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ABSTRACT Electric vehicles (EVSs) are playing a vital role in sustainable transportation. It is estimated
that by 2030, Battery EVs will become mainstream for passenger car transportation. Even though EVs are
gaining interest in sustainable transportation, the future of EV power transmission is facing vital concerns
and open research challenges. Considering the case of torque ripple mitigation and improved reliability
control techniques in motors, many motor drive control algorithms fail to provide efficient control. To
efficiently address this issue, control techniques such as Field Orientation Control (FOC), Direct Torque
Control (DTC), Model Predictive Control (MPC), Sliding Mode Control (SMC), and Intelligent Control
(IC) techniques are used in the motor drive control algorithms. This literature survey exclusively compares
the various advanced control techniques for conventionally used EV motors such as Permanent Magnet
Synchronous Motor (PMSM), Brushless Direct Current Motor (BLDC), Switched Reluctance Motor
(SRM), and Induction Motors (IM). Furthermore, this paper discusses the EV-motors history, types of EV-
motors, EV-motor drives powertrain mathematical modelling, and design procedure of EV-motors. The
hardware results have also been compared with different control techniques for BLDC and SRM hub
motors. Future direction towards the design of EV by critical selection of motors and their control
techniques to minimize the torque ripple and other research opportunities to enhance the performance of
EVs are also presented.

INDEX TERMS Electric vehicles, Electric motors, Control techniques, Torque ripple, Brushless DC
motor, Permanent magnet synchronous motor, Induction motor, Switched reluctance motor, Hub motors, e-
motors design.

ABBREVIATION

ANN Artificial Neural Network IWM In-Wheel Motor
ASD Adjustable Speed Drives NNC Neural Network Control
BEMF  Back Electro-Motive Force MPC Model Predictive Control
BLDC  Brushless DC Motor MPCC  Model Predictive Current Control
DTC Direct Torque Control MPTC  Model Predictive Torque Control
DITC  Direct Instantaneous Torque Control NdFeB  Neodymium Iron Boron
EEC Electric Equivalent Circuit PMSM  Permanent Magnet Synchronous Motor
EMF Electro Magnetic Field PID Proportional Integral Derivative
EMI Electromagnetic Interference PM Permanent Magnet
EM Electro Magnetic PSO Particle Swarm Optimization
EVs Electric Vehicles Pl Proportional Integral
FEA Finite Element Analysis PWM Pulse Width Modulation
FLC Fuzzy logic Control SRM Switched Reluctance Motor
FOC Field Oriented Control SMC Sliding Mode Control
FTC Fault Tolerant Control SynRM  Synchronous Reluctance Motor
ICE Internal Combustion Engine TSF Torque sharing Function
IM Induction Motor T/ Torque/Current Ratio
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I. INTRODUCTION

A. Background

Since the lase decade, environmental pollution has increased
severely owing to greenhouse gases, leads such as carbon
dioxide, nitrous oxide, methane, oxides of nitrogen, sulphur
dioxide, hydrocarbon. Due to higher demand for fuel, prices
are increasing day by day it becomes most expensive. In [1-4]
vehicle engine is one of the most significant sources of
greenhouse gas emissions, accounting for 30% to 50% of road
CO; emissions. Vehicle emission increases in the world
because of the growing population, economic development,
which lead are showing in usage of vehicles and urbanization.
In [5-7] most countries in the world have started to pay
attention and willingness towards minimizing the earth’s
atmospheric gas emissions and to improve the air quality in all
the locations. In [8] compared to automobiles powered by
Internal Combustion Engine Vehicles (ICEVs), EVs have zero
emissions and are more effective with huge promise for
reducing CO. gas emissions when integrated with a less
carbon power sector as shown in Fig. 1. In this case, many
countries have stated that they want to achieve 100% Zero-
Emission Vehicles. However, [9, 10] predicted that by 2023
there will be 10.2 billion EVs in the market, accounting for
around 1.5% of the global inventor. Therefore, EVs adoption
still has a long way to go.

The invention and development of EVs in the last 150
years has come a long way. The development of EVs from a
simple non-chargeable state to modern control techniques
can be categorized into three stages: early stage, middle
stage, and present stage as shown in Fig. 2 [11,12].
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Figure 1. Transportation vehicle CO2 emission levels

B. Motivation of Research
In [13], e-motor technique has a set of their own benefits and
drawbacks for driving a powertrain over a long period of

World first Hybrid
Electric car
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Thomson developed
better EV batteries

1832 I 1899 1960

development. During the last ten decades, much automotive
industry started to change its motor structure and control
techniques to improve EVs performance. In [14] majority of
EV motors are using rare earth magnet material high cost, the
main advantage which are of BLDC motor is high torque
density and power density. In [15,16] main issues in BLDC
conventional and in-wheel motors are torque ripple, fault-
tolerant capability, EMI, acoustic noise, control problem in
field weakening ability, and high cost of PM materials. This
review discusses mitigating the problem over design and
different control techniques aspects. In [17, 18], the author
discussed PMSM to meet the desired EV characteristics, high
torque and power density. The main issue is high-cost PM
rare earth material neodymium. Mitigate this problem, low-
cost ferrite is suitable, but it has low energy and coercivity.
In [19, 20] new topology PM assisted, spoke, axial and In-
wheel motors are proposed as the performance. This review
discusses low-cost PMSM material and PM topology. In
[21, 22, 23] non-magnet low-cost induction motor, both
stator and rotor material losses are high which decreases the
efficiency and fault tolerance. Which are the main drawback
of this EV drive system. This review mitigates the technique
of IM reducing losses and improving efficiency.

In [24], it is stated that Double salient switched reluctance
both in-wheel and inner rotor aligned with minimum
reluctance non-magnet material is suitable for EV drive with
simple construction, robustness, high power density, long
constant power range, and enhanced reliability for fault-
tolerant capability. In [25] the main problems identified are:
controllability, torque density, torque ripple, vibration, and
acoustic noise and fault diagnosis. This review article
discusses the design and control techniques aspects to
mitigate the SRM torque ripple, vibration, torque density,
acoustic noise and fault tolerance. Article [26] dealt that,
other motors were also suitable for EV drive systems like
synchronous reluctance motor (SynRM) having the good
fault-tolerant capability, robust, high efficiency, and compact
size. In [26, 27] the main problem addressed were the
controllability, power density, and power factor of the
reluctance motor.

Control techniques are adopted to improve the reliability,
control of fault-tolerant, electromagnetic interference,
acoustic noise, vibration and torque ripple mitigation. The
most promising motor among EVs are listed in Table | that
are particularly important to explore by its most popular
control schemes.
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Figure 2. EV Generation Growth [30, 31]
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TABLE I Comprehensive and concise literature survey on EV motors

EV motors Key challenges Control technigues Design topology Ref
High-cost magnet, FOC, DTC, MPC, intelligent Opening stator slot wedges,
torque ripples, controller, and  sensorless Changing magnet pole arc width

BLDC reliability issues, controller. position, interior rotor (surface [15,16]
(EMI, acoustic noise, fault mounted, buried, inserted in-
tolerant), Less efficiency. wheel motor.
High-cost magnet Low-cost ferrite material, FOC, PMAsynRM,

PMSM (Neodymium, samarium), DTC-SVM, MPC-PTC, SMC, PM Axial flux motor,
demagnetization, intelligent controller, and sensor  PM spoke type motor. [17-20]
torque ripple, fault tolerant. less controller.
Material loss (Al, Cu), High conductivity —material, Increased axial length, modelling

IM high core loss, material  cost trade off, skewed rotor. [21-23]
low efficiency. sensorless control, FOC, DTC

and MPC-PTC.

Less torque density, high TSF, DTC, DITC, MPC, FOC, Increasing stator and rotor poles,

SRM acoustic noise and vibration, MPC, SMC, and intelligent axial flux SRM, optimize [24,25]
high torgue ripple. controller. stator/rotor pole arc and length.
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Front
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Rear

Figure 3. E-motor development in the last decade

Nissan Leaf

The most traditional control schemes such as: field-
oriented control, direct torque control, model predictive
control, sliding mode control and intelligent control are
adopted in EV motors both in-wheel drive and indirect drive
wheel. Fig.3 shows their development in the last decade.

Article [28] considered Direct torque control (DTC) which
provides a better dynamic response resulted as the main
advantage of the DTC algorithm and it has a simple structure
for conventional and in-wheel motors. DTC is preferred for
high dynamic applications, but it creates a high current and
torque ripple. Article [29] proposed Field Oriented Control
(FOC) to provide good steady-state behavior over the full
load torque and speed ranges. The inductance distribution in
the rotor position uses an effective real-time inductance
measurement method to minimize torque ripple and achieve
better steady-state performance. Article [30] proposed a
novel finite-set Phase-Locked Loop (PLL) sensorless scheme
combined with duty-cycle Model Predictive Control (MPC)
for in-wheel motors, which improves the dynamic
performance and robustness of the system. Article [31]
proposed a finite set MPC that combines virtual vector and
duty cycle to improve steady-state and dynamic performance
without the need for a modulator. Article [32] considered the
fault-tolerant scheme of the in-wheel motor after failure and
proposed an MPC fault-tolerant scheme based on virtual
vector, which avoids the complex controller topology reset in
the traditional scheme and has good fault-tolerant
performance.
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Article [33] considered a Sliding Mode Controller (SMC)
as a robust non-linear system, dynamics of a nonlinear
system by the application of high switching control.
Combined adaptive integral higher-order SMC is used to
reduce the chattering problems which can eliminate external
disturbances. Article [34] proposed the speed and torque
responses, advanced fault-tolerant control of induction
motor, high-performance EV/HEV applications based on
modern and intelligent controllers. In [35] the development
of sensor- less or model-based control for full speed range
using effective rotor position estimation function for traction
motor application was proposed.

The significant contribution in this paper is as follows:

o A brief history of types of EVs and their motor categories
are discussed in detail with diagrams.

e A comprehensive review of BLDC, PMSM, IM and SRM
advanced control techniques such as FOC, DTC, MPC,
SMC, Intelligent controller and torque ripple mitigation
are discussed.

e The BLDC and SRM hub motor with advanced control
techniques were discussed in detail.

e The fundamental theory behind motor designing and its
steps are illustrated with a flow diagram.

e The open challenges and future research opportunities are
discussed.

Fig.4. represents the flow and survey organization of the

presented paper. In the next section, the types of EVs and

electric motor used in EVs are discussed.
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Chapter I: Introduction
A. Background
B. Motivation of research

Chapter Il: Types of EVs
1. Battery Electric Vehicle
2. Hybrid Electric Vehicle
3. Plug in Hybrid Vehicle
4. Fuel Cell Vehicle

/Chapter I11: Types of E-Motor
A. Types of motor configuration in

Discussed severe effects of overall greenhouse gas
emission in atmosphere due to transportation.
Strategical analysis is done on oil demand crisis in
the market.

A brief history of electric vehicle motor is discussed
from basic DC motor.

EV to attain Low cost and High mileage range.

This section discusses different types of Evs
current challenges and future scope.
The variation of input source for each EV category is
represented in diagram.

J

A comprehensive discussion on EV drive source\,
components and features.

EVs

Pictorial diagram for EV main parts discussed

\__B. Types of e-motorsin EVs

/ Chapter IV: BLDC
A. Limitations of BLDC
B. Improving efficiency

briefly. /

Mainly discussed limitation in motor to improve\
from high cost and low mileage.

C. Mitigate techniques
D. Torque ripple control technique

/Chapter V: PMSM
A. FE PM motor technology

B. Mitigate PMSM torque ripple
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2. Control strategy
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&
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C.

ter VI: IM
Reduce material loss
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Torque ripple techniques and limitations are briefly

analysed. Y
Ferrite improvement for low cost technique Q
briefed.

Reduction of major issue due to torque ripple by
motor design and different control techniques is
discussed. %

This section briefs Both stator and rotor mater@
technology decrease motor losses.
Changing motor design topology and various control

Efficiency Improvement by
\ design

fhapter VII: SRM

A. Torque density Improvement
B. Reduce SRM auditory noise
1.Changes in topology

N N N

techniques to improve the efficiency of motor. J

A comprehensive study on Increasing torque dens@
technique discussed.
To reduce noise by modifying motor topology and

2.Control strategy
C. Mitigation of SRM torque
1. Development in motor design

different control technique analyzed.
The main drawback in SRM torque ripple, motor
development and future Control strategies discussed

2. Advance control strategy
\ D. Fault tolerant diagnosis

-

Chapter VIII: Hardware Hub
motors

Chapter 1X: E-motor design

LA

Chapter X: Conclusion

Figure 4. Organization of the review article

Il. Types of Electric Vehicles

In [36, 37] presented those batteries are the only source of
power for Battery Electric Vehicles (BEVs). They have zero
emissions since they use an electric motor to turn the wheels.
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In [36] stated that Plug-in Hybrid EV (PHEV) have a range
of 20 to 30 miles of zero-emission driving and can also run-
on gasoline or diesel for longer excursions. To maximize

their zero-emission capability, they must be connected to a
power supply.

esigning motor stages using ANN and future researc
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Figure 5. Four types of electric vehicles [37, 38]

Fuel cell EVs split electrons from hydrogen molecules to
produce electricity to run the motor. The additional energy
source battery connected to the fuel cell has zero emission
[36]. In [37, 38], Hybrid Electric Vehicle (HEV) are powered
by an internal combustion engine and a one or more electric
motor, which uses energy stored in batteries. A hybrid EVs
battery cannot be charged by plugging in operation. Instead,
the battery is charged by the internal combustion engine and
regenerative braking.

Acrticle [39] consider that regenerative braking refers to the
operation of an electric motor in reverse, which applies a
braking force from electromagnetism. By charging the
battery, the kinetic energy is recaptured in all four EVs as
shown in Fig.5. The specific driving modes with variable
levels of regenerative braking are available on EV types. The
four types of EVs and their electric drive component, the
automotive industry used in the market, set of problems and
features of each type are listed in Table II.

7 T 77 EVPowerTran ~
DC bus

i package b PEC

| Super | —
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4 pEC 1By I
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—{ uoissiwsuei ] —
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Energy
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— Unidirectional flow

Control,
Signals GG

Figure 6. New energy storage sources [40]

In [40] mentioned EVs powertrain’s main components are
electrical machines (EM) propulsion, power electronic
converters (PEC) and new input energy storage sources such
as fuel cells, batteries, and supercapacitors. The technology
development in a battery storage system using both
unidirectional and bidirectional energy flow from microgrid

VOLUME XX, 2017

Battery Fuel Cell
Electric Vehicle Electric Vehicle
(BEV) (FCEV)

Regenerative
Braking

Regenerative I

Hydrogen
Tank

system to PEC was also addressed. Authors in [41]
showcased the integrated energy management system which
can supply from oil, biomass, coal natural gas, nuclear, and
zero emission energies hydroelectric, wind and solar. The
connection between EM to PEC, the bidirectional power
flow from EM acceleration and deacceleration mode for
regenerative braking capability for EVs to increase the
battery energy are as shown in Fig. 6.

Transmission

=

CONTROLLER

POWER CONVERTER [
ENERGY STORAGE

ELECTRIC MOTOR/Central
motor/In-wheel motor,

Transmission

Figure 7. Background of electric powertrain [41]

EVs structure has internally connected four important
parts electric motor, power converter, controller, and energy
storage (battery) as shown in Fig.7 [41, 42]. EVs were
driven by electrical machines during the last five decades
using motors with low cogging torque BLDC, low-cost
material interior PMSM, increased efficiency 1M, and torque
ripple less SRM. In [64] Power electronic converters were
used to convert the input source based on the energy storage
supply system converter which chooses chopper, inverter,
and resonant converters. The different types of powertrain
configuration and electric motors (e-motors) were discussed
in the next section.
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TABLE 11 Electric vehicle sources and features [37, 38]

EV List Examples of EV Problems Features
e  Teslamodel 3 . Battery range capacity and high price. . No air emission.
BEV e BMWi3 e Charing time increasing. e  Oil independent.
e Nissan leaf e  Need more charging stations. e  Battery range is high and large.
o TeslaX . Maximum price. . Commercially available.
. Honda civic . Optimization. . Emission is very less.
HEV e  Toyota Prius e  Battery and engine size big. e Battery range is long.
e  Toyota Camry . Management of the energy sources is . Both electric and fuel supply.
difficult.
e  Audi A3E-Tron e  Optimization. . Low operating cost.
. BMW i8 . Battery charge from an external source. . Maintain low air quality.
PHEV e  Chevy volt e Battery and engine size are big. e Reduced atmosphere gas emission.
e Kiaoptima e  Management of the energy sources is e  Reduced noise.
e  Ford Fusion difficult.
e  Toyota Mirai . Fuelling facilities availability check. . Low emission.
. Hyundai Tucson . Cost of the fuel cell is high. . Efficiency is high.
FCEV e Honda Clarity e Safe way to produce fuel. e Priceis high.
e  Hyundai Nexo e Commercially available.
e No need for electricity.

lll. Electric motors used in EVs

A. Types of motor configuration in EVs

The electric motors are available in different drive train
options. The placement of the electric motors (e-motors)
plays a very important role in the power delivery and
purpose of the vehicle. EVs can come in different
configurations such as single motors, dual motors, triple
motors and four motors in each wheel. Some EVs like Tesla
using single and dual motors set-up, the wheels are directly
connected to the motor by eliminating transmission. Model S
plaid and Tesla roadster are triple motors set up, two
individual motors drive each of the rear wheels and common
motor drive in the front wheel. Rvian-R1T and Rivian-R1S
(uses four motors) as several motors in each wheel.
However, two in the rear and front wheel as called hub
motors. This setup increases the eligibility and handling of
the vehicle which are listed in Table. I1I.

B. Types of e-motors in EVs

They are different types of e-motors used in the automobile
industry. When coming to EVs, there are seven types of
motors with each having its own strength and weakness [43,
44]. Motors are brushed DC motor, Brushless DC motor,
Permanent magnet synchronous motor, Induction motor,
switched reluctance motor, synchronous reluctance motor
and Axial flux ironless permanent magnet motor.

The brushed DC motor, the motor controller is not used to
vary the speed in EVs. It provides maximum torque at low
speed, the main drawback is bulky structure, low efficiency,
heat generated by brushes. It was used in Fiat panda Elettra
after major issues concerning this motor, it’s not being used
in EVs. The BLDC are most preferable for EVs application
due to traction characteristics. The advanced technology
includes BLDC motor distributed windings and has a
trapezoidal current wave shape with no requirement of brush
and commutator. In [45] arrangement of the magnet, motor
classifies interior rotor and in-wheel rotor. Based on the flux
flow path, it can be classified as radial and axial flux.
However, electronic commutation produces high torque

VOLUME XX, 2017

ripple and noise. The main drawback is the short constant
power range and decreases the torque increase in speed used
for small cars maximum of 60kW power. In [45,46] PMSM,
based on the rotor place, it can be classified into surface
mounted rotor SPM for low power EV and interior mounted
rotor IPM for high power which is suitably well designed by
high power factor, high efficiency, high reluctance torque,
low heat, and simple in a package used in HEVS. It can be
operated in different speed ranges without using a gear
system, high torque at low speed. However, the cost of
material is too high; the overall cost of EV becomes high,
huge iron loss using in-wheel drive.

In [45,46] squirrel cage ACIM laminated low-cost silicon
steel stator inserted three-phase stack and rotor slot both ends
with rings. IMs are characterized as simple structure, low
cost, high reliability, less torque ripple, and noise. However,
less efficiency, low power density, inverter and control
circuits are complex issues in EVSs. In [47] SRM is a variable
reluctance motor adopted for double salient with low-cost
silicon steels. In [48] SRM has simply concentrated windings
installed in the stator, simple structure, high power density,
robust, high speed, least fault-tolerant and most suitable for
high-speed applications. However, complexity in control,
increase in switching circuits, torque fluctuation, and noise
are serious issues in EV.

In [27] SynRM torque is created by the direct and
quadrature axis of the magnetic circuit with no field
windings or permanent magnet. It has an easy and strong
construction, non-existence of rotor cageless and high
permanent torque. However, low power factor, power
density and complexity in control. The most advanced
motors in EVs, axial flux ironless permanent magnet motor
using an external rotor, avoiding iron in the slot, and stator
core also absent are main advantages. It reduces the weight
of the machine, airgap radial field type, and high efficiency
and reduces copper loss. The main drawback is control
complexity and less efficiency. Based on the comprehensive
literature survey and recent research in the automotive
industry selectively uses EV characteristics most suitable
motors are as shown in Fig. 9.
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TABLE Il Types of motor configuration in EVs

Centralized single motor

driven powertrain

Distributed multi motor driven powertrain

Single motor Dual motors Triple motors Four motors
”% ( [/ % / \ % #g ( Electric motor | #% #¢ ( Electric motor '\ g%
at Differential = Differential m m m
- v
< Electric| 72 ©° Electric| % = o 1
motor motor
Battery Battery,
Electric
Batter motor
Differential Differential @ @
“ \ / ] ] \ / (] ¥ \ / ] ¥4 \_Electric motor / ¥
e Compact unit, High e More HP, high acceleration, e More HP, high acceleration, More HP, high acceleration,
efficiency. efficiency and speed. efficiency and speed. efficiency and speed.
e Fewer components needed, e The additional degree of the e Torque coupled and controlled All wheel drive handling

cheaper to build.

Tesla polestar 2, electric

range 425km, top speed
160kmph.

freedom in vehicle for
enhancing traction and stability
control.

The increased ability of the
overall traction system.

Tesla model 3, electric range
575km, 260kmph.

in moving drive efficiently.
All wheel drive handling
stability group.
Audi-etron-S, Tesla model S,
and Tesla model X.

stability group.

Four small motors in wheel
called in-wheel or hub motor.
Positive and negative torque
individually controlled in each
motor.

Not efficient than other
motors.

Not suitable for high power. .

More expensive.
Lack of standard transmission.
Control more complex.

o More expensive.

Lack of standard transmission.

e Control more complex.

Torque vectoring control in
each In-wheel motor are more
complex.

BLDC

IM

Stator

Rotor

Iron core of the
rotor

Winding

Rotor

PMSM

SRM

Stator

Permanent
Magnets
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Stator Airgap
End ring
Shaft Shaft

Rotor

Figure 8. Types of e-motors in EVs [45-48]
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BLDC

EV Motors

Toyota Prius
Ather Energy
Scooters
Yamaha EC-03
Upcoming TVS

EV Company

High torque density.
No rotor copper loss.
Small size and lighter.
Better heat dissipation.
High reliability.
Specific power is high.

Advantages

PM rare earth material
cost is high.

Soul EV
Nissan Leaf
Toyota Prius

Efficiency is high.
Specific torque.
Density is high.
High power density.

Iron loss maximizes at
high speed through in

Constant power range less. Wheel operation.

Disadvantages High Cogging and

Demagnetization.

ACIM

GMEV1

Toyota RAV4
Tesla Model X
Tesla Model S

Ruggedness.
Maximum peak torque.
Dynamic response is
good.

Less maintenance.

Less efficiency.
Copper loss.

Chloride Lucas
Land Rover

High power density.
Simple and robust.
Fault tolerant.
Construction cost less.
High speed.

Robust and efficient.

High noisy.

High torque ripple.
Low torque density.
Large vibration.

reluctancet torque ripple.
Decreased with increase in
drive speed.

Figure 9. EVs motor features [45-48]

IV. BRUSHLESS DC MOTOR (BLDC)

A. Main limitations of BLDC motors

The main limitations of BLDC are high-cost Permanent
Magnet (PM) material, speed range, low Efficiency, torque
ripple, acoustic noise, fault-tolerant and electromagnetic
interference. In [13] manufacturing a motor using PM
material can be categorized based on four different earth
materials which include high-temperature capability
Alnico, low-cost ferrite, high corrective force, remanence
NdFeB and maximum density SmCo. At the present state,
[13,49] authors discussed the high energy density, high
remanence, high demagnetization, and corrective force PM
material are primarily combined with different materials
such as neodymium magnet alloys and samarium alloys. In
[50] PM materials such as Alnico and ferrite affect the
demagnetization ability and torque density, because of less
coercivity, low remanence, high-temperature effect, and
low energy products in their magnetic properties. However,
in [50] authors discussed the minimum coercivity ferrite
(Fe) gives the best field weakening capacity and rotates at
maximum speed. Magnets alloy with iron oxide are
common to earth free low-cost material for inner and hub
BLDC drives. The magnet placed in the motor classifies
inner and in-wheel rotors that are suitable for EVs. The
inner rotor magnet is classified surface mounted, inserted,
and buried.

The most suitable low power EVs are: In-wheel rotor
type motors. In [51] proposed selecting a better EV motor,
first analyzes the drive parameters and physical properties
of the materials. The main challenge in this motor is high
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High cost material.

torque ripple, acoustic noise, fault-tolerant, and EMI. These
factors can be mitigated using motor design and controller
aspects. In [52] state that output design is based on careful
consideration of geometric parameters in EVs. BLDC is
mainly used in small cars less than 30 kW because of the
speed-torque characteristics performance in EVs.

1. BLDC In-wheel motors

In [52,53] considered BLDC hub motor permanent magnets
are fixed to a ring on the exterior to stator coils called the
rotor and the ring is kept in motion whereas the rotor is kept
stationary as shown in Fig. 10. The hub motors are
preferred for lightweight electric vehicles. Since it is easy
to fix a wheel over the hub motor is preferred for electric
vehicles. BLDC hub motors are driven using both sensor
and sensorless motor controllers. The main disadvantage of
using hub motors is (i) Using hub motors increases the
weight at the power-driven side which decreases the vehicle
stability, (ii) Delivering uniform torque is too difficult and
(iii) Mechanical stress experienced by hub motors are more,
compared to normal BLDC. The exterior rotor connection
produces less torque ripple, compared to the interior PM
rotor.

Outer rotor

Surface PM
Shaft

Stator
Slot

Figure 10. BLDC Hub motor
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2. BLDC Inner rotor

In [54] proposed PM are fixed to a ring on the interior to
stator coils and the ring is kept in motion whereas the stator
is kept stationary called inner rotor as shown in Fig.11. In
an EV power train, the torque ripple is produced based on
the structure of the motor, the nature of the motor
operation, and motor control. These can be mitigated by
changing the motor structure by reducing airgap between
magnet and slot conductor, during commutation process
controlling the converter switch on and off at proper
interval.

Stator

Interior PM

Rotor

Shaft

Airgap
Slot

Figure 11. BLDC Inner rotor

In [55] considered BLDC using concentrated windings in
stator side waveform is trapezoidal back EMF, there are no
windings in rotor side it reduces the copper loss and
increases efficiency. BLDC drive has an electronic
commutator voltage source inverter and sensor. It produces
maximum torque per ampere at a constant power region. In
[16, 29, 55] author discussed motor speed can be controlled
by vector control, direct and indirect torque control for
above the base speed. In EV drive BLDC, mainly uses
minimum power rating: In BLDC outer rotor type produce
less torque ripples compare to inner rotor type. The main
source of torque ripples for BLDC are the nature of motor,
motor structure, and motor control. In [56] nature of BLDC
can generate different torque ripples is shown in Fig.12 The
main challenge for BLDC is to improve the efficiency and
reduce the torque ripple are discussed in the following
section.

In [57] considered BLDC producing less efficiency,
connecting additional field winding also gives the enhanced
speed range in addition to increasing the overall efficiency
of the motor are listed in Table IV. The PM and field
winding combined hybrid motor arrangement structures are
too restrained with complexity and cannot attain the speed
range of EV vehicle requirements. In [58,59] proposed
BLDC power converter conduction angle can improve the
efficiency in EV drive and speed range increase more than
four times then base speed and after a certain range of
speed, the efficiency starts decreasing due to
demagnetization.

TABLE IV Design techniques to improve the efficiency

BLDC buried PM mounted in the rotor can provide more
air gap flux density, surface mounted rotor requires less
amount of PM material. These both types can improve the
efficiency compare to inner motor.

C. Torque ripple control techniques

In [60, 61] stated that BLDC air gap is present between slot
magnetic field and flux linkage, the back EMF distributed
non-sinusoidal waveform generates torque ripples. The
vibration and noises are developed in EV for both inner and
outer rotors. This effect causes low power in the motor
which creates an overloading capacity effect by rotor
magnet to investigate different control methods to mitigate
torque ripples.

In [62] author discussed BLDC has commutation angles
for every 60 degrees and circulates unevenly helices every
60 degrees in the air gap magnetic field, resulting in
minimum torque ripple. Pulse Width Modulation (PWM)
control algorithm were used to eliminate torque ripple,
induced by the stator magnetic field. In [63] proposed
sensorless controller, the effects of PWM mode the
commutation switching angle torque ripples were mitigated.
The PWM control method produces current by BEMF
during the turn-off process to reduce the torque ripple. The
PWM chopping method for low power rating motors to
reduce the torque ripples. In [63] proposed torque ripple
reduction using two switching methods are PWM chopping
strategy and overlapping method, the output torque is high
and torque ripples are very less compared to overlapping
method. The other techniques, when varying the input
voltage, the torque ripple is minimized. In [63] proposed
method has input voltage which reduces current ripples in
the conduction field and causes torque ripples. The other
control techniques, cascade Buck converters are used to

remove conduction torque ripple in BLDC.

Current
commutation

Electromagnetic
torque
Cogging torque Reluctance torque

Surface mounted motor
(Not Effective)
Salient pole motor
(Not Effective)

[ Interior PM motor
(Effective)

Figure 12. Source of torque ripples in BLDC [56]

PWM scheme

Motor control

Motor structure
conduction
commutation
Free wheeling
diode

Method Adopted technique Advantage Disadvantage Ref
stator slot opening e  Air gap windings e  Simple to implement e  Vibration. [57]
and wedges Skewing. improve the efficiency. . Audible noise.

. Short pitch winding.

e Fractional slot winding.
Rotor Magnet e  Rotor magnetic pole arc width o Improved efficiency. . Increasing [58,59]
pole arc positions. e Improved torque. noise.
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TABLE V Control techniques to mitigate torque ripples

Method Adapted techniques Advantages Disadvantages Ref
e  PWM chopping method. e  Higher output torque e  Eliminating only torque [62]
. Low-cost digital control lower ripples. ripple caused by stator
Modified PWM technique. e Minimum cost. magnetic field.
control e Motor control hardware
is complex.
e Cascade buck converter e Reduce torque ripples. e Eliminate only the [56,64]
DC bus voltage . Harmonics using commutation torque ripple.
control analytical computation.
Current control- e Repetitive current control. e  Low-costdrive strategy. e  Commutation torque ripples.  [65,66]
based technique . Predict current commutation. e Smooth commutation. . Minimized torque ripple
e  Eliminate negative DC. during low speed.
Phase conduction e  Current overlapping method. e  Miniature motors used e  Reducing the torque ripple [63]
method sensor less control for components.
BLDC motors.
. Estimation function using . Good dynamic . Number of subsystem parts [78]
Model predictive virtual vector delay time performance and increases.
control MPC-FCS. robustness
e  Torque estimation with e Structure very simple. e  Reduce low-frequency [67,68,79]
control torque by a e No coordinate torque ripples.
Direct torque hysteresis controller. transformations.
control e Active-null vector e No PWM generation.
modulation strategy.
FOC control e  Flux and current in the e Anefficient control flux e  SVPWM complex to reduce  [76]
steady-state. and torque. the torque ripple.
Model Adaptive e Fuzzy-logic controller for e  Thegainof thefilteris e  High sampling rate. [73,74]
control speed control. adapted to reduce torque e  Maximum precision requires
e Reduction of torque ripples. ripple. high computing power.
. Increasing the cost of digital
controllers.
Soft computing . Neuro-fuzzy observer. . Minimize the torque . Complex computational [75,77]
technique e Artificial neural network ripples using soft algorithm.
(ANN) computing techniques. . Real-time difficult.
In [64] proposed BLDC with minimum inductance effectively removing commutation torque ripples,

requires a more than two-level or multilevel inverter. In this
multilevel DC connection inverter will significantly reduce
current ripples. In [65] proposed two switching current
estimation, DC sensing-based commutation and exclusion
of negative DC voltage are reducing the torque ripple. In
[69] the multi-objective optimization technique in which
proper duty ratio control will equalize the curve of the
current slope of incoming and outgoing phases during the
interval of commutation. During the commutation interval,
the system suppresses the spikes and dips superimposed on
the torque and current responses. In [73] proposed
adjustment the advance step angle control system is the
foundation of the proposed method to reduce torque ripple.
The rectangular shape current phase waveform from the
speed and torque response characteristics method to
minimize the torque ripple.

In [67] stated that DTC flux linkages between stator and
rotor angles determine the electromagnetic torque in a
BLDCM. As a result, DTC can provide a high dynamic
response. DTC has many advantages in terms of structure
simplicity, particularly not requiring any coordinate
transformations or PWM generation. In [68, 79] DTC
technique is mainly used for EV drives for commutation
torque ripple minimization. The technique works by
reducing the difference between the projected torques and
the reference command. The DTC phase current waveform
adjustment in steady-state electromagnetic torque,
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particularly at high-speed rotation. In [72] author discussed
the applied to electric vehicles, the concept is aimed to
achieve continuously variable transmissions. To achieve
torque control, the control scheme uses only one current
sensor to calculate the DC bus current, rather than using
two or three current sensors. Constant power and torque for
mechanical variable transmissions, it can be achieved by
selecting field weakening and closed-loop torque control
with phase advance angle. In [71] proposed reluctance
torque ripples were measured using a ripple index, and the
calculation work was done using FEA simulation
technique. In [73, 74] author discussed the torque ripple is
reduced using a wide-angle wave control system. The
proposed sensor less control strategy, reduces torque ripple
while increasing torque.

In [75] proposed an intelligent controller has two fuzzy
controllers combined to make complex in, the initial
controller is intended based on the torque error to select the
proper voltage vector control, and second one stator flux
linkage angle, and stator flux linkage electric error to
minimize the torque error. The fuzzy controller with
variable factor is used to control the voltage vector action
time based on the torque error difference and torque error.
In [77] considered fuzzy modulation, the total torque ripple
is reduced in a BLDC caused by phase commutation. The
fuzzy logic using closed loop speed and current controller
with hysteresis are used in the proposed to minimize the
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torque ripples. To improve the performance characteristics
of EV drive powertrain system, the fuzzy includes PI
controller instead of traditional speed PID controller to
reducing the torque ripple. The torque ripples are integer
multiples of both stator and rotor pole numbers least
common multiple (LCM) proposed to reduce the torque
ripples. The injected harmonic current to minimize torque
ripple in the interior BLDC has been suggested by the
researchers.

In [76] stated that PWM can be implemented in FOC
using a variety of strategies such as IFOC, the most
prominent of which being space vector PWM, sinusoidal
PWM, and third harmonic injection PWM to minimize the
torque ripple compare to DTC. The neural networks, fuzzy

T

Battery —l—_

Pl
Control

R Pl
Thret Control

Tac Vic

logic, and genetic algorithms are examples of soft
computing techniques that can be utilized in situations that
need extreme precision and control techniques for EV drive
to reduce the torque ripple.

The most common problem in BLDC for EVs are torque
ripple, fault tolerance, and electromagnetic interference.
The torque ripple is most needed to control, this problem
can be mitigated using advanced control techniques such as
FOC, DTC, intelligent control and their features are listed
in Table V. These techniques are a good steady-state and
dynamic performance to minimize the torque ripple as
shown in Fig. 13. Based on the survey in-wheel BLDC
motor are suitable for low power EV, generates less torque

ripple.
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Figure 13. Control techniques FOC, DTC and IC for BLDC.
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V. PERMANENT MAGNET SYNCHRONOUS MOTOR
(PMSM)

A. Types of motor topology

PMSM is similar to BLDC construction, materials, inner
and in-wheel rotor structure. The main drawback using
high-cost magnet material, torque ripple, fault-tolerant as
shown in Fig. 14. In [80] proposed low-cost and maximum
temperature ferrite-based PMSM s a viable option for EV
drive trains due to its extremely high available earth
material, but the main drawbacks are low coercivity force
and low energy density. In [81-83] considered the new
motor topology techniques have been suggested, PM
assisted synchronous reluctance motors, spoke type PM
motors, axial flux PM motors. In [84] considered high
grade and low-cost PMs are required in auto industry.

_____________________

PMSM drawbacks 1

High cost
magnetic
materials
(Nd, Sm)

Conventional
motor design

Torque ripple

Figure 14. PMSM limitation in EVs

1. Permanent magnet assisted synchronous reluctance
motor (PMAsynRM)

In [85] considered the difference between IPSM and
PMASyYnRM is the ratio of interior rotor permanent magnet
torqgue and minimum reluctance torque to total torque.
Optimizing the configuration of rotor segments, rotor
barriers, and rotor ribs the PMASynRM is not fully
compensated for reducing the output torque as shown in
Fig.15 (a). As a result,[86] this new topology can be used in

Flux barrier
Permanent
magnet

)

@
Figure 15. (a) PMASYynRM (b) PM Axial Flux (c)PM Spoke Type

(b)
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combination with low ferrite PM to provide a less torque
solution and minimum cost FEA analysis. In [86, 87] ferrite
low coercivity magnets have space on both sides of the
rotor magnetic pole as flux barriers with different
combinations on line-shaped, V-shaped, U shaped to
prevent the stator magnetomotive force to avoid
demagnetization as shown in Fig.17 In [87] authors
suggested a tapered flux barrier to solving this problem
which is analyzed to disperse the flux and minimize
demagnetization.

2. PM axial flux motor

In [82, 88] compared with the axial flux PMSM and radial
flux PMSM, the axial PM has the advantages like compact
structure, high torque density, and low-cost PM earth
material. In [88] consider axial flux PM topology at low-
cost ferrite for high torque density is shown in Fig.15 (b). In
[89] proposed method to construct ferrite axial flux motor
material with different rotor segmented modifications can
be effectively used in reluctance torque for minimum
magnet torque ripple. In [19,90] number of condensed
windings on stator slots increases to distribute the magnetic
flux and flux linkage is demagnetized quickly when using
Fe material.

3. PM spoke type motor

In [19] comparison to the other PM motors, the spoke-style
PM was used reluctance torque for optimizing the rotor
design for maximum magnet volume and efficiency. In [91]
consider the spoke-style motor can be combined with ferrite
to create a low-cost, high-performance PM motor as shown
in Fig. 15(c). In [92] the spoke type ferrite PM motor can
currently achieve the same high torque density as the rare
earth material. The rotor magnet gets more stress due to
ferrite PM demagnetization. In [93] the extra space is not
used fully in ferrite PM volume to increase torque density
rather it is used to improve the demagnetization quality.
The PM magnetic flux barrier is mounted above the airgap
which makes a large volume of spoke structures.

The main drawback of PMSM for EVs are high magnet
cost, torque ripple and fault-tolerant. It can be minimized
by changing motor magnet topology modification and
advanced control techniques are discussed in the next
section. Techniques discussed for conventional and in-
wheel motor PMSM.

Rotor

Permanent
Magnets

Stator
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B. Torque ripple reduction techniques

In PMSM the torque ripple exists between the non-
sinusoidal flux density distribution around the air gap and
stator slot air gap creates variable magnetic reluctance
operation. A wide range of high-power applications is
essential to achieve smoothness in the torque quantity. The
torque ripple finite element analysis using electromagnetic
design 2D and 3D for all the types of PMSM for EV
application is shown in Fig.16.

| Y ' >
Figure 16. (a) FEA Analysis PMASynRM (a) 2D (b) 3D (c) Rotor flux
density

1. Motor topology developments

In [94] considered motor design view skewing rotor
magnets, stator lamination stacks, and arranging proper
stator winding distribution are used to reduce the cogging
torque to a certain limit that cannot be eliminated. IPM
motor four generation e-motor rotor magnet structure has
saturable bridges, saturated ribs, non-magnet ribs with high
strength and dual space nitrogenated bridges as shown in
Fig. 17. A recursive least square estimation algorithm is
used to calculate the performance parameters of
inductances for Interior Permanent Magnet Synchronous
Motor (IPMSM). In [95] proposed slot opening width and
permanent magnet width generate PM torque ripple. The
minimum torque ripple tends to have one or two different
permanent magnet widths depending on the number of slots
per pole per phase. This method minimizes the third
harmonics of air-gap flux density.

TABLE VI PMSM four generation Pirus motors generation

Key dimension 2004 2010 2016 2017
Stator (OD) mm 269.2 269.2 269.2 215.54
Rotor (OD) mm 161.80 161.80 161.80 140.5
Stack length, mm 58 50.8 50.8 61

OD-outer diameter

The IPM motor used in EVs requirements for better
powertrain over the change last one decade. The four-
generation e-motors changed their motor size which
includes stator, rotor diameter and stack length are listed in

Single barrier

— Shaft
Shaft

—> Straight shape

%
AR

‘.

@ ()

Table VI. The IPM motor has drawbacks at high loss at
high speed, high current at high speed, need position
sensors, complex manufacturing, cogging torque and back
EMF at no load.

2. Control Strategy Improvements

The PMSM producing high torque ripple and fault tolerant
are the main problem for the EV drive train. The DTC,
FOC, MPC, and other intelligent control algorithm are used
in the PMSM drive train to minimize the torque ripple
features are listed in Table VII. The stator flux linkage and
rotor development of advanced control technique strategy,
different flux, and torque control methods has been
proposed to minimize the torque ripple as much as possible.

In [31] considered MPC to minimize cost function with
single controlled variable, improving steady state and
dynamic performance using virtual vectors for in-wheel
motors to minimize the torque ripple. In [32, 96] MPCC
proposed good fault tolerant capability for in-wheel motor
using virtual vector compared to conventional control
techniques. In [30] proposed sensor less control and-sliding
mode scheme combined with duty cycle MPC for in-wheel
motors which improve dynamic performance and
robustness system. In [97] DTC provides a better dynamic
response which is the main advantage of the DTC algorithm
and it has a simple structure. PMSM-DTC scheme is
improved to minimize the torque ripple by using an active
null vector modulation strategy.

In [97] proposed strategy improves the performance of
DTC by combining characteristics in a steady-state with
faster torque dynamics with low torque ripple. By the
application of the tooth shape optimization method,
cogging torque can be reduced in permanent magnet
motors. An optimum tooth shape has been achieved by the
implemented algorithms, starting from three basic shapes.
In [98] proposed method, the magnetic saturation could be
effectively reduced at the rated torque and the torque ripple
is reduced. This method uses an effective real-time
inductance measurement method using the FOC to obtain
inductance distribution in the rotor position. In [99] stated
that the nonlinear analysis saturation effect was analyzed by
the proposed simple active cancellation strategy to
minimize the torque ripple at each electric angle. The most
promising traditional control techniques such as MPC,
DTC, and FOC as shown in Fig. 18 and Fig. 19. and their
mathematical model analytical equations as shown in Fig.
20.

Single barrier Multi barrier

Spoke type
Shaft

Shaft
U shape

V shape

(© (

Figure 17. Four generation e-motors Pirus (a) 2004 Prius PM split, 33kW,274VDC,6krpm (b) 2004 Prius single-V, 50kW, 500VDC,6krpm (c) 2016 Chevy
Volt IPM motor,60kW,650VDC,13krpm (d) 2017 Prius surface grooves53kW, 580VDC, 17krpm [99]
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Figure 18. Control techniques MPCC, MPCC-FCS, DTC, and FOC for PMSM
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Model predictive control based fault tolerant
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Article [33] proposed a
novel finite-set phase- locked
loop sensor less scheme
combined with duty-cycle
MPC for in-wheel motors,
which improves the dynamic
performance and robustness
of the system.

Article  [33] proposed
MPCC-SMC consist  of
sliding mode control, MPCC,
and Finite position set PLL.
The MPCC further composed
three parts; EMF estimation,
delay  compensation, and
optimization vector selection
and action time. SMC
reference current send to anti-
park transformation.

Figure 19. Control techniques MPC, MPC-sensor less, and MPC-SMC for PMSM

TABLE V11 Different control techniques for PMSM [13]

Method Adopted technique Advantage Disadvantage Ref
Sliding mode control Sliding mode control theory is o Strong Anti-interference . Design controller is [33,102]
used to design a controller. ability. complicated.

e Strong Robustness. e  Existential chatting.
o L east affected by parameters. e  Computing power required
is high.
ATC/DTC Torque estimation with hysteresis ~ Torque ripple is at the desired Machine parameters are derived [97,101]
controller regulated torque. level using direct control. from prior knowledge.
MPC-Sensor less Speed-adaptive pulsating high- Sensor less PMSM drives Three additional motor [103]

control

frequency signal injection
technigue at low speeds.

reduce torque ripple reduction.

parameters are needed for the
compensator.
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Iterative learning Periodic torque pulsations are Reduced the torque pulsations Complex DSP-controlled PMSM  [104]
technique reducing in the time domain. at maximum level. drive.
Field oriented control Flux and current in the steady- PM torque and flux control are  Complex form space vector- 98,100,1
y q p p
state position. efficient. based PWM reduces the ripple in  05]
torque.
Model predictive Estimation function using virtual Good dynamic performance . Number of subsystem parts [32,96]
control vector delay time MPC. and robustness increases.
Soft computing e Neuro-fuzzy observer. To minimize the torque ripples, e  Difficult in real-time. [106,107]
technique e Atrtificial neural network. soft computing techniques are e  Complex computational
used. algorithm.
27 Fieldoriented control RN
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Figure 20. Control techniques model equations[96,100,101]

VI. INDUCTION MOTOR (IM)

IM drawbacks

High electric conductivity
Conductor material
losses m
(Al, Cu) -

High Cu loss ;

;

Front view
Shaft

Rotor slot

@
Figure 22. Tesla IM (a) Front view (b) Stator core winding
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The induction motor for EVs has high loss at low speed,
high current at low speed, need speed sensor, easy
manufacturing, no cogging torque, high ampere-volt,
Copper losses, and less efficiency. To overcome this
problem wusing high conductivity material and control
techniques as shown in Fig. 21

A. Reduce material loss

In [108] considered materials used in IM rotor conductors
are classified into three categories aluminum (Al), copper
(Cu), and alloy casting. Cu has an approximately 60%
higher electrical conductivity than Al, making it ideal for
high-efficiency EV motors. To improve the yield strength
alloy is used but it does not affect electrical conductivity.
Most rotors are made of aluminum because of the cost. In
[109] proposed the Cu casting process has been developing
for the last ten years, the fact that no robust mold could
resist the maximum temperature of Cu casting resulting in
high Cu rotor production costs. In [110] Cu casting
technology has progressed in recent years; Cu rotors have
met the cost and quality criteria for EV mass production. As
a result, there is a cost trade-off between material
conductivity and overall cost. The different material loss
mitigation techniques are listed in Table VIII.

B. Suppressed iron loss technology

Design and control are the key directions for reducing the
core loss of IMs.
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TABLE V111 Cu loss reduction techniques for 1M [13]

IM Loss reducing methods Technology adopted Merits Ref
Conductivity . Method for preventing copper loss. e Copper loss is reduced by [128,130]
Increases e Copper conductors should be used Increasing conductivity.
instead of aluminium conductors.
Improve the precision of . Finite element analysis in three . Increase the performance of speed and
model calculations dimensions. magnetic field control calculations to
e  Feloss model and vector control reduce Fe loss. [126]
combined. . Simplified model.
Concepton Fe lossbasedon e  DTC combination torque constant. e Torque response is quicker. [116,
Control technology e  Feloss model. e  Felossis reduced. 117]
e Increase robustness.
Search control method e Minimise input power using flux e Reduce Fe loss by being insensitive to [118]
iteration. motor parameters.

Combine search and model .

. Use the Fe loss model.

To measure the approximation
value of magnetic flux distribution. e

e High accuracy. [127]
Fast speed calculation.
. Low Fe loss.

an accurate Fe loss measurement is needed to determine Fe
loss which is minimized using a control strategy method or
a design approach.

In [111] proposed for loss mitigation used simulation
method is the Finite element method. It is achieved
reasonably with high computation precision. 2D FEA is the
most common tool for analyzing Fe loss and end shield of
the motor. In [111] proposed 3D FEA has a high processing
power requirement and simulation take high computational
time which are considered as two drawbacks. Combining
3D and 2D FEA while calculating the losses, the end shield
effects are measured by 2D and 3D FEA were complicated.
Fig. 23 shows a FEA on IM drive.

(@
Figure 23. FEA analysis (a) 2D (b) 3D

In [112] proposed model-based controller to reduce iron
loss and fast design. The Fe loss model can be divided into
series and parallel models based on the form of an
equivalent circuit. In [112] proposed model, the equivalent
magnetizing inductance and resistors are connected in
series which reduce the iron loss compare to parallel model.
In [113] considered the magnetizing inductance to be
frequency independent in this model, it has a simpler
construction and is more practical in the series model. As
the frequency varies independently, it causes a certain
distortion in the magnetizing inductance. The proposed
model of stator flux linkage is improved based on the
stationary coordinate system and reduce the iron loss.

In [114] FOC dependent on IM parameters, the issue of

TABLE IX IM efficiency improving methods [13]

drive cycle schedules, traffic states, vehicle loading and
temperature. IM drives through the use of a variable flux
reference selection technique, derived from the IM loss
model. In [117] proposed measuring Fe loss reduction
changes the flux level iteratively to maintain the input
power constant. In [118] the sensorless DTC is advantages
in IM-EV system. It reduces hardware complexity,
minimize the size of the machine, increase reliability, and
improving the efficiency. Fig. 24 show DTC based IM
drive utilized flux and torque control to improve efficiency
and reduce the losses.

I Switchin

r Flux and 1|_’error | i bI forg I
torque |

| coitrol_ Flux Lsele_ctlon_|

0 Y Proposed
controller [*

I
)
)
U

Figure 24. DTC drive IM

C. Improving efficiency by changing design

Article [116,119] increasing the motor shaft length is a
simple method for loss suppression by structural design.
This method only requires increasing the motor material to
improve the efficiency; however, it may reduce the density
of torque without modifying the parameter. Researchers
develop [121] a skew dimension of rotor for loss
suppression on torque improvement. This structure will
increase the efficiency and torque, but difficult to ensure
that the nature of physical tuning is efficient while
minimizing the other performance sacrifices. In [120]
multi-objective parameter optimization approach has been
proposed to improve efficiency, which makes the motor
balanced at high speed and design faster. Table IX listed
techniques and features to improve IM efficiency.

Methods Advantage Efficiency, %  Density torque, Nm Ref
Axial length increase e Simple in implementation. 88 25 [119]
e  Efficiency is increasing.
Structure skew rotor, e  Enhanced efficiency. 87.3 33.17 [121,122]
sensorless DTC . Maximum torque output. 86.4 36.17
Multi-objective e Number of iterations for 89 15.4 [120,123-125]

optimization

optimization is simple to implement.

86.5-87.7 22.41039.1
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VIl. SWITCHED RELUCTANCE MOTOR (SRM)

Switched reluctance motor has an advantage compared to
other electrical machines with the absence of permanent
magnets or windings in the rotor. The advantage of SRM
for its simple construction, robustness, fault-tolerant
capability, and low-cost manufacturing. SRM flux path
flow type classifies radially and axially as shown in Fig. 25.
This can be further divided into a few topologies based on
their pole structures. The SRM for electric vehicles is in-
wheel motor and conventional motor. The main drawback
of SRM for electric vehicles and hybrid electric vehicles are
minimum torque density, high acoustic noise, and increased
torque ripple.

Concentrated winding
Stator pole

v Rator

LS

<

(a) (b)
Figure 25. (a) SRM Radial flux (b) SRM Axial Sandwiched with Rotor

A. Torque Density Improvement
Double salient pole structure SRM both in-wheel and inner
rotor generates average torque density. In order to improve

the torque density, the changes needed in the motor design
and high-density material techniques are shown in Fig. 26.

1. Flux density material high saturation

In [131] consider improving the electric loading and
magnetic loading of machines cause an increase in the
torque density. The machine effectively increases the
magnetic loading of the material and generates high
saturation flux density. Materials like Co-Fe have a flux
density of high saturation to meet the condition. However,
the cost is very high and it is not possible to use in the EV
drive train.

2. Motor topology developments

In [132] proposed new structure of SRM was introduced to
build the high torque density in the axial flux SRM, which
allows the efficient use of coil end space and the inner bore.
In [134] proposed the machine design specifications
between axial length and torque density relationship in
rotor yoke thickness, stator pole length, shaft diameter,
rotor pole length, and pole arc of stator and rotor were
inspected to further improve the torque density. In [135]
proposed axial length parameters which are stator and rotor
pole of inner and outer, rotor yoke thickness, height, and
pole arc rotor were optimized separately using this
relationship in design to achieve a high torque density of 42
to 50 Nm/L. It is obtained when all these parameters were
changed mathematically and calculated. Improving torque
density using motor topology development and high
saturation flux density material technique features are listed
in Table. X.

———————— -
|

| Increasing number of

Motor topology
development

improvement
techniques

High saturation |

material |

Figure 26. SRM torque density improvement techniques

TABLE X Technigues improving torgue density of SRM [13]

stator/rotor poles

: Optirrﬁz_e Ee_sign_oﬁ ;o_ke_ trTic_k;e;s/a;ieﬁ 1|

Torque density T _I(-:_ngth/stator pole/rotor pole/ pole arc |

_Iﬁﬁroving magnetic
loading of machine/

flux density (e

Cobalt-ferrite
material/high cost/ |

material

Maximum Torque

density (Nm/L) Merits of Method Increasing torgue density technigues Ref
15 Increased torque density. Flux density saturation with the high material. [131]
51 Increased the torque density. To increase axial length winding width and change [132]
stator shape.
31 Increase torque density and Find the optimum torque density for the arc (Bs, pr) of  [135]
reduce manufacturing costs. the stator/rotor poles.
45 Expand the speed spectrum of Optimize the stator/rotor shape parameters. [133]
optimum output coverage by
increasing torque density.
15 and 45 Optimized torque density torque  Phase excitation uses two different modes, 6 [134]
ripple and performance geometry parameters must be calculated to satisfy 4
terms.
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B. Reduce SRM auditory noise

Article [136] stated that most important barrier to
widespread usage of the switched reluctance machine in an
EV is acoustic noise. Vibration and acoustic noise are
caused by the changes in the radial force of the rotor poles
during converter switch on/off phase commutation. In EV,
the important defect of noise reduction is from the radial
force variation from the aligned to unaligned poles, which
underpins the stator and rotor modification topology
alternation and strategy of current control methods are
shown in Fig. 28. The radial force reduction in rotor teeth
alignment with different aligned flux density, magnetic flux
using 2D FEA and 3D FEA is shown in Fig. 27.

\ cr

&

! 2y e

Figure 27. FEA Analysis (a) 2D (b) 3D (c) Magnetic flux (d) Flux linkage

In [137] proposed the randomizing power converter
switching turns on and off-angle approach was
implemented to decrease the noise produced by converter
switching resonance.

TABLE XI Different technigues to reduce auditory noise [13]

Stator/Rotor
topology changes
Acoustic noise/
vibration control
techniques
Control
techniques

Figure 28. SRM acoustic noise reduction techniques

In [138,139] considered other topology like double stator
single rotor sandwiched structure was suggested for the
reduction in winding space and skewed poles. In [140] the
rotor topology consisting of cylindrical configuration with
thin ribs connecting the main poles was proposed causing
the ability to reduce acoustic noise at a high rate. In [141]
proposed noise reduction approach for resonance is the
radial force harmonics reduction technique RFH. The
different SRM design and control techniques features are
used to mitigate the acoustic noise listed in Table XI.

Control Merits Technique Demerits Ref
technigue Adopted
Stator spacers e Reduced radial turbulence. Structural stator spacers can Fabrication is [142]
inserted . Lower windage loss. be used instead of slot complicated, and

e Amore durable structure. wedges. assembly is challenging.
Two stators e Reduced radial vibration. Connecting the inner and Prototypes motor is [138,143]

e Power density is high. outer stators by rotor expensive, and the motor

assemble. structure is complicated.

Cylindrical e Reduced radial force and Thin ribs connect important At fast rotational speeds, ~ [140]
rotor vibration. rotor poles. a thin rib induces

. Less windage loss.

deformation.

Poles are skewed

Reduced radial force and

Stator and rotor poles are

There are different stacks

[139,144,152]

vibration. skewed at proper angles. between two laminations
e Controlled with conventional as fabrication is
schemes. complicated.
Pole currents The optimal radial force is Independently connecting Switching devices are of  [145,146]
are independent  obtained by controlling the radial different pole winding and high cost, which
control force and torque independently. additional two poles are generates negative torque
energized to provide the and  reduces  system
desired radial force. performance.
Hybrid e Hybrid excitation with its Combination of one- and Increased tail current, [147]
excitation high performance. two-phase excitation. which makes it easier to
e Short tail current and ease of produce negative torque
implementation. and  lowers  torque
e Reduced noise and vibration. capability.
Randomizing Reducing resonance noise is The conduction angle should  Negative torque can be [148,153]
Turnon/turn off ~ simple to do. be determined at random, and  easily produced, and
angle the radial force range should torque can be easily
be expanded to avoid natural  reduced.
frequencies.
Reducing radial Resonance noise is reducing. To remove radial force Lower system efficiency  [149,155]
force harmonics harmonics, regulate the turn-
on/off-angle.
Two-stage Reduced radial vibration, easy to When the corresponding step  Produced negative torque  [154]

commutation implement.

is switched off, add a zero-
voltage loop.

easily with increased tail
current.
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C. Torque ripple mitigation

One of the main reasons for SRM in EV power drive trains
being not utilized fully is because of the high torque ripple.
Much advanced torque and current control techniques,
different motor design topology is proposed to minimize
the torque ripple as shown in Fig. 29.

| Torque ripple mitigation techniques |

Il I

Optimized Design Advanced control
topology techniques
Figure 29. SRM torque ripple mitigation techniques

A. Optimized design topology

In [156,157] proposed new design to increase the number
of interiors and exteriors in rotor and stator poles producing
smooth torque, a novel SRM was built to reduce torque
ripple. This design sacrifices optimum torque output.
Further indexes must be included in optimization. The other
parameters in the machine designing mathematical model
include changing the stator and rotor pole straight and
round tapered, selecting optimized stator and rotor pole arc,
winding material high-density factors and electromagnetic

Slanting Rotor teeth
Torque ripple reduced 2%
Slant 0.5mm

Serrated Rotor teeth
Decrease the Torque ripple
Increase the average torque

Skewed Rotor
Torque ripple reduced 3%
Skewing rotor by 5%

N

Finned teeth Rotor
Torque ripple reduced 15%
12.5% improve in average
torque

I Variation in stator and Rotor
pole arc and width

Reduce the Torque ripple
Increase the average torque

Air gap between stator and
Rotor pole
Reduce the Torque
Increase the torque ripple

Increasing number of Rotor pole
decrease the torque ripple

i

i
H
o

Tailing pole tip and curved teeth

_ rotor
Torque ripple reduced 1.25%
And 2%

Figure 30. Design technique to reduce noise and torque ripple[162,163]
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Rotor with flux bridges
Torque ripple reduced 23%

Multiphysics performance was improved to increase the
overall performance and reduce torque ripple.

In [158] considered SRM in-wheel increasing pole
structure modifications in the rotor are used to reduce
torque ripple as shown in Fig.30. In [159,160] proposed the
slanting rotor teeth reduce torque ripple by 2%, the serrated
rotor teeth structure reduces torque ripple and increases the
average torque. The skewed rotors are modified to reduce
torque ripple by 3% and the finned rotor teeth reduce torque
ripple by 15%. The tailing pole tip and curved teeth rotor
reduce torque ripple by 1.25%, the projecting notch in both
stator and rotor pole reduce torque ripple by 34%, and pole
arc center shift is 1.3 degree, the rotor with flux bridges
reduce the torque ripple by 23%. In the two-layer SRM, one
layer has high width and another layer has a small width
rotor which reduces the torque ripple by 28% between two-
layers shifts is 45 degrees. The asymmetric stator and rotor
pole shoe reduces torque ripple by 38.8% and pole length
increases 5mm. In [161] variation in stator and rotor pole
arc width reduces the torque ripple and increases the
average torque. As a result, the air gap between stator and
rotor pole decreases and causes a reduction in torque ripple
with an increase in the overall torque, the grills on the rotor
teeth on each side reduce torque ripple by 2.6%.

Rotor with a notch at the pole tip
- Notch  Torque ripple
depth reduced %
5mm 3.7
4mm 3.6

3mm 3.8
2mm 4.4

Projecting notch both stator and
rotor pole

Torque ripple reduced 34%
‘ Pole arc center shift 1.3°

Grills on the rotor teeth
Torque ripple reduced 2.6%

Initial Rotor
Torque ripple reduced 0.34

Optimized Rotor
Torque ripple reduced 0.23

Two layer SRM
Torque ripple reduced 28%
Between two layer shift 45°

Asymmetric stator and rotor pole
shoe
Torque ripple reduced 38.8%
Pole length increase 5mm
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B. Advanced control techniques

— Vector control |
— Open loop current profiling | Linear TSF__|
Indirect torque R - - —
— control - Torgue sharing function Sinusoidal TSF |
L) Average torque control/Harmonic | Exponential TSF |
Torque control I——h
r ~ —{_Direct instantaneous torque control |
Direct torque |  Advanced direct instantaneous
— >
control L torque control
Advanced control —) . Ft:e:ilctlve PtWM dlrect |
techniques | instantaneous torque contro
> Model predictive torque control |
— Iterative learning control |
— Intelligent control N Fuzzy logic controller |
I —l Artificial neural network |
[ Current control _— —_ Model predictive current control |
L) Model -based ) Sliding mode control |
— Adaptive current control |
— Hysteresis control N Linear control |
L—)l Dead-beat control |

Figure 31. Types of advanced control techniques for torque ripples [218, 219]

The torque ripple mitigation types of advanced control
techniques as shown in Fig. 31. In [164] controller is
essential to remove the torque ripple during commutation.
The TSF has been improved to maximum output and lower
torque ripple. Linear, exponential, cubic, and sinusoidal
TSFs are common. Linear, Sinusoidal and exponential TSF
as shown in Fig.32.

Linear
A
Trert @ Oov > Tref( - Ooy -» Trer
Tref B)) B H b) \ \ c)
o . . Oorr G
A O"(b)e Sinusoidal ()9
Trert @—="-p Trer( @--=20p Treg
Tref E)) ' \ b) \ \ c)
| | | |
L L L L >
Oon(b) Oorf(o) ©
\ o Exponential
Tre -2 Trer( @ --L00y Treg
Tref ) | T D) } HEE)
| | | |
L L >

>

Oon(b) Ooff(b) o

Figure 32. Linear TSF profile, TSF Sinusoidal, and TSF Exponential

In [165] proposed DTC controller into both the inner and
exterior rotor SRM to suppress torque ripple because its
vector creates the difference between real torque, flux
linkage value and the reference amplitude. In [166] DITC
proposed to minimize the torque ripple combination of
DTC and ATC. In [167] considered MPC is characterized

VOLUME XX, 2017

to forecast upcoming behavior variables of mathematical
models in SRM converter switching states as shown in Fig.
33. In [249] purpose of MPC prediction is to select the
proper switching on and off-state that minimizes the error
between the reference value and the monitored variable as
shown in Fig. 34.

I1

I T

| | |

I D2I I

| | |
______ L L |

C— = —— =~ — — >
(b) ‘0O’ @ 1
Figure 33. (a) Magnetization (b) Free Wheeling (c) Demagnetization

In [168] speed controller based on SMC was proposed to
minimize torque ripple. The speed error was input into the
SM controller and the reference current was output to
power the inverter. In [169] vector control method is the
most significant for AC motors. The flexible torque control
method can be achieved by decoupling between torque
current and excitation current method characteristics. In
three types of intelligent control are iterative learning
control (ILC), fuzzy logic control (FLC), and artificial
neural network (ANN) techniques as shown in Fig. 35.
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I" Torque sharing function

Atrticle [172] propose

cTTT T T T T T T . a TSF function-based
Ta_ref ‘ . regulation minimizes
Te_ref Tb ref i-Q-T torque  ripple by
= TSF oref| table  [ic rert (CEiNEnils N SRM ) optimizing the phase
= - N
) 4 reference torque that
y — - o the number of phase
- torque in the
'_b converter switch
I¢ commutation  region
€ equals the average
reference torque.
P e = Article [173] proposed a
 Direct torque control_ DTC voltage vector selection
—_—— with flux and torque using new
Wa rules to reduce the torque ripple
— s during converter commutation
Wb — a which is further subdivided in
—_ o-p "’a; ) s vector selection rule. DTC can
Transfor Flux vector Optimal b be improved in motors with the
'”C_’ mation | ¥b | calculation 5 switching L) s, same pole number and estimate
wa 4 ‘ table parameters of static
— Zone N L) S, characteristics are not required.
calculation The four phase transforming to
two variable using park and
\ y, clarke.

I . - - oS- T =

D ref

a SMC high robustness which
remains
parameters or interference using
SMC to minimize torque ripple.

Th
the

reference current was output to
power
advantage of this method is there

is

characteristic to switch the flux

or

space and to control the torque,

the

selected.

Avrticle [175,176] considered

unaffected by

e speed error was input into
SM controller and the

the inverter.  The
no requirement for a static
curren.t to minimize storage

switch state is directly

T -
|

Tref

Switching
Control
unit

Asymmetric
converter

Torque estimation
using look up table of

torque(current,flux)J::
A

1
SRM
i\

Vi

Ve

Flux linkage
estimation

stator current and voltage

changes using dynamic
sector division rule to
demagnetize minimum

Article [174] stated a

torque ripple and negative
torque also decreases. The
composed DTC and ATC.
The DITC combined of
torque estimation using look
up table of torque (current,
flux) , flux linkage
estimation and hysteresis
control loop. Keeping proper
commutation turn on and
turn off angle.

Figure 34. Block diagram of Control techniques TSF, DTC, DITC, and SMC
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|_ Iterative mode control Article [177] considered the current

error signal feeds forward to a controller
and determines the system parameters of
the SRM. The ILC control effect can be
minimal as the previous memory is

. - insufficient for monitoring the current
Iref + Hysteresis N comaror reference. ILC also use to reduce the
Controller positioning error and tracking accurate
torque. Its effective to minimize the

torque ripple.

L Adaptive fuzzy control | Article [179] proposed the
torque error and rotor position are

inputs to the adaptive fuzzy
controller which feed-forwards the

phase position assume current for

the given hysteresis controller. The

machine torque, ripple reduction
controller design is conventional

o based on a strategy using adaptive
fuzzy control. Additionally using

torque estimator to track the

I Torque accurate estimation and minimizing
l Estimator torque ripple.

| Neural nework control | Article [181] proposed neural
______________ network approach was used to

suggest a signal  correction
technique. The asymmetrical bridge
converter can deliver an additional
precise current signal to the
( Y Ipnase hysteresis controller to raise the
Torque |¢ torque tracking speed. Design is
Estimator modified to improve the advantage
of the neural network excellent
( ) dynamic efficiency. neural network

TSE combined with torque estimator,
torque sharing function, and B-
— spline network use to minimize the
torque ripple.

Adaptive
fuzzy
controller

B-Spline
Neural
Network

Iphase ref

N S

P
<

Converter

|_Model predictive control | | Optimum Article [187,188] Proposed an
| Cost function | , switching state extended online adaptive
A 1 M Converter commutation angle control for
minimization o Y -
I finite control set model predictive

torque  control of  switched
c reluctance motors.in  high speed
Flux ]41
4

Future
state
rediction

. region, the average torque is
linkage increased by 39% at the base speed.

| estimation Moreover, RMS current and torque
— la(k) O ripple are reduced by 24% and
i 119.1% respectively. The FCS-

MPC by adjusting turn-off angle
| d/dt ke which  limits its application
Ll especially at high speed to

minimize the negative torque.

|_Modulation angle and profile current | Articles [184,185] considered a current
A chopping control shows that when the turn-

on angle is kept constant, a small reduction
3.0 3.0 in the conduction angle will increase

Peakto 24 24 average torque and decreases torque ripple.
Peak 1.8 When the conduction angle decreases to
Torque ™ reach very closer, the torque ripple
(Nm) 1.2 1.2 increases with their inductance profile,
0.6 | 0.6 slope become too small at that moment the
0 > —3 | T/l isstrong. The turn on and turn off angle

> 0 >
32 34 36 38 40 50 52 54 56 58 at particular angle without overlap to
Turn on angles(degrees) Turn off angles(degrees) reduce the torque ripple.

Figure 35. Block diagram of Control techniques ILC, AFC, MPC, TSF&DITC, and MAPC.
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Figure 36. Control techniques model equations [171,173,175,177,184,186]

TABLE XII Torque ripple reduction control techniques [13]

0<6 <6,, M
Oon <60 < 6,, +6,,
Oon + 0oy, = 60 = Opf
Oorr =60 = 055 + 65y,
O + 65y, <60 < 6p
Linear TSF

T,
fine () = 5L (6 — 6,)
o

T,
faec (0 = Trop 55 (0 — 6077
e

Sinusoidal TSF
fine @) = 0.5 - Tyop — 0.5 Troy €05 (= (@ — Bon))
T
faec (@) = 0.5 Tyop + 0.5 Tyof cos (a - (6 — 9,,,[))
Exponential TSF

Fine () = Tyey [1 — exp (7(6;76”)2)]

_ _ 2
Faee ©) = Tyey [exp (52221

Cubic TSF
(6 — 6,,)2 —BT(H — Oon)?

input2:Ve = Errory — Error,_,

b4
Oo1,

7))

2Tyer

B e e

Control technique Techniques adopted Merits Demerits Ref
Modulation angle and  Finding the right current Improved performance, Torque and current cannot be [184-186]
profile current. profiles or turn-on/off angles  increased torque-speed handled flexibly, storing the
should be optimized. capability, and torque ripple current profile require large
decreases. memory.

Using a hysteresis controller At the desired amount, direct Prior knowledge of system [173,174]
DTC and torque calculation, operated instantaneous torque parameters is needed.

control torque. ripple.

Implement hysteresis Torque is easily managed,; Offline designed torque [171,172]
TSF regulation using the torque torque waveforms can be waveforms, essential i-e-t

relation current reference. determined and over a large characteristics.

speed range torque is smooth.

Finite control set-MPCC Intuitive, torque ripple High precision necessitates a [173,187,188]
MPC mathematical models predict  decreases, eliminates some high sampling rate and

and optimum switching theoretical delay. processing power.

states.

Integrated sliding mode Anti-interference ability Design complicated controller, [175,176]
SMC control theory designed for strong, strong robustness computing power require high

the controller. parameters affected less. value.

Vector control d-q rotating frame regulates No need for an angle decoder, Complicated d-q transform. [189]

the torque. since there is less torque ripple.

Compensators or controllers No rely on system parameters, Real-time computation is [177-182,
ANN built are not depending on self-learning strong, capacity complicated due to the 190]
ILC SRM mathematical analysis adaptive strong, torque ripple complexity of the algorithm.
FLC using neural networks and reducing.

other algorithms.
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In [181,182] FLC technology is used to decrease torque
ripple in both interior and exterior rotor SRM. The ILC
control effect can be minimal as the previous memory is
insufficient for monitoring the current reference. In
[184,185] converter switching angle turns on/off the angle
using the optimization method and modulation current
profiling methods are developed for control techniques that
can minimize torque ripple. The mathematical control
equations of sliding mode control, model predictive control,
direct torque control, fuzzy logic controller, torque sharing
function, and iterative learning control are shown in Fig. 36
The advanced control techniques to mitigate torque ripple,
adopted techniques, and other features are listed in Table
XII.

C. SRM faults and diagnosis strategy

The SRM open circuit faults are common in the drive
circuit. There are many open circuit faults such as power
converter fault, winding faults, machine eccentricity fault,
current sensor fault, position sensor fault and controller
fault as shown in Fig. 37. However, the asymmetric half-
bridge converter is important to drive SRM machines and is
a more vulnerable part of the SRM drive system. In the
[191] converter circuit each phase is energised
independently by two switches connected in the arm bridge

and providing good fault-tolerance capability. The open-
Converter

fault Phase C

Phase B
Phase A

Ty D,

Vbc

D2$ e

circuit faults occur in the upper or lower arm device
damage, the three current flows at chopping period,
excitation current and demagnetization. This fault can be
diagnosed based on the FFT algorithm. The SRM drive
phase windings are connected series even windings and
central-tapped winding comes under short circuit faults.
The fault diagnosis method and fault tolerance are used to
diagnose the switching device short circuits. In [192] fault
part is located the corresponding fault-tolerant control
strategy to diagnose the fault.

The open circuit and short circuit SRM fault diagnosis
and fault tolerance strategy as shown in Fig. 38. In [193]
FFT algorithm with black man window interpolation is
proposed for SRM fault diagnosis with fast transients,
diagnosis time within one current period, achieving fast
fault detection. The developed fault diagnosis technology
can achieve improve the performance of fault tolerance in
SRM drive at very high temperatures, high-speed operation
and safety-critical applications.

The next section discusses two different motors such as
rare earth magnet BLDC hub motor and magnet less low-
cost silicon SRM hub for low power rating applications of
three-wheeler electric vehicles, and two-wheeler high-
performance electric motor cycles.

Eccentricity

Winding
fault

Current sensor
fault

Current sensor

Position sensor

T fault
<
[ Controller |,
R
Figure 37. SRM faults in drive system
Hardware Fault flag Multiple inverter Additional
assistant variable configuration phase leg
Fault Trial and Relay .
indicator error AEEEE Field control
Fault diagnosis i 1 T T
Gl _I Fault diagnosis I | Fault tolerance Fault Ride
Fault tolerance J L
strategies + + - * *
Spectrum Coordinates Position signal Artificial neural
analysis conversion assistance network
Kalman L Current PM
. Digitizin . .
filter 9 9 profiling Assistant

Figure 38. Fault diagonisis and fault tolerance
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VIIl. BLDC AND SRM HUB MOTORS HARDWARE

According to the review offered in this article, there was
much research proposed involving different control
techniques such as DTC, FOC, MPC, SMC and Intelligent
controller to an electric vehicle's motors. Power drivetrain's
large focus on material cost, efficiency, torque ripple, noise,
fault-tolerant, and losses were received a lot of attention in
recent state-of-the-art research. In this purpose we have
taken most promising EVs motors are rare earth magnet
BLDC and magnet less SRM in-wheel for low power
applications such as 2-wheeler and 3-wheeler EVs.

A. BLDC in-wheel motor analysis (Hub motor)

The BLDC in-wheel motor selected and applied different
control techniques. The low power rating In-wheel BLDC
motors are commercially exponential growth last few years.
In [194] advantage of an In-wheel motor is no gear, no
wear, no brush, controllable variable speed operation and
high energy efficiency. The hardware set up with in-wheel
motor and different control techniques such as FOC, DTC
and intelligent control is done and results are analyzed with
help of the Altair simulation software tool as shown in Fig.
39. To optimize output Multiphysics parameters, the PI-
controller parameters Kp are changed from 0.04474 s to
0.015 ms and Ki to 0.04474 ms. These Altair embed results
have obtained the speed of 750 rpm.

TABLE XI11 BLDC in-wheel motor specifications

Parameters Values
Output power 850 W
Low speed 42 km/hr.
Rated torque 14.4 Nm
Peak torque 73 Nm
Outer diameter 276.5 mm
Shaft length 276
Operating voltage 60 V
Rated current 148 A
Peak current 26 A
Weight 8.5 Kg

i Regulated
| power supply

Mixed scale

oscilloscope
0\ ﬁ(
| ¥
|

)1 L1
Altair
simulation tool .

TABLE X1V Motor controller parameters

Parameters Values
Supply voltage (V) 60V
poles 4

Stator inductance 10.5e-3 H
Mutual inductance 1H

Stator Resistance 1.12Q
Current reference 0.7A
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The BLDC in-wheel motor by varying the motor speed
from 500 to 1000 rpm, the motor speed at 570 rpm it
reaches the maximum efficiency of 95.5% and other motor
specifications are optimized and listed in Table XIII. The
motor model parameters-based control parameters are listed
in Table XIV.

The control techniques such as FOC, DTC, and
intelligent controller applied to the in-wheel motor. The
torque response in each controller as shown in Fig. 40, and
Fig.41.

500}

i a7
sl
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| ‘ |Iw\mwu\ H i
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Time (see)

CEEEE

Figure 40. DTC and intelligént control torque ripple at 750 rpm

55
Time
Figure 41. FOC fed torque and flux response at 750 rpm.

By verifying hardware analysis In-wheel motor control
techniques such as FOC, DTC and intelligent controller.
The flux ripple and torque ripple are compared.

wmwwfm»ﬁ»wwwmuw,mr-w\wwmk»;

Figure 42. Phase current and line-line voltage waveform at 750 rpm

The motor back EMF phase current and THD results are
obtained from the analyzed FOC topology by varying the
speed of the BLDC motor at 750 rpm and shown in Fig.42
and Fig.43. _

| L _ Il
Figure 43. Current THD and Voltage THD generation
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TABLE XV Hardware results of FOC techniques

Speed Field oriented control
rpm Torque Flux ripples Current Average
ripples THD switching
frequency
750 2.165 1.951 22.35 1.812

The FOC switching states at various speed conditions are
shown in Table XV. From the above results, it is inferred
that the analyzed FOC technique produces minimum vector
switching state transition compared to the other two
methods. FOC offers to reduce torque ripple compare to
DTC and intelligent controllers. From the obtained results,
we can observe that the FOC control technique provides a
fast dynamic response at a low speed. By experimenting
sensor less with FOC, the cost and size reducing, but
increase the complexity of rotor sensing information.

B. SRM motor analysis

The magnet less SRM In-wheel high speed motor selected
and applied different control techniques set up as shown in
Fig.44. In [195] low power rating in-wheel SRM axial flux
motor not required field winding on its rotor and generates
high torque density. SRM hub motor is robust motor with
high fault tolerance and low production cost. It is
characterized by its high-power density, high torque per
ampere and wide range of speed.

TABLE XVI SRM In-wheel motor specifications

Parameters Values
Output power 1000 W
No of teeth 16
Tooth outer diameter 24 mm
Rated torque 1.7 Nm
Peak torque 13.3Nm
Outer diameter 153 mm
Shaft length 250
Operating voltage 60V
Rated current 23 A
Peak current 33A
Speed 5700 rpm
Weight 7.8 Kg

The SRM in-wheel motor by varying the motor speed
from 2000 to 7000 rpm, the motor speed at 5700 rpm it
reaches the maximum efficiency of 82.1 % and other motor
specifications are optimized and listed in Table XVI. Based
on the motor specification, the control parameters are listed
in Table XVII.

SRM Hub
motor

i

i
Mixed scale !
oscilloscope

Regulated
power supply

Figure 44. Hardware SRM hub type motor setup
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TABLE XVII Motor controller parameters

Parameters Values
Supply voltage (V) 60 V
Motor voltage 60V
Aligned inductance 1.35H
Unaligned inductance 6.5e-3H
Stator Resistance 0.65 Q
Maximum flux linkage 0.97

iy

EREEEESSNERN

Figure 45. TSF and“SMC torque ripple at 5700 rpm
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Figure 46. TSF-DITC and DTC torque ripple at 5700 rpm

We set up hardware SRM In-wheel with different control
techniques such as DTC, TSF control, SMC, and TSF-
based DITC using to analyses the study of torque ripple and
results as shown in Fig. 45 and Fig. 46.

TABLE XVIII Peak to peak torque control at 5700 rpm

TSF TSF-DITC DTC SMC
0.1925Nm  0.01928 Nm 0.0725 Nm 0.28 Nm

Compared to four different control strategies, in that, the
three control strategies TSF-DITC, DTC, and TSF have
effectively reduced the torque ripple. The peak to peak
torque control of all techniques is listed in Table XVIII.
The SMC design controller is complicated, it requires high
computing power and chatting problems. It suppresses the
torque ripple value 0.28 Nm and the reference torque is set
to 1 Nm. In TSF control strategy are simple torque control
and this function also improve the performance of other
aspects. TSF control the torque ripple suppression 0.1925
Nm.

In DTC performance, a commutation does not increase
the torque ripple because switching angles are not
restricted. DTC suppress the torque ripple is 0.0725 Nm,
but it reduces the overall system efficiency by producing
large negative torque. The combination of DITC and TSF
gives better torque ripple suppression is 0.01928 Nm
compared to all other control techniques, but this technique
increases the control complexity. The TSF-DITC torque
control calculates the reference current using reference
torque and speed, to calculate the phase instant torque it
requires TSC based DITC. However, these control
techniques are used to suppress the torque ripple in SRM.

37

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3187515

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

IX. ELECTRIC MOTOR DESIGN (E-motor)

High level problem statement | - — — —9— — _< S\?sﬁ?jgcerg;géem statement, suitable drive cycles are chosen or>

I e

Machine learning

1

! ]

. . | The detailed drive cycle analysis is done to determine the !
Drive cycle analysis -— =M ‘:_C maximum speed,acceleration,etc.. E

T S

Machine learning and natural language processing

Initial sizing of the drivetrain
and desired characteristics

)

1
o — - — i To do the initial sizing, to make gear ratio, cooling of the motor, E
! speed control technique used and identify other parameters. ]

l Pttty

Multicriteria and multiexpert decision making

Selecting the proper drivetrain
configuration

manufacturing, cost and identify other parameters.

Drivetrain lication will depend on the applications, ease of
o — { app P PP )

l

Selection of motor topology |— — —

I

Artificial neural network based approach

Motor design

FEA model (Electromagnetic ,thermal, mechanical, modal)

o/

Figure 47. E-motor design flow steps

The Complete steps involved in the design of e-motor are
shown in Fig.47 and 48. In [196,197] initial step of the
designing process starts with a high-level problem
statement based on the purpose of the vehicle to select the
motor to operate at different cycles as a light-duty vehicle,
medium-duty vehicle, and heavy-duty vehicle respectively.
In [198] responsibility in choosing the required duty cycle
to analyze the drive cycle for different driving environment
road conditions to determine the speed, acceleration, power,
and torque characteristics to develop the e-motor towards
the next step. These characteristics are used to design
powertrain e-motor initial sizing to make gear ratio, cooling
of the motor, speed control techniques, and identify the
other parameters using new techniques like machine
learning and natural language processing. The next step is
to select the proper drive train configuration to ease
manufacturing, cost, high torque, and power density.
A. First stage of design
e Electro-magnetic design: Selection of motor
topology, slot-pole ratio, winding layout, Stator,
and rotor geometry.

e Thermal Design: Selection winding class, Varnish
type, potting material selection. Design of cooling
jacket based on accurate boundary conditions.

e NVH Design: Modal results simulation & Mode
shapes validation for both component and
assembly levels. Iterating various Slot-pole
configurations to achieve an optimum Natural
frequency and sound pressure levels.

e  Structural Design: Analysing and optimizing stress
concentration areas in various motor components.
Calculation of factor of safety of various structural
components and improvisation using geometry
optimization.[197,198].The  electrification  e-
motors in the market and research will emerge to
develop an induction motor, IPMSM, PM assisted
synchronous reluctance motors, SRM, and BLDC
motors. Tuning the motor in the field weakening
region. Various performance parameters are tested
and validated with digital design. Optimization of
digital design based on the dyno test data.

Motor design

Y Y. Y
EM FEA model Thermal FEA model Mecf:{a]z:jcealls =R Modal analysis model
Induction motors IPMSM SyncRel SRM

(T T T T ‘ (CT oo " Gireaoo Y | oo -
\ circago ! Circa 90 I Circa90 i poeel

Stator slot : Stator slot Stator slot | 12 !
' types types \__ types I __ -
’— ------------- \ I’ ------- 2 ) I’ ------- \
" X .

Circa 45 ) Circa 45 20 rotor shapes ! Rotor poles
\ rotor slot types | \ rotor shapes ’I \ 8/6 /I
— e e P R L o

Figure 48. E- motor design FEA stages
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In [197,198] designing e-motor initially starts with the
consideration of drive cycle analysis as an important aspect
in the selection of motor. Drive cycle identifies the
characteristics curve of motor power, speed, and torque of
the vehicle. These curves are analyzed from the total
tractive force acting on vehicle movement in different
environment road conditions like a flat, upward, and
downward. The first step involves designing the different
forces acting on vehicle force in stationary, acceleration,
and deacceleration mode. The important tractive force is
determined from four different driving resistances acting on
the vehicle which are rolling resistance force, aerodynamic
drag force, grade resistance force, and acceleration force.
Measurement of the power required for e-motor based on
the tractive force and vehicle wheel radius is shown in Fig

49. The drive cycle plots the speed-torque characteristics
for different road conditions to select a suitable e-motor for
the EV powertrain.

The second step is motor specification selection on
which motor is suitable to attain the duty cycle of desired
speed-torque characteristics. The motor specification
changes based on motor selection, here IM motor
specifications are given stack length, poles, no of stator
slots, rotor slot type, stator and rotor teeth flux density, air
gap flux density, efficiency, and power factor. The stages
start from driver duty cycle analysis, motor specifications
determination, electric equivalent circuit estimation,
geometric parameters estimation, magnetic model analysis,
and performance evaluation as shown in Fig. 50.

Additional inputs

Max speed to Motor
base speed cooling
ratio technique

)
Vehicle Desired torque
parameters X vs speed
C ElpniiiEl characteristics
Gear ratios ———; Vehicle model VB3 PN mogel_s &
speed statlsthal Motor
Physics based Output of Physics analysis specification
Drive cycles models based models sheet
Output of empirical
High level inputs level inputs
Figure 49. E-motor first stage design
L N TN T T T TN
[ Step-1 Step-2 | | Step-3 I Step-4 Step-5 | | Step-6 |
| Drive cycle Motor | Electric Eq | | Geometric Magnetic model | Perforn}ance |
analysis specifications I circuit parameters analysis(FEA) I Evaluation &
| determination II parameter(EEC) || estimation | | Refined EEC |
| estimation I I | l
| | I | I
~—— / B ———
Figure 50. E-motor design flow process
4 )\
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Figure 51. E-motor stator designs
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Primary design parameters

Stack Length Primary design parameters Stator outer diameter
ANN inputs Node = 15 Pole Output power _ _ Stator inner diameter
Gutput Power Stator slot no Pole Node=15 Node=20 Node=15 | geior slot width
Rotor slot no Stator slot no Stator slot bottom width
Voltage ANN
: delq Y| Rotorslottype Stator teeth flux G ANN - ANN b siator slot tip width
Frequency Model 1 s
tator teeth flux density . Model 1 Model 1 Model 1
Rated Speed ; density Stator slot depth
Rotor teeth flux density Airgap flux density Stator slot hat height
" 5| Air gap flux densi W1]1s " . » .
(Wil Walrs Efﬁgiepncy v Power factor Wiliss Wl Welsm [Wali Stator ot tip depth
Power factor Airgap

(@)
Figure 52. E-motor deign (a) ANN model 1 and (b) ANN model 2

B. Second stage of design

The FEA model output of e-motor is desired speed-torque
characteristics and motor specifications taken as input for
second stage motor design. Here, the four inputs such as
output power, voltage, frequency, and rated speed are
considered. Model 1 has taken four inputs for the neural
network for the motor design parameters as shown in Fig.
51. Therefore, the ANN model 1 training set has taken 15
nodes to select important primary design parameters.

The primary consistency checks ANN have predicted is
the number of stator and rotor slots based on the training
data set. The improper functioning can be caused due to
cogging, crawling, noisy operation, synchronous hooks, and
cusp in speed-torque characteristics. ANN model 1 primary
design data and ANN model 2 detailed designed data are
shown in Fig. 52. The initial stator lamination design
specifications satisfy the empirical rules and slot geometry
translation rule. The first stage of motor design is the
selection of proper function geometrical semi-optimized
rotor lamination.

Geometrical

Motor Neural Ilmtlfil rotor Slot semi optimized
specification network of ar(l;ln_a Bz geometry rotor
sheet the rotor esign translation lamination
design specification design

Motor design ANN 3 - T
parameters Empirical rules

(output of ANN 1)
Figure 53. E-motor deign ANN model 3

Designing IM based ANN model inputs from drive duty
cycle which includes output power, voltage, frequency, and
rated speed. The four-input model and weights are sum in
15 node layer functioning trainset used in ANN model 1.
The output primary design parameters to select proper
functioning of the motor are based on the trainset function.
The ANN model 3 to develop the geometrical optimized
lamination deign as shown in Fig. 53.

C. Future Development

e EVs can be classified into four types HEV, PHEV,
BEV, and FCEV. All these EVs are in the current
trend. The lack of energy storage systems and
charging stations are the main key factors to overcome
BEV and PHEV in the future market. The HEV
current market type is a series-parallel combination for
both battery and ICE mode that comes with high
efficiency and less fuel consumption, the main

VOLUME XX, 2017

Detailed design parameters

(b)

drawback is the cost of the vehicle. The main research
on FCEV with low-cost fuel cells is most popular in
military vehicles and utility vehicles.

EVs motor can be placed with front-wheel drive, rear-
wheel drive, and connect the all-wheel drive. Based on
The drive duty cycle for vehicle application motor can
be on any drive wheel. The motor that can be placed
inside the wheel of the vehicle has distinct advantages.
The main research is on designing motor inside wheel
and control technique.

Different types of motor used in EVs are BLDC,
PMSM, IM, SRM, and SynRM. Future research in all
four motors improves their drawbacks. The current
trend e-motors are a combination of advantages of two
different motors accounting for permanent magnet and
reluctance torque.

The BLDC motor for EVs is suitable for low-power
applications such as two-wheelers and tricycles.
Because of the PM interior rotor BLDC, flux density
magnitude directly influences the torque and rating of
the machine. The other limitation is that thermally
withstanding at driving temperature condition at rotor
form trapezoidal winding distribution in airgap
produces more heat and creates losses. The harmonic
content BLDC back EMF produces more torque ripple
in EVs. While changing the speed the demagnetization
effect limits the input current of BLDC in EVs. To
overcome these problems the research is going on in
flux concentrating type PM.

The current trend in EVs has successfully penetrated
IM which has the low-cost advantages, PM-free
motor, and wider speed range. The efficiency of the
motor is less compared to other motors. The
regenerative braking affects the IM which has a low-
efficiency influence to reduce output power and
constant power range for short period. Future research
to improve the efficiency of IM is by reducing the
losses and increasing the power factor. The current
researcher mainly focuses to reduce the core loss and
resistance loss proportional to a total loss. Future IM
is towards increasing the efficiency by improvement
in structure design, reducing material loss.
Suppressing the Fe loss technology has become good
for low-cost high-performance EVs.
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e The most suitable EVs motor is internal PMSM whose
high torque and high-power density proportional to
high energy density non-earth material such as
neodymium and samarium cobalt is too expensive is
the main drawback. The future researcher is working
on low-cost Ferrite PM Material to achieve high-
performance EVs.

e Simple manufacturing, low-cost material SRM is
suitable for EVs and is being used in the market. The
main drawback for EVs is high torque ripple, low
torque density, high noise, and vibration. The
regenerative braking capability of SRM uses an
extensive speed range, resistance to high temperatures.
Future research is to improve the torque density using
high saturation flux density material and motor
topology developments in EVs. The future research is
towards the reduction of torque ripples by the
controller as well as design. Minimizing the radial
force helps to reduce the acoustic noise in the SRM
machine.

e The motor FEA analysis at different stages is electro-
magnetic, thermal, structural, and modal analysis. The
EM design is to modify the motor structure in stator
and rotor teeth to improve the motor performance in
the output. The thermal design improves the rotor
cooling system and improves the output motor
efficiency. The modal analysis reduces the acoustic
noise, vibration, and harshness of the motor to
improve the output torque of the motor. The structural
design increases the mechanical casing rotor assembly
to improve the motor power-weight ratio.

e  The magnet type e-motor increases the high switching
frequencies and the copper windings create skin effect
problems. Based on the material laminations the eddy
current loss and hysteresis loss occur to minimize the
losses. The permanent magnet material containing the
rotor in operation creates more eddy current losses. In
high-temperature conditions, the demagnetization
effect in the motor is based on material selection. The
future works need to select the performance material
that enables energy efficiencies such as samarium
cobalt magnets and thin resistivity silicon-iron.

e The position of power and control modules within the
motor assembly is done by integrated electronics to
simplify the cables and connection strategy. The
future integrated module needs to reduce the loss
associated with cables, improve the efficiency of the
machine and maximize the lifetime. In the design
aspect, minimizing the cable length increases the
vibration resistance.

e The sealing motor and control integrated modules with
windings in the same place, subcomponent fully
coated with waterproof material and properties to
withstand harsh environmental particles. Future work

needs to increase the lifetime of integrated
subcomponents by stress in the wear of internal
components.
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e Thermal management is designed to improve the
cooling system of the motor to minimize motor losses
and improve the overall efficiency. Future work needs
to improve the cooling jacket path for rotor and end
windings to minimize thermal loss.

X. CONCLUSION

The electric vehicle is much needed for automotive
transportation in recent days due to the most emergency
created by the increase in the environmental pollution and
increasing fuel cost. The rise in crude oil price in global
market, high sale taxation, low availability of fossil fuels
are the major reasons for drastic increase in fuel cost. The
critical review in selection of motors and their control
techniques for EV design to reduce torque ripple are as
follows:

PMBLDC is high-cost rare earth material, with torque
ripples and reliability issues. It can be improving by using
FOC, DTC, and MPC control techniques which improve
the performance of high-speed efficiency, mitigating torque
ripple reduction, making low-cost Fe material and
increasing reliability BLDC for future EVs.

The infrequent ground material PMSM has high torque and
efficiency which gives the finest mileage but
demagnetization, fault-tolerant, and cost are expensive.
DTC, MPC, SMC, other intelligent control techniques
improve the performance of low-cost ferrite, fault tolerance
is an alternative solution of PMSM for future EVs. The
design of spoke type and PMASynRM are reducing PM
material to compensate for the performance and cost-
effectiveness of future EVs.

The IM is the low-cost material motor for EV choice but it
produces less efficiency, more material and core losses. It
can be used by DTC, FOC, and design improving efficiency
techniques for long mileage 1M for future EVs.

Low-cost high core silicon material SRM limitations are
average short torque density, high torque ripple, auditory
noise, and vibration are created to low performance. The
improving optimized design modification and TSF, DTC,
TSF-DITC, SMC and other control techniques are used to
increase the torque density, minimize torque ripple, reduce
the auditory noise and avoid vibration of SRM for future
EV.

For in-wheel BLDC motor drive FOC techniques suppress
the torque ripple compared to other techniques. Similarly,
for in-wheel SRM motor drive TSF based DITC technique
minimises the torque ripple in comparison with other
techniques.

The e-motor FEA design procedures and current challenges
on Multiphysics simulation on EM design, thermal design,
and structural design are discussed using Ansys software.
The future EV could be designed with optimum-balanced
solution by considering these key aspects and various other
factors such as low-cost, less weight, high-power density,
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high torque density, maximum speed, high efficiency,
simplicity, and long life.

Research Opportunity

e To eliminate or reduce rare earth material dependency.

e Design e-mator variation parameter for multi-objective
and Multiphysics optimization on control aspects.

e Design in the wheel and central e-motor for electric
traction applications.

e Improving control techniques for e-motors to minimize
torque ripple, vibration, noise and improve torque
density.

e Highly efficient to develop the motors with peak
efficiencies of 96% and around 92% for almost the
entire operational range of the vehicle.

o Development of new materials for e-motors for traction
applications to improve performance and reduce cost.

e Highly Power dense and Torque Dense with a focus on
achieving high torque and power density, the weight of
the expensive and exotic materials used in the motor can
be reduced drastically.

e Modelling, simulation, and analysis of the dynamics of
e-motors for EV applications.

e To enhance the torque to magnet weight ratio through
electromagnetic optimizations.

e Improving the overload capacity of e-motor for EV
applications.

e To enhance the thermal capabilities of the motor which
reduces the motor size/weight by incorporating multiple
design techniques.

e Optimization method to design e-motor for EV
applications.

e Design to minimize fault-tolerant capability for e-
motors.

e Reducing high frequency switching losses, developing
sensor less control, developing fault-tolerant and
optimized software.

e Thermal analysis and improved cooling system methods
for e-motors.

e Physics based model
e Statistical analysis

e Classical optimization techniques

Figure 55.E-motor design challenges
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e Loss estimation and minimizing e-motor traction
applications.

e EMI to be maintained according to guidelines from
EMC standard IEC 610042.

e Design a compact structural packaging to improve
efficiency.

APPENDIX

To construct a mathematical model for e-differential, we
would need to mathematically model the kinematics of a
turning  vehicle. The Ackerman-Jeantaud, which
encompasses all steering systems is used for this purpose.
Consider the case when the EV is turning left, the radii
along which the left and right wheels turn (R, and R)) are
different. Depicts the Ackermann Jeantaud geometry. In
order to minimize slipping of the wheels, the angles of the
wheels while turning are also different,
,0, =arcty —————

L
9L d L/ _d
g5+ 92 g2
Where L is the wheelbase of the EV and d is the

wheel track. The radius of the left and right wheels while
turning,

o, =arct L

Figure 54. Ackermann Jeantaud geometry

Empirical models

e Computationally

Design experience intensive

Engineering judgement e Time intensive

Time intensive /
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TABLE XIX Motor comparisons with different attributes

Switched Synchronous reluctance
Reluctance Motor motor or PM reluctance
e-motors main Interior Permanent Magnet Motor (IPM) Induction Motor (IM) (SRM) (PMasyRM)
attributes
1% introduced 1986 1889 1900 1930
year
Electromagneti 3 P [,1 @ Y, } 3PI2, 11 dL(8) 3P L Lo
ctorque, T 22 pm qrs ds qrs dsiqs 2 2 L Idsqu E W 292 ds gsttdsiqs
High speed 0 + ++ 0
suitable
Power factor, 1.0 <1.0 <<1.0 L gs
PF= Lgs
L
TE+1
qs
Copper loss 3
2 2 2 2 2
R I3 +12) 7R (1% +Isq)+ R ( )I R.(13, +1%) 7R 12 +1%)
Efficiency ++ + + +
Design time ++ ++ + +
Weight + + + +
cost ++ ++ +
++ HIGH, + MEDIUM, -- LOW
TABLE XX CO, emission comparison between ICE and EVs
vehicles Year and distance Well to tank Operation Life cycle Compared result Life cycle
assessment for 1 assessment for
year 15 years
ICE vehicles 1 year, 10000km 0.2-ton CO, 1.5-ton CO, 1.70 -ton CO; 25.5-ton CO,
emission emission emission (1.70-0.95) emission
0.95-ton CO,  Zero-ton CO, 0.95 -ton CO, EVsreducing 14.25-ton CO,
EVs 1 year,10000km emission emission emission 44% CO, emission emission
in a year
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