacitor voltégallowed )
allowing the battery to supply a constant base load.

to vary between 430and480V. The characteristic of this

mode is that the load is being supplied mainly by the PR

battery and partly by capacitor as indicated by its b) .ﬁ)er\éirs%?géggg'mth a Band (480 500)V for Load

discharge profile. The energy lost by the capacitor will be -

replenished by the battery in every cycle. This case study pertains to tregenerative mode in wdti
the regenerative load of 1H@n is considered ral a
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hysteresis bandf¢480-500)V is taken. The uppdimit has
been increased to 500with anintention of storing higher

energy in the capacitor, which can be utilized when the *

demand arises.

Ultra-Capacitor Voltage (V)

i

l$l§o§§§§

B.na, Ch

UUUUUUU

Fig.11: Simulation Results in Regenerative Mode for
NormalWindow: Top: Utra-Capacitor Voltage and Bottom:
Battery Current
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Fig.12: Simulation Results in Regenerative Mode for
NormalWindow FromTop: UltraCapacitor CurrenfC-DC
Converter Input Current and Regenerative Load Current

In the forward mode, 9 of regenerative current and 300
A peak from the gaacitor are translated into 38(eak
current at the input of the bidirectional converter. Hence
the battery will be chged with a peak current of 58@lue

to buck operation. In this mode, switch &d diodeD;

will be in conduction.

The capacitor is mainly responsible for absorbing the

sudden inrush of regenerative power from the load and*°
once it reaches the upper threshold of 500V, it discharges,,

until the lower limit of 480V before the start of the next

cycle. The simulation highlights hidden aspect of the “
It helps the capacitor to store and:w
discharge as much energy as desired depending on th

window comparator.

hysteresis width. However, it will result in high discharge
current from the capacitor duringgeneration if measure
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Mode of Operation
T
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. Battery Current (1) . . ; .
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Load Current (A)
T o
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o 510 IC.DO l;O 230 2;0 3{;0 35!0 400 450
Fig.13: Simulation Results in Cyclic Modérom Top: Mode
Signal, UltraCapacitor Voltage, Battery Current and Load
Current

The simulation results for cyclic operation are shown in
Fig. 13. The mode of operation is detected by the
direction of the load currergshown by the bottom trace.
The positive polarity shows the forward mode while the
negative polarity indicates the regenerative mode. In the
forward mode, both the upper and lower limits of the
hysteresis band are lowered to allow the capacitor to meet
thesudden demand. Thus at the start of forward mode, the
capacitor discharges until it reaches the lower limit from
there it begins to charge from the battery towards the
upper limit. Therefore from the start of the forward mode
up to the point of lower lintj the battery remains idle.
Similarly when the mode changes from forward to
regeneration as indicated by the second vertical line, the
upper and lower hysteresis windows are increased so as to
permit charging of the capacitor thereby protecting the
battey from sudden inrush power.

Case IlI: Increased Window of Hysteresis

a) Forward Operation: Hysteresis Window of (40@80)
V for Load Torque ) = 150Nm

Ultra-Capacitor Voltage (V)
T —

480

i L |
Battery Output Current (3)
T T T

T T T T

I L i L 1 I i i
40 60 80 100 120 140 160 180

Fig.14: Simulation Results in Forward dde forincreased

200

wl
S

0

is not taken to prevent unnecessary discharge by the Window Top: UltraCapaitor Voltage and Bottom: Battery

capacitor.

¢) Combined Forward and Reverse (Cyclic) Operation:
For Load TorqueT,) = 150 Nm and100Nm

In this case the simulation is carried out with alternate ™

Current

Ultra-Capacitor Current (1)
T T T

DC-DC Converter Output Current (A)

forward andregenerate mode cyclically to test the validity [
of the model. Accordingly the cyclic mode of operation has .}
been implemented for a fixed hysteresis voltage window of i
(450-480)V during forward torque and (4&D0)V during - - ' - T e ' '
regenerative mode-ere both the yper and lower limits
are changed according to the mode of operation for «f
effective utilization of capacitor energyhe switching g
signals for switchesS, and S, are generated as per the
mode of operation with the help of the mode detection
block.

20 40 60 SLO 1olo 1210 1;0 16‘0 1180
Fig.15: Simulation Results in Forward mode focreased
Window From Top: UltraCapacitor CurrenfpC-DC Converter
Output Current and Motoring Load Current
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The simulations are carried out with an increasendoiv

the lower limit has been decreased to 400V. Bhsic

of (400'480)V. This increased window has naturally intention behind increasing the window is to make the UC
increased the time taken to discharge the capacitor and hagischarge deeper so as to meet the load requirements for
increased the energy stored by 1.52 times as compared téonger duration of time. Similarly for the regenerative
Case I. This increased energy will mitigate the suddenoperation the lower limit is fixed at 450V while the upper

change in future power regaments.

b) Reverse Operation: Hysteresis Window of (45800)
V for Load Torque T.) =-150Nm

Ultra-Capacitor Voltage (V)
T T T

T T T T

L ! 1
Battery Charging Current (1)
T T T

i

-1000)
L 1 1 L 1 L 1

1I0 1‘5 2‘0 2‘5 30 35 40 45 50 55 60
Fig.16: Simulation Results in Regenerative Mode lfiecreased

Window Top: UltraCapacitor Voltage and Bottom: Battery
Current
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T T T

; ; : D:C-DC leu'ertu l.ngI ut Curre:ll A) : . ’ '

R ive Load Current (1)
T T T T T T T

- 8 8
158 i b

T N A

§I |§I ‘O
e

111

sof H "

100F . ]

I I L ! I I ! ! ! I I
0 10 15 20 25 30 35 40 45 50 55 60

Fig.17: Simulation Resus in Regenerative Mode famcreased

Window From Top: UltraCapacitor CurrenfC-DC Converter

Input Current and Regenerative Load Current

This case is similar toase | but with higher hysteresis
window. The increased window permits storage of more
regenerative energy in the capacitor thereby protecting the

battery against inrush power.

¢) Combined Forward and Reverse Operation: for Load

Torque () = 150 Nm and150Nm
Modeofgmﬁon : . ; >

T T T

{1 S O N O

i 1 1 | I I I 1 !

Ultra-Capacitor Voltage (V)

sl T T T T T T ]
a0 : q

I L 1 L I I I ! !
-_I—\\‘ : ,Bl(lﬂ' Current (A) : = = . :
o | | =
-1500¢ 1 1 1 L L i 1 1 -

Load Current (A)
S S T

o i B e g B

X ! T 1 T 1 s 1 T
0 50 100 150 200 250 300 350 400 450

Fig.18: Simulation Results in CycliMode fromTop: Mode
Signal, UltraCapacitoMoltage, Battery Current and Load
Current

A simulation of combined forward and regenerative mode
of operation is carried out as seen in Fig.18. During
forward operation the upper limit is fixed at 480V while
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limit has been chamgl to 500V with intent to make UC
store more regenerative power compared to Case |.

Case llI: For Reduced Hysteresis Window Control

Simulation studies pertaining to the first two cases have
brought out one basic drawback with the present control
stratey that hysteresis window not only causes frequent
chargingdischarging of the ultrgapacitor but also of the
battery. Because the capacitor is connected across the load
and supplied by the battery, discharge of the capacitor can
cause the battery to repish the lost charge. If hysteresis
control is employed with a large window, the battery will
see a pulse load required to charge the capacitor.

Thus there is a serious limitation associated with this
topology wherein the capacitor is directly connected
across the load and made to meet the change in load
demand. Taking account of above situation, the desirable
option would be to maintain a steady voltage across the
capacitor for constant power loading which can cause the
power delivered from the battery tbe constant for
constant load thereby extending the battery life.

Ultra-Capacitor Voltage
490 . , ' 3-Capacitor Voltnge ()

TT T
O] I

480
476" il
L 1 1 1 1 1 L 1 1 1 ]
Battery Output Current (4)
Battery Qutput Current T T T
800
400

A b s

©
2

A

21) 4l0 63 810 1010 1210 14:J 1160 léO 200
Fig.19 Simulation Results in Forward mode Reduced
Window Top: UltraCapacitor Voltage and Bottom: Battery

Current

-
IS TR -~ T

g o
e T T
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T T T

100 T T T T T
% ; £
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P ; i
i L L 1 1 I ) i I
. . . DC-DC Converter Input Current (A) .
150f- ; : ; ; : ‘ ; ! ]
Py R n—— ot P e d
-100- » s — i i e 4
i 1 Il I 1 I L |
Regenerative Load Current (4)
100 T T T e B B T | T
80
P =
20 1 1 1 ] 1 ] Il 1
0 20 40 60 80 100 120 140 160 180 200

Fig.20: Simulation Results in Forward mode f®educed
Window from Top: UltraCapacitor Current, DOC Converter
Output Current and Motoring Load Current

So considering these aspects, a case study with a very
small window of Hysteresis i.e. (48069.§ V for the
forward operation and (499%00)V for the reverse
operation of the motor load has been carried out. During
forward operationas shown in Figures 19 and 20,
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an average battery input of 225A will be responsible for mode with increased and reducedhdows respectively.
charging the capacitor at a constant current of 63.75AThe results are depicted in Figures 23 and 24.
through Boost operation of conver. Similarly for

regenerative operation shown in Figl and 22, a constant : . - Oltra-Capacitor Valtaga (V) : ; 2
regenerative current input of 93A will be charging the
battery at a constant current of 200A through buck @
operation. c

Ultra-Capacitor Voltage (V)
T T T

TT T

A 1 w:
Battery Output Current (3)
T T

50 12)0 15‘0 2(‘)0 250 300 350 4:}0 45‘0 500
""" Increased Window - Reduced Window

D I IR TRr TR TTT T “'I‘i ‘ ‘lwwmﬂmu‘“.‘u'“.—
°°';ﬂ ‘ N i Fig. 23 SimulationResults for Combined Mode witfariable

Window; Top: UltraCapacitor Voltage and Bottom: Battery
Current

-240("
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110 120 130 140 150 160 170 180

Fig.21 Simulation Results in Regenerative Mode Redued
Window Top: UltraCapacitor Voltage and Bottom: Battery
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o5k Bl Fig. 24: Simulation Results for Combined Mode witariabke
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Fig.22 Simulation Results in Regenerative Mode Reduced Converter Current and Load Current
Window From Top: UltraCapacitor Current, DDOC Converter From G125 sec, the capacitor voltage is controlled with a
Input Current and Regenerative Load Current larger window. Thus the capacitor is able to discharge its

With the reduced winaw, the capacitor voltage has been €nergy into the load from the instavoltage reaches the
confined within a smaller band resulting in tighter control UPPer limit. After the capacitor reaches its minimum limit,
over charging and discharging of the capacitor. From thethe energy is supplied by the battery. Thus the battery
view point of longevity of capacitor this profile is very Supplies both the load as well as the capacitor. This mode
much favorable but it will not permit the cagitor to either of operation is not beneficial for the battery which h_as to
discharge during sudden change in the load as happenSUPPly high peak pulses. From 1250 sec, the capacitor

regeneration. peak currenfrom the battery has decreasé&tie next two

sections from 12875 sec and 37500 sec show the

Case |, Il and Ill considered simulation under various resylt for regenerative modetwiincreased and decreased
windows and highlighted their advantages and limitations. \yindow.

For cases | and I, the battery is subjected to pulse currents ] ] ]

of high magnitude. On the other hand the simulation with Thus from the simulations it can be seen that by
reduced window as in case Ill overcomes the abovedynamically adjusting the hysteresis window, it is
limitation but it does not allow the capacitor to share the Possible to control the charge and discharge rate of the
load during forward and regerative modes. So the battery.
desirable feature is to have the windows dynamically
changed with respect to the mode of operation as well as

the load thereby letting the capacitor to participate actively
in load sharing with the battery.

VIl. SUMMARY OF SIMULATION RESULTS

The power deliered or absorbed by the capacitor for the
operating period to support the given load, the influence
A simulation study is therefore carried out with  of hysteresis window and the magnitude of capacitances
dynamically changing windows during forward and used are depicted in bar graphs discussed below. Figures
regenerative modes. In th&udy four cycles lasting for 25 to 28 show the plots of output power ideted or

125 sec are considered. The first twgcles are forthe absorbed versus time in forward mode and regenerative
forward operation with increased and reduced windows mode respectively for different values of capacitors.
respectively.The next twocyclesare forthe regenerative
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The regenerative power absorbed versus time plots for
normal (480¥500V) and increased window (48@00V)

are shown inFig. 27 and 28 respectively. The plots
confirm that the energy stored is directly proportional to
the value of the capacitor as well as the window width.
The study shows that by proper selection of window size
and capacitor, the batteryrcée protected against sudden
bursts of regenerative power. Through the plots one can
select appropriate windows and capacitor so as to absorb
or deliver the required energy.

VIIl. CONCLUDING REMARKS

In the present simulation study, the impact of hysiere
Fig.26: Ultra-Capacitor Output Power Delivered's Time for window on the performance of a hybrid system wherein
Increased Window of Hysteresis Control the ultracapacitor, fed by a bidirectional converter
directly connected across the load is discussSeue

. X simulation study was mainly carried out for various cases
480V) and increased (400480V) hysteresisontrol bands. in the forward as well as regentiva modes of the motor

D'ffefe“t capacitor ratingsf 6.67 F, 16‘67_': and 53': are |pad pertaining to different capacitances and different
consicered for the s.tudy. .For normali window, 't. can be hysteresis windows. From the simulation results it can be
seen that the capacitor with large rating of 63F is able t0caan that the smaller hysteresis window will prevent
deliver a large burst of 300kW quite amicably for almost frequent chargelischarge cycles of the capacitor and
10-20 sec as against8isec from the smaller capacitors. y,eq not abw the capacitor to deliver or absorb sudden
As expected from the studiesade in the previous Sections, st of power. On the other hand, the larger hysteresis
the increased window causes the capacitors to dischargg;nqow causes charegischarge c1ycles but permits

more power intothe load compared With the normal discharging of capacitor to meet the sudden demBmas
window. Hence, when burst of power is needed for the load seen by the battery during forwardd a

acceleration, the window may be increased by lowering theregenerative mode can be controlled by controlling the

lowest threshld. hysteresis windowHence there is a need for a variable
Similarly the increased window allows the capacitor to window controller that will adjust not only the window
discharge deeper such that the power demand is met for But also the upper and lower limits in accordance with the
sustained period of 280 sec. modes of operation. In alhé previous literatures, there is
no discussiomn varying the upper and lower limits of the
hysteresis band. The simulation study clearly depicts that
the energy management of ulrapacitor is very vital for
the operation. The present paper has shovat the
capacitor energy can be better managed by making the
upper and lower limits variabledepending on the
operating modes. The paper has thoroughly analyzed the
variable window control supplemented by the model of
the bidirectional topology. The simuilah study helps in
the selection of the capacitor and the hysteresis band.

Figures 25 and 26 show the plots for th@rmal (450\-

IX. FUTURE WORK

Fig.27: Regenerative Power Absorbed by Ui€apacitorVs In the battery/ultracapacitor HESS  configuration
Time for Normal Windowof Hysteresis Control discussed above, a control mechanism needs to be
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