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The main goal of this work is of developing a control approach, which is able to obtain 
the smooth switching between energy sources, battery, and Supercapacitor (SCAP). With 
four separate math functions, a new math function-based (MFB) controller is designed, 
and this MFB will generate four output signals corresponding to the motor’s speed. 
Further, the MFB is combined with an FLC/PI controller to reach the theme of the work. 
Two-hybrid different controllers are intended as per the proposed control strategy termed 
as MFB with FLC and MFB with PI and both are implemented individually in 
MATLAB/Simulink in four different modes. The entire model is implemented including 
a solar panel to charge the battery, this solar panel (SP) is connected to the battery and 
UDC through various control switches. Finally, a comparative analysis is made between 
two hybrid controllers to know the better-performed controller. 
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NOMENCLATURE 

PI  Proportional-Integral  
FLC Fuzzy Logic Controller  
Evs  Electric Vehicles  
MFB Math Function Based  
HESS Hybrid energy storage system  
DC  Direct Current 
SP Solar Panel  
UDC  Unidirectional Converter 
SCAP  Supercapacitor  
UC  Ultracapacitor 
SOC State of Charge  
FC  Fuel Cell  
DP Dynamic Programming  
MPC Model Predictive Control  
SQP Sequential Quadratic Programming 
EM Energy management  
PV  Photovoltaic 
BDC  Bidirectional Converter 
MFB  Math Function Based 
U1,U2,U3,U4 Outputs of the MFB controller 
Iph  Photon Current 
Irs Reverse Saturation Current 
I0  Module Output Current 
Ipv  PV Current 

1. INTRODUCTION

During ancient days, all EVs/HEVs are powered with a
single source, which is not at all desirable in all road 
conditions. To make EV/HEV are more reliable at all road 
conditions with cost-effective, multiple sources combined 
EVs and EVs are introduced. Generally, two sources powered 
vehicles are most desirable in which, the base source is the one 
that may be battery or fuel cell and the other one is supporting 
source, during some extreme conditions the supporting source 
will assist the base source. On the other hand, using one base 
source also manufacturing the vehicle with successful 
operation at all conditions possible, but this attempt again 
increases the size of the source and overall vehicle weight. To 
avoid those problems, two different sources with different 
characteristics are hybridized. 

An electrical system is proposed which further useful to 
design the solar power electric vehicle. This attempt is useful 
for battery optimal charging by tracking solar energy from 
outside [1]. Energy management (EM) can be done between 
battery and fuel cells using dc-dc and dc-ac converters dc-dc 
converters are used to improve or reduce the voltage levels 
based on the load requirement. Further dc-ac converters are 
used to provide the required type of supply to electric drive [2]. 
A real-time energy management scheme is proposed to share 
the power between the main source and auxiliary source, and 
a rule-based approach is used. The base source is the battery, 
and the supporting source is UC [3]-[4]. A hybrid flywheel-
battery management is developed for EV application, in which 
two source one is used as the main source another one is used 
for the backup purpose [5]. An adaptive FLC based controller 
is used to maintain the coordination between energy sources 
as per the requirement of HEV [6]-[7]. For plug-in type EVs, 
an EM strategy is designed and implemented based on the state 
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of charge (SOC) of the battery [8]-[9]. During the starting 
period, any motor takes more power than its rated value, which 
can also supply using the battery by scarifying lifetime. To 
avoid those conditions portable ultracapacitor-based energy 
management is proposed which are used to supply power to 
the EV during starting [10]-[11]. 

The HEV/EV based transportation system gives better 
performance with zero-emission, instead of conventional ICE 
based vehicles. An EM is achieved between fuel cell (FC) as a 
primary source and battery as a secondary source. An FLC 
based approach is intended, to reduce the hydrogen 
consumption by the main source which further enhances the 
durability of the primary source. In this, the power consumed 
by the load, SOC of the battery are chosen as inputs to the FLC, 
to develop the precise signal for proper EM between fuel cell 
and battery. The MATLAB/Simulink model of FLC with 
HEV/EV is developed and verified with the existed model 
results, to know the effectiveness of the intended system [13]. 

Obtaining better fuel efficiency with reduced pollution of 
the parallel HEV is one of the difficult tasks for any real-time 
EM technique. Normally, the offline based dynamic 
programming (DP) approach is preferred to attain the optimal 
solution for the chosen driving cycle. In this work, an 
optimized approach is proposed with a simplified 
mathematical model. The model predictive control (MPC) is 
adopted based on the sequential quadratic programming (SQP) 
algorithm, which deals with the real-time EM between energy 
sources. The MPC-based results are compared with the DP 
approach results to know the performance of the MFC 
approach [14].  

Improper prediction of speed changes in HEV/EV will 
affect the quality of the EM. Several speed predictive 
approaches are proposed in the literature, but some of them 
partially succeeded by full filling the driver road conditions. 
To obtain the precise speed prediction values, a novel 
approach is introduced by considering all lateral dynamics of 
the HEV/EV. And the vehicle speed prediction model is 
obtained based on the less friction and more regenerative 
braking [15]. 

With Luo DC-DC BDC, a control technique was proposed 
to achieve the EM among three energy sources like FC, UC, 
and the battery. The FC energy source has its advantage and 
working based on the hydrogen consumption as per the vehicle 
dynamics. The FC and battery are having opposite 
characteristics to the UC, whereas the FC is more efficient 
towards power density than the battery and not equal to UC. 
Due to this, the FC will extend the life of the battery in the 
HEV/EV applications. In this, many energies balancing 
techniques are advised for EM among battery, FC, and UC of 
the HEV/EV [16]. 

EM plays an important role, in improving the efficiency and 
performance of the HEV/EV. Generally, in any invention, 
there is some major or minor deviation that will present 
between real-time model implementation and software model. 

So, before implementing a software model directly to the 
real-time world on a big scale, a test bench experimental 
platform is necessary to know the gaps between real values 
and MATLAB/Simulink model results. This factor 
phenomenally reduces the cost of the real-time 
implementation by identifying deviations from the software 
model to test bench model. In these two different Simulink-
based EM techniques are proposed and compared, thereafter 
both are performed using the test bench model. Finally, a real-

time model was developed after successful identification and 
resolving of the gaps [17]. 

A nonlinear control model is intended, to achieve the real-
time EM of the HEV/EV, which is sourced by the battery and 
UC as a HESS. A controller is designed to obtain the reduced 
sizing of the HESS, which improves the overall efficiency of 
the vehicle model. Here the chief goal of the controller is to 
identify the set speed of the vehicle, which helps to reduce the 
size of the battery present in HESS. The complete design 
model of the HESS provides the power demand of the 
HEV/EV as per the driver requirements [18]. 

Two different contract controllers are integrated and made 
one hybrid controller, which is used to switch the sources 
during the dynamic behavior of the EV. Total, three controllers 
are chosen to model two-hybrid controllers, in which the MFB 
plays the central controller role. This indicates that a 
combination of central controller plus other controllers 
(FLC/PI) forms the hybridized model of the final controller.  

2. ABOUT PHOTOVOLTAIC (PV) ARRAY

The SP generation is one of the best solutions to protect the
environment from exhaustive emissions. The PV array is one 
that is used to produce electrical energy from the sunlight. The 
SP includes several cells and modules, which are connected in 
series, parallel combination related to the load required voltage 
and current values. 

Figure 1. The electrical model of PV cell 

Figure 1 shows the traditional electrical model of the PV 
array in which internally three resistors and diodes are 
connected, to produce the required power to the load. In this 
model, some resistors are connected in series and some are in 
parallel with the diode. 

The output current of the source of the PV array is 
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3. SYSTEM MODEL WITH PROPOSED CONTROL
METHOD

Figure 2 shows the complete block model representation of 
the projected work, in which battery and SCAP to propel the 
electric drive in all conditions. The SP is coupled to the circuit 
to charge the battery. In addition to that, the battery can supply 
power during odd sunlight times and save energy during the 
availability of irradiance. Two different converters are utilized 
to control the power from the source to load. Bidirectional 
converter (BDC) is used here to perform the charging and 
discharging actions from SCAP on the other hand, 
unidirectional converter (UDC) is used for discharging the 
energy from the battery. 

Figure 3 is the DC-DC converter model of the proposed 
model, in which three switches are present in UDC as well as 
BDC. In addition to that, another three control switches are 
allied to the SP, battery, and UDC end, which controls the 
ON/OFF periods of the battery corresponding to the SOC of 
the battery and the SP output voltage. Here switches S2, S3 are 
corresponding to BDC to make the buck and boost operations, 
on the other hand, switch S1will present in UDC, which only 
performs boost operation. Please indicate some quantitative 
improvement parameters we can expect to get from your 
approach compare to the conventional controller. 

Figure 2. Block model representation of the circuit with a 
control technique 

Figure 3. The electrical equivalent of the main circuit 

4. ABOUT CONTROLLERS USED IN PROPOSED
STRATEGY

The proposed control approach is comprehended mainly 
with two different controllers. The MFB controller is the main 
controller, which is used to normalize the signals produced by 
the traditional controllers. A total of two hybrid controllers is 
implemented with three controllers named MFB with FL, PI. 
Among all the controllers, MFB is treated as a universal 

controller. In this section, a small description is given of all the 
controllers used in the present work. 

4.1 About the MFB controller 

This controller is modeled as per the speed ranges of the 
electric motor. It will act as universal controllers, which means 
in any controller combination this function is mandatory. Total 
four math functions are programmed; here each math function 
reflects the different speed levels of the motor. The motor’s 
speed is considered as the input and produces four outputs 
named U1, U2, U2, and U4. These four output signals decide 
the ON/OFF conditions of the converter switches. 

4.2 Fuzzy logic controller (FLC) 

The main goal of FLC is to decrease the voltage error 
present in the DC-DC converter, generally, output voltages of 
converters can vary due to the load variation. Here from the 
converter model, the output is taken and given it as the actual 
value for error calculation. Change in error and error value is 
given to the fuzzification block as an input thereafter the 
output of the fuzzification block is given to fuzzy inference. 
Thereafter defuzzification has been done again the cycle will 
repeat. 

Figure 4. FLC Block model 

4.3 PI Controller 

The amplified signal output of the PI controller is generated 
from the error signal, which is obtained from the actual and 
fixed values as, 

( ) P Ve t S P 
(5) 

Figure 5. Traditional PI block model 
The successful output signal of the PI controller is 
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5. CONVERTER MODEL MODES OF OPERATIONS

Figures 6 to 9 are related to different modes of the main
circuit implemented with the proposed control technique and 
which required knowing the effectiveness of the proposed 
strategy related to different loads. Figure 6 reflecting the 
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condition of the circuit during a heavy load condition, in the 
same way, figure 7 is related to a slightly more than rated load 
condition in which both UDC and BDC are in ON condition. 
Figure 8 is corresponding to the rated load, in which only UDC 
is in ON condition to meet the load requirement. Finally, 
figure 9 reflecting the no load on the motor, and in this mode 
of operation SCAP is in charging mode whereas the battery is 
in discharging mode. All these modes are categorized based 
on the motor’s speed [12]. 

Figure 6. The electrical equivalent of the main circuit, mode-
I  

Figure 7. The electrical equivalent of the main circuit, mode-
II 

Figure 8. The electrical equivalent of the main circuit, mode-
III 

Figure 9. The electrical equivalent of the main circuit, mode-
IV 

6. IMPLEMENTATION OF PROPOSED CONTROL
STRATEGY APPROACH

The projected control procedure is implemented with two 
controllers. In this, work two controllers MFB with FLC, PI is 
designed and employed to an EV for the precise transition 
between two energy sources. The generation of pulses using 
the proposed control technique has been done as shown in 
figure 10.  

Figure 10. Control technique representation with flow chart 

The MFB makes the four different output signals as per the 
speed (N) range of an electric motor as follows 

 If 4 8 0 0N R P M then math function U1 only is in
an active state and remaining math functions are in
OFF state.

 The speed range 4 6 0 0 4 8 0 0R P M N R P M   then
math functions U1, U2 are inactive state, and the
remaining two-math function is in disable state.

 If 4 8 0 1 4 9 3 0R P M N R P M  then math
functions U3 is in the active state and remain all
are on disable state.

 The speed range is 4 9 3 1N R P M the math
function U4 is in the active state and remain math
functions are in disable state.

Figure 11. Block model of representation for pulse 
generation of switch ONE 
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Figure 12. Block model of representation for pulse 
generation of switch TWO 

Figure 13. Block model of representation for pulse 
generation of switch THREE 

Figures 11 to 13 are representing that, how the normalized 
signals are developing to the UDC and BDC. Figure 
11illustates the finalized developed signals to the switch ONE, 
which is related to UDC. Figure 12 shows that the normalized 
signals of switch TWO, related to BDC. In the same way, 
figure 13 demonstrates the block diagram model of the switch 
pulse generation, which is present in BDC. 

7. SIMULATION RESULTS AND DISCUSSIONS

MATLAB/Simulink is performed in four modes for both the 
controllers MFB with FLC and MFB with PI. Figures 14, 18, 
22, and 26 illustrate the speed and current waveforms of the 
motor by MFB with FLC based on the load torque applied in 
each mode. Similarly, figures 15, 19, 23, and 27 are the 
waveforms of MFB with PI. On the other hand, figures 16, 20, 
24, and 28 are the precise switching signal formed by the MFB 
with FLC, in the same way, figures 17, 21, 25, and 29 are the 
precise signals formed to DC-DC converters by the MFB with 
PI action. 

Mode-I results 

Figure 14. Mode-I related motor’s out responses of MFB 
with FLC 

Figure 15. Mode-I related motor’s out responses of MFB 
with PI 

Figure 16. Regulated signals of the converters by MFB with 
FLC, Mode-I  

Figure 17. Regulated signals of the converters by MFB with 
PI, Mode-I 

Mode-II results 

Figure 18. Mode-II related motor’s out responses of MFB 
with FLC 

Figure 19. Mode-II related motor’s out responses of MFB 
with PI 
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Figure 20. Regulated signals of the converters by MFB with 
FLC, Mode-II 

Figure 21. Regulated signals of the converters by MFB with 
PI, Mode-II 

Mode-III results 

Figure 22. Mode-III related motor’s out responses of MFB 
with FLC 

Figure 23. Mode-III related motor’s out responses of MFB 
with PI 

Figure 24. Regulated signals of the converters by MFB with 
FLC, Mode-III 

Figure 25. Regulated signals of the converters by MFB with 
PI, Mode-III 

Mode-IV results 

Figure 26. Mode-IV related motor’s out responses of MFB 
with FLC 

Figure 27. Mode-IV related motor’s out responses of MFB 
with PI 

Figure 28. Regulated signals of the converters by MFB with 
FLC, Mode-IV 
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Figure 29. Regulated signals of the converters by MFB with 
PI, Mode-IV 

7.1 . Battery SOC, current and voltage variations 

Figure 30 representing the battery parameters which include 
SOC, current, and voltage values. The battery ON/OFF states 
were controlled as per the SOC of the battery. Suppose the 
battery SOC is less than 20% then the battery can charge from 
SP otherwise which is always ready to give the energy to load. 
All those variations can find in figure 30, the negative current 
reflects the charging time, on the other hand, the positive 
current shows the discharging timing of the battery. 

Figure 30. Parameters of the battery  

7.2 . Parameter representation of the SP 

Table 1 refer to that the operation region of the electric 
motor with different controller corresponding to the load 
condition. Table 2 refers to the comparative analysis between 
controllers based on the time domain specifications. 

Figure 31. Representation of PV cell output parameters 

Table 1. Representation of controller performance with 
different loads 

Controller Time is taken to reach normal state (sec) 

Mode-I Mode-II Mode-III Mode-IV 

MFB+FLC 0.25  0.15 0.11 Free 

running  

MFB+PI Not 

settled 

0.5  0.15 Free 

running  

Table 2. Time-domain based comparisons corresponding to 
hybrid controllers 

Controller Delay 

time 

(sec) 

Rise 

time 

(sec) 

Peak 

time 

(sec) 

Settling 

time 

(sec) 

Maximum 

peak 

overshoot (%) 

MFB+FLC 0.09 0.15 0.18 0.55 8 

MFB+PI 0.25 1.6 1.7 1.8 7 

8. CONCLUSIONS

An innovative control approach is proposed with two
different controllers. Two different hybridized models of 
controllers are obtained by combining MFB with traditional 
controllers. This whole phenomenon was done as per the 
various speed ranges of the motor, to obtain the precise 
switching between energy sources of HESS. The two-hybrid 
controller is designed named MFB with FLC and MFB with 
PI, applied to the entire circuit in four different modes 
corresponding to load applied to the electric motor and 
obtained satisfactory results.  Finally, the MFB+FLC took 
0.55 sec and 0.09 sec, similarly, MFB+PI took 1.6 sec and 0.15 
sec to attain motor normal during starting as well as the load 
applied cases. It is evident that the MFB+FLC providing better 
performance than the other controller and done the 
comparative analysis based on various dime domain 
specifications between two hybrid controllers and tabulated in 
the conclusion section.  
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