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Electric vehicles (EVs) provide an excellent opportunity for limiting the emission of a 

variety of environmentally hazardous gases caused by gasoline and diesel-based 

vehicles. These propelled vehicles require a forward and backward motion as well as a 

variable speed operation. Hence, the use of a four-quadrant (4-Q) direct current (DC) 

converter becomes a necessity. This paper aims to analyse the traction system of an 

electric automobile along with the improvement of energy efficiency. Inserting a bi-

directional DC-DC converter between the battery and the four quadrant-DC chopper 

assembly allows the power flow from the battery to the motor and the other way around 

during regenerative braking. Therefore, increasing the limited driving range of the EV. 

This paper also focused on the application of model reference adaptive fuzzy control 

(MRAFC) in order to adjust the direct current bus voltage and the DC motor speed. The 

proposed system has been tested on an experimental bench and the results have been 

analysed. 
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1. INTRODUCTION

The environmental impact of CO2 emissions has moved to 

the forefront of public attention and has been one of the driving 

forces in leading electric vehicles [1]. The battery-powered 

electric vehicle (EV) has been proposed as a cleaner and 

emissions-free alternative to combustion engine-based 

vehicles. Although the latter still have advantages in terms of 

limited driving range, price and long recharge time (etc.) 

compared to EVs, the gap is rapidly closing as more funding 

and research is being dedicated to eradicating the limitations 

of electric vehicles. 

The advent of lithium-ion (Li-ion) batteries and electric 

propulsion is igniting a revolution in the transportation sector 

[2]. These batteries are regarded as the leading generation for 

electric-powered cars. In comparison with other rechargeable 

batteries, Li-ion batteries are the main era with regard to 

strength density. Moreover, they are able to supply up to 3.6 

Volts, which is three times greater than Ni-Cd or Ni-MH 

technology. As an advantage over both Ni-Cd and Ni-MH 

batteries, Li-ion batteries do not mandate deliberate cycling 

with the aim to amplify their lives, with a self-discharge rate 

of 1.5 to 2% in step with month. Thinking about their 

numerous benefits, Li-ion batteries have huge obstacles that 

restrict their growth, which include steeply-priced costs (forty 

percent greater than Ni-Cd), overheating, aging, and the need 

for safety structures to modify voltage and inner pressures [3]. 

In electric automobiles, a forward and backward direction 

is needed along with the variable speed possibility. Therefore, 

the four-quadrant (4-Q) converter is commonly used in direct 

current (DC) applications by gaining the possibility to adjust 

the direction of the voltage source by means of control 

semiconductor controllers. Thus, it is feasible to divide control 

into many different modes in order to create a forward 

motoring mode, a forward regenerative braking mode to return 

energy to the system, a backward motoring mode, and a 

reverse regenerative braking mode. In addition to moving 

transparently by altering the duty cycle and providing an 

effective channel to recover the regenerative braking power 

[4]. 

Along with the four-quadrant converter, a bi-directional 

DC-DC buck-boost converter is used to ensure the energy flow

from the battery to the motor and vice versa [5] in case of

regenerative braking. The latter has become a hot topic in the

last decade [6], since it is considered as one of the interesting

solutions to the limited driving range of electric vehicles [7].

The kinetic energy from the wheels might be captured and

turned into electrical power accumulated in the battery during

braking, considerably increasing the range per charge and

improving overall efficiency. Under normal driving conditions,

energy moves from the battery to the motor via the

transmission gear and then to the driving axle, as in traditional

vehicles with a fixed single gear ratio. The electric motor acts

as a generator during regenerative braking, while the driving

axle acts as a braking axle, performing regenerative braking

torque and turning the generator [8]. Permanent magnet direct

current (PMDC) motors are commonly used as electrical

drives because of their multiple outstanding features such as a

high starting torque, ease of control, as well as having a great

flexibility and capacity for applications requiring large inertia

loads as a result, it is appropriate for a wide range of industrial

applications, including battery-powered devices such as

wheelchairs and power tools, industrial equipment, railway

traction, manufacturing drives, robotic systems, and precision

servos, conveyor belts and gate openers, soldering equipment,

X-ray and radiographic systems, and pumping hardware [9].

In recent years, many control methods have been applied to

these motors to improve their performance, among these
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control techniques is the model reference adaptive control 

(MRAC). This control method was adopted along with the 

fuzzy logic controller (FLC) in this work, being evolved as a 

tool for dealing with uncertain, inaccurate, or qualitative 

decision problems [10] and has been widely exploited for 

nonlinear systems, high-order and time-delaying systems [11]. 

This paper is organized as follows: Section 2 discusses the 

electric traction system along with the physical modeling of 

the electric vehicle components. Section 3 is focused on the 

four-quadrant DC-DC converter. The control strategy used for 

the PMDC motor is discussed in Section 4. The simulation 

results of the study are shown in Section 5. Section 6 

summarizes the work done in the conclusion. 

2. ELECTRIC TRACTION SYSTEM

2.1 Electric vehicleanalysis 

This section describes the driving forces involved in the 

operation of the vehicle. The elementary forces applied on the 

electric vehicle are illustrated in Figure 1 [12]. 

Figure 1. Elementary forces applied to an electric vehicle 

The road load is composed of the following forces: 

w ro sf add crF F F F F= + + + (1) 

The power required to drive a vehicle to balance the road 

load is given by the following formula: 

v wP vF= (2) 

The mechanical formula (in the engine coordinate system) 

used to characterize each wheel drive can be written as: 

r
B L em

d
J T T T

dt


+ + = (3) 

The following equation is derived from the use of a 

reduction gear. 

,m
wheel r wheel m tT T G

G


  = = (4) 

The load torque in the engine reference system is provided 

by: 

Lwheel
wheel r

T r
F

G G
 = = (5) 

2.2 Description of the system 

The schematic shown in Figure 2 shows the constituents of 

the electric vehicle based on an electric drive system. The 

ultimate purpose of the proposed approach is to control the 

speed with a model-referenced adaptive fuzzy control using a 

four-quadrant DC-DC converter.  

The constituents of the electric traction system consist of a 

battery-powered DC voltage source, a bidirectional DC-DC 

buck-boost converter, a MOSFET-based DC-DC boost 

converter, a four-quadrant DC-DC converter, and two DC 

motors located at the back of the electric vehicle and attached 

to both wheels [13]. 

Figure 2. The traction system components 

2.3 Battery modeling and control 

The electrical model of the battery is illustrated in Figure 3 

[14, 15]. 

Figure 3. Battery model 

where, 

bat bat bat batv E R I= + (6) 

The battery capacity Cbat can be calculated as follows: 

0

0

1.67(1 0.005 )

1 0.67

bat

bat

T
C C

I

I

+ 
=

+
 
 
 

(7) 

The state of charge of the battery is given as: 

1
bat

Q
SOC

C
= − (8) 

where, 

batQ I t=  (9) 
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The goal of the control system is to regulate the current of 

the battery in order to obtain the required power. As seen in 

Figure 4, the battery is connected to the DC network via a DC-

DC bidirectional buck-boost converter. The model has current 

charge and discharge limits, as well as maximum SOC limits 

[15]. 

Figure 4. Battery control scheme 

2.4 DC-DC Buck-Boost converter 

Figure 5 illustrates a buck-boost DC-DC converter that 

delivers a regulated output voltage that is greater or lower than 

the source voltage level. Figure 1 demonstrates the converter 

topology, which includes a DC input voltage source vbat, two 

controlled switches, a filter inductor (L), a capacitor (C) that 

works as a filter, and output voltage vdc. 

Figure 5. DC-DC Buck-Boost model 

When the switch (S1) is turned on for a given time DT, 

where D is the duty ratio and T is the period, the inductor 

current iL. flows and the diode gets reverse biased. A voltage 

is applied across the inductor. This voltage causes the inductor 

current to increase. 

Because of the energy stored in the inductor, the inductor 

current continues to loop after the switch is switched off. This 

current goes through the diode, and the voltage across the 

inductor becomes vL=-vdc for the time (1-D)T it takes to turn 

the switch back on. 

The mathematical modelling of the DC-DC buck-boost 

converter can be done using the equations obtained from the 

figures shown in Figure 6, (a) is for the forward mode where 

the energy flows from the battery to the DC output, and (b) is 

dedicated to the reverse mode where the energy flows from the 

DC output back to battery [5, 16]. 

Introducing u the control output, representing the switch 

position function, its values vary from 1 when the switch is 

ON and 0 when the switch is OFF. 

(a) 

(b) 

Figure 6. Buck-Boost model in two transfer directions (a) 

From vbat to vdc(forward mode), (b) From vdc to vbat (reverse 

mode) 

The state-space model of the buck-boost converter has the 

following form [17]: 

(1 ) C batL
v vdi

u u
dt L L

= − +  (10) 

(1 )C CL
dv vi

u
dt C RC

= − − (11) 

3. FOUR-QUADRANT DC-DC CONVERTER

3.1 General description 

The four-quadrant converter is normally used in DC-DC 

applications because of its potential to alter the course of the 

voltage supply primarily based on semiconductor control 

gadgets. Thus, setting apart in numerous control methods can 

be achieved. The first approach of control is time ratio control, 

which is based on the duty cycle variations. This can be 

obtained by a fixed frequency system or a variable frequency 

system. The second technique is designed to regulate the 

current limit. The prior setpoint of inductance current IL 

determines the ON and OFF state of the chopper circuit in this 

control approach. When the load hits the higher limit, the 

chopper turns OFF, and vice versa. Maximum and lowest 

current levels can be used to set the switching frequency. 

PWM is a power management technique that is widely utilized 

for power control in DC-DC converter circuits. The other ways 

of control depend on the operation of the chopper type. The 

simplified structure of the 4-Q direct current converter is 

illustrated in Figure 7 [18]. 

Figure 7. DC-DC Buck-Boost model 
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The four-quadrant DC-DC converter topology consists of 

four semiconductor switches each of which disposes of a 

reversed biased diode, The DC motor is located in between the 

four pairs along with its armature resistance Ra and armature 

inductance La. The switching action of the control pairs leads 

to the generation of a DC voltage, while the generated current 

contributes to charging the inductance La; the latter will 

eventually act as a power source for the circuit [19, 20]. 

 

3.2 Operation of the 4-Q DC-DC converter 

 

The four-quadrant DC-DC converter, as shown in Figure 8, 

attempts to harvest a variable DC voltage from a constant DC 

voltage by adjusting the voltage and current passage in the 

four-quadrant functions. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 8. Schematic diagram shows the type of commutation 

of the switches in all quadrants. (a) First quadrant (b) Second 

quadrant (c) Third quadrant (d) Fourth quadrant 

 

First quadrant: The motor rotates in the forward direction, 

the switches T1 and T4 are turned ON, thus the positive voltage 

from the DC source flows into the DC motor, which leads to a 

positive torque and a positive speed. 

Second quadrant: It is referred to as the forward breaking 

mode. At the beginning of this mode, only the switch T2 is 

turned ON, the inductance La takes charge of supplying the 

circuit with the current. After that T2 is switched OFF and DC 

voltage turns out to be smaller than that of the generated 

voltage, which calls for a freewheeling assured by the Diodes 

D1 and D4. Consequently, the torque is negative while the 

speed remains positive. 

Third quadrant: Usually known as the reverse direction 

mode, at this stage, the switches T2 and T3 are turned ON, 

causing the current and voltage flowing to the load to be 

negative; as a result, the torque and speed become negative, 

and the polarity of the motor is reversed. 

Forth quadrant: It is called the reverse braking mode; 

similarly to the second quadrant; the switch T4 is the only 

switch that gets operated in the first half period, the inductance 

La works as a current source. In the second half period, T4 is 

turned off, The DC source voltage is actually below the 

generated voltage, thereby feeding back the induced voltage to 

the source through the diodes D2 and D3. Therefore, the input 

voltage flows in negative form, meanwhile, the current is 

positive. That gives at the end a positive torque and negative 

speed. 

The Table 1 summarizes the operating principle of the 4-Q 

chopper. 

 

Table 1. 4Q DC-DC converter operating modes 

 
State of cells switching Direction of current flow 

T1, T4 ON 

T2, T3 OFF 

D1, D2, D3, D4 OFF 

va>0, ia>0 

T4 ON 

T1, T2, T3 OFF 

D1, D4 OFF 

D2, D3 ON 

va<0, ia>0 

T2, T3 ON 

T1, T4 OFF 

D1, D2, D3, D4 OFF 

va>0, ia<0 

T1, T2, T3, T4 OFF 

D1, D4 ON 

D2, D3 OFF 

va<0, ia<0 

 

 

4. MODEL REFERENCE FUZZY ADAPTIVE 

CONTROL OF PMDC MOTOR 

 

4.1 PMDC motor modeling 

 

The PMDC is among the most extensively utilized in DC 

motors because of the ability to separate the motor field and 

the winding field, both being fed by an additional DC source. 

Furthermore, regulating the motor speed by adjusting the 

armature voltage is more feasible. Figure 9 depicts the PMDC 

schematic model [21]. 

 

 
 

Figure 9. PMDC motor model 
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The mathematical model is listed in the following equations 

[22]: 

 

( ) ( )
( )

( )a

a a a a a
t t t

di t
v R i L E

dt
= + +  (12) 

 

( )
( )

( ) ( )r

r L
t t t

d t
T J f T

dt



= + +  (13) 

 

( ) ( )T at K i tT =  (14) 

 

where, Ra is the armature resistance, La is the winding leakage 

inductance, ia is the armature current, Ea is the buck 

electromotive force voltage, KT is the Torque gain, ωr [rpm] is 

the rotational velocity of the armature and va[V] is the voltage 

source. 

By reconstructing the Eqns. (12) and (13), we obtain: 

 

( )
( ) ( ) ( )

1a a m

a r a

a a a

K
t t u t

di t R
i

dt L L L
= − − +  (15) 

 

( )
( ) ( )

( )0 LT

a r

tK
i t t

J J

d t Tf

dt J



= − −  (16) 

 

where, J is the inertia of the rotor and the equivalent 

mechanical load, f [N.m.rad/s] is the viscous friction 

coefficient, T [N.m] is the electromagnetic torque and TL [N.m] 

is the load torque. 

The following equation represents the state-space model of 

the motor by choosing x1=ia and x2=ωr: 

 

0 0

0

1
0

a m c

a a aa a a

LT

R K K

i i vL L Ld

Tdt K f

J J J

 

− −

= +
− −

   
        
        
        
      

 (17) 

 

where, Km and Kc are the velocity constant determined by the 

flux density of the permanent magnet and the converter gain 

respectively. 

 

4.2 Model reference adaptive controller (MRAC) 

 

Reference model Adaptive control is one of several 

strategies used in nonlinear systems and in highly changing 

processes [23] to produce a suitable behavior of the examined 

model. The adaptive controller parameters are calculated using 

the following equation [22]: 

 

0 1 0r ud d d  = + + = +  (18) 

 

where, ωr is the output speed of the system with disturbance, 

ω0 is the plant output speed without disturbance, d1 and du are 

the effect of load torque on output speed and the effect of 

uncertainties on output speed, respectively. 

From Eq. (17), the velocity of a separately excited DC 

motor with a neglected load torque and perturbations due to 

uncertainties is given as follows: 

0
0 0

( )
( ) ( ) ( )T

a

d t Kf
t t i t

dt J J


 = = − +  (19) 

 

The following equation represents the DC-DC converter fed 

PMDC motor input control: 

 

( )
( ) ( )a a m c a

a r

a a a

K K u
t t

L

di t R
i

dt L L
 += − −  (20) 

 

where, Kc is the converter gain and ua is the controller input. 

The transfer function of the plant without load torque TL=0 

considering the uncertainties (ua≠0, d1=0, d=0) is obtained as 

follows: 

 

0

2

1 0a

K
TF

u S a S a


= =

+ +
 (21) 

 

where, K are calculated as follows: 

 

1

0


= +


 +

=



=


a

a

a m T

a

m C

a

Rf
a

J L

JR K K
a

JL

K K
K

JL

 (22) 

 

If the load torque is not negligible TL≠0, the Eq. (22) 

becomes: 

 

1 2

1 0

( )( )L at atT S R SL
TF

S a S a

− +
=

+ +
 (23) 

 

where, 

 

1


=


 =


a
at

a

at

R
R

JL

L
J

 (24) 

 

Thus the resultant speed is obtained by the following 

equation: 

 

2

1 0

( ) ( )( )
( ) ( )a L at at

r u

u S T S R SL
S d S

S a S a


− +
= +

+ +
 (25) 

 

A reference model is selected based on its pole orientation, 

which determines the overall system's stability. The input of 

the reference model is the input urm for a particular output ωm, 

which is the required speed response of the system. The 

reference model parameters are chosen so that the poles of the 

transfer function at x1 and x2 are towards the left of the s-plane. 

The transfer function TFrm of the reference model is 

determined as follows: 
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1 2

( )

( )( )

m rm
rm

rm

S K
TF

u S x S x


= =

+ +
 (26) 

 

The discrepancy between the actual plant and the reference 

model is then represented as the error vector: 

 

( ) ( ) ( )m pe t x t x t= −  (27) 

 

When the disturbances are absent the error becomes: 

 

0 0( ) ( ) ( )me t t t = −  (28) 

 

When disturbances are present, the error can be determined 

using the following equation: 

 

( ) ( ) ( )r r me t t t = −  (29) 

 

Thus the Eq. (30) can be written as: 

 

0 0( ) ( ) ( ) ( ) ( ) ( )r me t t d t t e t d t = + − = +  (30) 

 

Figure 10 shows the scheme of the MRAC applied to the 

PMDC motor. 

 

 
 

Figure 10. MRAC scheme of PMDC motor 

 

In summary, the adaptation process is based on the 

convergence of the error to zero, which leads to the 

convergence of the controller output to a constant value. 

Therefore, the motor speed becomes constant. If there will be 

any perturbations or variations in torque and load, the 

adjustment process is resumed until the error between and 

converges towards zero. 

 

4.3 Model reference fuzzy adaptive controller (MRFAC) 

 

Fuzzy logic control is typically used to generate nonlinear 

controllers enabling them to perform various complex 

nonlinear control functions, even for highly uncertain 

nonlinear systems [24]. In contrast to typical control 

approaches, an MRFAC technique does not include any 

accurate modeling of the system, such as the poles and zeros 

of the system transfer function. To achieve a reasonable rising 

time, settling time, overshoot, and steady-state error, fuzzy 

logic is applied. The proposed solution lowers the inaccuracy 

of the target speed control. This control approach has an 

advantage over other control systems in that it is insensitive to 

changes in plant parameters. The specification of membership 

functions is illustrated in Figure 11 [25]. 

Fuzzification, fuzzy control rules, and defuzzification are 

the three steps of FLC. The difference between the error and 

its fluctuation as input and the difference between the control 

signal as output. The control signal is created by adding the 

signal time value from the previous iteration to the output 

signal of the fuzzy controller. The fuzzy controller rules are 

shown in Table 2. The function forms are properly chosen. The 

fuzzy controller rules are shown in Table 2. Figure 12 displays 

the MRFAC system used on the PMDC motor. 

 

Table 2. Rules of fuzzy controller 

 

e(t)  

LN MN SN Z SP MP LP 

LN LP LP LP MP MP SP Z 

MN LP MP MP MP SP Z SN 

SN LP MP SP SP Z SN MN 

Z MP MP SP Z SN MN MN 

SP MP SP Z SN SN MN LN 

MP SP Z SN MN MN MN LN 

LP Z SN MN MN LN LN LN 
Note: LP: Large Positive; MP: Medium Positive; SP: Small Positive; Z: Zero; 

SN: Small Negative; MN: Medium Negative; LN: Large Negative. 

 

 
 

Figure 11. Specification of a membership function 

 

 
 

Figure 12. MRAFC scheme of PMDC motor 

 

 

5. RESULTS AND DISCUSSIONS 

 

Experiments were carried out under varied load situations 

on an electric vehicle driven by a permanent magnet direct 

current motor (PMDC), the engine parameters of which are 

specified in Table 3 of the appendix, in order to validate the 

effectiveness and dynamic response of the suggested method. 

The battery specifications are listed in Table 4, as well as the 

DC-DC converter parameters, which are presented in Table 5. 

Figure 13 demonstrates the experimental setup. 
 

Table 3. PMDC parameters 
 

Components Rated values and reference 

Rated power 68.7 W 

Voltage 14.4V 

Rated speed 5887 rpm 

Nominal Current 1.463 A 

Nominal torque 25.18 Nm 

Rotor (Resistance, Inductance) Ra=0.8 Ω, La=0.002 H 

inertia moment J=0.012 kgm²/s² 

viscous friction F=0.001 N.m.rad/s 
 

Table 4. Battery parameters 
 

Components Rating values 

Nominal Voltage Vbat=12 V 

Capacity Cn=6 Ah 

( )e t
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Table 5. DC-DC converter parameters 

 
Components Rating values 

Capacitor 140 µF 

Inductance L=5.5 mH, r=1.2 Ω 

Resistance 100 Ω 

Potentiometer 10 kΩ 

MOSFET IRF530N 

Diode UF 5408 

 

 
 

Figure 13. Experimental setup for testing the proposed 

structure of electric vehicle drive 

 

Figures 14-17 show the performance of the motor speed, 

DC voltage and current obtained without a DC-DC converter. 

The experimental results confirm that the system loses its 

stability for a degraded battery voltage and no element of the 

conversion chain reacted to improve the situation. 

In the case of a decrease in the battery voltage (to 7 Volts) 

caused by a failure or overconsumption, the dynamic 

characteristics of Figure 17 below are obtained. Operation at 

low speed causes the presence of a considerable transient peak 

with better compliance with the order of the control in the 

steady-state. On the other hand, in the event of a high speed 

caused by the control, there is a very large static error due to 

the limitation of the maximum electrical power generated by 

the battery. 

Figure 18 indicates the experimental outcome of a free 

acceleration speed utilizing the reference model adaptive 

control. Furthermore, the actual speed is measured and 

compared. It is apparent that there is a clear correlation 

between the reference and real speeds, with no steady-state 

inaccuracy. In the same Figure 18 appears the reference and 

measured DC voltage evolution, the controlled voltage is not 

affected by the transient starting regime and the change in the 

reference speed setpoint, which explains the correct 

intervention of the control algorithm.  

Figure 19 shows the speed responses when the DC voltage 

equals zero. When operating at high speed, we observe the 

collapse and total degradation of the control due to insufficient 

energy and the variation in the amplification gain of the 

variable speed drive. It can be seen that the PMDC is still 

turning at a low speed with a lot of oscillation and that’s when 

the regenerative braking takes a role in charging the battery via 

the bidirectional DC-DC converter. 

There is also an increase in the width of the speed ripples 

around the setpoint due to the effect of measurement probes.  

A staircase-style test with several reference speed levels 

was used. Figure 20 displays the speed control reaction. The 

drive remained stable as a result of these observations, and this 

condition may be preserved within the appropriate speed limits. 

A benchmark reference is applied in Figure 21 and Figure 

22, the reference speed varies from zero to different levels 

even at low speed. 

The acquired findings, presented in Figure 22, clearly 

illustrate that the measured speed matches its reference 

completely with a tiny overshoot. At the observed speed, 

oscillations arise; these oscillations are caused by the 

measurement chain and the non-linearity of the electrical 

components employed in the assembly. 

 

 
 

Figure 14. Motor speed response and DC voltage response. 

vbat=7 V (without regulation) 

 

 
 

Figure 15. Motor speed response and DC voltage response in 

case of energy recovery 

 

 
 

Figure 16. Speed response in case of battery discharge 
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Figure 17. DC voltage regulation response with electric 

braking applied 

 

Figure 18. Performance tracking of motor speed regulation 

response for benchmark reference 

  

Figure 19. Speed response in the case of applied torque 

 

Figure 20. Speed response and DC voltage regulation with the 

DC-DC buck-boost converter 

 

  
 

Figure 21. PMDC motor speed variation with sudden 

changes in the reference speed 

 

Figure 22. Motor speed regulation and voltage responses 

 

 

6. CONCLUSIONS 

 

This paper introduced a real-time implementation of a small 

electric vehicle application based on a direct current-based 

buck-boost converter and a four-quadrant DC converter 

connected to a permanent magnet DC motor. This 

implementation aims to improve the dynamic and energy 

performance of the system, allowing the motor to work in four 

operating configurations as well as keeping the bidirectional 

energy flow in the traction system, most notably during 

regenerative braking. 

The proposed traction system has been subjected to a model 

reference fuzzy adaptive control. Experimental tests have been 

carried out with and without the bidirectional DC-DC 
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converter. The results indicate a severe degradation in 

performance in its absence, while a good operation was 

obtained when the converter was used. 

The adaptation of this control method was motivated by its 

ability to handle the unknown parameter variations and 

external disturbances, which is ideal for electric vehicle 

applications. 

The proposed scheme shows promising performance in 

terms of speed control at different operating modes and in 

terms of keeping the voltage constant for a long time in case 

of battery discharge. Future work will focus on enhancing the 

power quality by adding filters to the system. 
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NOMENCLATURE 

EVs Electric Vehicles 

4-Q Four-quadrant 

DC Direct current 

PMDC Permanent magnet direct current 

MRAFC Model reference adaptive fuzzy control 

FLC Fuzzy logic controller 

SOC State of charge 

Fadd Aerodynamic drag force 

Fcr Climbing and downgrade resistance force 

Fro Rolling resistance force, N 

Fsf Stokes or viscous friction force, N 

Fw Road load force, N 

g gravity acceleration, m.s2 

G Gear speed ratio 

i Transmission ratio 

Ibat Battery Current 

J Total inertia (rotor and load), kg m2 

L (Lm) Inductance (magnetizing inductance) 

m vehicle total mass, kg 

p pole-pair number 

PI Proportional Integral Controllers 

Pv Vehicle driving power, W 

r tire radius, m 

R Resistance, Ω 

TB Load torque accounting for friction  

Tem Electric motor torque 

TL Load torque 

Tr Rotor time constant (Tr=Lr/Rr) 

Ts Stator time constant (Ts=Ls/Rs) 

v Vehicle speed, m/s 

α Road angle slope, rad 

δ Steering angle, rad 

ηt Transmission efficiency 

ξ air density, kg/m3 

σ Leakage coefficient, σ=1-L2 m/Ls Lr 

φ Flux of motor, Wb 

ωr Electric motor mechanical speed, rad/s 
*
r Reference Electric motor mechanical speed, rad/s 
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