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ABSTRACT

Due to the increase in demand of energy, new technologies have evolved to improve energy
efficiency like regenerative braking. In this thesis, the energy storage device, battery, with
converters and Brushless Direct Current (BLDC) motor are used to analyze regenerative
braking. The fuzzy logic control was used in three phase BLDC motor in order to control
the four quadrant operations without any loss of power. Brushless Direct Current (BLDC)
motors are one of the motor types rapidly gaining popularity. BLDC motors are used in
industries such as appliances, automotive, aerospace, medical, industrial automation
equipment and instrumentation. BLDC motor with matching servo amplifiers offer many
features than other motion control systems, like broader speed range, operation in special
environments and mechanical advantages. Brushless dc motor and servo amplifier therefore
presents a complete line of compatible; latest technology of brushless system components.
The speed control is achieved by using fuzzy-proportional integral derivative controller. The
fuzzy-PID control is used in three phase BLDC motor in order to control the four quadrants
operations without any loss of power. In fact, energy is conserve during the regenerative
period and storage of excess energy created during regenerative braking condition of the
battery. When motoring mode battery state of charge decreasing and when braking mode
battery SOC increasing with and without lode. The bidirectional DC-DC converters are
often used for the battery charging and discharging application. The main aim of this thesis
is to control the power flow under acceleration and braking conditions. During acceleration
and normal modes, the power flows from battery to motor, and during braking or
regenerative mode the kinetic energy of the motor is converted into electrical energy and
fed back to the battery. The simulation will be done for Brushless DC motor with fuzzy-PI1D
controller using MATLAB/Simulink software.

Keywords: BLDC motor, Regenerative braking, Fuzzy logic control, DC-DC Converter,

Four quadrant operations
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CHAPTER ONE

INTRODUCTION

1.1. Background
In recent years, electric vehicles (EVs) have received much attention as an alternative to
traditional internal combustion engine (ICE) vehicles. The unparalleled focus is mainly
attributable to environmental and economic concerns linked to the consumption of fossil-
based oil which is used as fuel in ICE-powered vehicles. With the development of battery
and motor technology [1], the EVs become the most promising alternative to the ICE
vehicles. Plug-in EVs use a battery system which can be recharged from standard power
outlets. Since the performance features of EVs have become similar to, if not better than,
those of traditional ICE vehicles, EVs present a realistic alternative. Regenerative braking
can be used in EVs as a method for recycling the brake energy, which is incredible in the
conventional internal combustion vehicles. Regenerative braking is the process of feeding
energy from the drive motor back into the battery during the braking process, when the

vehicle’s inertia forces the motor into generator mode.

In this mode, the battery is considered as a load, thereby providing a braking force to EVs
[2]. It is shown that the use of regenerative braking of EVs can increase the driving range
up to 15% with respect to EVs without the regenerative braking system (RBS). However,
regenerative braking does not work all times, e.g., when the battery is fully charged, braking
needs to be affected by dissipating the energy in a resistive load. Therefore, the mechanical
brake in the EV is still required. A mechanical brake system is also very significant for EVs
safety and other operations [3]. Organization of EV mechanical braking and regenerative
braking is accomplished by a single foot pedal: The first part of the foot pedal controls the
regenerative braking, and the second part controls the mechanical brake. This is a continuous
transition from regenerative braking to mechanical braking. It cannot be simply
accomplished by traditional ICE vehicles [4]. In addition, the other main important of the

electric driven vehicles is that, for a large capacity drives, the battery requirement increases
1



drastically. Therefore, the main application is for the lower capacity drives. As the input
power is electrical, the motor required shall be utilizing the electrical input and driven by a
suitable controller. Therefore, the reliability of the motor is also very important so, it is
important to choose the right motor. The electric motor plays an important role in any
electric vehicle. The most appropriate motor among many electric motors for EV is BLDC

motor because it has many advantages over brushed DC motor and induction motor [5].

BLDC motors are a type of synchronous motor. This indicates the magnetic field created by
the stator and the magnetic fields generated by the rotor rotate at the same frequency. The
brushless motor, not at all like the DC brushed motor, has the permanent magnets joined on
the rotor. It has usually four magnets around the border. The stator of the engine is composed
by the electromagnets, usually four of them, set in a cross design with 90° angle between
them. The major advantage of the brushless motors is that, due to the reality that the rotor
carries as it were the permanent magnets, no require of winding connections to be done with
the rotor, no brush-commutator pair should be made. This is frequently how the brushless
motors took their name from. This include gives the brushless motor incredible improvement
in reliability, as the brushes wear off very quick. In addition, brushless motors are more
silent and more efficient in terms of power consumption. The fast braking operation and
speed controlling of BLDC motor drive required speed controller. Several techniques and
algorithms have been proposed by researchers for the BLDC motor speed controller [6].
Among them are PI, PID, fuzzy and adaptive fuzzy PID controllers have been widely used

for speed control of BLDC motor.

PID controllers are the known controllers used in many industrial processes because of
simple structure and robust performance. PID controllers deal with both time and frequency
responses if they are tuned suitably, but for complex systems the performance of
conventional PID controllers are tend to reduce. The performance of the controllers changed
extremely with the introduction of fuzzy logic controller. For extensive range of industrial
applications fuzzy logic controllers are being used. This fuzzy logic controller shows
improved performance when compared to PID controllers [6]. Fuzzy-PID controller is
proposed which combines the fuzzy controller with the conventional PID controller and has
the benefit of two methods.



In this thesis, the electric vehicle dynamics mathematical modeling is performed. Also, the
mathematical model and the principle of a three-phase star-connected BLDC motor drive
with ideal trapezoidal back-EMF waveform is discussed. The comparison of PID and Fuzzy-
PID speed controllers for BLDC motor control is performed. The result shows Fuzzy-PID
speed controller gives better speed performance than the others. Beside the motor is
controlled in all the four quadrants without any loss of power; in fact, energy is conserved
during the regenerative period. This energy is stored in a battery storage system through
regenerative period and can be fed back to the inverter mains during shortage of supply from
the source. The model of BLDC motor drive for the application of electric vehicle is
designed and simulated using MATLAB/Simulink.

1.2. Statement of the Problem
Due to the emission of greenhouse gases the environmental pollution is increasing around
the world. Besides, the cost of the fuel also increasing. To reduce certainly the above-
mentioned problems fossil fuel-based vehicles must be replaced by electric vehicles. The
motor and battery consumption are an important thing in electric vehicle which needs the
efficient and appropriate control techniques. BLDC motor has better performance
characteristics in many aspects. Depend on overall performance lithium-ion battery has
better performance for electric vehicle. The life time of the battery was other problem in
electric vehicle. To decrease overcome the above-mentioned problems using regenerative
braking systems. In this research work, develop strategies in order to increase the
regeneration of power being wasted during braking. The proposed control and drive systems

are implemented and simulated by using MATLAB software.

1.3. Research Questions
In general, the research has been guided to address the following questions:
v How to analyze the specification of motor and battery for electric vehicle?
v How to model the BLDC motor drive for EV propulsion?
v How to control the speed of BLDC motor with regenerative braking system?



1.4. Objectives of the Study

1.3.1. General Objective
The general objective of this thesis is to design and model of BLDC motor drive based on

fuzzy-PID controller with regenerative braking system for Nissan 530 electric vehicle.

1.3.2. Specific Objectives
The general objectives of this thesis are;
e To model three phase BLDC motor drive for Electric Vehicle.
e To design bidirectional DC-DC converter for regenerative braking system.
e To design fuzzy-PID controller for speed of BLDC motor drive.
e To control the speed of the BLDC motor with regenerative braking system.

e To simulate the system by using MATLAB software.

1.5. Significance of the Study
The worldwide are shifting the energy source usage from non-renewable source that will not
available after a few decades to renewable energy source that can exist forever. In a similar
ways center of transformation and vehicle engineering members are trying to develop EV in
ASTU. Since the above-mentioned objectives are certainly full filled, this research study can

support the trend started by center of transportation and vehicle engineering members.

1.6. Motivation of the Study
As the global economy strives towards clean energy in the face of climate change; the
automotive industry is researching into improving the efficiency of automobiles. Electric
Vehicles (EV) are an answer to the crisis the world is about to face in the near future. But
the question that's being always asked is, how can the driving range of electric vehicles be
increased? The answer to this question lies within the success of the investigate for an
efficient and power packed energy source like an enchantment battery or success with fuel
cells, efficient regenerative braking systems, etc. In regenerative braking, the kinetic energy
can be changed over back into electrical energy that can be stored in batteries for reuse to

move the vehicle during the driving cycle [5]. In this manner, regenerative braking has the



potential to moderate energy which can improve fuel economy whereas reducing emissions

that contribute to air pollution.

1.7. Scope of the Study

The research study includes modeling and simulation of speed control of BLDC motor drive
with regenerative braking system by using MATLAB software. Regenerative braking is
necessarily limited when the batteries are fully charged. Because the additional charge from
regenerative braking would cause the voltage of a full battery to rise above a safe level. This
thesis can be applicable for Nissan 530 EV. The study doesn’t include the detail parts of
other EV.

1.8. Limitation of the Study
The thesis is limited to the simulation of the system using MATLAB/Simulink by showing
how the different components of the system interact with each other. This is because the
implementation of a real system is difficult to procure the components. Along with it takes
the additional time and cost incurred in making the actual prototype implementation. Also,
because of Corona virus (COVD-19) don’t access the internet freely. Then data collection
well be difficult.

1.9. Thesis Outline

Chapter 1: The first chapter presents the introduction of BLDC motor drive, a statement of
the problem, research questions, objectives of the study, Significance of study,
motivation, scope, and limitation of the study.

Chapter 2: Reviewed literatures and papers on the background. And also cover advantage of
BLDC motor compared with the other electric motors and existing control
mechanism of BLDC motor are discussed. And also, compared lithium-ion
battery with the other electric batteries.

Chapter 3: Covers the analyses of data’s, BLDC motor drive modeling and the proposed
system development are covered.

Chapter 4: The proposed system results are discussed in chapter four.

Chapter 5: Finally, conclusion and recommendation are made in chapter five.



CHAPTER TWO

THEORETICAL BACKGROUND AND LITERATURE
REVIEW

2.1. Introduction
In this chapter the background and varieties of electric motors, advantage of brushless DC
motor compared with the other electric motors and its todays word wide application, the
existing controlling mechanism and other related applications of BLDC motor are reviewed

and discussed.

2.2. Electric Vehicle

Electric vehicles are not something modern to this world, but with the innovative progression
and increased concern on controlling pollution have given it a tag of future mobility. In
EV’s, electric energy is the most source of power for drive of a vehicle. In electric vehicles,
electrical energy is changed over into mechanical (rotational) energy by electric motors. This
rotational energy is connected to the wheels of a vehicle through an appropriate transmission
system which in turn causes drive. A vehicle with four wheels can be considered as the
foremost efficient show in electric vehicles [7]. Electric vehicles can utilize electric energy
as a sole source of power or can utilize batteries in conjunction with gasoline engines to
control the vehicle. Battery, electric motor and controller are the core components of any

electric vehicle.

2.3. Electric Motors

An electric motor is an electrical machine that changes over electrical energy into
mechanical energy. Most electric engines work through the interaction between the motor's
magnetic field and electric current in a wire winding to produce force within the form of
torque applied to the motor's shaft. Electric motors can be powered by coordinate current
(DC) sources, such as from batteries, engine vehicles or rectifiers, or by alternating current
(AC) sources, such as a power grid, inverters or electrical generators. A motor in an electric
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vehicle gives the vital force for the propulsion of a vehicle, which makes it the heart of
electric vehicles. An electric generator is mechanically identical to an electric engine, but

operates with a turned around flow of control, converting mechanical energy into electrical

energy [8].

2.3.1. Various Types of Electric Motors used in Electric Vehicles
Different types of electric motors are compared on the basis of certain parameters which
should be considered for selecting a particular motor type for electric vehicle application.
The comparison is tabulated for some parameters. Also, on the characteristics chart different

motors are included at some points.
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Figure 2.1 Types of motor



2.3.2. DC Brushed Motor

In DC brushed motor, brushes along with commutators provide a nexus between external
supply circuit and armature of the motor. Brushes can be made up of carbon, copper, carbon
graphite, metal graphite and are mostly rectangular in shape [9]. The Wearing of
commutators due to continuous cutting with brushes is one of the main drawbacks of DC
brushed motors. Also, friction between brushes and commutators, limits the maximum
motor speed. DC brushed motors have the ability to achieve high torque at low speeds, which
makes them suitable for traction system [10].

Rotor Coils

Brushes

Figure 2.2 DC motor [L1]

2.3.3. Induction (Asynchronous) Motor
Three phase induction motors are widely used in electric vehicles because of high efficiency,
good speed regulation and absence of commutators. Three phase AC supply is connected to
stator winding, due to which revolving magnetic field is established. This revolving
magnetic field interacts with stationary rotor conductors, and induced current flows through
rotor conductors. Induced current establishes its own magnetic field. Interaction between
revolving magnetic field and field due to induced currents gives rise to unidirectional torque
[10]. As the speed of the rotor is different (less) than speed of revolving field (synchronous

speed), these motors are also called as asynchronous motor.



Figure 2.3 Induction motor [L1]

2.3.4. Switched Reluctance Motor (SRM)

Switched reluctance motor produces torque by variable reluctance method. When stator
coils are energized, variable reluctance is set up in the air gap between the stator and the
rotor. Rotor tends to move to a position of least reluctance thus causing torque. Switched
reluctance motor has characteristics like high starting torque, wide speed range and better
inherent fault-tolerance capability, which makes it suitable for electric vehicle application
[11]. Some parameters that must be taken into account while comparing above motors for
choosing a best suited motor for the required electric vehicle application are power-to-
weight ratio, torque-speed characteristics, efficiency, cost of the controller, cost of motor
[12].

Figure 2.4 Switched reluctance motor [L1]

2.3.5. Brushless DC Motor (BLDC)
Brushless DC motor provides certain advantages over DC brushed motor, like less

maintenance and higher efficiency. Mechanical commutation as in brushed DC motor is
9



replaced by equivalent electronic commutation (inverter circuit and rotor-position sensing
element) circuit in DC brushless motor [13], [14]. BLDC motor is defined as rotating self-
synchronous machine with a permanent magnet rotor and known rotor shaft positions for
electronic commutation [15]. BLDC motor provides higher torque at the peak values of
current and voltage as compared to other motors [14]. Due to better operating characteristics
at higher speeds, these motors find their application in compressors, pump and ventilation

system.

L Permane/agnet

Figure 2.5 Brushless DC motor [L1]

2.3.6. Permanent Magnet Synchronous Motor (PMSM)
This motor is additionally kind of like a BLDC motor which has permanent magnets on the
rotor. The same as BLDC motors, these motors even have traction characteristics like high
power density and high efficiency. The difference is that PMSM has a sinusoidal back EMF
whereas BLDC has a trapezoidal back EMF. Permanent magnet Synchronous motors are
available for higher power ratings. PMSM s that the best option for high performance
applications like cars, buses. Despite the high cost, PMSM is providing stiff competition to
induction motors due to increased efficiency than the latter. PMSM is also costlier than
BLDC motors. Most of the automotive manufacturers use PMSM motors for their hybrid
and electric vehicles. As an example, Toyota Prius, Chevrolet Bolt EV, Ford Focus Electric,
zero motorcycles S/SR, Nissan Leaf, Hinda Accord, BMW i3, etc. use PMSM motor for

propulsion.
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Figure 2.6 Permanent magnet synchronous motor [L1]

2.1. Comparison of BLDC Motor with Other Motors

The only difficulty of the electric driven vehicles is that, for a large capacity drives, the
battery requirement increases drastically. Therefore, the main application is for the lower
capacity drives. As the input power is electrical, the motor required shall be utilizing the
electrical input and driven by a suitable controller. Therefore, the reliability of the motor is
also very important so, it is important to choose the right motor. For single-speed
applications, induction motors are more suitable, but if the speed has to be maintained with
the variation in load, then because of the flat speed-torque curve of BLDC motor, BLDC
motors are a good fit for such applications. BLDC motors become a more suitable fit for
such applications because variable speed induction motors will also need an additional
controller, thus adding to system cost. Brushed DC motors will also be a more expensive
solution because of regular maintenance. Precise control is not required applications like an
induction cooker and because of low maintenance; BLDC motors are a winner here too.
However, for such applications, BLDC motors use optical encoders, and complex
controllers are required to monitor torque, speed, and position. Brushed DC motors are
known for generating more EMI noise, so BLDC is a better fit but controlling requirements
for BLDC motors also generate EMI and audible noise. The selection of the BLDC as a
suitable motor was based on comparative studies represented in Table 2.1, Table 2.2 and
Table 2.3.
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Table 2.1 Comparison of BLDC motor with DC motor and IM [16], [17]

Futures

BLDC motor

DC motor

Induction motor (IM)

Speed-torque

Flat in nature as the result it can

Moderately flat, at higher speed brush

Non-linear, it enables lower torque at

characteristics | operate at all speeds with rated | friction increases reduction of useful | lower speeds
load torque.
Efficiency High Moderate Less
Rotor inertia Lower and hence better dynamic | Higher and hence limited dynamic | Higher and hence Poor dynamic

characteristics

response time.

characteristics

Electric noise

Less

High— because of brushes

Less

Speed range

Higher - no losses in brushes

Moderate — loses in brushes

Lower — determined by the Ac line
frequency; increases in load further
reduces speed

Control A controller is always required to | No controller is required for a fixed speed; | No controller is enquired for a fixed

requirements | control the commutation | controller required for variable speed speed; controller required for
sequence variable speed

Commutation | Using solid state switches Mechanical contacts between brushes and | The special starting circuit is

method commutator required

Maintenance

Less maintenance

Periodic maintenance because of brushes

Less maintenance

Cost

Expensive

Cheaper

Cheaper
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Table 2.2 Comparison of BLDC motor and SRM [16]

Parameter

BLDCM

SRM

Power density

Higher

Lower

Air gap Up to 1 mm or more Small, fraction of mm
Efficiency Over 90% Low

Performance at low speed Good Torque is high, but low efficiency
Torque ripple About 10% Over 20%

Power electronics converter Necessary Necessary

Cost Still expensive Cost-effective motor
motor
Table 2.3 Comparison of BLDC motor and PMSM [16], [18]
Parameter BLDCM PMSM

Machine type

Synchronous machine

Synchronous machine

Back emf

Trapezoidal

Sinusoidal

Rotor position

sensor

Stator flux position

commutation each 60°

Continuous stator flux position

variation

Phase winding

energized

Only two phases ON at the

same time

Possible to have three phases ON at

the same time

Torque ripple

High

Moderate

Switching Less switching losses High switching losses at the same
losses switching frequency
Control Control algorithms  are | Control algorithms are
algorithms relatively simple mathematically intensive
Control Easier to control  (six | More complex control
trapezoidal states)
Controller/ Less expensive Very expensive
driver cost
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In general, the comparison performance of BLDC motor for EV propulsion can be
summarized as shown in Figure 2.7 based on motor performance characteristics of each

maximum of six points [16], [17] and [18].

Comparison of Electric Motors

6
4
3
2
A S0 R
0
DC Motor  Induction SR Motor Synchronous BLDC Motor PMSM Motor
Motor Motor
m Efficiency m Cost of Controller
m Cost of Motor m Torque/Speed characteristics
m Power/Size Ratio = Maintenance need
m Operation Life m Noise Susceptiblity

m Rotor Inertia

Figure 2.7 Comparison of electric motors

The above comparison shown that BLDC motor is the best selection for EV compared to an
induction motor, SR motor, and DC brushed motor. PMSM motors are more efficient and
produce less noise and torque ripple. But it is more complex to control, at the same switching
frequency high switching losses, very expensive than BLDC motor for this reason, we can’t
use PMSM for electric vehicle.

2.2. Electric Vehicle Batteries

An electric-vehicle battery (EVB) in addition to the traction battery specialty systems used
for industrial (or recreational) vehicles, are the batteries used to power the electric motors
of a battery electric vehicle (BEVs). Batteries for electric vehicles are characterized by their
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relatively high power-to-weight ratio, specific energy and energy density; smaller, lighter

batteries reduce the weight of the vehicle and improve its performance. Compared to liquid

fuels, most current battery technologies have much lower specific energy, and this often

impacts the maximal all-electric range of the vehicles. However, metal-air batteries have

high specific energy because the cathode is provided by the surrounding oxygen in the air.

2.2.1. Types of Electric Battery

Battery
Primary Battery < »| Secondary Battery
> Alkaline Battery Lithium Battery
> Mercury Battery Lead-Acid <
> Silver Oxide NleeI Cadm|um <
> Zinc Carbon Nickel-Metal Hydride [
Figure 2.8 Types of electric battery
2.2.2. Comparison of Electric Batteries
Table 2.4 Comparison of electric batteries [19]
No. Types of Battery | Advantage Disadvantage
1 Lithium-ion High energy density Expensive
Battery High power rate cycle life | Technology not  properly
(Li-ion) Longer run time developed
High efficiency
No loss of amp hours
2 Lead-Acid (Li-S) | High power density Low energy density
Medium efficiency High maintenance
Loss of 15-amp hours Vary large and old type
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Reliable and cheap Bulky
3 Nickel Cadmium | Good life cycle Low output voltage
(Ni-cd) Available in different size | Expensive and Toxic
4 Nickel-Metal High capacity energy | More complex  charging
Hydride density algorithm needed
(Ni-MH) Same size High self-discharging
Low power rate

In general, the comparison performance of battery for EV propulsion can be summarized as
shown in Figure 2.6 based on battery performance characteristics of each maximum of five
points [19]. [20].

Comparison of Secondary Batteries

5
4.5 - ,
4 _
3.5 ,
3 — —
2.5 1
2
1.5
1
0.5
0
Lithium-ion Battery Lead-Acid Nickel Cadmium Nickel-Metal
Hydride
® Energy Density ®Run Time
 Efficiency M Loss

 Maximum / Minimum Voltage  Cost
Figure 2.9 Comparison of secondary batteries

Lithium-ion batteries has good performance parameters than other type of batteries for EV.
It has higher energy density, longer life span and higher power density than most other
practical batteries. Complicating factors include safety, durability, thermal breakdown and
cost. Li-ion batteries should be used within safe temperature and voltage ranges in order to

operate safely and efficiently [21].
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2.3. Bidirectional DC-DC Converter
A Dbidirectional buck-boost converter is shown in Figure 10. The main difference with a
unidirectional DC/DC Converter is on the use of MOSFET or IGBT to switch the state of
the current instead of all the diodes [22]. The magnitude of the voltage and current as well
as the placement of the energy storage items, the bi-directional DC-DC converter can either
operate as a Buck converter by stepping down a higher voltage to a lower voltage or as a
Boost converter by stepping up from a lower voltage to a higher voltage. Indeed, diodes do
not allow current to flow in both directions, but with MOSFET the period of each position

can be easily controlled [23].

Discharge
Charge «————, Pulses
L1 | M2

Y |

T
| Jih __l-_ﬂ_—.:m To DC Bus
TPulsas Iy T Voltellge

I3
=

Batteries

Figure 2.10 Bidirectional DC-DC converter [15], [L2]

The kinetic energy is wasted as heat energy in previous methods whereas this method
involves the conversion of kinetic energy into electric energy which is rectified and stored
in a chargeable battery in automotive applications most DC/DC converters have to exchange
power between two voltage sources [24]. To accomplish this power, transfer the current

must be able to go through the circuit in both directions.

There are a lot of for this kind of converters, because the use of a battery implies the capacity
of charging and discharging so the use of a bidirectional converter allows avoiding a

complex system of twin circuits to accomplish the charge and the discharge of the battery.
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2.4. Four Quadrant Operation
There are four possible modes or quadrants of operation are possible in Brushless DC Motor
which is depicted in Figure 2.11 In X-Y plot of speed versus torque, Quadrant 1 is forward
speed and forward torque. The torque is propelling the motor in forward direction.
Conversely, Quadrant 3 is reverse speed and reverse torque. Now the motor is “motoring”
in the reverse direction, but torque is being applied in reverse. Torque is being used to

“brake” the motor, and the motor is now generating power as a result.

Speed (n)
A
Negative torque- Positive torque-
positive speed positive speed
Forward-braking Quadrant ] Quadrant | | Forward-accelerating
Regenerative braking Motor driving
» Torque (M)
Motor driving Regenerative braking

Negative torque- Quadrant Il | Quadrant [V Positive torque-
negative speed Negative speed
Reverse-accelerating Reverse-braking

Figure 2.11 Four quadrant operation [L3]

Finally, Quadrant 4 is exactly the opposite. The motor spins in the direction, but the torque
is being applied in the forward direction. Again, torque is being attempted to slow the motor

and change its direction to forward again. Once again, power is being generated in the motor.
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Figure 2.12 Operation modes [L3]

2.5. Depending on Inverter Controlling Technique

2.5.1. Six Step Inverter Feed VVS Based Speed Control of BLDC Motor Drive
This technique is applicable in the case of, if variable voltage source is used. The duty cycle
of the speed controller output determines the input voltage to the inverter. The inverter
switches will be controlled depending on rotor position. The hall sensor rotor position signal
is decoded to the exact required duty cycle and generate zero and one via logical gates to

drive the inverter switches.

2.5.2. Hysteresis Current Controller-Based BLDC Motor Drive
Hysteresis current control is a method of controlling a voltage source inverter so that an
output current is generated to follow a reference current waveform. It is the easiest control
method to be implemented. However, the disadvantage is that there is no limit to the
switching frequency. Advantages of using hysteresis band control are excellent dynamic
performance and ability to control the peak to peak value of current ripple in desired
hysteresis band limit. It is also very simple for physically implementation. Hysteresis current
controller can be used for trapezoidal BLDC motor drive. Differ from a six-step inverter
feed VVS based BLDC motor drive, the output of speed regulator will not directly control
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input voltage but through the inverter switches control. The output of the speed regulator
produces reference torque. The peck value of the reference current is produced by
multiplying torque and torque constant. Then the reference current of each phase is produced
multiplying the peak reference current and decoded hall sensor signal. Then it is the
difference of reference current and phase current that determines the ON- OFF states of the

inverter switches by using comparator and logical circuits.

Reference
current for + S1, S3,‘and S5
each phase ]
|/
- - S4, S6, and S2
Limite

Stater current of each

Figure 2.13 Hysteresis current controller-based BLDC motor drive for each phase

2.6. Related Work on Speed Control of BLDC Motor

In practice, the design of the BLDCM drive involves a complex process such as modeling,
control scheme selection, simulation and parameters tuning etc. An expert knowledge of the
system is required for tuning the controller parameters of servo system to get the optimal
performance. Recently, various modern control solutions are proposed for the speed control
design of BLDC motor [25]. However, Conventional PID controller algorithm is simple,
stable, easy adjustment and high reliability, Conventional speed control system used in
conventional PID control. Since, in fact, most industrial processes with different degrees of
nonlinear, parameter variability and uncertainty of mathematical model of the system.
Tuning PID control parameters is very difficult, poor robustness, therefore, it's difficult to
achieve the optimal state under field conditions in the actual production. Fuzzy PID control
method is a better method of controlling, to the complex and unclear model systems, it can
give simple and effective control, play fuzzy control robustness, good dynamic response,

rising time, overstrike characteristics [25].
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2.7. Related Works on Regenerative Braking System
To understand the properties and requirements of a new system is more difficult and requires
creative thinking and understanding of existing running system is also difficult, improper
understanding of the present system can lead diversion from solution. Several research
papers reported on regenerative braking system by using different motors and speed

controllers.

In 1967, the American Motor Car Company (AMC) created an electrical energy regeneration
brake for their concept electric car, the AMC Amitron. Toyota was the first car manufacturer

to commercialize RBS technology in their Prius series hybrid cars [26].

The proposed system design involved the following research paper analysis: Paper presented
on [27] includes the working principle and braking controller for RBS to increase its
efficiency. The authors in [28] includes an introduction and working principle of the
regenerative braking system in which all braking modes are described. The difference
between conventional braking and regenerative braking system, its advantages

disadvantages and applications conclude in literature [29].

The author in [30] presents “Modeling and Analysis of Bidirectional DC-DC Converter”.
He applies the most common use control method for single phase isolated bidirectional full
bridge DC-DC converter and compared this control method to efficiency way by
with/without using snubber capacitors. In this paper, Isolated Bidirectional DC-DC
Converter topology is modeled and controller algorithm is written in the FORTRAN

programming language.

In a similar manner, “Modeling and Analysis of Regenerative Braking of an Induction
Motor” [31]. Analyzes regenerative braking system by using, the energy storage device,
battery, with converters and IM. She uses only battery and IM for easy to control, and she
added converters for better performance result. The analysis is performed using a vector
control method and MATLAB/SIMULINK as a simulation tool.

Author in [32], proposes “Modeling and Control of Bidirectional DC-DC Converter Fed
PMDC Motor for Electric Vehicles (For HEV Applications)”. In this paper presented a
20



battery operate bidirectional DC-DC converter fed PMDC motor for the electric vehicle
application. The performance of the system has been verified by simulation using
MATLAB/SIMULINK environment. The inductor operating in the discontinuous mode the
current ripple has considerably risen. It can be reduced by multi-phase interleaved operation.
It will also reduce the stress on the high side capacitor; thus, the capacitor value can also be

reduced.

2.8. Related Work on Four Quadrant Operation System with Different
Motors

DC/DC converters are widely used in telecommunication equipment power supplies,
photovoltaic system, portable electronic devices and many other industrial applications [33],
[34]. In some applications particularly when battery is used as an energy storage resource, a
bidirectional DC/DC converter is required in order to provide an effective path to charge or
discharge the battery. The bidirectional DC/DC converter can be realized easily if the active
switch (transistor) and passive switch (diode) in conventional DC/DC converter are replaced
with bidirectional switches [35], [36]. In addition, in recent years many bidirectional DC/DC
converters with high performance and high voltage gain have been introduced [37, 38, 39,
40]. However, these converters do not provide a bipolar output voltage. In some special
applications such as DC motor derive systems, a four quadrant DC/DC converter is required
that provides the four quadrant operation modes that are include: forward and backward
motoring mode and also forward and backward breaking mode. Four quadrant DC/DC
converters have been found many applications, particularly in electrical transportation
systems that the motor energy should back to source in breaking mode. In addition, four
quadrant DC/DC converters can be utilized as one DC/AC inverter if their duty cycle is a

sine wave.

In literature [41] Bi-directional dc-dc converter for a battery fed electric vehicle drive
system. A closed loop speed control technique of the proposed battery fed electric vehicle

is designed and implemented using P1 controller.
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CHAPTER THREE

METHODOLOGY

3.1. Introduction
This chapter include the methodology, data analysis, design of speed controller,
mathematical modeling of the BLDC motor drive. The analysis of the identified motor
specification and vehicle dynamics is performed. Finally, the system is simulated by using
MATLAB/Simulink software.

3.2. Methods

The following method is used to meet the general and specific objectives of this thesis. First
the closely related works are reviewed. Then the necessary data used throughout this study
is collected from electric vehicle manufacturing company through their site. Then the
collected data is analyzed for the purpose of understanding and developing the system
modelling. The modelling BLDC motor drive with its speed controller is developed. Then
the system is simulated by using both MATLAB/Simulink/ codes. In general, the method

followed throughout the research study can be summarized as the following flow chart.

Review Data collected The collected Fuzzy-PID
lit d for electric data are controller for
—N literatures an ) BLDC motor
related papers. vehicle and analyzed. : :
BLDC motor. drive designed.
A
T
Simulate, evaluate Develop the Bidirectional DC-DC
and analysis the model using converter for
performance the MATLAB regenerative braking
demgn system. software. system implemented.

Figure 3.1 Block diagram of the research methodology
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3.3. The Proposed Block Diagram of BLDC Motor Drive

The block diagram of the speed control of fuzzy based BLDC motor using bidirectional
converter is shown in Figure 3.2. the DC-DC converter can be operated in two modes namely
buck and boost mode. During boost mode, the converter boosts the voltage from battery and
supplies the motor through the voltage source inverter [42]. The batteries need to be charged
and discharging via bidirectional DC-DC power converter. The battery must be able to
supply power to the BLDC motor drive. The brushless motor can operate in all four

guadrants. The excess energy created during regenerative braking condition is stored in the

battery.
_ a
Lithium |« »| Bidirectional | > S!x —
lon Back — Boost Switch b BLDC
Battery DC-DC Voltage [«—>{  MOTOR
J Converter | R Source C
N e N "| Inverter [«
I Ia,lb,lc
Gate
Hi,Ho,H3
Ref.
Spej_d € Fuzzy-PID lief. Hysteresis
Speed > Current <
Controller Controller
Actual speed

Figure 3.2 Block diagram of the proposed control system

The brushless motor is controlled using a fuzzy-PID controller. The difference between the
actual speed and reference speed determine the error [43], [44]. The error signal is generated
as the result of variation in the reference speed and the actual speed of the motor which is
sensed by hall signal utilized for the formulation of fuzzy rules which results in the
generation of the gate signals to drive the switching circuit [45]. The three-phase BLDC

motor with built in Hall sensors is chosen for this work. The Hall sensors are required to
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detect the rotor position and they have to be fed back into the controller. The reference speed

is fed as an input to the controller.

3.4. Analysis of an Electric Vehicle Dynamics
Vehicle dynamics aim to describe how a vehicle moves on a road surface while it is under
the influence of forces between the tire and the road, as well as aerodynamics and gravity
[46]. The pure electric vehicle power system train mainly includes: the electrical motor,
battery, motor drive, battery controller and vehicle interface. The power system train of
Electric Vehicle consists of an electric drive system with a battery serving as an energy
buffer. Usually there is only one electric machine, typically of three phase AC type,
connected to the wheel shaft via a gearbox and a differential. The energy is stored chemically
in a battery, which is electrically connected to the machine via a DC/AC power electronic
converter accompanied by a control system. The structure diagram of the pure electric
vehicle power system is shown in Figure 3.3 The energy flow from the battery to the motor

and vice versa converted to mechanical and electrical energy vice versa respectively.

Converter ;l)ggclje
Gear
Battery
1+ 4 [ M
T T Differential
Electric Driving
machine Wheel pair

Figure 3.3 Electric vehicle power system structure

3.5.1. Driving Force and Power of Electric Vehicle
The force propelling the electric vehicle has to overcome the rolling resistance force (Fr),
gradient (Clamping) resistance force (Fc) and aerodynamics drag force (Fa). In this thesis
the car of gross weight 1500 kg is considered as per collected data in order to select the
required motor power rating and another specification of electric motor. The total force

required for driving a vehicle is calculated in Equation (3.1) [47], [48].
R=F+F+F, (3.1)
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The total force is the tractive force that the motor must overcome, in order to drive the
vehicle therefore the selected motor must produce the force greater than total force so that
there is no slipping of the wheels. It is seen in Figure 3.4 that, the changes of the inclination
angle in the road surface introduce a disturbance to the system. Therefore, the controller

must have the capability to eliminate disturbances.

Aerodynamic
drag force ;

Normal force

Gradient force — >~ Rolling force

Approach angle (o)

Figure 3.4 Forces acting on electric vehicle

3.4.1.1. Rolling Resistance Force
Rolling resistance is caused by a number of different phenomena taking place in and around
the car tires during rolling [46]. Therefore, the rolling resistance force, Fr acting on a vehicle
in the longitudinal direction, is usually expressed as the effective normal load of the vehicle
multiplied by the dimensionless rolling resistance coefficient, as

F; =mxgxC, xcos(a) (3.2)
=1500kg x9.81m/s* x0.01x cos (25°)
=133.3632N
where m (kg) is the vehicle mass, g (m/ Sz) is the gravity constant, ¢ (rad) is the road

gradient angle and C, rolling resistance coefficient. The power required to overcome the

rolling resistance force is:
25



m
P, = F, xspeed| — 3.3
R = MRXSP (Sec) (3.3)

3600sec
P, = 4.4454kW

P. =133.3632N X(MJ

The coefficient of friction of different types of surface used in the analysis of data is taken

from literatures.

Table 3.1 The coefficient of friction for different types of surface [42] [43]

Contact surface Coefficient of friction
Concrete surface (good/fair/poor) | 0.010/0.015/0.02

Asphalt (good/fair/poor) 0.012/0.017/0.022
Macadam (good/fair/poor) 0.015/0.022/0.037
Snow/dirt 0.025/0.037

Mud (firm/medium/smooth) 0.037/0.09/0.15

Grass (firm/soft) 0.055/0.037

Sand (firm/soft/dune) 0.060/0.15/0.3

3.4.1.2. Gradient Resistance
In case of a road grade (or inclination), the vehicle’s dynamics will be affected by the

component of the gravitational force Fg that is parallel with the road [46].
Fs =mxgxsin(a) (3.4)

=1500kg x9.81m/s? xsin (25°)

=6210.8277N

where m (kg) is the vehicle mass, g (m/SZ) is the gravity constant, (0 is the road gradient

angle, road slope (rad.). The power required to overcome the gradient force at a speed of
60km/hr is:
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m
P. =F. xspeed| — 3.5
G = s XSp (SGCJ (3.5)

P, = 6210.8277N x(e’oooomJ

3600sec
P = 103.5138kW

3.4.1.3. Aerodynamic Drag
Aerodynamic drag is the resistive force offered due to viscous force acting on the vehicle. It
is largely determined by the shape of the vehicle. A compromise often used to model the

aerodynamical drag force, F,, is the partly empirical model, partly based on the expression

of dynamical pressure, which is showing a strong dependence on the square of the vehicle

speed as

SN

= paCdAf (V +Vwind )2 (36)

car

N |-

F, ==x1.2x0.2x2x (33.33)2

N |-

F, = 266.613N

where P, (kg/mS) is the air density, C; is the aerodynamic drag coefficient, A; (m?) is the

effective cross sectional area of the vehicle, V., (m/s) is the vehicle speed and V4 (m/s)

is the component of wind speed moving in the direction of the vehicle [49]. Equation (3.6)
shows that, the aerodynamic force of the car is directly proportional to the square of the sum
of the speed of the vehicle and the speed of the air. Substituting the values of constants in
Equation (3.6), the aerodynamic force as the speed of the vehicle varies from 0 to 130 km/hr
can be plotted as shown in Figure (3.5) by taking the assumption that the speed of the air is

Zero.
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Figure 3.5 Aerodynamic dragging force versus speed of the car in Km/hr

The power applied on the vehicle due to aerodynamic drag force and aerodynamic lift force

is calculated as by considering aerodynamic lift force is one fourth of aerodynamic drag

force:

m
P, = F, xspeed| — 3.7
=ruese( ) o
P, = 266.7N X[_120000mj
3600sec
P, =8.80kW

3.4.1.4. Acceleration Forces

These are the three main force which act on the vehicle when it travels at constant speed,

but the vehicle is accelerating or decelerating the effect of force due to inertia also acts up

on the vehicle. Gradient forces increase as the approaching angle of the road increases and

aerodynamic force is constant if the speed of the vehicle is assumed to be constant. The total

motive force with each component of the vehicle is shown in Figure 3.6. In this Figure 3.6

the vehicle is assumed to move up a hill with constant speed of 60Km/hr and the velocity of

the air is also assumed to zero.
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Figure 3.6 Motive force versus approaching angle of the vehicle

Hence, the air speed is less than the vehicle speed, and the power required to overcome it
can be ignored. There are additional forces to consider when designing the Nissan 530
electric vehicle dynamics like aerodynamic lift force, wheel force, and others. Therefore, the
required maximum power for BLDC motor to drive a four-wheel Nissan 530 electric vehicle

in all conditions of motion, that is, the maximum tractive power required to drive the vehicle

will be:
Ptota,(max) = 4.4454kW +103.5138kW +8.89kW (3.8)
Ptotal(max) =116.8492kW

From Equation (3.1) the total force acting on the vehicle will be:

F. =133.3632N +6210.8277N + 266.613N
=6610.8042N

But BLDC motor with output power rating of 116.8492kW should not be selected. The
losses due to transmission of power to the wheel must be included. Therefore, the

mechanical power output required to drive the vehicle is given by equation below:
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M _ Ptotal(max)

total(max) — (3 ] 9)

Tltransmission gear syasem

_116.6492
0.95

~123kW

Equation (3.9) shows the total driving power of the motor for the propulsion of the meter.

Based on this result, the motor rated specifications are selected as shown in Table 3.2.

3.5. The Effect of Vehicle Speed on the Power Requirement

The relationship between the speed and driving power of the Nissan 530 is analyzed and
plotted as shown in Figure 3.7. This shows that the vehicle power consumption and speed
in km/hr have a linear relationship. As the speed of vehicle increases, its power consumption
also increases [50] [51]. The vehicle can move at the speed of 120km/hr with a power
consumption of 60kW. This relation fulfills with the identified maximum power

requirement.
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Figure 3.7 Driving power vs speed of the electric vehicle
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3.5.1. Motor Rated Power and Peak Power Matching

The selection of rated speed, torque, and power of the BLDC motor should conform to the

requirements of the torque versus speed characteristic curve [52]. When the vehicle starts,

the motor speed is low and works in constant torque state, as long as the speed is higher than
the rated speed, it works in constant power state [53]. The rated torque and power of the

3600rpm base speed electric vehicle BLDC motor have a value of 159.2Nm and 60kW
respectively as shown in Figure 3.8.

3.5.2.
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Figure 3.8 Torque versus speed characteristics of the BLDC motor
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Figure 3.9 Driving power vs approaching angle of the vehicle
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3.5.3. Electric Vehicle Specification

Table 3.2 Electric vehicle (Nissan 530) and driving motor specifications [54]

Parameters Values
Maximum power 120 kw
Gross weight 1500 Kg
Rated power 60 kW
Maximum torque 320 N-m
Rated torque 159.2 N-m
Maximum speed 130 Km/hr.
Rated speed 3600 Km/hr.
Departure angle 25°
Seating capacity 5 persons

3.5.4. Traction Motor

3.5.4.1. Selection of Traction Motor

In literature [16], it is shown that BLDC motor is the best selection for EV compared to
induction motor, RS motor and DC motors. PMSM motor is highly competent with BLDC
motor especially in the case of weight, efficiency, having less torque ripple and so on. Even
though these two motors are highly competent to each other BLDC motor has better futures
in case of having a higher power output, higher torque density, cost and simplicity. The
power output ratio of these two motors is derived as the following, based on equal cupper
losses principle of their stators.

3.5.4.2. Traction Motor Specification
According to the maximum power of the electric vehicle some of the BLDC motor
specifications are taken from the manufacturing company and the others are taken from
literature. The torque and back EMF constants are determined by the following derivations
from the motor two phase equations [54]. The rated power of the motor is expressed by the

product of the motor current and the back EMF for considering two phases.
Power_. =2E_I (3.10)

from Equation 3.10,
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_ Power

rated

m2|
= 60kwW =174.186V
2%x172A

Hence, the back EMF of the motor is directly proportional to the motor speed.

EMF constant(K, ) = En _ 174'126 :O.46204£ v ]
O e 3600((%) rad/sec

If two phase operating system of BLDCM is considered K, =2x0.46204=0.924

2*E *|
Torquerated = Ktlm(rated) = e meed
(’Orated
Then the torque constant of the motor is calculated by
2*E
Kt — m(rated) — 2X174186 _ 0924
O pateq 376.9912rad/sec
Then,
Torque .4 = Ktlm(rated) =0.924x172 =159N

In general, the BLDC motor specifications used in this thesis is given as in Table 3.3

Table 3.3 Parameters specification of BLDC motor used in this thesis [54]

Parameters Values
Poles 4
Power factor 0.85
Efficiency at rated 90.4%
Rated motor power 60 kW
Control input rated voltage 350V
Rated motor current 172 A
Rated speed 3600 rpm
Phase winding resistance 1.2 Q
Phase inductance 0.00295 H
Viscous damping 0.001 N.m.s

(3.11)

(3.12)

(3.13)
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Moment of inertia 0.008495 kg.m?
Torque constant 0.924 N-m/A
EMF constant 0.46204 V-s/rad

3.5.5. Battery Specifications

3.5.5.1. Matching Power Battery Parameters
The power source of the pure electric vehicles is battery. The selection of battery parameters
must meet the demand of endurance mileage requirements and maximum power of vehicle
driving. Lithium ion battery is selected as the power source for electric vehicles due to its
long life and mass energy density. In literature [21] depends on efficiency, energy density,

safety, durability, run time and cost parameters select lithium-ion batterie for this thesis.

The lithium battery pack can able to store the DC power for EV. The lithium battery packs
consist of standard lithium battery module in serial. The standard lithium battery module is
connected in serial. Each battery module has 4kWh storage. The serially linked more than
eight battery modules i.e. more than 32kWh total battery pack power with rated DC voltage
of 350V is required for proposed EV. Accordingly, there are four serially linked battery
modules to fulfill the requirement of total energy. Therefore, the selection of battery
parameters must meet the demand for endurance mileage requirements and the maximum

power of the vehicle [55].

P = IDmax X 015 + O85>< P(@ zero grad & constant speed) (3-14)
p
P,=— (3.15)
N
P S
W_ =P t=-m2 3.16
road m V ( )
(Wrated - Wroad )
SOCY% =~/ % 100% (3.17)

rated

Where P is the power required for the automobile at constant speed, S is endurance mileage,
W...; is the energy needed for mileage S, P, is the input power of the motor drive and 1,

is the motor and motor controller assembly efficiency.
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Table 3.4 Parameter specifications of lithium-ion battery [54]

Parameters Values
Cell type Lithium-lon
Total battery power pack 32 kWh
Rated DC power supply 350V
Capacity 90 Ah
Mass 4.3 kg
Nominal voltage 4.2V
Energy density 154 Wh/kg
Operating temperature -10°C to 50°C
Energy 666Wh

3.5.6. Selection of Power Semiconductor Device
A MOSFET is the preferable device used as a converter switch. The low power
consumption, high switching speed and low current draw make the MOSFET an ideal
device. N-type enhancement MOSFETs with bootstrapped half bridge MOSFET drivers

have been selected.

3.6. Modeling of Brushless DC Motor Drive for Electric Vehicle

3.6.1. BLDC Motor Operation Principle
Permanent magnet DC motors use mechanical commutator and brushes to achieve the
commutation. However, BLDC motors adopt Hall Effect sensors in place of mechanical
commutator and brushes. The stators of BLDC motors are the coils, and the rotors are the
permanent magnets. The stators develop the magnetic fields to make the rotor rotating. Hall-
Effect sensors detect the rotor position as the commutating signals. Therefore, the BLDC
motors use permanent magnets instead of coils in the armature and so do not need brushes.
In this paper, a three-phase and four-pole BLDC motor is used. For the three phases BLDC

motor the back-EMF and current waveforms with 120° conduction mode.
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3.6.2. Modeling of BLDC Motor

There are two possible methods to model a BLDC motor, one is abc phase variable model
and the other is d-g axis model. BLDC motor is a permanent magnet motor with trapezoidal
back EMF whereas synchronous motor has sinusoidal back EMF. Since trapezoidal the
mutual inductance sandwiched between stator and rotor is non-sinusoidal. So, transforming
to d-q axis does not provide any added benefit, thus abc phase variable model is chosen. In
the present model, the motor is assumed to be star connected with isolated neutral. The
analysis is based on the following assumptions:

e The motor is not saturated and should be operated with the rated current.
e Stator resistances of all the windings are equal.

e Self-inductance and mutual inductance are constant.

e Iron and stray losses are negligible.

e Three phases are balanced one.

e Uniform air gap.

e Hysteresis and eddy current losses are not considered.

e Power semiconductor devices in the inverter are ideal.

The equivalent circuit diagram of the BLDC motor is as shown in the Figure 3.11.
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Figure 3.11 Equivalent circuit of BLDC motor [L5]

For simplification only phase A is taken under consideration during the modelling of the
BLDC motor. The equivalent circuit of the phase A winding of the BLDC motor is given in

Figure 3.12. The terminal voltage V. is taken as V.

La Ra

oA ——

Ia

v e

O

Figure 3.12 Equivalent circuit of the phase A

The circuit equations of the three windings in phase variables can be found in the literature
[56]. The model of the armature winding for the BLDC motor is expressed as follows:

di, di

Vas = Rsia + La dla + Lab + Lac : +ea (318)
dt dt dt
. di di, di,

Vis = Rs|b+Lbd_tb+LbaE+LbcE+eb (3.19)
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d'°+L di+L di,

Vcs = Rsia + Lc ca cb —. te (320)
dt dt dt

a

It is assumed that resistances of all the windings are equal. It is also assumed that if there is

no change in the rotor reluctance with angle because of no salient rotor and so that:
L,=L, =L =L (3.21)
Lab = Lb = Lca = Lac = Lbc = ch =M (3-22)

a

where R, Stator resistance per phase, L Stator inductance per phase, V.o, Vi and V, are the

stator per phase stator voltages, M is the mutual inductance per phase. ia, ib and icare the

per phase stator currents. The stator phase currents are considered to be balanced.

i, +i, +i,=0 (3.23)

Multiplying both sides by M gives:
Mi, +Mi, +Mi, =0 (3.29)

Then, rearranging Equation (3.24)
-Mi, = Mi, +Mi, (3.25)

From Equations (3.18) and (3.22):
Vas:Rsia+L£+M%+M%+ea (3.26)

dt dt dt

Vo =R, + LS LM, + M) e, (3.27)
Substituting Equation (3.25) into (3.27) gives Equation (3.28):
. di d .
V. =R L—=2+—(-M 3.28
as sla + dt +dt( Ia)+ea ( )

The per-phase terminal voltage in terms of the motor armature parameters and back emf

motor voltage is given by:

Vas = Rsia +

Ci'jita (L-M)+e, (3.29)

The other phase voltage equations are obtained in a similar fashion:
V,, = R.i, +%(L-M)+eb (3.30)
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V. =R, + (j;tC (L-M)+e, (3.31)

Rearranging Equations (3.29), (3.30), and (3.31) gives the two phases of current differential

equations as follows:

%: Vas _ Rsia _ €. (3 32)
d¢ L-M L-M L-M '
di, _ Ve Riy & (3.33)
dt L-M L-M L-M
dip _ Ve R & (3.34)
d L-M L-M L-M
The modeling Equation (3.32), (3.33) and (3.34) can be represented in matrix form:
R 0 0
d ia L-M R ia 1 Vas 1 ea
—li,|=| O e — 0 i, |+ V, [-——|e 3.35
dt| . L-M "I L-M| P L-Mm|"® (3:35)
Ic R Ic Vcs ec
0 0 -—=
L L-M
The state space form is given by:
‘jj_f = Ax +b(V-¢) (3.36)
where,
R 0 0
L-M vV e
R as a 1
A=l 0 -—S 0 [\V=|V,|ele |[/b=—— (3.37)
L-M v . L-M
O 0 i Rs cs c
L-M

3.6.3. Modeling of Ideal Back-EMF
When BLDC motor rotates, each winding generates a voltage known as Back EMF, which

opposes the main voltage supplied to the winding according to Lenz's law. The polarity of
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the Back EMF is opposite direction of the source voltage. It is related to the function of rotor

position and each phase has 120° phase difference.

—>

—-
Figure 3.13 The equivalent circuit of BLDC Motor [L5]

Back EMF depends mainly on three factors (i) angular velocity of the rotor, (ii) magnetic
field generated by the rotor magnets, (iii) the number of turns in the stator windings. The
back-EMF and the motor current are drawn along with the rotor position sensor signals as
shown in Figure 3.14. The induced-EMFs do not have sharp corners because these are in

trapezoidal nature in trapezoidal based BLDC motor drive.
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Figure 3.14 Trapezoidal back EMF and phase current variation with rotor electrical angle
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As mentioned before, it was assumed that back-EMF €, €, ande, have trapezoidal wave

from. The three-phase BLDC motor back-EMF can be described by the following equations:

ea fas (er)
e, |[= oA, | fi(0,) (3.38)
eC fCS (el‘)

Equation of each phase as follows:
e, =a,.A,.f0,) (3.39)
e,=o A f.(0) (3.40)
e, =0, 1) (3.41)

Where, E, E, and E_are the induced Back EMF and the expression of €, €, ande, will be
given in Equations (3.39), (3.40) and (3.41). A, is flux linkage, O, is the electrical rotor
angle, ®,, is the mechanical speed of the rotor [rad/s]. the rotor angle functions

f.s(0,),1,5(0,), and £, (6,) have the same shape as €, €, and e, with a maximum magnitude

of £1. Equations (3.42), (3.43), and (3.44) show the mathematical functions of the rotor

angle in a three-phase system.

(6/m)0, (0<0, <7/6)
1 (n/6<6, <51/6)
£,(0,)=1-(6/m)0, +6  (5n/6<0, <Tn/6) (3.42)
1 (Tn/6<6. <11n/6)
(6/m)0, -12 (11m/6 <0, <2m)

Since in the balanced three phase system each rotor position sensor is separated by 120°, the

rotor angle functions in phase-b and c are derived based on the function of the phase-a.

fos (0,) =1, (er +%’Ij (3.43)
2n
fcs (er) - fas (er _?j (344)

41



3.6.4. Dynamics Modeling of BLDC Motor
The electromagnetic torque for the three phase BLDC motor in Newton’s is defined as:
P 1,6, +1,e, +1.8.

Te — _rotor — (345)
® ®

m m

The resultant torque, T,, can be obtained by the following expressions.

T, =i,.K;.f(0) (3.46)
. 2

T, =i, K..f (9?"] (3.47)
T =i K, f (e%‘j (3.48)
Te = Ta +Tb +Tc (3-49)

. : 2 . 2n
T, =i, K. f(0)+i, K. 9-? +i K .f 6+? (3.50)

Moreover, the generation of electromagnetic torque can be written as:
T, = do +T_+Bo (3.51)

dt
The moment of inertia is described by:

J=J,+, (3.52)

Where, J is the rotor inertia, [kgm?], and B is damping constant and T}, is load torque in N-

m. The resultant torque is:
T-T = JZ—? +Bo (3.53)

Again, using Laplace transformation and we will get transfer function:

o(s) _ 1
T.(s)-T.(s) Js+6

e

(3.54)
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3.6.5. Reference Current Generator
Reference current generator determines reference phase currents (i;, i;, iZ) of the motor in
regard to reference current amplitude (1), which is calculated using rotor position (0).

Reference current amplitude (1) can be obtained from Equations (3.55).

"= U K, (3.55)

where u is the control signal and K, is the torque constant. Phase currents given in Table 3.5

can be attained from Figure 3.14. These currents are input to PWM current control block
[57].
Table 3.5 Reference currents of the BLDC motor

Reference currents (A)

Rotor position (0) i; i; i:
0°-30° 0 -1 I
30°-90° I - 0
90°-150° I 0 -r
150°-210° 0 I I
210°-270° T r 0
270°-330° - 0 I
330°-360° 0 I I

3.6.6. Rotor Position Hall Sensors Modeling

Unlike a brushed DC motor, the commutation of a BLDC motor is controlled electronically.
To rotate the BLDC motor the stator windings should be energized in a sequence. It is
important to know the rotor position in order to understand which winding will be energized
following the energizing sequence. Rotor position is sensed using Hall-effect sensors
embedded into the stator [58]. Most BLDC motors have three Hall sensors inside the stator
on the non-driving end of the motor. Whenever the rotor magnetic poles pass near the Hall
sensors, they give a high or low signal indicating the N or S pole is passing near the sensors.
Based on the combination of these three Hall sensor signals, the exact sequence of
commutation can be determined.
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Table 3.6 Hall effect signals and inverter switches status of the BLDC motor [58]

Electrical Hall effect signals Inverter switch status
GEEies Hall A | HallB | HallC | S1 | S2 S3 Sa | S5 | Se
0°-60° 0 1 0 on | off | off | off | off | on

60°-120° 1 1 0 on | off | off | on | off | off

120°-180° 1 0 0 off | off | off | on | on | off
180°-240° 1 0 1 off | on | off | off | on | off
240°-300° 0 0 1 off | on on | off | off | off
300°-360° 0 1 1 off | off | on | off | off | on

3.7. Transfer Function of BLDCM and the Load
BLDC motor is very similar to the DC motor. But the similarity holds only when two phases
are conducted during the interval where the rotor flux linkages are constant as seen from
these phases and all the phases are electrically symmetric and balanced [59]. During two
phase conduction, the inverter output voltage, Vis is applied to the two phases having an

impedance which is given by Equation (3.55).

- di-Mny=r +93
Z=2(R, +a(L M)) =R, + " L, (3.56)
R, = 2R, (3.57)
L, =2(L-M) (3.58)

1Z|=RZ+12 (3.59)

The inverter output voltage is the same as the stator voltage and is given as:
Vis = (Ra +S|a)|as + Eas B Ecs (3.60)
The induced emf in phase A and C are equal and opposite during the regular operation of

the drive scheme and given as:

E,=Es=%0 (3.61)

as Cs m=m

where, A, is the flux linkages per phase and ®,, is the rotor speed. Substituting Equation

(3.61) to Equation (3.60) gives the stator voltage equation as:
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V, = (R, +sl,)l, +1 0, (3.62)

Vi =R, +sl)l + 20 o, =R, +sL)I +K,o, (3.63)
Where the emf constant for both the phases is combined into one constant as
K, =24, rad\//sec (3.64)
The electromagnetic torque for two phases combined is given by
T.=22 1 =KL, (3.65)
I 1 1 (3.66)

V,-E. R,+Ls 124000293
The load is assumed to be proportional to speed. If it is not proportional to the speed the load
torque is truly a disturbance. In that case it is incorporated in the block diagram suitably but,
ignored in the controller design for most of the applications.
T, =B, (3.67)
The speed to air gap torque or dynamics transfer function can be evaluated as:

Ap(s) _ 1 _ 1
T.(5)-T,(s) B+Js 0.001+0.008495s

(3.68)

where B is the friction coefficient of the motor and J is the inertia of the machine.

3.7.1. Modeling of Three Phase Inverter Transfer Function
The transfer function of inverter is represented as a first-order lag with a gain given by
Equation (3.69).

_ Vi) _ K,
Gf(s)_vc(s) TreT (3.69)

Where K, value of gain is evaluated for line to line output voltage and T, delay time of the

inverter switches which is calculated as:

Y/ 350
K =0.65—% =0.65x——=22.75 :
r A 0 (3.70)
1 1
T=—=——__=6.25x10° .
©2f 2x8000 (3.71)
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Provided that, V. is the dc link voltage input to the inverter, V., is the maximum control

voltage and fcis the switching (carrier) frequency of the inverter.

22.75

== (3.72)
1+6.25%x10°s

3.8. Bidirectional DC-DC Converter

This section will discuss the four-quadrant converter subsystem component selection. The
converter subsystem is designed to operate under dynamic load conditions with variable
output torque and speed. The four-quadrant converter operates from four control signals that
control power magnitude and direction. The device construction consists primarily of four
power semiconductor switches along with supporting switch drivers and input/output filters.
The converter operates under four basic modes of operation: as a boost converter stepping
up voltage to the motor from battery, as a buck converter stepping down voltage to the motor
from the battery, as a boost converter stepping up voltage to the battery from the motor, and
as a buck converter stepping down voltage from the motor to the battery. In each mode of

operation, control signals are modified to each of the four power semiconducting switches.

V1

i

Figure 3.15 Bidirectional cascaded buck-boost converter [L6]

The Bidirectional topology as seen in the Figure 3.15 can be obtained by cascading the
bidirectional buck converter with bidirectional boost converter. This topology allows the
output voltage to be either higher or lower than the input voltage depending up on the switch
combinations used and the direction of the current. For the step-up operation in the forward

direction, the switch S1 is always on and S2 and S4 are always off, whereas the switch S2
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is conducted depending on the duty cycle. During forward step-down operation the switch
S1 is operated with the required duty cycle and the switch S2, S3, S4 are always off. Diode
D2 and D3 are always reverse biased whereas the D3 is always forward biased. Diode D4
acts as a freewheeling diode. Similarly, in the backward step up operation, switch S3 is
always on whereas the switch S4 is operated with the required duty cycle with the diode D1

acting as a freewheeling diode.

3.8.1. Component Selection
The first step in choosing component values, such as those for the output ripple capacitor
and inductor, is to outline the necessary operating parameters of the system. The following
parameters were realized based on the specific brushless DC motor specifications as well as
nominal battery supply voltage and ratings.
1. Input voltage range: Vbatterymin, Vbattterymax, Vbattery
a. This can be described as the voltage supplied by the battery pack at the minimum and
maximum states of charge in which the system can safely operate, as well as the
nominal state of charge.
I. Vbatterymin = 175V or 50% of the nominal state of charge
ii. Vbattterymax = 400V
iii. Vpattery = 350V nominal state of charge
2. Nominal output voltage: Vout
a. The nominal output voltage desired in this case will be the maximum voltage rating of
the motor.
i. Vimotor = 550V
3. Maximum output current: lout
a. The maximum output current is determined by motor ratings, as well as how much
current that can be continuously supplied by the battery source in a safe manner.
I lout=172A
4. Estimated efficiency: n
a. The efficiency of the converter is estimated from how much power is lost through
switch on resistance, other impedances throughout the system, leakage flux from the

inductor, as well as rise and fall times of switching components. Since the exact
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efficiency cannot be calculated at this time without physical experimentation, A

realistic efficiency of power throughput has been estimated to be 90.4%.

3.8.2. Duty Cycle Calculations
To calculate a capacitor value that will be sufficient to operate the converter under over
necessary ranges, the optimal duty cycle in boost mode, and optimal duty cycle in a buck
regenerative mode is used. The maximum and minimum duty cycle during a regenerative
phase given a maximum voltage across the motor should be:

D — Vbatterymin X ﬂ X 11 (373)

buck(reg)min Y
motor

175V x0.9x1.1

D

buck(reg)min — 450V
Dbuck(reg)min = 0385

Voatterymax XN*1.1

Dbuck(reg)max = - ery:“/a (374)

motor

400V x0.9x1.1
Dbuck(reg)max - 450V
Dbuck(reg)max = 088

The maximum and minimum duty cycle during a motor drive phase with various battery
states of charge should be:
V, X1

Dboostmax = l_ bat\t(;rymi” (375)
motor
D _, 175Vx0.9
boostmax 450\/
Dboostmax = 065
\A XM
Dboostmin =1- fﬂ{e/& (376)
motor
b _,_400Vx0.9
boostmax 450\/
Dboostmax = 02
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3.8.3. Inductor Selection

High inductor values are ideal in order to operate the converter in continuous mode with
higher output current and reduced output ripple. However high inductor values tend to be
physically larger with greater equivalent series resistance without increasing the wire gauge
and, as a result, significantly more expensive. Therefore, the minimum inductor value should
be chosen to satisfy the given operational parameters. An acceptable inductance value is
calculated for both boost and buck modes of operation, the largest value calculated is then
used as a minimum value in the design. The following equation estimates a reasonable

minimum inductance value for the regenerative mode of operation:

fs = switch frequency
IL ripple = inductor ripple current (approximately 30% of the output current)

vV x(V_ -V
L> motor ( motor batterymax) (377)

foxV

motor

I L ripple

| 5 400V x (450V - 400V)
50A x 40000Hz x 450V

L >22.22uH

The following equation estimates a reasonable minimum inductance value for the boost,
motor drive mode of operation:

V, 2x(V

battery min motor
L> y

- Vbatterymin ) (378)
xf xV, 2

motor

ILripple

s 175V? x (450V -175V)
50A x 40000Hz x175V?
L>1.375uH

Since the inductor will be shared during all modes of operation, the value of 22.22uH is used

as an inductor minimum value.

3.8.4. Input/ Output Capacitor Selection
The following equations estimate appropriate values for input and output ripple capacitors
in the converter. The maximum value derived from the following four equations is used for
both the input and output capacitors. An appropriate ripple capacitor for regenerative mode
is calculated using the following equations, the largest of which is used:
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V'ripple = Desired output voltage ripple (should be as small as possible)

I,
Coin > g e — (3.79)

ripple

50A
C. >
™ 8% 40000Hz % 0.1V

C,, >1562.5H

The following equation can be used to find the minimum capacitor required during an

overshoot situation in which the load is removed.

hoon L (3.80)

min overshoot
2% Vmotor X Vripple

C

R} 50A*x 22.22uH
min overshoot 2x450V x0.1V

C >617.2uF

C

min overshoot

The following equations are used to adjust output voltage ripple during a motor drive boost
mode of operation:

C > ILripple X D

boostmax 3 8 1
min fs x\/ ( )

ripple

50A%0.7
™" " 40000HZz X 0.1V

C.. >8750uF

The value of 8750uF is used as a guideline for selecting the output ripple capacitor.
Control of the four quadrant DC-DC converter is accomplished by selecting which switching
device in Figure 3.16 is actively switched via a PWM signal. The converter can boost or
buck voltages in either direction based on the requirements of the vehicle system. A
reference throttle signal specifies how much voltage should be supplied to the motor in the
range of 0 to 350V. The controller compares the desired output voltage with the voltage of
the battery and calculates the required PWM duty cycle. Based on this comparison, the
controller either boosts or bucks the battery voltage into the motor. If the regenerative brake
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button is active, the power flow is reversed and voltage output from the slowing brushless
motor (generator) is converted to the proper battery voltage for partial recharging. Table 3.7

details the signals sent to each switching transistor based on power flow and switching mode.

o

Molee

o

Figure 3.16 Four quadrant converter topology with four switching elements

Va represents the motor voltage and Ve represents the battery voltage. Varefand Vererare the
reference signals for the desired motor voltage (throttle) and the charging voltage for the
battery respectively. The outputs to the switches correspond to the switch names in Figure
3.15.

Table 3.7 Modes of operation and switching states for the four-quadrant converter

Power Flow | Mode | Switch Sauwp | Switch Sgdown | Switch Seup | Switch Sadown
AtoB Buck | PWM(D) 0 0 0
AtoB Boost 1 PWM(D) 0 0
Bto A Buck 0 0 PWM(D) 0
Bto A Boost 0 0 1 PWM(D)

3.9. Design Speed Controller for BLDC Motor

There are several controllers available nowadays like proportional integral (PI), proportional
integral derivative (PID), Fuzzy Logic Controller (FLC) or the combination between them:
Fuzzy-Pl, Fuzzy-PID, Fuzzy-Neural Networks, Fuzzy Genetic Algorithm, Fuzzy-Ants
Colony, Fuzzy-Swarm. But as within the scope of this thesis discussion on the PID, Fuzzy
Logic Controller and Fuzzy-PID will be discussed. The generalized block diagram of a

BLDC Motor with a controller as shown in Figure 3.17, can be replaced by any other
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controller as required. Any control mechanism can be adopted in the system such as PID,
Fuzzy Logic or fuzzy-PID Controller which will be suitable to maintain and control the
speed of the BLDC Motor.

T s ——— 1
1 i *’ ib*, io* $1-S ) 1
: a c 1-S6 T+VdcT i
1
" | Reference |, PWM ™M Three |
* Speed > < 1
® —:O—ev ConF;roIIer ul= Current Current Phase :ﬁ ?AL?C
—A : Generator Control VSI : “ otor
K T i
I 0 Ia, Ib, Ic 1
I sy
Current control loop
. Back
Position EME ke
Speed control loo
P P & Speed Detector

Figure 3.17 Block diagram of a BLDC motor with a speed controller

The block diagram speed control of brushless DC motor is shown in Figure 3.17. There are
two loops that used in the block diagram. The first loop is used for six step inverter
commutation and the second loop is used for speed control of brushless DC motor. Hall
Effect sensor on the brushless DC motor has two functions, as position sensor and speed
sensor. The Hall Effect sensor algorithm when detecting the rotor position is used as
switching commutation on the inverter. When the coil is energized, the magnetic field will
be form and the rotor will rotate. Meanwhile, hall Effect sensor as a speed sensor serves to

obtain the current speed data which will be used to get the error value.

3.9.1. Design of Controller
The controller is used to return the desired set point value response, even if the set point
value is changed. Stages of this controller planning include designing PID controllers and

design of fuzzy logic controllers.

52



3.9.1.1. PID Controller for BLDC Motor Speed Control
In its basic form, PID involves three mathematical control functions working together:
Proportional-Integral-Derivative. The most important of these, Proportional Control,
determines the magnitude of the difference between the “set point” and the “process
variable” (known as “error”), and then applies appropriate proportional changes to the
“control variable” to eliminate “error”. Many control systems will, in fact, work quite well
with only Proportional Control. Integral Control examines the offset of “setpoint” and the
“process variable” over time and corrects it when and if necessary. Derivative Control
monitors the rate of change of the “process variable” and consequently makes changes to

the “output variable” to accommodate unusual changes.

The overview of the proposed speed control of BLDC motor using a Proportional plus
Integral plus Derivative (PID) controller [60] is shown in Figure 3.18. Because the controller
must direct the rotor rotation, the controller needs some means of determining the rotor's
orientation/position relative to the stator coils. This is done by Hall Effect sensors to directly

measure the rotor's position.

Ref. ¥ Error !
speed . 2 11 K Je(t)dt [ 3 ~ BLDCM
0

~A A

Measured

speed

de()
dt

\ 4

K,

Actual speed

Figure 3.18 Overview of PID controller

Any excess on each parameter P, I, and D can be parallelly integrated into a PID controller.
PID controller has characteristics that can accelerate the rise time, reduce the steady state

error in the system, and also reduce the oscillation.
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The transfer function of the PID Controller [61] is shown as

Where, e(t) = Set point Measurement(t) is the error signal, and Kp, K, and K, are constant

that are used to tune the PID control loop. Kpis proportional gain, K; is integral gain and

y(t) = (er(t) - Kiif e()dt + K, %e(t)j

(3.82)

K, is derivative gain. Larger Kp typically means faster response since the larger the error,

the larger the feedback to compensate. Larger K. implies steady state errors are eliminated

quicker. Larger K; decreases overshoot, but slows down transient response. Therefore, the

kp, ki and kd values can also be calculated using trial and error method in MATLAB

Simulink.
T1
a)i + N Kr + —1 K Te X5 1
- I/— 1+sT v, 5 R, tLs d S B+Js
a -
PID Inverter Armature Dynamics
Controller
E
K, ¢
Actual Speed
Table 3.8 Effects of increasing a parameter independently
Parameter Rise Overshoot | Settling Steady-state error Stability
time time
Ko Decrease | Increase Small Decrease Degrade
change
Ki Decrease | Increase Increase Decrease Degrade
significantly
Kgq Minor Minor Minor NO effect in theory | Improve if K;
decrease | decrease decrease small
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3.9.1.2.  Automatically Tune PID Controller

PID tuning is the process of finding the values of proportional, integral, and derivative gains
of a PID controller to achieve desired performance and meet design requirements. PID
controller tuning appears easy, but finding the set of gains that ensures the best performance
of your control system is a complex task. Traditionally, PID controllers are tuned either
manually or using rule-based methods. Manual tuning methods are iterative and time-
consuming, and if used on hardware, they can cause damage. Rule-based methods also have
serious limitations: they do not support certain types of plant models, such as unstable plants,
high-order plants, or plants with little or no time delay. Automatically tune PID controllers
using software tools to achieve the optimal system design and to meet design requirements,
even for plant models that traditional rule-based methods cannot handle well.

Step Plot: Reference tracking

1.2 T T T T T T T T T

Tuned response
= = = Block response

Amplitude

=

n

0.2 0.25 0.3 0.35 0.4 0.45 0.

Time (seconds)

L=
L=
L=
o
o
=
(8]

Figure 3.19 Tune PID controller with MATLAB/Simulink

3.9.1.3. Fuzzy-PID Controller for BLDC Motor
Fuzzy logic is a mathematical environment, based on fuzzy set theory, which admits the
degrees of truth or falsehood opposition to “binary logic” that must be either true or false.
Fuzzy Logic is an approach that is gaining interest both in the academic world and the
industrial fields. Its capability to mimic the human minds makes it a useful scheme for plants
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experiencing issues with driving scientific models or having execution limitation with
classical controllers. Fuzzy logic is multi-valued logic dealing with uncertainty and
approximate reasoning [62]. Fuzzy logic control (FLC) deal with rule-base. Its algorithm is
based on linguistic variable which tries to mimic human’s knowledge about how to control

a system without requiring a mathematical model.

3.9.1.4. Structure of a Fuzzy Controller
The Fuzzy logic controller comprises of four stages as appeared in the Figure 3.20. They are

Fuzzification, Rule-based, Inference Engine, and Defuzzification.

Knowledge base

‘ v

_.l Defuzzification Defuzzification |
interface interface )
A
Fuzzyl |nference System |Fuzzy t
Process output Actual control
and state Controlled non fuzzy
System

Figure 3.20 fuzzy logic controller Structure

Fuzzy Membership functions are utilized as a tool used to convert numerical variable to
linguistic variable. A fuzzy variable can contain many fuzzy subsets inside, contingent upon
what numbers of linguistic terms are utilized. Each fuzzy subset represents one linguistic
term. To define fuzzy membership function, the designer picks a wide range of shapes Such

as triangle, a trapezoid, etc. [63].

3.9.1.5. Fuzzification
Fuzzy logic utilizes linguistic variables rather than numerical factors. The process of
converting a numerical variable into a linguistic variable is called Fuzzification. To perform
fuzzy calculation, the sources of info must be changed over from numerical or crisp value

into fuzzy variables, and the output should be change from fuzzy variables to crisp value,
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the fuzzy variables i.e. Error, change in error and output are quantized using the following
linguistic terms. Negative large (NL), Negative Small (NS), Zero (ZE), Positive Small (PS),
positive Large (PL), positive Very Small (PVS), Positive Small (PS), Positive Medium
Small (PMS), Positive Medium Large (PML), Positive Large (PL), Positive Very Large
(PVL). The membership function for speed error (¢), change in speed error (Ae) shown in

Figure 3.21 and Figure 3.22.

ML M3 £ PS PL

Figure 3.21 Membership functions for error

ML MS £ Ps PL

Figure 3.22 Membership functions for change in error

The membership functions of output variable shown in Figure 3.23, Figure 3.24 and Figure
3.25.
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PVS PS PMS P FrL FL WL

20 23

Figure 3.23 Membership function for Kp

PVS P3 PMS P PRL PL WL

20 25

Figure 3.24 Membership function for Ki

PVS P3 PMS Phd PhiL FL PWL

20 25

Figure 3.25 Membership function for Kd

3.9.1.6. Defuzzification
Defuzzification is when all the actions that have been activated are combined and Converted
into a single non-fuzzy output signal which is the control signal of the system the output
levels are depending on the rules that the systems have and the positions depending on the

non-linearity existing to the systems [63].
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3.9.1.7. Rule Base and Inference Engine
Rather than utilizing a numerical equation, FLC utilizes fuzzy principles to settle on a choice
and produce the control activity. The rules are in the form of IF-THEN statements. Inference
engine is used to compute the rules generated from the rule base [63]. Fuzzy logic control
(FLC) has demonstrated compelling for complex, non-linear and imprecisely characterized
forms for which standard model-based control systems are impractical or incomprehensible.
Fuzzy logic manages issues that have vagueness, vulnerability and uses membership
functions with values varying between 0 and 1 [64]. Recently, a combination of fuzzy logic
and PID controller has achieved superior performance as clearly demonstrated by several
authors including. [65]. In this thesis proposes fuzzy-PID and PID controller for the speed
control of a BLDC motor. Fuzzy will be utilized to tune the parameters of PID according to

the error and change of error.

3.9.1.8. Fuzzy Tuned PID Controller
Tuning the gain of a PID controller is extremely significance in PID control. Ziegler and
Nichols proposed the outstanding tuning techniques but cannot guaranty better performance
for nonlinear system always. Since BLDCM is nonlinear in nature, linear controllers such
as PID failed to yield better results. Therefore, fuzzy logic controller is used in this paper to
dynamically tune the parameter of the PID during operating condition. The Proportional,
Integral and derivative (Kp, K| and Kp) are the gains of PID controller which, tuned on line
to force the system to follow the specified reference point, the structure of fuzzy tuned PID

controller is shown in Figure 3.20.

PID controller finds its application in industrial control system due to feedback control loop
mechanism. The integral action of PID controller helps in achieving the target value by
providing equality between measured value and desired value with constant error which
increases the controller output. The combination between PID controller and fuzzy
controller might be a good choice for tuning the PID parameter according to the error and
change of error. The relationship between error input e(t) and the output y(t) of PID

controller is given in Equation (3.77).
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The PID controller can be tuned by various methods. The most commonly used closed loop
manual tuning method is Ziegler Nichols tuning. Complete elimination of steady state error
of any process is not possible by manual tuning. The drawback of manual tuning method
was overcome by the development of soft computing tuning methodology (Fuzzy Tuning).

According to the principle of fuzzy self-tuning, error is changed in the entire process to
adjust the three parameters (K ,K;, and K;) of the PID controller online so that good

dynamic and static performance can be achieved [66]. When compared to conventional PID
controller it helps to achieve the desired response with minimum settling time and rise time.
PID-Fuzzy is a controller to optimize the work of PID controllers when the set point and
load are dynamic. Fuzzy logic works to determine Kp, Ki and Kd parameters. Fuzzy-PI1D
has two inputs consisting of error and delta error, and three outputs are Kp, Ki, and Kd. The

fuzzy-PID control scheme is shown in Figure 3.26.

’ Fuzzy Controller
AeJ’
g dit K| K| K
Ref.
Y 5\l Error PID Controller |,/ BLDC | Measured
speed Motor speed

Actual speed

Figure 3.26 Fuzzy tuned PID controller

Error (E) and change in Error (CE) are the input of Fuzzy, and the three output from Fuzzy
controller are KP, KI, and KD. The Fuzzy guidelines are extricated from major learning and
human experience about the system. These rules contain the input and output information
and yield connections that characterize the control technique. Each control input has seven
fuzzy sets so that there are at most 49 fuzzy rules. In this thesis the rule base is simplify from
49 to 25 rule base. The fuzzy rules explain between relationship of input and output

variables. The output of fuzzy logic controller is obtained by evaluation of reporting statues
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Table 3.9 The Rule base of Kp

and behavior rules. Rules are created by defining system variables ‘IF” and defining control
variables ‘THEN"’.

e/Ae NL NS Z PS PL
NL PVL PVL PVL PVL PVL
NS PML PML PS PL PVL
Z PVS PVS PS PMS PMS
PS PML PML PML PL PVL
PL PVL PVL PVL PVL PVL

Table 3.10 The Rule base of Ki

e/Ae NL NS Z PS PL
NL PM PM PM PM PM
NS PMS PMS PMS PMS PMS
z PS PS PVS PS PS
PS PMS | PMS | PMS | PMS | PMS
PL PM PM PM PM PM

Table 3.11 The Rule base of Kd

e/Ae NL NS Z PS PL
NL PVS PMS PM PL PVL
NS PMS PML PL PVL PVL
Z PMS PL PL PVL PVL
PS PML PVL PVL PVL PVL
PL PVL PVL PVL PVL PVL

The portion ‘IF’ of the rule is reference to membership degree of input part of fuzzy sets.
‘THEN” is reference to output. Total number of rules equals total sum of products of fuzzy
subsets which characterizes system. The number of rules and accuracy is one of the most
significant factors affecting the performance of the system. Because speed error and change

of speed errors are seven sets, there are 25 control rules in this fuzzy base. The rule base is
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shown in Table 3.9, Table 3.10 and Table 3.11. The speed of BLDC motor is designed by
using rule base. This rule base is designed by using MATLAB fuzzy Logic Toolbox. After
rule base is created, emerging surface and rule viewer are shown in Figure 3.27 and 3.28.
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Figure 3.28 Surface viewer
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

The simulation results explained in this chapter is performed for the same values of the
system parameters under study. The Simulation is done for confirming the viability of Fuzzy
tuned PID controller, the simulation results were compared with the classical PID controller
and found a tangible improvement in the performance characteristic. The system is
simulated at no lode and the load torque of 20N-m and the speed response of BLDC Motor
at 3000 rpm with PID and Fuzzy Tuned PID controller.

4.1. Result

For verifying the control technique performance on speed response, the simulation test is
done with various operating condition (no load and with load) and speed response with step

change in reference speed.

4.1.1. Comparison of Speed Controller-Based BLDC Motor Driving Output
In the PID controller design when the transfer function of BLDC motor is initialized to the
controller firstly the signal is process for all three controller Proportional Controller, Integral
Controller and Derivative controller at the same time, and in the last the sum of all the three
controllers signal is process as resulted signal for the PID Controller. In Fuzzy-PID
Controller Fuzzy Controller calculate the gain parameters by its self-tuning ability. There is
no need to put gain parameters they were also found from the Controller in the terms of kp,

ki and kd and performance parameters were measured from the responses.

Reference speed is taken different step reference signals. Speed response of BLDC motor is
shown for fuzzy-PID and PID controller under no load condition in Figure 4.1. And on
Figure 4.2 Fuzzy self-calculated Gain parameters were kp = 1.503, ki = 0.1763, kd = 7.503
and performance parameters were found as rise time in 0.04974sec, 1.96% overshoot and

vary good stability whereas for PID Controllers These Parameters were kp = 0.082119, ki =
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10.374485, kq = 0.0001368 and for PID Controller performance parameters were found as

rise time in 0.05192sec, 34.845% overshoot and good stability.
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Figure 4.1 Step reference signal and rotor speed responses of PID and Fuzzy-PID
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Figure 4.2 Performance comparison results for PID and Fuzzy-PID controller
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4.1.1.1. Comparison of Speed Controller with and without Load at Constant Speed

Reference signal is taken at constant speed 3000 rpm. Speed response of BLDC motor is
shown for fuzzy-PID and PID controller under no load condition in Figure 4.3. Settling time
is 0.017 seconds for PID controller, but for fuzzy-PID controller this time is 0.013 seconds.

Overshoot is 9.8% for PID control, however, there is no overshoot for fuzzy-PID control.
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Figure 4.3 Speed and torque response under no load condition
Speed response of BLDC motor is shown for fuzzy-PID and PID controller under high load
condition in Figure 4.4. Settle time is 0.01 seconds for PID controller after high load is

applied to the system. However, settling time is 0.004 seconds for fuzzy logic controller
after high load is applied to the system.
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Figure 4.4 Speed and torque response under high load condition

4.1.1. Four Quadrant Operations of the BLDC Motor
For checking the behavior of the proposed system in the four quadrants of the speed-torque
profile of the motor, the reference speed and the applied load torque to the motor are

presented in Table 4.1.
Table 4.1 Quadrant determination

Time (s) 0] 1 [15][25]26 ]3] 4 5 |65
Reference speed (rpm) 0 | 3000 | 3000 | 3000 | 3000 | O |-3000 |-3000| O
Applied load torque (N-m) [0.1| 0.1 | 20 | 0 | -20 [-20] -20 | 10 | 10
Quadrant I | | 1| I I v -
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Figure 4.5 Rotor speed (four quadrant operation)

Figures 4.5 - 4.8 show the simulation results for the four quadrants operation of the motor.
The speed set point and the torque set point are also shown. From time t = 1 sto 2.6 s, the
speed set point is 3000 rpm and the applied load torque is positive. That is, the machine is
operating in the first quadrant; forward motoring. As can be seen in Figure 4.6, the actual
speed is precisely following the reference with the acceleration ramp. From timet =2.6 s to
4 s, negative load torque is applied to the motor, while the speed set point is still positive.
This implies that a brake is applied, and that the machine is operating in the second quadrant;
forward braking. Figure 4.5 shows a deceleration in the rotor speed. At that time, the motor

acts as a generator.

During the time t = 2 s to 2.5 s, both the speed set point and the applied load torque to the
motor are negative. That is, the machine is operating in the third quadrant; reverse motoring.
As can be seen in Figure 4.5, the actual speed tries to follow the speed set point ramp by
decreasing the speed to zero and starting to speed up with a rotation in reverse direction.
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At time t = 5s, the speed set point is commanded to reach zero value, but due to the 500
rpm/s rate limiter, it returned to zero value at 6.5 s. From time t =5 s to 6.5 s, positive load
torque is applied to the motor, while the speed set point is still negative. This implies that a
brake is applied, and that the machine is operating in the fourth quadrant; reverse braking.
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Figure 4.6 Battery state-of-charge

At initial conditions, the motor is operated in (Quad-I) Forward motoring mode. When a
speed reversal command is issued, the motor undergoes braking operation in forward
direction, with speed tending to zero and starts rotating in reverse direction as soon as the

speed is zero as shown in Figure 4.7.
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Figure 4.7 Show speed variation during forward motoring to reverse braking
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Figure 4.8 Show torque and rotor angle variation during forward motoring to reverse

braking

There is a slight variation in electromagnetic torque during the changeover process but it
quickly gets backs to normal. When a speed reversal command is issued again, the motor
undergoes reverse braking and operates in Forward direction. The variation of motor

performance when the motor is changing from reverse braking mode to forward motoring
mode are shown in Figure 4.9.

69



= Fuzzy-PID based actual speed
Referance speed

3000
2000
1000

-1000
-2000
-3000

Speed (rpm)

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
time (sec)
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Figure 4.11 Phase a, b, and c current variations during forward motoring and reverse

braking

4.1.2. PWM Based Nonlinear BLDCM Drive Output Results
In Figure 4.12 shows the 3-phase signals generated from hall sensor. Figure 4.13 and Figure
4.14 shows the 3-phase signals generated from hall effect decoder and hall effect signal
zoom out part from 0.4s to 0.43. Figure 4.15 shows the back electromotive force (emf) of
the BLDC motor. In this Figure, X and Y axis represented the time in second (secs) and back
emf value in Volt (V) of the BLDC motor respectively. Figure 4.16 shows the stator current
of the BLDC motor. In this Figure X-axis represented the time in second (secs) and Y-axis
the motor stator current in Ampere (A) respectively. It is also observed that the stator
currents are fixed for 0.2s which is the same as electromagnetic force time of the result as
shown in Figure 16. In Figure 4.17 show the 3-phase get pulse signals generated from

hysteresis current controller.
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Figure 4.13 BLDC motor hall effect decoded signal
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Figure 4.15 BLDC motor 3-phase back electromotive force
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Figure 4.17 3-phase inverter get pulse signals

74



4.1.3. Fuzzy-PID Speed Controller-Based BLDC Motor Driving Output Results
The simulation of fuzzy-PID based speed control of brushless dc motor using bidirectional
converter is performed using MATLAB/Simulink model. The fuzzy logic controller is used
as speed controller is used as speed control circuit. The output of the controller is fed to a
controlled voltage source which feeds the inverter. The fuzzy logic controller is designed
through fuzzy inference system (FIS) editor and is exported to the MATLAB workspace.
Mamdani type of inference engine is used in the FIS editor. By setting positive and negative
speed get two modes of operation of Brushless motor. The simulation results provide the

necessary wave forms for the analysis of speed control of BLDC motor drive.
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Figure 4.18 Fuzzy-PID based speed control of BLDC motor vs battery state of charge

For the first 1sec speed and torque have positive, then converter operates in boost mode. The

BLDC motor act as a normal motoring mode and the power flow from the battery to the
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motor as seen in the Figure 4.18. After 1sec the speed decreasing but still positive. The motor

produces a negative torque, then converter operates in a buck mode regenerating the

electrical energy from the motor to the battery. So as to realize the vehicles downhill motion.

For next 2sec applied negative speed and the motor produce negative torque and the

converter operates in a buck mode regenerating the electrical energy from the motor to the

battery. For last 1sec second speed goes to positive and the motor act as normal.

4.1.4. Battery State of Charge

During motoring, the battery is providing the power to the motor and hence the battery SOC

(state of charge) decreases. During regeneration the battery current goes negative since the

converter is operating in the buck mode and hence the SOC of the battery starts increasing

(after .45s up to 0.6s and 0.085s up to 1s) as seen from Figure 4.19.
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Figure 4.19 Battery state of charge
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions
In this thesis, the fuzzy-PID control scheme for the speed control of Brushless motor using
a bidirectional converter is proposed. In braking modes of operation, instead of wasting
Kinetic energy it can be stored in a battery. The excess energy is effectively stored in the
battery based on the mode of operation of the bidirectional converter. Simulation studies
were conducted to evaluate the performance of both proportional integral controller and
fuzzy-PID speed control method. The advantages of this proposed method are excellent
speed control, smooth transition between the quadrants and efficient conservation of energy.

The speed control of a BLDC Motor is using both PID controller, and Fuzzy-PID Controller.
Fuzzy-PID controller is proposed which combines the fuzzy controller with the conventional
PID controller and has the benefit of two methods. Based on the simulation results, the
execution of the two controllers are analyzed on the premise of different control system
parameters, for example, maximum overshoot, rise time and settling time. It is clearly shown
that for the same operating conditions the control concept using a Fuzzy tuned PI1D controller
has better speed regulation and performance than the conventional PID controller. This mean
is that developing system can be easily applied to real area. As a result, at no load and high
load condition, performance of fuzzy-PID controller shows that there isn’t no overshoot on

the speed response of BLDC motor and fluctuations of torque response are reduced.

The BLDC motor is fed by a lithium battery via bidirectional DC-DC converter, the vehicle
dynamics is considered. The two modes of operation motor and generator are explained. The
designed system has only one direction of rotation, but allows regenerative braking. The
simulation results show that the speed regulator gives good performance on the speed
tracking, accuracy and the rejection of disturbance load. The mode generator operating
permits to transform the kinetic energy in electrical energy which is stored in the battery;
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this is useful to resolve the problems relevant to the battery energy storage system and

increase the autonomy of the vehicle.

5.2. Recommendations
In this research, work attempts have been made to use the best components. Because of a
shortage of time don’t compare current control methods use hysteresis current controller but,
this controller has a limitation. There are superior to that method to control current of BLDC

motor.

To add current control function to the proposed speed controller in order to keep the current
within a certain range for a specific speed, could be a work for future. The proposed future
work would thereby enhance the motor start-up current, reduce the motor current ripples and
overall enhance the motor torque characteristics performance. Current control methodology
will also reduce the speed and torque variations caused due to any sudden changes in the

motor current value.
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APPENDIXES

APPENDIX A: APPENDIXES RELATED TO ANALYSIS OF DATA

» MATLAB code for the analysis of aerodynamics dragging force versus speed of the car
in Km/hr (Figure 3.5)

clear all; close all;

m=1500; fric=0.01; 0=9.81,; a=1; r=0.25324; K_friction=0.01; F tot=0;
v=16.67;Tot_effcen.M=0.95; Adnsty=1.2; Af=2; vo=0; Cw=0.2; Vkph=0; Vkph1=0; d_Vkph=1e-
2; Vkph_final=130; x=1; n=1;

while(Vkph<Vkph_final),

Vmps=Vkph*(1000/3600);
Fadyna=0.5*Adnsty*Cw*Af*(Vmps+vo)"2;

if Vkph<=100*d_Vkph;

statfric=0.2;

else

statfric=0;

end

F_tot=m*g*(K_friction+statfric)+Fadyna+m*a; % Total force(Nm)
Power=F_tot*Vmps/0.95; Torque=(Power*r/\Vmps);% Nm
Vkph=Vkph+d_Vkph;

Vkphl=Vkphl+d_Vkph;

if x>16,

F_totn(n)=F_tot;

Torquen(n)=Torque;

Powern(n)=Power/1000; %Power in KW

Fadynan(n)=Fadyna;

Vkphn(n)=Vkph;

n=n+1; x=1;

end
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X=X+1,

end

Figure();
plot(Vkphn,Fadynan,'r’);

axis([0 130 0 350]);

grid

xlabel('Speed of the car(Km/hr)")

ylabel(‘Aerodynamic dragging force (N)")

» MATLAB code for the analysis motive force versus approaching angle of the vehicle

(Figure 3.6)
clear all; close all;

m=1500; fric=0.01; ¢=9.81; a=0.5; r=0.25324;

K_friction=0.01;

vkph=100;

Tot_effcen.M=0.95; Adnsty=1.2; Af=2; vo=0; Cw=0.2; apangle=0; apangle1=0; d_apangle=1e-2;

apangle_final=30; x=1;n=1,;
while(apangle<apangle_final),
vmps=vkph*(1000/3600);
theta=apangle*(2*pi/360);
FA=0.5*Adnsty*Cw*Af*(vmps+vo)"2;
if apangle<=100*d_apangle;
statfric=0.001;
else

statfric=0;
end
Frolling=m*g*(K_friction+statfric)*cos(theta);
Fgradient=m*g*sin(theta);
F_tot=Frolling+Fgradient+FA+m*a; % Total force (Nm)
apangle=apangle+d_apangle;
apanglel=apanglel+d_apangle;

if x>16,
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F_totn(n)=F_tot;
Fgradientn(n)=Fgradient;

Frollingn(n)= Frolling; %Power in KW
FAN(n)=FA,

apanglen(n)=apangle;

n=n+1; x=1;

end

X=x+1;

end

Figure(1);

plot(apanglen, F_totn,'k',apanglen,Fgradientn,'b--",apanglen,Frollingn,'k:',apanglen,FAn,'r")
axis([0 30 0 9000]);

grid

xlabel('Approaching angle’)
ylabel('Motive forces (N)")

» MATLAB code for the analysis driving power vs speed of the electric vehicle (Figure
3.7)

clear all; close all;

m=1500; fric=0.01; ¢=9.81; a=1; r=0.25324; K friction=0.01; F_tot=0; v=16.67;
Tot_effcen.M=0.95; Adnsty=1.2; Af=2; vo=0; Cw=0.2;Vkph=0; Vkphl1=0; d_Vkph=1le-2;
Vkph_final=150; x=1; n=1;

while(Vkph<Vkph_final),

Vmps=Vkph*(1000/3600);

Fadyna=0.5*Adnsty*Cw*Af*(Vmps+vo)"2;

if Vkph<=100*d_Vkph;

statfric=0.2;

else

statfric=0;

end
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F_tot=m*g*(K_friction+statfric)+Fadyna+m*a; % Total force(Nm)
Power=F_tot*Vmps/0.95; % Required input power (Watt)
Torque=(Power*r/\Vmps);% Nm

Vkph=Vkph+d_Vkph;

Vkphl=Vkphl+d Vkph;

if x>16,

F_totn(n)=F_tot;

Torquen(n)=Torque;

Powern(n)=Power/1000; %Power in KW

Fadynan(n)=Fadyna;

Vkphn(n)=Vkph;

n=n+1; x=1;

end

X=X+1;

end

Figure(1);

plot(Vkphn,Powern,'r','LineWidth',2);

set(gca,'FontSize',12)

axis([0 130 0 100]);

grid

xlabel('Speed of the car(Km/hr)")

ylabel("Power (KW)")

> MATLAB code for torque versus speed characteristics curve (Figure 3.8)
clear

Ratedpower=60000; wrpm=0; wrpm1=0; wb=187.5; d_wrpm=21e-2; wrpm_final=12000; x=1; n=1;
while(wrpm<wrpm_final),

wm=wrpm*(2*pi)/60;
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Torque= Ratedpower/wm;

if Torque>=320,

Torque=320;

end

if Torque<320,

Torque= Torque;

end

Power=Torque*wm;

wrpm=wrpm-+d_wrpm;
wrpml=wrpml+d_wrpm;

if x>16,

wrpmn(n)=wrpm;

Torquen(n)=Torque; Powern(n)=Power/1000;
n=n+1; x=1;

end

X=X+1;

end

Figure(1);
[AX,Torque,Power]=plotyy(wrpmn,Torquen, wrpmn,Powern);
axis([0 12000 0 350]);
set(get(AX(1),'ylabel"), 'string’, Torque(Nm)")
set(get(AX(2),'ylabel’), 'string','Power(KW)")
set(Torque,'LineStyle','--"
set(Power,'LineStyle',"-")

set(gca, 'FontName', TimesNewRoman')
set(gca, 'FontSize',12)
set([Torque,Power],'LineWidth',0.5)

xlabel('Motor Speed(rpm)’)



grid
legend('Torque','Power")

» MATLAB code for analysis of the effect of the approaching angle in the power of the
vehicle (Figure 3.9)

clear all; close all;

m=1500; fric=0.01; ¢=9.81; a=0; r=0.25324; c_ofriction=0.01; d=0.25324; v=16.67;
Tot_effcen.M=0.95; Adnsty=1.2; Af=2; vo=0; Cw=0.2; angleR=0; angleR1=0; d_angleR=1e-6;
angleR_final=40; x=1; n=1;

while(angleR<angleR_final),

Fadyna=0.5*Adnsty*Cw*Af*(v+vo)"2;

theta=angleR*2*pi/360; %Degree to radian conversion
F_tot=m*g*(sin(theta)+c_ofriction*cos(theta))+Fadyna+m*a; % Total force(Nm)
Power=F_tot*v; Torque=(Power*r/v)/0.95;

angleR=angleR+d_angleR;

angleR1=angleR1+d_angleR,;

if x>16,

F_totn(n)=F_tot;

Torquen(n)=Torque; Powern(n)=Power/1000; %Power in KW
Fadynan(n)=Fadyna;

thetan(n)=angleR;

n=n+1; x=1;

end

X=x+1;

end

plot(thetan,Powern,'b','LineWidth',2);

axis([0 40 0 200]);

grid

xlabel('The approaching angle in degree’)

ylabel('Power (KW)")
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APPENDIX B: RELATED TO THE LINEAR BLDC MOTOR MATLAB/SIMULINK
MODEL
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Fuzzy-PID Simulink block for BLDC motor model

Torque generation command Simulink block for BLDC motor model
Pole

4
—|—P pole

0.925
—|—b Kb “ Ip ref

kb fen

1) te_star

Torque command
generation

MATLAB code for Torque generation command

function Ip_ref = fcn(pole, Kb,te_star)
te_rate = 160; lamda_p =Kb*(pole/2);
% torque limit =>up to 2 [p.u.]
te_lim_p = 2*te_rate; te_lim_n = -2*te_rate;
if (te_star>=te_lim_p)

te_cmd =te_lim_p;

elseif (te_star<=te_lim_n)

te_ cmd =te_lim_n; else

te_cmd =te_star;

end

Ip_ref =te_cmd/(2*lamda_p);

end



Hysteresis current Simulink block for BLDC motor model
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Inverter Simulink block for BLDC motor model
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Bidirectional DC-DC using MOSFET and freewheeling diode Simulink block for
BLDC motor model
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Hall effect decoder Simulink block for BLDC motor model
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APPENDIX C: APPENDIXES RELATED TO DATA COLLECTION

Data from internet: Data of similar size motor used for EV (accessed on January 05, 2020).

The battery
Power
voltage

50 kw

360V~540V

360V~540V

Rated Peak Peak Peak o .
Speed current Efficiency Weight
torque torque power current
3500rpm 136Nm  300Nm  110KW  140A  320A 95.4% 250kg

3500rpm

75kw  360V~540V

100kw 380V~540V

3500rpm 205Nm  260Nm  160KW  212A  430A 95.7% 270kg

5000rpm 191Nm  400Nm  220KW  289.3A 590A 96.0% 270kg
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