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Abstract - An efficient EV drive system improves the vehicle's performance and reduces power loss in the modules. The voltage 

stability on the source and machine sides is vital for an EV during heavy load and high-speed conditions. With drastic variations 

of torque and speed in a drive cycle, the EV drive system needs to be stable and robust to these variations. In this paper, a 

standard battery module driving the EVs PMSM with support from the SC module is proposed. The speed controller used for the 
PMSM is FOC, with feedback from the machine's angular speed and stator currents. The performance of the EV drive system is 

analyzed using only the battery module and SC module support. CC and CV control structures are introduced in the specified 

model as per the requirement controlling the DC bus voltage. A comparative analysis between the two models is carried out in 

drive mode and regenerative braking mode, and the results are presented. The evaluation of these results includes DC bus voltage 

stability, PMSM stability, battery and SC performance comparisons. Validation of the better system is determined by this 

comparative analysis of the EV drive systems. The modelling and design of the proposed systems are implemented in MATLAB 

Simulink software with blocks considered from the ‘Power systems’ library. 

Keywords - Constant Current (CC), Electric Vehicle (EV), Field Oriented Control (FOC), Permanent Magnet Synchronous 

Motor (PMSM), Super Capacitor (SC). 

1. Introduction  
Increasing global temperatures are caused by several 

factors, including fossil fuel power generation and 

transportation utilization. Most of the fossil fuel (coal) thermal 

generating plants have been replaced with renewable sources, 

reducing some of the carbon emissions. Most of the carbon 

emissions are caused by Internal Combustion (IC) engine 

vehicles, which are the major cause of 40% of global warming. 

These IC engine vehicles need to be replaced by zero-emission 
vehicles which drive on storage units or renewable sources.  

There is also a specific category, which is hybrid vehicles, 

which uses multiple sources to drive the vehicle. However, 

hybrid vehicles are very complex and economically not viable 

for utilization [1]. Another type of zero-emission vehicle is a 

hydrogen-fueled vehicle, which uses power from a fuel cell to 

drive the vehicle's motor. This hydrogen fuel vehicle is 

economically expensive for domestic transportation; hence, it 

cannot be affordable for ordinary people. 

Hybrid vehicles are another option to replace IC-engine 

vehicles, which are a combination of both electrical power and 
fossil fuel power that drive the vehicle. However, the vehicle 

drive partly depends on the electrical power, which is used 

only to support the IC engine drive. Because of this support to 
the vehicle, the mileage increases slightly above the 

conventional value. The only low-cost zero-emission vehicle 

available is battery operated EV, which drives on power from 

storage modules. The storage module is a combination of 

multiple cells in series and parallel, forming a battery pack [2].  

To increase the voltage of the battery, the number of 

series cells is increased, and to increase the capacity, the 

parallel cells are increased. Renewable power generation units 

or grid-connected charging stations charge this battery pack. 

For using the charge from the battery, driving the vehicle 

motor a power circuit is needed to control the machine. The 

most common machine used in EVs is PMSM, which has very 
high initial torque and is very easy to control [3].  

The speed of the PMSM can be varied while keeping the 

torque constant. This is achieved by FOC controlling the 

switches of the inverter connected between the storage 

modules and the motor. The complete structure of the 

proposed EV drive system with battery pack, SC module and 

PMSM is presented in Figure 1.  

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 Structure of the proposed EV drive system 

As per the given Figure 1 the battery and SC modules are 

connected to the PMSM through individual DC/DC 
bidirectional converters [4]. A Voltage Source Converter 

(VSC) is connected between the PMSM and storage modules 

for voltage conversion (DC-AC). The battery pack provides 

prolonged power to the machine during the drive, and the SC 

provides instantaneous power during sudden changes in power 

demand [5].  

As per the operating mode of the PMSM the DC/DC 

bidirectional converters and VSC will operate accordingly. 

During motoring mode or drive mode, the DC/DC 

bidirectional converters operate in boost mode or discharge 

mode, and VSC operates as an inverter. During regenerative 

braking mode, the DC/DC bidirectional converters operate in 
buck mode, and the VSC operates as a rectifier [6].  

The voltage at the common DC bus is maintained by the 

controllers operating the battery and SC modules. Different 

controllers like CC and CV structures are proposed in this 

model for DC link voltage stabilization [7]. The VSC is 

operated by FOC controlling the speed of PMSM as per the 

reference given by the user. In drive mode for any given speed 

reference, the FOC tends to maintain the torque at a given set 

point [8]. During regenerative braking mode, the FOC is 

turned off converting the inverting operation of VSC to 

rectification using body diodes of the IGBT switches.   

The paper is organized with an introduction to the 

proposed test circuit outline structure for driving an EV 

machine in Section 1. The different operating conditions, 

which include motoring and regenerative braking modes, are 

discussed in this Section. In Section 2, the circuit 

configuration is described with battery storage, SC modules 

and PMSM circuit topologies. The following Section 3 has the 

proposed control structures for the introduced circuit 

topologies as per the requirement of the system.  

The modelling and design of all the modules are done 

using MATLAB software analyzing the model for better 

performance to the changes given in the model. The results are 

presented in Section 4 represented by graphical plotting with 

time as reference. The voltages, powers and state of charges 

of the modules are presented in this section, determining the 
better-performing circuit structure. The final Section 5 has the 

conclusion to the paper which finalizes the outcome of the 

analysis done on the proposed topology.  

2. Circuit Configuration 
As per Figure 1, the battery pack and SC are connected to 

individual DC/DC bidirectional converters with two high-

frequency operating IGBTs. These converters are controlled 
by high-frequency switching pulse alternatively. The duty 

ratio of these switches is varied to change the mode of 

operation. These converters are operated either in boost mode 

or buck mode, depending on the operating condition of the 

EV’s PMSM. Both converters have individual controllers 

which control the charge/discharge of the storage modules.  

During discharge of the battery in boost mode as per the 

SOC of the SC, the operating mode of the SC bidirectional 

converter is changed. During sudden changes in the load 

demand by the PMSM, the SC provides power for a 

momentary time, protecting the battery. With a duty ratio of 
more than 50%, the bidirectional converter operates in boost 

mode. And when the duty ratio is below 50% the converters 

operate in buck mode.  

In the boost mode, the converters discharge the storage 

units and drive the EV’s PMSM. In buck mode, the converters 

charge the storage units from the energy generated by the 

PMSM during regenerative braking conditions. The power 

exchange between the storage modules and the PMSM is done 

through VSC with six switches. Each switch is a MOSFET-

connected body diode combination unit to achieve 

bidirectional operation of VSC. The complete circuit structure 

of the proposed EV drive system with the mentioned 
converters is presented in Figure 2.  

As per the given Figure 2, the battery module DC/DC 

converter has two MOSFET switches Q1 Q2, and the SC 

DC/DC converter has Q3 Q4 switches. The Q1, Q2 and Q3 

Q4 switches are complementary switches which avoid short 

circuits. Both the inductors L1 and L2 are energy storage 

elements used for storing charge as per the requirement. These 

two converters are connected to a common DC bus which 

shares power to the VSC connected to PMSM. The voltage at 

the DC bus is to be maintained constant and stable at a certain 

operating limit and magnitude for the machine to operate. The 
DC voltage magnitude at the DC bus is maintained by the 

controllers included for switching pulses generation 

controlling the switches Q1 – Q4.  
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Fig. 2 Circuit structure of the proposed EV drive system 

The MOSFET switches S1 – S6 are the VSC switches 

connected in a three-legged format for converting AC-DC or 
DC-AC (Inverting or Rectification) as per the operating 

condition. The switches S1 - S6 are given pulse from FOC in 

drive mode operating condition where the VSC operates as an 

inverter driving the PMSM. During regenerative braking 

conditions, the PMSM operates as a generator which needs to 

be equalized.  

The pulses to the VSC are removed which converts the 

VSC to a three-phase diode bridge rectifier by the anti-parallel 

body diodes of the MOSFETs in the regenerative braking 

condition. The rectifier operating VSC now transfers power 

from PMSM to the DC bus which charges either the battery 
pack or SC unit as per the state of charge of the units. The 

PMSM operating mode (drive or regenerative) is changed as 

per the ‘vehicle dynamics’ generating positive or zero torque 

conditions. The positive torque represents the driving mode, 

and the zero torque represents the regenerative mode. The 

electromagnetic torque (Te) of the PMSM as per the vehicle 

dynamics is given as:  

𝑇𝑒 = 𝐻𝑤𝑟 + 𝐵𝑤𝑟 + 𝐹𝑟𝑟𝑖𝑡    (1) 

Here, 𝐻 is the inertia of the machine, 𝐵 is the viscous 

friction, 𝑤𝑟 is the rotor speed of the machine, 𝐹𝑟 is the resistive 

force, 𝑟 is the radius of the wheel, and 𝑖𝑡  is the gear ratio. The  

𝐻𝑤𝑟 , 𝐵𝑤𝑟 and 𝑖𝑡  are the predefined variables of the machine 

and vehicle. 𝑤𝑟 is measured by a speed sensor, whereas the 𝐹𝑟 

is given as:  

𝐹𝑟 = 𝑚𝑔𝑓𝑟𝐶𝑜𝑠𝜃 +
1

2
𝜌𝜃𝐶𝐷𝐴𝑓(𝑣 + 𝑣𝑤)2 + 𝑚𝑔𝑆𝑖𝑛𝜃  (2) 

Here, 𝑚 is the mass of the vehicle, 𝑔 is the gravity, 𝑓𝑟 is 

the rolling resistance coefficient, 𝜌𝜃   the density of air, 𝐶𝐷 

coefficient of aerodynamic drag, 𝑣 is the vehicle velocity, 𝑣𝑤 

is the wind speed in the direction of vehicle drive, and 𝜃 is the 

ground slope angle. As per the 𝑇𝑒  of the machine, it is 

determined whether the vehicle is in driving mode or in 

regenerative braking mode. With respect to the 𝑇𝑒  value the 
switching of the FOC is done by changing the operating mode 

of VSC.   

3. Controllers Design  
The controllers for the power circuits are designed as per 

the operating mode of the topology. For driving the PMSM 

with constant torque and variable speeds FOC is adopted with 
signals taken from the PMSM speed sensor, stator currents and 

rotor angle. For constant current discharge from the battery 

pack during drive mode, a CC controller is implemented [9].  

The CC controller needs battery voltage and current 

feedback signals for controlling the DC/DC converter. The CC 

controller generates the required duty ratio for the switches Q1 

and Q2, controlling the discharge and charge current [10]. In 

the SC module, the DC/DC converter is controlled by the CV 

controller with feedback from only the DC bus voltage. This 

CV controller generates the duty ratio for the switches Q3 and 

Q4, controlling the charge and discharge of the SC.  
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3.1. FOC for PMSM Drive  

FOC for controlling the speed of the PMSM is considered 

to be the most optimal controller for EV drive applications. 

This FOC scheme ensures that the speed of the PMSM is 

achieved accurately with faster settling time and reduced 

ripple [11]. The FOC controls the magnitude and angle of the 
stator winding field, which changes the speed of the rotor, 

maintaining the torque constant [12].  

For this control, the FOC needs stator currents signals 

(ISabc), measured angular speed of the machine (Wrotor) and 

rotor angle position (𝜃𝑟) calculated as:  

𝜃𝑟 = ∫𝑝 .𝑤𝑟𝑜𝑡𝑜𝑟   (3) 

The complete structure of the FOC scheme for controlling 

the VSC in drive mode is presented in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 FOC scheme for PMSM in drive mode 

For controlling the VSC connected between the storage 

modules and PMSM reference Sin signals are needed for the 

generation of Pulse Width Modulation (PWM) pulses [13]. 

The Sin signals for PWM generation are derived from 

Vdreference and Vqreference signals expressed as:  

𝑉𝑑𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (𝐼𝑑𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − 𝑖𝑑) (𝐾𝑝𝑖 +
𝐾𝑖𝑖

𝑠
)  (4) 

𝑉𝑞𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (𝐼𝑞𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − 𝑖𝑞) (𝐾𝑝𝑖 +
𝐾𝑖𝑖

𝑠
)  (5) 
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In the given equations, 𝑖𝑑  𝑖𝑞 are the measured dq stator 

current components determined by Park’s transformation 

using rotor angle position 𝜃𝑟 expressed as:  

[
𝑖𝑑
𝑖𝑞

] = [
𝑆𝑖𝑛 𝜃𝑟 −𝐶𝑜𝑠 𝜃𝑟     0
𝐶𝑜𝑠 𝜃𝑟 𝑆𝑖𝑛 𝜃𝑟        0

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]  (6) 

Kpi Kii are the proportional and integral gains of the 

current PI regulator. Idreference and Iqreference are the reference dq 

components where Idreference is taken as 0, and Iqreference is given 

as:  

𝐼𝑞𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (𝑤𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − 𝑤𝑟𝑜𝑡𝑜𝑟) (𝐾𝑝𝑠 +
𝐾𝑖𝑠

𝑠
)  (7) 

Here, 𝑤𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is the reference angular speed defined 

by the user as per requirement, 𝑤𝑟𝑜𝑡𝑜𝑟  is the measured rotor 

angular speed, 𝐾𝑝𝑠 𝐾𝑖𝑠 are the proportional integral gains of 

the speed PI regulator [14, 15]. From the Vdreference and 

Vqreference reference dq components the Sin signals (Va* 

Vb* Vc*) are generated by the below inverse Park’s 

transformation relation.  

[

𝑉𝑎
∗

𝑉𝑏
∗

𝑉𝑐
∗
] =  

[
 
 
 

𝑆𝑖𝑛 𝜃𝑟 𝐶𝑜𝑠 𝜃𝑟

𝑆𝑖𝑛 (𝜃𝑟 −
2𝜋

3
) 𝐶𝑜𝑠 (𝜃𝑟 −

2𝜋

3
)

𝑆𝑖𝑛 (𝜃𝑟 +
2𝜋

3
) 𝐶𝑜𝑠 (𝜃𝑟 +

2𝜋

3
)]
 
 
 

 . [
𝑉𝑑𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑉𝑞𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
] (8) 

These Va* Vb* Vc* are compared to high frequency 

triangular waveform producing PWM pulses for S1 – S6 

switches of VSC.  

3.2. CC and CV Controllers  
The CC controller is generally used during fixed current 

charge or discharge conditions for a storage unit [16]. The 

storage unit integrated with the CC controller will be either 

receiving or delivering the reference set current value in the 

controller. The internal structure of the CC controller for the 

battery storage module is presented in Figure 4.  

 

 

 

 

 

 

Fig. 4 CC control internal structure 

As per Figure 4, the reference to the CC controller is the 

Vdc* value which is set as per the voltage required at the DC 

bus. The reference DC bus voltage Vdc* is compared to the 

measured battery voltage Vbat, and the error signals are given 

to the voltage regulator, which is generally a PI controller with 

tuned Kpv and Kiv values. As per the gains, the reference 
battery current Ibat* is generated, which is compared to the 

measured battery current Ibat producing error current (ie) [17]. 

This ie signal is fed to the current regulator (PI) with specified 

gains Kpc Kic generating duty ratio (Dbat) for the battery 

module switches. The Dbat signal is expressed as:  

 𝐷𝑏𝑎𝑡 = (𝐼𝑏𝑎𝑡∗ − 𝐼𝑏𝑎𝑡)(𝐾𝑝𝑐 +
𝐾𝑖𝑐

𝑠
)              (9) 

And the Ibat* signal is expressed as:  

𝐼𝑏𝑎𝑡∗ = (𝑉𝑑𝑐∗ − 𝑉𝑏𝑎𝑡)(𝐾𝑝𝑣 +
𝐾𝑖𝑣

𝑠
)  (10) 

The Dbat signal is compared to high frequency sawtooth 

waveform generating a pulse for switch Q1 and NOT gate 
signal to Q2 of the DC/DC bidirectional converter [18]. As per 

the reference set by the DC bus voltage, the discharging of the 

battery takes place running the PMSM by the battery power 

limiting the current discharge.  

For the SC DC/DC bidirectional converter a CV 

controller is adopted for maintaining the DC bus voltage 

stable. The complete structure of the CV control internal 

structure is presented in Figure 5 with a single voltage 

regulator.  

 

 

 

 

 

 

 

Fig. 5 CV control internal structure 

As per Figure 5, the duty ratio (Dsc) for the switches Q3 

and Q4 of the DC/DC bidirectional converter of the SC 

module is generated by a voltage regulator with input from a 

comparison of Vdc* and measured DC bus voltage Vdc [19]. 

The Dsc is expressed as:  

 𝐷𝑠𝑐 = (𝑉𝑑𝑐∗ − 𝑉𝑑𝑐) (𝐾𝑝𝑑𝑐 +
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𝑠
)  (11) 
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The 𝐾𝑝𝑑𝑐𝐾𝑖𝑑𝑐 tuned gains of the voltage regulator 

generate the required Dsc for the switches which maintain the 

DC bus voltage at the specified reference value at Vdc*. This 
value is set as per the required DC voltage of the PMSM which 

needs to be as per the rating of the machine.  

3.3. FIS Controller  

As the PI regulator is a conventional controller for 

generating the reference values or duty ratios, which have high 

disturbances and ripple needs to be replaced by an advanced 

controller. The Fuzzy Inference System (FIS) is considered to 

be an optimal option for replacing the PI regulator for 

mitigation of disturbances in the controller [20]. This reduces 

the ripple in the voltage and current of the module to which it 

is integrated. In this model, the CC controller is updated with 

FIS at the voltage regulator, which determines the reference 

battery current for running the PMSM.  

The input to the FIS is the error signal generated by the 

comparison of Vdc* and Vbat. There are two inputs to the FIS 
regulator, which are named error (E) and Change in Error (CE) 

and one output variable (Ibat*) is required for the current 

regulator. Each variable consists of seven Membership 

Functions (MFs) defined as per the position in the range of the 

variable signal [21]. The variables set with MFs at specified 

ranges can be observed in Figure 6.  

 

 

 

 

 

 

 

 

 

 

Fig. 6 MFs of input and output variables of FIS 

As presented in Figure 6, all the MFs in the variables are 

named with the same names given as NB – Negative Big, NM 

– Negative Medium, NS – Negative Small, ZE – Zero, PS – 
Positive Small, PM – Positive Medium and PB – Positive Big 

[22]. The range of the E variable is set between -600 to 600 

which is decided by the maximum set value at the reference.  

The CE is always between -1 to 1, which is the maximum 

range for change in error, and the Ibat* variable is set between 

-300 to 300 which is tuned as per the response of the system. 

The output value is varied as per the range adjustment and the 

given rule in Table 1.  

As per the given MFs range and rule table, the output 

value of the FIS is generated with mitigated ripple and 

disturbances in the signal Ibat*. This regulator is updated to 

the battery module, and comparative results are generated, 
validating the optimal control structure for the system. 

Table 1. Rule table  

49 Rule Base 

Error (E) 

NB NM NS ZE PS PM PB 

Change 

in 

Error 

(CE) 

PB Z PS PM PB PB PB PB 

PM NS Z PS PM PB PB PB 

PS NB NS Z PS PM PB PB 
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NS NB NB NM NS Z PS PM 
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4. Simulation Results  
The modelling and design of the drive circuit with a 

battery module, SC module and PMSM driven VSC circuit 

with all the controllers in done is Simulink environment using 

blocks taken from the ‘Specialized Power systems’ block set. 

All the blocks in the modeled topology are updated with 

specified values as given in configuration parameters Table 2. 

Table 2. Topology configuration parameters 

Name of the Module Parameters 

Battery 

Battery pack: Lithium-Ion, Vnom = 320V, Capacity = 90Ah, SOCint = 80%  
DC/DC Converter: Lb = 161.95µH, Co = 220µF, fs = 5kHz  

CC controller: Vref = 560V, Kpv = 0.5, Kiv = 0.03, Kpc = 0.1, Kic = 0.00023 

SC 

Capacitance = 10F, Rdc = 8.9mΩ, Vnom = 300V, Ns = 1, Np = 1, Vint = 250V  

DC/DC Converter: Lb = 161.95µH, Co = 220µF, fs = 5kHz  
CV Controller: Vref = 560V, Kpdc = 0.1, Kidc = 0.00023 

EV 

PMSM: Pnom = 35kW, N = 3000rpm, Vdc = 560V, Tnom = 111Nm, Rs = 0.05Ω, Ls = 

0.635mH, Φ= 0.192V.s, J = 0.011kg.m2, F = 0.001889 N.m.s, p = 4  

Vehicle Dynamics: Rw=0.33, i_t=12, Mv=650, g=1.22, Crr=0.01, rho_a=5, AL=2.3, Cd=0.5 
FOC: Nref = 2000rpm, ids* = 0, Kpi = 10, Kii = 0.05, Kps = 50, Kis = 2, fs = 5kHz 

 
As per the given values in Table 2, the model block 

parameters are updated, and the simulation is run for  

i) Battery module connected EV drive,  

ii) Battery and SC modules connected EV drive with PI 

voltage regulator, and  

iii) Battery SC modules connected to EV drive with FIS 

voltage regulator.  

All the simulations are run with the ‘power Gui’ toolbox 

used for graph generation plotting concerning time. The 

measured values at each module are presented below in 

driving mode from 0-0.5 sec and regenerative braking mode 

from 0.5-1 sec.  

As per Figure 7, the battery characteristics for model (i) 

with only the battery module operating the PMSM of the EV 
are presented. From 0 – 0.5 sec, the battery pack discharges 

with a very high current in the range of 100A and a peak value 

of 600 A during the initial state. This high current magnitude 

and peak value reduces the reliability of the battery and may 

lead to a dead battery pack. The PMSM characteristics for 

model (i) are presented in Figure 8.  

As per the given reference, 2000 rpm in FOC, the speed 

of the PMSM is settled at 2000 rpm at 0.05 sec. To achieve 

the desired speed, the initial electro-magnetic torque of the 

machine is recorded at 110 Nm which reduces to 50 Nm at 

0.05 sec as per the vehicle dynamics. For the same model (i) 
and operating condition, the stator currents of PMSM and 

mechanical torque from the vehicle dynamics are presented in 

Figure 9. 

As observed in Figure 9, the stator currents magnitude is 

at 50 A during drive mode with 50Nm Tm demand, dropping 
near zero during regenerative braking mode when Tm 

becomes zero. For this condition of the model, (i) The DC link 

voltage is recorded to be 560V throughout the simulation of 

1sec, which is represented in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Battery pack characteristics of the model (i) 
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Fig. 8 PMSM speed (N) and electro-magnetic torque (Te) of the model 

(i) 

 

 

 

 

 

 

 

 

Fig. 9 Stator currents (ISabc) and mechanical torque (Tm) of PMSM of 

the model (i) 

 

 

 

 

 

 

 

 

Fig. 10 DC bus voltage for model (i) 

As per model (ii) the source side is updated with the SC 

module connected in parallel to the battery module supporting 

the battery pack. For the same operating conditions of driving 

and regenerative braking, the simulation is run with graphs 

generated as presented below. Figure 11 represents the battery 

characteristics for model (ii).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Battery characteristics for model (ii) 

As observed in Figure 11, the initial peak current is very 

low at 50 A for model (ii) as the SC provides the starting 

current for the PMSM. The CC controller also sets the current 

magnitude of the battery pack 40A and remains the same in 

any operating mode. As per the characteristics of SC in Figure 

12, the initial current of SC is high and later settles to zero, 

which represents no exchange of power.  

At 0.5 sec, when the regenerative braking mode is 
activated, the SC charges with a very high current of 50 A, 

sharing 40 A from the battery and 10 A from PMSM. The DC 

bus voltage for model (ii) is presented in Figure 13, which 

shows the magnitude maintained at 560 V as per the reference 

value set in the CV controller of the SC module. 

The ISabc and Tm for model (ii) are presented in Figure 

14, which are the same as in model (i), as the machine and 

vehicle dynamics remain the same. The N and Te of the 

PMSM also remain the same for model (ii), which has 2000 

rpm and 50 Nm in drive mode shown in Figure 15. 
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Fig. 12 SC characteristics for model (ii) 

 

 

 

 

 

 

 

Fig. 13 DC bus voltage for model (ii) 

The model (ii) is updated with FIS at the voltage regulator 

of the battery module, creating a model (iii), which is run for 

the same operating modes as the PMSM. Figure 16 represents 

the fuzzy rule base of the 49 rules set in the FIS voltage 

regulator. The Ibat* value is generated as per the input 
variables E and CE. The battery SOC comparison graph with 

all the models (i), (ii), and (iii) is presented in Figure 17, 

showing a drop as per the discharge from the battery pack. 

As per Figure 17, the slop of the SOC of model (i) is 

steeper as compared to models (ii) and (iii) SOCs. As the 
model is run with only a battery module, the discharge current 

is higher, and due to CV control, the current is also not limited. 

The comparison of currents of the battery pack for the three 

models is presented in Figure 18. As observed in Figure 18, 

the current magnitude and peak for model (i) are very high as 

compared to models (ii) and (iii). As the model (ii) and (iii) 

are operated with CC control in the battery module the 
currents are limited as per the voltage regulator limitations. 

For the same models, the DC bus voltage comparison graphs 

are also presented in Figure 19, which is measured at the input 

of the VSC. 

As per Figure 19 the DC bus voltage ripple is seen to be 

lesser for the model with FIS voltage regulator in the battery 

module. This shows a significant improvement in the 

performance of the proposed topology with SC module 

support and FIS based voltage regulator. A parametric 

comparative table with an analysis of the signals is presented 

in Table 3 to determine the robust topology. 

 

 

 

 

 

 

 

 

Fig. 14 Stator currents (ISabc) and mechanical torque (Tm) for model 

(ii). 

   

 

 

 

 

 

 

 

    Fig. 15 PMSM speed (N) and electro-magnetic torque (Te) of model 

(ii) 
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Fig. 16 FIS rules 

 

 

 

 

 

 

 

Fig. 17 Battery pack SOC comparison for models (i), (ii), and (iii) 

 

 

 

 

 

 

Fig. 18 Battery pack current comparison for models (i), (ii), and (iii) 

Table 3. Comparative parameters 

Name of the 

Parameter 

Model (i)                      

(Only Battery as a 

Source) 

Model (ii) (Battery 

+Supercapacitor as a 

Source with PI Controller) 

Model (iii) (Battery 

+Supercapacitor as a Source 

with Fuzzy Controller) 

Ibat 100A 40A 35A 

Ibat Initial Peak 600A 55A 50A 

Vdc 560V 560V 560V 

Vdc Ripple 12.7% 8.6% 5.3% 

Vdc Peak 900V 680V 650V 

SOC of Battery in % 79.206 79.305 79.309 

E = 214 CE = -0.0439 Ibat* = 88.2 
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Fig. 19 DC bus voltage comparison for models (i), (ii), and (iii) 

5. Conclusion  
This paper presents an analysis of the internal structure of 

the EV driving circuit topology. The analysis includes detailed 

modelling and discussions accompanied by graphs. The 

configuration of each module of the circuit, including the 

battery, SC, and PMSM circuits and controllers, is described 

with detailed mathematical expressions.  

The analysis compares the performance of the circuit with 

only the battery connected to PMSM and with the battery and 
SC connected. The battery and SC module are updated with a 

FIS regulator, replacing the conventional PI regulator, to 

improve the parameters of the battery module. According to 
the comparison Table 3, it is determined that the topology with 

SC and FIS voltage regulators is more stable, with reduced 

peak value generation.  

There is a noticeable drop in the peak value of the battery 

current and ripple of the DC bus voltage for the SC and FIS 

integrated topology. This enhances the battery's health and 

reliability, thereby increasing the durability of the circuit for 

higher rated EVs.
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