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Abstract: An optimized energy management strategy is designed for a hybrid energy storage system (HESS) to drive the hybrid
electric vehicle (HEV) / electric vehicle (EV). Combination of battery and Ultra-Capacitor (UC) forms the HESS for an HEV /
EV which will enhance the acceleration performance of the electric motor, reduced battery charge-discharge cycle and improves
the driving range. The main aim of the proposed method is to design a control approach for automatic smooth switching between
sources of HESS corresponding to the speed of the motor. To achieve the main objective, a new controller is designed with four
math functions and programmed separately corresponding to the speed of the motor termed as MFB controller. The fuzzy logic
controller is used to obtain the controlled gate pulses for Uni-directional (UDC) and Bi-directional (BDC) converters, those are
placed at the battery and UC end. The MFB and Fuzzy logic controllers work together to attain a smooth transition between the
battery and UC related to the speed of the electric motor. Finally, the effectiveness of the control strategy is validated with four
modes of operation in MATLAB/Simulink.
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1. Introduction So batteries lagged power can be provided by the UC during
peak load time of the electric vehicle. Energy control can be

In the transportation system, electric vehicle technology is achieved from DC-DC converters by providing proper pulses
one of the most feasible ones to protect the atmosphere from to the switches based on the state of charge of battery and UC
the flue gases and to reduce the energy crises. Electric with the help of a PI controller [3]. Flexible energy
vehicle technology is bagged with some conventional management control has been studied for HESS. An
drawbacks, in that driving range of the electric vehicle is the inversion mode control scheme has been proposed and it
major problem. The conventionally electric vehicle is feed requires the distribution input for its proper energy sharing
with battery or fuel cell for its successive propulsion, which between batteries an ultra-capacitor. Using different
gives better result during average power requirements and for distributed inputs several controllers have been checked
transient power generation, frequent charging and without changing the control scheme. Some real-time control
discharging leads to take more cost for maintaining the schemes also proposed and compared with existed control
battery. To avoid such problems UC has been introduced for scheme [4]. FLC based HESS has been designed to reduce
high-power requirements, moreover to reduce the burden on the power rating of the BDC by meeting the power
the battery during a transient period of the electric vehicle. requirement of the DC bus. Total four Fuzzy logic controllers
HESS has been formed with battery and UC for all type of have been designed for different modes of operation of
road condition. The major task in this HESS is that is a electric vehicle which depending upon the speed of the EV.
smooth transition between the battery and UC. For obtaining Designed FLC calculates the power requirement between the
the smooth transition between energy sources in HESS many battery and ultra-capacitor [5]-[6]. A fuzzy logic supervisory
controllers have been designed including a conventional wavelet-transform  frequency — decoupling-based  energy
controller like P1, PID, etc. management strategy has been proposed to the powertrain to
The main issue in HESS based electric vehicle is the propel the two different power rating machines having HESS
energy management between the battery and the UC with battery and ultra-capacitor. The adopted method
depending upon the vehicle dynamics. An adaptive fuzzy guarantees the rated power from the battery and transient
logic based controller has been designed for proper energy power from the ultra-capacitor, power splitting between
splitting between energy sources in HESS. Fuzzy logic is sources can be done based on the torque requirement [7]-[8].
used to solve the real time control issue after that this does A new control structure is proposed by considering a variable
not require driving Cycie dynamics [1] To Optimize the rate —limit function and implemented to HESS. With proper
operation process of the HESS in the electric vehicles fuzzy energy splitting between energy sources of HESS, the major
logic controller has been proposed. The rule base can be done source of life is enhanced. The normal power need of the
using Kalman filtering algorithm to know the state of power load is achieved by the major source whereas sudden power
and state of charge, from this knowledge optimized power will send from the supporting source. [10]. With fuel cell and
value can be found which can be supplied by the battery with UC HESS is constructed, to change the energy source related
that state of health of the battery will improve [2]. During to load requirement a new polynomial based approach is used.
high power density requirement, energy storage is the main UC is used for sudden power supply on the other hand main
issue from electric vehicles for its successful operation. The source will meet the normal power of the load [11]. A
provided battery must be low cost, having a long life cycle controller is designed and implemented of power-sharing of
and small in size. But batteries having low power density, energy source present in the vehicle. The considered HESS
and fortunately, UCs are available with high power density. mainly consisting of UC and battery, here the UC is used for
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quist starting of the vehicle with that the main source. [12].
This work mainly concentrates on designing the controller
for a smooth transition between the battery and UC. The
MFB controller is designed and integrated with the fuzzy
logic controller to attain the goal of this work. Here the MFB
controller and fuzzy works together and generate the
switching signals to the converters to regulate the power flow
from battery and UC.

2. Proposed System Model
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Figure 1. Implemented proposed circuit block diagram
representation

The proposed scheme mainly having converters,
controllers, two different sources and BLDC motor in the
form of load. Here UDC and BDC are connected separately
at both the sources battery and UC, end. From that chosen
two sources, the battery will able to give the normal power to
the load, reversely UC will provide the aggressive power at
abnormal conditions, this attempt will enhance the batteries
life. With the proposed scheme the demanded switching
signals of the converters are produced related to the EVs
dynamics.
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Figure 2. Main circuit with converters and sources

Figure 2 represents the converter model of HESS where
Uni-Directional Converter (UDC) and Bi-Directional
Converter (BDC) models have been preferred by means of
MOSFET switches. Mainly three switches S1, S2, and S3
plays the key role during changing of the sources from two
another corresponding to the behavior of the vehicle. Among
three switches S2, S3 are present in BDC to perform both
buck and boost operation. In the same way, S1 is exclusively
present in UDC to perform boost operation. The controlled
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switching signals production will take place based on the
proposed control scheme.

3. Analysis and Modelling of HESS

3.1 Battery model
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Figure 3. The general structure of the battery

Various parameters of the battery are
KQi,  KQV,

fl(Vt, il, 1) = EO - Q—Vt —QTVt-F E. exp(—D.Vt) (1)
o KQi, KQV;
fiVini) = Eo =000 g v, )
+ E.exp(—D.V)
1 t
SOC = 100 (1 - 5] i(t)dt) 3)
0

3.2 Ultracapacitor model
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Figure 4. General representation of the UC

Different parameters of UC are
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4. Controllers Description

Based on the proposed control scheme two dissimilar
controllers are adopted. In which FLC is one controller used
to produce the switching signals to the converter switches.
And the newly constructed MFB is mend for control the
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switching signals produced by the conventional FLC
corresponding to the speed on the motor.

4.1 Fuzzy logic controller (FLC)
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Figure 75. Generalized structure of the FLC

A typical structure of FLC has represented with figure 5.
Generally separate mathematical modeling is not required for
generating a rectified signal from the fuzzy logic controller.
Some membership functions are selected based on the
requirement of the system; generally used shapes are
triangular or trapezoidal. Thereafter inference has been done
by using a rule base; here rule base is used to manage the
output variables. To obtain the final result from the fuzzy
logic controller every rule base has been considered. Here
error (E) and change in error (CE) both are considered as an
input of the fuzzy logic system, that means the output of the
FLC is a function of error and change in error.

Figure 6. Surface viewer representation of the FLC

4.2 MFB Controller

Here MFB controller acts as a universal controller, is
generating signals to four math functions, based on electric
motor speed. All math functions are programmed as per the
speed of the motor. Totally, MFB controller having four
modes of operation. Consider the input of the MFB is speed
as “N” corresponding to that MFB will produce signals to
math functions U1, U2, U3, and U4 and take which as output
“Y” then

(a) If N<4800 then the output becomes Y=U1

(b) If 4600 <N <4800 then the output becomes Y=U1&U?2
(c) If 4801 <N <4930 then the output becomes Y=U3

(d) If N=4800 then the output becomes Y=U4
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5. Main Circuit With Different Modes

5.1 Mode-I operation
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Figure 7. Main circuit with converters and sources, mode
ONE

In this, switch S; only in active state and S, S, are in OFF
state. In this case, heavy load condition on the motor. The
motor requires huge current during starting and heavy load
condition, in order to give the peak power necessity UC has
come into the picture because UC can capable of meeting the
high-power densities. Pulses have been produced to only
BDC and there are no pulse signals produced to UDC. Here
BDC works in boost mode to meet the peak power
requirement which is related to the UC end and the power
flows from UC to electric motor only.

5.2 Mode-I1 operation
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Figure 8. Main circuit with converters and sources, mode
TWO

Here the slightly heavy load is applied to the motor.
Battery and UC collectively meet the power required by the
electric motor. The switches Si, Sz are will be in active state
and S; is in OFF state. So, the switching signals are produced
to both BDC and UDC, both will operate under boost mode.
The power flows from UC to the electric motor as well as a
battery to the electric motor.

5.3 Mode-I11 operation
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Figure 9. Main circuit with converters and sources, mode
THREE

Mode three is associated with the normal load on the
motor. During this state, the motor requires average power
only no need for peak power requirement. Switch S is in an
active state and switches Sy, Ss are in OFF position. So entire
power required to the motor can feed by the battery only. The
pulses signals generated to only UDC and there are no pulse
signals produced to UDC.

5.4 Mode-1V operation
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Figure 10. Main circuit with converters and sources, mode
FOUR

Figure 12 represents the mode-IV operation of the circuit,
during this condition switches Si, S, are in an active state and
Ss is in OFF state. The power required to the motor and, for
UC charging can be supplied by the battery only. In this state,
the motor is running with load free, so the motor requires
normal power only. That means during mode four UC is
charging through BDC (buck). The pulse signal has been
produced to BDC (buck) and UDC (boost). So, the power
flows from the battery to UC and electric motor.

6. Control Strategy Approach For The

Proposed Hess Topology

The battery and UC collectively give the energy demanded
by the electric motor in all conditions depending on the speed
range of the motor. Here source switching can take place
with the load changes on the motor. In this work, different
types of loads have been taken in four modes like a heavy
load, slightly greater than the rated load, rated load and no
load condition. In the first mode of operation UC only
produces the demanded power of the motor, during the
second mode, UC and battery collectively produce the power
to the motor, in third mode battery only meets the required
power of the motor and in the fourth mode, the battery can
give power to the motor and UC for charging. The entire
circuit model operation can be done in four modes.
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Figure 11. Production of switching signals to converters
represented in the flow chart
Control strategy scheme can be implemented as follows

= input of MFB controller which is a variable
y = output variable vector of MFB controller
y = f(x) then
f(x) =yowhenx <a
f(x) =yo,y;whenb <x <c

f(x) =y,whenx <d

f(x) =y;whenx = e
Here a, b c,d, e are different variable values of “which are
given to MFB controller as an input. And
YoY1Y2 and y5 are out put vectors of the MFB controller
corresponding to input values of “x”
Pulse signal to switch Si: if  y,ory, ory; of MFB
controller present then pulse signals has been given to switch
Si.
Pulse signal to switch Sz: if y3 of MFB controller present
case then the pulse signal has been given to the switch S,
Pulse signal to switch Ss: if ygor y,of MFB controller
present then the pulse signal can be generated to the switch
Ss.

7. MATLAB/Simulation Results

7.1 Mode-I Results
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Flgure 12. The output responses of the motor, mode ONE

In this case, the motor attains the stable state within 0.1 sec,
starting time. After that speed, curve attains the stable state
and it will continue till load applied. At 2.5 sec heavy load is
applied, which causes more disturbances in speed and current.
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Thereafter motor attains the stable state within 0.25 sec by
the proposed control scheme MFB with FLC.
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Figure 13. The controlled switching signal production by
MFB with FLC, mode ONE

At the time of starting the controlled signal are produced to
only BDC (boost) to provide the power demand by the load.
After 0.1 sec controlled pulses are provided to UDC (boost)
and BDC (buck) till the load is applied. After applying load
at 2.5 sec again the production of the switching signal is
changed to only BDC (boost) and no switching signals to
UDC. Thereafter motor attains stable state within 0.25 sec,
due to which again the controlled signals production changes
to BDC (buck) and UDC (boost), and this will continue
corresponding to the vehicle dynamics by the proposed
controller action.

E

VOLTAGE IN VOLTS
@
T

°

| |
18 385 39 395 4

TIME IN SEC
50

CURRENT IN AMPS

¢ l‘r’mmw VIV W v\“M':‘i\W{\’-\ 'l"q“-‘v‘lv"n"r‘(ﬁ,m‘-’mf‘v’v’\' lﬁ'w’n\’\}"{\-\'%,ﬂ\"’I‘r'\’v'%ﬁ

50

| I
38 385 39 395 a
(((((( TIME IN SEC

Figure 14. The input parameters of BDC, mode ONE
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Figure 15. Outcomes Of BDC, mode ONE
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Figure 16. The input parameters of UDC, mode ONE
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Figure 17. Outcomes Of UDC, mode ONE
7.2 Mode-11 Results
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Figure 18. The output responses of the motor, mode TWO

During this mode, the motor attains the stable state within
0.1 sec, starting time. After that speed, curve attains the
stable state and it will continue till load applied. At 2.5 sec a
bit more than rated load is applied, which causes disturbances
in speed and current. Thereafter motor attains the stable state
within 0.1 sec by the proposed control scheme MFB with
FLC.
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Figure 19. The controlled switching signal production by
MFB with FLC, mode TWO

At the time of starting the controlled signal are produced to
only BDC (boost) to provide the power demand by the load.
After 0.1 sec controlled pulses are provided to UDC (boost)
and BDC (buck) till the load is applied. After applying load
at 2.5 sec again the production of the switching signal is
changed to only BDC (boost) and no switching signals to
UDC. Thereafter motor attains stable state within 0.1 sec, due
to which again the controlled signals production changes to
BDC (buck) and UDC (boost), and this will continue
corresponding to the vehicle dynamics by the proposed
controller action.
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Figure 20. The input parameters of BDC, mode TWO
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Figure 21. Outcomes Of BDC, mode TWO
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Figure 22. The input parameters of UDC, mode TWO
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Figure 23. Outcomes Of UDC, mode TWO

7.3 Mode-111 Results
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Figure 24. The output responses of the motor, mode THREE

In this case, the motor attains the stable state within 0.1 sec,
starting time. After that speed, curve attains the stable state
and it will continue till load applied. At 2.5 sec rated load is
applied, which causes normal disturbances in speed and
current. Thereafter motor attains the stable state within 0.04
sec by the proposed control scheme MFB with FLC.
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Figure 25. The controlled switching signal production by
MFB with FLC, mode THREE

At the time of starting the controlled signal are produced to
only BDC (boost) to provide the power demand by the load.
After 0.1 sec controlled pulses are provided to UDC (boost)
and BDC (buck) till the load is applied. After applying load
at 2.5 sec again the production of the switching signal is
changed to only BDC (boost) and no switching signals to
UDC. Thereafter motor attains stable state within 0.05 sec,
due to which again the controlled signals production changes
to BDC (buck) and UDC (boost), and this will continue
corresponding to the vehicle dynamics by the proposed
controller action.
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Figure 27. Outcomes Of BDC, mode THREE
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Figure 28. The input parameters of UDC, mode THREE
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Figure 29. Outcomes Of UDC, mode THREE
7.4 Mode-1V Results

Volume 15, 2020



WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2020.15.3

SPEED IN RPM

I I

2 25 3 35 4

TIME IN SEC
T

CURRENT IN AMPS

+ + + +
0 05 1 15 2 25 3 35 a
(((((( TIME IN SEC

Figure 30. The output responses of the motor, mode FOUR
During this mode, the motor attains the stable state within
0.1 sec, starting time. After that speed, curve attains the
stable state and it will continue till load applied. Under this
mode, the motor runs with no load.
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Figure 31. The controlled switching signal production by
MFB with FLC, mode FOUR

At the time of starting the controlled signal are produced to

only BDC (boost) to provide the power demand by the load.

After 0.1 sec controlled pulses are provided to UDC (boost)

and BDC (buck) till the load is applied. In this case, motor

runs with free load.
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Figure 33. Outcomes of BDC, mode FOUR
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Figure 34. The input parameters of UDC, mode FOUR
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Figure 35. Outcomes Of UDC, mode FOUR
7.5 Continuous load applied to the motor
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Figure 36. Speed and Current responses during a continuous
load condition

From Figure 36 it is clear that the load on the motor is
present at different intervals with different values. From 1 to
1.5 sec heavy load has been applied to the motor, between 2
to 2.5 sec medium load and between 3 to 3.5 sec normal
loads are applied to the motor. According to the load
variations, the speed of the motor is also changing.
Subsequently, the armature current of the motor is also
changing with load variations. During the loaded conditions
speed of the motor is reducing and increasing the armature
current value and remaining time the electric motor is
maintaining the rated speed and rated current values.
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Figure 37. The controlled switching signal production by
MFB with FLC, Continuous mode

During heavy load and starting of the electric motor, UC
only provides power to the motor so corresponding to this
mode BDC operates in Boost mode. Slightly more than
normal load condition battery and UC collectively provide
power to the motor, BDC works in Boost mode and UDC.
During rated load condition battery only provide power to the
motor, only UDC work in Boost mode. During no-load
condition, the battery give power to motor and UC.
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Figure 39. Outcomes Of BDC, Continuous mode
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Figure 41. Outcomes Of UDC, Continuous mode

Table 1. state of operation of MFB corresponding to the

speed
S No Speed value ONfstate_ math
unction
1 N <4800 rpm Ui=1
) 4600 pmSN<4800 =1 U,=1
nm
3 4801rpm < N <4930 Us=1
rpm
4 N 24931 rpm Us=1

8. Conclusions
MFB controller is integrated with fuzzy logic and

implemented as a hybrid controller to an electric vehicle for a
smooth transition between battery and UC. MFB controller
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has always regulated the switching signals developed by the
fuzzy logic controller corresponding to the speed of the
motor. During mode-I, pulses are produced to switch S3 only
which means that the power is power flows from UC to load.
In mode-Il operation-controlled pulses are produced to
switches S; and Sz which indicates that energy required by
the electric vehicle is supplied by both battery and UC.
During mode-111 operation switch S; only in ON position,
which indicates that battery provides essential power to the
electric vehicle. In the fourth mode of operation switches, S;
and S; are in an active state, and the power is transferring to
UC as well as an electric motor from the battery. Finally, in
four modes the designed MFB controller with fuzzy logic
worked satisfactorily and switched the battery and UC
according to the electric motor power requirement.
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