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ABSTRACT  

An electric traction motor drive for an electric karting application was modeled for efficiency 
studies and simulated using the Matlab®/Simulink® software. In this thesis, the electric traction motor 
drive model includes models of battery, power electronic converter, and electric motor losses related 
to a typical 48 seconds track driving schedule. The important losses within a typical electric motor 
such as stator copper, rotor copper, and core losses were modeled and simulated over the entire speed 
range. A power electronic converter was modeled; including the switching and conduction losses for 
both MOSFETs and the anti parallel power diodes. The energy storage was modeled as a generic 
model capable of representing losses and the state of charge (SOC) of the battery over the driving 
cycles. The energy captured during regenerative braking was also considered in the simulation. 
Finally, the overall electric traction motor drive system efficiency was estimated based on the 
individual model based efficiency analysis. The battery and induction motor parameters, which were 
used in the simulation, were calculated using the measurement data obtained through laboratory tests. 

The complete electric traction drive system was simulated and observed using the drive cycle of 
the ICE karting at the race day for 48 seconds (one lap). The total average efficiency of the electric 
drive system is 66.7%. The average power of the electric motor was 5.4 kW and the total energy 
consumed by this electric traction drive system was 920 Wh for one whole race. The battery can 
supply the electric traction drive system for 22 minutes. The regenerative braking energy can be used 
to charge the battery and reduce the energy usage in the system, but has only a small effect due to the 
short time of the regenerative braking period.  

Keywords: Loss modeling, induction motor, electric karting, regenerative braking, battery. 
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List of Symbols and Subscripts 

Symbols 

a gear ratio/coupling ratio 
A frontal surface area of vehicle [m2] 
B damping [kgm2/s] 
c a constant that takes into account the bar material and shape 
C coefficient at vehicles dynamics model 
d bar depth [m] 
D duty cycle 
e electromotive force voltage [V ] 
E battery voltage [V] 
f frequency [Hz] 
F force [Nm] 
g gravitational acceleration [m/s2] 
I current [A] 
J moment inertias [kgm2] 
k coefficient given by material and design of motor 
L inductances [H] 
m total vehicle mass [kg] 
M modulation index 
n number of teeth the gear 
N ratio between switching and fundamental frequency 
p number of poles in electric motor 
P the motive power [W] 
Q capacity of battery [Ah] 
r radius of wheel [m] 
R resistance [Ω] 
s slip of induction motor 
S snappiness factor for the diode 
T torque at wheel [Nm] 
v speed [m/s2] 
va relative vehicle speed with respect to the air [m/s] 
V voltages [V] 
W energy [Wh] 
Z impedance 
δ specific air density [kg/m3] 
ω angular speed [rad/sec] 
Ѳ angle position [rad] 
 flux density [Wb] 
α temperature coefficient 
τ carrier period [s] 
 

Subscripts 

a achieved value 
ac alternating 
ad aerodynamic drag 
af acceleration force 
ave average values 
c collector 
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cr climbing resistance 
cu copper 
cond conduction 
CE collector – emitter 
d developed at electric motor rotor 
dc Direct 
D diode  
e eddy current 
fe Iron 
g air gap 
h hysteresis 
L Load 
m magnetizing part in electric motor 
mech mechanical (windage and friction) 
n harmonics 
o open circuit 
on on state 
off off state 
Q power switching device 
r electric motor rotor 
rr rolling resistance 
rms root mean square values 
R reverse recovery 
s electric motor stator 
sc locked rotor 
sw switching 
str Stray 
t Wheel 
T1 temperature T1 
T2  temperature T2  
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1. INTRODUCTION 

The first electric vehicle was made in the 1830s and was popular for almost a century [1][2][3]. 
However, since 1933 the number of electric vehicles have decreased due to the improvements of the 
internal combustion engine (ICE) that has become better and cheaper. Nowadays, environmental 
considerations, energy costs, and improvements in control and battery technology have inspired an 
increasing amount of research and development of electric vehicles.   

One of the developments in the electric vehicle is research on electric kart racing or karting. 
Electric karting is a variant of an open-wheel motor sport, with small four-wheeled vehicles called 
karts. These karts are simple and usually raced on a scaled-down track. Since the electric kart engine 
is powered by an electric motor instead of an internal combustion engine and the motor is operated 
using the power stored in batteries [4], its engine has many advantages over the ICE. It is pollution-
free, has higher energy conversion efficiency and less vibration, requires low maintenance, its speed is 
easy to control and it can use the energy from regenerative braking [1],[3]. An electric karting race 
was first started in 1989 in Italy [5] and is currently getting popular in the United States and Europe 
due to improvements in control and battery technology. 

The components of electric karting are chassis made of a steel tube, a propulsion system that 
includes an electric motor that drives the wheels, a power electronic converter that regulates the 
energy flow to the motor and a transmission system, a battery that provides energy, and a control unit 
that ensures a proper operation of the power electronic converter [3],[6],[7]. 

1.1. Objective of the Thesis 
 The purpose of this thesis is mainly to show the possibilities of creating a zero-pollution 
alternative that is suitable in karting. In order to observe and analyze the energy use in the karting, 
modeling and simulation of an electric traction motor drive with an efficiency model were done using 
Matlab®/Simulink® software. The electric traction motor drive model includes the models of battery, 
power electronic converter, and electric motor losses. 

The proposed electric traction motor drive system for the electric karting should fulfill the 
following requirements specified by the Svenska Bilsportförbundet (the Swedish Automobile Sports 
Federation): 

- the system shall give zero pollution. 
- the engine shall be optimized for 10 minutes heat in full race and 3 minutes for in and out 

laps. 
- the recharging of batteries shall be less than 30 minutes to get enough energy for the next 

heat. 
- the batteries shall maintain enough capacity after a minimum of 1000 discharge/recharge 

cycles. 
- the total drive package system weight must be less than 25 kg. 
- this drive shall be able to start without any assistance while the driver is seated. 



Page 2 (50) 
 

1.2. Thesis Outline 
The report of this thesis is arranged in seven chapters. The first chapter consists of an 

introduction of the project, presenting the aim and scope of the thesis and steps performed to 
accomplish the aim. 

Chapter Two includes the theoretical background of the electric traction motor drive system, 
such as transmissions or dynamic behaviors of the vehicle model, the electric motor model using a 
loss model, power electronic converter and controller loss model, as well as battery model. This 
chapter also describes the basic theory of regenerative braking. 

Chapter Three presents the case setting of the problem and the known parameters used as 
simulation input and explains the basic criteria to select the drive system components in electric 
karting. 

Chapter Four presents the measurement of battery parameters and induction motor parameters 
in laboratory and the performance analysis of the measurement. 

Chapter Five presents modeling blocks of the electric karting drive system and battery using 
MATLAB®/Simulink®, and discusses several characteristics of the electric traction drive system and 
battery. 

Chapter Six presents the evaluation of the complete electric traction drive systems and the 
safety in electric karting. 

Finally in Chapter Seven, the overall conclusions of the thesis work are given and the 
recommendations for future work are given. 
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2. BASIC MODELING OF ELECTRIC TRACTION DRIVE SYSTEM 

In this chapter, theory about electric traction drive system will be explained. A simple electric 
traction drive system consists of a drive system (transmission, electric motor, and power electronics) 
and an energy storage (battery) [6] as seen in Figure 2.1. Examples of some papers that describe the 
modeling of an electric traction drive system using MATLAB® or other software [7]-[10].  

 

Figure 2.1 Block diagram of drive system for electric karting 
 

Within the system, energy is stored in the battery. A power electronic converter connects the 
battery to an electric motor. The voltage and current output of the battery are maintained to match the 
ratings of the electric motor. The electric motor converts electrical energy supplied by the battery into 
mechanical energy. A transmission transforms the mechanical energy into a linear motion. Speed and 
torque are adjusted using the gear box. The gear can transmit the rotational force at different speeds, 
torque, and directions. A controller and energy management control the speed and direction of the 
electric karting, and optimize the energy conversion from the battery to the transmission. The battery 
can be charged from the line power and also from regenerative braking. 

2.1. Model of Transmission (Vehicle Dynamic Model) 
Mechanical energy provided by the electric traction drive system is used to drive the wheels of 

the electric karting. The supplied energy must be large enough to overcome the “traction resistance”, 
i.e. the sum of rolling resistance, aerodynamic drag, climbing resistance and acceleration force [8], 
[11]. Rolling resistance is a deformation process mechanism which occurs at the contact patch 
between the tires and road surface. Aerodynamic drag is the viscous resistance of air upon the vehicle. 
In this thesis, the race track is assumed to be flat, thus the climbing resistance is neglected. Those 
forces can be calculated using: 

௧ܨ  ൌ ௗܨ  ܨ  ܨ   (2.1)ܨ

ௗܨ  ൌ
1
2
ଶ (2.2)ݒܣௗܥߜ

ܨ  ൌ ݉݃ (2.3)ܥ

ܨ  ൌ ݉ܽ . (2.4)

The motive power required to run the vehicle is calculated as: 

 ௧ܲ ൌ ௧ݒ௧ܨ .  (2.5)

 



Page 4 (50) 
 

The engine torque at the wheel is obtained using: 

 ௧ܶ ൌ (2.6)  . ݎ௧ܨ

In this thesis, the moment of inertia has to be taken into consideration.  
Air density for this simulation is set at 1.225 kg/m3. 

The relation between the two sides of the gear can be formulated using:  

 ܶ

௧ܶ
ൌ
߱௧

߱
ൌ
௧ߠ
ߠ
ൌ
݊
݊௧

ൌ ܽ.  (2.7)

Calculation of the torque generated by the electric motor is based on energy considerations in 
terms of inertias, load acceleration, coupling ratio, and the load torque or force as shown below: 

 
ܶ ൌ ܬ ௗఠೝ

ௗ௧
 ߱ܤ  ܶ .  (2.8)

2.2. Modeling of Electric Motor Losses 
In order to calculate the efficiency of the electric karting, it is essential to understand how the 

losses of each component change with speed. The losses in the electric motor can be divided into 4 
components [12]: copper losses, core losses, mechanical losses and stray losses. 

Copper losses (stator and rotor losses) are the I2R heat losses resulting from current flow in the 
windings. The copper losses are variable, depending on the current and hence the load on the 
machine.  The copper losses measurement requires the consideration of temperature and skin effect in 
the winding resistance.  

Core losses (iron losses) are losses which occur in the magnetic circuit. Normally these losses 
comprise of hysteresis loss and eddy current loss. Hysteresis loss is the energy needed to magnetize 
and demagnetize the iron in the magnetic circuit during each voltage period. It depends on the flux 
and the frequency. Eddy current loss occurs due to the unwanted circulating currents induced in the 
iron of the magnetic circuit by the windings. The most common way of modeling core losses is to use 
the following Steinmetz expression of these losses [13]: 

 ܲ ൌ ݇ଶ݂ଶ    (2.9)

 ܲ ൌ ݇ଵ.݂ .  (2.10)

In an electric motor, there are two iron cores (except in permanent magnet rotor): stator core 
(Pfe,s) and rotor core (Pfe,r). The frequency in rotor core depends on rotor speed. The total core losses 
can be calculated as: 

 ܲ ൌ ܲ,௦  ܲ,
ൌ ሾ݇ଶ ௦݂

ଶ  ݇ଵ. ௦݂ሿ  ሾ݇ଶ ݂
ଶ  ݇ଵ. ݂ሿ . 

 (2.11)

Mechanical losses are losses resulting from the drag on the rotor movement. These losses 
include friction and windage losses. These losses are a function of motor speed and do not depend on 
the type of power supply, as seen in [12]. 

 ܲ ൌ ݇߱ଷ   (2.12)
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Stray losses represent group of losses that are not covered in the previous categories. These 
losses can be modeled as in [12]. 

 
௦ܲ௧ ൌ ݇௦௧ 

݇
݂
 ݇൨ ௦ܸ௧

ଶ   (2.13)

The stator and rotor winding resistances increase with temperature. The temperature increase 
can be calculated and an approximated correction factor can be used to find the correct stator and 
rotor winding resistances. Both resistances can be corrected from temperature effect by using [12]. 

 ்ܴଶ ൌ ்ܴଵ൫1  ௨ሺߙ ଶܶ െ ଵܶሻ൯   (2.14)

The skin effect on winding resistance can be calculated using 

 ܴ ൌ ܴௗሺ1  ܿ݀ ݂
.ହሻ .  (2.15)

 In this thesis, only copper and iron losses will be used in simulation and analysis. Mechanical 
and stray losses are disregarded. 

2.2.1. Modeling of Induction Motor Losses 
Induction motor with squirrel cage rotor is widely used in industry due to its simplicity, 

minimum maintenance requirement, and low costs [14]-[16]. The induction motor is composed of a 
stator circuit and a rotor circuit. In the three-phase induction motor, the stator circuit has three sets of 
coils that are separated by 1200 and excited by a three-phase supply. The rotor circuit is also designed 
with three-phase windings that are shorted internally or externally (through slip rings and brushes) 
[16]-[18]. The per-phase equivalent circuit of the induction motor at steady state is shown in Figure 
2.2. 

 

Figure 2.2 Equivalent circuit of induction motor 

In the rotor circuit, the rotor resistance ோೝ
௦

  consists of two components: the losses of the rotor 
windings and the developed power or the load of motor. This developed power includes the 
mechanical and rotational loads (the friction and windage loads). Hence, the resistance ோమ

௦
   can be 

rewritten as in [15]: 

 ோೝ
௦
ൌ ܴ 

ோೝ
௦
ሺ1 െ ሻ.  (2.16)ݏ

The mechanical synchronous speed (ωsm) of the induction motor with p poles and supplied by the 
frequency f can be found using [20] 

 ߱௦ ൌ
2

ሺ2݂ߨሻ ൌ

2

߱௦.  (2.17)
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The power flow of the induction motor is shown in Figure 2.3. Double-lined rectangles indicate the 
power forms analyzed in this thesis. The rotational (mechanical) losses are neglected, thus the output 
power of the electric motor equals the developed power.  

 

Figure 2.3 Power flow of induction motor 

The power flow in the induction motor is calculated using [14]-[15] 

 
ܲ ൌ ଶܫ3

ܴ
ݏ
ൌ ௗܶ߱௦  (2.18)

 
ௗܲ ൌ ଶܫ3

ܴ
ݏ
ሺ1 െ ሻݏ ൌ ሺ1 െ ሻݏ ܲ ൌ ௗܶ߱.  (2.19)

From (2.17) and (2.18), the rotor current is expressed by  

 
ܫ ൌ ඨ

2 ௗܶ߱௦ݏ
ܴ3

 .   (2.20)

Using the current divider laws, the stator current is calculated by  

 
௦ܫ ൌ

ܼ  ܼ
ܼ

   (2.21)ܫ

where Zm and Zr can be expressed by  

 
ܼ ൌ

݆߱௦ܮܴ
݆߱௦ܮ  ܴ

   (2.22)

 
ܼ ൌ

ܴ
ݏ  ݆߱௦ܮ .  (2.23)
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From (2.21) – (2.23), the stator current will be:  

 

௦ܫ ൌ

݆߱௦ܮܴ
݆߱௦ܮ  ܴ

 ܴ
ݏ  ݆߱௦ܮ

݆߱௦ܮܴ
݆߱௦ܮ  ܴ

ܫ

ൌ
 ݆߱௦ܮܴ
݆߱௦ܮ  ܴ

 ܴ
ݏ  ݆߱௦ܮ൨ ݆߱௦ܮ  ܴ
݆߱௦ܮܴ

 ܫ

  

 

௦ܫ ൌ
ቀܴܴݏ െ ߱௦ଶܮܮቁ  ݆ ቂ߱௦ ቀܴܮ  ܴ

ݏ ܮ  ܴܮቁቃ
݆߱௦ܮܴ

 ܫ
  

 

௦ܫ ൌ
ටቀܴܴݏ െ ߱௦ଶܮܮቁ

ଶ
 ቂ߱௦ ቀܴܮ  ܴ

ݏ ܮ  ܴܮቁቃ
ଶ

߱௦ܮܴ
ܫ . 

(2.24)

From (2.20) and (2.23), the air gaps voltage can be calculated by  

 
ܸ ൌ ܼܫ ൌ ඨ

௦߱ݏ ௗܶ

3ܴ
ቆ
ܴଶ

ଶݏ
 ߱௦ܮଶቇ.  (2.25)

The total rated losses of the induction motor can be obtained as 

 
ܲ௦௦௦ ൌ 3 ቈܴ௦ܫ௦ଶ  ܴܫଶ 

ܸ
ଶ

ܴ
 .  (2.26)

These total rated losses are used to calculate both the core and copper losses at various speeds 
and torque levels along the drive cycle.  

The induction motor can operate above the rated speed by using frequency or voltage control 
variations because of its rugged mechanical construction [10], [19]-[22]. The torque and power 
capabilities as a function of rotor speed can be seen in Figure 2.4. In the below rated speed area, the 
flux in the air gap is kept constant by controlling Vs/f and the value of the slip is small. Then the 
electric motor can produce torque until up to its rated torque and as a result, the rotor current may be 
assumed to be proportional to the developed torque. Therefore, this region is called “constant torque 
region”. Based on these assumptions, the copper losses can be expressed by 

 
ܲ௨_ ൌ  ܲ

߱
߱௧ௗ

ܲ௫
൨
ଶ

ܲ௨ ൌ  ܲ

߱
߱௧ௗ

ܲ௫
൨
ଶ
ሾ3ܴ௦ܫ௦ଶ  3ܴܫଶሿ   (2.27)

The eddy current loss component of the core loss is proportional to the square of the flux and 
the frequency [20] as described in (2.9). In the constant torque region, the flux is assumed constant, 
thus the eddy current loss is proportional to the square of the frequency only. The hysteresis loss 
component is proportional to the flux to the power of 1.6 and to the frequency as described in (2.10). 
Therefore, the total core loss in the constant torque region can be calculated by 

  ܲ_ ൌ 
߱

߱௧ௗ
൨
ଶ

ܲ  
߱

߱௧ௗ
൨ ܲ .  (2.28)
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Figure 2.4 Induction motor characteristic and capabilities 

To increase the motor speed above the rated speed, the stator voltage is kept at the rated voltage 
and the stator frequency is increased to a value above the rated frequency. So, the Vs/f is reduced and 
the flux is also reduced by the ratio of the instantaneous operating speed to the rated speed. At these 
assumptions, the developed power will remain constant and the copper losses become 

 
ܲ௨_ ൌ  ܲ

ܲ௫
൨
ଶ
ሾ3ܴ௦ܫ௦ଶ  3ܴܫଶሿ .  (2.29)

At above the rated speed, the flux in the core varies inversely with respect to frequency. So, the 
product of the flux and frequency is constant. With these assumptions, the eddy current losses at this 
region can be assumed to be constant at the rated value and the hysteresis losses are still proportional 
to the power of 1.6 of the frequency. 

  ܲ_ ൌ ܲ  
߱

߱௧ௗ
൨
ଵ.

ܲ    (2.30)

Even higher speed can be achieved by reducing the air gap flux until the motor torque reaches 
its pull-out torque. As shown in Figure 2.4, the torque and rotor current decrease with speed. As a 
result, the rotor losses also decrease.  
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The efficiency of the induction motor can be calculated by  

௧ߤ  ൌ
ௗܶ߱

ௗܶ߱  ܲ  ܲ௨
ݔ 100% .  (2.31)

2.3. Modeling of Power Electronic Converter Losses 
The power electronic converter used in this simulation is a standard six-switch three-phase 

bridge inverter. The aim of this component is to provide appropriate mean values of parameters 
commonly used in electric motor. The power electronic component as power switching device used in 
this thesis is MOSFETs (Metal Oxide Semiconductor Field Effect transistors) or IGBTs (Insulated 
Gate Bipolar Transistors) and anti-parallel power diodes. The controller pulse used in this simulation 
is a three-phase pulse-width modulation (PWM). The main losses in the converter are the conduction 
losses (Pcond) and switching losses (Psw) for each switching component [10],[20]. 

The switching process and conduction process of the power electronics components can be 
seen in Figure 2.5.  

 
Figure 2.5 Generic-switch switching characteristics (linearized): switching wave form and instantaneous switch power loss  

This switching process depends on the load and switching strategies [20],[22]. Figure 2.5 
shows the switching characteristics of a simplified clamped-inductive-switching circuit. The 
controllable switch is connected with a constant current load [20]. The dashed areas are the switching 
losses. 
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2.3.1. Modeling of MOSFET or IGBT Loss 

The MOSFET or IGBT losses (PQ) can be calculated by  

 ொܲ ൌ ܲௗ,ொ  ௦ܲ௪,ொ .  (2.32)

The conduction losses for MOSFET or IGBT can be expressed as  

 ܲௗ,ொ ൌ ொ,௩ܫ ܸா  ொ,௦ଶܫ ܴா, .  (2.33)

According to [25][26], if the converter controller is assumed to be of a sinusoidal pulse-width 
modulation (PWM) type, the energy loss of the IGBT or MOSFET (WQ) during the conduction period 
is 

 ொܹ ൌ (2.34)   . ߬ܦா݅ݒ

The duty cycle in (2.34) is a function of current angles as is shown in [25][26]  
 

ܦ ൌ
1
2
൫1  ሻ൯ߠሺ݊݅ݏܯ ൌ

1
2
ቆ1  ݊݅ݏܯ ൬

2 כ ߨ כ ݊
ܰ

൰ቇ .  (2.35)

The collector current (ic) is assumed to be sinusoidal, thus using (2.34) and (2.35), the energy loss 
during conduction is 

 
ொܹ ൌ ሻߙሺ݊݅ݏܫாݒ

1
2
൫1  ሻ൯߬ߠሺ݊݅ݏܯ .  (2.36)

The total energy loss in (2.36) will remain the same if the number of pulses increases [25]. 
Therefore, (2.36) may be converted to a differential equation. The average energy in a cycle is an 
integral of the differential energy during half of a period. The power will be the average energy 
divided by the full period as expressed below:  

 
ܲௗ,ொ ൌ ቆ

1
8

ܯ
ߨ3

ொଶܫሻቇܴா,ߠሺݏܿ  ቆ
1
ߨ2


ܯ
8
ሻቇߠሺݏܿ ொܫ ܸா .  (2.37)

From Figure 2.5, the dissipated energy in the switching devices during the turn-on and turn-
off can be approximated in the dashed area. The dashed area is assumed to be a perfect triangle. 
Therefore, the average switching losses can be calculated using [20] 

 
௦ܲ௪,ொ ൌ

ொܸܫொ
2 ௦݂௪൫ݐ,௦௪  ,௦௪൯ݐ .  (2.38)

The above equation is load-dependent. The average switching losses depend linearly on the switching 
frequency and the switching times (turn-on and turn-off time). Therefore, the total losses for the 
MOSFET or IGBT are 

 
ொܲ ൌ ቆ

1
8

ܯ
ߨ3

ொଶܫሻቇܴா,ߠሺݏܿ  ቆ
1
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ܯ
8
ሻቇߠሺݏܿ ொܫ ܸா

 ொܸܫொ
2 ௦݂௪൫ݐ,௦௪  ,௦௪൯ݐ . 

 (2.39)

2.3.2. Modeling of Power Diode Loss 
The anti-parallel power diode losses have two main parts: conduction and switching losses. 

Calculation of the conduction losses is almost the same with the losses in the MOSFET, except that 
the duty cycle of the anti-parallel power diode is different [25]-[26] due to different times of their 
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operation. The anti-parallel power diodes will conduct when the current flowing through the diode is 
positive, while at the same time the MOSFET or IGBT is off. So, the conduction losses for the anti-
parallel power diode can be calculated using the expression  

 
ܲௗ, ൌ ቆ

1
8
െ
ܯ
ߨ3

ଶܫሻቇܴ,ߠሺݏܿ  ቆ
1
ߨ2

െ
ܯ
8
ሻቇߠሺݏܿ ܫ ܸ.  (2.40)

The most important parameter in the diode switching losses is the reverse recovery losses 
[10][20], while the rest of losses can be neglected. The switching waveform of the power diode can be 
seen in Figure 2.6. The switching losses of the diode can be expressed by  

 ௦ܲ௪, ൌ
௦݂௪ ோܸ

2ܵ
൬
ிܫ݀
ݐ݀
൰ ൬

ݐܵ
ܵ  1

൰
ଶ
.  (2.41)

 

 

Figure 2.6 Switching waveform of the power diode 

The power electronic converter schematic for a four-quadrant speed controlled induction motor 
can be assumed to be the same converter as in Figure 2.7 and has the capability of transferring a 
regenerative braking energy. The power electronic converter losses (PPEC) in (2.39) - (2.41) must be 
multiplied by 6 due to the number of the MOSFETs and anti-parallel power diodes in the power 
electronic converter. 

 ܲா ൌ 6൫ ܲௗ,ொ  ௦ܲ௪,ொ൯  6൫ ܲௗ,  ௦ܲ௪,൯.  (2.42)
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Figure 2.7  Three-phase inverter for Induction motor 

2.4. Modeling of Battery 
A battery is a device that converts chemical energy into electrical energy and vice versa. 

Complete modeling of a battery is a very complex procedure and requires thorough knowledge of 
electrochemistry.  One common type of battery models is electric circuit-based battery model that 
represents an electrical characteristic of the battery. There are many types of electric circuit-based 
battery models as reported in [27] ‐ [30]. 

Some general terms and terminologies used in battery modeling are C-rates, state of charge 
(SOC), open circuit voltage, cut-off voltage (end of nominal zone), nominal voltage, and battery 
capacity.  

C-rate means the discharge current in order to normalize against the battery capacity. It is used 
as a measure of the rate at which the battery is discharged relative to its maximum capacity.  For 
example, a 1C rate means that the discharge current will discharge the entire battery in 1 hour. For a 
battery with a capacity of 100 Amp-hrs, this equates to a discharge current of 100 Amps. A 5C rate 
for this battery would be 500 Amps, and a C/2 rate would be 50 Amps. In reality, high C rate result in 
even lower discharge times. SOC is an expression of the present battery capacity as a percentage of 
maximum capacity. SOC is generally calculated using current integration to determine the change in 
the battery capacity over time. An open circuit voltage is the voltage at the battery terminals with no 
load applied. The open-circuit voltage depends on the SOC of battery.  

 In this thesis, a generic battery model will be used. The model is a modification of the 
Sheppard discharge battery model introduced by [30]. The battery is modeled using a controlled 
voltage source in series with constant internal resistance, as shown in Figure 2.8. This model is based 
on several assumptions: 

- the model has the same characteristic of charge and discharge cycles 
- the model has constant internal resistance 
- there is no Peukert effect; the battery capacity does not change with the amplitude of the 

current.  
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Figure 2.8 Generic battery model  

The open-circuit voltage sources are calculated with a non-linear equation based on the actual 
SOC of the battery as follows: 

ܧ  ൌ ܧ െ ܭ ቀ ொ
ொି ௗ௧

ቁ ݅  ሺି݁ܣ  ௗ௧ሻ   

 
 (2.43)

This model can represent the behavior of different battery types. The parameters of this model 
can be extracted from the discharge curve data or datasheet from the manufacturer by the following 
steps. 

Internal resistance approximation represents the voltage drop in the battery caused by current 
variation. Usually, the internal resistance is specified in the manufacturer’s datasheet. It can also be 
calculated from the potential difference caused by current variation.  

 
Model parameter is derived from the typical discharge curve from manufacture which can be 

used to calculate the unknown parameter in (2.43). In the discharge curve, there are a full-charge 
voltage, an end of the exponential zone (voltage and charge) and an end of the nominal zone (voltage 
and charge). 

A : voltage drop during the exponential zone (V) 

ܣ  ൌ ௨ܧ െ ா௫    (2.44)ܧ

    3/(B) : charge at the end of exponential zone (Ah) 

ܤ  ൌ ଷ
ொಶೣ

     (2.45)
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ܳே

. 

    
 (2.46)

And then, the voltage constant (Eo) is deducted from the fully charged voltage (EFull): 

ܧ  ൌ ி௨ܧ  ܭ  ܴ݅௧ െ (2.47)     ܣ

2.5. Regenerative Braking 

Regenerative braking is a mechanism to reduce the vehicle speed by converting some of its 
kinetic energy to other useful form of energy [31]-[33]. This converted energy can be used to charge 
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the energy storage in the system, such as a battery or a capacitor. The regenerative braking is different 
from an auxiliary drive braking, where the electrical energy is dissipated as heat by passing current 
through large bank of variable resistors.  

Regenerative braking does not have a sufficient effect in lowering the speed. Therefore, a 
friction brake is still required as complete brake and back-up brake. The total energy dissipation is 
limited by either the capacity of the supply system to absorb this energy or by the SOC of the battery. 
If SOC of the battery is full, the auxiliary drive braking will absorb the excess energy. In regenerative 
braking, the electric motor acts as generator and transfers the energy to the energy storage which 
provides braking effect as can be seen in Figure 2.10. In order to capture the regenerative braking 
energy, the total traction torque must be negative.  

 

 

Figure 2.10 Normal (above) and regenerative braking (below) operation of electric traction drive system 

The efficiency of these systems can be seen in Table 2.1: 

Table 2.1 
Comparison of normal and regenerative braking efficiency of drive system 

Component Normal propulsion Regenerative braking 

Battery ࢟࢘ࢋ࢚࢚ࢇࣁ ൌ
࢚ࢇࡼ
_࢚ࢇ࢈ࡼ

࢟࢘ࢋ࢚࢚ࢇࣁ  ൌ
_࢚ࢇ࢈ࡼ
࢚ࢇࡼ

 

Converter ࢘ࢋ࢚࢘ࢋ࢜ࢉࣁ ൌ
࢚ࢇࡼ
ࡼ

࢘ࢋ࢚࢘ࢋ࢜ࢉࣁ  ൌ
ࡼ
࢚ࢇࡼ

 

Electric 
motor ࢚࢘ࣁ ൌ

ࡼ
࢜ࢋࡰࡼ

࢚࢘ࣁ  ൌ
࢜ࢋࡰࡼ
ࡼ
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3. LOAD PROFILE OF THE ELECTRIC TRACTION DRIVE 

SYSTEM 

This chapter describes the profile of load input used in the thesis. The basic steps of selecting 
components in the electric traction drive system are presented.  

3.1. Load profile of the electric traction drive system 
The load used in this thesis was drive cycle of ICE karting at race day for one lap (48 seconds). 

This drive cycle had previously been measured by the Flap track software at Göteborg karting ring 
track. The speed profile of the ICE karting for one lap can be seen in Figure 3.1. 

 

Figure 3.1 Speed profile of ICE karting at Göteborg karting ring track 

From Figure 3.1, it is clear that the ICE karting has high acceleration and deceleration. In order 
to use this speed profile as an input in the simulation, the speed profile (km/h) in Figure 3.1 must be 
converted into another speed profile (rad/s) using (3.1). The result can be seen in Figure 3.2. 

 ߱௧ ൌ
ݒ10
ݎ36

.  (3.1)

 

Deceleration 

Acceleration 

Constant speed 
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Figure 3.2 Speed profile of ICE karting at Göteborg karting ring track in rad/sec 

From Figure 3.2, the characteristics of the speed profile can be described as follows: 
- the maximum angular speed is 189 rad/s 
- the lowest angular speed is 93 rad/s 
- the initial speed is 138 rad/s. 

These speed characteristics must be changed to rpm by (3.2). The values are 1802 rpm for the 
maximum angular speed and 885 rpm for the minimum angular speed. 

ݒ  ൌ
߱௧
ߨ2
60
.  (3.2)

According to this speed characteristics, the electric traction torque of the electric karting is 
calculated using (2.1) - (2.6) described in Section 2.1.  In this thesis, the calculation was accomplished 
using Matlab® scripts. The results were the torque and acceleration profiles at a wheel of the ICE 
karting, which are shown in Figure 3.3. 

 

Figure 3.3 Load profile and acceleration of go-kart at Göteborg karting ring track  

Regenerative 
braking 
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The traction torque at the wheel is varying between 47 Nm and -78 Nm. The negative torque 
indicates that the ICE karting is in deceleration or in regenerative braking region. It is clear that the 
regenerative braking or deceleration torque is higher than the acceleration torque. Therefore, the 
regenerative power used in charging the battery must be limited due to the limitation of the electric 
motor, power electronic converter and battery capability [32].  

The power required to run the ICE karting is calculated from the speed and torque profile in 
Figure 3.2 and 3.3 and by using (2.5). Figure 3.4 shows the power requirement of the ICE karting with 
and without the regenerative power. It is shown that the maximum regenerative power is higher than 
the maximum acceleration power. The energy used to run the ICE karting in this drive cycle is 30 Wh 
and 48.7 Wh for the case with and without the regenerative power. 

 

Figure 3.4 power profile of go-kart at Göteborg karting ring track  

3.2.  Selecting Drive Components 
An electric traction drive system for electric karting consists of a vehicle transmission system, 

an electric motor, a power electronic converter, an energy storage system (battery), and a controller. 
To design the electric traction drive system for electric karting, the basic requirements to get the 
optimum solution for all the components must be achieved. 

3.2.1. Match between the electric motor and vehicle transmission system 
The type of the electric motor used in this thesis is selected based on power rating, speed of 

operation, operating environment, reliability, performance requirements by the load, and costs of 
overall drives. 

The electric motor should be able to handle the load (vehicle transmission system) if the rated 
characteristics of the electric motor match the load characteristics. The load parameters, such as load 
inertia, maximum speed, speed range, and direction of motion, must first be known [20]. From those 
parameters, the total electromagnetic torque required by the electric motor can be calculated using 
(2.8).  

The load torque is the total traction torques of the electric karting as described in Section 2.1. 
The developed power in the electric motor that is required for this load can be found using the relation 

 ௗܲ ൌ ௗܶ߱  (3.3)
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From the load-torque profile in Figure 3.3, the motor current-profile can also be calculated by 
the torque and stator or armature current correlation described in Chapter 2. This relation is different 
for each type of electric motor [14], [15]. For example, the stator current of the motor is proportional 
to the electromagnetic torque for a permanent magnet DC motor if the flux in the air gap of the motor 
is kept constant. Normally, there is a gearing mechanism between the electric motor and the load. The 
gear mechanism can provide the peak torque at specified speeds. 

The power needed to run the electric motor can be seen in Figure 3.4. This figure shows that the 
maximum power of the load profile is 6.67 kW for less than 1 second, the minimum power is 0 kW 
and the average power without the regenerative braking power is 3.6 kW.  If the efficiency of the 
transmission is assumed to be 100% and the efficiency of the motor is assumed to be 70%, the power 
rating of the electric motor must be higher than 5.2 kW. The maximum power in the regenerative 
braking is 14 kW for less than 1 second. Therefore, the regenerative braking power that will be used 
to recharge the battery must be limited to the maximum power of the electric motor, power electronic 
converter and battery. The used energy in the transmission without the regenerative braking power is 
0.049 kWh in 48 seconds. If the regenerative braking energy is used for recharging the battery, the 
total energy in the transmission is 0.03 kWh for 48 seconds. 

3.2.2. Match between the electric motor and the power electronic converter 
The selection of the power electronic converter topology and its controller depends on the 

selected type of a motor drive. The output of the power electronic converter is a controlled voltage 
that will be used to control the motor current and electromagnetic torque. Based on this output, some 
considerations in choosing the power electronic converter must be fulfilled.  

Firstly, the current rating of the power electronic converter must be selected based on both the 
rms and the peak values of the required stator current. The thermal characteristic of the power 
electronic converter also needs to be considered because the current will produce losses in the power 
electronic converter and the controller. These losses will increase the temperature, while the power 
electronic converter has a limited range of operating temperature. Generally, the minimum rated 
current and voltage of the power electronic converter should be the same as for the electric motor.  

The rated voltage of the power electronic converter is used to control the motor current and also 
the torque. Therefore, the output of the power electronic converter must be larger than the 
electromotive force voltage (e). The difference of the electromotive force voltage of the electric motor 
and the output of the power electronic converter produce the current and the current ripple as shown 
below. 

  ݀݅
ݐ݀

ൌ
ݒ െ ݁
ܮ

   (3.4) 

The electromotive force voltage of the electric motor increases linearly with the motor speed, 
assuming a constant flux in the air gap of the motor. Therefore, the voltage rating of the converter 
depends on the maximum motor speed assuming a constant air gap flux. 

The switching frequency and the motor inductance must be considered for the selection of the 
power electronic converter. The motor inductance will affect the motor current ripple; higher ripple 
will produce higher losses. The choice of switching frequency would affect the switching losses but 
could also be used to reduce the ripple motor current. 
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From the load profile in Figure 3.3, the rms and average current rating of the power rating used 
in this thesis must be in the range of 75 - 160 Ampere, with variable output voltages. The converter is 
of 4-quadrant type, has the power of 5.5 kW and switching frequency of 10 kHz.  

3.2.3. Match between the power electronics converter and battery 
Generally, selection of the battery depends on the battery performance. The factors that affect 

the battery performance are state of charge (SOC), battery storage capacity, rate of discharge/charge, 
temperature, internal resistance and lifetime. These parameters are listed in Appendix. 

According to the power profile of the go kart in Figure 3.3, the energy required to run the 
electric karting using the battery is around 49 Wh or 1.015 Ah (the battery voltage is 48 Vdc) for 48 
seconds. Therefore, to operate for 13 minutes, the battery capacity must be larger than 16.5 Ah. 
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4. EXPERIMENT SETUP 

This chapter describes the experiment setup for measuring the parameters of the induction 
motor and battery.   

4.1. Measurement Setup for the Induction Motor 
In order to find the parameters of the induction motor (Rr, Lr, Ls, Lm, and Rm) in Figure 2.7, a 

no-load test and a locked rotor test must be performed. Stator resistance can be found by measuring 
the line-to-line stator winding resistance. Per-phase stator resistance is one half of line-to-line stator 
winding resistance. 

Diagram of the measurement setup can be seen in Figure 4.1. 

 

Figure 4.1 Measurement setup of the induction motor 

The rating of the induction motor used in this thesis can be seen in Table 4.1 

Table 4.1 
Induction Motor Rating 

Power 6000 W 
Voltage 3 x 27 V 

Frequency 100 Hz 
Speed 2850 rpm 

Current 168 A 
Weight 19.2 kg 

 

4.1.1. No-Load Test 
No-load test is used to measure copper losses at stator winding, core losses and mechanical 

losses [35]-[36]. This test is done by operating the motor at rated voltage and frequency without a 
load connected to the rotor shaft. At this condition, the slip (s) approximately equals zero and the rotor 
resistance ோೝ

௦
 is infinite. Therefore, the rotor inductance and resistance can be ignored. The equivalent 

circuit for the test can be seen in Figure 4.2.  
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Figure 4.2 Equivalent circuit of the induction motor at no-load test 

In this test, the no-load input power, no-load line current, and phase voltage are measured at 
rated frequency. The input voltages are ranging from 125 % of the rated voltage down to the voltage 
where further voltage reduction increases the line current.  

Stator losses can be calculated by   

 
ܲ௨௦ ൌ ଶܴ௦ . (4.1)ܫ3

The mechanical losses can be calculated by performing a linear regression analysis of the 
power-versus-voltage-square curve. The curve can be constructed by subtracting the stator losses from 
total no-load losses at each test voltage points, and then extending the curve to zero voltage. The 
intersection with the Y-axis gives the mechanical losses. The core loss at each test voltage can be 
found by subtracting stator and mechanical losses from the total no-load losses.  

From Figure 4.2, the total impedance of the induction motor at no-load test condition can be 
found by  

 
ܼ ൌ

݆ܴܺ
ܴ  ݆ܺ

ൌ
݆ܴܺሺܴ െ ݆ܺሻ

ܴଶ  ܺଶ
. (4.2)

It is assumed that the value of ܺଶ ا ܴଶ , (4.2) becomes 

 
ܼ ൎ ݆ܺ 

ܺଶ

ܴ
 . (4.3)

Then the total impedance in no-load test is 

 
ܼ ൌ ܴ௦ 

ܺଶ

ܴ
 ݆ሺܺ  ܺ௦ሻ . (4.4)

The phase angle between voltage and current at no-load test can be calculated using   

 

ߠ ൌ ݏܿܿݎܽ ൮ ܲ

3 ൬ ܸ
√3
൰ ܫ

൲ . (4.5)

The magnitude of total impedance in no-load test can be calculated using 
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(4.6)
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Real and imaginary inductances can be calculated using 

 

ܺ  ܺ௦ ൌ Ա൮

ܸ
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ܫ
൲ ൌ ܼ݊݅ݏሺߠሻ (4.7)
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4.1.2. Locked Rotor Test 
The locked rotor test can be performed by operating the induction motor at one or more 

frequencies and voltages. The test shall be conducted at rated current. The value of the impedance 
used in the equivalent circuit calculation is at the exact value of saturation and deep bar effect. 
Otherwise, the calculated power factor will be found to be higher than the true value [35]. The 
impedance shall be measured at the temperature of the motor at the time of the test. In this test the 
value of power input, current and voltage are measured. It is assumed that no core losses occur. The 
equivalent circuit of locked rotor test can be seen in Figure 4.3.  

 

Figure 4.3 Equivalent circuit of induction motor at locked rotor test 

From Figure 4.3, the total impedance in locked rotor test can be calculated by  

 ܼ௦ ൌ ܴ௦  ܴ  ݆ሺܺ  ܺ௦ሻ. (4.9)

The phase angle between voltage and current at locked rotor test can be found similarly from no-load 
test. Stator and rotor inductance can be calculated by 

 

ܺ  ܺ௦ ൌ Ա൮

௦ܸ
√3
௦ܫ

൲ ൌ ܼ௦݊݅ݏሺߠ௦ሻ . (4.10)

Rotor resistance can be calculated by 

 ܴ ൌ Ը൬ ௦ܸ

√3
൰ െ ܴ௦ ൌ ܼ௦ܿݏሺߠ௦ሻ െ ܴ௦ . (4.11)

The result from (4.2) – (4.11) can be used as initial value to calculate the parameters of the 
induction motor according to [35]. 

First, reactive power at no-load and locked rotor test was calculated by  
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√3
௦൰ܫ

ଶ
െ ௦ܲ

ଶ . 
(4.13)

Then, magnetizing reactance can be calculated by assuming the value of Xs and ೞ


 from the 

previous calculation. 
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(4.14)

And stator leakage reactance at test frequency is calculated as 
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The result from (4.15) was used as input in (4.14) and this iterative solution was continued until the 
stable value of magnetizing and stator leakage reactance are obtained within 0.1% [35]. 

Secondly, rotor leakage reactance can be calculated by 
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 . (4.15)

Core resistance can be calculated by 
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Finally, rotor resistance can be calculated by 
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4.1.3. Parameters of the Induction Motor 
The result of the no-load and locked rotor test can be seen in Table 4.2 and 4.3. 

Table 4.2 
No-load test result 

Voltage [V] Current [A] Power [W] 
30.2 62 396 

26.05 52.5 338 
23.3 46.5 298 

12.67 27 214 
  

In Section 4.1.1, the mechanical losses can be found by Figure 4.4. 
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Figure 4.3 No-load test  

From Figure 4.4, the intersection of the linear line (red line) and zero voltage (Y-axis) occurred at 172 
W. Therefore, mechanical losses of the induction motor is 172 W and rated iron loss was 175 W. 

Table 4.3 
Locked rotor test result 

Voltage [V] Current [A] Power [W] 
3.7 70.5 192 

The induction motor was assumed to be Design-A motor (ratio between the stator and rotor leakage 
reactance is one) and the test is done in ambient temperature. The parameters were calculated by 
MATLAB® script and the parameters of the induction motor can be seen in Table 4.4. 

 
 

Table 4.4 
Parameter of Induction motor 

Stator resistance 0.0064 ohm 
Rotor resistance 0.0071 ohm 
Core resistance 6.5336 ohm 

Stator leakage inductance 22.371 μH 
Rotor leakage inductance 22.371 μH 
Magnetizing inductance 0.43871 mH 

 

4.2. Internal Resistance Battery Measurement 
Internal resistance of the battery can be used to calculate the power losses in the battery. It is 

not possible to measure the internal resistance using an ohmmeter because the current generated by 
the battery itself will interfere with the measurement. There are several techniques that can be used to 
measure the internal resistance of the battery, such as a DC load test and an AC load test method. In 
this thesis, the DC load test was used to measure internal resistance due to the loss model and steady 
state analysis that was used in the simulation.  
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In the DC load test, open-circuit voltage and load voltage of the battery is measured. Then, a 
load was connected to the battery to have a current flow that leads to a reduced battery voltage, due to 
the IR voltage drop in the battery. The schematic of the DC load test can be seen in Figure 4.4. Figure 
4.5 shows a photo of DC load test setup in laboratory. Internal resistance is calculated by Ohm laws 
from the voltage and current differences between two measurements. 

 

Figure 4.4 DC load test diagram of the battery  

 
Figure 4.5 DC load test setup  

Results of the measurement can be seen in Table 4.5. 

Table 4.5  
The DC load test measurement results 

Voltage [V] Current [A] Rin [Ω] 
48.9 0  
48.3 5.1 0.118 
47.9 9.7 0.103 
47.4 14.3 0.104 
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Internal resistance of the battery (Rin) can be found as 

 ܴ ൌ
ଵܸ െ ଶܸ

ଶܫ െ ଵܫ
 . (4.18)

According to the results in Table 4.5, average internal resistance of the batteries is 0.108Ω. The 
configuration of the batteries that were used in this test is shown in Figure 4.4. Therefore, internal 
resistance of each battery is 0.108 Ω. 
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5. MODELING THE ELECTRIC TRACTION DRIVE SYSTEM FOR 

ELECTRIC KARTING IN MATLAB®/SIMULINK® 

In this chapter, the model of electric traction drive system components for electric karting 
described in Chapter 2 is implemented using Matlab®/Simulink®. A steady-state model is used to get 
raw data that is helpful during the design stage and for long-term analysis over an extended drive 
cycle. The advantage of this modeling is fast computation. The steady-state model is suitable to model 
the efficiency and performance of the system. 

Based on the selected rating for the individual components of the electric karting drive system 
described in Chapter 3, the performance of each component can be modeled and computed separately.  

5.1. Vehicles Dynamic Model 

In this modeling, the drive cycle track is assumed to be flat. Therefore, the climbing resistance 
can be neglected and the total traction torque only depends on the rolling resistance, air drag 
resistance and acceleration resistance. The transmission block consists of all equations in Section 2.1. 
The inputs of this block are developed torque and moment inertia from the electric motor. The outputs 
are speed and position of the electric karting. The parameters of vehicle dynamics for a small electric 
karting can be seen in Table 5.1 and the vehicle dynamic model in Simulink® can be seen in Figure 
5.1. 

Table 5.1 
Vehicle dynamic parameter for small go kart 

Total mass 110 kg 
Rolling resistance coefficient  0.03  

Drag coefficient 0.6  
Air density 1.202 kg/m3 

Vehicle cross section 0.5 m2 
Driving wheel radius 0.14 m 

The total mass of the system for this simulation is assumed to be 110 kg, including the casing, 
driver, and the propulsion system (electric drive system).  In air drag torque, the calculation is 
assumed to be not affected by wind speed. The initial speed in the integrator block is set at 138 rad/s.  
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Figure 5.1 Simulink model for vehicle dynamic  

5.2. Electric Motor Model 

The model for the electric motor as seen in Figure 5.2 consists of two basic blocks: controller 
and loss model of electric motor block. The controller block is used to calculate the current in the 
stator, rotor, and the voltage drop in the air gap. The inputs of this block are torque and the speed in 
rad/s. In the other block as seen in Figure 5.3, the developed torque, losses and performance of the 
electric motor will be evaluated using (2.20), (2.26), and (2.31) in Section 2.2. Here, the regenerative 
braking will take action in the performance of the motor. As a result, in the loss model of the electric 
motor, there are two separate blocks to calculate efficiency of the electric motor at normal condition 
(as a motor) or regenerative braking (as generator). In normal condition, the calculations of efficiency 
use (2.31), but for the regenerative braking, the efficiency can be calculated using: 

௧ߟ  ൌ
்ఠೝିೞೞ

்ఠೝ
%100 ݔ  .    

 
 (5.1)

The inputs of this electric motor block are reference torque, electric karting speed from the 
vehicle dynamic model and voltage from the power electronic converter model. The outputs of this 
block are input electricity that contains stator current and power input of the electric motor, 
mechanical output that includes developed torque and moment inertia of the motor, motor 
performance that includes efficiency, developed output power, and power losses in the electric motor.  
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Figure 5.2 Simulink model for electric motor  

 

Figure 5.3 Simulink model for induction motor loss model   

The simulation is assumed to be at constant flux operation and power factor at below the rated 
speed, thus the stator and rotor current can be assumed to be proportional to the output torque of the 
electric motor [21]. The parameters of this simulation can be found in Table 4.1 and 4.4. 
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The induction motor efficiency map can be seen in Figure 5.4. Above the rated speed, the 
voltage is limited. Therefore, the power is constant and torque is varying. Below the rated speed, the 
current is limited at rated torque. Therefore, the voltage and frequency were adjusted to give the 
constant maximum torque. 

 

Figure 5.4 Efficiency maps for the used induction motor 

The best performance was observed at points at around the rated value speed and above rated 
speed with lower rated torque. This is because copper and core losses decrease at higher speeds as can 
be seen in (2.29)-(2.30). However, if the speed increases up to two times the base speed, the 
performance decreases due to the increase of  the winding and friction losses at higher speed [19] as 
described in (2.12) and the increase of the core loss due to the increasing electromotive force voltage 
as be seen in (2.25).  At low speed, the torque is high, thus the performance of the induction motor 
was very low due to higher rotor and stator losses [19]-[22].  

For the drive cycle as described at Chapter 3, the speed – power loss characteristic of the 
induction motor can be seen in Figure 5.5. Figure 5.5 shows that the induction motor loss decreases at 
above the rated speed and below the rated speed. The induction motor loss reaches the maximum at 
around the rated speed. At the constant power region (above the rated speed), the input voltage of the 
electric motor is not changed and the electromotive force voltage can be considered as increased. 
Hence, the stator and rotor loss decrease with an increase of frequency due to decreased the stator and 
rotor currents. The stator and rotor copper losses predominate (74%) in the induction motor loss.  

The loss – transmitted power profile in the electric motor at the drive cycle used can be seen in 
Figure 5.6. It is clear that the regenerative braking condition, the power is larger than the power at 
normal condition. Therefore, the rotor, stator and iron losses are also higher in regenerative braking 
condition.  
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Figure 5.5 Speed – loss characteristic for the used induction motor in the used drive cycle  

 

Figure 5.6 loss components as function of transmitted power for the used induction motor 

From Figure 5.6, it can be seen that the stator, rotor and iron losses are proportional to the 
transmitted power in the electric motor. The electric motor loss increases with the transmitted power. 
To protect the motor insulation from the high increased temperature, the power from the regenerative 
braking should be limited [31]-[33].  
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5.3. Power Electronic Converter Model 

   The modeling for the power electronic converter is divided into two blocks, controller and full 
bridge as seen in Figure 5.7. The controller block is used to calculate rms and average current in the 
power diode and MOSFET that are described in Section 2.3.   

 

Figure 5.7 Simulink model for power electronics converter  

The loss calculation was presented in the full bridge block that consists of conduction and switching 
losses for the power diode and the MOSFET. Similar with the electric motor, the regenerative braking 
also takes action in the calculation of the power electronic converter efficiency as seen in Figure 5.8.   

 

Figure 5.8 Simulink model for loss model power electronics converter  

The efficiency of the converter in normal operation condition can be calculated using: 

௩௧ߟ  ൌ
_ೝ

_ೝାೞೞ
%100ݔ .   

 
 (5.2)
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And for regenerative braking condition: 

  ௩௧ߟ ൌ
_ೝିೞೞ

_ೝ
%100ݔ .   

 
 (5.3) 

The inputs of the full bridge converter block are battery output that includes current and voltage 
from the battery, and stator current of the electric motor. The output of this block is voltage and 
performance of this converter that will be used to calculate the total performance of the system.  

The parameters of the power electronic converter block can be found in Table 5.2.  

Table 5.2 
Power electronic converter parameter for the electric karting 

Power MOSFET MTD3055VL 
Strain drain to source on-resistance 0.012 ohm 

Rise time 85e-9 seconds 
Fall time 43e-9 seconds 

Constant voltage drop 0 V 
Power Diode QuietIR series 20 ETF 

Forward voltage drop 1.2 V 
On-resistance 0 ohm 

rms reverse voltage 21 V 
Snappiness factor 0.6  

Rate of fall forward current 100e6 A/s 
Reverse recovery time 60e-9 seconds 

Controller 
Frequency switching 10 kHz 

Modulation index 0.5  
Power factor motor 0.8  

The result of the power electronic converter can be seen in Figure 5.9. The conduction losses 
make up a significant proportion of the total losses in the power electronic converter. The average 
conduction loss for the MOSFETs is 204 W and 158 W for the diodes. It is clear that the conduction 
losses are load-dependent and vary linearly with the square of the stator current of the electric motor. 
Therefore, the on-resistance of the MOSFET and the forward voltage drop in the power diode are the 
two main parameters that must be considered when choosing the power electronic component. The 
average switching losses in this converter is 7 W for the MOSFETs and 0.053 W for the diodes. It is 
clear that the switching loss for the diode is constant and independent of the output power, but the 
switching losses of the MOSFET is load-dependent and varies with the voltage and current. 
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Figure 5.9 conduction and switching losses of power electronics converter  

5.4. Battery Model 

The battery model used in this simulation is a generic battery model that is described in Section 
2.4 and shown in Figure 5.10. There are two blocks, SOC and battery performance, that are used to 
calculate the SOC and efficiency of the battery. The SOC of the battery can be calculated using: 

ܥܱܵ  ൌ 1 െ ௧
ொ
 .    (5.4)

The efficiency of the battery is the ratio of the power at the terminal battery to the open circuit power 
at the battery. The losses of the battery are dependent on the internal resistance of the battery and the 
current load of the battery. The limitation of regenerative braking and charging current allowed in the 
battery are set in integrator1 block. The parameters of the battery in (2.43) are: 

Internal resistance, from the diagram of nominal current discharge characteristic of Nilar 
membrane battery, at the end of nominal zone point. The internal resistance battery (Rin) that will be 
used in the simulation can be calculated as  

 ܴ ൌ
/మబିభ

ூ
ൌ ଶହିଶଷ.ଶ

ଶ
ൌ 0.09Ω .     (4.5)
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Figure 5.10 Simulink model for battery  

Model parameter, by using (2.44)-(2.47), the discharge curve for Nilar Membrane battery can 
be extracted. The value of A is 2.6 V, B is 1.6667 (Ah)-1, K =0.2286, and Eo is 26.473 V that was used 
in (2.43). From these parameters, the discharge curve of the Nilar Membrane Battery can be drawn as 
in Figure 5.11.  

 

Figure 5.11 Discharge curve of Nilar membrane Battery 

If the discharge current is 0.45 Ampere (0.05C), the output voltage of the battery is 26 V. The 
output voltage of the battery will decrease if the discharge current increases. At rated voltage of the 
battery (24V), the discharge current is 9A. The battery cannot operate below the end of nominal zone 
(cut-off voltage) [30].The weight of the battery is 3.9 kg. 

 

I increase
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5.5. Energy Conversion Block 

This block presents the calculation of total efficiency of the system and total energy that was 
used for this electric karting and also the temperature variation as shown in figure 5.12.   

 

Figure 5.12 Simulink model for energy conversion block  

5.6. Charging Block 

The charging block is used to charge the battery from the line supply and has the power 
charger from the line and calculation of SOC that can be seen in figure 5.13.  

 

Figure 5.13 Simulink model for charging battery block  
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6. EVALUATION OF THE ELECTRIC TRACTION DRIVE 

SYSTEM FOR AN ELECTRIC KARTING APPLICATION 

This chapter presents the simulation result of an electric traction drive system for an electric 
karting application. The efficiencies, power, energy usage and SOC of battery are presented and 
explained.  

6.1. Overview the Electric Traction Drive System for Electric Karting 
The separate models in Chapter 5 are integrated in MATLAB®/Simulink® to represent the 

complete model of the electric traction drive system. Figure 6.1 shows that the system’s reference 
input is the load torque that represents the load profile of the drive cycle. There are six main blocks, 
each representing a component of the electric karting drive system. These blocks are already 
described in Chapters 2 and 5. The charger block is the block to charge the battery from the outside, 
but in this simulation it is assumed that there is no charging power from outside.  

 

Figure 6.1 Electric traction drive system for electric karting models in Simulink   

The algorithm of this electric traction drive system can be seen in the flowchart in Figure 6.2. 
The reference load was used to calculate stator currents, rotor currents and air gap voltages of the 
electric motor. The stator and rotor currents were used to detect the normal or regenerative condition 
because the load torque was assumed to be almost proportional to the stator or rotor currents as 
described in Section 2.2.1. The stator and rotor currents were used to find the copper losses and the 
developed power in the electric motor, and the switching and conduction losses in the power 
electronic converter. The speed of the electric karting was also calculated based on developed torque 
produced by the electric motor. After the losses in each component were known, the efficiency of 
each component could also be found. The efficiencies for normal and regenerative conditions were 
calculated using different formulas for each component as described in Section 2.5.  
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Figure 6.2 Flowchart of the electric traction drive system algorithm. 

The input power, output power, and SOC of the battery were also calculated based on the stator 
currents that were affected by the efficiencies of the electric motor, the power electronic converter and 
the battery itself. The system’s energy use equals the energy output of the battery. Finally, the 
performance of the complete drive system was calculated and displayed. It includes the SOC of the 
battery, efficiency of the drive system, and energy usage of the system. The energy from the 
regenerative braking is limited in the battery. 

This simulation ran in 48 seconds and used variable-step ode45 (Dormant-Prince) solver. The 
relative tolerance was 1e-3. There were also three m files that each represents the system parameters, 
displays the post processing, and includes calculation on the performance of each component of the 
system.  

6.2. Efficiency of the Electric Traction Drive System 
According to the data sheet of the electric motor, the rated speed of the motor is 2850 rpm and 

the rated power is 6000 W. The rated torque of this induction motor was calculated by (2.19) and the 
result was 20.1 Nm. The speed and torque at the electric karting wheel were between 886 - 1801 rpm 
and 0 - 47 Nm respectively, as explained in Chapter 3. This speed and torque must be geared to values 
that have a high efficiency of the electric motor as seen in Figure 5.4. By using (2.7) , the gear ratio 
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used in this drive system has been selected to 45/21. With this gear ratio, the induction motor operates 
at speeds between 1889 – 3859 rpm and torques between 0 – 21.9 Nm. The slip of the induction motor 
was assumed to be constant because the electric motor operates almost in the torque constant region. 
The mechanical losses of the electric motor and the vehicle dynamic model were assumed to be zero. 

The simulation used eight batteries as energy storage with the configuration as shown in Figure 
6.3. Therefore, the batteries’ capacity was 36 Ah with the equivalent internal resistance of 0.045 Ω 
and the total weight of 31.2 kg. The output voltage was maintained above the nominal end zone (cut-
off) voltage. The result of this simulation can be seen in Figure 6.4 – 6.10. 

 

Figure 6.3 Configuration of the batteries. 

Calculating from Figure 6.4, the average efficiency of the electric motor was 86.2%. The 
average efficiencies of the power electronic converter and the battery were 92.7% and 83.5%, 
respectively. Thus, the total average efficiency of this system was 66.7%.  The lower efficiency at the 
battery occurred as a result of the large current in the equivalent internal resistance of the battery. At 
regenerative braking condition, the efficiency of the electric drive system was lower than that of 
normal operation due to the larger current in regenerative braking. Therefore, at regenerative braking 
condition, the losses increased in the power electronic converter, battery and electric motor. The drop 
marked with the rectangle in the graph is due to zero crossing in the divide block in Simulink® at 
regenerative efficiency calculation.  
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Figure 6.4 Efficiency of the electric traction drive system for electric karting application using the induction motor. 

6.3. Power Usage of the Electric Traction Drive System 
The average power at the electric motor, power electronic converter, and battery were 5.4 kW, 

5.3 kW, and 5.9 kW, respectively, as seen in Figure 6.5. The electric motor output power was higher 
than the power electronic converter output at regenerative braking condition because the power flow 
from the induction motor to the power electronic converter is augmented by the large energy from 
regenerative braking. It is clear that at constant speed, the power usage in the system is constant due 
to constant torque. This average power for the induction motor is still below the rating of the 
induction motor. 

From Figure 6.5, it is clear that the power at regenerative braking was higher than the power at 
normal condition. The maximum power of the electric motor at normal condition was 7 kW, but at the 
regenerative braking, the power of the electric motor reached 13 kW. This large power can affect the 
reliability and insulation of the electric motor. The large energy could also harm the power electronic 
converter and battery. The temperature in the components of the power electronics could increase 
beyond the allowable maximum temperature. This could damage the components of the power 
electronic converter. 

regenerative 
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Figure 6.5 Power usage each component of the electric traction drive system for electric karting application using the induction motor. 

The energy usage in the electric traction drive system (Wdrive) for the electric karting can be 
calculated by integration of the power usage in the drive system (Pdrive) as shown in (6.1). 

 
ௗܹ௩ ൌ න ௗܲ௩݀ݐ

௧


.  (6.1)

 The total energy used by the drive system is the subtraction of the regenerative energy from the 
used driving energy and can be seen in Figure 6.6. 

 

Figure 6.6 Energy used of the electric traction drive system for electric karting application using the induction motor. 

Figure 6.6 shows that the regenerative braking supplies a higher energy level in short time 
compared to normal operation. Consequently, this energy must be considered in designing an electric 
traction drive system. The total energy for 48 seconds at the electric motor in this drive cycle without 
regenerative braking was 53.5 Wh. The regenerative braking energy at the electric motor in this drive 

regenerative 

cons. speed 
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cycle was 15 Wh. As a result, the total energy of the electric motor with regenerative braking was 
38.5 Wh. The total energy consumed by this electric traction drive system was 67.9 Wh, if the electric 
traction drive was run without using the regenerative braking energy. The total energy used by the 
electric traction drive system is 56.6 Wh with the regenerative braking energy supplying the energy 
(11.4 Wh) to the energy storage that can be seen in Table 6.1.  

Table 6.1 
Comparison of energy usage  

 Regenerative 
energy [Wh] 

W/o regenerative [Wh] With regenerative [Wh] 
One lap 13 minutes One lap 13 minutes 

Transmission 18.8 48.7 796.3 30.2 490.8 
Electric Motor 15 53.5 869.4 38.5 626.2 

Power Elect. Conv. 13.7 57.2 929.4 42 706.1 
Battery 11.4 67.9 1104.5 56.6 920 

Table 6.1 shows that the total regenerative energy at the battery is lower than the total 
regenerative braking energy at the electric motor due to losses at the components of the electric drive 
system.  

The energy needed to operate the electric karting for 13 minutes was 920 Wh with regenerative 
braking, or 1104.5 Wh without regenerative braking. Therefore, the energy available in the battery 
(48Vdc) must be at minimum 19.2 Ah without regenerative braking, and 23 Ah with regenerative 
braking. 

 The average stator current of the electric motor was 75 A, while the maximum current was 
150A and the minimum current was -207 A. The negative current means that the electric motor 
operates as generator. It is clear that the maximum current during regenerative braking is larger than 
the rated current of the electric motor. Because of the short duration of regenerative braking in the 
drive cycle, the maximum current for regenerative braking is still acceptable by adding an optional 
cooler.   

6.4. Performance of the Battery 
The performance of the battery in the electric traction drive system can be evaluated using the 

SOC of the battery during the drive cycle. The SOC of the battery can be seen in Figure 6.7. At the 
end of simulation, the SOC of the battery was 0.9639. If the drive cycle is assumed to be the same for 
other times, the storage energy can support the electric traction drive system for 22 minutes and 51 
seconds. That means the battery can run the electric karting for 13 minutes with that drive cycle.  

 

Figure 6.7 State of charge of battery at electric traction drive system for electric karting application using induction motor 

regenerative 
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The increasing lines represent the charging of the battery from regenerative braking. It is clear 
that the regenerative braking energy can be used to charge the battery and reduce the energy usage in 
the system. However, the regenerative braking energy cannot help so much to charge the battery due 
to the short time of the regenerative braking period and limitation of the battery charging current.  

6.5. Performance of the Vehicle Dynamic Model 
The speed of the electric karting can be seen in Figure 6.8. It is clear that the maximum speed 

in this electric karting is 96 km/h.  

  

Figure 6.8 Speed of electric karting using the induction motor drive system 

A power and torque characteristics as function of the speed can be seen in Figure 6.9. The 
transmitted power in the electric traction drive cycle increases with the increasing speed due to 
increasing frequency and voltage until the rated speed. The maximum power occurs in the rated 
speed. At above the rated speed, the transmitted power decreases again as a result of the decreasing 
stator and rotor currents. The torque is almost constant at rated torque below the rated speed and will 
decrease at above the rated speed due to decreasing power transmitted in the electric karting. At 
regenerative braking condition, the torque is almost constant above the rated torque of the electric 
motor.  
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Figure 6.9 Speed – power and torque characteristics of the electric karting using the induction motor drive system 

The losses of the battery, power electronic converter and electric motor are almost proportional 
with the total transmitted power of the electric traction drive system as seen in Figure 6.10.  

 

Figure 6.10 Loss components as function as transmitted power for electric karting using induction motor drive system 

It shows that the battery losses are the predominant losses in the electric drive system and the 
power electronic converter losses is the smallest losses in the electric drive system. It is clear that the 
transmitted power of the drive system is between 5 kW and 9 kW. There are two losses in a 
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transmitted power due to the regenerative braking effects. The higher loss occurs after the charging 
the battery from the regenerative braking energy.   

6.6. Safety Consideration 
The electric karting drive system shall be designed to operate safely in all conditions. The 

different risks associated with this technology must be carefully assessed. Several international 
standardization and regulation committees are active on electric vehicle and karting standards, such as 
IEC TC 69, CENELEC TC 69X, ISO TC22/SC21, CEN TC 301, and CIK-FIA. The different aspects 
of electric safety that must be considered for electric karting are explained in the following section. 

6.6.1. Electric system safety 
The aim of the electric system safety is to protect against electric shocks. There are different 

aspects that must be considered, such as the typical voltage levels that are used in the electric karting. 
In this thesis, 24-60 Vdc level was used, in compliance with the maximum security levels that are 25 
Vac and 60 Vdc at the contact with conductive bodies. 

To prevent electrocution through direct or indirect contact, the voltages level must be 
monitored. The protection of live parts against direct contact can be done by using insulation or 
inaccessible position. Insulation such as varnish, enamel, coatings are not considered to be insulation 
as required for protection against direct contact.  

The protection against indirect contact is closely related to the protection of frame faults. The 
unperfected connection between the traction circuit and the karting frame is regarded as a fault. This 
fault can lead to short circuit, electrocution, and uncontrolled operation. To avoid these faults, a fuse 
must be installed inside the battery pack. The karting frame shall be isolated from the traction circuit 
and must not been part of the power electrical circuit. All conductive part shall be connected with an 
equipotential connection and frame fault leakage detection should be included in routine maintenance. 

6.6.2. Functional system safety 
The electric karting drive system must ensure a reliable and safe operation of the vehicle. 

Specific measures should be taken to avoid or prevent unsafe operations such as system activation 
warning that prevent movement through unintentional actuating of the traction circuit, power-on 
procedure that avoid possible damage through excessive torque, overcurrent, or fierce acceleration. 

The emergency disconnect device must be installed in electric karting. These emergency 
switches come in at the battery connection or direct-acting emergency buttons. The controller of 
electric karting must be able to identify the power surge and frame faults. 

Some particular safety considerations are to be put forward on regenerative braking so that 
regenerative braking works through the drive train, on one axle only, and does not work at very low 
speed or at stand still. The rate of deceleration is limited and not sufficient for an emergency stop. The 
effect of regenerative braking may be eliminated when the battery is fully charged, so that the battery 
will not be overcharged. The primary friction brake system should be able to stop the vehicle in all 
conditions. 

6.6.3. Battery safety 
The battery is the most critical item in the electric karting because it might entail electrical, 

mechanical, chemical, and explosion hazards.  
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In electrical aspect of battery safety, the protection against electrocution by using the 
conventional enclosures must be considered. Short circuit also must be protected against with the use 
of fuse links that shall be carefully located to avoid any risk of explosion. Furthermore, the layout of 
the battery compartment shall be sensibly designed to avoid any unintentional direct contact or short-
circuit. The creepage distance between live parts must be observed to minimize leakage currents. 

The location of the battery shall be arranged to avoid instability of the electric karting and 
should be particularly observed when existing ICE karting are converted to electric traction. The 
battery must be constrained to avoid injury in case of accident.  

The nickel-metal hydride (NiMH) battery that is used in the electric karting has a chemical 
hazard in its electrolyte (potassium hydroxide - sulphuric acid). Precaution should be taken during 
maintenance. The lead metal in the battery is only released during the disposal and recycling process. 

6.6.4. Maintenance, operation, and training 
The electric karting must be easy and safe to maintain by the user, in the workshop, and in the 

manufacturer workshop. The maintenance include battery top-up, routine mechanical maintenance, 
controller replacement, and major electrical repair. During maintenance, the battery should be 
disconnected before any intervention is done.  

Beside this maintenance, the test of insulation resistance and earth leakage, controller 
operation, and battery condition is a part of the legal vehicle testing. 

  



Page 49 (50) 
 

7. CONCLUSION AND FUTURE WORK 

This chapter presents the summary of the report and suggestions of future work that can be 
done within this area. 

7.1. Summary 
In this report, a MATLAB®/SIMULINK® model of an electric traction motor drive system for 

electric karting was developed. By using the efficiency model for normal and regenerative braking 
conditions, the models of the induction motor, power electronic converter, and battery were also 
obtained. In addition, the model of the ideal vehicle dynamics go-kart and charging battery and the 
basic step to choose the components of the electric traction drive system were presented. The speed 
profile and torque profile that were used in the simulation were assessed. 

The measurements of power, current and voltage of the induction motor for no-load and locked 
rotor test were performed in the laboratory. The parameters of the induction motor were evaluated by 
a no-load and a locked rotor test. The mechanical loss of the induction motor was also calculated from 
the no-load test. The equivalent internal resistance of the battery was also measured in the laboratory 
by performing a DC load test. 

The loss modeling for the induction motor was presented and simulated. It was shown that the 
highest motor performance occurred at points having a higher speed and lower torque than rated. The 
power electronic converter loss model was simulated over the load profile. The conduction losses took 
a significant proportion of the total power electronic converter losses and the MOSFETs consumed 
more losses compared to the diodes. The conduction losses varied linearly with the square of the load 
current of the power electronic converter, but the switching loss for the diode was independent of the 
output power. From the simulation of the battery, the output voltage of the battery will decrease, if the 
discharge current increase. 

 Finally, the complete electric traction drive system was simulated and observed. The total 
average efficiency of the system was 66.7% and the total efficiency depended on the efficiency of the 
electric motor and the battery that had an efficiency between 86.1% and 83.4%. The power electronic 
converter components had efficiency higher than 90%. In this simulation, there was no limitation for 
regenerative braking energy feed into the electric motor. The average power of the entire system and 
the electric motor were found to be 5.95 kW and 5.4 kW, respectively. The total energy consumed for 
this electric traction drive system was 56.61 Wh in one lap with the regenerative braking energy and 
920 Wh in the whole race. The average stator current in the induction motor was 75 A and this current 
was below the rated one. 

From the case study analysis, the performance of the battery in the electric traction drive system 
can support the electric traction drive system for 22 minutes and 51 seconds.  As a result, this battery 
can fulfill the requirement that is specified in Section 1.2 where the battery must be capable to support 
the vehicle for 13 minutes. The type of battery can be changed to other types of battery which have a 
lower internal resistance but the price will be higher. It is clear that the regenerative braking energy 
can be used to charge the battery and reduce the energy usage in the system.  However, the 
regenerative braking energy only has a small effect due to the short time of the regenerative braking 
period.   
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The proposed electric traction motor drive system has a weight of 52 kg (batteries and electric 
motor). It does not fulfill the total drive package system weight of the complete drive system.  

7.2. Future Works 
In this report, the main focus has been placed on the induction motor modeling using the 

efficiency model on steady state. Thus, there exists much future research scope in improving the 
behavior of the electric motor, power electronic converter, and battery for dynamics simulation. 
Furthermore, the use of an advanced traction motor such as the permanent magnet DC motor, 
permanent magnet synchronous motor, series DC motor, brushless DC motor, and switched reluctance 
motor, which have even higher efficiencies, might lead to higher system efficiencies. 

The regenerative braking energy optimization is also interesting research that can be done. In 
electric karting, the energy of regenerative braking is very high and short in time.   

Another phenomenon to be considered due to the high losses in the electric motor, power 
electronic converter, and battery is increasing temperature in the electric traction drive system 
component. 
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APPENDIX 
 
This appendix describe about the general term and terminology that is used in the battery. 
Battery Basics 
· Battery Classifications – The main area in battery development is between power and energy. So, 
batteries can be either high-power or high-energy, but not both. Other common classifications are 
High Durability, meaning that the chemistry has been modified to provide higher battery life at the 
expense of power and energy. 
· C- and E- rates – C-rate means the discharge current in order to normalize against battery capacity 
that be used as a measure of the rate at which a battery is discharged relative to its maximum capacity.  
For example, a 1C rate means that the discharge current will discharge the entire battery in 1 hour. For 
a battery with a capacity of 100 Amp-hrs, this equates to a discharge current of 100 Amps. A 5C rate 
for this battery would be 500 Amps, and a C/2 rate would be 50 Amps. Similarly, an E-rate describes 
the discharge power. A 1E rate is the discharge power to discharge the entire battery in 1 hour. 
Battery Condition 
Some variables used to describe the present condition of a battery. 
· State of Charge (SOC)(%) – SOC is an expression of the present battery capacity as a percentage of 
maximum capacity. SOC is generally calculated using current integration to determine the change in 
battery capacity over time. 
.Depth of Discharge (DOD) (%) – The percentage of battery capacity that has been discharged 
expressed as a percentage of maximum capacity. A discharge to at least 80 % DOD is referred to as a 
deep discharge. 
· Terminal Voltage (V) – The voltage between the battery terminals with load applied. Terminal 
voltage varies with SOC and discharge/charge current.  
· Open-circuit voltage (V) – The voltage between the battery terminals with no load applied. The 
open-circuit voltage depends on the battery state of charge, increasing with state of charge. 
· Internal Resistance – The resistance within the battery, generally different for charging and 
discharging, also dependent on the battery state of charge. As internal resistance increases, the battery 
efficiency decreases and thermal stability is reduced as more of the charging energy is converted into 
heat. 
Battery Technical Specifications 
· Nominal Voltage (V) – The reference voltage of the battery. 
· Cut-off Voltage – The minimum allowable voltage.  
· Capacity or Nominal Capacity (Ah for a specific C-rate) – The total Amp-hours available when the 
battery is discharged at a certain discharge current (specified as a C-rate) from 100 percent state-of-
charge to the cut-off voltage.  
· Energy or Nominal Energy (Wh (for a specific C-rate)) – The total Watt-hours available when the 
battery is discharged at a certain discharge current (specified as a C-rate) from 100 percent state-of-
charge to the cut-off voltage.  
· Cycle Life (number for a specific DOD) – The number of discharge-charge cycles the battery can 
experience before it fails to meet specific performance criteria. Cycle life is estimated for specific 
charge and discharge conditions. If battery has higher the DOD, the cycle of life is lower. 
· Specific Energy (Wh/kg) – The nominal battery energy per unit mass. Specific energy is a 
characteristic of the battery chemistry and packaging. It determines the battery weight required to 
achieve a given electric range 
Specific Power (W/kg) – The maximum available power per unit mass. It determines the battery 
weight required to achieve a given performance target. 
· Energy Density (Wh/L) – The nominal battery energy per unit volume. It determines the battery size 
required to achieve a given electric range. 
· Power Density (W/L) – The maximum available power per unit volume. It determines the battery 
size required to achieve a given performance target. 
· Maximum Continuous Discharge Current – The maximum current at which the battery can be 
discharged continuously.  
· Maximum 30-sec Discharge Pulse Current –The maximum current at which the battery can be 
discharged for pulses of up to 30 seconds.  



 
 

· Charge Voltage – The voltage that the battery is charged to when charged to full capacity.  
· Float Voltage – The voltage at which the battery is maintained after being charge to 100 percent 
SOC to maintain that capacity by compensating for self-discharge of the battery 


