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1. Introduction 

 

The transport sector is heavily dependent on the internal 

combustion engine because of its good driving range and 

short refueling time. However, due to the growing 

environmental awareness, alternatives which are not 

dependent on fossil fuel are being investigated. The battery-

powered Electric Vehicle (EV) has been proposed as an 

alternative since it can recharge its batteries from renewable 

energy sources (such as wind power or solar cells). The 

simple design of the electric engine is another favorable 

factor, since it involves fewer moving parts than 

combustion engines usually require. The main issues of the 

EV are the driving range and the time required to recharge, 

which are dependent on the energy storage element (battery 

or supercapacitor) (Berigai Ramaiaha et al. 2018). 

Batteries consist of electrochemical cells, and provide 

electrical energy through chemical reactions. Recharging is 

done by reversing said reactions. The internal processes in 

batteries are complex, different charge/recharge-cycles 

affect the performance and efficiency, there are limits to 

how fast the recharging can be done, etc. Typically, an EV 

requires several hours of grid connection before being fully 
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recharged (Yang et al. 2014). 

The battery provides DC current, but the 

motor/generator is a three-phase machine. Hence, a 

bidirectional AC-DC (inverter/rectifier) is used together 

with a DC-DC converter, which acts as a power valve. This 

report is focused on the latter, a 4-quadrant DC-DC 

converter, whose purpose is to control the amount of power 

and energy that is transferred between the flywheel and the 

battery (Dursun et al. 2017). 

The DC-DC converter has specifications which differ 

from other converter structures, among these specifications: 

must be able to provide both higher and lower output 

voltage (step-down and step-up mode), must be 

bidirectional (battery charging in braking mode), must be 

able to control current, for battery charging and to stay 

within the motor winding limits, the control must be 

parameter invariant, it mean that the variations in input / 

output dynamics must not affect performance, control must 

be able to operate in all four quadrants and move 

transparently, voltages test devices should range between 0 

and 50 volts, but the design should be scalable to higher 

voltages, power levels and the test current should be 

between 0 and 10 amps, but must also be scalable and must 

control the flow of power between the battery and the motor 

(Vasappa and Daykumar 2010). This technical solution to 

insert a DC boost regulator can be used to equip 

autonomous or non-autonomous electrical installations with 
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Abstract.  In this paper, an electric vehicle drives with efficient control and low cost hardware using four quadrant DC 
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proposed approach in the automotive field, experimental tests were carried out. The performances obtained show the usefulness 

of this system for a better energy management of an electric vehicle and an ideal control under different operating conditions and 

constraints, mostly at nominal operation, in the presence of a load torque, when reversing the direction of rotation of the motor 
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been analyzed. 
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several hybrid photovoltaic sources, wind turbine, fuel cell 

and accumulator battery which allow energy to be stored 

and restore it in good time when meeting the needs of an 

electrical grid and a residential load (Khubalkar et al. 

2017). 

DC motors are used in many industrial applications like 

propulsion and electric traction due to the wide operating 

speed range. The speed control of Permanent Magnet Direct 

Current (PMDC) motors is achieved with less power loss by 

using switched power converters (Shi et al. 2019). 

Since the PMDC motors have low inertia and fast 

response, they are suitable for applications such as process 

control, conveyors, pumps, winding machine etc. Speed 

regulation of PMDC motors with smooth dynamic response 

demands for non-linear and robust control schemes such as 

sliding mode, hybrid, adaptive, fuzzy and neural network. 

Various control schemes are proposed for the speed 

regulation of PMDC motors in the literature. Artificial 

neural network based speed control is proposed and 

implemented for a PMDC motor to minimize the speed and 

current error in reference (Sankardoss and Geethanjali 

2017). The proposed back propagation algorithm uses 

gradient minimization method to reduce the error. A sensor 

less speed control scheme is proposed in reference (Adel et 

al. 2018), in which error due to parameter variations is 

avoided by online parameter identification based on a 

recursive least square’s estimation techniques. The speed, 

current and the current dynamic ripple errors are considered 

to design the controller for a 6 pulse converter fed PMDC 

motor is presented in references (Nagarajan et al. 2016). 
The conventional linear control system design for 

PMDC motor drives consists of a properly tuned cascade 

configuration of PI speed and voltage controllers. Rather 

accurate information regarding the motor parameters and 

load conditions is necessary to guarantee the desired 

tradeoff between precision, bandwidth, and disturbance 

rejection. Unfortunately, several electromechanical 

parameters are not exactly known or subject to large 

variations during operation, leading to degradation of the 

drive performance (Hoyos et al. 2021). 

The structure control schemes are typically based on 

control signals of the switching type, and the so-called 

“chattering” phenomenon, originated by the interaction 

between parasitic dynamics and high-frequency switching 

control, arises, which represents the most deleterious 

implementation drawback of this type of control. 
The following works (Kiss et al. 2021, Saleem et al. 

2020, Sankardoss and Geethanjali 2017) and references 

therein studied and analyzed the different control strategies, 

many investigations can be cited as examples of continuous 

and discrete-time nonlinear robust techniques for PMDC 

drives. Indeed, it solves the problem only partially, 

particularly when high dynamic performance is required, 

since the main characteristics of invariance and accuracy of 

the control systems are not assured any more. 

Higher order sliding mode (HOSM) control technique is 

one of the robust control techniques and is widely used to 

design controller in many industrial applications, and it is 

successfully applied to switched power converters in 

Reference (Lavanya et al. 2012, Sankardoss and 

Geethanjali 2017). 

This type of control makes it possible to avoid the 

complex adjustment of the proportional and integral gains 

of the conventional controller, and the adjustment can be 

done, in practice, by a few experimental / simulated tests 

where the gains of the controller are gradually increased 

according to the applied procedure. 

Unless the conventional sliding mode technique, higher 

order sliding mode technique reduces the chattering effects 

and achieves any arbitrary reduced order dynamics on the 

sliding surface and its implementation is very simple. 

Sliding mode control technique is also used to regulate the 

speed and DC voltage of PMDC motors. Second-order 

sliding mode controllers are proposed for speed regulation 

of the PMDC motor in detail in Reference (O’Brien et al. 

2014). In Reference (Tun and Naing 2018), the authors 

proposed a cascade control of a PMDC motor using second 

order sliding mode controller in which a current inner loop 

is used to control the speed for various load conditions 

(Hernández-Márquez et al. 2018). 

The paper is organized as follows: section 2 presents a 

description review of the analyzed process. The physical 

modeling with their model of the motor equations used in 

the propulsion chain of the proposed electric vehicle is 

defined in the sections 3. In Section 4, the proposed control 

schemes for the DC boost converter and the PMDC 

mechanical motor are presented respectively. The 

description of the experimental test bench has been 

developed in Section 5. The experimental results and 

interpretation are presented in Section 6. Section 7 

summarizes the work carried out in the conclusion. 

 

 

2. A description review of the analyzed process 
 

In order to improve the energy efficiency and to solve 

the problem of insufficient direct voltage in the conversion 

chain of an electric vehicle, generally three solutions are 

proposed (Bagheri et al. 2018): the first method is to insert 

a larger battery bank, it is a very expensive solution that 

requires a lot of maintenance and a lot of space (Fig. 1). The 

second method introduce an adaptive control in order to 

update the parameters of regulators, this method becomes 

more and more ineffective in the case of a significant 

 

 

 

Fig. 1 Improved energy efficiency by re-coupling several 

battery units in series 
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Fig. 2 Adaptive control scheme 
 

 

 

Fig. 3 Improved energy efficiency by adding a boost 

converter 
 

 

voltage drop at the battery level (Fig. 2). 

The third method proposed and carried out in this paper, 

is based on the insertion of a DC-DC boost voltage 

regulator, it is a less expensive solution which requires less 

maintenance, it makes it possible to supply the vehicle 

engine through the four quadrant chopper with a fixed DC 

voltage until the battery is completely discharged (Fig. 3). 

The DC-DC boost converter is more suitable for low-

power Battery Electric Vehicles (BEVs) and Plug-in Hybrid 

Electric Vehicles (PHEVs) because of their soft switching, 

noise-free operation, low switching loss and high efficiency. 

However, a small-sized, reliable, parameterized, 

lightweight, controllable, scalable, and efficient dc-dc 

converter has a higher demand in automotive industries. 

Full bridge boost converters can also be selected for BEVs 

and PHEVs if galvanic isolation is required between the 

source and the load. 

The two configurations illustrated in Figs. 4-5 

respectively show the effect of a voltage regulator converter 

to modify the amplification gain of the four quadrant 

chopper in our case. The amplification gain of the four 

quadrant chopper of Fig. 4 can be expressed by the 

following equation 
 

𝐾0 =
𝑣𝑏𝑎𝑡
2𝑉𝑝

 (1) 

 

Where: 
 

𝐾0: is the amplifier gain of the four quadrant converter 

𝑣𝑏𝑎𝑡: is the battery voltage 

𝑉𝑝: is the triangular signal of the PWM control 
 

The insertion of a voltage regulator (C) allows 

modifying K0 to a new value K which can be written in the 

following form 
 

𝐾 = 𝐶𝐾0 (2) 
 

 

Fig. 4 Fixed amplification gain circuit 
 

 

 

Fig. 5 Variable amplification gain circuit 
 

 

where: 
 

𝐾: is the variable amplifier gain 

𝐶: is the voltage regulator. 
 

This configuration makes it possible to increase the 

maximum efficiency of the control circuit and ensure 

regulation under higher order conditions of the load (Fig. 

5). 

After having synthesized the problem of power supply 

and insufficient energy in an electric vehicle. Among the 

three methods proposed, in this paper, we are interested in 

carrying out the third method. 
 

 

3. Modeling of the different parts of the propulsion 
drives structure 
 

3.1 Modeling of the DC/DC boost converter 
 

The boost DC-DC converter is a power converter that 

steps-up the input voltage while stepping down the input 
current (García-Rodríguez et al. 2018). It is a class of 

Switched-Mode Power Supply (SMPS) having at least one 

energy storage element (a capacitor, an inductor, or the two 

in combinations) and at least two semiconductors (a diode 

and a switch) as shown in Fig. 6. The same figure shows the 

basic structure of the power circuit of the traction chain 

embraced in the studied electric vehicle: 

The electric motor is motorized by a four-quadrant 

converter (H-bridge structure) following a DC-DC 

bidirectional buck-boost converter which ensures the 

conditioning of the electrical energy during the control or 

recovery of the energy (Kiss et al. 2021). 

In the bidirectional buck-boost DC-DC conversion 

configuration, the boost part is used to supply the traction 

chain with electrical energy in the direction of the motor 

rotation speed control, but the buck part is used to recover 

the power dry braking energy to the battery (reverse 
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direction) or to recover the electric braking energy in the 

event of gravity motorization of the speed. In our 

experimental application, we will study the traction chain in 

the sense of direct speed control (circulation of electrical 

energy generated by the battery to the motor): Conversion 

mode into boost of the bidirectional buck-boost converter 

(Safari and Ardi 2018). 

To obtain better energy efficiency in the traction chain 

of an electric vehicle, it is necessary to use the boost 

function of the bidirectional converter. This conversion 

mode is also used to set the input voltage of the variable 

speed drive to a fixed value in order to improve the 

regulation loop and the robustness of the Khubalkar et al. 

(2017). It is a switching power supply class (SMPS) having 

at least one energy storage element (a capacitor, an inductor 

or both in combination) and at least two bidirectional 

current semiconductors (Tbuck and Tboost) as shown in Fig. 6. 

In the boost conversion mode it is necessary to put the 

Tbuck switch in (ON: open) mode permanently and the Tboost 

switch in switching mode (On or OFF: closed): If Tboost in 

(OFF), the inductance L provides energy storage in the form 

of a current. If Tboost in (ON), the energy stored in the 
 

 

 

 

inductance L is discharged to the capacitor C and the 

motorization circuit of the motor through the blocking diode 

D, which increases the voltage at the input of the variable 

speed drive to four quadrants according to the relation 
 

𝑣𝑑𝑐
𝑣𝑏𝑎𝑡

=
1

1 − 𝐷
 (3) 

 

Where: 
 

vbat is the input voltage battery [V], vdc is the output 

voltage fed motor [V], D is the Duty Cycle of the 

converters. 
 

The modeling of the DC-DC boost converter in all the 

operating phases can be expressed by the equation below 
 

𝑑

𝑑𝑡
[
𝑣𝑑𝑐
𝑖𝑏𝑎𝑡

] = [
−
1

𝑅𝐶

1 − 𝑢

𝐶

−
1 − 𝑢

𝐿
0

] [
𝑣𝑑𝑐
𝑖𝑏𝑎𝑡

] + [
0
1

𝐿

] 𝑣𝑏𝑎𝑡  (4) 

 

Where: 
 

R: is the load resistance (equivalent of 4 quadrant DC-

DC chopper + DC Motor) 
 

 

 

Fig. 6 The structure of the traction chain of the proposed electric vehicle 

Table 1 Four quadrant DC converter operating modes 

State of cells switching Direction of current flow Phase description 

T1 operate 

T1, T’
2 ON 

T1 OFF → T’
2, D4 conduct 

va > 0, ia > 0 
In active motor phase (quadrant 1), the induced motor is powered. 

The stream becomes established in the armature (Mode 1). 

T2 operate 

T2, D4 ON 

L store energy 

T2 OFF → D1, D4 conduct 

va > 0, ia < 0 

In active generator phase (quadrant 2), 

the induced of the motor supplied power. 

This current may then be stored (Mode 2). 

T’
1 operate 

T’
1, T2 ON 

T’
1 OFF → T2, D4 conduct 

va < 0, ia < 0 

In active motor phase (quadrant 3), 

the induced motor is powered but in the opposite direction. 

The motor then turns in the other way around (Mode 3). 

T’
2 operate 

T’
2, D2 ON 

L store energy 

T’
2 OFF → D2, D3 conduct 

va < 0, ia > 0 

In active generator phase (quadrant 4), 

the induced of the motor supplied but opposed. 

This current can then be stored (Mode 4). 
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u : is the control signal (1 or 0). 
 

3.2 Four quadrant DC-DC converter 
 

A DC-DC converter or DC chopper is a static device 

which is used to get variable DC voltage from a fixed DC 

voltage for variable speed drives (García-Sánchez et al. 

2019). They are also used for DC motor control and also 

can run the motor in all 4 quadrant of speed torque plane. 

The operating principle of the four quadrant chopper is 

summarized in the Table 1, it operates in the four quadrants 

as follows (Fig. 7), we note that the symbols T represent the 

transistor and D the anti-parallel diode: 
 

(1) First quadrant: in this way, positive direction of both 

voltage and current can be achieved and motor will 

rotate with forward direction. In this mode, the 

power flows from the supply to motor. 

(2) In the second quadrant, T1, T’
1 and T2 switches are 

OFF. When the T’
2 switch is ON, the load current 

begins to flow by increasing through T’
2 switch and 

D4 diode. 

(3) Third quadrant: the voltage and current across the 

load are negative driving the motor in reverse 

direction. The motor speed can be varied by 

changing the Duty Cycle d of the switch T’
1. 

(4) Fourth quadrant: when the switch T’2 is turned OFF, 

the voltage is passed through the armature 

inductance and back Electro Motive Force (EMF). 

If the output voltage is more than source voltage, 

the mechanical energy is feed back to the battery as 

the electrical energy. 

 

3.4 Modeling of PMDC motor 
 

The system structure of a DC motor is depicted in Fig. 

8, it is used in industrial motion control systems like the 

electric vehicle, electric wheelchair, etc. (Djemaï et al. 

2011, Pisano et al. 2008): 

 

 

The dynamic equations of a PMDC motor are modelled 

using Eqs. (5)-(8). 
 

𝑣𝑎(𝑡) = 𝑅𝑎𝑖𝑎(𝑡) + 𝐿𝑎
𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝐸𝑎(𝑡) (5) 

 

𝑇𝑒(𝑡) = 𝐽
𝑑𝜔𝑟(𝑡)

𝑑𝑡
+ 𝑓𝜔𝑟(𝑡) + 𝑇𝐿(𝑡) (6) 

 

𝑇𝑒(𝑡) = 𝐾𝑡𝑖𝑎(𝑡) (7) 

 

𝐸𝑎(𝑡) = 𝐾𝑚𝜔𝑟(𝑡) (8) 
 

Where: 
 

Ra is the armature resistance, La is the winding leakage 

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

electromotive force voltage, Km [Wb.N.m.A-1] is the 

velocity constant determined by the flux density of the 

permanent magnet, ωr [rpm] is the rotational velocity of the 

armature and va [V] is the voltage source. 

Eqs. (5)-(6) can be rearranged using Eqs. (7)-(8), we 

obtain 
 

𝑑𝑖𝑎(𝑡)

𝑑𝑡
= −

𝑅𝑎
𝐿𝑎
𝑖𝑎(𝑡) −

𝐾𝑚
𝐿𝑎
𝜔(𝑡) +

1

𝐿𝑎
𝑣𝑎(𝑡) (9) 

 
𝑑𝜔𝑟(𝑡)

𝑑𝑡
=
𝐾𝑚
𝐽
𝑖𝑎(𝑡) −

𝑓

𝐽
𝜔𝑟(𝑡) −

𝑇𝐿(𝑡)

𝐽
 (10) 

 

 

 

Fig. 8 Schematic of PMDC motor 

 

Fig. 7 Displaying of operating quadrants of DC choppers on H-bridge converter 
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Eqs. (9)-(10) represent respectively the differential 

equations for the armature current (ia(t)) and the angular 

velocity (ωr(t)). These equations can be well approximated 

the dynamics of the PMDC-motor by the following linear 

time-invariant. 

 

 

4. High order sliding mode control strategy 
 
In References (Huspeka 2009, Perruquetti and Barbot 

2002), the basic idea of SM control is to design first a 

sliding surface in state space and then the second is to 

design a control law direct the system state trajectory 

starting from any arbitrary initial state to reach the sliding 

surface in finite time, and finally it should come to a point 

where the system equilibrium state exists that is in the 

origin point of the phase plane. The existence, stability and 

hitting condition are the three factors for the stability of 

sliding mode control. 
 

4.1 Design of a high sliding mode controller 
for DC voltage of the boost converter 

 

The main aim of the proposed control strategy is to 

regulate the DC voltage of the boost converter to the desired 

value or to stabilize the error dynamics around zero (Wu 

and Lu 2019, Moussavi et al. 2012). The schematic circuit 

of the DC boost converter is presented in Fig. 9. 

Let us define the variable state as follows 

 

{
𝑥1 = 𝑣𝑑𝑐
𝑥2 = 𝑖𝑏𝑎𝑡

 (11) 

 

From the Fig. 9, it is easy to obtain a switching model of 

the converter 
 

{
𝑥̇1 =

𝑥1
𝑅𝐶

+
𝑥2
𝐶
𝑢

𝑥̇2 =
𝑣𝑏𝑎𝑡
𝐿

+
𝑥1
𝐿
𝑢

 (12) 

 

By using Euler method 
 

𝑥̇̃ = 𝑓(𝑥̃) =
1

𝑇
(𝑡𝑜𝑛𝑓

+(𝑥̃) + 𝑡𝑜𝑓𝑓𝑓
−(𝑥̃)) (13) 

 

Where: 𝑇 = 𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓 and: 𝑢̃ =
𝑡𝑜𝑛

𝑇
 

The Eq. (12) can be rewritten in the following form 

 

 

 

 

Fig. 9 Equivalent circuit of the DC boost converter for 

control 
 

{
𝑥̇̃ = −

𝑥̃1
𝑅𝐶

+
𝑥̃2
𝐶
𝑢̃

𝑥̇̃ =
𝑣𝑏𝑎𝑡
𝐿

−
𝑥̃1
𝐿
𝑢̃

 (14) 

 

With: 𝑢̃ ∈ [0,1] as the Duty Cycle. 

For an easier analysis, a normalized model can be 

obtained from Eq. (12) via the following transformation 
 

{
 
 

 
 𝜉1 =

𝑥1

𝑣𝑏𝑎𝑡√
𝐶

𝐿

𝜉2 =
𝑥2
𝑣𝑏𝑎𝑡

 (15) 

 

Which results in the system 
 

{
 
 

 
 √𝐿𝐶𝜉1 = 1 − 𝑢𝜉2

√𝐿𝐶𝜉2 = −
𝜉2

𝑅√
𝐶

𝐿

+ 𝑢𝜉2 (16) 

 

Defining the variable 
 

𝑥𝑖𝑛 = (√𝐿𝐶𝑡) = 𝜉𝑖(𝑡) for: i = 1, 2 

Straightforwardly, Eq. (16) yields to the normalization 

model 

{

𝑥̇1𝑛 = 1 − 𝑢𝑥2𝑛

𝑥̇2𝑛 = −
𝑥2𝑛
𝑅𝑛

+ 𝑢𝑥1𝑛
 (17) 

 

Where: 𝑅𝑛 = 𝑅√
𝐶

𝐿
 

For convenience’s sake, model (17) will be rewritten 

drooping out the subindex n 
 

{
𝑥̇1 = 1 − 𝑢𝑥2

𝑥̇2 = −
𝑥2
𝑅
+ 𝑢𝑥1

 (18) 

 

Eq. (18) can be rewritten as 
 

{
𝑥̇1 = 1 − 𝑢𝑥2

𝑥̇2 = −
𝑥2
𝑅
+ 𝑢𝑥1

∗ + 𝑢𝑒1
 (19) 

 

By using a PI regulator structure 
 

With: 𝑒1 = 𝑥1 − 𝑥1
∗ 

The term: 𝑥1
∗  can be seen as a virtual control that 

considering 
 

𝑥1
∗ = −(𝑘𝑝𝑒2 + 𝑘𝑖∫ 𝑒2(𝑠)𝑑𝑠

𝑡

0

) (20) 

 

The second part of the Eq. (18) takes the following form 
 

𝑥̇2 = −
𝑥2
𝑅
− 𝑢𝑘𝑝𝑒2 − 𝑢𝑘𝑖∫ 𝑒2(𝑠)𝑑𝑠

𝑡

0

+ 𝑢𝑒1 (21) 

 

u should be designed in order to keep e1 constant, that is 
 

𝑥̇1 = 𝑥̇1
∗ (22) 
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From (18) and (22), the expression for u is obtained 

 

𝑢 =
1 − 𝑥̇1

∗

𝑥2
=
1 + 𝑘𝑝𝑒̇2 + 𝑘𝑖𝑒2

𝑥2
 (23) 

 

If 𝑢̃  is the control designed for the average model, 

then, when the stability is assured, the system evolves in a 

certain surface 𝜎 = 0 and 𝑢̃ is the solution for u of the 

equation 𝜎̇ = 0. (Suresh et al. 2019). 

These ideas are applied and the Eq. (23) can be written 

as 

1 − 𝑢𝑥2 − 𝑥̇1
∗ = 𝜎̇ = 0 (24) 

 

By a simple integration, Eq. (24) becomes 

 

𝜎 = ∫ (1 − 𝑢(𝑠)𝑥2(𝑠))
𝑡

0

𝑑𝑠 − 𝑥1
∗ 

    = ∫ (1 − 𝑢(𝑠)𝑥2(𝑠))
𝑡

0

𝑑𝑡 + 𝑘𝑝𝑒2 + 𝑘𝑖∫ 𝑒2(𝑠)𝑑𝑠
𝑡

0

 

(25) 

 

We note that the sliding surface 𝜎 = 0 with 𝜎 givenby 

Eq. (25) is dynamical, does not depend on theload and is 

easy to implement. The switching policy 

 

𝑢 = {
0    if   𝜎(𝑥) < 0

1    if   𝜎(𝑥) > 0
 (26) 

 

Makes the surface attractive and asymptotically stable, 

as the following section will show. 

In practical implementation, the frequency has an upper 

limit set by physical limits of electronisparts. That is h = 

Au, where Au is the width of the boundary layer. 

Can also be written as 

 

𝑢 =
1

2
(1 + 𝑠𝑖𝑔𝑛(𝜎)) (27) 

 

Can be approximated by 

 

𝑢 =
1

2
(1 + ℎ𝑦𝑠𝑡(𝜎, ℎ)) (28) 

 

Fig. 10 illustrate the synthesis of the DC voltage 

controller. 

 

 

 

Fig. 11 The bloc diagram of a DC motor 
 

 

4.2 High order sliding mode controller for 
mechanical rotor speed of the DC Motor 

 

The main aim of the sliding mode controller is to 

regulate the rotor speed of the PMDC motor to the desired 

value or to stabilize the error dynamics around zero. The 

equivalent circuit of the DC motor to be used in this paper 

is seen in described in (Araria et al. 2020, Seeraji et al. 

2011). 

The Fig. 11, show the diagram block of the PMDC 

motor: 

The transfer function is obtained from the block diagram 

of PMDC motor. Relation of the output speed ωr to the 

input voltage vdc with TL = 0 can be expressed in the 

following form 
 

𝜔𝑟
𝑣𝑑𝑐

=

𝐾𝑚

(𝐿𝑎𝑠+𝑅𝑎)(𝐽𝑠+𝑓)

1 +
𝐾𝑚
2

(𝐿𝑎𝑠+𝑅𝑎)(𝐽𝑠+𝑓)

 (29) 

 

We get the differential equation 
 

𝜔̈𝑟 = −(
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
) 𝜔̇𝑟 −

1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 )𝜔𝑟 +
𝐾𝑚
𝐿𝑎𝐽

𝑣𝑑𝑐  (30) 

 

we put 
 

𝑥1 = 𝜔𝑟 and 𝑥2 = 𝑥̇1 = 𝜔̇𝑟 
 

𝑥̇2 = −(
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
) 𝑥2 −

1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 )𝑥1 +
𝐾𝑚
𝐿𝑎𝐽

𝑣𝑑𝑐  (31) 

 

From Eqs. (30) and (31), we can get the following form 

 

{

𝑥̇1 = 0𝑥1 + 𝑥2 + 0𝑣𝑑𝑐

𝑥̇2 = −
1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 )𝑥1 − (
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
) 𝑥2 +

𝐾𝑚
𝐿𝑎𝐽

𝑣𝑑𝑐
 (32) 

 

Fig. 10 The synthesis of the proposed high order sliding mode controller 
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And the output: 𝑦 = 𝑥1 = 𝜔𝑟 ⇒ 𝑦 = [0 1] [
𝑥1
𝑥2
] 

Consider the space state system 
 

[
𝑥̇1
𝑥̇2
] = [

0 1

−
1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 ) − (
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
)
] [
𝑥1
𝑥2
] 

         + [

0
𝐾𝑚
𝐿𝑎𝐽

] 𝑣𝑑𝑐 

(33) 

 

𝑦 = [0 1] [
𝑥1
𝑥2
] is equivalent to the canonical form of 

State space 

{𝑋̇ = 𝐴𝑋 + 𝐵𝑢
𝑌 = 𝐶𝑋

 (34) 

 

With: 𝑋̇ = [
𝑥̇1
𝑥̇2
], 𝐴 = [

0 1

−
1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 ) − (
𝑅𝑎

𝐿𝑎
+

𝑓

𝐽
)], 

𝑋 = [
𝑥1
𝑥2
], 𝐵 = [

0
𝐾𝑚

𝐿𝑎𝐽

], 𝑢 = 𝑣𝑑𝑐  

And: 𝐶 = [0 1] 
 

Control synthesis: 
 

General equation to determine the sliding surface which 

ensures the convergence of a variable towards its desired 

value as 
 

 

 

 

𝑆 = 𝑒̇ + 𝜆𝑒 (35) 
 

The motor speed tracking error is given by the following 

equation 

 

𝑒 = 𝜔𝑟
∗ − 𝜔𝑟 (36) 

 

Or 
 

𝑒 = 𝑥𝑟
∗ − 𝑥𝑟  (37) 

 

Where 
 

𝑥𝑟
∗: is the desired value 

𝑥𝑟: is the measured value 
 

The next step would be to choose the control law (u) 

that will allow the error vector (𝑒, 𝑒̇) to reach the sliding 

surface. 

The control law should be designed in such a way that 

the following condition 
 

𝑆𝑆̇ < 0 (38) 
 

With signal control 
 

𝑢 = 𝑢𝑠 + 𝑢𝑒𝑞 (39) 
 

The sliding surface 
 

𝑆 = 𝑒̇ + 𝜆𝑒 (4) 
 

For the tracking system 
 

𝑆̇ = 0     ⇒      𝑢 = 𝑢𝑒𝑞 (41) 
 

In order to satisfy this condition, the basic discontinuous 

control law of sliding mode control is given by 
 

𝑢𝑠 = 𝑁𝑠𝑖𝑔𝑛(𝑆) (42) 
 

With: 𝑁 > 0 

For: 𝑆̇ = 0, we’ll have 
 

𝑆 = 𝑒̇ + 𝜆𝑒     ⇒      𝑆̇ = 𝑒̈ + 𝜆𝑒̇ (43) 
 

And 
 

{
𝑒 = 𝜔𝑟

∗ − 𝜔𝑟 = 𝑥𝑟
∗ − 𝑥𝑟

𝑒̇ = 𝑥̇𝑟
∗ − 𝑥̇𝑟 = −𝑥̇1 = −𝑥2

 (44) 

 

And 
 

𝑒̈ = −𝑥̈1 = −𝑥̇2 (45) 
 

From the Eq. (43) 
 

−𝑥̇2 − 𝜆𝑥2 = 0     ⇒      𝑥̇2 + 𝜆𝑥2 = 0 (46) 
 

−
1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 )𝑥1 − (
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
) 𝑥2 +

𝐾𝑚
𝐿𝑎𝐽

𝑢 + 𝜆𝑥2 

= 0 

(47) 

 

 

 

 

For 

 

𝑢𝑒𝑞 =
𝐿𝑎𝐽

𝐾𝑚
[
1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 )𝑥1 + ((
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
) − 𝜆) 𝑥2] (49) 

 

The final control signal 
 

𝑢 = 𝑢𝑠 + 𝑢𝑒𝑞  (5) 
 

and too 
 

𝑢 =
1

𝐾𝑚
(𝑅𝑎𝑓 + 𝐾𝑚

2 )𝑥1 +
𝐿𝑎𝐽

𝐾𝑚
((
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
) − 𝜆) 𝑥2 

−𝑁𝑠𝑖𝑔𝑛(𝑆) 

(51) 

 

Where: 𝜆 and 𝑁 are the positive real number. 

The Fig. 12 illustrated the diagram block for mechanical 

speed control by HOSM method (Çakar and Tanyıldızı 

2018). 
 
 

5. The experimental setup 
 

The control strategy has been tested experimentally. A 

test bench has been set up for this purpose. The test bench 

shown in Fig. 13 consists of: battery bank, one bidirectional 

DC-DC buck-boost converter (based Metal Oxide 

Semiconductor Field Effect Transistor (MOSFET)), one 

DC-DC four quadrant converter (based MOSFET), one 

𝑆̇ = 0 ⇒ 𝑢 = 𝑢𝑒𝑞      ⇒      −
1

𝐿𝑎𝐽
(𝑅𝑎𝑓 + 𝐾𝑚

2 )𝑥1 − (
𝑅𝑎
𝐿𝑎
+
𝑓

𝐽
) 𝑥2 +

𝐾𝑚
𝐿𝑎𝐽

𝑢𝑒𝑞 + 𝜆𝑥2 = 0 (48) 
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PMDC motor with rated values shown in Table 1, speed 

sensor for measure the rotor speed of the motor, DC voltage 

and current sensors, DC power supply and microcontroller 

card. Tables 3-4 show the parameters used in the 

experiment. The control frequency of the DC-DC converter 

and that of the inverter is 2 kHz. 

The diagram in Fig. 13 shows a prototype with the aim 

of reproducing the behavior of the electric traction chain 

close to reality. On this test bench, there are two types of 

circuits (the power circuit and the control circuit): 

The power circuit is a cascade combination of the motor 

(associated with the driving wheels), an electrical 

conversion circuit and an on-board battery. The electrical 

conversion circuit is formed by the association of two types 

of converters: A DC-DC boost converter (voltage regulator) 

and a four-quadrant variable speed drive (H-bridge). The H 

bridge is structured by four static MOSFET switches type 

IRFp360. In the DC-DC converter boost, the input source is 

of direct current type (An inductor in series with the on-

board battery), the output load is of direct voltage type 

(capacitor in parallel with the electro-dynamic traction 

 

 

 

 

load), a blocking diode and a parallel static switch type 

MOSFET IRFp360 controlled (blocking and starting). 

The variable speed drive control circuit: made up of a 

control card (based on two IR2112 driver circuits), an 

isolation card (based on four optocouplers), a real-time 

microcontroller card (contains the speed sliding mode 

program) and a measurement card (conditioning and 

calibration). 

The DC-DC converter boost voltage regulator control 

circuit: consisting of an opto-optical isolation, 

microcontroller board (contains the DC voltage sliding 

mode program vdc) and a voltage measurement 

conditioning. 

A high order sliding mode control algorithm is 

introduced either for mechanical motor speed and direct 

voltage adjustment vdc. 

 

 

6. Experimental results and discussion 
 

Experimental tests carried out are to assess the 

 

Fig. 12 High order sliding mode control of mechanical rotor speed of DC motor 

 

Fig. 13 Experimental setup for testing the proposed structure of electric vehicle drive 
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efficiency and dynamic performance of the proposed power 

management and control approach. 

The higher order sliding mode control is an expansion of 

the conventional sliding mode, and it can cancel the 

imperfection of the conventional sliding mode methodology 

and sustain its advantages. 

Since the second-order sliding mode controller, for 

example, super twisting algorithm, has unsophisticated 

construction and requires a lesser amount of acquaintance, 

it is the most extensively technique that used in the higher 

order sliding mode methodology. 

The first happens in implementation of sliding mode 

control in discrete-time with a digital microcontroller. The 

Chattering happens because the limited switching frequency 

due to the sampling rate, but accurate implementation of 

sliding mode control presupposes infinite switching 

frequency. 

Indeed, this sort of chattering is not a problem when 

dealing with a system that applies discontinuous control. 

DC voltage and speed control were experimentally 

verified on the test bench described in the previous section. 

Experimental tests were conducted on an electric vehicle 

equipped with a 68 W power PMDC motor. Numeric values 

of PMDC motor and the DC-DC converter parameters are 

giving in the appendix. 

Some experimental results were provided to 

demonstrate the effectiveness of the proposed control 

technique. Tests performed with a battery voltage drop 

applied, vbat = 7 V. 
 

6.1 Scenario 1: Operation at nominal speed and at 
different speed references without DC boost 

 

Figs. 14-15 show the performance of the motor speed, 

DC voltage and current obtained without DC boost. 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 Fig. 14 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 an 

overspeed caused by the control, there is a very large static 

error due to the limitation of the maximum electrical power 

generated by the battery. 

Fig. 15 shows the dynamic change in speed in the event 

of a decrease in the battery voltage to 7 Volts (due to failure 

or overconsumption). Note that the measured speed 

response follows its reference in low speed operation with 

the presence of a large transient peak at start-up. When 

operating at medium speed, we always notice the respect of 

the order of the command with a slight response time during 

the gradual variation of the setpoint. 

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). Note also, the average value of the 

current remains approximately constant in steady state 

regardless of the speed variation (A constant load), except 

after the speed collapse (a zero current after over-variation 

of the speed reference and a peak current transient after 

cancellation of the setpoint) and vice versa speed transient: 

which implies disturbance, instability and incorrect 

operation of the control system (A command is not robust). 

This makes the addition of the boost converter essential 

to improve the amplification gain of the 4 quadrant chopper. 

A series of experimental tests were carried out with the 

presence of the dc boost converter in the chain of the 

proposed electric vehicle. 

 

6.2 Scenario 2: Rated speed operation at no load 
and with variable (intermittent) load 

 

First experiment in the presence of the DC boost, the 

target speed is changed from 0 rpm to 1490 rpm at 1.5 s at 

no load applied. Fig. 16 displays the experimental result of 

a speed at free acceleration using the high SMC approach. 

Additionally, the real speed is measured and compared. It 

can be seen that there is a very good accordance between 

reference and real speed without any steady state error. 

On the same Fig. 16 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 set point, which explains the correct 

intervention of the control algorithm. 

For a nominal battery voltage equal to 12 Volts, the 

performance shown in Fig. 16 is obtained (using the sliding 

 

 

 

Fig. 14 Motor speed response. vbat = 7 V (without DC boost) 

 

 

 

Fig. 15 Motor speed, DC voltage regulation responses and 

DC motor current. vbat = 7 V (without DC boost) 
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Fig. 16 Motor speed and DC voltage regulation response, 

motor current without load 

 

 

 

Fig. 17 Motor speed and DC voltage regulation response, 

motor current with a load applied 

 

 
mode control). Indeed, the speed respects the order of the 

command regardless of the value of the setpoint with slight 

overshoots (or zero overshoots) in the times of variation and 

rapid response times (perfect dynamics). 

In the same figure, we find the adjustment of the direct 

voltage between the output terminals of the DC-DC boost 

voltage regulator converter and the speed variation input to 

make all the parameters of the regulation chain absolutely 

constant (among these parameters the amplification gain of 

the four-quadrant converter) :  small  (negligible) 

 

 

disturbances in the instants of the speed reference variation. 

The delay in speed response at start is justified by the 

current before the start value. There is also an increase in 

the width of the speed ripples around the setpoint 

(especially in the event of overspeed) due to the effect of 

measurement probes and the effect of the sliding mode 

control. 

Fig. 17 shows the speed control performance where the 

load was applied and omitted. The measured speed 

coincides exactly with the reference speed even the load 

torque application instant. 

From these results, it is shown that the proposed speed 

control algorithm has good performances. 

Fig. 17 depicts the trajectories of motor current. It 

should be noting the absence of ripples and chattering of the 

motor current. 

 

6.3 Scenario 3: Operation at nominal speed with 
application of a load torque 

 

Fig. 18 shows the speed and the voltage control 

performance where the load was applied and omitted. The 

result clearly shows that the motor speed follows the 

reference speed and the error is not significant. In the same 

Fig. 18, the direct voltage follows its reference with a slight 

disturbance at the instants of application of the load torque. 

 

6.4 Scenario 4: Operation at reference speed of 
staircase shape and reversing direction of 
rotation 

 

A test at different reference speed levels in the form of a 

staircase was applied. The speed control response is 

illustrated in the Fig. 19. These results made the drive 

remain stable and this condition can be maintained 

indefinitely. The motor current is displayed in Fig. 19, it 

should be noted that the shape of the current is smooth. 

The reference speed is set to 700 rpm at t = 2 s. Then the 

set point is changed to -700 rpm at t = 9.75 s without any 

load. The reversal speed response of the motor is shown in 

Fig. 20 at high speeds without load. It is clear that the speed 

response exhibits good performances at both dynamics 

regimes. 

 

 
0 
 
 

 

Fig. 18 The reference and measured speed, DC voltage regulation responses with applied and omitted load 

(rated speed operation) 
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Fig. 19 Motor speed regulation and current responses 

(Staircase shape reference) 

 

 

6.5 Scenario 5: Benchmark applied for operation 
for short urban journeys 

 

A benchmark reference is applied in this test, the 

reference speed varies between zero and different values 

(different level of speed including low speed region), 1200 

rpm, 2400 rpm, 3360 rpm and 4360 rpm respectively at t = 

0.25 s, 0.8 s, 2.8 s and 3.8 s. 

We note from the results obtained that the measured 

 

 

 

 

 

 

Fig. 20 Motor speed regulation and current responses 

(Reversal speed without load) 
 

 

speed follows its reference perfectly with a slight overshoot 

(Fig. 21). Oscillations appear at the measured speed, these 

oscillations due to the measurement chain and the non-

linearity of the electronic components used in the assembly. 

This figure shows the experimental results, these results 

are very satisfying during the benchmark, and the speed 

measured is almost confused with the speed of reference. 

The voltage setting of this test is shown in Fig. 21, our 

converter kept this voltage always constant. These 

 

 

 

 

 

Fig. 21 Motor speed and DC voltage responses for Benchmark reference 

 

Fig. 22 Performance tracking of motor speed regulation response under rated speed operating with reversal 

speed and applied and omitted load, measured motor current response 
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Table 2 Summary of the experimental results obtained 

Operation 

in constraint 

Case of the drives 

Without boost 

converter 

With boost 

converter 

Battery 

voltage 

12 V Good performance Excellent performance 

7 V Poor performance Good performance 

Speed 

control 

12 V Good performance Excellent performance 

7 V Bad performance Good performance 

Load 

applied 

12 V Good performance Excellent performance 

7 V Poor performance Good performance 

Battery fault Bad performance Good performance 
 

 

 

experimental results are similar to the scenario of failure of 

a part of the battery, this means that the battery voltage will 

be degraded, according to these results, the measured DC 

bus voltage always follows its reference with a slight 

disturbance of the fault. 

 

6.6 Scenario 6: Operation at rated speed with 
reversal of direction of rotation and a loaded 
torque is applied 

 

The controller was tested under with the speed 

dependent load produced by the second DC machine. The 

reversal speed response of the motor is shown in Fig. 22 at 

high speeds under different levels of load torque. From 

inspection of the Fig. 22, it is possible to verify the 

excellent behavior of the proposed algorithm. In fact, the 

error on the control both of the motor speed and current are 

always very small (< 2%, by referring to the actual values). 

Table 2 summarizes the DC voltage and motor speed 

performance associated with the static converters used in 

this practical experiment. 

Excellent tracking performance was obtained no study 

state error and no overshoot and control performance of the 

drive is acceptable for load disturbance. The gotten results 

show the effectiveness of the proposed control scheme. 

 

 

7. Conclusions 
 

In this paper, the real-time implementation of a small 

electric vehicle application based on a DC boost and a four-

quadrant DC converter feeding a permanent magnet DC 

motor to improve the dynamic and energy performance of 

the system under study has been presented. 

A method of designing and developing a DC boost 

converter as a module for an electric vehicle and its control 

based on the higher order sliding mode technique is 

disclosed. The purpose of this converter is to improve the 

amplification gain of the four quadrant converter in the 

event of a large voltage drop or battery failure. 

A four quadrant converter based on MOSFET was 

produced to drive the DC motor in all four operating 

configurations. Motor speed is controlled by a super 

twisting sliding mode control under different operating 

conditions, at nominal speed, under load, during rotation 

send reversal and also for a benchmark reference. 

The proposed traction system has been subjected to 

several experimental tests, namely at nominal speed, under 

load and during the reversal of the direction of rotation with 

and without a boost converter. The results show the 

degradation of the performances without the use of a boost, 

on the other hand a good operation in the various 

constraints is obtained in the presence of the converter 

boost. 

Among the advantages of tuning by the higher order 

sliding mode technique, the minimization of chattering at 

the levels of the signals obtained and the ease of 

implementing this approach. The major drawback is the 

variable switching. 

The proposed scheme based DC boost-four quadrant 

converter fed a permanent magnet DC motor for electric 

vehicle application shows better speed control performance 

at different operating modes and it keeps the voltage 

constant for a long time in case of degradation of the 

performance of the battery. The system presented in this 

study can be easily adapted to medium and high power 

systems and can also be used in the wind or solar 

conversion chain. 
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Table 3 PMDC motor parameters 

Components Rated values and reference 

Rated power 68.7 W 

Voltage 14.4 V 

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 DC-DC Converters parameters 

Components Rated values and reference 

Capacitor 140 µF 

Inductance L = 5.5 mH, r = 1.2 Ω 

Resistance 100 Ω 

Potentiometer 10 kΩ 

MOSFET IRF530N 

Diode UF 5408 

Optocoupler 2N27 
 

 

 

Table 5 Battery characteristics 

Components Rated values and reference 

Voltage 12 V 

Capacity 6 Ah 
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