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ABSTRACT 
 

The majority of the world’s transportation systems are controlled by 
combustion vehicles that have a greater impact than the other types of vehicles on 
air pollution and greenhouse gas emissions. When the electricity power is generated 
from renewable resources, switching from convectional fuel cars to electric vehicles 
can reduce greenhouse gas emissions. In the energy transition, electric buses are 
anticipated to become even more significant. There are many challenges to manage 
the electric power consumption rate while operating on everyday routes, especially 
for the case of high altitude roadways. This thesis is mainly dealt with the power 
consumption analysis of the electric bus’s powertrain system on many types of factors 
and numerous design variables, taking the slope of the roads into consideration. The 
basic parameters of 12 meter aluminum electric bus are used to prototype in the 
simulation model. The suitable electric motor and batterypack that are matched with 
the requirements of that electric bus are also selected. In this thesis, the sizing design 
calculation for each component is provided. Furthermore, the road test along the 
Samaedam bus depot and Samutprakan crocodile farm using bus line 142 is performed 
to get the data of geographic location and elevation of the roadways and the speed 
profile of the bus. Using these data as the inputs, the simulation model of the whole 
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II 

 

system of electric bus’s powertrain is built in MATLAB/Simulink environment. Different 
scenarios and design variables are settled to evaluate the power consumption rate 
analysis. The results of the simulated tests are compared and shown under various 
designs for the driving cycles, gear ratios, electric motors, batterypack and regenerative 
braking portions. The simulated outcomes demonstrate that regenerative braking cause 
an increase in power consumption when less electrical power is returned to the battery. 
Moreover, it is noticed that power output stays at its peak condition when the bus 
crosses on the RAMA IX bridge which is the highest altitude along the whole route. 
 

Keywords: Power consumption rate, Altitude, Speed profile, Regenerative 
braking, MATLAB/Simulink 
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𝐸𝑘𝑊ℎ  Energy consumption in kWh 

𝑠𝑡𝑜𝑡𝑎𝑙  Total distance travelled 

𝑖 Gear ratio 

𝑇𝑚_𝑝𝑒𝑎𝑘  Peak motor torque 

𝑃𝑏  Power output of the batterypack 

𝑃𝑚  Power output of the motor  

𝜔𝑚  Angular speed of the motor 

𝑉𝑏  Nominal voltage of the batterypack 

𝑉𝑐  Voltage of battery cell 

𝑉𝑜𝑢𝑡  Output voltage of the batterypack 

𝑅𝑖𝑛𝑡  Internal resistance of the battery cell  

𝑅𝑐ℎ  Internal resistance, Charged 

𝑅𝑑𝑖𝑠  Internal resistance, Discharged 

𝐶𝑏  Total capacity of the batterypack 

𝐶𝑐  Capacity of the battery cell 

𝑂𝐶𝑉  Open circuit voltage 

𝐼𝑜𝑢𝑡  Output current of the batterypack 

𝑁𝑠𝑒𝑟𝑖𝑒𝑠  Number of battery cells, connected in series 

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  Number of battery cells, connected in parallel 

𝑆𝑂𝐶  Stage of charge 

𝑄 Maximum capacity of the battery 
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LIST OF ABBREVIATIONS 
EV Electric Vehicle 
EM Electric Motor 
ICE Internal Combustion Engine 
DC Direct Current 
AC Alternative Current 
PMM Permanent Magnet Motor  
IM Induction Motor  
DCM Direct Current Motor 
SRM Switch Reluctance Motor 
PMDCM Permanent Magnet Direct Current Motor 
PMSM Permanent Magnet Synchronous Motor 
PMBLDCM Permanent Magnet Brushless DC motor 
PM-HSM Permanent Magnet Hybrid Excitation Motor 
PI Proportional and Integral 
MPI Moving Percentage 
BPI Braking Percentage 
NEDC New European Driving Cycle 
WLTC World Harmonized Light Vehicles Test 

Procedures 
RB Regenerative Braking 
NF Normal Braking Force 
RF Regenerative Braking Force 
NT Net Motor Torque 
RMT Negative Motor Torque 
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CHAPTER 1  
INTRODUCTION 

1.1 Research background 
Nowadays, most people rely on their personal vehicles as more convenient 

mobility as a consequence of the growth in economics, the rapid expansion of 
population and suburbanization and the closure of certain public transportation 
systems [1] . Air pollutions and emissions become one of the effects of the sudden 
increase of different types of vehicles, which had negative effects on both environment 
and human health.  

According to the WHO statement, around 7 million people die each year as a 
result of breathing uncleaned air which affects 90% of the world’s population [2]. Air 
pollution, emissions and energy issues related to transportation are serious difficulties 
throughout the world. It is impossible to forgo transportation demands for 
environmental quality and public health. The Center for Transportation, Environment 
and Community Health (CTECH) conducts research and finds the new ways to facilitate 
the mobility system for people and to be sustainable environment, enhancing the 
public health [3].  

Transportation system all over the world are mostly governed by combustion 
vehicles. These vehicles have more significant influence on air pollution and 
greenhouse gas emission than other types of vehicles [4]. Buses are one of the most 
significant public transport systems in many cities that is essential for the daily life of 
most citizens. In present days, it can be seen that diesel and compressed natural gas 
(CNG) have been taking a place in bus transportation system. The greenhouse gas 
emission and local air pollution, like nitrogen dioxide (NO2) , carbon monoxide (CO), 
carbon dioxide (CO2), ozone (O3) and particulate matter (PM), can be affected in a high 
extent because of the excessive consumption of fossil fuel. Advanced development 
in the sector of various power sources needs to modify the public transportation 
systems for better environment. Shutting down the usage of convectional fuel vehicles 
for electric vehicles can give rise to minimize the greenhouse gas emissions when the 
electricity is induced by renewable resources [5]. The importance of electric buses in 
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the energy transition is expected to grow more. The UN and many governments are 
attempting to attain net zero emissions by 2050 in order to combat climate change [6].  

There are several advantages that people can get support from the usage of 
electric buses. Electric buses do not produce the same number of emissions as less 
environmentally friendly buses since they don’t consume any fossil fuels. Fast charging 
electric buses keep the air the environment cleaner and fresher by preventing air 
pollution. Also, buses powered by combustion and diesel engines tend to vibrate, 
although electric buses don’t emit any noise. So, they can help to reduce noise 
pollution for the surrounding. Even though installing a large number of charging 
infrastructure and initial expenses of electric fleet are cost a lot, these expenditures 
can be mitigated over time by the reduced fuel and maintenance costs, and also, they 
can provide longer lifespan of electric buses. Hence, it can say that electric buses will 
cost more initially, but after a long time, they will end up being far less expensive. It 
is so crucial to encourage the use of more electric buses to be more environmentally 
friendly, in addition to significantly save  in finance.  

 

1.2 Statement of the problem 
According to other studies, in Asian countries, although many manufactures are 

struggling to change the trend into producing electric buses, they are still lacked to 
consider some important factors such as the altitude, temperature, and other 
environmental conditions. When developing the electric bus, most manufacturers 
chose the standard flat route. High- altitude roadways need to be considered in some 
circumstances for practical reasons. Because standard driving cycles, such as NEDC, 
WLPT, and others, are meant to reflect the normal driving circumstances at sea level, 
and acceleration and deceleration patterns are standardized to test only for normal 
roads, they cannot be used to construct high altitudes. Furthermore, because of the 
lower air density, high altitude roadways can dramatically alter vehicle performance; 
as a result, employing typical driving cycles built for sea level circumstances may not 
effectively replicate driving conditions at high elevations. To account for high- altitude 
circumstances, unique driving cycles should be designed as well as an evaluation of 
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electricity usage.  Besides, the cost of electricity will be increased since electricity 
consumption will go up. In addition, batterypack is the heart of the electric bus system 
because it is powered by electricity and the majority of storing the electricity is the  
batterypack where all electrical components are supplied from that. Buses will be 
necessary larger batteries to operate on the whole bus route. Energy system will be 
needed to adjust according to the area in which the bus operates. Currently, electric 
bus manufacturers are facing with the difficulties to control the high power demand 
and to reduce the consumption of the power. Accordingly, when the manufacturers 
build the electric buses, they need to consider a variety of statements about the power 
system.  

 

1.3 Objectives 
The main aim of this thesis is to analyze the power consumption rate of 

powertrain system for electric bus in the case of considering for the high altitude 
roadways. In order to achieve this main aim, this thesis is composed of the following 
sub- objectives: 

• To build the simulation model of the powertrain system in MATLAB/ 
Simulink environment. 

• To analyze the comparative performance of the powertrain system 
based on multiple scenarios and various design variables of each 
component. 

• To compare the rate of power consumption when the different levels 
of regenerative braking is applied.  
 

1.4 Scope of works 
First and foremost, the parameters and specifications of the electric bus’s 

powertrain components are determined depending on the sizing of the requirements 
of the selected electric bus. After selecting the suitable components, the simulation 
model of the powertrain system is built in MATLAB/ Simulink environment.  It consists 
of a discrete number of sub- models and blocks. To get the input data for the model, 
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the road test with the bus line number 142 is performed on the route of Samaedam 
bus depot and Samut Prakan crocodile farm, including the RAMA IX bridge.  

The driving cycle profiles are created with the elevation profile  of the RAMA 
IX bridge based on many different scenarios, constant speed, speed reduction , and 
traffic conditions,  to estimate the power demand and its consumption of the electric 
bus while operating the bus on that bridge. Moreover, the results of the  simulation 
model are validated with the practical result of the electric bus and the result of 
commercial software. After validation, the real speed profiles collected on the whole 
route are simulated in the model and evaluated the performance of the whole 
powertrain system.  

Furthermore, the power consumption rate is compared under different design 
variables of each component in powertrain. Two different gear ratios, 2.5 and 7, are 
chosen according to the design of gear ratios to analyze the performance of the electric 
bus. Then, the performance of two electric motors, switch- reluctance permanent 
magnet and asynchronous traction motor, with varying motor torque and power is 
compared. As the last, it focuses on the investigation of the electric bus batterypack’s 
performance characteristics while employing two Li-ion battery types, LFP and NMC. 
In addition, three levels of regenerative braking are set to compare the power 
consumption rate on each battery type. 
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CHAPTER 2  
LITERATURE REVIEW 

2.1 Electric buses in Thailand 
During these years, Thailand is now experiencing growth in the sectors of 

economy, tourism, and transportation, which causes the problems with increasing air 
pollution brought on by a variety of sources, including the emissions of internal 
combustion engines used in many applications [7]. In big cities, traffic congestion 
becomes worse, so emission of carbon dioxide worsens. The bus transportation system 
plays a key part of passenger public transportation in various sectors such as 
universities, shopping malls, government offices, the Provincial Electricity Authority in 
most cities of Thailand. 

Government of Thailand has already submitted a plan to take over the 
convectional buses with hybrid or electric bus or fuel- cell bus to shorten the air 
pollution in metropolitan districts. All relevant policies and rules have been 
announced to Thai local car manufacturers for annual increase in production quantity. 
Most of the largest bus operators in Thailand are also trying for electric bus for the 
renewal of bus transportation system.   

The Bangkok Mass Transit Authority (BMTA) implemented a strategy to 
encourage alternative clean technology by purchasing CNG buses and electric buses[8], 
[9]. According to the BMTA, assuming the plans to engage commercial operators is not 
postponed, new electric buses would probably start running in Bangkok in the early 
months of 2023 [10]. The demand of Bangkok bus commuters increased between 
864,005- 1,062,947 person for a round per day from 2014- 2019. In Bangkok 
Metropolitan, the cumulative registration for all buses (16, 209 buses) in 2021 includes, 
2,891 diesel buses, 6,630 CNG buses, and 119 battery electric buses, with year- over- 
year increases of -4.2 % percent, -7.5 percent, and 99.2 percent, respectively. The 
Ministry of Transport (MOT) has set the goals for the BMTA to replace 2,511 buses, 
Public- Private Partnership (PPP) operators to replace 1,500 buses, and the transport 
company limited to replace 401 vehicles for the substitution of 4,412 ICE buses in 
2027[11]. There are a lot of local manufacturers in developing electric buses as Sakun. 
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C innovation Co.,Ltd, Electric Vehicles ( Thailand) Co., Ltd (EVT), Thai Smile bus and so 
on as shown in figure 2.1. Together with MEA, PEA, BMTA, NSTDA AND Thai business 
owners, Electric Generating Authority of Thailand (EGAT) was researching the benefits 
of converting BMTA’s old buses into electric buses and strengthening Thai business 
owner’s abilities to develop and produce high- quality electric buses[12], [13]. 

2.2 Vehicle dynamic system [14] 
The fundamentals of vehicle behavior can mathematically be represented 

depending on the general principles of mechanics during the vehicle movement. All 
the forces for propelling the bus fundamentally dictate its movement behavior 
considering the resistance forces that are against the driving wheels when the bus is 
trying to stop. Resistance forces, called forces opposing the bus motion, are defined 
as inertial resistance, aerodynamic resistance, rolling resistance and grade resistance, 
as described  in figure 2.2. Required tractive force is evaluated by summation of these 
resistance forces , expressing in equation 2.1.  

 

𝐹𝑡𝑟 = 𝐹𝑎 + 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑟 + 𝐹𝑔𝑟𝑎𝑑𝑒  (2.1) 

 
Figure 2.1 Thailand electric buses [13] 
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2.2.1 Inertial resistance force Fa [15] 

The Newton’s law of motion states that as an object accelerates or decelerates, 
an inertial force is induced in the direction opposing the motion of the object. This 
encountered force during both positive and negative acceleration can be described as 
inertial resistance and this force is calculated by the following equation. 

where mv = mass of the vehicle, v = vehicle speed 

2.2.2 Aerodynamic resistance force Faero [14] 

The friction of the bus body moving through the air is responsible for this 
portion of the force. This aerodynamic force depends on a number of different factors, 
including the frontal area, the body shape, side mirrors, ducts, and air tunnels, wind 
spoilers and other protrusions. The equation of this force is  

where 𝜌 is the density of the air, A is the frontal area and v is the bus velocity , 
cd is constant value of drag coefficient. This drag coefficient value is varied according 

𝐹𝑎 =  𝑚𝑣 ∗ 
𝑑𝑣

𝑑𝑡
 (2.2) 

𝐹𝑎𝑒𝑟𝑜 = 0.5 ∗  𝜌 ∗ 𝑐𝑑 ∗ 𝐴 ∗ 𝑣
2  (2.3) 

 

Figure 2.2 Vehicle dynamic system 

 

Figure 2.2 Vehicle dynamic system 
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to the design of the vehicle. There is more potential to vary cd in the design, provided 
upon the less requirement for cooling air ducting and pipes and flexibility of the 
placement of major components. For sedan cars, a typical value for cd is 0.3. even 
though other vehicles, like motors and buses have figured out larger values, around 
0.7.  

2.2.3 Rolling resistance force Fr [14], [16] 

The hysteresis losses in the driving wheels are the major cause of the rolling 
resistance. Both the gearing system and bearing friction also contribute to the main 
factors of this resistance. The output of the rolling resistance is roughly constant and 
scarcely changes with the speed of the vehicle, however, it is directly related to the 
weight of the vehicle. The formula is  

where cr = rolling resistance coefficient, influenced by air pressure inside the 
vehicle tire and the structure of road surface. The coefficient value depending on the 
surface of road is described in table 2.1.  

Table 2.1 Rolling resistance coefficient on different kinds of road [16] 
Type of road surface Value of rolling resistance coefficient 
Concrete or Asphalt 0.013 
Gravel 0.02 
Macadam 0.025  
Soil 0.1-0.35 

 

2.2.4 Grade resistance force Fg[14] 

It is the force that is required to move the vehicle up a slope. It is also the 
components of the weight of the vehicle acting along the slope in the downward 
direction when the vehicle goes up or down a slope. The upgrading and downgrading 
operations are considered in the vehicle dynamic model. This force is called the grade 
resistance, expressed by equation (2.5). 

𝐹𝑟 = 𝑚𝑣 ∗ 𝑔 ∗  𝑐𝑟 ∗ 𝑐𝑜𝑠 (𝜃) (2.4) 
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where 𝜃 is road grade in degree. 

2.3 Electric Vehicle Powertrain Architecture [17] 
In terms of electric vehicle architecture, the powertrain gives new freedom, but 

it also creates new criteria that must be met. The compositions  of electric vehicle’s 
energy source and other components of drive train are referred as its architecture. An 
EV’s configuration is more adaptable as compared to an internal combustion engine’s 
because there is no need for complicated engine setup, clutch, manual transmission, 
exhaust pipe, fuel tank, etc. The EV architecture is so crucial because it provides an 
understanding of how an EV works from start to finish and its performance and cost 
must be balanced when constructing a vehicle.  

It is required to employ modeling and simulation tools while creating the 
architecture for electric vehicle, paying attention to its powertrain components such 
as battery, power electronics , electric motors, sensors, and control units (inverter and 
DC-DC converter). Its structure needs considerable adoptions in order to incorporate 
the battery securely. Figure 2.3 depicts the detailed framework of an electric vehicle’s 
powertrain system and how it connects to various components. 

𝐹𝑔 = 𝑚𝑣 ∗ 𝑔 ∗ 𝑠𝑖𝑛 (𝜃) (2.5) 

 

Figure 2.3 The architecture of electric vehicle's powertrain 

 

Figure 2.3 The architecture of electric vehicle’s powertrain 
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The driver applies force to the accelerator and brake, then the vehicle gets the 
required input. Electric motors use electromagnetic fields and energy from batteries to 
provide torque to the vehicle, and the torque is adjusted by changing current flow/ In 
comparison to an ICE engine, electric motor offers more than 90% efficiency. It 
produces torque at zero speed, allowing a vehicle to have a single gear ratio between 
the motor and tires rather than a multispeed gearbox. The batterypack is the energy 
storage component, which receives and supplies electricity to the electric motor. Direct 
current us produced by these batterypack. The batteries need to charge for restoring 
the power. Power electronics also collaborate with the battery charging system to 
regulate charging behavior and keep track of the usage of batterypack. DC to AC 
conversion as well as the torque control functionality are provided by the motor 
inverter, Power is reduced from the batterypack voltage to 12 volts using a DC- DC 
converter, for instance wipers, infotainment system, mirror control.  

 

2.4 Electric motor system [14], [17] 
Electric motor is one of the important parts in electric vehicle’s architecture. It 

makes use of the energy source that comes from batterypack. Also, it utilizes as the 
conversion of mechanical energy from electrical energy. This electric motor requires 
additional controllers to work as a single unit to propel the electric vehicles. 

This electric machine is employed in electric vehicle to supply the transaxle 
with power and torque. So, the propulsion of electric vehicles is provided by electric 
motor. As an addition, it can say that its efficiency at converting energy to mechanical 
work is better than that of ICE vehicles because it offers greater torque characteristics 
at low speed, providing high torque and high power density, and instantaneous power 
ratings with two or three times the motor’s rated power. It is used as a generator while 
processing as the negative power as a result of the reverse turn of electric motors, so 
called regenerative braking. There are different types of electric motors as shown in 
figure 2.4, considering the development of electric vehicles : direct current motor 
(DCM), induction motor (IM), permanent magnet motor (PMM) and switch reluctance 
motor (SRM). Focusing on permanent magnet motors, they can be additionally 
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separated into four classes: PM brushed DC motor (PMDCM), PM synchronous motor 
(PMSM), PM brushless DC motor (PM-BLDCM) and PM hybrid excitation motor (PM-HEM) 
[18]. The use of these motors implies that each of them have their own benefits and 
drawbacks that make them appealing for use in various designs. Hence, some of these 
types are discussed in the following of this section. 

 

2.4.1 Direct current motor (DCM) [19] 

Due to its straightforward regulation of the speed, DCM has been utilized as 
electric traction motor in EVs since the late nineteenth century. However, their 
constructions having brushes and rings cause the maintenance problems. It becomes 
no longer appropriate for high-speed EVs because of their low efficiency, high mass, 
and poor reliability. The appeal of DCM in traction applications decreased as the vector 
control for AC motors like synchronous and induction motors grew. They are 
exclusively utilized in low- speed EVs, like as shuttle buses in scenic locations and 
carts for carrying logistic items inside plants.  

2.4.2 Induction motor [20] 

Along with the DCMs, induction motors with squirrel-cage rotors are among the 
most technologically advanced motors. They provide high power density and greater 

 

Figure 2.4 Different types of electric motor [16] 
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efficiency than DCMs, however, when compared to PMSMs, it is lower than PMSM’s 
efficiency and power density. IMs are distinguished by their simple and robust 
construction, low price, good reliability, minimal torque ripple, minimal noise, lack of 
maintenance and the ability to work in hostile environment. IMs have a large constant 
power range and can comfortably run at high speeds above 15,000 rpm.  

2.4.3 Switch reluctance motor[21] 

Although the SRM’s basic idea has been known for a while, its use was delayed 
by the development of power electronics. Similar to the IM, the SRMs offering great 
power density and efficiency and simple control become its advantages. Although it 
lacks a rotor winding and has concentrated stator windings, its basic construction gives 
it a superior thermal characteristic. Their robustness, cost-effectiveness, and ability to 
operate in high- speed range are other benefits of SRMs. However, its uses in EVs are 
seriously hindered by torque variation, noise, and vibration.  

2.4.4 Permanent magnet motor [19] 

(1) Permanent magnet direct current motor (PM-DCM) 
A PM-DCM is created when the magnetic poles and field windings of ordinary 

DCMS are switched out for PMs. However, due to the commutator and brush 
mechanism, PM-DCMs have limited life, torque fluctuation and greater maintenance 
requirements. These issues must  be resolved for EV applications.  

 
(2) Permanent magnet synchronous motor (PMSM) 

Permanent magnets in the rotor provide the magnetic excitation for PMSM. This 
motor benefits from the magnets’ high energy density since the permanent magnet 
excitation only takes up a little amount of area. In a PMSM, the excitation winding of 
conventional synchronous motors is replaced by a PM, while the stator’s three phase 
windings are identical to or similar to those of an IM or synchronous motor. The PMSM 
has a high overall efficiency in the range of nominal speed since no excitation current 
is needed. High reluctance torque, good efficiency , high power density, low heat, 
simple and rigid design, and low noise are the characteristics of well- designed PMSMs. 
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They have dominated traction motor applications since the emergence of power 
electronics control methods. In addition, they have minimal wind friction losses and 
low windy noise due to the totally enclosed structure, which is free in maintenance. 

(3)  Permanent magnet brushless DC motor (PM- BLDCM) 
In terms of structure and theory, PM- BLDCM is a unique PMSM, but its windings 

are generally concentrated, and the stator current waveform is trapezoidal as opposed 
to sinusoidal as in PMSM. There is no need for the commutator- brush mechanism. 
However, noise and torque ripple are present during electrical commutation, making 
it challenging to reach speeds that are higher than double of the base speed. 

(4) Permanent magnet hybrid excitation motor (PH-HEM) 
The motor can have both the PMs and excitation windings and become a 

hybrid excited motor, or PM-HEM, by adding excitation windings to PMSM. This motor 
has good torque- speed characteristics, little flux leakage, high flux density in the air 
gap, and high power density, but its topology and control are rather complicated 
because of two distinct excitations. 

2.4.5 Characteristics of electric motor  

Electric motor has the optimal characteristics that mainly indicates the 
variables such as motor speed, power, and torque. Figure 2.5 represents the behavioral 
characteristics of the electric motor used in electric vehicles. The base- speed, below 
which the motor torque is constant and above which the power is constant, serves as 
the identification of torque-speed characteristics of electric motor. The speed ratio, 
which is defined as the ratio of the motor’s highest speed to its base speed, is used 
to determine the motor speed [22]. At zero speed, motor torque is at highest value 
and keeps constant at rated value until rated speed is attained. The torque will drop 
proportionally with the speed once it has exceeded the motor’s rated speed, 
producing a constant power (rated power) output. 
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 By choosing a lower motor speed in the constant power region, the maximum 
torque of the motor can be increased. However, each motor type’s intrinsic 
characteristics have a maximum speed ratio that is restricted. For instance, permanent 
magnet motor has a small ratio because of the limitation of magnetic field weakening, 
whereas a switch reluctance motor’s speed ratio is more than 6 and induction motor’s 
is roughly 4 [23]. 

2.4.6 Motor efficiency 

It is obvious that every application should select a motor that is as efficient as 
feasible. Although it is assumed that the selected type of motor would play a 
significant role, in fact it is not. It is not as easy to gauge and explain an electric motor’s 
efficiency as one might think. There is an issue that is subjected to significant alteration 
under various circumstances.  Generally, the greater size of the motor helps to boost 
the efficiency of the motor. The speed of a motor is the second aspect that affects 
efficiency more than the motor type. So, it can be said that the efficiency of motors 
increases with speed. At higher speed motors, it is found out that motor efficiency is 
greater than the lower ones. This is because, for a given amount of power, one of a 
motor’s most significant losses is related to torque rather than to power, therefore a 

 
 Figure 2.5 The behavioral characteristics of an electric motor 
 
 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 

15 

 

motor operating at a lower speed will experience higher torque and, hence, larger 
losses.  

As a comparison of the motor’s efficiency based on the different types of 
motors, induction motor provides the greatest overall motor efficiency over a wide 
speed range, but its highest efficiency falls short of PMSM levels while the optimum 
maximum efficiency in a specific speed range is provided by PMSM, also SRM is 
comparable in efficiency with the IM. The efficiency maps of these three motor types 
are shown in Figure. The lines, which circle the range of an efficiency> 85%, are 
equipotential lines. The IM are SRM are more efficient at greater speeds and throughout 
a larger speed range, but the PMSM is most efficient at lower speeds. The PMSM would 
be the greatest option in the situation of low speed range, however the IM should be 
favored if the majority of the operating points occur at higher speeds or across a large 
speed range. 

2.5 Battery system 
Batteries in electric vehicles are currently used for the purpose of reliable 

electric energy storage system. In selecting these suitable energy storage systems, 
energy and power density, battery lifetime and cost are played as important roles. For 
these reasons, these systems must meet the electric vehicle’s design requirements as 
although the battery is solely utilized for starting, ignition and lights in combustion 
vehicles. Moreover, the battery in EVs  is built in supplying the vehicle a sizable all- 
electric range even when it is in charge depleting mode. Another point is that the 
battery in these vehicles undergoes deep charge and discharge cycles that negatively 
impact on its longevity. Accordingly, the demanded power, energy and battery life 
cycle become the critical aspects of battery system [24].  

Although the battery technology is being improved in these days, the 
consumers are still expressing the concerns about the battery price, and they are 
worrying about the range limitation due to the out of charge on the roadways [25] . 
Additionally, owing to the shortage of charging station, high electricity price and long 
charging time, battery system becomes the main issue of designing the electric vehicles. 
While comparing to combustion cars, people can refill the fuels easily and quickly, so 
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there is no range limitation, and they can travel as much as they want. Consequently, 
battery management system (BMS) is developed as a crucial role for the battery and 
the good performance of the whole vehicle.  In reality,  the BMS must adapt to 
dynamic power needs that rely on driving style, tire pressure, and electrical accessories. 
Also, BMS is also in charge of maintaining cell safety. So, the key responsibilities of BMS 
are accurate SOC prediction, correct control of current and temperature, and cell 
potential balancing. However, the accuracy of the battery model that is integrated into 
a BMS has a significant impact on its efficiency.  

2.5.1 Battery Glossary [26] 

2.5.1.1 Battery management system  

The main part of the battery system that controls how the battery cells are 
used is called BMS. By monitoring the characteristics like voltage, current and 
temperature of each battery cell in the whole batterypack, the BMS regulates how the 
battery cells are used. As an addition, it computes crucial variables like state of charge 
(SOC) and battery’s charge and discharger power limitations. The vehicle control unit 
(VCU) receives these data from the BMS together with other signals and as a result, it 
is able to regulate the vehicle’s propulsion in an effective manner without harming 
the batterypack. 

2.5.1.2 State of charge (SOC) 

The amount of remaining charge in the battery is represented by the state of 
charge (SOC). Typically, the SOC is shown as a percentage from 0 to 100. In applications 
involving electric vehicles, the SOC is viewed as  vehicle’s fuel gauge; its function is 
similar to the fuel gauge found on the dashboard of cars with internal combustion 
engines. 

2.5.1.3 C- rate 

The nominal capacity of a cell as indicated by the manufacturer at reference 
circumstances is scaled to the C-rate, which is a metric for the current of a battery cell. 
The capacity of the battery determines the maximum current level at which a battery 
cell may discharge. A battery cell is optimally charged or discharged at a current of 1C 
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in an hour, C/2 in two hours, and 2C in 30 minutes. Hence, 80A is equal to 0.5C of 
current for a cell with a nominal capacity of 160Ah. 

2.5.1.4 Cell capacity 

The amount of charge that might hypothetically be removed from a fully 
charged cell with an indefinitely small current for a specific minimum cell voltage, 
resulting in a voltage drop across the internal resistance that is almost zero, is known 
as the usable capacity. The actual capacity, which serves as a benchmark for 
determining capacity fading, is the usable capacity at reference temperature. The 1C 
capacity is typically used to gauge capacity fading and is measured with a 1C C-rate 
under reference circumstances. 

2.5.1.5 Open circuit voltage (OCV) 

The battery voltage under equilibrium, or the value when no current is flowing 
into or out of the battery and, consequently, no reactions are taking place inside the 
battery, is known as the open- circuit voltage (OCV). OCV is a function of state of charge 
and is anticipated to keep constant for the time of the battery’s life. OCV can be 
utilized as an estimate approach because it has a substantial influence on SOC for the 
majority of batteries. It is not practicable for real- time or continuous estimate since 
the battery has to be at rest for several hours for being calculated.  

2.5.1.6 Internal resistance 

The internal resistance is occasionally taken with the cell’s ohmic resistance, 
which is the direct voltage change resulting from applying a current step to an 
equilibrium cell. The maximum potential voltage drops in the cell, which is another 
way to define the internal resistance as the sum of ohmic, activation, and diffusion 
polarization resistances. In spite of this, the entire voltage drop will cause power to be 
lost as heat.  

2.5.2 Battery types 

The batteries come in two different types: high energy density and high power 
density. The amount of energy in relation to kilograms or liters is known as energy 
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density. Power density gives a proper indication of how much energy may be 
discharged at a particular time in terms of kilograms or liters. When a longer driving 
distance is required, a high energy density battery can be advantageous. A short but 
intense power pulse is needed, making a high power density battery suitable [27].  

Lead- acid batteries were utilized in the first electrical vehicles (EVs) that were 
created in the 1990s. Since lead- acid batteries have poor energy density and the range 
was only around 100 kilometers, various chemistries were utilized in the following 
years. EVs began using nickel metal hydrate (NiMH) due to its better life cycle, greater 
power and energy density. Due to its lower cost, NiMH batteries are still utilized in 
hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEV) today. 
However, these batteries are inappropriate for EVs due to their fast self- discharge, 
constrained SOC operation range, and low energy density. Lithium- ion batteries are 
now the preferred option for electric vehicles owing to its better energy density, power 
density, minimal self- discharge, and good life cycle. The high pricing and safety 
concerns are additional drawbacks of Li- ion batteries. The different types under the 
development of Li-ion batteries are shown in table 2.2 .  

Table 2.2 Different Li-ion batteries used in EVs [28] 

Manufacturer Types of Li-ion Battery Vehicles  
A123 Lithium nano phosphate Fisker- Karma Vue PHEV 
Panasonic  
JCI-Saft 

Lithium Nickel Cobalt 
Aluminum oxide 

Toyota- PHEV  
S400- HEV 

Hitachi Lithium cobalt oxide GM-HEV 
Altair Nanotechnologies Lithium titanate spinel Phoenix electric 
EnerDel Lithium Manganese Titanate Think 
Compact( LG)  
NEC 

Manganese spinel Volt- EV 
Nissan- EV 
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2.6 Regenerative braking System 
Most hybrid and electric vehicles have a regenerative braking system that 

transforms the kinetic energy from braking into electrical power to charge the high 
voltage of electric car’s battery. Regenerative braking helps conventional braking by 
slowing the vehicle down as well because the wheels of the vehicles use energy as 
they turn the shaft in electric motor. In electric vehicles, the powertrain automatically 
activates the regenerative braking system to replace the energy lost during 
deceleration and transfer the energy back to the motor, which serves as the generator 
to recharge the battery at the instant of stopping the vehicle accelerating. Thoroughly, 
the regenerative braking capabilities of EV can help in recuperating and storing the 
energy while braking as contrast to conventional vehicles, which lose brake energy as 
heat [29]–[31]. 

To optimize EV and HEV regenerative braking, many different techniques have 
been put forth in the literatures. Reference [32] conducted an experiment to report 
the downshift braking strategy to account for the efficient energy of an EV while the 
vehicle is downgrading even though regenerative braking energy giving the EV on 
downgrading is uncommon to analyze. Regression models are also created to assess 
the variations in two types of power consumption in the event of downgrading and no 
grading, and it demonstrated an improvement in the result of consumption reduction 
with regenerative braking [33] The majority of literature assessments claim that 
regenerative braking systems can cause low- level of electrical energy consumption 
and emissions, although it should be noted that modeling regenerative energy still has 
some significant limitations [34].  

2.7 Factors influencing on power consumption of electric bus 
To assess the electric bus as a widespread public transportation system, 

demanded power and its consumption is modeled for daily operations. Energy 
consumption is estimated by computing the wheel and motor torque, rotational wheel 
speed, motor speed and transmission losses [35]–[37]. In reference[38] , electrical 
energy that is required to supply power an electric vehicle is evaluated for multiple 
transmission schemes providing differential maximal speed over various standard 
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driving cycles by vehicle dynamic simulation. Numerous simulation tools can be used 
for the estimation of consumption, occupying the analysis of each vehicle’s 
components like motors and batteries[39]. Reference [40] submitted the model for 
fuel consumption rate for diesel and hybrid buses by formulating consumption rate 
with regression model in terms of vehicle power . Simulink is also used to represent 
the complex models in setting up vehicle components to forecast the energy 
consumption in simulation [41]. 

There are many factors that affect the driving conditions of the bus. Gradient 
of the road is one of the most important factors that should be considered for 
influencing on energy consumption [42]–[44]. The geographical dissimilarities in driving 
configurations that are dealt with road geography, traffic situations and other regional 
features are also affected on the efficiency of electrical energy in plug- in hybrid 
electric vehicles [45]. The major influences of energy performance of the electric buses 
encountered by most of the drivers involve length of the driving cycle[46] , driving 
style[47], weather and temperature [48], wind exposure  and traffic conditions [49]. 
Moreover, energy consumption of the vehicle can be risen by using air conditioning on 
driving [50]. So the necessities of the energy in using heater, ventilator and air 
conditioner are mainly depended on the outside weather conditions [51]. In any case 
of modelling approach, bus parameters such as total weight of the bus including other 
components[52], cross sectional area[53], drag coefficient [54] and time of operation 
[55]. In addition, speed limit of the bus and number of  stops per distance are also 
mentioned in reference [56]-[58] as the parts of the dominant factors on consumption.  

For consideration of road topology, the consumed energy of battery electric 
buses with and without road gradient are calculated for each driving cycle, considering 
the driving behavior of the drivers in acceleration and decelerating driving style or 
aggressive driving style. It has been approved that higher road gradient leads to 
consume more energy is directly affected by the driving performance, especially in 
aggressive [56].  
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CHAPTER 3  
ELECTRIC BUS PARAMETERS, SPECIFICATIONS AND 

REQUIREMENTS 
3.1 Introduction 

For the requirements of electric bus powertrain design specifications, matching 
and selecting the suitable parameters of the electric motor and battery were 
performed. The components of powertrain were scaled in accordance with the bus 
parameters and power requirements. These components were chosen for the 
simulation model   based on the needs and specifications of each one after matching 
the parameters. The electric motor is sized to meet for specified acceleration or 
climbing high grades such as steep roads or bridges. Also, to accommodate the 
performance of motor’s torque requirements, gear ratios are designed. Besides, 
batteries are constructed using the number of series or parallel battery cells to meet 
the power’s requirements. The basic components will be discussed along with how to 
compute for the matching of the requirements of the electric bus powertrain.  

3.2 Electric bus powertrain parameters matching 
Choosing suitable power parameters and maximizing the performance of each 

device based on the target specifications of high speed and maximum grades, are 
crucial during the development phase of an electric bus since the power consumption 
of the electric bus is still so high and the buses cannot run further mileage due to the 
issues of their size and weight. The fundamental components of the powertrain will 
be gone through the parameters matching to meet the specifications of the electric 
bus. 

3.2.1  Electric bus 

The basic parameters of the electric bus used are based on the 12- meter A 
Bus EV, manufactured by Sakun C company. Aluminum body and steel chassis are 
used in electric bus to make a sturdy body structure and upgrade its ageing  The A bus 
EV is 12 meter long and has the capacity of 45 passenger seats. The 12 meter A bus 
EV is shown in figure 3.1 and the overall bus parameter is shown in Table 3.1. 
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Table 3.1 Specifications of electric bus 
Bus parameters & specifications Values 
Vehicle type High floor 
Model 120BH195/260 
Dimensions 11,850 x 2,550 x 3,620 mmˆ2 
Mass of the bus 14,075 kg 
Air density 1.23 kg/mˆ3 
Drag force coefficient 0.5 
Rolling resistance coefficient 0.01 
Maximum speed 100 km/h 
Maximum gradient 8% 
Tire 295/80R22.5 (Radial) 

 

 

Figure 3.1 Sakun C aluminium electric bus 
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3.2.2 Electric Motor 

Three important motor parameters such as rated power, peak power and peak 
torque are needed to consider for the sizing of electric motor. This chapter is firstly 
analyzed the demand of vehicle traction power because the selection of motor’s 
performance characteristics is mainly taken the vehicle dynamic performance into 
account. 

Maximum vehicle speed and maximum climbing gradient are used to limit the 
motor rated power and peak power. Normally, the power consumption of a vehicle 
rises with speed, and the vehicle’s actual running speed is often lower than the 
specified top speed, allowing it to have adequate backup power. The criteria of rated 
power Pe  meeting with the constant top speed (vmax =100 km/h) are satisfied by 
equation(3.1) 

At the top speed of 100km/h, the required power of the motor is calculated 
around 91kW. When the electric bus inclines the highest climbing slope at a certain 
constant speed v, the power generated by the resistance of inertial acceleration is 
neglected for the estimation of driving motor power. Equation (3.2) is presented in 
calculation of motor peak power Pi according to the maximum climbing gradient 𝜃.  

As a result, the required peak power of electric power is calculated 
approximately 167 kW while climbing maximum gradient of 8% slope at a speed of 
45km/h.  

For the selection of motor maximum torque, it should also meet the vehicle’s 
starting torque requirements and maximum slope. In addition, the suitable gear ratio 
should be determined according to the requirements. The peak level of motor torque, 
Tm_peak , is approximated by equation (3.3). 

𝑃𝑒 ≥
𝑣𝑚𝑎𝑥
𝜂

(𝑚𝑣𝑔𝑐𝑟 +
1

2
𝜌𝑐𝑑𝐴𝑣𝑚𝑎𝑥

2) (3.1) 

𝑃𝑖 ≥
𝑣

𝜂
(𝑚𝑣𝑔𝑐𝑟 𝑐𝑜𝑠(𝜃) + 𝑚𝑣𝑔𝑠𝑖𝑛(𝜃) +

1

2
𝜌𝑐𝑑𝐴𝑣

2) (3.2) 
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As the gear ratio becomes higher, the motor torque decreases more for inclining 
the gradient, but the excessive gear ratio will reduce the vehicle’s speed. Therefore, 
many different factors influence for the matching of motor torque. 

3.2.3 Gear ratio 

The function of this system is to make sure that there is an adequate wheel 
torque to keep the bus moving at the chosen top speed and maximum road grade 
and to minimize the power consumption. Suitable gear ratios are selected for this 
electric bus design.    

The gear ratio design for the capability of climbing slope  is considered to be 
crucial when elevating or downgrading driveways. In this scenario, the powertrain’s 
overall gear ratio is determined by dividing the rolling resistance on a slope with a 
predetermined grade of 8% slope with the maximum torque of the motor as shown 
in equation (3.4). Aerodynamic drag resistance is neglected in this case. 

Another ratio design is evaluated depending on the vehicle top speed. The 
maximum rotating speed of the selected motor and the capacity of the motor torque 
to achieve its top speed are taken account of this gear ratio calculation. The gear ratio 
is described as the ratio of maximum motor speed (Nm ) and vehicle top speed (vmax ) 
as in equation (3.5) 

3.2.1 Battery 

The role of the battery is very important because it is the only device providing 
vehicles power. To meet the requirements of vehicle power performance, batterypack 
for electric vehicles should have a greater power density. Total voltage, capacity, 

𝑇𝑚𝑝𝑒𝑎𝑘
=
1

𝜂
.
𝑚𝑣𝑔(𝑐𝑟 𝑐𝑜𝑠(𝜃) + 𝑠𝑖𝑛(𝜃)) ∗ 𝑟𝑤

𝑖
 (3.3) 

𝑖1 =  
𝑟𝑤(𝑚𝑣𝑔𝑐𝑟 𝑐𝑜𝑠(𝜃) + 𝑚𝑣𝑔𝑠𝑖𝑛(𝜃))

𝑇𝑚𝑝𝑒𝑎𝑘
𝜂

 

 
(3.4) 

𝑖2 =
3.6𝜋𝑁𝑚𝑟𝑤
30𝑣𝑚𝑎𝑥

 (3.5) 
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energy, and battery numbers are considered for the choice of batterypack and to get 
these total variables, relevant characteristics of specific battery cells are integrated. 
The overall voltages of the batterypack and electric motor should be matched 
because the nominal voltage determine the size of the batterypack while considering 
for the power consumption of the additional accessories. To increase the operating 
voltage of the bus, there is a series relationship between each battery cell. The 
nominal voltage value of the batterypack (Vb )   is considered to be 500V.  

Capacity and power of the batterypack are the two fundamental requirements 
for the matching design of the batterypack. The endurance distance of the bus 
increases as the battery’s overall capacity rises, but as the battery quality improves, 
so do the cost and power consumption per unit distance.  

The capacity of the battery is determined by calculating the electric power 
consumption of the bus with the desired nominal voltage as shown in equation 3.6. 
The power of the batterypack relates to the power of the electric motor, this 
relationship is expressed in equation 3.7. In this equation 3.8, Pb is used as the 
demanded power at average speed of 35 km/h travelling the distance (s) 200km.  The 
average energy consumption of the batterypack is taken in consideration at an average 
speed of 35 km/h for 200km with no gradient and 3% gradient of roadways. The 
designated electrical power consumption will be limited into these two considerations.  

 

 

 
To meet the voltage and energy requirements of the batterypack, battery cells 

must be arranged in both series and parallel strings. Strings ranked in parallel can 
enhance energy capacity whereas strings ranked in series can rise the voltage. The 

𝐶𝑏 =
1000𝐸𝑏
𝑉𝑏

 (3.6) 

       𝑃𝑏 =
𝑃𝑚
𝜂

 (3.7) 

𝐸𝑏 =
𝑃𝑏𝑠

𝜂𝑣𝑤
 (3.8) 
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number of battery cells connected in series is calculated by dividing the nominal 
voltage of the whole batterypack (Vb )  to the voltage of each cell (Vc)  as shown in 
equation 3.9. Also, the number of cells linked in parallel is determined as the ratio of  
batterypack total capacity (Cb) and capacity of each battery cell (Cc). 

 

3.3 Specifications of selected components 

3.3.1 Electric motor 

Dana TM4 electric motor is selected for this electric bus powertrain systems. 
Medium and heavy-duty electric and hybrid vehicles can be optimized for traction and 
auxiliary solutions from Dana TM4. It has very high drivetrain efficiency that helps to 
reduce the needs for the capacity of the batterypack. TM4 permanent magnet electric 
motors offer very high voltage range to get the great standards for electric vehicle’s 
efficiency, reliability, and performance. The selected motor  is TM4 SUMO MD series. 
This series is reluctance-assisted permanent magnet motor type that provides high 
torque and power density within low speed. The specifications of the selected TM4 
SUMO motor are listed in Table 3.2. The characteristic curve and efficiency curve of 
that motor are displayed in Figure 3.2  and 3.3. 

 
Table 3.2: Specifications of TM4 SUMO electric motor 

Specifications Values 

Motor type MD HV1800-3P 
Peak Power (kW)  170 
Continuous Power (kW) 100 
Operating speed (rpm) 0-3250 
Continuous torque (Nm) 680 
Peak torque (Nm) 1775 

𝑁𝑠𝑒𝑟𝑖𝑒𝑠 =
𝑉𝑏
𝑉𝑐
  

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝐶𝑏
𝐶𝑐

 
(3.9) 
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Figure 3.2 Electric motor efficiency map according to motor torque and 
speed characteristics 

 

 

 

 

Figure 3.3 Electric motor torque and speed characteristics curve 
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3.3.2 Battery 

 Electric bus’s batterypack sizing design is mainly dependent on the parameter 
requirements of driving distance (s= 200km). Along with the designated route, the 
selected electric bus will be driven around 50 km per route. The total voltage of the 
batterypack is estimated to be 500V. The average energy of the batterypack without 
gradient is around 115 kWh. Then, the maximum energy of the batterypack with 
gradient is estimated to be around 300 kWh. So, the maximum capacity of the 
batterypack can be evaluated around 500 Ah by using equation (3.6). Table 3.3 shows 
the specification of Panasonic battery cells and based on these parameters and 
calculated estimations, batterypack consisting of battery cells, in which 19 cells 
connected in series in 7 modules and 152 cells connected in parallel. Table 3.4 
illustrates the specifications of these batterypack. A series connection of  batteries  
yields a 56kWh (113Ah, 500V) Panasonic batterypack. 

 
Table 3.3 Specifications of Panasonic battery cell 

Specifications Values 

Nominal voltage 3.7 V 
Capacity ( standard)  3.3 Ah 
Maximum voltage  4.2 V 
Discharge cut-off voltage 3.0 V 
Max discharge current 3.3 A 
Continuous discharge current 1.65 A 
Weight 45.5 g 

 

 

 

 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 

29 

 

Table 3.4 Specifications of Panasonic batterypack 

Specifications Values 

Nominal voltage 500V 
Capacity ( standard) 163 Ah ( Discharge:0.2CmA) 
Number of series 19 
Number of parallel 152 
Number of modules 7 
Total number of battery cells 20,216 
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CHAPTER 4  
ELECTRIC BUS POWERTRAIN MODEL DEVELOPMENT 

 

4.1 Powertrain modeling process 
The computation of the bus’s energy and power needs for typical driving 

situations in accordance with the bus’s dimensions, specifications and performance 
criteria is the first step in developing the electric bus’s powertrain model. A power flow 
study is used to evaluate the size and capacity of bus components in accordance with 
the powertrain design criteria and requirements. The uppermost level of powertrain 
model has been created using theoretical basis. Briefly, the electric bus, composed of 
a discrete number of sub models/ block, called (1) driving cycle profile, (2) route profile, 
(3) driver model, (4) vehicle model, (5) gearbox, (6) electric motor, and (7) battery, are 
modeled in MATLAB/Simulink platform. The electric bus powertrain subsystem is a 
Simulink- implemented mathematical model of an electric bus subsystem. Figure 4.1 
illustrates the overall simulation model of powertrain system. The development of 
each sub-models for each component will be discussed in the following sections. 

 

 

Figure 4.1 The overall simulation model of powertrain system 

 

Figure 4.1 The overall simulation model of powertrain system 
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4.2 Route  characterization development 
One of the bus lines that is currently running on Thailand road is designated to 

develop the route characterization for this research. The road altitude condition is 
mainly considered for this study. The geometry data were obtained  time, position and 
relative altitude measured from sensor logger application that logs reading from 
common motion related sensors on smartphones as shown in figure 4.2.  

 
Bus line number 142 that departs from Samaedam bus depot and ends in 

Samut Prakan crocodile farm is selected as a representative route. The route scenario 
( red line ) can be seen in figure 4.3. The distance for one route is around 50 km, so 
for back and forth, it is about 100 km total distance. As an additional information, it 
has 65 stops and the total trip duration for one route is approximately 87 minutes.  
Along Samaedam bus depot to Samut Prakan crocodile farm,  this driving test study is 
focused on RAMA IX bridge crossing the Chao Pharya River connecting Thonburi and 
Bangkok, which has the highest elevation for that route. Figure 4.4 shows the 
geographical location of the RAMA IX bridge and its characterized route. Data collection 
using GPS and barometer has been performed for the determination of exact location 
and elevation for the designated route.  

 

Figure 4.2 Sensor logger application 

 

Figure 4.2 Sensor logger application  
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Figure 4.3 The route scenario of bus line 142  

( Samutprakan crocodile farm – Samaedam bus depot) 

 

 

  

 

 

Figure 4.4 The geographical location of RAMA IX bridge 

 

Figure 4.4 The geographical location of RAMA IX bridge 
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4.3 Driving cycle profile development 
Driving cycles are represented as speed time series that depict driving 

behaviors[57]. The designated route can be driven in numerous scenarios, standing on 
different factors such as traffic jam, driving style and speed variations [58]. The main 
target for applying different scenarios is to evaluate the discrepancy un electric power 
output and power consumption for analyzing which factors has the most significant 
impact on bus performance. Figure 4.5 demonstrates the driving cycle profile model 
in the MATLAB/Simulink platform. Using the current simulation time, the block 
produces the desired vehicle speed that inputs the collected driving cycle data.   In 
this case, four sets of scenarios have been assessed for the determination of the 
electric power consumption of the electric bus.  

 

 

4.3.1 Driving profile based on constant speed 

This constant speed scenario is an unreal scenario, looking over different 
cruising speed, where running speed is assumed as constant. This scenario is just set 
up for the comparison of the analysis of the results. These cruising speeds were varied 
from 5 to 100 km/h with a 5 km/h increments only for the case of having elevation 
level with same travelled distance.  

 

Figure 4.5 Driving cycle profile model in MATLAB/ Simulink environment 
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4.3.2 Driving profile based on speed reduction 

This driving profile is categorized into two types depending on speed range 
[59].The theorical explanation of speed reduction is described on route behavior, 
upward slope, or downward slope depending on the preceding literature reviews of 
vehicle’s speed along grade sections [60]. While travelling the downhill without brake 
fading, buses often raise their speed to the highest limit, then hold that speed till the 
bottom of the slope. On ascent slope, the speed from the starting point gradually 
drops to a minimal and constant value and maintains at the speed until it reaches at 
the top of the slope. As a result, two regions may be separated for speed profiles: 
speed change region ( accelerating or decelerating) and constant speed region (zero- 
acceleration or zero- deceleration). These two areas are clearly shown in Figure 4.6. 
LUp in the figure stands for the length of the decelerating region on upward slope and 
LD is the length for accelerating region on downward slope. In this study, LUp and LD 

may be changed concerning with the driving behavior of the drivers.  
On ascending the slope, the speed gradually declines from the initial point 

until the end, since the traction force is greater than resistance forces, the remaining 
forces encourage movement. This situation happens in the decelerating region as 
shown in Figure 4.6. As the bus continues to climb the slope, acceleration decreases 
until the tractive force equals the resistive forces, at which point it zeros out. As a 
result, the bus is unable to accelerate, and it travels at a steady speed till the end of 
the slope.  

The bus runs at a constant pace under this circumstance. This case has been 
investigated for the various speed changes with the same decelerating region length 
( Lup) [60]. The bus will travel at a speed of 90 km/h on both flat level and the initial 
point of the slope. The gradual speed reduction rate will be varied. It means that the 
bus will leave the decelerating region at the same length with the different speeds. 
The speed variation of 30 km/h, 45 km/h and 60 km/h will be explored for this speed 
variation case. Speed variation profiles can be seen in Figure 4.7. 
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Figure 4.7 Speed reduction driving profile on the slope 
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Figure 4.6 Three different speed variation profiles over distance 
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4.3.3 Driving profile based on standard driving cycle 

There are several different standard driving cycles [61] such as extra urban 
driving cycle (EUDC), ECE 15, new European driving cycle (NEDC), EPA highway fuel 
economy test (HWFET), the world harmonized light vehicles test procedures (WLTC) 
and others. Depending on the kind of driving cycles profile mentioned above, these 
cycles include several accelerations and braking events over a specific period of time.  

This study will be addressed only on NEDC and WLTC driving cycles. The main 
characteristics of these two driving cycles are tabulated in Table 4.1. The NEDC is a 
combined driving cycle of an urban part called ECE- 15 and an extra urban part, EUDC 
[62]. The experts declared thar it does not represent real world driving cycles because 
of soft accelerations and containing a lot of constant cruising speeds and idle 
conditions as shown in figure 4.8.  

Experts from Europe, Japan and India created the WLTC to take the role of the 
NEDC [63]. This cycle allows for the evaluation of both electric range and fuel economy 
of the vehicles. This test procedure is divided into 3 classes, depending on a power to 
mass ratio of tested vehicle, namely Class 1 for urban driving, Class 2 for combined 
driving, including both low-speed and high-speed sections, and Class 3 for extra-urban 

 

Figure 4.8 NEDC driving cycle profile 
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driving. These 3 classes are defined as given in the following Table 4.1. WLTC class 3 
driving cycle is shown in figure 4.9. The maximum speed of these cycles will be limited 
at 90 km/h even though NEDC has 120 km/h maximum speed and WLTC has 132 km/h 
since Thailand government has ruled the speed limit regulations for buses not to be 
over 90 km/h on roadways. 

Table 4.1 Data of NEDC and WLTC standard driving cycle 

 NEDC WLTC 
 ECE-15 NEDC EUDC Class 1 Class 2 Class 3  

Duration (s) 195 1220 400 1022 1477 1800 
Stops (no:) 3 13 1 5 6  6 
Distance (m) 995 11,016 6,995 8,091 14,644 23,266 
Top Speed 
(km/h) 

50 120 120 64.4 85.2 131.3 

Average 
Speed (km/h) 

18.4 33.4 62.4 28.5 35.7 46.5 

 

 

Figure 4.9 WLTC driving cycle profile 
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4.3.4 Driving profile based on real data collection 

This driving profile is real- world driving cycle, is developed using on- road data 
that is really captured while driving. This dynamic cycle is created as a consequence 
of the more aggressive driving that is encountered in real traffic driving situations. With 
the aid of a GPS logger VBox mounted on the bus, speed and geometry are measured. 
GPS antenna is also mounted on the bus as shown in figure 4.10. The position, speed, 
acceleration, and heading are recorded by the GPS logger and stored on a SD card. Up 
to eight satellites provided data to the device, ensuring data collecting during the data 
collection process [64]. To create a clean database for modeling the speed profiles,  
data pre-processing is done for GPS logger data. The position and speed data are 
initially coupled, and dropouts, where the satellite signal is lost and speed or location 
data are zero, are then erased. After pre-processing, filtering is processed for debugging 
the speed and position data. Raw speed data profile for each 1 second is generated 
after debugging. The data must then be compressed using smoothing in order to 
eliminate some variations and provide a smoothed speed profile. Figure 4.11 describes 
the generated speed profile of collected data. 

 

Figure 4.10 Experimental setup of GPS logger Vbox on the bus 
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4.4 Driver model 
The driver model in MATLAB/Simulink is represented in figure 4.12. The driver 

model determines the bus’s desired speed and manages the brakes, electric motor 
inputs and loads accordingly. The driver block receives input of desired driving cycle 
for the bus to adopt. This block will include a PI controller to continually match the 
actual vehicle’s speed with the desired one and to reduce the discrepancy between 
the desired and actual speed. The reference speed is matched by the PI controller to 

 

Figure 4.11 Real speed profile for Bus line 142 roadways 

 

 

  

 

 

Figure 4.12 Block diagram of driver model in MATLAB/ Simulink 
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the output vehicle speed of the model. The output range of the PI controller is 
determined to be -1 and 1. The range of 0 to 1 control the condition of the vehicle 
moving, and -1 to 0 range indicate braking.  

4.5 Vehicle model 
The vehicle model is used for representing the behavioral characterization of 

the bus to calculate the demanded values from the wheels and to evaluate its power 
consumption. The tractive force required by the wheels to propel the bus Ftr is 
evaluated based on the resistive forces acting on it according to equation 2.1, as 
represented in section 2.2. In this model, all of the resistance forces are taken into 
account because grade resistance cannot be taken as zero owing to the consideration 
of gradients for upgrading and downgrading.  

Power consumption is computed using Newton’s equation of motion with the 
longitudinal vehicle dynamics as a function of speed on multiple driving cycles. Taking 
into the calculated tractive force Ftr , power (P ) can be computed as 

By integrating the power over time, energy of the bus (EJoule )can be calculated 
as  

Then by dividing the calculated value of the energy (EkWh) to the total length 
of the route (stotal), it can get average power consumption of the bus as presented in 
equation (4.3). The vehicle dynamic simulation model for the bus is as shown in figure 
4.13. 

 
 
 

𝑃 = 𝐹𝑡𝑟  ×  𝑣 (4.1) 

𝐸𝐽𝑜𝑢𝑙𝑒 = ∫𝑃 𝑑𝑡  (4.2) 

𝑘𝑊ℎ

𝑘𝑚
=  
𝐸𝑘𝑊ℎ
𝑠𝑡𝑜𝑡𝑎𝑙

 (4.3) 
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4.6 Braking Model 
When the bus goes idling or slowing down or downgrading, acceleration of the 

vehicle goes to negative and braking system is designed to be activated. The negative 
output  of the PI controller is the main input of the vehicle, and it controls the desired 
braking force that comes from the driver’s brake pedal. Part of the braking force is 
limited to be regenerative braking force. That force is provided the kinetic energy of 

 

Figure 4.14  Block diagram of brake system in MATLAB/ Simulink 

 

 
Figure 4.13  Block diagram of vehicle dynamic system in MATLAB/ Simulink 
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the vehicle to be recovered by braking the electric motor in the generator mode and 
by charging the battery. Figure 4.14 represents the simulation model of the braking 
system. 

 

4.7 Gearbox Model 
Figure 4.15 displays how the gear ratio works on MATLAB/ Simulink. Also, the 

rotational speed of the wheel that is provided from the motor via gear ratio is 
computed the output of the vehicle speed using the following equation.  

Where vv is the bus speed, ωm is the rotational speed of the motor in rad/s and 
rw is the radius of the bus wheel. 

4.8 Electric Motor Model 
Figure 4.16 shows the  main input and output of the electric motor model. The 

wheel  velocity is converted into the rotational speed of the electric motor using gear 
box. Using that motor rotational speed as an input, the output torque is obtained from 
the limitation of the maximum torque and power of the reference motor. The 
reference motor mentioned in section (3.3.1) is used to simulate in the model. The 
simulation block design of this positive output torque is shown in figure 4.17 . As the 
motor works as a generator when the bus decelerates, this simulation is considered 
about the regenerative braking system. The simulated regenerative braking force is 
converted into torque using selected gear ratio, and it will act as the negative output 

𝜔𝑚 = 𝑣𝑤  × 
𝑖

𝑟𝑤ℎ𝑒𝑒𝑙 
 (4.4) 

 

Figure 4.15  Block diagram for gearbox model in MATLAB/Simulink 
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torque of the motor. Then, these two positive and negative torques will combine to 
get the total output of the motor torque as shown in figure 4.18 . Using motor output 
torque Tm and the rotational speed, its output power Pm is computed using equation 
4.5.  

 

 

𝑃𝑚 =  𝑇𝑚 × 𝜔𝑚 (4.5) 

 

Figure 4.17 Block diagram for calculating positive motor torque in 
MATLAB/Simulink 

 

 

Figure 4.16  Input and output of the electric motor model 
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4.9 Battery Model 
The inputs and outputs of the battery model are demonstrated as figure 4.19.  

The power output from the motor is the desired input. That power informs how much 
power needed for the batterypack to supply to bus. The energy management system 
controller receives information from the SOC about the current, or the quantity of 
energy stored in the batterypack, and uses this information to choose the driving mode 
that is appropriate for the current driving circumstances.  

 

 

Figure 4.19 Input and output of the battery model 

 

 

Figure 4.18 Block motor output torque in MATLAB/Simulink 
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The battery model is composed of five functional subsystems: (1) open circuit 
voltage (OCV) and internal resistance (Rint) of the battery calculation, (2) input power 
limitation, (3) SOC calculation, (4) output current of the batterypack (Iout) calculation 
and (5) output voltage of the batterypack (Vout) calculation. Figure 4.20 shows the 
overall simulated battery model of the electric bus. 

The block design  for calculating OCV and Rint in MATLAB/Simulink system is 
shown in figure 4.21. The method to calculate OCV and Rint for a prior SOC and power 
demand  is shown in the functional block of OCV and Rint calculation. The charging 
and discharging internal resistances, Rch and Rdis, and open circuit voltage, OCV, for a 
particular kind of battery, are the functions of SOC as presented in equation 4.6 and 
4.7. Look- up tables based on experimental data presented in figure 4.21 are utilized 
in this function block to compute OCV, Rch and Rdis by first order interpolation. 
Depending on whether the battery is charged or discharged i.e power demand goes to 
positive or negative, the internal resistance is selected between Rch and Rdis.By 
multiplying the number of batteries that are connected in series, the OCV and Rint can 
be obtained.   

 

Figure 4.20  Overall simulation of the battery model 
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Figure 4.22 illustrates the block diagram of SOC calculation in MATLAB/Simulink. 
The battery’s remaining capacity is referred to as SOC , measured in percentage points 
( 0 percent equals empty and 100 percent equals full). When describing a battery’s 
present status in operation, SOC is typically utilized. In addition to preventing 
overcharging and over discharging, the calculation of SOC may be used to assist 
determination of the thresholds for each battery operating mode, such as charging or 
discharging.  Equation 4.8 is used to determine SOC, which is the ratio of the capacity 
that is currently accessible to the maximum capacity. The efficiency 𝜂 in equation 4.9 
is determined based on the battery’s charge / discharge condition. 

𝑂𝐶𝑉 = 𝑓1(𝑆𝑂𝐶) (4.6) 

𝑅𝑖𝑛𝑡 =  {
𝑅𝑐ℎ = 𝑓2(𝑆𝑂𝐶) 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝑅𝑑𝑖𝑠 = 𝑓3(𝑆𝑂𝐶) 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
 (4.7) 

𝑆𝑂𝐶 = 𝑆𝑂𝐶𝑖𝑛𝑡 −∫
𝜂𝐼𝑜𝑢𝑡
𝑄

 𝑑𝑡 (4.8) 

 

Figure 4.21 Block diagram for calculating OCV and Rint in MATLAB/Simulink 
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The OCV and power demand can be used to compute the Iout that the 
batterypack produces. The calculation of the output voltage is shown in figure 4.23. 
The voltage equation for the batterypack may be expressed as a result of Kirchhoff’s 
law as  

The following equation is used to determine the batterypack’s corresponding 
output power.  

The Iout  of the battery can be calculated by solving equation 4.12  as 

 

𝜂 =

{
 

 𝜂𝑐ℎ =
𝑂𝐶𝑉

𝑂𝐶𝑉 − 𝐼𝑜𝑢𝑡𝑅𝑐ℎ
, 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

  𝑛𝑑𝑖𝑠 =
𝑂𝐶𝑉 − 𝐼𝑜𝑢𝑡𝑅𝑑𝑖𝑠

𝑂𝐶𝑉
, 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

 (4.9) 

𝑉𝑜𝑢𝑡 = {
𝑂𝐶𝑉 − 𝑅𝑖𝑛𝑡 × 𝐼𝑜𝑢𝑡
𝑂𝐶𝑉 + 𝑅𝑖𝑛𝑡  × |𝐼𝑜𝑢𝑡|

 
       

(4.10) 

𝑃𝑜𝑢𝑡 = 𝑉𝑜𝑢𝑡 × 𝐼𝑜𝑢𝑡  (4.11) 

𝐼𝑜𝑢𝑡 =
(𝑂𝐶𝑉 − √𝑂𝐶𝑉2 − 4𝑅𝑖𝑛𝑡𝑃𝑜𝑢𝑡 )

2𝑅𝑖𝑛𝑡
 (4.12) 

 

Figure 4.22 Block diagram of SOC calculation in MATLAB/Simulink 
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Figure 4.23 Block diagram for output voltage calculation in MATLAB/ Simulink 
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CHAPTER 5  
RESULTS AND PERFORMANCE ANALYSIS 

 

5.1 Analysis of bus performance based on different driving styles  

5.1.1 Model Scenarios Development  

Numerous scenarios are developed for setting the designated RAMA IX route, 
depending on specified variables including traffic congestion, driving behaviors and 
speed variations. According to the collected data along the route, that bridge has the 
entire horizontal distance ,2.75 km and its elevation of 54 m in relation to the starting 
point of the bus. The major goal of applying different scenarios is to access the 
discrepancy between power consumption and demanded power in order to examine 
diverse driving behaviors while crossing the RAMA IX bridge. In this instance, three 
scenarios for upgrading and downgrading case have been examined to evaluate the 
power consumption of electric bus. Figure 5.1 shows the elevation and slope profile 
of RAMA IX bridge. 

5.1.2 Constant speed 

For speed ranges of 5 to 90 km/h, a simulation model is utilized . Each step 
speeds up by 5 km/h for the elevation with the same distance. Figure 5.2 shows the 
amount of maximum demanded power which is varied with speed for upgrading and 
Figure 5.3 is for downgrading. Also, the amount of consumed power per distance for 
each speed variation is tabulated in table 5.1. According to resulted data, the value of 
demanded power rises with increasing speed in upgrading and in downgrading case, 
power goes to more negative while speed values go up. It means that as the bus 
travels quicker, increasing amount of power are consumed in a short period while 
reaching the upward slope. In downward slope, this negative power  went back to the 
battery as recuperation.  
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Figure 5.1 Altitude and slope profile of RAMA IX bridge 
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Figure 5.2 Demanded power on different cruising speed (upgrading) 

 

 

 

Figure 5.3 Demanded power on different cruising speed (downgrading) 
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Table 5.1 Power consumption over different cruising speed 

Speed (km/h) kWh/ km Speed (km/h) kWh/km 
5 2.24 55 2.41 
25 2.28 70 2.51 
40 2.33 90 2.65 

 

5.1.3 Speed reduction  

Three driving profiles with different speed variations are constructed with the 
same length of decelerating zone (Lup). In this scenario, Lup is set as 700 m for the 
length of speed reduction region. The power demand and its consumption have been 
evaluated for each speed variations of 90 to 30 km/h, 90 to 45 km/h and 90 to 60 
km/h. Figure 5.4 represents the three speed variation profiles, and it can be seen how 
the speed reduction works along the destinated road slope. In figure 5.5, the 
demanded power outputs per unit distance for each speed variation are indicated. 
According to the simulated outputs, it can be seen that the power demand runs at 
constant when there is no slope. However, as soon as it starts to climb the slope, the 
speed goes down from the constant value and power demand begins to reduce until 
the end of the decelerating region. After that decelerating region, it is designed to 
continue running at constant speed, so the power value goes up again along the rest 
of the slope. Also, speed range difference has a great influence on the power demand. 
The deceleration rate in 90 to 30 km/h is slower than that the other two because of 
its high speed variation. Therefore, the slower deceleration rate results in less 
consumption of power because the power demand goes to more negative. Moreover, 
although the power consumption per unit distance travelled is not proportional with 
high speed, the decelerating time is shorter while running at high speed, and power 
consumption has been increased. For that reason, power in 90 to 60 km/h is more 
consumed at 1.883 kWh per unit distance than the other. 
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Figure 5.4  Speed profiles over distance on three types of speed variations 

 

 

Figure 5.5 Power demand over distance for three speed variations 
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5.1.4 Go and stop  

This scenario is developed to evaluate the bus performance on electric power 
and power consumption for dealing with traffic congestion on the uphill and downhill 
roadways. It recognizes various acceleration levels, engaging in several accelerating and 
decelerating procedures and frequent stops. Also, stopping distance and time change, 
depending on how congested the road is. For this simulation, actual speed data that 
was gathered on the bridge is used in which the bus is running with an average speed 
of 30km/h. The recorded speed profile for the whole slope, upgrading and 
downgrading, is as shown in figure 5.6 Figure 5.7 describes the required power and its 
consumption for the speed input while running on that slope. As shown in the results, 
the power requirement running on uphill roadway is higher than running on normal 
roadway. Furthermore, the resulting power demand stays at negative on downhill. It 
means that the negative power can be used in power recuperation for activating 
regenerative braking and recharging the battery.  

 

Figure 5.6 Actual speed profile over distance for RAMA IX slope 
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5.2 Performance analysis for standard driving cycles 

5.2.1 Vehicle performance 

Two standard driving cycles, which are NEDC and WLTC class 3, are simulated 
by the simulation model mentioned in chapter 4. Figures 5.8 and 5.9 illustrate the 
bus’s acceleration profiles as a function of speed of the NEDC and WLC driving cycles 
obtained by the simulation. For NEDC driving cycle, the bus begins by pausing for 11 
seconds, then slowly picking up speed to 15km/h for 4 seconds, cruising at a constant 
pace for 8 seconds, braking to a complete stop in 5 seconds, pausing again for 21 
seconds. The bus gradually speeds up over the following 49 seconds, reaching 32km/h 
in 12 seconds, cruises for 24 seconds and takes 11 seconds to come to a complete 
halt before pausing for another 21 seconds. At 117s , the bus gradually picks up speed 
to 50km/h in 26 seconds, cruises for 12 seconds, slows down to 35km/h in 8 seconds, 
cruises for a further 13 seconds, brakes to a complete stop in 12 seconds and finally 

 

Figure 5.7 Power demand and its consumption over distance for Rama IX slope 
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rests for 7 seconds. The cycle stops on 195 seconds, after which it repeats itself four 
times. Total 780 seconds pass by at an average speed of 18.35 km/h. After then, a 
more aggressive high- speed driving mode is activated. The top speed is restricted at 
90 km/h. After a 20- second pause, the bus gradually increases its speed to 70 km/h 
in 41 seconds, cruises for 50 seconds, quickly slows to 50km/h in 8 seconds, and again 
accelerates to 70km/h in 13 seconds. At 201 seconds, the bus travels at 70 km/h for 
50 seconds before gradually increasing its speed to 90 km/h and maintaining it for the 
rest of the cycle. That cycle has a 400 second total time and 62.6 km/h average speed. 
It has maximum acceleration of 1.04 m/s2 and minimum acceleration at -1.39 m/s2.  

The WLTC class 3 driving cycle, which is more dynamic than standard driving 
cycle like NEDC, is representative of the majority of existing vehicles. It is more 
comprehensive and accurate to actual driving circumstances. The driving stages of the 
WLTC replicate various urban, suburban, rural and highways settings, with an equal 
distribution of urban and non- urban pathways. Each one has a unique top speed, up 
to 56.5 km/h in 589 second for urban, 76.6 km/h in 433 second for suburban ,and 
90km/h in 455 second and 323 second for other two. So, the whole WLTC cycle travels 
at a maximum speed of 90km/h, with an average speed of 43.5 km/h for the duration 
of 1800 second. Compared to NEDC, it provides a wider travelling range and travels at 
higher speed, with shaper accelerations and decelerations, and with less idle time. The 
maximum acceleration runs at 1.75 m/s2 and minimum at -1.5 m/s2. In figures 5.10 and 
5.11, the traction force obtained by the two driving cycles are compared favorably with 
each other. Comparing to the simulation results of power demand for these two cycles 
as shown in figures 5.12 and 5.13, it can be seen that demanded power and 
consumption in WLTC is much higher than that of NEDC because of higher acceleration 
and deceleration.  
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Figure 5.8 Speed and acceleration of NEDC driving cycle 

 

 
Figure 5.9 Speed and acceleration of WLTC driving cycle 
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Figure 5.10 Traction force of NEDC driving cycle 

 

 
Figure 5.11 Traction force of WLTC driving cycle 
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Figure 5.12 Demanded power and its consumption of NEDC cycle 

 

 
Figure 5.13 Demanded power and its consumption of WLTC cycle 
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5.2.2 Battery performance 

Figure 5.14 – 5.17 display the results of the modeling of the whole 
batterypack’s current, voltage, power, and consumption of the two cycles, NEDC and 
WLTC. The peak currents are displayed as the significant results of the high power 
demand for achieving rapid vehicle accelerations during the corresponding intervals. 
The negative values of the results on the graph reflect as the regenerative braking for 
the circumstances of the bus braking. According to the resulted battery voltage of the 
graphs, the voltage rises during regenerative braking and falls during high current 
discharge, which is power demand is at its highest. The negative value of the current 
means that the battery is being charged, hence the voltage increases, and positive 
value shows the discharging of the battery and the voltage decreases. Comparing to 
the power consumption results of the two driving cycles, WLTC consumes more than 
NEDC because of the rapid acceleration and deceleration. For the case of the battery 
SOC obtained by the two driving cycles, NEDC and WLTC, as shown in figure 5.17, SOC 
by NEDC drops off from 95% to 86%  and WLTC is from 95% to 83% during the same 

 
Figure 5.14 Battery current and voltage of NEDC cycle 
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time interval. In some points, the SOC goes up a little bit because the charging process 
occurs during regenerative braking.  

 
Figure 5.15 Battery power and its consumption of NEDC cycle 

 

 
Figure 5.16  Battery current and voltage of WLTC cycle 
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Figure 5.17 Battery power and its consumption of WLTC cycle 

 

 
Figure 5.18 The battery SOC comparison of NEDC and WLTC cycles 
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5.2.3 Electric Motor Performance 

This bus is designed to use only one the electric motor for propulsion. This 
single motor provides the torque needed to drive the bus. As a result, the electric 
motor which has the maximum power 170kW is decided to use in this simulation. As 
per selecting the suitable gear ratio mentioned in section 3.2.3, the gear ratio is 
designed to allow two criteria, the maximum motor torque and maximum velocity of 
the bus. For the first condition, the gear ratio is calculated to be around 2.5 and gear 
ratio for second condition is around 7. To meet these two conditions, the value of gear 
ratio is set as 5. The electric motor torque and power for the NEDC and WLTC driving 
cycles are represented in figures 5.19- 5.22. In accordance with the simulation results, 
the motor torque rises  as the bus accelerates, and when it reaches the steady level, 
torque became less to get around the resistance and air drag. The negative value of 
torque mentions that the motor is working as a generator because of recuperation 
energy from braking. In figures 5.23 and 5.24, the operating points of the motor for 
three different gear ratios are illustrated. The simulation shows that motor operates 
along its maximum value area. It can be seen that when the gear ratio is low , the 
motor operates at lower speed and higher torque, and also it operates at higher speed 
and lower speed when the gear ratio becomes high. With low gear ratio 2.5, motor is 
working at high speed region, and it is at low speed region with high ratio 7.  
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Figure 5.19 Electric motor torque of NEDC cycle (Gear ratio=5) 

 

 

 
Figure 5.20 Electric motor power of NEDC cycle (Gear ratio=5) 
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Figure 5.21 Electric motor torque of WLTC cycle ( Gear ratio=5) 

 

 
Figure 5.22 Electric motor power of WLTC cycle (Gear ratio=5) 
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Figure 5.23 Motor operating points of NEDC cycle 
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Figure 5.24 Motor operating points of WLTC cycle 
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5.3 Performance analysis for the case study of bus line 142 

5.3.1 Analysis of real data collection for the driving test 

As mentioned in section 4.2 about the development of route characterization, 
the road condition of bus line 142 is designed to test for this study. The route scenario 
is already mentioned in section 4.2. The distance for one round is approximate 100km, 
with RAMA IX bridge which has the highest altitude of 54 m, relative to the starting 
point of the bus. Figure 5.25 describes the recorded altitude and slope profile over the 
horizontal distance for the whole route of one complete round. The collected data of 
speed profile, driving from Samaedam bus depot to Samutprakan crocodile farm and 
back, is expressed in figure 5.26. The bus is running with the average speed of 28.45 
km/h and maximum speed of 83.4 km/h. Summary of the simulated results for the 
bus performance is given in table 5.2. Simulated rated power demand from the bus 
for going is around 16kW and maximum at 140kW. For coming back, it is required 
around 165kW as its maximum demanded power. Simulated average power 
consumption per kilometer from Samaedam bus depot to Samutprakan crocodile farm 
is 0.502 kWh/km and 0.482kWh/km from Samutprakan crocodile farm to Samaedam. 
The result of power demand for the whole round is as shown in Figure 5.27. The result 
shows that power is demanded the most when the bus is climbing on the bridge 
because the bus requires to provide more traction force to climb the bridge while 
considering of gradient resistance.  
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              Figure 5.25 Altitude and slope profile for the route of bus line 142 
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Table 5.2 Summary of bus performance for real driving test 

Attribute Samaedam bus depot  
to crocodile farm 

Crocodile farm to 
Samaedam bus depot 

Time(s) 5340 6680 

Average speed(km/h) 32.10 25.5 

Maximum speed(km/h) 83.36 81.33 

Rated power demand(kW) 16.21 12.41 

Maximum power demand(kW) 139.70 164.89 

Net energy consumption (kWh) 23.90 22.82 

Power consumption per km 
(kWh/km) 

0.502 0.482 

 
Figure 5.26  Real speed profile of bus line 142 
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5.3.2 Battery and motor performance analysis for real driving test 

For the sake of battery performance, the simulated battery voltage stays in 
control of desired maximum operation voltage of electric bus design, 500V as shown 
in figure 5.28. It can be seen that output voltage will vary regarding the power request 
of electric bus. The maximum battery current drawn by the bus is approximately 340A. 
The behavior of battery current is also represented in figure 5.28. The maximum battery 
power output is  approximately 190kW in simulation as illustrated in figure 5.29. Power 
consumption is around 0.635 kWh/km while heating and air-conditioning is not taken 
into consideration and regenerative braking is fully applied. 

In the case of the performance analysis of electric motor with the selected 
value of gear ratio,5, the speed of motor operates 0- 2200 rpm with the nominal speed 
of 750rpm. Figures 5.30 and 5.31 present the torque and power of the electric motor 
over the real test driving cycle. The maximum torque and peak power of approximately 
1300Nm and  170kW, respectively. Since climbing the high- slope bridge takes a lot of 
traction, the bus draws these maximum torque and power. Figure 2.32 shows the 
motor operation points of the selected electric motor for the real test driving. It 
operates within the limited range of motor speed, torque, and power.  

 
Figure 5.27 Simulated power demand of real driving cycle 
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Figure 5.28 Battery current and voltage of real driving cycle 

 

 

 
Figure 5.29 Battery power of real driving cycle 
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Figure 5.30 Motor torque for real driving cycle 

 

 

 
Figure 5.31 Motor power for real driving cycle 
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Figure 5.32 Motor operating points for real driving cycle 
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5.4 Analysis of the effect of regenerative braking on battery 
performance 

To analyze the impact of regenerative braking on power consumption, three 
different variables are defined for the braking system. The first level is “no recharging”, 
zero percent of regenerative braking, which corresponds to the no regenerative braking. 
The second one limits recharging for the batterypack and only recovers some 
percentage of the brake force. The last one represents full regenerative braking, 100 
percent. 

The batterypack provides not only for positive (for propulsion) but also for 
negative (for recharging- power recovery through braking) power values. So, negative 
power went back to recharge the battery and for the present analysis, the amount of 
recharging power are determined according to the  abovementioned three variables. 
In figure 5.33, it represents how each limitation of regenerative braking affect the 
battery output power. The variable of regenerative braking shows varying correlations 
with power consumption, as compared in figure 5.34. Apparently, regenerative braking 
reduces the power consumption of the bus according to its various limitations. When 
it is looked into the SOC, SOC levels have increased as long as the battery is charged 
due to the regenerative braking. Comparison of different SOC levels for each stage of 
regenerative braking is shown in figure 5.35. 
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Figure 5.33 Battery power output with four levels of regenerative braking 
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Figure 5.34 Comparison of power consumption for four levels of regenerative 

braking 

 

 

 
Figure 5.35 Comparison of SOC for four levels of regenerative braking 
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5.5 Analysis of effect of different parameters on performance of the 
bus 

5.5.1 Gear ratio 

The effect of gear ratio on the performance of the vehicle is analyzed. 
According to the above mentioned in section 3.2.3, the gear ratio is made to 
accommodate the maximum moto torque and the bus’s maximum speed. The gear 
ratio for the first situation is estimated to be approximately 2.5, while the gear ratio for 
the second condition is estimated to be 7. As shown in figure 5.36, with the gear ratio 
of 2.5:1, average power consumption per distance goes to 0.74 kWh/km, and the motor 
torque is 1775 Nm with the maximum operational motor speed, 1127 rpm. Whereas 
with the gear ratio of 7:1, motor runs at the motor torque of 1650Nm with the 
maximum speed of 3200 rpm and average power consumption per distance is 
0.77kWh/km. In accordance with the simulated results with higher gear ratio, the motor 
runs at low torque in high operational speed range, enabling the bus to go for higher 
accelerations, however, the motor has a surge in torque when climbing up the bridge 
because it runs at low speed along the bridge. And also, the power in higher gear ratio 
is more consumed than the lower one. With the lower gear ratio, the motor runs only 
at low speed, so it needs higher torque to provide the wheel. Figure 5. 37 demonstrates 
how the motor operates with these two gear ratios.  
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Figure 5.36 Comparison of motor torque and power consumption for two 
different gear ratios 
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Figure 5.37 Motor operating points for two different gear ratios 
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5.5.2 Electric motor 

Analysis of the impact of the motor’s maximum power and motor torque on 
the performance of the bus is looked into this section. For this observation, two electric 
motors with different motor torque and power are compared for the motor 
performance. As a motor 1, reluctance- assisted permanent magnet motor with peak 
torque of 1775 Nm and peak power of 170kW within speed range of 0- 3250rpm is 
selected. And asynchronous traction motors that produce maximum power of 2 x 
125kW and maximum torque 2 x 485 Nm from relatively high speeds of 11,000 rpm is 
chosen as the motor 2. The gear ratio can be changed to 22:1 in motor 2 since that 
operational speed range is wide. Figure 5. 38 shows the operating points of these two 
motors for our recorded driving cycle. It can be seen from figure that all of these 
operating points are not over than the maximum limits of their own motor. As the 
motor 1 works in lower operational speed range than motor 2, the torque of motor 1 
operates in higher range. For the investigation of the efficiency of the two motors, they 
are represented in figure 5.39. As the simulated results, motor 1 keeps the maximum 
efficiency of 94% and motor 2 has 91% of maximum efficiency. As the results, it is 
noticeable that motor design and its selection has a strong relationship with the 
operational speed range. So, the manufactures can make a choice from this 
information for resizing the motor to be larger or smaller according to the requirements 
of their product design and needs. Also, both motors can satisfy the design 
requirements of this study, especially, the case for the RAMA IX slope.  
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Figure 5.38 Motor operating points for two different motors 
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Figure 5.39  Efficiency for two different motors 
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5.5.3 Battery 

This section focuses on the analysis of the performance characteristics of the 
batterypack of the electric bus when using different types of battery. Without changing 
the equipped 175kW permanent magnet electric motor and a fixed gear ratio, the two 
different types of Lithium ion batteries are compared the different results between 
them. In this study, lithium- iron phosphate (LFP) battery and  lithium- nickel-
manganese- cobalt-oxide (NMC) battery are selected as the energy sources. As the LFP 
battery, A123/ANR 26650M1Lithium ion battery with the capacity of 2300 mAh and 3.3 
V is chosen and Panasonic NCR 18650PR with the nominal voltage of 3.6 V and 
2700mAh is selected as NMC battery.  

The LFP battery cells are connected in 152 cells in series and 260 cells in 
parallel. In the case of Panasonic battery cells battery consisting of  battery cells, in 
which 138 cells connected in series and 222 cells connected in parallel. Table 5.2 
contains the detailed information these two battery kinds. 

Table 5.2 Details of two types of batterypack used 

Specifications  Lithium- iron phosphate 
(LFP) 

Lithium- nickel-manganese- 
cobalt- oxide(NMC) 

Nominal Voltage (V) 3.3 3.6 
Capacity (mAh) 2300 2700 
No of series 152 138 
No of parallel 260 222 
Weight (g)/ cell 72  48 
Weight (kg)  
(Whole pack) 

2,845 1,471 

  
In this simulation test, it is focused on how each battery responds to the desired 

speed profile of the model and how each battery discharge electric current without 
considering about the regenerative braking. The results without the regenerative 
braking are shown in figure 5.40 and 5.41.  According to the results, both batteries 
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could deliver enough electric power for the bus to run the whole route. Also, the 
range of electric voltage of NMC runs between 455 and 484 V, for LFP battery will be 
around 476- 487V. NMC battery might discharge electric bus a little bit higher than the 
LFP when the bus demands high electric power Nevertheless, the electric voltage 
drawn by LFP battery is higher than that of NMC. In addition, when the behavior of 
SOC is looked into, the percentage of SOC in LFP after running the whole route  is 
lower than that of NMC as shown in figure 5.41.  

The electric power consumption of these two batterypack are also studied in 
this study. The results are tabulated in table 5.3. The simulation is performed in 
accordance with the regenerative braking criteria. Meanwhile, the electric power 
consumption of each type of batterypack for three levels of regenerative braking, 0%, 
30% and 100%, are recorded . The results in table 5.3 shows the average consumption 
of the electric bus when powered by LFP battery and NMC battery for each percentage 
of regenerative braking. It is obvious that LFP battery has higher energy consumption 
than NMC battery. The fact is that the total weight for the whole batterypack in LFP is 
higher than that of NMC as presented in table 5.2. It requires more power to accelerate 
and maintain speed, as a result, power consumption becomes increased while carrying 
a heavier battery.  
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Figure 5.40 Battery current, voltage, and power of LFP and NMC battery 

 

(b) 
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Table 5.3 Results for electric power consumption by LFP and NMC 

 LFP NMC 

Levels of 
regenerative 
braking 

Electrical 
energy (kWh) 

Electric power 
consumption 
(kWh/km) 

Electrical 
energy (kWh) 

Electric power 
consumption 
(kWh/km) 

0% 74.100 0.781 73.421 0.774 

30% 69.784 0.736 69.113 0.728 

100%  59.745 0.629 59.127 0.623 
  
 
 
 

 
Figure 5.41 Comparison of SOC for two types of battery, LFP and NMC 
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CHAPTER 6  
CONCLUSION 

This thesis has coped with the performance analysis of the electric bus’s 
powertrain system on different kinds of factors and multiple design variables, 
considering for the slope the roadways. The required components for the powertrain 
of the selected electric bus are designed to meet with the requirements of the 
propulsion system. The suitable electric motor and batterypack are selected by 
calculation to use in the simulation model. The road test along the Samaedam bus 
depot and Samutprakan crocodile farm is performed using the bus line 142. From that 
road test, the raw data of geographic data of the roadways and speed profile of the 
bus are obtained. The speed profile represents the different conditions of the road 
test, including traffic jams,  bus stops and other conditions. These processed data are 
used in the simulation test of the powertrain system under different scenarios.  

The simulated test results under various designs of driving cycles, gear ratios, 
electric motors ,batterypack and  percentages of regenerative braking are compared 
and displayed. According to the driving behaviors on RAMA IX bridge, the behaviors of 
power and its consumption are influenced by the rate of acceleration and deceleration. 
The power demand and its consumption are at its peak on the bride with the real 
driving cycle. When electricity power consumption is looked into the design variables 
of gear ratio and electric motor, power consumption varies according to the motor 
efficiency depending on the operational motor speed range. This fact applies not only 
for the different gear ratios and electric motor types. For the case of the different types 
of battery, LFP and NMC, LFP battery has higher power consumption than NMC 
because of the effect of its heavier weight. The analysis of the consumption for 
regenerative braking is concluded according to the uphill and downhill. In uphill, the 
bus requires high power consumption depending on the multiple factors. For downhill, 
the bus does not require much power, otherwise, it can get the power from the motor 
to recharge the battery, and also all power stays at negative, so, it results the reduction 
of power consumption. 
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As for the future works, the development of simulation model for this 
powertrain while considering for the additional loads of the electric bus, example, air 
conditions and other electrical accessories. This simulation model will help the electric 
bus’s manufacturers to reveal the data of power management under different 
roadways.  
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