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COURSE OBJECTIVES
Course Name: EE469 ELECTRTIC AND HYBRID VEHICLES

YEAR of Study: FOURTH YEAR

C469.1 Understand about evolution of Conventional and Hybrid Electric Vehicles.
C469.2 . . . o :
Understand about the hybrid electric drive trains and electric drive trains.
C469.3
Gain knowledge in Electric Propulsion unit.
C469.4 . .
Gain knowledge in Energy storage.
C469.5 . : .
Understand the sizing of drive train system
C469.6 . : .
Give knowledge about energy management strategies and communications.
PROGRAM OUTCOMES (POs)

Engineering Graduates will be able to:

1. Engineering knowledge: Apply the knowledge of mathematics,
science, engineering fundamentals, and an engineering specialization

to the solution of complex engineering problems.

2. Problem analysis: ldentify, formulate, review research literature, and
analyze  complex engineering problems reaching substantiated
conclusions using first principles of mathematics, natural sciences, and

engineering sciences.

3. Design/development of solutions: Design solutions for complex
engineering problems and design system components or processes that
meet the specified needs with appropriate consideration for the public
health and safety, and the cultural, societal, and environmental

considerations.

4. Conduct investigations of complex problems: Use research-based
knowledge and research methods including design of experiments,
analysis and interpretation of data, and synthesis of the information to

provide valid conclusions.

5. Modern tool usage: Create, select, and apply appropriate techniques,




resources, and modern engineering and IT tools including prediction
and modeling to complex engineering activities with an understanding

of the limitations.

6. The engineer and society: Apply reasoning informed by the
contextual knowledge to assess societal, health, safety, legal and
cultural issues and the consequent responsibilities relevant to the

professional engineering practice.

7. Environment and sustainability: Understand the impact of the
professional engineering solutions in societal and environmental
contexts, and demonstrate the knowledge of, and need for sustainable

development.

8. Ethics: Apply ethical principles and commit to professional ethics and

responsibilities and norms of the engineering practice.

9. Individual and team work: Function effectively as an individual, and
as a member or leader in diverse teams, and in mulkidisciplinary

settings.

10. Communication: Communicate effectively on complex engineering
activities with the engineering community and with society at large,
such as, being able to comprehend and write effective reports and
design documentation, make effective presentations, and give and

receive clearinstructions.

11. Project management and finance: Demonstrate knowledge and
understanding of the engineering and management principles and
apply these to one’s own work, as a member and leader in a team, to

manage projects and in multidisciplinaryenvironments.

12. Life-long learning: Recognize the need for, and have the preparation
and ability to engage in independent and life-long learning in the

broadest context of technologicalchange.

CO-PO matrices of courses

| PO1 L’OZ PO3 | PO4 |PO5 [PO6 | PO7 |PO8 |POY9 [PO10 |PO11 |PO12

3 2 3 3 3 3 3 2 - - - 3

3 2 3 3 3 3 3 2 - - - 3




C469.3 3 3 2 3 2 2 1 - - - 3

C469.4 K 3 3 2 3 2 2 1 - - - 3

C469.5 E 3 3 2 3 2 2 1 - - - 3

CO AND PSO MAPING
PSO

1. Apply Science, Engineering, Mathematics through differential and Integral Calculus,
Complex Variables to solve Electrical Engineering Problems.

2. Demonstrate proficiency in the use of software and hardware to be required to practice
electrical engineering profession.

3. Able to apply the knowledge of Ethical and Management principles required to work in

CO/PSO PSO1 PSO2 PSO3
C469.1 3 3 1
C469.2 3 3 1
C469.3 3 3 1
C469.4 3 3 1
C469.5 3 3 1
C469.6 3 3 1
C469 3 3 1
Module 1

Introduction to Hybrid Electric Vehicles

Introduction:




What is a hybrid? A hybrid vehicle combines any two power (energy) sources. Possible
combinations include diesellelectric, gasoline/fly wheel, and fuel cell (FC)/battery.
Typically, one energy source is storage, and the other is conversion of a fuel to energy.
The combination of two power sources may support two separate propulsion systems.

Thus to be a True hybrid, the vehicle must have at least two modes of propulsion.

For example, a truck that uses a diesel to drive a generator, which in turn drives several

electrical motors for all-wheel drive, is not a hybrid. But if the truck has electrical energy
storage to provide a second mode, which is electrical assists, then it is a hybrid Vehicle.

These two power sources may be paired in series, meaning that the gas engine charges the
batteries of an electric motor that powers the car, or in parallel, with both mechanisms
driving the car directly.

Hybrid electric vehicle (HEV)

Consistent with the definition of hybrid above, the hybrid electric vehicle combines a
gasoline engine with an electric motor. An alternate arrangement is a diesel engine and an
electric motor (figure 1).
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Figure 1: Components of a hybrid Vehicle that combines a pure gasoline with a pure EV. [1]

As shown in Figure 1, a HEV is formed by merging components from a pure electrical
vehicle and a pure gasoline vehicle. The Electric Vehicle (EV) has an M/G which allows
regenerative braking for an EV; the M/G installed in the HEV enables regenerative
braking. For the HEV, the M/G is tucked directly behind the engine. In Honda hybrids,
the M/G is connected directly to the engine. The transmission appears next in line. This
arrangement has two torque producers; the M/G in motor mode, M-mode, and the
gasoline engine. The battery and M/G are connected electrically.

HEVs are a combination of electrical and mechanical components. Three main sources of
electricity for hybrids are batteries, FCs, and capacitors. Each device has a low cell
voltage, and, hence, requires many cells in series to obtain the voltage demanded by an
HEV. Difference in the source of Energy can be explained as:

a. The FC provides high energy but low power.
b. The battery supplies both modest power and energy.
c. The capacitor supplies very large power but low energy.

The components of an electrochemical cell include anode, cathode, and electrolyte (shown
in fig2). The current flow both internal and external to the cell is used to describe the
current loop.
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Figure 2: An electrode, a circuit for a cell which is converting chemical energy to electrical energy. The motion of negative
charges is clockwise and forms a closed loop through external wires and load and the electrolyte in the cell. [1]

A critical issue for both battery life and safety is the precision control of the
Charge/Discharge cycle. Overcharging can be traced as a cause of fire and failure.
Applications impose two boundaries or limitations on batteries. The first limit, which is
dictated by battery life, is the minimum allowed State of Charge. As a result, not all the
installed battery energy can be used. The battery feeds energy to other electrical
equipment, which is usually the inverter. This equipment can use a broad range of input
voltage, but cannot accept a low voltage. The second limit is the minimum voltage

allowed from the battery.

Historical development (root) of Automobiles

In 1900, steam technology was advanced. The advantages of steam-powered cars
included high performance in terms of power and speed. However, the disadvantages of
steam-powered cars included poor fuel economy and the need to “fire up the boiler”
before driving. Feed water was a necessary input for steam engine, therefore could not
tolerate the loss of fresh water. Later, Steam condensers were applied to the steam car to
solve the feed water problem. However, by that time Gasoline cars had won the marketing
battle.

Gasoline cars of 1900 were noisy, dirty, smelly, cantankerous, and unreliable. In
comparison, electric cars were comfortable, quiet, clean, and fashionable. Ease of control
was also a desirable feature. Lead acid batteries were used in 1900 and are still used in

modern cars. Hence lead acid atteries have a long history (since 1881) of use as a viable




energy storage device. Golden age of Electrical vehicle marked from 1890 to 1924 with
peak production of electric vehicles in 1912. However, the range was limited by energy
storage in the battery. After every trip, the battery required recharging. At the 1924
automobile show, no electric cars were on display. This announced the end of the Golden

Age of electric-powered cars.

The range of a gasoline car was far superior to that of either a steam or an electric car and
dominated the automobile market from 1924 to 1960. The gasoline car had one dominant
feature; it used gasoline as a fuel. The modern period starts with the oil embargoes and the
gasoline shortages during the 1970s which created long lines at gas stations. Engineers
recognized that the good features of the gasoline engine could be combined with those of
the electric motor to produce a superior car. A marriage of the two yields the hybrid

automobile.

Domination of
Gasoline cars

P— (1924-1960)

Internal First . ! »Gasoline cars

Combustion gasoline | dominate Market | Limited First
Engines on powered i 1 Producti generation
Fuel Gas car i *EVdisappear on Of EV of EV

- -~ P -
| 1769 1806 1860 1893 1912 1924 1950 1960 1970 1980 1990 2000 2.020>

4 4 ¥ ¥ A4 ¥ ¥
Origin of first Peak Not Concept, Incorporate Hybrids
Steam successful Produ || oneEV Prototype technology eclipse EV
Engines gasdriven ction atAuto and advanceinto and

engine of EV show serious EV design increasing
design of level as gas
EV supplies
demand
Golden Age of
Electric Vehicle

(1890-1924)

Figure 3: Historical development of automobile and development of interest and activity in the EV from 1890 to present day.

Electric Vehicle merged into hybrid electric vehicle. [1]

1769

The first steam-powered vehicle was designed by Nicolas-Joseph Cugnot and constructed
by M. Brezin that could attain speeds of up to 6 km/hour. These early steam-powered
vehicles were so heavy that they were only practical on a perfectly flat surface as strong

as iron.
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The next step towards the development of the car was the invention of the internal
combustion engine. Francois lIsaac de Rivaz designed the first internal combustion
engine in, using a mixture of hydrogen and oxygen to generate energy.

1825

British inventor Goldsworthy Gurney built a steam car that successfully completed an 85
mile round-trip journey in ten hours time.

1839

Robert Anderson of Aberdeen, Scotland built the first electric vehicle.

1860

In, Jean Joseph Etienne Lenoir, a Frenchman, built the first successful two-stroke gas
driven engine.

1886

Historical records indicate that an electric-powered taxicab, using a battery with 28 cells
and a small electric motor, was introduced in England.

1888

Immisch & Company built a four-passenger carriage, powered by a one-horsepower
motor and 24-cell battery, for the Sultan of the Ottoman Empire. In the same year,
Magnus Volk in Brighton, England made a three-wheeled electric car. 1890 — 1910

(Period of significant improvements in battery technology)

Invention Of hybrid vehicle

1890

Jacob Lohner, a coach builder in Vienna, Austria, foresaw the need for an electric vehicle
that would be less noisy than the new gas-powered cars. He commissioned a design for an
electric vehicle from Austro-Hungarian engineer Ferdinand Porsche, who had recently
graduated from the Vienna Technical College. Porsche's first version of the electric car

used a pair of electric motors mounted in the front wheel hubs of a conventional car. The




car could travel up to 38 miles. To extend the vehicle's range, Porsche added a gasoline
engine that could recharge the batteries, thus giving birth to the first hybrid, the Lohner-
Porsche Elektromobil.

Early Hybrid Vehicles

1900

Porsche showed his hybrid car at the Paris Exposition of 1900. A gasoline engine was
used to power a generator which, in turn, drove a small series of motors. The electric
engine was used to give the car a little bit of extra power. This method of series hybrid
engine is still in use today, although obviously with further scope of performance

improvement and greater fuel savings.

1915

Woods Motor Vehicle manufacturers created the Dual Power hybrid vehicle, second
hybrid car in market. Rather than combining the two power sources to give a single output
of power, the Dual Power used an electric battery motor to power the engine at low speeds
(below 25km/h) and used the gasoline engine to carry the vehicle from these low speeds
up to its 55km/h maximum speed. While Porsche had invented the series hybrid, Woods
invented the parallel hybrid.

1918

The Woods Dual Power was the first hybrid to go into mass production. In all, some 600
models were built by. However, the evolution of the internal combustion engine left
electric power a marginal technology

1960

Victor Wouk worked in helping create numerous hybrid designs earned him the nickname
of the “Godfather of the Hybrid”. In 1976 he even converted a Buick Skylark from
gasoline to hybrid.

1978

10




Modern hybrid cars rely on the regenerative braking system. When a standard combustion
engine car brakes, a lot of power is lost because it dissipates into the atmosphere as heat.
Regenerative braking means that the electric motor is used for slowing the car and it
essentially collects this power and uses it to help recharge the electric batteries within the
car. This development alone is believed to have progressed hybrid vehicle manufacture
significantly. The Regenerative Braking System, was first designed and developed in
1978 by David Arthurs. Using standard car components he converted an Opel GT to offer
75 miles to the gallon and many home conversions are done using the plans for this

system that are still widely available on the Internet.

Modern Period of Hybrid History

The history of hybrid cars is much longer and more involved than many first imagine. It
is, however, in the last ten years or so that we, as consumers, have begun to pay more
attention to the hybrid vehicle as a viable alternative to ICE driven cars. Whether looking
for a way to save money on spiraling gas costs or in an attempt to help reduce the negative

effects on the environment we are buying hybrid cars much more frequently.

1990s

Automakers took a renewed interest in the hybrid, seeking a solution to dwindling energy
supplies and environmental concerns and created modern history of hybrid car

1993

In USA, Bill Clinton's administration recognized the urgency for the mass production of
cars powered by means other than gasoline. Numerous government agencies, as well as
Chrysler, Ford, GM, and USCAR combined forces in the PNGV (Partnership for a New
Generation of Vehicles), to create cars using alternative power sources, including the

development and improvement of hybrid electric vehicles.

1997
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The Audi Duo was the first European hybrid car put into mass production and hybrid
production and consumer take up has continued to go from strength to strength over the
decades.

2000

Toyota Prius and Honda Insight became the first mass market hybrids to go on sale in the
United States, with dozens of models following in the next decade. The Honda Insight and
Toyota Prius were two of the first mainstream Hybrid Electric Vehicles and both models
remain a popular line.

2005

A hybrid Ford Escape, the SUV, was released in 2005. Toyota and Ford essentially
swapped patents with one another, Ford gaining a number of Toyota patents relating to
hybrid technology and Toyota, in return, gaining access to Diesel engine patents from
Ford.

Present of Hybrid Electric vehicle

Toyota is the most prominent of all manufacturers when it comes to hybrid cars. As well
as the specialist hybrid range they have produced hybrid versions of many of their
existing model lines, including several Lexus (now owned and manufactured by Toyota)
vehicles. They have also stated that it is their intention to release a hybrid version of every
single model they release in the coming decade. As well as cars and SUVs, there are a
select number of hybrid motorcycles, pickups, vans, and other road going vehicles
available to the consumer and the list is continually increasing.

Future of Hybrid electrical vehicle

Since petroleum is limited and will someday run out of supply. In the arbitrary year 2037,
an estimated one billion petroleum-fueled vehicles will be on the world’s roads. gasoline
will become prohibitively expensive. The world need to have solutions for the “400
million otherwise useless cars”. S0 year 2037 “gasoline runs out year” means, petroleum

will no longer be used for personal mobility. A market may develop for solar-powered
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EVs of the size of a scooter or golf cart. Since hybrid technology applies to heavy

vehicles, hybrid buses and hybrid trains will be more significant.

Economic and Environmental Impact of Electric Hybrid

Vehicle

As modern culture and technology continue to develop, the growing presence of global warming
and irreversible climate change draws increasing amounts of concern from the world’s population.
It has only been recently, when modern society has actually taken notice of these changes and
decided that something needs to change if the global warming process is to be stopped.

Countries around the world are working to drastically reduce CO2 emissions as well as other

harmful environmental pollutants. Amongst the most notable producers of these pollutants are
automobiles, which are almost exclusively powered by internal combustion engines and spew out
unhealthy emissions.

According to various reports, cars and trucks are responsible for almost 25% of CO2 emission and
other major transportation methods account for another 12%. With immense quantities of cars on
the road today, pure combustion engines are quickly becoming a target of global warming blame.
One potential alternative to the world’s dependence on standard combustion engine vehicles are

hybrid cars. Cost-effectiveness is also an important factor contributing to the development of an
environment friendly transportation sector.

Hybrid Vehicle

A hybrid vehicle combines any type of two power (energy) sources. Possible combinations
include diesellelectric, gasoline/fly wheel, and fuel cell (FC)/battery. Typically, one energy source
is storage, and the other is conversion of a fuel to energy. In the majority of modern hybrids, cars

are powered by a combination of traditional gasoline power and the addition of an electric motor.

However, hybrid still use the petroleum based engine while driving so they are not completely

clean, just cleaner than petroleum only cars. This enables hybrid cars to have the potential to
segue into new technologies that rely strictly on alternate fuel sources.

The design of such vehicles requires, among other developments, improvements in power train
systems, fuel processing, and power conversion technologies. Opportunities for utilizing various
fuels for vehicle propulsion, with an emphasis on synthetic fuels (e.g., hydrogen, biodiesel,
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bioethanol, dimethylether, ammonia, etc.) as well as electricity via electrical batteries, have been
analyzed over the last decade.

Economical Analysis

A number of key economic parameters that characterize vehicles were:

A. Vehicle price,
B. Fuel cost, and

C. Driving range.

This case neglected maintenance costs; however, for the hybrid and electric vehicles, the cost of
battery replacement during the lifetime was accounted for. The driving range determines the

frequency (number and separation distance) of fueling stations for each vehicle type. The total fuel
cost and the total number of kilometers driven were related to the vehicle life (see Table 1).

Tablel: Technical and economical valaes for selected vehicle types

Vehicle type Fuel Type | Initial Specific  fuel | Driving Price of battery Changes
Price Price Range During Vehicle Life
(USkS) | (USS100 km) | (Kim) cyele (USKS)

Conventicnal Gasoline 153 294 340 1x01

{Tayata Corolla)

Hybrid Gasoline | 20 1.7 930 1x1.02

{Tovota Prius)

Electnic Electricity | 42 0.901 164 2x154

(Toyota RATV4ET)

Fuel cell Hydrogen | 100 1.69 355 l=x01

{Honda FCX)

H2ICE {Ford | Hydrogen | 60 54 300 1=x01

Focus HX-ICE|)

NH3-H2-ICE Ammonia | 40 6.4 430 1=x01

{Ford Focus H-

ICE and ammonia

Adapiive)

For the Honda FCX the listed initial price for a prototype leased in 2002 was USk$2,000,
which is estimated to drop below USk$100 in regular production. Currently, a Honda FCX
can be leased for 3 years with a total price of USk$21.6. In order to render the comparative
study reasonable, the initial price of the hydrogen fuel cell vehicle is assumed here to be
USk$100. For electric vehicle, the specific cost was estimated to be US$569/kWh with nickel
metal hydride (NiMeH) batteries which are typically used in hybrid and electric cars.

14




Historical prices of typical fuels were used to calculate annual average price.

Environmental Analysis

Analysis for the first five options was based on published data from manufacturers. The results for
the sixth case, i.e. the ammonia-fueled vehicle, were calculated from data published by Ford on
the performance of its hydrogen-fueled Ford Focus vehicle. Two environmental impact elements
were accounted for in the:

a) Air pollution (AP) and

b) Greenhouse gas (GHG) emissions.

The main GHGs were COz, CHs4, N20, and SFs (sulfur hexafluoride), which have GHG impact
weighting coefficients relative to CO2 of 1, 21, 310, and 24,900, respectively.

For AP, the airborne pollutants CO, NOx, SOx, and VOCs are assigned the following weighting
coefficients: 0.017, 1, 1.3, and 0.64, respectively.

The vehicle production stage contributes to the total life cycle environmental impact through the
pollution associated with

a) The extraction and processing of material resources,
b) Manufacturing and

¢) The vehicle disposal stage.

Additional sources of GHG and AP emissions were associated with the fuel production and
utilization stages. The environmental impacts of these stages have been evaluated in numerous life
cycle assessments of fuel cycles.

Regarding electricity production for the electric car case, three case scenarios were considered
here:

1. when electricity is produced from renewable energy sources and nuclear energy;

2. when 50% of the electricity is produced from renewable energy sources and 50% from
natural gas at an efficiency of 40%;

3. when electricity is produced from natural gas at an efficiency of 40%.
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AP emissions were calculated assuming that GHG emissions for plant manufacturing correspond

entirely to natural gas combustion. GHG and AP emissions embedded in manufacturing a natural

gas power generation plant were negligible compared to the direct emissions during its utilization.

Taking those factors into account, GHG and AP emissions for the three scenarios of electricity

generation were presented in Table 2.

Tablel: GHG and air pollotion emissions per MT of electricity prodoced

Electricity- Description of Electricity generation | GHG emission (g) | AP emission
generation Scenario (g
SCenario
1 Electricity produced = 100% (Renewable | 5.11 0.195
Energy + Nuoclear Energy)
2 Electricity produced = (50% Renewable | 77.5 0.296
Energy + 50% MNatural gas)
3 Electricity produoced = 100% Natoral Gas 1499 0.573

Hydrogen charging of fuel tanks on vehicles requires compression. Therefore, presented case

considered the energy for hydrogen compression to be provided by electricity.

Table 3: GHG and air pollution

emissions per MJ fuel of Hydrogen from natural gas produced

Fuel

GHG emissions, g

AP emissions, g

Hydrogen from natural gas

Scenario 1 78.5 0.0994
Scenario 2 321 0113
Scenario 3 357 0127

GHG and AP emissions were reported for hydrogen vehicles for the three electricity-

generation scenarios considered (see table 3), accounting for the environmental effects of

hydrogen compression

Table 4. Environmental impact associated with vehicle Overall Life cycle and Fuel Utilization State

Fuel utilization stage Overall life cycle
Vehicle type GHG emissions | AP emissions GHG emissions AP emissions
(ke=/100 Jom) (k=100 km) {3z 100 Jom) (k=100 kom)
Conventional 19.9 0.0564 214 0.06
Hybrid 11.6 0.0328 133 0.037
Electric-51 0343 0.00131 231 0.00756
Electric-52 5.21 0.0199 7.18 0.0262
Electric-53 10.1 0.0385 12 0.0448
Fuel Cell -51 10.2 0.0129 142 0.0306
Fuel Cell -52 10.6 0.0147 147 0.0324
Fuel Cell -53 11.1 0.0165 152 0.0342
H2-ICE 10 0.014 11.5 0.018
WNH3-H2-ICE 0 0.014 14 0.017
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The environmental impact of the fuel utilization stage, as well as the overall life cycle is
presented in Table 4. The H2-1CE vehicle results were based on the assumption that the only
GHG emissions during the utilization stage were associated with the compression work,
needed to fill the fuel tank of the vehicle. The GHG effect of water vapor emissions was
neglected in this analysis due its little value,. For the ammonia fuel vehicle, a very small

amount of pump work was needed therefore, ammonia fuel was considered to emit no GHGs
during fuel utilization.
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Figurel: Environmental indicators for sz vehicle types [1]
Results of technical-economical-environmental Analysis:

In present situation this case study provides a general approach for assessing the combined
technical-economical-environmental benefits of transportation options.

Module 2: Dynamics of Electric and Hybrid vehicles

Lecture 3: Motion and dynamic equations for vehicles

Motion and dynamic equations for vehicles




Introduction

The fundamentals of wvehicle design involve the basic principles of physics, specially the
Newton's second law of motion. According to Newton's second law the acceleration of an
object is proportional to the net force exerted on it. Hence, an object accelerates when the net
force acting on it is not zero. In a vehicle several forces act on it and the net or resultant force
governs the motion according to the Newton's second law. The propulsion unit of the vehicle
delivers the force necessary to move the vehicle forward. This force of the propulsion unit
helps the vehicle to overcome the resisting forces due to gravity, air and tire resistance. The
acceleration of the vehicle depends on:

the power delivered by the propulsion unit

the road conditions

. the aerodynamics of the vehicle

the composite mass of the vehicle

In this lecture the mathematical framework required for the analysis of vehicle mechanics
based on Newton’s second law of motion is presented. The following topics are covered in
this lecture:

. General description of vehicle movement

Vehicle resistance

. Dynamic equation

Tire Ground Adhesion and maximum tractive effort
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General description of vehicle movement

The vehicle motion can be completely determined by analysing the forces acting on it in the
direction of motion. The forces acting on a vehicle, moving up a grade, are shown in Figure

1. The tractive force (Ft) in the contact area between the tires of the driven wheels and the

road surface propels the vehicle forward. The tractive force (Ft) is produced by the power

plant and transferred to the driving wheels via the transmission and the final drive. When the
vehicle moves, it encounters a resistive force that tries to retard its motion. The resistive
forces are

¢ Rolling resistance
e Aerodynamic drag

e Uphill resistance
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Figure 1: Forces acting on a vehicle going uphill [1]

Using the Newton's second law of motion, the vehicle acceleration canbe expressed as

F—vF
dv = Z t Z resitac
dt 5M

where

V =vehicle speed

F
Z t=total tractive effort [Nm]
2 Fresis tan ce = total resistance [Nm]
M = total mass of the vehicle [kg]

& = mass factor for converting the rotational inertias
of rotating components into translational mass

Page 2 of 28
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Rolling resistance

The rolling resistance of tires on hard surfaces is due to hysteresis in the tire material. In
Figure 2 a tire at standstill is shown. On this tyre a force (P), is acting at its centre. The
pressure in the contact area between the tire and the ground is distributed symmetrically to the

centre line and the resulting reaction force (P) is aligned along P.

Pz

Figure 2: Pressure distribution in contact area [1]

The deformation, z, versus the load P, in the loading and unloading process is shown in
Figure 3. From this figure it can be seen that, due to the hysteresis, the force (P) for the same
deformation (z) of the tire material at loading is greater than at during unloading. Hence, the

hysteresis causes an asymmetric distribution of the ground reaction forces.

Force, P

P1

P2
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Deformation, z

Figure 3: Force acting on a tyre vs. deformation in loading and unloading [1]

Page 3 of 28
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The scenario of a rolling tire is shown in Figure 4. When the tire rolls, the leading half of the
contact area is loading and the trailing half is unloading. Thus, the pressure on the leading
half is greater than the pressure on the trailing half (Figure 4a). This phenomenon results in
the ground reaction force shifting forward. The shift in the ground reaction force creates a
moment that opposes rolling of the wheels. On soft surfaces, the rolling resistance is mainly
caused by deformation of the ground surface, (Figure 4b). In this case the ground reaction

force almost completely shifts to the leading half.

P

z

Figure 4a: Force acting on a tyre vs. deformation in loading and unloading on a hard surface [1]

The moment produced by forward shift of the resultant ground reaction force is called
rolling resistance moment (Figure 4a) and can expressed as

T, =Pa=Mga

where

T, =rolling resistance [Nm]

P = Normal load acting on

23




the centre of the rolling wheel [N ]

M = mass of the vehicle [kg]

g = acceleration constant [m/ sz ]

a = deformation of the tyre [m]

Page 4 of 28
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Pz

Figure 4a: Force acting on a tyre vs. deformation in loading and unloading on a soft surface [1]

To keeps the wheel rolling, a force Fr, acting on the centre of the wheel is required to balance

this rolling resistant moment. This force is expressed as

Tr Pa
F=_ =_ =Pf

r r

an dyn
where

3)

T: =rolling resistance [Nm]

P = Normal load acting on the centre of the rolling wheel [N ]

ryn = dynamic radius of the tyre [m]

fr =rolling resistance coefficient

The rolling resistance moment can be equivalently replaced by horizontal force acting on the
wheel centre in the direction opposite to the movement of the wheel. This equivalent force is

called the rolling resistance and its magnitude is given by

Fr = Pfr
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where

P = Normal load acting on the centre of the rolling wheel
[N ] fr =rolling resistance coefficient

(4)

When a vehicle is moving up a gradient, the normal force (P), in equation 4, is replaced by
the component that is perpendicular to the road surface. Hence, equation 4 is rewritten as

Fr =Pfcos(a) = Mgf: cos(a)

where

P = Normal load acting on the centre of the rolling
wheel [N ] fr = rolling resistance coefficient

o =road angle [radians]

Q)
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The rolling resistance coefficient, fy, is a function of:

A. tire material

E. tire structure

®. tire temperature

I'. tire inflation pressure
H. tread geometry

I. road roughness

9. road material

K. presence of absence of liquids on the road

The typical values of the rolling resistance coefficient (fr) are given in Table 1.

Table 1: Reference values for the rolling resistance coefficient (fr)

Conditions Rolling resistance

coefficient (fr)

Car tire on smooth tarmac |0.01

road

Car tire on concrete road 0.011

Car tire on a rolled gravel |0.02

road
Tar macadam road 0.025
Unpaved road 0.05

Bad earth tracks 0.16




Loose sand

0.15-0.3

Truck tire on concrete or |0.006-0.01
asphalt road
Wheel on iron rail 0.001-0.002

The values given in table 1 do not take into account the variation of fr with speed. Based on

experimental results, many empirical formulas have been proposed for calculating the rolling
resistance on a hard surface. For example, the rolling resistance coefficient of a passenger car

on a concrete road may be calculated as:

(Vv s

fr:fOJrfs‘ _|
\ 100/

where

v)=vehicle speed [km/ h]

(6)
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In vehicle performance calculation, it is sufficient to consider the rolling resistance coefficient
as a linear function of speed. For most common range of inflation pressure, the following
equation can be used for a passenger car on a concrete road

([ V)

f
P o=001]1 4 — |

N 160/

(7)

where

v)= vehicle speed [km/ h]

The equation 7 can predict the values of fy with acceptable accuracy for speed up to

128km/h. Aerodynamic drag

A vehicle traveling ata particular speed in air encounters a force resisting its motion. This

force is known as aerodynamic drag. The main causes of aerodynamic drag are:

. shape drag

. skin effect

The shape drag is due to the shape of the vehicle. The forward motion of the vehicle pushes
the air in front of it. However, the air cannot instantaneously move out of the way and its
pressure is thus increased. This results in high air pressure in the front of the vehicle. The air
behind the vehicle cannot instantaneously fill the space left by the forward motion of the
vehicle. This creates a zone of low air pressure. Hence, the motion of the vehicle creates two
zones of pressure. The high pressure zone in the front of the vehicle opposes its movement by
pushing. On the other hand, the low pressure zone developed at the rear of the vehicle
opposes its motion by pulling it backwards.

The air close to the skin of the vehicle moves almost at the speed of the vehicle while
the air away from the vehicle remains still. Between these two layers (the air layer moving at
the vehicle speed and the static layer) the molecules move at a wide range of speeds. The
difference in speed between two air molecules produces friction. This friction results in the
second component of aerodynamic drag and it is known as skin effect.
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The aerodynamic drag is expressed as

Fw =12,0AfC pV 2

where

p = density of air [kg/ms ]

At =vehicle frontal area [m? ]

V = vehicle speed [m/
s] Co =drag
coefficient
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The aerodynamic drag coefficients and the frontal area for different vehicle types are given

in Table 2.

Grading resistance

Table 2: Reference values for drag coefficient (Cp) and

the frontal area (Af in m2) for some vehicle types

Vehicle Cb As

Motorcycle with |0.5-0.7 |0.7-0.9

rider

Open convertible | 0.5-0.7 | 1.7-2.0

Limousine 0.22- 1.7-2.3
0.4
Coach 0.4-0.8 | 6-10

Truck without | 0.45- 6.0-10.0
trailer 0.8

Truck with trailer | 0.55- 6.0-10.0
1.0

Articulated 0.5-0.9 |6.0-10.0

vehicle

When a vehicle goes up or down a slope, its weight produces a component of force that is

always directed downwards, Figure 5. This force component opposes the forward motion, i.e.
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the grade climbing. When the vehicle goes down the grade, this force component aids the
vehicle motion. The grading resistance can be expressed as

Fg =Mgsin(a)

where

©)

M = mass of vehicle [kg]

g = acceleration constant [m /
s? ] & = road angle [radians]

In order to simplify the calculation, the road angle o, is usually replaced by the grade value,

when the road angle is small. The grade value is defined as (Figure 5)

H

i= =tan(a)~sin(a) (10)
L
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In some literature, the tire rolling resistance and the grading resistance taken together and is
called road resistance. The road resistance is expressed as

Fra =F¢ +Fy :Mg(fr COS(O!)+Sin(a))
where

(11)
M = mass of vehicle [kg]

g = acceleration constant[m / s2 ]

fr = rolling resistance coefficient

Mgsin(a. )

Mgcos(a)

Mg

Figure 5: Vehicle going up a grade [1]

Acceleration resistance

In addition to the driving resistance occurring in steady state motion, inertial forces also occur
during acceleration and braking. The total mass of the vehicle and the inertial mass of those

rotating parts of the drive accelerated or braked are the factors influencing the resistance to
acceleration:

( I
Y o dV

F=lM+ L
dt
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(12)

M = mass of vehicle [kg]
J rot = intertia of rotational components [kg x m? ]

V =speed of the vehicle [km/ h]

rayn = dynamic radiusof the tyre [m]

The rotational component is a function of the gear ratio. The moment of inertia of the rotating
drive elements of engine, clutch, gearbox, drive shaft, etc., including all the road wheels are

reduced to the driving axle. The acceleration resistance can be expressed as

F =M

a

dt

where
(13)
A = rotational inertia constant

M =mass of the vehicle [kg]V
= speed of the vehicle [m / ]
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Total driving resistance

The traction force (Ft) required at the drive wheels is made up of the driving resistance forces

and is defined as

F
wsome =F +Fy+F +F (14)

Substituting the values of all the forces in equation 14, gives

1 dv
F =Mgf cos(ar)+_pACV?2 +Mgsin(a)+M__ (15)

ress @ oce r f D

2 dt

The equation 15 may be used to calculate the power required (Preq):

Preq - Fr&sis tan cev (16)

Dynamic equation
In the longitudinal direction, the major external forces acting on a two axle vehicle (Figure 1)

include:
e the rolling resistance of the front and rear tires (Frf and Frr), which are represented by
rolling resistance moment, Trfand Tyr
e the aerodynamic drag (Fw)
e grade climbing resistance (Fg)
e acceleration resistance (Fa)

The dynamic equation of vehicle motion along the longitudinal direction is given by

dv

M~ =(Fu +Fu )~ (Fe +Frr +Fu+Fg +Fa) (17)
dt
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The first term on the right side is the total tractive effort and the second term is the total

tractive resistance. To determine the maximum tractive effort, that the tire ground contact can
support, the normal loads on the front and rear axles have to be determined. By summing the

moments of all the forces about point R (centre of the tire-ground area), the normal load on

the front axle Ws can be determined as

( dv )

MgLb cos(a) -| T +Trr +Fwhw+Mghgsin(a) +Mhg  — |

\ dt)
W =

L

Similarly, the normal load acting on the rear axle can be expressed as

( dv)

MgLa cos(e) -| Tu +Trr +Fwhw+Mghgsin(a) +Mhg ~ — |
\ dt/

Wr:
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In case of passenger cars, the height of the centre of application of aerodynamic resistance
(hw) is assumed to be near the height of centre of gravity of the vehicle (hg). The equationl18

and 19 can be simplified as

h
L g( . \
Wi = _MgCOS(O[)— —| FW+Fg +Mgfr ayn dV
T cos(@+M | (20)
g )
and
L hy( r )
! ayn dV
Wr = — Mgcos(a) - —I Fu +Fg +Mgfr — s iM 2
L Ll h dt |
g )

Using equation5, 17, 20 and 21 can be rewritten as

h( ([ r )

W = ® Mg cos(e) - - (22)
T L |
CooU L))
h( ([ r

Wy = 2 Mg cos(e) + ‘ - (23)
T Tl T
\ ),

The first term on the right hand side of equation 22 and equation 23 is the static load on the
front and the rear axles when the vehicle is at rest on level ground. The second term is the
dynamic component of the normal load.
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The maximum tractive effort (Ftmax) that the tire-ground contact can support is described by

the product of the normal load and the coefficient of road adhesion (m). In Table 3, the values
of coefficient of adhesion are given for different speeds of the vehicle and different road

conditions. For the front wheel drive vehicle, Fimax Is given by

tmax |_

F ] h (0 W

ayn

= uW :/-l|—Mgcos(a)— —IlF _FI" 1-— |||

f i L tmax | h ¥

. L | -
o

= 1 Mg cos(a) r|_ Lo +fr (hg —I'dyn )—U /L

1+phg /L

(25)

Page 11 of 28

(24)

38




For the rear wheel drive vehicle, Ftmax is given by

r h( (e W) (26)
thax L g ayn
=W =ﬂ|;Mgcos(a)+ —IF —Fr|1—_ |||
L | h
L \ -
- ] &7

= u Mg cos(a) rL La—fr (hg — I'dyn )—U/
L

1-hg /L

Table 3: Coefficient of road adhesion

Road speed | Coefficient of road| Coefficient of road
[km/h] adhesion for dryladhesion for wet
roads roads
50 0.85 0.65
90 0.8 0.6
130 0.75 0.55

Adhesion, Dynamic wheel radius and slip

When the tractive effort of a vehicle exceeds the maximum tractive effort limit imposed by
the adhesive capability between the tyre and ground, the driven wheels will spin on the
ground. The adhesive capability between the tyre and the ground is the main limitation of the
vehicle performance especially when the vehicle is driven on wet, icy, snow covered or soft

soil roads.
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The maximum tractive effort on the driven wheels, transferred from the power plant
through the transmission should not exceed the maximum values given by equation 25 and
equation 27. Otherwise, the driven wheels will spin on the ground, leading to vehicle
instability. The slip between the tyres and the surface can be described as:

R T -V
drive slip S =
;
or
R dn
where (28)

wr = angular speed of the tyre [rad / 5]
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The dynamic wheel radius (rgyn) is calculated from the distance travelled per revolution of

the wheel, rolling without slip. The dynamic wheel radius is calculated from a distance
travelled at 60km/h. The increasing tyre slip at higher speeds roughly offsets the increase in

rdyn. The values of rgyn for different tyre sizes are given in table 4.

Table 4: Dynamic wheel radius of common tyre sizs

Rolling Rolling
Circumference |Rdayn | Tyre Circumference
Tyre Size |[m] [m] Size [m] Rdyn [m]
Passenger cars Passenger cars
205/65
135 R 13 1.67| 0.266( R15 1.975 0.314
195/60
145 R 13 1.725| 0.275R15 1.875 0.298
205/60 R
155 R 13 1.765| 0.281f 15 1.91 0.304
145/70 R
13 1.64{ 0.261f Light commercial vehicles
155/70
R13 1.68] 0.267185R 14 1.985 0.316
165/70 R
13 1.73] 0.275215R 14 2.1 0.334
175/70 R
13 1.77) 0.282/205R 14 2.037 0.324
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195/75 R
175 R 14 1.935/ 0.308 16 2.152 0.343
205/75 R
185 R 14 1.985| 0.316 16 2.2 0.35
195/70 R
14 1.94| 0.309 Trucks and buses
185/65 R 12R
14 1.82] 0.2922.5 3.302 0.526
185/60 R 315/80 R
14 1.765| 0.281 22.5 3.295 0.524
195/60 R 1.8 0.286/295/80 R 3.215 0.512
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14 22.5

195/70 R 215/75 R

15 2| 0.318(17.5 2.376 0.378
185/65 275/70 R

R15 1.895| 0.302|22.5 2.95 0.47
195/65 305/70 R

R15 1.935/ 0.308|19.5 2.805 0.446
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Lecture 4: Vehicle Power Plant and Transmission Characteristics

Vehicle Power Plant and Transmission Characteristics

Introduction

The topics covered in this chapter are as follows:

The drive train configuration

Various types of vehicle power plants

The need of gearbox in a vehicle

The mathematical model of vehicle performance

Drive train Configuration

An automotive drive train is shown in Figure 1. It consists of:

a power plant

a clutch in a manual transmission or a torque converter in automatic transmission
a gear box

final drive

differential shaft

driven wheels

The torque and rotating speed from the output shaft of the power plant are transmitted to the
driven wheels through the clutch or torque converter, gearbox, final drive, differential and
drive shaft.

The clutch is used in manual transmission to couple or decouple the gearbox to the

power plant. The torque converter in an automatic transmission is hydrodynamic device,
functioning as the clutch in manual transmission with a continuously variable gear ratio.

45




The gearbox supplies a few gear ratios from its input shaft to its output shaft for the
power plant torque-speed profile to match the requirements of the load. The final drive is
usually a pair of gears that supply a further speed reduction and distribute the torque to each
wheel through the differential.
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Clutch

Driven wheel

Vehicle
Differential Drive Shaft
Powe r Plant

Driven wheel

Transmission

Figure 1: An automobile power train

Vehicle power plant

There are two limiting factors to the maximum tractive effort of the vehicle:

e Maximum tractive effort that the tire-ground contact can support

e Tractive effort that the maximum torque of the power plant can produce with the given

driveline gear ratios.

The smaller of these factors will determine the performance potential of the vehicle. Usually
it is the second factor that limits the vehicles performance.

The classification of various types of power plants used in a vehicle is shown in Figure 2.

Prime Mover
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Inte rnal Combustion Engine

(ICE) — Hybrid Drives — Electric Motors
— AC Motors
Continuous
Single Ignition
Combustion
DC Motors

Spark ignition
— Gas turbine

engine

Diesel engine

Figure 2: Classification of vehicle power plat
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In selecting a suitable power plant, the following factors are considered:

Operating performance
Economy

Environment friendliness

For vehicular applications, the ideal performance characteristic of a power plant is constant

power output over the full speed range. Consequently, the torque varies hyperbolically with

respect to speed as shown in Figure 3. This ideal performance characteristic of the power

plant will ensure that the maximum power is available at any vehicle speed, thus resulting in

optimal vehicle performance. In practice however, the torque is constrained to be constant a

low speeds. This is done so as not to be over the maxima limited by the adhesion between the

tyre-ground contact areas. The internal combustion (IC) engines are the most commonly

used power plants for the land vehicles. In hybrid and electric vehicle technology, the electric

motor is used.

Torque

Powe r

Speed
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Figure 3: Ideal performance characteristics fora vehicle power plant

Internal combustion engine

The internal combustion engines used in the vehicles are based on two principles:

spark ignition (petrol engines) principle
Diesel principle.

The key features of the ICs based spark ignition principle are:

high power/weight ratio
good performance

low combustion noise.
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The disadvantages of are the 1Cs based spark ignition principle are:

e quality of fuel required
e higher fuel consumption.

The advantages of the diesel engines are:

e low fuel consumption
e low maintenance requirement due to absence of ignition system
e low fuel quality required

The disadvantages of the diesel engine are

e high level of particulate emission
s e greater weight and higher price
e higher levels of noise

The two typical characteristic curves used to describe the engine characteristic are:

e torque vs. engine speed curve at full load (100% acceleration pedal position)
e power vs. engine speed curve at full load (100% acceleration pedal position)

These two characteristic curves are shown in Figure 4. In Figure 4 the following
nomenclature is used:

=P, = Maximum engine power = Nominal power
P (Tmax ) = Engine power at maximum torque
Tmax = Maximum engine torque

T (Pmax ) = Tn = Engine at maximum power = Nominal Torque
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N (Pmax ) = nn = Engine speed at maximum power = Nominal
speed n (Tmax ) = Engine speed at maximum torque

Various indices are used to facilitate comparison between different types of engine. The two

most important indices are:

e torgue increase (torque elasticity) defined as

T
T= max

Th

where

Tmax = Max imum engine torque

(1)

T, =engine torque at max imum power , also known as no min al torque
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engine speed ratio defined as

V= nn

N (Trmax )

where

2

N, = engine speed at max imum power , also known as no min al
speed n (Tmax ) = engine speed at max imum torque

. Powe r P
S max
T
max P (TmaX)
T(Pmax) Torque

Nmin Nn(Tmax) n(Pmax)

Engine Speed

Figure 4: Characteristic curves of an internal combustion engine

The higher value of the product Tv better engine power at low and medium engine speeds.

This in turn means less frequent gear changing.
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Electric Motor

The electric motors have are ideal for vehicle application because of the torque speed
characteristics of the motors (Figure 5). Electric motors are capable of delivering a high
starting torque. It is very important to select proper type of motor with a suitable rating. For
example, it is not accurate to simply refer to a 10 h.p. motor or a 15 h.p. motor, because
horsepower varies with volts and amps, and peak horsepower is much higher than the

continuous rating.

Powe r

Torque

Speed

Figure 5: Torque vs. speed and power vs. speed characteristics of electric motor

It is also confusing to compare electric motors to IC engines, since electric motors are
designed for a continuous rating under load and IC engines are rated at their peak horsepower
under loaded condition. The commonly used motors in EVs are:
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AC motors
Permanent magnet (PM) motors
Series wound DC motors

Shunt wound DC motors
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The DC series motors were used in a number of prototype Electric Vehicle (EVs) and prior to
that mainly due to the ease of control. However, the size and maintenance requirements of
DC motors are making their use obsolete. The recent EVs and Hybrid Electric Vehicles
(HEVs) use AC, PM and Switched Reluctance motors. A classification of motors used in EV's
is shown in Figure 6.

Electric Motors

DC Motors AC Motors
S
Selfexcited Separately Induction Synchronous PM rel
—  Series Wound PM
Field rotor -
brushless dc
excited
Squirrel
PM PM
- cage -
excited Synchronous
rotor

L—  PM hybrid

Figure 6: Classification of electric motors used in EVs

The AC Induction Motor (IM) technology is very mature and significant research and
development activities have taken place in the area of induction motor drives. The control of
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IM is more complex than DC motors, but the availability of fast digital processors,
computational complexity can easily be managed. The competitor to the induction motor is
the permanent magnet (PM) motor. The permanent magnet motors have magnets on the rotor,
while the stator construction is same as that of induction motor. The PM motors can be
surface mounted type or the magnets can be inset within the rotor. The PM motors can also be
classified as sinusoidal type or trapezoidal type depending on the flux density distribution in
the air gap. Permanent magnet motors with sinusoidal air gap flux distribution are called
Permanent Magnet synchronous Motors (PMSM) and the with trapezoidal air gap flux
distribution are called Brushless DC (BLDC) motors.
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The need for gearbox

Internal combustion engines today drive most of the automobiles. These internal combustion
engines work either on the principle of spark ignition or diesel principle. In addition to the
many advantages of the internal combustion engine, such as high power to weight ratio and
relatively compact energy storage, it has two fundamental disadvantages:

! Unlike the electric motors, the internal combustion engine cannot produce
torque atzero speed.

ii. The internal combustion engine produces maximum power at a certain engine

speed.
iii. The efficiency of the engine, i.e. its fuel consumption, is very much dependent

on the operating point in the engine’s performance map.

With a maximum available engine power Pmax and aroad speed of v, the ideal traction

hyperbola Figeal and the effective traction hyperbola Feffec can be calculated as follows:

=)
Fideal = "2V

P
Fideal = maxv Thot

where

not = efficiency of the drivetrain

(1)

Hence, if the full load engine power Pmax were available over the whole speed range, the
traction hyperbolas shown in Figure 7 would result. However, the Pmax is not available for

the entire speed range. The actual traction profile of the ICE (Fengine) is shown in Figure 7.
From Figure 7 it is evident that the entire shaded area cannot be used.
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Without drive train efficiency:ldeal

Adhesion Limit traction hyperbola Fideal

With drive train efficiency:ldeal

traction hyperbola Feffec

Inte rnal combustion engine traction available
Fengine

Speed

Figure 7: Traction force vs. speed map of an internal combustion engine without gearbox
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In order to utilize the shaded area, shown in Figure 7, additional output converter is required.
The output converter must convert the characteristics of the combustion engine in such a way
that it approximates as closely as possible to the ideal traction hyperbola (Figure 8).

AdhesionLimit

Traction force available

insecondgear

Traction required for 0%gradient

1st
gear
2nd
gear
3rd
gear 4"
gear
Speed

Figure 8: Traction force vs. speed map of an internal combustion engine with gearbox

The proportion of the shaded area, i.e. the proportion of impossible driving states, is significantly smaller when an output converter
is used. Thus, the power potential of the engine is better utilizd. The Figure 8 shows how increasing the number of gears gives a

better approximation of the effective traction hyperbola.

Drive train tractive effort and vehicle speed
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After having dealt with the configuration of the drivetrain, this section deals with the tractive
effort. The torque transmitted from the power plant to the driven wheels (Ty) is given by:

Tw =igiom Tp

where

i g = gear ratio of the transmission @)
lo = gear ratio of the fianl drive

i = efficiency ofthe driveline from the power plant to the driven wheels

T p =torque output from the power plant [Nm]

The tractive effort on the driven wheels (Figure 9) is expressed as

= _ T

rdyn

where (2)

ryn = dynamic radius of the tyre [m]
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Substituting value of Ty from equation 1 into equation 2 gives

Fi= 3

r
in

The total mechanical efficiency of the transmission between the engine output shaft and
driven wheels is the product of the efficiencies of all the components of the drive train. The
rotating speed of the driven wheel is given by

Ny
N =__ [rpm]
iy

where 4

N, = rottational speed of the transmission [rpm]

The rotatational speed Np of the transmission is equal to the engine speed in the vehicle with

a manual transmission and the turbine speed of a torque converter in the vehicle with an
automatic transmission. The translation speed of the wheel (vehicle speed) is expressed as

ZIN 1
wodn

Q)

V= [m/s]
30
Nw from equation 4 into equation 5, the vehicle speed can be

By substituting the value of
expressed as

ZN r
P

— (6)
V= [m/s]

30i i

Vehicle performance

The performance of a vehicle is determined by the following factors:
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maximum cruising speed
gradeability

acceleration
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Maximum Cruising Speed

The maximum speed of a vehicle is defined as the constant cruising speed that the vehicle can
achieve with full power plant load on a flat road. The maximum speed of a vehicle is
determined by the equilibrium between the tractive effort of the vehicle and the resistance and

maximum speed of the power plant and gear ratios of the transmission. This equilibrium is:

Tyigion 1 2
= Mgf cos(a)+_pC AV

r a D

r

dyn 2

where
(30)
iy = gear ratio of the transmission

lp = gear ratio of the final drive

1 = efficiency of the driveline from the power plant to the driven wheels

T

» = torque output of the power plant [Nm]

equation 30 shows that the vehicle reaches its maximum speed when the tractive effort,

represented by the left hand side term, equals the resistance, represented by the right hand
side. The intersection of the tractive effort curve and the resistance curve is the maximum
speed of the vehicle, Figure 9.
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Figure 9: Tractive effort of an electric motor powered vehicle with a single speed transmission and its resistance
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For some vehicles, no intersection exists between the tractive effort curve and the resistance
curve, because of a large power plant. In such a case the maximum speed of the vehicle is
determined by the maximum speed of the power plant. This maximum speed is given by

7n r
V: p max dyn

max
30i0 ig min
where

i g min = Minimum gear ratio of the transmission
(31)

ip =gear ratio of the final drive

Np max = Max imum speed of the power plant (motor or engine)[rpm]
T p=torque output of the power plant [Nm]

r
o = dynamic radius of the tyre [m]

Gradeability

Gradeability is defined as the grade angle that the vehicle can negotiate at a certain constant
speed. For heavy commercial vehicles the gradeability is usually defined as the maximum
grade angle that the vehicle can overcome in the whole speed range.

When the vehicle is driving on a road with relatively small grade and constant speed,
the tractive effort and resistance equilibrium can be expressed as

=Mgf ; +— 2 Cp AtV 2 + Mgi (32)

I
g 2

Hence,
Tiin/r —Mgf -1/2pC AV

pog t dyn r s D

i = —d—f, (33)
Mg

where

Tiin/r —1/2pCoA V? (34)
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The factor d is called the performance factor. When the vehicle drives on a road with a large
grade, the gradeability of the vehicle can be calculated as

d-f2 1—d!+f!

sin(a) = (35)

1+f2
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Acceleration Performance

The acceleration of a vehicle is defined by its acceleration time and distance covered from
zero speed to a certain high speed on a level ground. The acceleration of the vehicle can be
expressed as

&V Fi-Fi-Fu Tyiign ' Ton—Mgf -1 /20 CpA{V?:yg

a= = - = (d-f ) (36)

dt \Y ) Mo o

where & is the rotational inertia factor taking into account the equivalent mass increase due to

the angular moments of the rotating components. This mass factor can be written as

lw didl
+
Mrz  Mr?

dn

o=1+

37)
|, = total angular inertial moment of the wheels

|, =total angular inertial moment of the rotating

components associated with the power plant

To determine the value of &, it is necessary to determine the values of the mass moments of
inertia of all the rotating parts. In case the mass moments of inertia are not available then, the
rotational factor ( &) can be approximated as:

§=1+051+8%i4 i’

01~0.04 (38)

&2 =~ 0.0025

The acceleration rate along with vehicle speed for a petrol engine powered vehicle with a four

gear transmission and an electric motor powered vehicle with a single gear transmission are
shown in Figure 10 and Figure 11 respectively.
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1% gear

2" gear

3" gear

4" gear
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Figure 10: Acceleration rate of a petrol engine powered vehicle with four gears
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Speed [km/h]

Figure 11: Acceleration rate of an electric machine powered vehicle with a single gear

From equation 36, the acceleration time ta and distance Sz from a lower speed V1 to a

higher speed V2 can be expressed as

Y, M&
(39)
ta:JVl . o dVv
Tlig
ngt/rdyn—Mgfr—l/ZIOaCDAfV
and
Va M &
(40)
Sa:.[Vl 2 adVv

The power plant torque Tp in equation 39 and equation 40 is a function of speed of the
power plant. The speed of the power plant is in turn a function of the vehicle speed and gear
ratio of the transmission. Hence, analytical solution of equation 39 and equation 40 is not
possible. Numerical methods are usually used to solve these equations.

71




Suggested Reading

[1] I. Husain, Electric and Hybrid Electric Vehicles, CRC Press, 2003

[2] G. Lechner and H. Naunheimer, Automotive Transmissions: Fundamentals, Selection,
Design and

Application, Springer, 1999

Module 3: Architecture of Hybrid and Electric
Vehicles

Lecture 5: Basic Architecture of Hybrid Drive Trains and
Analysis of Series Drive Train

Basic Architecture of Hybrid Drive Trains and Analysis of Series Drive Train
Introduction

The topics covered in this chapter are as follows:

L. Hybrid Electric Vehicles (HEV)
p. Energy use in conventional vehicles
v. Energy saving potential of hybrid drive trains

o. Various HEV configurations and their operation modes

The Hybrid Electric Vehicle (HEV)

What exactly is an HEV? The definition available is so general that it anticipates future

technologies of energy sources. The term hybrid vehicle refers to a vehicle with at least
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two sources of power. A hybrid-electric vehicle indicates that one source of power is
provided by an electric motor. The other source of motive power can come from a
number of different technologies, but is typically provided by an internal combustion
engine designed to run on either gasoline or diesel fuel. As proposed by Technical
Committee (Electric Road Vehicles) of the International Electrotechnical Commission,
an HEV is a vehicle in which propulsion energy is available from two or more types of
energy sources and at least one of them can deliver electrical energy. Based on this
general definition, there are many types of HEVs, such as:

e the gasoline ICE and battery

e diesel ICE and battery

e battery and FC

e battery and capacitor

e battery and flywheel

e Dbattery and battery hybrids.
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Most commonly, the propulsion force in HEV is provided by a combination of
electric motor and an ICE. The electric motor is used to improve the energy efficiency
(improves fuel consumption) and wvehicular emissions while the ICE provides

extended range capability.

Energy Use in Conventional Vehicles

In order to understand how a HEV may save energy, it is necessary first to examine
how conventional vehicles use energy. The breakdown of energy use in a vehicle is as

follows:

& Inorder to maintain movement, vehicles must produce power at the wheels to

overcome.

[1 aerodynamic drag (air friction on the body surfaces of the vehicle, coupled

with pressure forces caused by the air flow)
O rolling resistance (the resistive forces between tires and the road surface)

resistive gravity forces associated with climbing a grade

N Further, to accelerate, the vehicle must its inertia. Most of the energy
expended in acceleration is then lost as heat in the brakes when the vehicle is
brought to a stop.

O The vehicle must provide power for accessories such as heating fan, lights,
power steering, and air conditioning.

IT Finally, a vehicle will need to be capable of delivering power for acceleration
with very little delay when the driver depresses the accelerator, which may
necessitate keeping the power source in a standby (energy-using) mode.

A conventional engine-driven vehicle uses its engine to translate fuel energy into
shaft power, directing most of this power through the drivetrain to turn the wheels.
Much of the heat generated by combustion cannot be used for work and is wasted,
both because heat engines have theoretical efficiency limit. Moreover, it is impossible

to reach the theoretical efficiency limit because:
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o some heat is lost through cylinder walls before it can do work

o some fuel is burned at less than the highest possible pressure

o fuel is also burned while the engine is experiencing negative load (during
braking) or when the vehicle is coasting or ata stop, with the engine idling.

Although part of engine losses would occur under any circumstances, part occurs
because in conventional drivetrains, engines are sized to provide very high levels of
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peak power for the acceleration capability expected by consumers, about 10 times the
power required to cruise at 100Km/h. However, the engines are operated at most
times at a small fraction of peak power and at these operating points they are quite

inefficient.

Having such a large engine also increases the amount of fuel needed to keep
the engine operating when the vehicle is stopped or during braking or coasting, and
increases losses due to the added weight of the engine, which increases rolling
resistance and inertial losses. Even gradeability requirements (example: 55 mph up a
6.5% grade) require only about 60 or 70% of the power needed to accelerate from 0 to
100Km/h in under 12 seconds.

The Figure 1 shows the translation of fuel energy into work at the wheels for a typical
midsize vehicle in urban and highway driving. From Figure 1 it can be observed that:

A. At best, only 20% of the fuel energy reaches the wheels and is available to
overcome the tractive forces, and this is on the highway when idling losses are

at a minimum, braking loss is infrequent, and shifting is far less frequent.

M. Braking and idling losses are extremely high in urban driving and even higher
in more congested driving, e.g., within urban cores during rush hour. Braking
loss represents 46% of all tractive losses in urban driving. Idling losses
represent about one sixth of the fuel energy on this cycle.

N. Losses to aerodynamic drag, a fifth or less of tractive losses in urban driving,
are more than half of the tractive losses during highway driving.
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Figure 1:Translation of fuel energy into work in a vehicle
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Energy Savings Potential of Hybrid Drivetrains

In terms of overall energy efficiency, the conceptual advantages of a hybrid over a

conventional vehicle are:

)

9)

V)

Regenerative braking. A hybrid can capture some of the energy normally
lost as heat to the mechanical brakes by using its electric drive motor(s) in

generator mode to brake the vehicle

More efficient operation of the ICE, including reduction of idle. A hybrid
can avoid some of the energy losses associated with engine operation at speed
and load combinations where the engine is inefficient by using the energy
storage device to either absorb part of the ICE’s output or augment it or even
substitute for it. This allows the ICE to operate only at speeds and loads where
it is most efficient. When an HEV is stopped, rather than running the engine at
idle, where it is extremely inefficient, the control system may either shut off
the engine, with the storage device providing auxiliary power (for heating or
cooling the vehicle interior, powering headlights, etc.), or run the engine at a
higher-than-idle (more efficient) power setting and use the excess power (over
auxiliary loads) to recharge the storage device. When the wvehicle control
system can shut the engine off at idle, the drivetrain can be designed so that
the drive motor also serves as the starter motor, allowing extremely rapid

restart due to the motor’s high starting torque.
Smaller ICE: Since the storage device can take up a part of the load, the

HEV’s ICE can be down sized. The ICE may be sized for the continuous load

and not for the very high short term acceleration load. This enables the ICE to
operate at a higher fraction of its rated power, generally at higher fuel

efficiency, during most of the driving.

There are counterbalancing factors reducing hybrids’ energy advantage, including:

)

Potential for higher weight. Although the fuel-driven energy source on a

hybrid generally will be of lower power and weight than the engine in a
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conventional vehicle of similar performance, total hybrid weight is likely to be
higher than the conventional vehicle it replaces because of the added weight of
the storage device, electric motor(s), and other components. This depends, of
course, on the storage mechanism chosen, the vehicle performance
requirements, and so forth.
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6. Electrical losses. Although individual electric drivetrain components tend to
be quite efficient for one-way energy flows, in many hybrid configurations, electricity
flows back and forth through components in a way that leads to cascading losses. Further,
some of the components may be forced to operate under conditions where they have
reduced efficiency. For example, like ICEs, most electric motors have lower efficiency at
the low-speed, low-load conditions often encountered in city driving. Without careful
component selection and a control strategy that minimizes electric losses, much of the
theoretical efficiency advantage often associated with an electric drivetrain can be lost.

HEV Configurations
In Figure 2 the generic concept of a hybrid drivetrain and possible energy flow route

is shown. The various possible ways of combining the power flow to meet the driving
requirements are:

A powertrain 1 alone delivers power

B powertrain 2 alone delivers power

C both powertrain 1 and 2 deliver power to load at the same time

D powertrain 2 obtains power from load (regenerative braking)

E powertrain 2 obtains power from powertrain 1

F powertrain 2 obtains power from powertrain 1 and load at the same time
G powertrain 1 delivers power simultaneously to load and to powertrain 2
H powertrain 1 delivers power to powertrain 2 and powertrain 2 delivers

power ton load

I powertrain 1 delivers power to load and load delivers power to powertrain
2.
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Figure 2:Generic Hybrid Drivetrain [1]

The load power of a vehicle varies randomly in actual operation due to frequent
acceleration, deceleration and climbing up and down the grades. The power
requirement for a typical driving scenario is shown in Figure 3. The load power can
be decomposed into two parts:
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Power  [kW]

steady power, i.e. the power with a constant value

dynamic power, i.e. the power whose average value is zero

Power [KW] Power [RW]

Average power

Time [s] Time [s]

Figure 3: Load power decomposition [1]

Dynamic Power

Time [5]
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In HEV one powertrain favours steady state operation, such as an ICE or fuel cell.

The other powertrain in the HEV is used to supply the dynamic power. The total

energy output from the dynamic powertrain will be zero in the whole driving cycle.

Generally, electric motors are used to meet the dynamic power demand. This hybrid

drivetrain concept can be implemented by different configurations as follows:

Q) Series configuration

= Parallel configuration

Y Series-parallel configuration

Z Complex configuration

In Figure 4 the functional block diagrams of the various HEV configurations is

shown. From Figure 4 it can be observed that the key feature of:

N series hybrid is to couple the ICE with the generator to produce electricity for

pure electric propulsion.

O parallel hybrid is to couple both the ICE and electric motor with the
transmission via the same drive shaft to propel the vehicle

Fuel IC
tank engine
Generator

Battery

Power

converter

(elec.

coupler)

Transmission

Electric

motor

Figure 4a: Series hybrid [1]

Fuel IC
tank| - engine
Battery

converter

motor

Figure 4c: Parallel hybrid [1]

Fuel IC
tank engine (
G
Mech. -
couple
r Power
donverte
Battery
(elec.
coupler)
Figure 4b: Series{Paralle
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Fuel IC Mech.
engin
tank e coupler
Power Motor/
converter Generator
Baftery
Power Electric
(elec.
converter motor
coupler)

Figure 4d: Complex hybrid [1]
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Series Hybrid System:

In case of series hybrid system (Figure 4a) the mechanical output is first converted
into electricity using a generator. The converted electricity either charges the battery
or can bypass the battery to propel the wheels via the motor and mechanical
transmission. Conceptually, it is an ICE assisted Electric Vehicle (EV). The

advantages of series hybrid drivetrains are:

e mechanical decoupling between the ICE and driven wheels allows the IC
engine operating at its very narrow optimal region as shown in Figure 5.

e nearly ideal torque-speed characteristics of electric motor make multigear

transmission unnecessary.
However, a series hybrid drivetrain has the following disadvantages:
= the energy is converted twice (mechanical to electrical and then to
mechanical) and this reduces the overall efficiency.

= Two electric machines are needed and a big traction motor is required because

it is the only torque source of the driven wheels.

The series hybrid drivetrain is used in heavy commercial vehicles, military vehicles
and buses. The reason is that large vehicles have enough space for the bulky

engine/generator system.

Fuel tank s
2
Motor Speed
g
Motor Traction Vehicle Speed
Engine Generator  Rectifier
oontroller motor Mech.
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Trans.

Engine Speed

DC
Engine
Operating
DC
region
Battery
pack
Electrical
coupler
Battery
charger

Figure 5: Detailed Configuration of Series Hybrid Vehicle [1]

Traction

Battery charge
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Parallel Hybrid System:

The parallel HEV (Figure 4b) allows both ICE and electric motor (EM) to deliver
power to drive the wheels. Since both the ICE and EM are coupled to the drive shaft
of the wheels via two clutches, the propulsion power may be supplied by ICE alone,
by EM only or by both ICE and EM. The EM can be used as a generator to charge the
battery by regenerative braking or absorbing power from the ICE when its output is
greater than that required to drive the wheels. The advantages of the parallel hybrid
drivetrain are:

= both engine and electric motor directly supply torques to the driven wheels
and no energy form conversion occurs, hence energy loss is less

compactness due to no need of the generator and smaller traction motor.

[2] mechanical coupling between the engines and the driven wheels, thus the
engine operating points cannot be fixed in a narrow speed region.

[3] The mechanical configuration and the control strategy are complex compared

to series hybrid drivetrain.

Due to its compact characteristics, small vehicles use parallel configuration. Most
passenger cars employ this configuration.

Series-Parallel System

In the series-parallel hybrid (Figure 4c), the configuration incorporates the features of
both the series and parallel HEVs. However, this configuration needs an additional
electric machine and a planetary gear unit making the control complex.

Complex Hybrid System

The complex hybrid system (Figure 4d) involves a complex configuration which
cannot be classified into the above three kinds. The complex hybrid is similar to the
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series-parallel hybrid since the generator and electric motor is both electric machines.
However, the key difference is due to the bi-directional power flow of the electric
motor in complex hybrid and the unidirectional power flow of the generator in the
series-parallel hybrid. The major disadvantage of complex hybrid is higher

complexity.
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Lecture 6: Power Flow in HEVs

Power Flow in HEVs

Introduction

The following topics are covered in this lecture

e Power Flow Control

e Power Flow Control in Series Hybrid

e Power Flow Control in Parallel Hybrid

e Power Flow Control in Series-Parallel Hybrid
Power Flow Control
Due to the variations in HEV configurations, different power control strategies are
necessary to regulate the power flow to or from different components. All the control
strategies aim satisfy the following goals:

e maximum fuel efficiency

e minimum emissions

e minimum system costs

e good driving performance
The design of power control strategies for HEVs involves different considerations

such as:

e Optimal ICE operating point: The optimal operating point on the torque-
speed plane of the ICE can be based on maximization of fuel economy, the
minimization of emissions or a compromise between fuel economy and

emissions.
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Optimal ICE operating line: _ _
. In case the ICE needs to deliver different power
demands, the corresponding ] ) ) )
- optimal operating points constitute an optimal
operating line.

Safe battery voltage: The battery voltage may be significantly altered during
discharging, generator charging or regenerative charging. This battery voltage
should not exceed the maximum voltage limit nor should it fall below the

minimum voltage limit.
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Power Flow Control in Series Hybrid

In the series hybrid system there are four operating modes based on the power flow:

e Mode 1: During startup (Figure 1a), normal driving or acceleration of the
series HEV, both the ICE and battery deliver electric energy to the power
converter which then drives the electric motor and hence the wheels via

transmission.

e Mode 2: At light load (Figure 1b), the ICE output is greater than that
required to drive the wheels. Hence, a fraction of the generated electrical
energy is used to charge the battery. The charging of the batter takes place till
the battery capacity reaches a proper level.

e Mode 3: During braking or deceleration (Figure 1c), the electric motor acts
as a generator, which converts the kinetic energy of the wheels into electricity
and this, is used to charge the battery.

e Mode 4: The battery can also be charged by the ICE via the generator even
when the vehicle comes to a complete stop (Figure 1d).
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F E
F E
G
G T
B P M
B P M

Figure 1b: Mode 2, light load

Figure 1a: Mode 1, normal driving or acceleration

F E
F E
G G
T
B P M
B P M

Figure 1d: Mode 4, vehicle at stop

Figure 1c: Mode 3, braking or deceleration [1]

B:Battery G: Generator —  Electrical link
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E: ICE M: Motor —  Hydraulic link

F: Fuel tank P: Power Converter Mechanical link

T: Transmission (including brakes, clutches and gears)

Power Flow Control in Parallel Hybrid

The parallel hybrid system has four modes of operation. These four modes of
operation are

e Mode 1: During start up or full throttle acceleration (Figure 2a); both the ICE
and the EM share the required power to propel the vehicle. Typically, the
relative distribution between the ICE and electric motor is 80-20%.

e Mode 2: During normal driving (Figure 2b), the required traction power is
supplied by the ICE only and the EM remains in off mode.

e Mode 3: During braking or deceleration (Figure 2c), the EM acts as a
generator to charge the battery via the power converter.

e Mode 4: Under light load condition (Figure 2d), the traction power is
delivered by the ICE and the ICE also charges the battery via the EM.
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F E
B P M
Figure 2a: Mode 1, start up
F E
B P M

Figure 2c: Mode 3, braking or deceleration [1]

B:Battery G: Generator
E: ICE M: M otor
F: Fuel tank P: Power Converter

T: Transmission (including brakes, clutches and gears)

Power Flow Control Series-Parallel Hybrid

T
B P M
Figure 2b: Mode 2, normal driving
F E
T
B P M

Figure 2d: Mode 4, light load

Electrical link

Hydraulic link

Mechanical link

The series-parallel hybrid system involves the features of series and parallel hybrid

systems. Hence, a number of operation modes are feasible. Therefore, these hybrid
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systems are classified into two categories: the ICE dominated and the EM
dominated.

The various operating modes of ICE dominated system are:

Mode 1: Atstartup (Figure 3a), the battery solely provides the necessary
power to propel the vehicle and the ICE remains in off mode.

e Mode 2: During full throttle acceleration (Figure 3b), both the ICE and the
EM share the required traction power.

e Mode 3: During normal driving (Figure 3c), the required traction power is
provided by the ICE only and the EM remains in the off state.

e Mode 4: During normal braking or deceleration (Figure 3d), the EM acts as a
generator to charge the battery.
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Mode 5: To charge the battery during driving (Figure 3e), the ICE delivers
the required traction power and also charges the battery. In this mode the EM

acts as a generator.

Mode 6: When the vehicle is at standstill (Figure 3f), the ICE can deliver
power to charge the battery via the EM

G T
E
B P M
G T
Figure 3e: Mode 5, battery charging during
driving [1]
P M

Figure 3a: Mode 1, start up [1]

Figure 3c: Mode 3, normal drive [1]
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Figure 3b: Mode 2, acceleration [1]

Figure 3d: Mode 4, braking or deceleration [1]

Figure 3f: Mode 6, battery charging during standstill

[1]
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The operating modes of EM dominated system are:

Mode 1: During startup (Figure 4a), the EM provides the traction power and
the ICE remains in the off state.

Mode 2: During full throttle (Figure 4b), both the ICE and EM provide the
traction power.

Mode 3: During normal driving (Figure 4c), both the ICE and EM provide
the traction power.

Mode 4: During braking or deceleration (Figure 4d), the EM actsasa
generator to charge the battery.

Mode 5: To charge the battery during driving (Figure 4e), the ICE delivers
the required traction power and also charges the battery. The EM acts as a
generator.

Mode 6: When the vehicle is at standstill (Figure 4f), the ICE can deliver
power to charge the battery via the EM

F E F E
G T G T
B P M B P M
Figure 4a: Mode 1, start up [1] Figure 4b: Mode 2, acceleration [1]
F E F E
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Figuredc: Mode 3, normal drive [1]

Figure 4d: Mode 4, braking or deceleration [1]
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F E F E
G T G T
B P M B P M
Figure 4e: Mode 5, battery charging during driving [1] Figure 4f Mode 6, battery charging during standstill [1]

Power Flow Control Complex Hybrid Control

The complex hybrid vehicle configurations are of two types:

1w. Front hybrid rear electric

. Front electric and rear hybrid

e Mode 1: During startup (Figure 5a), the required traction power is delivered
by the EMs and the engine is in off mode.
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Mode 2: During full throttle acceleration (Figure 5b), both the ICE and the
front wheel EM deliver the power to the front wheel and the second EM

delivers power to the rear wheel.

Mode 3: During normal driving (Figure 5c), the ICE delivers power to propel
the front wheel and to drive the first EM as a generator to charge the battery.

Mode 4: During driving at light load (Figure 5d) first EM delivers the
required traction power to the front wheel. The second EM and the ICE are in
off sate.

Mode 5: During braking or deceleration (Figure 5e), both the front and rear
wheel EMs act as generators to simultaneously charge the battery.
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Q Mode 6: A unique operating mode of complex hybrid system is axial
balancing. In this mode (Figure 5f) if the front wheel slips, the front EM
works as a generator to absorb the change of ICE power. Through the battery,
this power difference is then used to drive the rear wheels to achieve the axle

balancing.
F E FT F E FT
FP FM FP FM
B RP RM RT(|[ B RP RM RT
Figure 5a: Mode 1, startup Figure 5b: Mode 2, full throttle acceleration
F E ‘ FTL F E FT
FP FV FP FM
B RP RM | | RT| B RP _‘ RM ‘ . RT
Figure 5¢c: Mode 3, vehicle propel and battery charging Figure 5d: Mode 4, lightload
F E FT| | F E FT
FP FM FP FM
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Figure 5e: Mode 5, braking or decelration Figure 5f: Mode 1, axil balancing

B:Battery FM: Front motor FP: Front power converter  FT: Front axel
transmission E: ICE  F: Fuel tank

RM: Rear motor  RP: Rear power converter RT: Rear axle transmission [1]

-| Electrical ‘Iink ‘

__ Hydraulic link

Mechanical link
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In Figures 6a-fall the six modes of operation of front electric and rear hybrid is

shown.
F | E FT ‘ F ‘ E FT
RP RM
RP RM
‘ B FP FM RT
‘ B ‘ FP FM RT
Figure 6a: Mode 1, startup Figure 6b: Mode 2, full throttle acceleration
F E FT [ F E FT
RP RM RP RM
B H FP ‘ FM ‘ RT
Figure 6c: Mode 3, vehicle propel and hattery charging Figure 6d: Mode 4, light load
F — E FT ‘ F ‘ E FT
| RP RM
RP RM
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- Ho Hovl [

B FP {FM‘}RT|

Figure 6e: Mode 5, braking or decelration Figure 6f Mode 1, axil balancing

B:Battery RM: Rear motor FP: Front power converter FT: Front axle
transmission E: ICE  F: Fuel tank

RM: Rearmotor RP: Rear powerconverter RT: Rear axle transmission [1]

Electrical link

Hydraulic link

Mechanical link
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Lecture 7: Torque Coupling and Analysis of Parallel Drive
Train

Torque Coupling and Analysis of Parallel Drive Train

Introduction

The topics covered in this chapter are as follows:

[3] Introduction to Parallel Hybrid Electric Drive Train

[4] Torque Coupling

[5] Speed Coupling

[6] Post-Transmission Parallel Hybrid Drive Train with Torque Coupling
[7] Pre-Transmission Parallel Hybrid Drive Train with Torque Coupling
[8] Parallel Hybrid Drive Train with Speed Coupling

[9] Complex Hybrid Drivetrain

Parallel Hybrid Electric Drive Trains

In case of parallel hybrid drivetrains, the ICE and an electric motor (EM) supply the
required traction power. The power from ICE and EM are added together by a

mechanical coupler, Figure 1. Generally, the mechanical coupling is of two types:

e Torque coupling: In this case the coupler adds the torques of the ICE and EM
together and delivers the total torque to the driven wheels. The ICE and EM
torque can be independently controlled. The speeds of the ICE, EM and the
vehicle are linked together with a fixed relationship and cannot be

independently controlled because of the power conservation constraint.
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Speed coupling: In this case the speeds of the ICE and EM can be added
together and all torques are linked together and cannot be independently
controlled.
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Fuel tank

Final drive

and differential

Engine

Mechanical

Transmission

Battery

Motor Rk

controller

Battery

charger

Traction

Battery charge

Figure 1:General Configuration of a Parallel Hybrid Drive Train [1]

Torque Coupling

In Figure 2, a conceptual diagram of mechanical torque coupling is shown. The
torque coupling, shown in Figure 2, is a two-degree-of-freedom mechanical device.
Port 1 is a unidirectional input and Port 2 and 3 are bi-directional input or output, but
both are not input at the same time. Here input means the energy flows into the device
and output means the energy flows out of the device. In case of HEV
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port 1is connected to the shaft of an ICE directly or through a mechanical
transmission.

port 2 is connected to the shaft of an electric motor directly or through a
mechanical transmission

port 3 is connected to the driven wheels through a mechanical linkage

Mechanical
Tow
1 1 T

Port 1 torque sasPort 3

coupler

Port 2

Toan

Figure 2:Mechanical torque coupler [2]
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For a losses torque coupler in steady state, the power input is always equal to the
power output from it. For the torque coupler shown in Figure 1, the power balance is

Taan =Tion+Tran

where
)
T1 = Propelling torque produced by ICE; @1 = Speed of ICE
T, =Propelling torque produced by EM;  a» = Speed of EM
T3 = Load torque delivered to wheels; @3 = Speed of wheel
The torque coupler canbe expressed as
T3 =kiT1+k2T2
where 2
t, ko are the structural parameters of the torque coupler
From equation 1 and equation 2 it can be seen that
o @
o =—=— ©)
ko ko

A gearbox used in the vehicles is a typical example of torque couple. Some torque

coupler are shown in Figure 3

Shatt ri Pulley or Chain Assembly

T1

®2,T: —

o T1

ol T3 3 s
T1
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[ J .
rs
T2 B M N o3 T
ra w2 - A 2 T2
3
Rotor
Stator ro I r o
k= r1 k=1 k= 11 k=1
ronorad r ---- Radii of pulleys ryandry ---- Radii of pulleys

Figure 3a:Configuration of a torque coupler [2] Figure 3b:Configuration of a pulley/chain assembly torque coupler [2]
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Speed Coupling

The power produced by two power plants may be coupled together by adding their
speed. This is done with the help of speed coupling devices (Figure 4). The Speed
Coupler is a three port two-degree-of-freedom device. Port 1 is a unidirectional input
and Port 2 and 3 are bi-directional input or output, but both are not input at the same
time. Here input means the energy flows into the device and output means the energy

flows out of the device. In case of HEV

e port 1is connected to the shaft of an ICE directly or through a mechanical
transmission.

e port 2 is connected to the shaft of an electric motor directly or through a
mechanical transmission

e port 3is connected to the driven wheels through a mechanical linkage

M echanical
Speed
coupler
Ti, m T3, w3
Port 1 Port 3
T2, an
Port 2

Figure 4:Mechanical speed coupler [2]

For a losses speed coupler in steady state, the power input is always equal to the
power output from it. For the speed coupler shown in Figure 4, the speed relation is

a3 =Kion + Koap
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where (4)

ki , ko are the structural parameters of the speed coupler

The power relation in case of speed coupler is same as given in equation 1. From
equation 1 and equation 4 it can be seen that

s = ©
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A typical speed coupler is the planetary gear (Figure 5). The planetary gear unit is a
three port device consisting of

e Sun gear, marked 1 in Figure 5
e Ring gear, marked 2 in Figure 5

e Carrier or Yoke, marked 3 in Figure 5

T2, a2
2
3
3 2
e
r Ir
S
T,0
1 1 1
w
3 T3
1
Figure 5a:Planetary gear frontview [2] Figure 5b:Planetary gear cut section [2]

For a planetary gear train configuration as shown in Figure 5, the gear ratio (np) is

given by
a)s_@ Zch Zr rr
n = == _=— =—_
b ® —® z L z r
r c c s s s
where
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ax = angular speed of the sun gear

ax, = angular speed of the carrier gear

ax = angular speed of the ring gear

Zs = number of teeth on the sun gear

Zr = number of teeth on the ring gear

Z. = number of teeth on the carrier gear
rs = radius of the sun gear

rr = radius of the ring gear

rc = radius of the carrier gear

(6)
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The equation 6 can also be expressed as

m(or-0)=0s-o

= wos-mo—a (1-np ) =0 (7)
1 Ny
>0 = w — @
1-np 1-ny

In the analysis of the planetary gears, rotation and torque in the anticlockwise
direction is assumed to be positive and in the clockwise direction is assumed to be
negative. Using the power balance, the torque acting on each gear is obtained as

Tsos+Teax + Trax =0 (8)

Substituting the value of @ from equation 7 into equation 8 gives

[ no)

S

wr\+Tr“’r :0

Tsa)s+Tc|

\l-mp 1-np )
( 1) ) ©

> 0g| Ty &

\ 1-ny J \ 1-ny J

To [ +o| T

Te=- (1-ny)Ts and T, =

Ny

If the carrier is attached to a stationary frame ( « =0 ) then from equation 7

(10)
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and from equation 8 the torque relation is given by

(11)

From Figure 5 it can be seen that r, > rs , hence ny >1. If it is assumed that the input
torque is given to the sun gear and the output shaft is connected to the ring gear, then

from equation 10 and equation 11 it can be deduced that

e The output torque ( Tr) is increased by a factor np and the direction of the

output torque is same as that of the input torque ( Ts)

e The output speed (e ) is reduced by a factor of np and the direction of speed

is reversed with respect to the input speed ( a» ).
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In Table 1 all the six possible scenarios of planetary gears are summarized.

Table 1: Planetary gear operation scenarios

Sun | Carrie | Ring Output Output Qutput Output Qutput Output
gear | rgear | gear Speed Torque speed speed torque torque
directio | magnitud | directio | magnitud
n e n e
Input | Output | Held G = T = —npTs Reverse | Decreases | Remains | Increases
Nb
S same
Held | Output | Input ¢ =—n o| T=1-nT | Remains |Decreases | Reverse | Increases
1-ng Np
same S
[
Outpu | Input | Held s =(l-mp)ax| T =- y Remains | Increases | Reverse | Decreases
t (1-np)| same s
Held |Input |Output | ¢ =-1-nyw| T =" T |Remains |Increases |Reverse | Decreases
n 1-np
same S
Input | Held Output | ¢ =% T, = —NnpTs Reverse | Decreases | Remains | Increases
n
b
S same
Outpu | Held Input O =y T=-T, Reverse |Increases | Remains | Decreases
t s T s same
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Parallel Hybrid Drive Train with Torque Coupling (Post-transmission)

In Figure 6 a two-shaft configuration of parallel HEV using torque coupler is shown.

In this case two transmissions are used:

e Transmission 1is betweenthe ICE and the torque coupler
e Transmission 2 is betweenthe EM and the torque coupler
Both the transmissions (Transmission 1 and Transmission 2) may be single geared or

multigear. The possible configurations are:

e Configuration 1: Both, Transmission 1 and Transmission 2 are multigear.
The tractive effort vs. speed profile is shown in Figure 7a.

e Configuration 2: Transmission 1 is multigear and Transmission 2 is single
geared (Figure 7b)

e Configuration 3: Transmission 1 is single geared and Transmission 2 is
multigear (Figure 7c)
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Configuration 4: Both, Transmission 1 and Transmission 2 are single geared

(Figure 7d)

Clutch
TATeTar
o Combustio o
Transmission n Transmission
Motor
2 Engine (ICE) 1.
Motor
controller
Batteries
Figure 6:Dual transmission parallel hybrid drivetrain [3]
:
Transmission 1 1st gea \m
Transmission 2 1st gea :
2
1
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8
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Transmission 1 1st gea r
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12ndge

Transmission 2 2nd ge

Transmission 1 2nd ge
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Transmission 2 2nd ge
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Figure 7a: Transmission 1 and Transmission 2 are Figure 7b: Transmission 1 is multigear and Transmission 2
multigeared [3]

issingle geared [3]

Transmission 1 1st gear

Transmission 2 1st gear

S
Gz
Transmission 1 1st gear
Trnsmission 1 1st ge
Transmission 2 2nd gear
Trnsmission 2 Ist ge
Transmission 1 1st gear
Transmission 2 3rd gear
Vehicle Speed [km/h]
Vehicle Speed [km/h]
Figure 7c: Transmission 1 is single geared and

Figure 7d: Transmission 1 and Transmission 2 are single
Transmission 2 is multigear [3]

geared [3]
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Upon analyzing the tractive effort vs. speed profile of Configuration 1 it canbe
concluded that:

e Two multigear transmissions produce many tractive effort profiles. Hence,
the performance and overall efficiency of the drive train may be superior to
other designs because two multigear transmissions provide more
opportunities for both the ICE and the EM-drive (electric motor and the

associated power electronics) to operate in their optimum region.

e This configuration provides more opportunities for both the ICE and EM
characteristics.

e The control system for selecting the proper gear in each transmission is

complicated.

e The multigear Transmission 1 is used to overcome the disadvantage of the
ICE speed vs. torque characteristics.

e The multigear Transmission 1 also improves the operating efficiency of the
engine and reduces the speed range of the vehicle in which EM must be used
to propel the vehicle. Hence, the use of EM is restricted and this prevents the
batteries from quickly discharging.

e The single gear Transmission 2 takes the advantage of the high torque of an

EM at low speed.

The Configuration 3 is unfavorable because it does not use the advantages of the two
power plants. The Configuration 4 results in a simple design and control. With
proper ratings of the ICE, EM, batteries and transmission parameters, this drivetrain
can serve the vehicle with satisfactory performance and efficiency.
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Parallel Hybrid Drive Train with Torque Coupling (Pre-transmission)

The pre-transmission configuration of a parallel HEV with torque coupling is shown
in Figure 8. In this configuration the transmission is located between the torque
coupler and the drive shaft. The transmission amplifies the torques of both the ICE
and the EM with the same scale. The design of the gear ratios in the torque coupler
enables the EM and ICE to reach their maximum speeds at the same time. This
configuration is suitable when relatively small EM and ICE are used, where a
multigear transmission is needed to enhance the tractive effort at low speeds.

Battery

charger

Motor

oontrol ler

Engine

Transmission

ice m

[0
ice Wm

Figure 8: Pre transmission parallel hybrid drive [3]
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Parallel Hybrid Drive Train with Speed Coupling

In Figure 9 a parallel hybrid drive train with speed coupling using planetary gear unit
and an EM. The connection of the ICE and the EM is as follows:

e The engine supplies its power to the sun gear through a clutch and
transmission. The transmission is used to modify the speed vs. torque profile
of the ICE so as to match the traction requirements. The transmission may be
single gear or multigear.

e The EM supplies its power to the ring gear through a pair of gears. The Locks
1 and 2 are used to lock the sun gear and ring gear to the stationary frame of
the vehicle in order to implement different modes of operation.

Lock2
Clutch
Lockl
Engine
Trans.
Motor
Motor
Batteries
controller
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Figure 9: Parallel hybrid drive with speed coupling [1]

There are 5 different modes of operation possible for the configuration as shown in

Figure 10 and they are:

e Hybrid traction: When lock 1 and lock 2 are released, i.e. the sun gear and

the ring gear can rotate both the ICE and EM supply positive speed and torque

to the driven wheels. Since, the output shaft is connected to the carrier gear,

the output torque and speed is give by

T :(n _l) T s+Tr &
c b

@ Np —ax

(12)

(13)
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e Engine alone traction: When the lock 2 locks the ring gear, only the ICE
delivers the required traction force to the wheels. The output torque and the
speed is given by

Te = (1-1p)Ts (14)

- s (15)

e Motoralone traction: When lock 1 locks the sun gear, only the EM delivers
the traction force to the wheels. The output torque and the speed is given by

1-ny
Te= T (16)
Ny
Np
0, = ——ax a7)
1-np

e Regenerative braking: In this case lock 2 is engaged, the ICE is switched off,
the clutch is disengaged and the EM is controlled in regenerating mode and

the battery absorbs the kinetic energy of the vehicle.

e Battery charging from the ICE: In this mode the locks 1 and 2 are released.
The EM is controlled to rotate in the opposite direction, i.e. the EM operates
with positive torque and negative speed and absorbs power from the engine
and delivers it to the battery.

Complex Hybrid Drive Train Drivetrain

In Figure 10, a complex HEV drivetrain with both torque and speed coupling is
shown. This architecture is used by Toyota Prius. The main components of Prius

drivetrain are

e Planetary gear unit: Used for speed coupling

e Fixed Axel Gear: Used for torque coupling
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The various power sources of Prius drivetrain are connected as follows:

e The ICE is connected to the carrier gear of the planetary

e Asmall EM (EML) is connected to the sun gear

e The ring gear is connected to the driven wheels through axel fixed gear unit
(torque coupler)

e AnEM (EM2) is also connected to the fixed angle axel gear unit and forms
the torque coupling configuration.
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The rotational speed of the ring gear is given by

O = —0s —— % (18)

Since the ICE is connected to the carrier gear and the EML1 is connected to the sun
gear, the equation 18 can be expressed as

(19)
where

@
e = angular speed of the ICE

wem 1 = angular speed of the EM1

The various modes of operation are:

e Mode 1: When the vehicle speed is low and the ICE speed is not so low then
EM1 rotates in the positive direction (same direction as ICE). In this
condition, the EM1 operates in generation mode and a fraction of ICE power

is used to charge the battery.

e Mode 2: At higher vehicle speed, while trying to maintain the engine speed
below a given speed, for high engine operating efficiency, the EM1 may be
operated in negative speed. In this case EM1 acts as a motor and delivers

power to propel the vehicle.

The traction motor EM2 adds additional torque to the torque output from the ring gear
of the planetary gear unit using torque coupling device.

Clutch
Lock2

Lockl
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Figure 10: Complex hybrid drive with speed and torque coupling [1]
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Lecture 8: Basic Architecture of Electric Drive Trains

Basic Architecture of Electric Drive Trains

Introduction

The topics covered in this chapter are as follows:

Electric Vehicle (EV) Configuration

e EV alternatives based on drivetrains

e EV alternatives based on power source configuration
e Single and Multi-motor drives

e Inwheel drives

Electric Vehicle (EV) Configurations

Compared to HEV, the configuration of EV is flexible. The reasons for this flexibility
are:

e The energy flow in EV is mainly via flexible electrical wires rather than
bolted flanges or rigid shafts. Hence, distributed subsystems in the EV are
really achievable.

e The EVsallow different propulsion arrangements such as independent four

wheels and in wheel drives.

In Figure 1 the general configuration of the EV is shown. The EV has three major
subsystems:

e Electric propulsion

e Energy source
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Aucxiliary system

The electronic controller
Power converter

Electric Motor (EM)
Mechanical transmission

Driving wheels
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The energy source subsystem consists of

e The energy source (battery, fuel cell, ultracapacitor)
e Energy management unit

e Energy refueling unit

e Power steering unit
e Temperature control unit

e Auxiliary power supply
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In Figure 1 the black line represents the mechanical link, the green line represents the
electrical link and the blue line represents the control information communication.
Based on the control inputs from the brake and accelerator pedals, the electronic
controller provides proper control signals to switch on or off the power converter
which in turn regulates the power flow between the electric motor and the energy
source. The backward power flow is due to regenerative braking of the EV and this
regenerative energy can be stored provided the energy source is receptive.

The energy management unit cooperates with the electronic controller to control
regenerative braking and its energy recovery. It also works with the energy-refueling

unit to control refueling and to monitor usability of the energy source.

The auxiliary power supply provides the necessary power with different voltage

levels for all EV auxiliaries, especially the temperature control and power steering

units.
Electric propulsion subsystem
Wheel
Brake ‘
Electronic Power Electric || Mechanical
controller converter motor trensmission
Accelerator
Wheel
Energy Auxiliary Powe r
Energy
management Power steering
source
unit Supply unit
Steering
whee
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Energy Temperature
refueling control

unit unit
Energy source

subsystem

Auxiliary subsystem

Energy

source

Figure 1:General Configuration of a Electric Vehicle [1]
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In modern EV’s configuration:

e Three phase motors are generally used to provide the traction force
e The power converter is a three-phase PWM inverter

e Mechanical transmission is based on fixed gearing and a differential
e Li-ion battery is typically selected as the energy source

The typical setup of the EV is shown in Figure 2.

Electric propulsion subsystem

Wheel
Brake 3-phase
Electronic 3phase | | Mechanical
PWM
controller AC motor transmission
inverter
Accelerator |
Wheel
Energy Auxiliary Power
management Battery Pack Power steering
unit Supply unit
Steering
wheel

Energy Temperature
refueling control
unit unit
Energy source
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subsystem

Auxiliary subsystem

Figure 2:Typical Configuration of a Electric Vehicle [1]

Electric Vehicle (EV) Drivetrain Alternatives Based on Drivetrain Configuration

There are many possible EV configurations due the variations in electric propulsion

and energy sources. Based on these variations, six alternatives are possible as shown

in Figure 3. These six alternatives are

In Figure 3a a single EM configuration with gearbox (GB) and a clutch is
shown. It consists of an EM, a clutch (C), a gearbox, and a differential (D).
The clutch enables the connection or disconnection of power flow from EM to
the wheels. The gear consists of a set of gears with different gear ratios. With
the use of clutch and gearbox, the driver can shift the gear ratios and hence the

torque going to the wheels can be changed. The wheels have high torque low

speed in the lower gears and high-speed low torque in the higher gears.
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In Figure 3b a single EM configuration without the gearbox and the clutch is
shown. The advantage of this configuration is that the weight of the
transmission is reduced. However, this configuration demands a more

complex control of the EM to provide the necessary torque to the wheels.

Figure 3c shows a configuration of EV using one EM. It is a transverse front
EM front wheel drive configuration. It has a fixed gearing and differential and
they are integrated into a single assembly.

In Figure 3d a dual motor configuration is shown. In this configuration the
differential action of an EV when cornering can be electronically provided by
two electric motors.

In order to shorten the mechanical transmission path from the EM to the
driving wheel, the EM can be placed inside a wheel. This configuration is
called in-wheel drive. Figure 3e shows this configuration in which fixed
planetary gearing is employed to reduce the motor speed to the desired wheel
speed.

In Figure 3f an EV configuration without any mechanical gearing is shown.
By fully abandoning any mechanical gearing, the in-wheel drive can be
realized by installing a low speed outer-rotor electric motor inside a wheel.

M GB D MFG D

Figure 3a: EV configuration with clutch, gearbox and Figure 3b: EV configuration without clutch and gearbox

differential [1] ]

FG
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Figure 3c:EV configuration with clutch, gearbox and

differential [1]

FG

FG

Figure 3d:EV configuration with two EM [1]
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FG

M
Figure 3e:EV configuration with in wheel motor and Figure 3f:EV configuration with in wheel motor and no
mechanical gear [1] mechanical gear [1]

Electric Vehicle (EV) Drivetrain Alternatives Based on Power Source
Configuration

Besides the variations in electric propulsion, there are other EV configurations due to
variations in energy sources. There are five configurations possible and they are:

e Configuration 1: It is a simple battery powered configuration, Figure 4a. The
battery may be distributed around the vehicle, packed together at the vehicle
back or located beneath the vehicle chassis. The battery in this case should
have reasonable specific energy and specific power and should be able to
accept regenerative energy during braking. In case of EVs, the battery should
have both high specific energy and specific power because high specific
power governs the driving range while the high power density governs the

acceleration rate and hill climbing capability.
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Configuration 2: Instead of two batteries, this design uses two different
batteries, Figure 4b. One battery is optimized for high specific energy and the
other for high specific power.

Configuration 3: In this arrangement fuel cell is used, Figure 4c. The battery
is an energy storage device, whereas the fuel cell is an energy generation
device. The operation principle of fuel cells is a reverse process of electrolysis.
In reverse and electrolysis, hydrogen and oxygen gases combine to form
electricity and water. The hydrogen gas used by the fuel cell can be stored in
an on-board tank whereas oxygen gas is extracted from air. Since fuel cell can
offer high specific energy but cannot accept regenerative energy, it is
preferable to combine it with battery with high specific power and high-energy
receptivity.
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e Configuration 4: Rather than storing it as a compressed gas, a liquid or a
metal hydride, hydrogen can be can be generated on-board using liquid fuels
such as methanol, Figure 4d. In this case a mini reformer is installed in the

EV to produce necessary hydrogen gas for the fuel cell.

e Configuration 5: In fuel cell and battery combination, the battery is selected
to provide high specific power and high-energy receptivity. In this
configuration a battery and supercapacitor combination is used as an energy
source, Figure 4e. The battery used in this configuration is a high energy
density device whereas the supercapacitor provides high specific power and
energy receptivity. Usually, the supercapacitors are of relatively low voltage
levels, an additional dc-dc power converter is needed to interface between the
battery and capacitor terminals.

B
B P P
B
Figure 4a: EV configuration with battery source [1] Figure 4b: EV configuration with two battery sources [1]
FC R FC
P p
B
B
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Figure 4c: EV configuration with battery and fuel cell

sources [1]

Figure 4e: EV configuration with battery and capacitors

sources [1]

Figure 4d: EV configuration with multiple energy sources

[1]

FW P

Figure 4f EV configuration with battery and flywheel

sources [1]
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Single and Multi-motor Drives

A differential is a standard component for conventional vehicles. When a vehicle is

rounding a curved road, the outer wheel needs to travel on a larger radius than the

inner wheel. Thus, the differential adjusts the relative speeds of the wheels. If relative

speeds of the wheels are not adjusted, then the wheels will slip and result in tire wear,

steering difficulties and poor road holding. In case of EVs, it is possible to dispense

the mechanical differential by using two or even four EMs. With the use of multiple

EMs, each wheel can be coupled to an EM and this will enable independent control of

speed of each wheel in such a way that the differential action can be electronically

achieved. In Figure 5, a typical dual motor drive with an electronic differential is

shown.
Wheel
0 >0
out in
O‘).
(DOUt
EM 1 EM 2
with fixed with fixed
gearing gearing

Wheel
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Figure 5: Differential action [1]
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In Wheel Drives

By placing an electric motor inside the wheel, the in wheel motor has the advantage

that the mechanical transmission path between the electric motor and the wheel can

be minimized. Two possible configurations for in wheel drives are:

When a high-speed inner-rotor motor is used (Figure 6a) then a fixed speed-
reduction gear becomes necessary to attain a realistic wheel speed. In general,
speed reduction is achieved using a planetary gear set. This planetary gear is
mounted between the motor shaft and the wheel rim. Usually this motor is

designed to operate up to 1000 rpm so as to give high power density.
In case outer rotor motor is used (Figure 6b), then the transmission can be

totally removed and the outer rotor acts as the wheel rim and the motor speed
is equivalent to the wheel speed and no gears are required.

The tradeoffs of the high-speed inner rotor motor are:

It has the advantage of smaller size, lighter weight and lower cost

Needs additional planetary gearset

Low speed and hence does not need additional gears

The drawbacks are larger size, weight and cost because of the low speed

design.
Inner-rotor Outer-rotor
Tire Tire
Rim
Rim
PM
Brake
Motor Winding
Wheel Brake
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Motor Winding

Bearing
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Brake
Wheel
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Figure 6a: Inner rotor In Wheel drive [1]

Wheel
Encoder
Bearing
Bearing
Wheel
Motor Winding
Brake

PM
Rim

Tire

Figure 6b: Outer rotor In Wheel drive [1]
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Considerations of EMs used in EVs

The requirements of EMs used in EVs are:

e Frequent start/stop
e High rate of acceleration and deceleration
e High torque low speed hill climbing
e Low torque cruising
e Very wide speed range of operation
The EMs for EVs are unique and their major differences with respect to industrial motors

in load requirement, performance specification and operating environment are as follows:

e EV motors need to produce the maximum torque that is four to five times of the
rated torque for acceleration and hill climbing, while industrial motors generally

offer the maximum torque that is twice of the rated torque for overload operation

e EV motors need to achieve four to five times the base speed for highway cruising,
while industrial motors generally achieve up to twice the base speed for constant

power operation

e EV motors require high power density as well as good efficiency map (high
efficiency over wide speed and torque ranges), while industrial motors are
generally optimized to give high efficiency at a rated point.

e EV motors need to be installed in mobile vehicles with harsh operating conditions
such as high temperature, bad weather and frequent vibration, while industrial

motors are generally located in fixed places.
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Module 6: A.C. Electrical Machines for Hybrid and
Electric Vehicles

Lecture 17: Induction motors, their configurations and
optimization for HEV/EVs

Fundamentals of Electrical Machines
Introduction

The topics covered in this chapter are as follows:

nt. Electrical Machines in EVs and HEVs

0. Physical Concepts of Torque production

p. Why Should the Number of Poles on Stator Equal to the Number of Poles on
Rotor

o. How Continuous Torque is Produced by a Motor
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7. Rotating Magnetic Field
v. How to Create the Second Magnetic Field
. Electrical and Mechanical Angle

Electrical Machines in EVs and HEVs

Vehicle propulsion has specific requirements that distinguish stationary and onboard
motors. Every kilogram onboard the vehicle represents an increase in structural load. This
increase structural load results in lower efficiency due to increase in the friction that the
vehicle has to overcome. Higher efficiency is equivalent to a reduction in energy demand
and hence, reduced battery weight.

The fundamental requirement for traction motors used in EVS is to generate
propulsion torque over a wide speed range. These motors have intrinsically neither
nominal speed nor nominal power. The power rating mentioned in the catalog and on the
name plate of the motor corresponds to the maximum power that the drive can deliver.
Two most commonly used motors in EV propulsion are Permanent Magnet (PM) Motors
and Induction Motors (IM). These two motors will be investigated in detail in the coming
lectures. However, before going into the details of these machines some basic
fundamentals of electrical machines, such as torque production, are discussed in this
chapter.
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Physical Concepts of Torque Production

In Figure la a stator with 2 poles and a cylindrical rotor with a coil are shown. When
only the stator coils are energized, stator magnetic flux is set up as shown in Figure 1la.
The magnetic field for case when only the rotor coil is energized is shown in Figure 1b.
In case when both the stator and rotor coils are energized, the magnetic resultant
magnetic field is shown in Figure 1c. Since in this case the magnetic flux lines behave
like stretched band, the rotor conductor experiences a torque in the direction shown in
Figure 1c. From Figure 1c it can be seen that the stator S pole attracts the rotor N pole
and repels the rotor S pole, resulting in clockwise torque. Similarly stator N pole attracts
rotor S pole and repels rotor N pole, resulting again in clockwise torque.

Rotor

Stator

Figure 1a: Magnetic field when only stator is energised
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Rotor

Figure 1b: Magnetic field when only rotor is energised

Stator

Figure 1c: Magnetic field when both stator and rotor are

energised
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The total torque is shown in Figure 1c. This torque is developed due to the interaction of
stator and rotor magnetic fields and hence is known as interaction torque or
electromagnetic torque. The magnitude of the electromagnetic torque ( Tem ) OF
interaction torque is given by

Tem oc (H's )(Hr )sin & (1)
where

Hs is the magnetic field created by current in the stator winding

Hr is the magnetic field created by current in the rotor winding

e is the angle between stator and rotor magnetic field

Another configuration of the motor, with the flux lines, is shown in Figure 2a. Since the
magnetic flux has a tendency to follow a minimum reluctance path or has a tendency to
shorten its flux path, the rotor experiences an anti-clockwise torque. From Figure 2a it
can be seen that the flux lines will have a tendency to align the rotor so that the reluctance
encountered by them is reduced. The least reluctance position of the rotor is shown in

Figure 2b.
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Figure 2a: Magnetic field when rotor axis is aligned with

stator poles

Figure 2b: Magnetic field when rotor axis is not aligned with

stator poles

To realign the rotor from the position shown in Figure 2a to position shown in Figure
2b, a torque is exerted by the flux lines on the rotor. This torque is known as the

reluctance or alignment torque.
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Why Should the Number of Poles on Stator Equal to the Number of Poles on Rotor?

In the previous section it has been shown that to produce electromagnetic torque, the
magnetic field produced by the stator has to interact with the magnetic field produced by
the rotor. However, if the number of poles producing the stator magnetic field is not
equal to the number of rotor poles producing the rotor magnetic field, then the net
torque produced by the motor will be zero. This is illustrated by the motor configuration
shown in Figure 3. In this motor the stator has two poles (N s, Ss) and the rotor has four

poles (N 1,5 r1.Nr2,S2). The angle between the stator poles is 180° and the angle

between the rotor poles is 90°. From the arrangement shown in Figure 3 it can be seen
that the angle between Ny; and Ns is equal to the angle between N, , and S . Hence, a
repulsive force exists between Ny and Ns in clockwise direction and an attractive force
exists between N; , and S in the anticlockwise direction. Both, the attractive and repulsive
forces are of same magnitude and the resultant of these forces is zero.

N rl rl

Rotor

r2 r2
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Stator

Figure 3: Configuration of a motor with unequal number of stator and rotor poles

Now consider the pole pairs ( Ns, Sy 2 ) and ( Ss, Sr1 ), the angle between the pole pairs is
same. Hence, the force of attraction between Ns and S; , is same as the force of repulsion
between Sg and Sy, and thus, the resultant force acting on the rotor is zero. Therefore, in

this case no electromagnetic torque is developed.
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From the above discussion it can be seen that the resultant electromagnetic torque
developed due to two stator poles and 4 rotor poles is zero. This leads to the conclusion
that in all rotating electric machines, the number of rotor poles should be equal to
number of stator poles for electromagnetic torque to be produced.

How Continuous Torque is Produced by a Motor

In the previous section it has been seen that to produce electromagnetic torque, following
two conditions have to be satisfied:

o Both stator and rotor must produce magnetic field

8 The number of magnetic poles producing the stator magnetic field must be same

as the number of magnetic poles producing the rotor magnetic field.

Now an important question that arises is how to create continuous magnetic torque? To
produce continuous torque the magnetic field of the stator should rotate continuously. As
a result, the rotor’s magnetic field will chase the stator’s magnetic field and this result in
production of continuous torque. This phenomenon is illustrated in Figures 4a-4d. In
Figure 4 a two pole machine is depicted and the rotors magnetic field is created by the
permanent magnets. It is assumed that the stator’s magnetic field rotates at a speed of 60
revolutions per minute (60 rpm) which is equivalent 1 revolution per second (1rps). To
start the analysis it is assumed that at time t = 0 , the stator’s magnetic field axis aligns
itself with the x - axis and the rotor’s magnetic field axis makes an angle & with the
stator’s magnetic axis (Figure 4a). At time t = 0.25s , the stator’s magnetic field moves by

90° and the rotor’s magnetic field chases the stator’s field and aligns as shown in Figure
4b. Similarly the locations of the magnetic field axis at time t = 0.5s and t = 0.75s are

shown in Figures 4c and Figure 4d.

From the above discussion and observing Figure 4 the following conclusions can be
drawn:

® The rotor’s magnetic field chases the stator’s magnetic field.

P The angle ( &) between the stator’s magnetic axis and the rotor’s magnetic axis
remains constant. Hence, the rotor’s speed of rotation is same as that of the

stator’s magnetic field.
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However, an important question that still remains unanswered is How to create a rotating
magnetic field?

y - axis y — axis
Ss
Sr o
Nr
N
s Ss
o X—a X - ax
Nr br
Ns
Figure 4a: Stator’s magnetic field at time t =0 Figure 4b: Stator’s magnetic field at time t=0.25
y —axis y —axis
Ns
Nr
Sy
0
S
S N S
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X —axis X — axis

o
Sr Ny
Ss
Figure 4c: Stator’s magnetic field at time t =0.5 Figure 4d: Stator’s magnetic field at time t=0.75
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Rotating Magnetic Field

To understand the rotations of magnetic field consider a 2-pole 3-phase stator as shown in
Figure 5a. The three phase windings a, b and ¢ are represented by three coils aa’ , bb’ and
cc’ . A current in phase a winding establishes magnetic flux directed along the magnetic
axis of coil aa’ . Similarly, the currents in phase b and ¢ windings will create fluxes
directed along the magnetic axes of coils bb’ and cc’ respectively. The three phase currents
flowing the winding is shown in Figure 5a. At time instant 1, the currents of each phase
are

where (2

Im = maximum value of the current

Since, i, and ic are negative, crosses must be shown in coil-sides b’ and ¢’ and dots in the
coil sides b and c¢ .The right hand thumb rule gives the flux distribution as shown in
Figure 5b. In Figure 5b and the following figures, the thicker line indicates higher
magnitude to flux. The

At instant 2, the currents are

I = b= 1 =-l 3)

The magnetic flux distribution created by the currents at instant 2 is shown in Figure 5c.
Eventually at instant 3, the currents are
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The magnetic flux distribution created by the phase currents given by equation 4 is
shown in Figure 5d. From Figure 5b to 5c¢ it can be seen that the 2 poles produced by the
resultant flux are seen to have turned 60°. At other instants of time, i.e. as time elapses,
the two poles rotate further. In this manner a rotating magnetic field is produced. The
space angle traversed by a rotating flux is equal to the time angle traversed by currents.

After having discussed the production of rotating magnetic field, an important issue that
still remains unresolved is: How to create the second magnetic field that will follow the

rotating magnetic field created by the stator? This question is answered in following
section.

Phase B a
Phase A Phase C
Im
c
b
60° 60°
Instant 1 Instant 2Instant 3
b/
C!
a
Figure 5a: Three phase currents given to stator windings Figure 5b: Magnetic flux atinstant 1

ar
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Figure 5¢c: Magnetic flux at instant 2

b!

Figure 5d: Magnetic flux atinstant 3
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How to Create the Second Magnetic Field

From equation 1 it can be seen that to produce torque two magnetic fields are required.
The rotating magnetic field created by the stator has been discussed in the previous
section and this section deals with the generation of rotor magnetic field. There are
multiple ways to produce the rotor magnetic field namely:

o Having windings on the rotor and exciting then with dc current to produce
magnetic field (known as Synchronous Machines).

o Having permanent magnets on the rotor to produce the rotor magnetic field
(known as Permanent Magnet Synchronous Machines).

o Utilize the Faradays law of induction to induce electromotive force (e.m.f) in the
rotor coils. The induced e.m.f will result in flow of current through the rotor
conductors and these currents will produce a magnetic field. These machines are
known as Induction Machines or asynchronous machines.

Synchronous Machines

The general configuration of synchronous machine is shown in Figure 6. It can be seen
from Figure 6 that the rotor has a coil (denoted by a dot and a cross) and through this coil
a dc current flows. Due to this dc current a pair of magnetic poles is created. The stator
windings also create two magnetic fields that rotate with time and hence, the rotor’s
magnetic poles chase the stator’s magnetic field and in the process electromagnetic
torque is produced. The speed of rotation of rotor depends on the speed with which the
stator’s field rotates and hence, these machines are known as synchronous machine.
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Permanent Magnet Synchronous Machines (PMSM)

In case of PMSM, the rotor field is created by permanent magnets rather than dc current
passing through a coil (Figure 7). The principle of operation of PMSM is same as that of
synchronous machine.

al

al
c N

b ¢

b

b’ by
c' c S
a a

Figure 6: Synchronous machine Figure 7: Permanent Magnet Synchronous machine

Induction Machine (IM)

Like synchronous machine, the stator winding of an induction machine is excited with
alternating currents. In contrast to a synchronous machine in which a field winding on the
rotor is excited with dc current, alternating currents flow in the rotor windings of an
induction machine. In IM, alternating currents are applied to the stator windings and the
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rotor currents are produced by induction. The details of the working of the IMs are given
in the following lectures.

After having discussed the general features of the electrical machines, the question that
arises is: how to analyse the machines? The analysis of electrical machines becomes
simple by use of electrical equivalent circuits. The electrical equivalent circuits for the
machines are discussed in the next section. One last concept that is relevant to electrical
machines is principle of electrical and mechanical angle which is explained in the next
section.
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Electrical and Mechanical Angle

In Figure 8, it is assumed that the field winding is excited by a dc source and a coil
rotates in the air gap at a uniform angular speed. When the conductor is aligned along y -
y’ axis, the e.m.f induced is zero. Along x — x'axis the induced e.m.f is maximum. In one
revolution of the coil, the e.m.f induced is shown in Figure 9. If the same coil rotates in a
4 pole machine (Figure 10), excited by a dc source, the variation in the magnetic flux
density and the induced e.m.f is shown in Figure 11. From Figure 11 it can be seen that
in one revolution of 360 mechanical degrees, 2 cycles of e.m.f (720 electrical degrees)
are induced. The 720 electrical degrees in a 4 pole machine can be related to 360
mechanical degrees as follows

4
720 electrical degrees = - x(360 mechanical degrees)
()
4

=0 = ¢

elec 2 mech

y
" « 0 60 120 180 240 300 360

Rotor Angle [°]
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Figure 8: Atwo pole machine

Figure 9: Induced em.f in the rotor coils of a two pole machine
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0 60 120 180 240 300 360

Rotor Angle [°]

Figure 10: Afour polemachine

Figurell: Induced e.m.f in the rotor coils of a four pole machine

For a P-pole machine, P/2 cycles of e.m.f will be generated in one revolution. Thus, for a
P pole machine

P

’ elec_2 mech

= dt =2 dt (6)
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elec 2 mech

In a 4 pole, in one revolution 2 cycles of e.m.f are generated. Hence, for a P pole
machine, in one revolution P/2 cycles are generated. For a P-pole machine, in one
revolution per second, P/2 cycles per second of e.m.f will be generated. Hence, for a P

P

pole machine, in n revolutions per second x n cycles/second are generated. The
2

quantity cycles/second is the frequency f of the generated e.m.f. Hence,

P PN
f)= 2xnHertz=f=120 Hertz

where (7)

N = the speed in rpm
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Lecture 18: Induction motor drives, their control and

applications in EV/HEVs

Induction Motor for EV and HEV Application

Introduction

The topics covered in this chapter are as follows:

9 Traction Motors

Principle of Operation of Induction Motor (Mathematical Treatment)
Principle of Operation of Induction Motor (Graphical Treatment)
Fluxes and MMF in Induction Motor

Rotor Action

Rotor e.m.f and Equivalent Circuit

Complete Equivalent Circuit

@ O o Z Z »

Simplification of Equivalent Circuit
P Analysis of Equivalent Circuit
> Thevenin’s Equivalent Circuit

Principles of Operation of Induction Motor (Mathematical Treatment)

In Figure 1 a cross section of the stator of a three phase, two pole induction motor is
shown. The stator consists of three blocks of iron spaced at 120° apart. The three coils are
connected in Y and energized from a three phase system. When the stator windings are
energized from a three phase system, the currents in the coils reach their maximum
values at different instants. Since the three currents are displaced from each other by 120°
electrical, their respective flux contributions will also be displaced by 120° electrical. Let
a balanced three phase current be applied to the stator with the phase sequence A-B-C
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I A= 1mcosat

( 27 )
g =Imcos|at — ‘
\ 3)
( 4r )
lc =Incos|h —— |
\ 3)
The instantaneous flux produced by the stator will hence be
¢ A=¢m COSak
( 27)
s = g cos | ——— ‘
\ 3)
( 4z )
dc =gncos|ah —— |
\ 3)
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The resultant flux at an angle 6 from the axis of phase A is

2r 4dr
g = Pa c0s(0) + ¢ COS(6— —) + ¢ cOS(0——) 3)
3 3

Substituting equation 2 into equation 3 gives

27 27 An dr
¢=¢ cos(d)cos(wt)+¢ cos(@-__ )cos(wt-__)+ ¢cos(@—__) cos(at — __ )
T A B c
3 3 3 3
(4)
3
= ¢=_¢ cos(O—ar)
T 2 m
From equation 4 it can be seen that the resultant flux has amplitude of 1.5 ¢, ,is a

sinusoidal function of angle ¢ and rotates in synchronism with the supply frequency.

Hence, it is called a rotating field.
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Figure 1: Cross section of a simple induction motor
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Principles of Operation of Induction Motor (Graphical Treatment)

Let the synchronous frequency @ be lrad/sec. Hence, the spatial distribution of resultant

flux at t=0sec, t=60sec, t=120sec, t=180 sec, t=240sec and t=300sec and are shown in
Figure 2. The explanation of the flux creation is as follows

v Att=0, phase A is a maximum north pole, while phase B and phase C are weak

south poles, Figure (2a).

d At t=60, phase Cis a strong south pole, while phase B and phase A are weak

north poles Figure (2b).

e Att=120, phase B is a strong north pole, while phase A and phase C are weak

south poles Figure (2c).

¢ At t=180, phase A is a strong south pole, while phase B and phase C are weak

north poles Figure (2a).

vy At t=240, phase C is a strong north pole, while phase A and phase B are weak

south poles Figure (2e).

n At t=300, phase B is s strong south pole, while phase C and phase A are weak

north poles Figure (2f).

(I)m Phase A N
Angle around the
periphery ofmotor
0 60 120 180 240 300 360
Phase B Phase C
0m
t=0
Figure 2a: Magnetic poles position at t=0
Phase B N

Phase A Phase B

60 120 180 240 300 360

S Phase C

Figure 2b: Magnetic poles position at t=60

N

Phase B Phase C
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Angle around the

periphery ofmotor

60 120 180 240 300 360

Phase C
Phase A

t=120

Figure 2c: Magnetic poles position at t=120

Angle around the

periphery of motor

60 120 180 240 300 360

Phase A

Figure 2d: Magnetic poles position at t=180
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Phase C
Phase C
Phase A

Angle around the Angle around the

periphery of motor periphery of motor
¢ 60 120 180 240 300 360 0 60 120 180 240 300 360

Phase A Phase B
S
S Phase B
t=240 t=300
Figure 2e: Magnetic poles position at t=240 Figure 2f: Magnetic poles position at t=300

Fluxes and MMF in Induction Motor

Although the flux generated by each coil is only alternating flux, the combined flux
contributions of the three coils, carrying current at appropriate sequential phase angles,
produces a two pole rotating flux. The rotating flux produced by three phase currents in
the stationary coils, may be linked to the rotating field produced by a magnet sweeping
around the rotor (Figure 3a). The rotating field cuts the rotor bars in its anti clockwise
sweep around the rotor. According to Lenz’s law, the voltage, current and flux generated
by the relative motion between a conductor and a magnetic field will be in a direction to
oppose the relative motion. From Figure 3a it can be seen that the bars a and b are just
under the pole centers and have maximum electromotive force (e.m.f) generated in them
and this is indicated by large cross and dots. The bars away from the pole centers have
reduced magnitude of generated e.m.fs and these are indicated by varying sizes of dots
and crosses. If the rotor circuit is assumed purely resistive, then current in any bar is in
phase with the e.m.f generated in that bar (Figure 3a). The existence of currents in the
rotor circuit gives rise to rotor mmf F, , which lags behind airgap flux #, by a space angle
of 90°. The rotor mmf causes the appearance two poles N, and S, .The relative speed
between the poles N; , S; and the rotor poles N, , S, is zero. Rotating pole N; repels N, but
attracts S, . Consequently the electromagnetic torque developed by the interaction of the
airgap flux 4, and the rotor mmf F, is in the same direction as that of the rotating
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magnetic field (Figure 3b). The space phase angle between F, and ¢, is called the load
angle and for this case it is 90° (Figure 3b). The torque produce is given by

Vi
Te=k¢F2 sin(_)=k¢F2 (5)
2
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Rotating Airgap Flux Rotating Airgap Flux

S2

N1 a b S1 N1 a b

N2

Figure 3a: Rotating airgap flux Figure 3b: Rotor and Stator fields

In actual machine, the rotor bars are embedded in the iron, hence the rotor circuit has
leakage reactance. Thus the rotor current in each bar lags behind the generated e.m.f in

that bar by rotor power factor angle:

X2
N ()

I

& =tan

From Figure 4 it is seen that bars a and b under the poles have a maximum generated e.m.fs.
On account of the rotor reactance ( x2 ), the currents in these bars will be maximum only

when the poles N1, S: have traveled through an angle & (Figure 4). The rotor current

generates rotor mmf F; is space displaced from the air gap flux ¢, by a load angle &, + 7—[2
. The torque produced by the motor in this situation is
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2

Te=kgFysin(—+6)
2
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. . i /4
Greater the value of x2 , greater is the departure of load angle from its optimal value of =2

and lesser is the torque. To generate a high starting torque, & should be made as small

as possible and this is done by increasing rotor resistance r; .

Axis of stator field

Axisofrotor field

Figure 4: Axis of rotor and stator fields in case of rotor with inductance

Rotor Action

At standstill, rotor conductors are being cut by rotating flux wave at synchronous speed ns
. Hence, the frequency f, of the rotor e.m.f and current is equal to the input voltage
frequency f; . When the rotor rotates at a speed of n, rotations per second (r.p.s) in the
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direction of rotating flux wave, the relative speed between

and rotor conductors becomes ( ns-n;) r.p.s, i.e.,

P(ns—n;)

fo=
2

where P is the number of poles of the machine

Hence, the slip of the machine is defined as

Ns — Ny
S =

Ns

Thus, the rotor frequency is defined as

P x s xng
=Sf1

fo=

synchronously rotating flux

(8)

©)

(10)
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At standstill the rotor frequency is  f; and the field produced by rotor currents revolves at

aspeedequal to  2f w.r.t. rotor structure. When the rotor rotates at a speed of nr,
P
the rotor frequency is sfyand the rotor produced field revolves at a speed of
2(sf) . :
1”7 P=snsW.r.t. rotor structure. The rotor is already rotating at a speed of n, w.r.t.

stator. Hence, the speed of rotor field w.r.t. to stator is equal to the sum of mechanical

rotor speed nr and rotor field speed sns w.r.t. rotor. Hence, the speed of the rotor field

with respect to stator is given by

Nr+Sns =Nns (1- S ) + SNs =ns I.p.S (12)

The stator and rotor fields are stationary with respect to each other at all possible rotor
speeds. Hence, a steady torque is produced by their interaction. The rotor of an induction
motor can never attain synchronous speed. If does so then the rotor conductors will be
stationary w.r.t. the synchronously rotating rotor conductors and hence, rotor m.m.f.
would be zero.

Rotore.m.fand Equivalent Circuit

Let the rotor e.m.f. at standstill be E, . When the rotor speed is 0.4ns , the slip is 0.6 and
the relative speed between rotating field and rotor conductors is 0.6ns . Hence, the induced
e.m.f., per phase, in the rotor is

E,

06n, =0.6E; (12)
n

S

In general, for any value of slip s, the per phase induced e.m.fin the rotor conductors
is equal to sE, . The other quantities of the rotor are given as
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The rotor leakage reactance at standstill is x2 = 271 L2 The (13a)

rotor leakage reactance at any slip sis 2zsf1 L2 = sx2Q

(13b)
The rotor leakage impedance at standstill is 17+ x?
2 2 (13c)
At any slip srotor leakage impedance is  rz + (sx )?
(13d)
2 2
E2
The per phase rotor current at standstill is (13¢)
rig x2
2 2
SE2 tz
The per phase rotor current at any slip s is = (13f)
+(sxe )2 (12 )
‘ — l+(x2)
\s )
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Based on equation 13f the equivalent circuit of the rotor is shown in Figure 5.

X2

Figure 5: Equivalent circuit of rotor

Complete Equivalent Circuit

The rotating air gap flux generates back e.m.f. ( E; ) in all the three phases of the stator.
The stator applied terminal voltage Vv; has to overcome back e.m.f. E; and the stator
leakage impedance drop:

Vi=E1+ 1 (r1+jx1) (14)

The stator current I; consists of following two components, iy and I . The component I’

is the load component and counteracts the rotor m.m.f. The other component I,
creates the resultant air gap flux #  and provides the core loss. This current can be
resolved into two components: | in phase with E and | lagging E by 90°. In the

c 1 ¢ 1

equivalent circuit of the stator shown in Figure 6, I, and I, are taken into account by a
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parallel branch, consisting of core-loss resistance R in parallel to magnetizing reactance

Xy

ri X1

11

Figure 6: Equivalent circuit of stator

Xo'
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The rotor e.m.f. E, when referred to stator becomes
E
=, N .
1 N° 1 (15) 2

where N; and N, are number of turns in the stator and rotor respectively

The rotor leakage impedance when referred to the stator is

(1 YNV
Z =l— + X — | =— +jx
Ls ANz ) s
where (16)
(N")? (N,
r,;
H=l— | x=l—1 x
\ Nz’) K Nz’)

After referred the rotor quantities towards stator, the combined equivalent circuit of the
machine is shown in Figure 7. For simplicity the prime notations will not be used in the
further discussions and all the rotor quantities henceforth will be referred to the stator
side. Moreover, all the quantities are at stator frequency.

ri X X'
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Figure 7: Complete equivalent circuit of Induction Motor
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Simplification Equivalent Circuit

The use of exact equivalent circuit is laborious; hence some simplifications are done in
the equivalent circuit. Under normal operating conditions of constant voltage and
frequency, core loss in induction motors is usually constant. Hence, the core loss
component can be omitted from the equivalent circuit, Figure 8. However, to determine
the shaft power, the constant core loss must be taken into account along with friction,
windage and stray load losses. It should be noted that all the quantities used in the
equivalent circuit are per phase quantities. Steady state performance parameters of the
induction motor, such as current, speed, torque, losses etc. can be computed from the
equivalent circuit shown in Figure 8.

r X1 X2’

ry'

Figure 8: Simplified equivalent circuit of Induction Motor

Analysis of Equivalent Circuit

The total power transferred across the air gap ( Py ) from the stator is

(r)

Pgap =n phi22| — |

\s)
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(2 2 (1—8“

=" onl "2+ I (17)
\ \ s/
where nph is the number of phases
Hence, the rotor Ohmic loses and the internal mechanical power are given as
i2r
P =n =n sP (18)
rotor o2 2 t gap
(1-5)
meh = i 12| | (19)
Us J

The internal (gross or air gap or the electromagnetic torque) torque developed per phase
is given by

P (1 =5 )Pgap Pcﬂp

ax (1 - S)a) $ (43 (20)

where e is the rotor speed and ax is the synchronous speed
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The output or the shaft power is
Pshaft = Pmech — Mechanical losses
or (21)

Pshaft = Pgap — Rotor Ohmic losses — Mechanical losses

Thevenin’s Equivalent Circuit of Induction Motor

When the torque-slip or power-slip characteristics are required, application of Thevenin’s
theorem to the induction motor equivalent circuit reduces the computation complexity.
For applying Thevenin’s theorem to the equivalent circuit shown in Figure 8, two points
a, b are considered as shown in Figure 9. From these points the voltage source V; is
viewed and the equivalent voltage at point a and b is

V Vi (jXc)
“=R (22)
1+j (X1+X¢)

The equivalent impedance of the circuit as seen from points a and b is

—(Ri+jX1)(jX¢c)
Z (23)

eq

R
(X 1+ Xe)

For most induction motors ( X 1 + X¢ ) IS much greater than R; . Hence, R; can be
neglected from the denominator of equation 22 and equation 23. The simplified
expression for Veq and Zgq are

Vl(ch) VX

\
eq = = X (24)

j(Xl-l—Xc)— 1-I-Xc

Z =R +jX = RiX¢ + jX1Xe¢ (25)
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eq eq €q
X1+Xce X1+X¢
From the Thevenin’s equivalent circuit, the rotor current can be determined as

v
€q

| = (26)
2 ( r\

| Reg +—7 |+j(Xeq+X2)

\ s)
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The airgap torque produced by the motor is

ph Veq2 r
Te = [ Iy )'s
e ) (Xaex)
\ s )
K
t Y]
=( r \2 2;
‘Req +_| + X
\ s)
where
nv?
ph eq
K = and X=X +X
t 2 eq
7]

(27)

A typical torque versus slip curve for IM obtained from equation 27 is shown in Figure

10.

V1
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0 0.2

Figure 9: Thevenin’s equivalent circuit

160
140
120

100

80

60

40

20

0.4 0.6 0.8 1

Slip

Figure 10: Torque vs. Slip curve of IM
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Lecture 19: Permanent magnet motors, their configurations and
optimization

Control of Induction Motors
Introduction

The topics covered in this chapter are as follows:

IT Speed Control of Induction Motor

® Constant Volts/Hz control

P Implementation of Constant VVolts/Hz Control

> Steady State Analysis of IM with Constant Volts/Hz Control

Speed Control of Induction Motor (IM)

Speed control of IM is achieved in the inverter driven IM by means of variable
frequency. Besides the frequency, the applied voltage needs to be varied to keep the air
gap flux constant. The induced e.m.f in the stator winding of an ac machine is given by

E1 =4.44K wi¢m fsN1
where

kwa is the stator winding factor

(1)
¢m is the peak airgap flux

fs is the supply frequency

N1 is the number of turns per phase in the stator
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The stator applied terminal voltage Vi (Figure 1) has to overcome back e.m.f. E; and the
stator leakage impedance drop (refer Lecture 17):

Vi=Er+i1 (ri+jxt) (2
r X1 X2’
Im .
_ |
11 2
[y
V E1  Rc Xy _
1 s
I .
C I¢

Figure 1: Equivalent circuit of IM
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If the stator impedance (r; + jx; ) is neglected, the induced e.m.f approximately equals the
supply phase voltage. Hence,

Vi=E1 3)

Substituting for E; from equation 1 into equation 2 gives the flux as

¢V1

12

m Kbpfs

where (4)
kb =4.44K w1 N1 is the flux constant

Since the factor ky is constant, from equation 4 it can be seen that proportional the flux is

to the ratio between the supply voltage and frequency. Hence,

@n och oc Ky

fs
(5)

where k v is the ration bewteen V1 and fs

From equation 5, it is seen that, to maintain the flux constant k. has to be maintained
constant. Hence, whenever the stator frequency ( fs ) is changed for speed control, the
stator input voltage (V1 ) has to be changed accordingly to maintain the airgap flux ( ¢, )
constant. A number of control strategies have been developed depending on how the
voltage to frequency ratio is implemented:

e Constant volts/Hz control
e Constant slip-speed control

e Constant air gap control
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e Vector Control

The constant volts/Hz strategy is explained in this lecture.
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Constant VVolts/Hz Control

The equation 2 is converted into per unit (p.u) as
Vi =E1+11(r1+jx1)

\ \Y

b b

= Vin=Ein+ l1n (rln +
jX1n ) where

|
Vi1 1n lyn

1n 1n 1n

E  Xyig Joslsiy  joslgy ( ;L¢YCU )

S

1 = = = = :”— ||— |

b b b b b YN D)
[h % b s 1s
X = = :LC()
1n 1n sn
Vv V
b b
Vb = Abab

Vb is the base voltage

Ip is the base current

A is the flux linkage (flux linkage is rate of change of flux with repect to

time) Hence, equation 2 in p.u form is written as

Vin =Ein+itn (rin+jXin)=i1n rin+j@sn (Lln i1tn + Agn )

where

Th

ma

gni
tud
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the
inp
ut

vol
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en
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V1

(iz
nrl

1in

)2
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For a constant air gap flux linkages of 1pu, the pu applied voltage vs. p.u stator frequency
is shown in Figure 2. The values of ri, and x3, used to obtain the plot of Figure 2 are
0.03 and 0.05 pu respectively.

1.2

i1n=0.25
iln=1

iln=2

0.8

0.6

04

0.2

0 0.2 0.4 0.6 0.8 1 1.2

Stator frequency, s [pu]

Figure 2: PU stator phase voltage vs. pu stator frequency

From equation 8 it can be seen that the volts/Hz ratio needs to be adjusted in dependence
on the frequency, the air gap flux magnitude, the stator impedance and the magnitude of
the stator current. The relationship between the applied phase voltage and the frequency
IS written as
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Vin = Von+ Kvf fsn

From equation 8 the parametersVv, and k. is obtained as

Vv =11

on In 1n

Kvf = @wsn (/1¢n +Linin )

()

(10)

Page 30 of 65

218




The parameter V, is the offset voltage required to overcome the stator resistive drop. In

case the IM is fed by a DC-AC converter, the fundamental r.m.s phase voltage for 180°
conduction is given by (refer Lecture 15):

v gV
as «
V= = =045V
1 ) - dc
2 T2
where (12)

V
dc is the input dc voltage to DC-AC converter

The equation 11 can be written in pu form as
v

1

Vo= =045V (12)

1n den

Vv

b

Substituting the value of Vv, into equation 9 gives

0.45Vden = Von + Kvf fsn

Implementation of Constant Volts/Hz Control

The implementation of volts/Hz strategy is shown in Figure 3.

AC

DC dc DC
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dc f*
k Tach
b o om
1
27
Limiter
PI Controller T ex o
sl
+
+
Wr

Figure 3: Closed loop induction motor drive with constant volts/Hz control strategy [1]
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The working of the closed loop control shown in Figure 3 is as follows:

(1 The actual rotor speed ( & ) is compared with its desired value «* and the error is
passed through a P1 controller.
(1 The output of the PI controller is processed through a limiter to obtain the slip-

speed command & . The limiter ensures that «" is within the maximum allowable

sl sl

slip speed of the induction motor.

[3] The slip speed command is added to electrical rotor speed « to obtain the stator

frequency command fi* .

[4] The frequency command f;* is enforced in the inverter and the corresponding dc
link voltage (V4 ) is controlled through the DC-DC converter.

[5] The offset voltage V;* is added to the voltage proportional to the frequency and

multiplied by kg to obtain the dc link voltage.

Steady State Performance of IM with Constant Volts/Hz Control

The steady state performance of the constant-volts/Hz controlled induction motor is
computed by using the applied voltage given in equation 9. Using the equivalent circuit
of 1M, the following steps are taken to compute the steady state performance:

[5] Start with a minimum stator frequency and a very small slip

[6] Compute the magnetization, core-loss, rotor and stator phase current

[7] Calculate the electromagnetic torque, power, copper and core losses

[8] Calculate the input power factor and efficiency.

[9] Increase the slip and go to step b unless maximum desired slip is reached.

[10] Increase the stator frequency and go to step a unless maximum desired
frequency is reached.
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In Figure 4 the characteristics of volts/Hz control of an IM is shown. The parameters of

the IM are as follows:

Applied stator line to line voltage V|, =200V

Frequency of applied voltage fs = 50Hz

Rated Output Power Poy = 3kW

Stator resistance r; = 0.3Q

Stator leakage inductance L; = 0.001H

Rotor resistance r» =0.2Q

Rotor leakage inductance L, = 0.0015H

Efficiency =08

Power factor pf=0.85
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Connection of phases: Y

Based on the above parameters of the motor, the base quantities are determined as
follows:

Base speed apase =27fs =2x 7x 50 =314.16 rad /s

200
Basevoltage V. =v = =11547 V

r:33 ph

3

Base power P = Rated Output Power = 3000 W

base

Base current | = P =12.74 A
base
base
3xV
bse X 77 X pf vaase
Base Torque T = Pisse = 3090 _g 55 m

base (hase 314.16

After having calculated the base values, the torque produced by the IM is calculated
using the following expression (equation 27 of Lecture 17):

[l ph Veq2 r

Te=a [ r? 2 S (13)
| R

eq +_‘+(Xeq+ Xz)

\ s )

The pu torque Te IS given by

T = (14)
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In order to obtain the curve shown in Figure 4, the torque is calculated for different
values of slip and frequency as described algorithm above. Using the constant volts/Hz
control, the IM can be operated up to rated frequency. However, if it is required to
operate the motor beyond rated speed then Flux weakening operation is used.

3 fs=
fs=
2.5
fs=
2 fs=
fs=
1.5
1
0.5
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Speedpu

Figure 4: Torque vs. Speed Curve for Constant volts/Hz control of IM
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From Figure 4 the following points can be observed:

e Asthe frequency of the stator input voltage increases, the maximum speed of
the motor increases.

e With increase in frequency, the maximum torque

. Vo =7itnrinis shown. It
produced by the motor also increases. oo

e The starting torque (torque at zero speed) does not vary
much with increase in frequency.

In Figure 5 the Torque vs. Speed curve for higher offset voltage
can be seen that using a higher offset voltage:

thestarting torque has increased.

e the maximum torque produced by the motor at different frequencies is almost
constant.

Here the motor is operated at 10Hz between the rotor speeds a1 and ax 2 , at 20 Hz

between a , and « 3 and so on. With this operation constant torque is maintained almost
up to rated speed.

fs=10Hf = 20Hz fq = 30Hz fq =40Hz fg =50Hz
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rl r2 r3 r4 r5

Speedpu

Figure 5: Constant Torque vs. Speed Curve for Constant volts/Hz control of IM
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Utilizing the second point, a constant torque can be obtained from starting condition up to
rated speed as shown in Figure 6.

3 f5=10Hz
f5=20Hz
25
f5=30Hz
2 f5=40Hz
f5=50Hz
15
1
0.5
0
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Speed pu

Figure 6: Torque vs. Speed Curve for Constant volts/Hz control of IM at higher offset voltage

The power factor vs. slip, stator current vs. slip curves and torque vs. slip for constant
volts/Hz control are shown in Figure 7, 8 and 9 respectively. From Figures 7-9 the
following can be observed:

e As the slip increases (speed decreases) the power factor of the motor
decreases. It attains a maximum value at a small slip ( sy ) value and then
drops sharply.
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12

0.8

0.6

0.4

0.2

As the frequency increases the slop of the power factor between sy and unity
slip increases.

For any given slip, the magnitude of the stator current increases as the
frequency increases. The magnitude of torque at a given slip also increases
with increase in slip with the exception of unity slip (starting condition).

fs=10Hz fs=20Hz
fs=30Hz fs=40Hz
fs=50Hz

0.2 0.4 0.6 0.8 1

Slip

Figure 7: Power factor vs. Slip Curve for Constant volts/Hz control of IM
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fs=10Hz

fs=30Hz

fs=50Hz

0.2 0.4 0.6 0.8

Slip

Figure 8: Stator Current vs. Slip Curve for Constant volts/Hz control of IM

fs=20Hz

fs=40Hz
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fs=10Hz

fs=20Hz

fs=30Hz
0.9
fs=40Hz

fs=50hz

0.5
3
0
25
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
2
Slip
15
Figure 9: Torquevs. Slip Curve for Constant volts/Hz control of IM
References:
0 R. Krishnan, Electric motor drives: modeling, analysis, and control, Prentice Hall,
2001
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Lecture 20: Permanent magnet motor drives, their control and
applications in EV/HEVs

Modeling of Induction Motor
Introduction

The topics covered in this chapter are as follows:

Voltage Relations of Induction Motor
e Torque Equation in Machine Variables
e Equation of Transformation for Stator Variables
e Equation of Transformation for Rotor Variables
e Voltage and Torque Equations in Arbitrary Reference Frame Variables
Voltage Relations of Induction Motor
A 2 pole, 3 phase, Y connected symmetrical IM is shown in Figure 1. The stator windings
are identical with Ns number of turns and the resistance of each phase winding is rs . The

rotor windings, may be wound or forged as squirrel cage winding, can be approximated as

identical windings with equivalent turns Nr and resistance r. . The air gap

of IM is uniform and the stator and rotor windings are assumed to be sinusoidally
distributed. The sinusoidal distribution of the windings results in sinusoidal magnetic
field in the air gap.
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bs axis

as’
by axis
Cs
ar’
c ar axis
r
cr’ as axis
by
dr
b’
Cs'
ds
Cs axis
Cr axis

Figure 1: Two pole, 3 phase, wye-connected symmetrical induction motor

Since the windings are symmetric, the self inductances of stator windings are equal; that
IS

L =L =L

asas bsbs cscs

L =L +L
b ms

asas
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where

)

s is the leakage inductance of phase Aor B or C of stator winding
L. is the stator magnetizing inductance

Lasas » Lbsbs » Lescs are the self inductances of stator phases

Similarly, the mutual inductances between the phases of the stator wind are same; that is

abs becs s&8 —_— ms (2)
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Based on the above discussion, the rotor self inductances and the mutual inductances
between the rotor phases are

L =L =L
arar brbr crer
L =L +L
arar Ir mr
where
)
L,r is the leakage inductance of phase a of rotor
winding L, is the rotor magnetizing inductance
L =L =L =-1 5 L
arbr brer crar mr
(4)

There exists mutual inductance between the stator and rotor windings. This mutual
inductance is not constant because as the rotor rotates, the angle between the stator and

rotor windings changes. Hence, the mutual inductance between the stator and rotor
windings can be expressed as:

Lasar :thbr :me r= Lsr Cos ((gr )
[ 27 )
Lasbr = “pser :Lcsar N Lsr COS‘ O +— | (5)
. 3)
( 27 )
Lascr :Lbsar :Lcsbr = Lsr cos| Oy - |
\ 3)
The voltage equations for the IM shown in Figure 1 are
. adA
V =ril + as
dt
aa

V =TI+ b

dt

bs s bs
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Y =r|+ cs
s secs
dt
A ar
Voo
=Tl + dt
. A
V =TIl +d ar
br rar
dt
. A
\' :I’I+d cr
o rcr
dt
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The equation 4 can be expressed in matrix form as

V=T
abs s abces
V_=ri_ +pi

abr r aber

+ph
abcs
aber

where

(Vahcs )T =[Vas Vbﬁ Vcs]

(Vabcr )T Z[Var

be Ver ]
| U
|bs i ]

.
brler ]

(iabcs )T Z[i as

(iabcr )T :[iar

|O=dtOI

In the above equation the subscript s refers to stator and r refers to rotor. For a
magnetically linear system, the flux linkages may be expressed as

Ml TS Bllise]

| | =l T Il \

L 7\‘abch L(Lsr)

(8)
Lr J L I aber J

The stator and rotor windings inductances consist of self and mutual inductances and is
represented as

L +L L 4L
L L 1
| | —-L
L =|—_1L L =\—i|_ 2
s 12 ms vl 2
| 1 | 1
L L L +L
L .
L 2 | 2
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|
1] ©)
L -_L
\
2
|
1
+L - L |
mr 2w |
|
(10)
L I_Ir+L ‘
]
[ _
| cos(6)) 27 2r
| cos(6+ )cos(6— )
27 : ’ (11)
L =L |cos(d —_) ' '
—_— r 3
2r
| 27 cos(@ ) cos(d +_ )
| cos(d, +—) 3 |
| 3 2r
cos(dr —— ) cos(&) |
3
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The expression of voltage equation becomes convenient if all the rotor variables are
referred to stator windings using the turns ratio:

Nr
"=
abcr abcr
Ns
N
Vi =__vV
aor abcr
Ns
Ny
A =__ 4
ahor abcr
Ns

The magnetizing and mutual inductances are associated with the same magnetic flux
path; hence,

(N )2 (N
P P —
() \Nr /
i 1 1 |
In +L—L - L
2 2
| |
1 1
'=|— L' +L—L |
o 2 ms Ir ms 2m |
| 1 1 |
—L —_LL’ +L
| . m
L 2 2 |

(12)

13)
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LMl [ Ledl el

and using equation 14, the voltage equation (equation 7) can be written as

v [r+pL  pL | i (14
( abrs—l s s o ( ahcs—|
o ; b
\_Vabcrj LP(L'sr) rr'+pL'r_|_iabch
2
N
where ¢ *rr
(15)

Torque Equation in Machine Variables

The conversion into machine variables can be done using the principle of magnetic
energy. In a machine, the stored magnetic energy is the sum of the self-inductance of
each winding. The energy stored due to stator winding is:

1
Wy =— (iapes )" (Ls -Lus 1 )ianc

2

where (16)

I is the identity matrix
Similarly, the energy stored due to rotor winding is

1
W, =—(i " aber )T (I—Ir Lyl )i'abcr (17)

2
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The energy stored due to mutual inductance between the stator and rotor windings is

Wsr =(i abcs )T |-'sr i ’abcr (18)
Hence, the total energy stored in the magnetic circuit of the motor is
Wf = Ws‘l‘ Wsr +Wr

1 T . _ 1 T (19)
= L-LIi + L'’ +_ 7 L'-L"I ¥

2( abcs)( sk )abc (abcs) sr aber 2(abcr) ( ror )abcr

Since the magnetic circuit of the machine is assumed to be linear (the of B vs. H), the
stored energy in the magnetic fieldw; is equal to the co-energy W, . The electromagnetic
torque produced by the IM is given by

\2 )00, \2) 06 (20)
where & is the rotor angle at any given point of time.

Since the inductances L, L, L’, L’ are not functions of@ andonly [’ is afunction of ¢

s Isrlr r sr r

(equation 11), substituting the equation 19 into equation 21 gives

P 0
Te :‘ — D(iabcs )T—[L’sr ]i’abcr (21)

\2) 04

Linear Transformations

From equation 6 it can be seen that in order to study the dynamic behaviour of IM, a set
of six equations have to be solved. If the number of equations to be solved is reduced, the
computational burden will be reduced. In order to reduce the number of equations linear
transformation is carried out. It is very common to use linear transformation to solve
problems and one of the most common examples of it is logarithm. The logarithms are
used to multiply or divide two numbers. Similarly, the Laplace transform is also a linear
transformation. It transforms the time-domain equations to s — domain equation and after
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manipulations, one again gets the required time-domain solution. The process of referring
secondary quantities to primary or primary to secondary in a transformer is also
equivalent to a linear transformation. It should be noted that the transformation from old
to new set of variables is carried out for simplifying the calculations.

Linear transformations in electrical machines are usually carried out to obtain new
equations which are fewer in number or are more easily solved. For example, a three
phase machine are more complicated because of the magnetic coupling amongst the three
phase windings as seen from equation 11, but this is not the case after the
transformation.
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Transformation from Three Phases to Two Phases (a, b,cto «, 3 0)

A symmetrical 2 pole, 3 phase winding on the rotor is represented by three coils A, B, C
each of N, turns and displaced by 120° is shown in Figure 2.

Fo ’

120° A

120° F

Fe

Figure 2: Asymmetrical 2 pole3phasewinding on the rotor Figure 3: A balanced 2phase winding of the rotor

Maximum values of mmfs F, , F, , Fc are shown along their respective phase axes. The
combined effect of these three mmfs results in mmf of constant magnitude rotating at a
constant angular velocity depending on the poles and frequency. If the three currents in

the rotor are:
( 27 ) ( 47

(22)

ia=1mcos(wt);ib =Iycos|ot— — |;ic =Iycos| ot — — |

L




\ 3) \ 3)
3l m Ny

The currents given in equation 22 produce a mmf of constant magnitude rotating

with respect to three phase winding at the frequency of ». In Figure 3, a balanced two
phase winding is represented by two orthogonal coils « , g on the rotor. For the sake of
convenience the axes of phase A and « are taken to be coincident. The two phase currents
flowing in the winding is given by

( 7

ia=Imcos(@t); ig=Imcos| wt — — | (23)

Y
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I'm Nr

These two phase currents result in a mmf of constant magnitude rotating with

respect to the two phase windings at the frequency of the currents. The mmf of three
phase and two phase systems can be rendered equal in magnitude by making any one of
the following changes:

O By changing the magnitude of the two phase currents

0 By changing the number of turns of the two phase windings

0 By changing both the magnitude of currents and number of
turns In the following subsections each of the three cases are discussed.

Changing the magnitude of two phase currents

In this case the number of turns in the two phase winding is N, which is same as that of

the three phase windings. Hence, in order to have equal mmf, the new magnitude of the
current in the two phases must be determined. To obtain the new values of the two phase
currents the instantaneous three phase mmfs are resolved along the « axis shown in
Figure 3:

( 27 Ar) 1

iaN =| ia c0s 0+ip COS— +ic COS—— |Ni=i,=ia ——(ib +He ) (24)
\ 3 3) 2

Similarly, the resolving the three phase currents along the gaxis gives

( 2 4r) (3 3 )

iN = i sin0+i sin —+isin — N =i =|—i- —i | (25)
r r

\ 3 3) 2 2 )

For a balanced three phase system the sum of three currents is zero, that is

Using equation 26 into equation 24 gives
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i, =— g (27)
2

Substituting the values of iy, ip and i from equation 22 into equations 25 and 27 gives

3 3

ip= Incos(mt);ig= 1nsin(et) (28)
2 2
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From equation28 it can be seen that the magnitude of the two phase currents is 3/2 times
the magnitude of the three phase currents. Since the number of turns per phase is same in
both the three and two phase windings, the magnitude of phase e.m.fs of the two and
three phase windings would be equal. The power per phase of the two phase systemis 3/
2Vl and the power per phase of a three phase winding is VIn . However, the total power
produced by a two phase systemis (=2 -3/ 2 VI =3Vl ) and that produced by a three
phase system is 3VIy, . Thus, the linear transformation is power invariant. The only
disadvantage is that the transformation of current and voltage will differ because of
presence of factor 3/2 in the current transformation. As factor 3/2 appears in current
transformation and not in voltage transformation, the per phase parameters of the two
phase and three phase machine will not be the same.

Changing the number of turns of two phase winding
If the number of turns of two phase winding is made 3/2 times that of the three phase

winding, then for equal mmfs the following relation between the two phase and three
phase currents holds:

3 ( 21 47 3 1 3

N G0s04ib COS— +icC0S — M= —ipmia = —(b +ic )7y = inia (29)

2 \ 3 3) 2 2 2

3 ( 27 4r) 2( 3 3 )

I N =isin0+isin—+isin— N =i =_|—i -——i | (30)
r | : . - | r

2 \ 3 3) 30 2 2 )

Substituting the values of iy, ipand i from equation 22 into equations 29 and 30 gives

ig=1mcos (at);ig=1msin (at) (31)

Since, the number of turns in the two phase winding is 3/2 times that of three phase
winding, the per phase voltage of the two phase machine will be 3/2 times the per phase
voltage of the three phase systems. Hence,
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The power per phase in two phase system= 32 Vin

Total in two phase system= 3Vip,
The power per phase in three phase system= Vi,
Total in three phase system= 3Viy,

Here again the power invariance is obtained, but, as in the previous case, the
transformation of current and voltage will differ because of the factor 3/2 in the voltage

transformation. In this case the per phase parameters of the machine will be different for
two and three phase systems.
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Changing both the number of turns and magnitude of current of two phase winding

In this case both the magnitude of currents and number of turns of the two phase system
are changed to obtain identical transformation for voltage and current. To do so the

3
number of turns in the two phase winding is made 2 times that of three phase winding.
Then for equal m.m.f the following holds

3 ( 2 4z
CENC o iocos0+ipcos  +iccos (N
2 N 3 3 )
2 ( 1 1) 3
=ig= _I B —_ib__ =i, = _lmCOS(a)t)
3L 2 2 2
(32
3
o 27 4r)
2|ﬂNr
=11, sin 0+ iy SiN— +ic sin— |V,
\ 37 3)
[ ] Iﬂ:
_ - — (33)
2( 3 31 ) 3
= 0+—lp———ic | = ip=—Imsin(ek)
3L 2 22 ) 2

3
Since the number of turns in the two phase winding is 2 times that of three phase
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winding, the voltage per phase of the two phase winding is

3
2 times that of the three

phasewinding. Hence, the phase voltage and current of the two phase systemare

times that of three phase system. This results in identical transformations for both the
voltage and current and the per phase quantities of the machine, such as the impedance

per phase, will be same for two and three phase systems.

Hence, the transformation equations for converting three phase currents into two phase
currents, given by equations 32 and 33, can be expressed in matrix form as

1 -1 —17]i

i 7 - _Ha—|
2 2

- L

Lo .
Lyt 3l 3 3] |
| 0 — -—— i |

L 2 2]

(34)
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The transformation matrix in equation 34 is singular and hence i, , i, and ic cannot be
obtained from i, , iz . The matrix can be made square matrix if a third equation of
constraint between i, , iy and ic is introduced. Since, the magnitude and direction of the
mmf produced by two and three phase systems are identical, the third current in terms of
ia , ip and ic should not produce any resultant air gap mmf. Hence, a zero sequence current
is introduced and it is given by

0 (iatip+c) (35)

Due to the fact that sum of three phase currents in a balanced system is zero (equation
26), the zero sequence current does not produce any rotating mmf. Using the equation 35
the matrix representation given in equation 34 can be written as

: 1
1 - 121
2 |
° 23
i, 7 W | Mg |
2— 3 1 [1il

= _lo __ b | (36)
[ 7| 3] 2 |L'cJ
L% J | 1 1 2|

I |

| 2 2

The transformation matrix now is non-singular and its inverse can be easily obtained.
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Transformation from Rotating Axes («, 4 0) to Stationary Axes (d,q,0)

In Figure 3, three phase and two phase windings are shown on the rotor and hence both g, g,0

the windings rotate at the same speed and in the same direction. Hence, both the two
phase and three phase windings are at rest with respect to each other.

In this section the transformation of rotating «,f 0quantities to stationary

quantities is carried out. When transformation is carried out from rotating to stationary
axes, the relative position of rotating axes varies with respect to stationary or fixed axes.
Hence, the transformation matrix must have coefficients that are functions of the relative
position of the moving « , g and fixed d , q axes. In Figure 4 the rotating « , B axes are
shown inside the circle and the stationary d , q axes are shown outside. The angle &
shown in Figure 4 is such that at time t =0, 6 = 0, that is, the «, B axis is aligned with
the d , g axis.

Fd

255




Figure 4: The d and g axis on the rotor

Atanytime t, = o t ,where « is the angular speed of the rotor. Assuming same d,

number of turns in the «, g andq windings, the mmfs F,and Fzcan be resolved along
the d , g axis as

Fg =F 008 8y +Fpgsin @y =>Nrig =NyigCcosd;+Nyigsing
= i =14C0S O, +igsinG (37)

g =g sin &y +izCcOSG
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The equation 37 can be expressed in the matrix form as

[ig1 Tcos 0, sing 1l |

\i\zl—sine C056||i |

and (38)
i1 Teos 6, —sing 1T ig |
il "l sine cos@ i
Lol L v ¢ JlqJ

Let the currents in d , g axis winding be

ig =Imsin (ot+¢)

ig=1mcos (ot+¢)
(39)
where

e is a constant arbitrary phase angle

Using equation 38 and equation 39, the currents i, , iz are obtained as

ig=Imsin(6-8;+¢)

ip=1mcos (60— 6, +¢)
o iy=Insin(ot-ort+p) (ot-

o t+¢)iFlncos (40)
where

ol =t

In case the frequency of the d and g axis current is same as the speed of rotation of the
rotor, then
ig=1Imsin(g)

(41)
ig=1Imcos(¢)
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Thus, time varying currents in stationary d , g axis result in mmf which is identical to the

mmf produced by constant currents (or d.c.) in rotating «, g axis.

In the above transformation the zero sequence current is not transformed and it can be

taken into account by an additional column in the equation 38.

[i |
dﬂrcosﬂr = sing ol i, ]
— sin@
A 0" L cosé oll il

[ r 1

o

Lio
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Substituting the values of i,, iz, ip from equation 32 into equation 42 gives

[ ( 27 ( 2:) |
| cos 6r cos| ¢ —— | cos| Or + ?| |
Loo3) U )l
Fil |
_|
2| —sin —sin( 2T _ 2r
il o o - dsinl6+ ) i
|| 3 . 3, 3 |l |
i
LJ I 1 1 1
‘ _ _ -
L 2 2 2 ]
(id iq io )T =Ks(ia Ip e )T
where
[ ( 27 ( 27) |
| cos @r  cos| @ ——l cos| 0, +— ||
| N 3) N 3) |
2| ( 27 ) [ 27\ |
Ks = —|sing, sin| 6r ——| sin| ¢ +—'| |
3| N 3) N 3) |
|1 1 1 |
- - -
L 2 2 2]

The inverse transformation matrix is given by

—siné 1]
cos 4

Lc
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PP AP

| ) ( 27) 1 |

L U 3) L\ 3) 2]

The above transformation is valid for any electrical quantity such as current, voltage, flux
linkage, etc. In general the three phase voltages, currents and fluxes can be converted into
dgo phases using the following transformation matrices

= fqdo )T: K's (fabc )T

where (45)
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Transformation of Induction Motor Quantities into Stationary d, q Axis

The three phase stator and rotor wind axis are shown in Figure 5a. In Figure 5a, the
subscript s represents stator quantities and r represents rotor quantities. For the stator

8, paxis and d , q axis are coincident as shown in Figure 5b and hence there is no
difference between « , g and d , g stator quantities. Examination of Figure 5a and 5b

reveals that phase As coincides with the phase « axis or phase d axis of the 2 phase

machines. As a result of this, the results obtained for d axis quantities apply equally well
to the « phase of the 2 phase machine. The conversion of 3 phase stator winding to 2
phase stator winding is given by equation 36 as

1
o 27
[igs
! ] , 3 |
- I ias
| | 09 %
| ps 1 il
] 2l 3 [ (46)
|
LOS - 0 — |Lch
3| 2 2|
|1 1 [
A W
| 2 Z

Since the «, pand d, q axis both lie on the stator are stationary with respect to each
other, the transformation from «, gto d, g axis is given by

“ds—| |—1 O—HV ias—|
il Thoalli (47)
Lol L Jlssd
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[10] s

Pr

Figure 5a: Equivalent 2 phase induction machine in ¢, ,Baxis
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Qs

Qr

Dr DS

Figure 5b: Equivalent 2 phase induction machinein d , q axis

In case of rotor currents, the transformation from 3 phase to 2 phase is given by

I— r i
‘{3 LIOr
i

a
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1 2_ 1
3 5 |
.| ) | ||7-|ar—|
1 [i
d 3 I (48)
-0 - |\_|ch
3| 2 2 |
|
| 2 z

The transformation 2 phase rotor currents from rotating «, g  to stationary d, g axis is
given by

lig ] [coso sin@1 iy, |

il Tl Zsing coso | | (49)
Lard L 1Lsr]

The rotor voltages are related by identical expressions. The frequency of the currents in
3phase rotor windings or in 2phase rotor windings is the slip frequency sf . Since the d , g

axes windings are stationary, the frequency of rotor currents ig- and iy is the line
frequency f.
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The Machine Performance Equations

The general voltage equation for the machine shown in Figure 5bis

[ Vs | “derLdsp Mgp o I ig |
d ds

vl | 0
| - r+Lop 0 M p i |
as as g las |
el | Map
—Mqa)r rdur—+_|_tirI3_|_11r wr || Idr|
v | IMa .
L . Mp Lo r+L pllil (50)
d d dr T ¥ qr JLQ"_]
where p =t

The following points about the IM are to be considered:

e Stator and rotor both have balanced winding configurations,
hence: rgs = rqs = rs =resistance of each stator coil

rar =rqr =rr=resistance of eachrotor coil

e Since the air gap is uniform, the self inductances of d and q axis of the stator
winding are equal and that of the rotor windings are also equal, that is

Lds = Lgs = Ls =self inductance of the stator winding

Ldr = Lor = Lr =self inductance of the rotor winding

e The d and g axis coils are identical, the mutual inductance between the stator and
rotor d axis coils is equal to the mutual inductance between stator and rotor g axis
coils, that is

In an induction machine the rotor windings are short circuited, therefore no emf exists in
the winding of the rotor and vg, = vqr =0 . Since the rotor winding is short circuited, the
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direction of ig-and iq are reversedand this has to be taken into account in the general

voltage equations.

Based on the above discussion, the general voltage equation becomes:

|— Vds

1 Tr+lp 0 Lnp 0 g
“Vqs| | 0 r+Lp 0 —L p 1 |
|0 [ =1 q

] Lep -leer —(retlep) L@ |
| | Lo _

Lp -Lo -r+Lp [li]

J L m r

m roor (" )JLE{J

(51)
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The voltage equations given in equation 51 can be written as:

O=[R]I+[L]pl+[G

Jax 1where
(Vdsw “ds—| rrs 0 0
v I 1| | or O
| as | las | | S
V=lv [i1=1i[;[RI=] 00 r
| o) | o | |
| g | | 00 o
L i L | L
[ Ls )
| 0 Ly O [0
[ 10
| L 0 L )
L =
‘L S |
| 0 Lo l:[6]l=] o
; |
Lo
ln 0 L L

The instantaneous input power to the machine is given by

P=1TV=IT[RJI+1T[L]pl+IT[G]ax1

0]
0 |
0 | (52)
|
;
-
0 0 0]
0 0 O
-L 0 L |
m |
0 —Lr OJ
(53)

In equation 53 the term I T [R ]I represents the stator and rotor resistive losses. The term

| T [L ] pl denotes the rate of change of stored magnetic energy. Hence, what is left of the

power component must be equal to the air gap power given by the term 1 T [G Jax | . The

air gap torque is given by

omTe =1 T[G]ar |
N

Or =2pa)n

o T
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=N2|D|T[G]|

where

am 1S the mechanical speed of the rotor
and N p is the number of poles

Substituting the value of [G]from equation52 into equation 54 gives
N

Te = 2° Lm (igs iar — igs iqr )

The torque given by equation 55 can also be written as

N
Te = 2p Lm (ﬂqr idr — Adr iqr)

(54)

(55)

(56)
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Lecture 21: Switch reluctance motors, their configurations and
optimization

Field Oriented Control of Induction Motor

Introduction

The topics covered in this chapter are as follows:

= Field Oriented Control (FOC)

= Direct Rotor Oriented FOC

= Indirect Rotor Oriented FOC
Field Oriented Control (FOC)
In an Electric Vehicle, it is required that the traction motor is able to deliver the required
torque almost instantaneously. In an induction motor (IM) drive, such performance can
be achieved using a class of algorithms known as Field Oriented Control (FOC). There
are varieties of FOC such as:

= Stator flux oriented

= Rotor flux oriented

= Air gap flux oriented

Each of the above mentioned control method can be implemented using direct or indirect
methods.

The basic premise of FOC may be understood by considering the current loop in a
uniform magnetic field as shown in Figure la. From Lorenz force equation, it can be
seen that the torque acting on the current loop is given by

Te=—-2BIiNLrsing

where
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B is the flux density

i is the current

I'I'is the number of turns
L is the length of the coil
ris the radius of the coil
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Current

vector qdr qdr

r q axis

d axis

Figure 1a: Acoil in amagnetic field Figure 1b: Orientation of magnetic field in IM

From equation 1 it is evident that the torque is maximised when the current vector is
perpendicular to the magnetic field. The same conclusion can be applied to an IM. In
Figure 1b orientations of magnetic fields and currents in an IM are shown. The rotor
current and flux linkage vectors are shown in Figure 1 at some instant of time. Hence,
the torque produced by the motor (refer to Lecture 19) is given by

3P
T=__ 2"i"=A"i' (2
22( drqr)

e qr dr

The equation 2 can be re-written as

3P
T=- A" |sin@

3
e 2 2 qdr qdr ( )
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The equation 3 is analogous to equation 1. Hence, for a given magnitude of flux linkage,
torque is maximised when the flux linkage and current vectors are perpendicular.
Therefore, it is desirable to keep the rotor flux linkage perpendicular to rotor current
vector.

In the analysis of FOC the following convention will be used:

e The parameters with a superscript “s” are in stator frame of reference.
e The parameters with a superscript “e ” are in synchronous frame of reference.
e The parameters with subscript “ r ” indicate rotor parameters.

e The parameters with subscript “s ™ indicate stator parameters.
e All rotor gquantities are referred to stator using the turns ratio of the windings

(Lecture 17) and hence “ ' is dropped.
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In case of singly excited IMs (in singly excited IM, the rotor winding is not fed by any
external voltage source. In case of wound rotor machines, they are short circuited using
slip rings. For cage IMs, the rotor bars are short circuited at the terminals), the rotor
flux linkage vector and rotor current vector are always perpendicular. The voltage
equations for the IM (refer to Lecture 19) in synchronous frame of reference are

VE=ri® +wd® +plf

s S gs € ds 5

Ve =ri® —w A% +ph

6 se o &

Ve =ri® +pAt

Fo=r i -I-(a)e—a)r);te + pA®
— o w
Ve =1ri® -( e —or) e +pA°
o ; o
ve =ri¢ +pA®

or r or or

where

ae is the rotational speed of synchronous frame of reference

In case of singly excited IM, the rotor voltages are zero, that is ve =0

Hence, the rotor currents can be obtained as

1

0=rr iqre-l-(we—&)r)/Zdre +pﬂqre :>iqre =——(a)e—a)r)idre _pﬂqre

r

r

1
O=rit- wo-o At +plt=>i=_ o—o A —pi®
rdr (e f) qr dr dr Ir e r)qr dr
pA®
O=rit +pi =it =—
ror or or rr

qr

D)

,ve =0andve=0.

dr or

@
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Since steady state operation of IM is considered, the time derivative term of flux linkage
in equation 2 will vanish. Hence, the rotor currents are:

®)
Iy

lor®* =0
The dot product of the rotor flux linkage and rotor current vectors may be expressed as

ﬂqdre .iqdre = ﬂqre .iqre +Adr® Liar®

(4)
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For
m equation 5 it can be seen that the dot product between the rotor flux and rotor current
vectors is zero in case of singly excited IM. Hence, it can be concluded that the rotor flux
and rotor current vectors are perpendicular to each other in steady state operation. The
defining feature of FOC is that this characteristic (that the rotor flux and rotor current
vectors are perpendicular to each other) is maintained during transient conditions as well.

()

By suitable choice of ¢; on an instantaneous basis, equation 6 can be achieved. Satisfying

equation 7 can be accomplished by forcing d -axis stator current to remain constant. To
see this, consider the d -axis rotor voltage equation

0=rridre+(we—wr)ﬂ~qre+pﬂdre

Since A° =0, equation 8 can be written as

0 =rr idr® +pAar®

Substituting the values of ic and i¢ from equation 3 into equation 4 gives

qr o
af e

Jgdr® dgar’ ==—— (@ - o )2 A (- o )2 =0
r r

r r

In both direct and indirect FOC, the 90°
vector can be achieved in two steps:

_ _ The
e The first step is to ensure that d -
axis
roto
Aar® =0 r

\/@/\

The sec

ond s
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flux linkage is given by (refer Lecture 19):

Adr® = Lir iagr® + Lm (idse +igr® )

Substituting the value of A4¢ from equation 10 into equation 9 gives: (11)
I Lm
pl e:__i E__ ple
dr dr (]
L L

If igs° is held constant, then pigs® =0 and the solution of equation 11 becomes

(12)

AN

jo® =Ce I wr )

where

_ is a constant ofintegration
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It is evident from equation 12 that the rotor current ig will decay to zero and stay at zero
regardless of other transients that may be taking place. Hence, the torque (from equation

2) is given by

Te = 32 P2 ﬂvdre iqre

The q -axis rotor flux is given by (refer Lecture 19)
iqre = L|r iqre + Lm (iqse +iqre)

Since, 44¢=0, the ¢ -axis rotor current is given by

Combining equations 13 and 15 gives

3PL

T m ﬂeie

e 22L dr gs
The d -axis rotor flux is given by (refer Lecture 19)

- D . .
A =L lgr + Lm('ds Har )

The equation 7 gives ie =0, hence equation 17 can be written as

dr
2 =LIi°

dr mds

(13)

(14)

(15)

(16)

(17)

(18)
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Together, equation 19 and equation 21 suggest the generic rotor flux oriented control
shown in Figure 2.

DC
Inverter IM
Source
i
abcs
Current
control
T * P
e qs
4er ,est Te
3PL qe
e m.est d
dar
jex
Aex 1 ds
dr
m, est

Figure 2: Generic Field Oriented Control (FOC) [1]

In Figure 2 the  variables of the form x*, xand x denote command, measured and

estimated values respectively. In case of parameters that are estimated, a subscript ’est”
is used. The working of the controller is as follows:

1 Basedon the torque command ( T.* ), the assumed values of the parameters and the
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~

estimated value of d -axis rotor flux A 4 is used to formulate a q -axis stator
current command igsS* .

[J  The d -axis stator current command igss* is calculated such as to achieve a rotor

flux command 45" (using equation 12).s
(1 The q-axis and d -axis stator current command is then achieved using a current

source control.

The above description of rotor flux oriented FOC is incomplete with determination of

A

Aars and 65 . The difference between direct and indirect FOC is in how these two
variables are determined.
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Direct Rotor Oriented FOC

In direct FOC, the position of the synchronous reference frame (4. ) is determined based
on the values of q -axis and d -axis rotor flux linkages in the stationary reference frame.

The relation of flux linkages in synchronous reference frame and stationary reference
frame is

(el cosd —sing [ 4s|

L ol L
where (29)

Jqr® is the rotorg-axis flux linkage in stationary frame of reference

Jgr® is the rotord -axis flux linkage in stationary frame of reference

In order to achieve Aqe = 0, it is sufficient to define the position of the synchronous
reference frame as

(% \ =

qr

0 =tant| — — (20)
e | A 2

K dr]

The difficulty with this approach is that Aqrs and Aqrs are not directly measurable quantities.

However, they can be estimated using direct measurement of air gap flux. To measure the
air gap flux, hall-effect sensors are placed in the air gap and used to measure the air-gap
flux in g -axis and d -axis. Since the hall-effect sensors are stationary, the flux measured
by them is in stationary reference frame. The flux measured by the sensors is the net flux
in the air gap (combination of stator and rotor flux). The net flux in the air gap is given
by:

Agm’ = Lm (iqsS +igr )

where (22)
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Ln is the magnetization inductance
From equation 21, the rotor q -axis current is obtained as
s —Li°

qm m gs

R (22)
Lm

The q-axis rotor flux linkage is given by

(23)
ﬂ/qrs = L|r iqu + Lm (iqss +iqrs )
Substituting the rotor q -axis current from equation 22 into equation 23 gives
A8 = I—Ir 28 —Lis
(24)
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An identical derivation for d -axis gives

L

/Idrs = |_Ir /1de - I—Ir idss (25) m

The implementation of this control strategy is shown in Figure 3a and b.

s rrest
2
gm
m, est
e
qr
1
s 1 2 2
L
as Ir est “ar ~ Jar “ar
y rrfcs+1
a 1
~S !
5 ) 4
i L iy —
ds Ir ,est rrfcs+1 angle /tqr J/Ldr + 2
e
dar
s rr ,est
2
L
dm m, est
Figure 3a: Rotor flux calculation in Direct FOC [1]
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Adr

DC
Inverter
Source
Current
control
jex
qs
4L T*
I est e
3PL Je
m.est dr
jex
m , est

'abcs

Ks

dr

Figure 3b: Control strategy for Direct FOC [1]

qdm

Rotor flux

calculator
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Indirect Rotor Oriented FOC

The direct FOC is problematic and expensive due to use of hall-effect sensors. Hence,
indirect FOC methods are gaining considerable interest. The indirect FOC methods are

more sensitive to knowledge of the machine parameters but do not require direct sensing
of the rotor flux linkages.

The g -axis rotor voltage equation in synchronous frame is

0 = rr iqre + ( a)e - a)r )idre + p/lqre (26)
Since % =0 for direct field oriented control, equation 26 becomes

qr
O=r iqre + ( e —a)r);tdre

iy (27)

So=0-I j

Substituting the values of igre and Aq/° from equation 15 and 18 respectively into equation

] gives

D=0 +— (28)

From equation 28 it can be observed that instead of establishing é. using the rotor flux as

shown in Figure 3, it can be determined by integrating « given by equation 28 where

iS given as:
ri
= 60-i-_LI (29)
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Ir ds

The equation 29 does satisfy the conditions of FOC. In order to check it, consider the
rotor voltage equations for the g -axis and d -axis:

0=rpig’ + ( W — O )ﬂ«dre"‘ pAgr® (30)
O=rpig’ + ( W — O )/1qre+ pﬁdre (31)

Substituting @ from equation 29 into equations 30 and 31 gives

v (32)
O=ri’+ A% +pat
e
Ir ds
i ®)
0=ri®+___ Je+pA°
rdr L e qr it

Page 64 of 65

290




Substituting the value of d -axis rotor flux from equations 17 into equation 33 gives

(iqre -Ly iqse* \ r iqse*

e*

0=r e+ ' +Li

—_— — Li®

+pA°

qr e ( Irar mas ) ar

ok

'
) [ . e*
O=rrigr —— =4 + p(LIr lgr + L lds )

L I

Ir ds

If the d -axis rotor current is held constant, then
and 35 gives

r \qse
p/l e - ﬂe -r Ie
qr L qr rjex
Ir ds
r r i
pi® =— e + Je
dr L dr Lilr ie* &
Ir ds

(34)

(35)

piar™ = 0 and rearranging equations 34

(36)

@37

The solution of equations 37 and 38 will decay to zero (same argument as used for
equation 12), hence Aq® and ig® will eventually become zero. In Figure 4 the
implementation of indirect FOC is shown and it is much simpler than the direct FOC.

DC

Inverter
Source

wr
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71" 16"
Current i
abcs
control
fex
Qs
T * 4er est Te
'e
e 3PLm.est Adr .[
Reset
N
| ¥ r
e 1 () N rest ax e
j'dr T +
L
m, est D D rr ,est
Figure 4: Indirect FOC [1]
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Module 6: A.C. Electrical Machines for Hybrid and
Electric Vehicles

Lecture 17: Induction motors, their configurations and
optimization for HEV/EVs

Fundamentals of Electrical Machines

Introduction

The topics covered in this chapter are as follows:

o. Electrical Machines in EVsand HEVs

€. Physical Concepts of Torque production

v. Why Should the Number of Poles on Stator Equal to the Number of Poles on
Rotor

€. How Continuous Torque is Produced by a Motor

ao. Rotating Magnetic Field

BB. How to Create the Second Magnetic Field

1y - Electrical and Mechanical Angle
Electrical Machines in EVs and HEVs
Vehicle propulsion has specific requirements that distinguish stationary and onboard
motors. Every kilogram onboard the vehicle represents an increase in structural load. This

increase structural load results in lower efficiency due to increase in the friction that the

vehicle has to overcome. Higher efficiency is equivalent to a reduction in energy demand
and hence, reduced battery weight.
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The fundamental requirement for traction motors used in EVs is to generate
propulsion torque over a wide speed range. These motors have intrinsically neither
nominal speed nor nominal power. The power rating mentioned in the catalog and on the
name plate of the motor corresponds to the maximum power that the drive can deliver.
Two most commonly used motors in EV propulsion are Permanent Magnet (PM) Motors
and Induction Motors (IM). These two motors will be investigated in detalil in the coming
lectures. However, before going into the details of these machines some basic
fundamentals of electrical machines, such as torque production, are discussed in this
chapter.
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Physical Concepts of Torque Production

In Figure la a stator with 2 poles and a cylindrical rotor with a coil are shown. When
only the stator coils are energized, stator magnetic flux is set up as shown in Figure 1la.
The magnetic field for case when only the rotor coil is energized is shown in Figure 1b.
In case when both the stator and rotor coils are energized, the magnetic resultant
magnetic field is shown in Figure 1c. Since in this case the magnetic flux lines behave
like stretched band, the rotor conductor experiences a torque in the direction shown in
Figure 1c. From Figure 1c it can be seen that the stator S pole attracts the rotor N pole
and repels the rotor S pole, resulting in clockwise torque. Similarly stator N pole attracts
rotor S pole and repels rotor N pole, resulting again in clockwise torque.

Stator

Figure 1a: Magnetic field when only stator is e
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Rotor

Figure 1b: Magnetic field when only rotor is energised

Stator

Figure 1c: Magnetic field when both stator and rotor are

energised
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The total torque is shown in Figure 1c. This torque is developed due to the interaction of
stator and rotor magnetic fields and hence is known as interaction torque or
electromagnetic torque. The magnitude of the electromagnetic torque ( Tem ) OF
interaction torque is given by

Tem oc (H's )(Hr )sin & (1)
where

Hs is the magnetic field created by current in the stator winding

Hr is the magnetic field created by current in the rotor winding

e is the angle between stator and rotor magnetic field

Another configuration of the motor, with the flux lines, is shown in Figure 2a. Since the
magnetic flux has a tendency to follow a minimum reluctance path or has a tendency to
shorten its flux path, the rotor experiences an anti-clockwise torque. From Figure 2a it
can be seen that the flux lines will have a tendency to align the rotor so that the reluctance
encountered by them is reduced. The least reluctance position of the rotor is shown in

Figure 2b.
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Figure 22xJagnetis~Jeld_when rotor—efis is gligfied with Figure 2b: neticreld when rotoraxs is ngiAligned with

To realign the rotor from the position shown in Figure 2a to position shown in Figure
2b, a torque is exerted by the flux lines on the rotor. This torque is known as the
reluctance or alignment torque.
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Why Should the Number of Poles on Stator Equal to the Number of Poles on Rotor?

In the previous section it has been shown that to produce electromagnetic torque, the
magnetic field produced by the stator has to interact with the magnetic field produced by
the rotor. However, if the number of poles producing the stator magnetic field is not
equal to the number of rotor poles producing the rotor magnetic field, then the net
torque produced by the motor will be zero. This is illustrated by the motor configuration
shown in Figure 3. In this motor the stator has two poles (N s, Ss) and the rotor has four

poles (N,1,Sr1,Ny2,S 2). The angle between the stator poles is 180° and the angle

between the rotor poles is 90°. From the arrangement shown in Figure 3 it can be seen

that the angle between N,; and N is equal to the angle between N; , and S . Hence, a
repulsive force exists between Ny and Ns in clockwise direction and an attractive force
exists between N; , and S in the anticlockwise direction. Both, the attractive and repulsive
forces are of same magnitude and the resultant of these forces is zero.

Rotor
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Stator

Figure 3: Configuration of a motor with unequal number of stator and rotor poles

Now consider the pole pairs ( Ns, Sy 2 ) and ( Ss, Sr1 ), the angle between the pole pairs is
same. Hence, the force of attraction between Ns and S; , is same as the force of repulsion
between Sg and Sy, and thus, the resultant force acting on the rotor is zero. Therefore, in

this case no electromagnetic torque is developed.
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From the above discussion it can be seen that the resultant electromagnetic torque
developed due to two stator poles and 4 rotor poles is zero. This leads to the conclusion

that in all rotating electric machines, the number of rotor poles should be equal to
number of stator poles for electromagnetic torque to be produced.

How Continuous Torque is Produced by a Motor

In the previous section it has been seen that to produce electromagnetic torque, following
two conditions have to be satisfied:

o Both stator and rotor must produce magnetic field

8 The number of magnetic poles producing the stator magnetic field must be same

as the number of magnetic poles producing the rotor magnetic field.

Now an important question that arises is how to create continuous magnetic torque? To
produce continuous torque the magnetic field of the stator should rotate continuously. As
a result, the rotor’s magnetic field will chase the stator’s magnetic field and this result in
production of continuous torque. This phenomenon is illustrated in Figures 4a-4d. In
Figure 4 a two pole machine is depicted and the rotors magnetic field is created by the
permanent magnets. It is assumed that the stator’s magnetic field rotates at a speed of 60
revolutions per minute (60 rpm) which is equivalent 1 revolution per second (1rps). To
start the analysis it is assumed that at time t = 0 , the stator’s magnetic field axis aligns
itself with the x — axis and the rotor’s magnetic field axis makes an angle & with the
stator’s magnetic axis (Figure 4a). At time t = 0.25s , the stator’s magnetic field moves by

90° and the rotor’s magnetic field chases the stator’s field and aligns as shown in Figure
4b. Similarly the locations of the magnetic field axis at time t = 0.5s and t = 0.75s are

shown in Figures 4c and Figure 4d.

From the above discussion and observing Figure 4 the following conclusions can be
drawn:

Y The rotor’s magnetic field chases the stator’s magnetic field.
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T The angle ( 5) between the stator’s magnetic axis and the rotor’s magnetic axis
remains constant. Hence, the rotor’s speed of rotation is same as that of the
stator’s magnetic field.
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However, an important question that still remains unanswered is How to create a rotating
magnetic field?

o X—la X - X
Nr >
Ns
Figure 4a: Stator’s magnetic field at time { = 0 Figure 4b: Stator’s magnetic field at time { = 0.25
y —axis y —axis
Ns
Nr
Sy
5
S
S N S
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Figure 4c: Stator’s magnetic field at time t = 0.5

X —axis

Figure 4d: Stator’s magnetic field at time t =0.75

X — axis
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Rotating Magnetic Field

To understand the rotations of magnetic field consider a 2-pole 3-phase stator as shown in
Figure 5a. The three phase windings a, b and ¢ are represented by three coils aa’ , bb’ and
cc’ . A current in phase a winding establishes magnetic flux directed along the magnetic
axis of coil aa’ . Similarly, the currents in phase b and ¢ windings will create fluxes
directed along the magnetic axes of coils bb’ and cc’ respectively. The three phase currents
flowing the winding is shown in Figure 5a. At time instant 1, the currents of each phase
are

where (2

Im = maximum value of the current

Since, i, and ic are negative, crosses must be shown in coil-sides b’ and ¢’ and dots in the
coil sides b and c¢ .The right hand thumb rule gives the flux distribution as shown in
Figure 5b. In Figure 5b and the following figures, the thicker line indicates higher
magnitude to flux. The

At instant 2, the currents are

i = = 1 =-l (3)

The magnetic flux distribution created by the currents at instant 2 is shown in Figure 5c.
Eventually at instant 3, the currents are
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The magnetic flux distribution created by the phase currents given by equation 4 is
shown in Figure 5d. From Figure 5b to 5c¢ it can be seen that the 2 poles produced by the

resultant flux are seen to have turned 60°. At other instants of time, i.e. as time elapses,

the two poles rotate further. In this manner a rotating magnetic field is produced. The
space angle traversed by a rotating flux is equal to the time angle traversed by currents.

After having discussed the production of rotating magnetic field, an important issue that
still remains unresolved is: How to create the second magnetic field that will follow the

rotating magnetic field created by the stator? This question is answered in following

%
XD

60° 60°

Instant 1 Instant 2Instant 3
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Figure 5¢c: Magnetic flux at instant 2

b!

Figure 5d: Magnetic flux atinstant 3

Page 8 of 65

308




How to Create the Second Magnetic Field

From equation 1 it can be seen that to produce torque two magnetic fields are required.
The rotating magnetic field created by the stator has been discussed in the previous
section and this section deals with the generation of rotor magnetic field. There are
multiple ways to produce the rotor magnetic field namely:

o Having windings on the rotor and exciting then with dc current to produce
magnetic field (known as Synchronous Machines).

o Having permanent magnets on the rotor to produce the rotor magnetic field
(known as Permanent Magnet Synchronous Machines).

o Utilize the Faradays law of induction to induce electromotive force (e.m.f) in the
rotor coils. The induced e.m.f will result in flow of current through the rotor
conductors and these currents will produce a magnetic field. These machines are
known as Induction Machines or asynchronous machines.

Synchronous Machines

The general configuration of synchronous machine is shown in Figure 6. It can be seen
from Figure 6 that the rotor has a coil (denoted by a dot and a cross) and through this coil
a dc current flows. Due to this dc current a pair of magnetic poles is created. The stator
windings also create two magnetic fields that rotate with time and hence, the rotor’s
magnetic poles chase the stator’s magnetic field and in the process electromagnetic
torque is produced. The speed of rotation of rotor depends on the speed with which the
stator’s field rotates and hence, these machines are known as synchronous machine.
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Permanent Magnet Synchronous Machines (PMSM)

In case of PMSM, the rotor field is created by permanent magnets rather than dc current

passing through a coil (Figure 7). The principle of operation of PMSM is same as that of
synchronous machine.

b’ b’
’ !
C c S
a a
Figure 6: Synchronous machine Figure 7: Permanent Magnet Synchronous machine

Induction Machine (IM)

Like synchronous machine, the stator winding of an induction machine is excited with
alternating currents. In contrast to a synchronous machine in which a field winding on the
rotor is excited with dc current, alternating currents flow in the rotor windings of an
induction machine. In IM, alternating currents are applied to the stator windings and the
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rotor currents are produced by induction. The details of the working of the IMs are given
in the following lectures.

After having discussed the general features of the electrical machines, the question that
arises is: how to analyse the machines? The analysis of electrical machines becomes
simple by use of electrical equivalent circuits. The electrical equivalent circuits for the
machines are discussed in the next section. One last concept that is relevant to electrical

machines is principle of electrical and mechanical angle which is explained in the next
section.
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Electrical and Mechanical Angle

In Figure 8, it is assumed that the field winding is excited by a dc source and a coil
rotates in the air gap at a uniform angular speed. When the conductor is aligned along y -
y' axis, the e.m.f induced is zero. Along x — x'axis the induced e.m.f is maximum. In one
revolution of the coil, the e.m.f induced is shown in Figure 9. If the same coil rotates in a
4 pole machine (Figure 10), excited by a dc source, the variation in the magnetic flux
density and the induced e.m.f is shown in Figure 11. From Figure 11 it can be seen that
in one revolution of 360 mechanical degrees, 2 cycles of e.m.f (720 electrical degrees)
are induced. The 720 electrical degrees in a 4 pole machine can be related to 360
mechanical degrees as follows

4
720 electrical degrees = »  x(360 mechanical degrees)

Q)

elec mech

h

» " 0 60 120 180N\ 240 00 /360

Rotor Angle [°]
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Figure 8: Atwo pole machine

Figure 9: Induced em.f in the rotor coils of a two pole machine
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N A

0 60 \ 120 180 240 \ 300 360

—~ Rotor Angle [°]

Figure 10: Afour polemachine

Figurell: Induced e.m.f in the rotor coils of a four pole machine

For a P-pole machine, P/2 cycles of e.m.f will be generated in one revolution. Thus, for a
P pole machine

P

" elec 2 mech

GHelec P d(jmech
=_ 6
R ©)
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o) o =P_w
— elec 2 mech

In a 4 pole, in one revolution 2 cycles of e.m.f are generated. Hence, for a P pole
machine, in one revolution P/2 cycles are generated. For a P-pole machine, in one
revolution per second, P/2 cycles per second of e.m.f will be generated. Hence, for a P

P
pole machine, in n revolutions per second —xn cycles/second are generated. The

2

quantity cycles/second is the frequency f of the generated e.m.f. Hence,

P PN
9) = 2xnHertz=f=120  Hertz

where @)

N = the speed in rpm
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Lecture 18: Induction motor drives, their control and

applications in EV/HEVs

Induction Motor for EV and HEV Application
Introduction

The topics covered in this chapter are as follows:

T Traction Motors
Y Principle of Operation of Induction Motor (Mathematical Treatment)

¢ Principle of Operation of Induction Motor (Graphical Treatment)

o

Fluxes and MMF in Induction Motor

Rotor Action

[1]

Y Rotor e.m.fand Equivalent Circuit
Z Complete Equivalent Circuit
AASimplification of Equivalent Circuit
BB Analysis of Equivalent Circuit
XXThevenin’s Equivalent Circuit

Principles of Operation of Induction Motor (Mathematical Treatment)

In Figure 1 a cross section of the stator of a three phase, two pole induction motor is
shown. The stator consists of three blocks of iron spaced at 120° apart. The three coils are
connected in Y and energized from a three phase system. When the stator windings are
energized from a three phase system, the currents in the coils reach their maximum
values at different instants. Since the three currents are displaced from each other by 120°
electrical, their respective flux contributions will also be displaced by 120° electrical. Let
a balanced three phase current be applied to the stator with the phase sequence A-B-C
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I A= 1mcosat

( 27 )
g =Imcos|at — ‘
\ 3)
( 4r )
lc =Incos|h —— |
\ 3)
The instantaneous flux produced by the stator will hence be
¢ A=¢m COSak
( 27)
s = g cos | ——— ‘
\ 3)
( 4z )
dc =gncos|ah —— |
\ 3)
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The resultant flux at an angle 6 from the axis of phase A is

2r 4dr
g = Pa c0s(0) + ¢ COS(6— —) + ¢ cOS(0——) 3)
3 3

Substituting equation 2 into equation 3 gives

27 27 An dr
¢=¢ cos(d)cos(wt)+¢ cos(@-__ )cos(wt-__)+ ¢cos(@—__) cos(at —__ )
T A B c
3 3 3 3
(4)
3
= ¢=_¢ cos(O—ak)
T 2 m
From equation 4 it can be seen that the resultant flux has amplitude of 1.5 ¢, ,is a

sinusoidal function of angle ¢ and rotates in synchronism with the supply frequency.

Hence, it is called a rotating field.

——

0

Axis Phase A
Phase A

Rotor

Phase B

-

Phase C
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Figure 1: Cross section of a simple induction motor
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Principles of Operation of Induction Motor (Graphical Treatment)

Let the synchronous frequency @ be lrad/sec. Hence, the spatial distribution of resultant
flux at t=0Osec, t=60sec, t=120sec, t=180 sec, t=240sec and t=300sec and are shown in

Figure 2. The explanation of the flux creation is as follows

1 Att=0, phase A is a maximum north pole, while phase B and phase C are weak

south poles, Figure (2a).

¢ Att=60, phase Cis a strong south pole, while phase B and phase A are weak

north poles Figure (2b).

K At t=120, phase B is a strong north pole, while phase A and phase C are weak

south poles Figure (2c).

A At t=180, phase A is a strong south pole, while phase B and phase C are weak

north poles Figure (2a).

u At t=240, phase C is astrong north pole, while phase A and phase B are weak

south poles Figure (2e).

v At t=300, phase B is s strong south pole, while phase C and phase A are weak

north poles Figure (2f).

¢m Phads, A N /
T T T T »
Angle around the
periphery ofmotor

0 60 120 180 240 300 360

Phase B Phase C

om

t=0 S

Figure 2a: Magnetic poles position at t=0

Phase B N

60 120 180 240 300

S Phase C

Figure 2b: Magnetic poles position at t=60

N

Phase B Phase C

360
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Angle around the
periphery ofmotor

0 66 120 180 240 360 366

Phase C
Phase

Figure 2c: Magnetic poles position at t=120

Angle around the

periphery of motor

66 126 186 240 308 366

0/ yA/
t=120

T

Figure 2d: Magneticp_oles position att=180
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N \
: . 5 >
Phase C\

v

Phase C
Phase A

Angle around the Angle around the

periphery of motor periphery of motor
T 660 126 186 246 366 366 15} 60 126 186 246 366 366

Phase A Phase B
S
S Phase B
t=240 t=300
Figure 2e: Magnetic poles position at t=240 Figure 2f: Magnetic poles position at t=300

Fluxes and MMF in Induction Motor

Although the flux generated by each coil is only alternating flux, the combined flux
contributions of the three coils, carrying current at appropriate sequential phase angles,
produces a two pole rotating flux. The rotating flux produced by three phase currents in
the stationary coils, may be linked to the rotating field produced by a magnet sweeping
around the rotor (Figure 3a). The rotating field cuts the rotor bars in its anti clockwise
sweep around the rotor. According to Lenz’s law, the voltage, current and flux generated
by the relative motion between a conductor and a magnetic field will be in a direction to
oppose the relative motion. From Figure 3a it can be seen that the bars a and b are just
under the pole centers and have maximum electromotive force (e.m.f) generated in them
and this is indicated by large cross and dots. The bars away from the pole centers have
reduced magnitude of generated e.m.fs and these are indicated by varying sizes of dots
and crosses. If the rotor circuit is assumed purely resistive, then current in any bar is in
phase with the e.m.f generated in that bar (Figure 3a). The existence of currents in the
rotor circuit gives rise to rotor mmf F, , which lags behind airgap flux 4, by a space angle
of 90°. The rotor mmf causes the appearance two poles N, and S, .The relative speed
between the poles N; , S; and the rotor poles N, , S, is zero. Rotating pole N; repels N, but
attracts S, . Consequently the electromagnetic torque developed by the interaction of the
airgap flux #, and the rotor mmf F, is in the same direction as that of the rotating
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magnetic field (Figure 3b). The space phase angle between F, and ¢, is called the load
angle and for this case it is 90° (Figure 3b). The torque produce is given by

n

Te=kgFasin(—) = kgF2 %)
2

Page 17 of 65

326




Rotating Airgap Flux Rotating Airgap Flux

N2

Figure 3a: Rotating airgap flux Figure 3b: Rotor and Stator fields

In actual machine, the rotor bars are embedded in the iron, hence the rotor circuit has
leakage reactance. Thus the rotor current in each bar lags behind the generated e.m.f in
that bar by rotor power factor angle:

X2

&=tan!— (6)

)

From Figure 4 it is seen that bars a and b under the poles have a maximum generated e.m.fs.
On account of the rotor reactance ( x2 ), the currents in these bars will be maximum only

when the poles N:, S: have traveled through an angle & (Figure 4). The rotor current

generates rotor mmf F; is space displaced from the air gap flux ¢, by a load angleé, + 712

. The torque produced by the motor in this situation is
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Te=kgFysin(—+6)
2
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. . . /4
Greater the value of x2 , greater is the departure of load angle from its optimal value of —2

and lesser is the torque. To generate a high starting torque, & should be made as small

as possible and this is done by increasing rotor resistance r; .

Axisof stator field

N1 Nil

/ Axis of rotor field

Figure 4: Axis of rotor and stator fields in case of rotor with inductance

Rotor Action

At standstill, rotor conductors are being cut by rotating flux wave at synchronous speed ns
. Hence, the frequency f, of the rotor e.m.f and current is equal to the input voltage
frequency f; . When the rotor rotates at a speed of n, rotations per second (r.p.s) in the
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direction of rotating flux wave, the relative speed between

and rotor conductors becomes ( ns-n;) r.p.s, i.e.,

P(ns—n;)

fp=——
2

where P is the number of poles of the machine

Hence, the slip of the machine is defined as

Ns — Ny
S =

Ns

Thus, the rotor frequency is defined as

P x s xng
=sfy

fo=

synchronously rotating flux

(8)

(9)

(10)
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At standstill the rotor frequency is  f; and the field produced by rotor currents revolves at

aspeedequal to  2f w.r.t. rotor structure. When the rotor rotates at a speed of nr,
P

the rotor frequency s sfyand the rotor produced field revolves at a speed of
2(sf) . :
1”7 P=snsW.r.t. rotor structure. The rotor is already rotating at a speed of n, w.r.t.

stator. Hence, the speed of rotor field w.r.t. to stator is equal to the sum of mechanical
rotor speed nr and rotor field speed sns w.r.t. rotor. Hence, the speed of the rotor field
with respect to stator is given by

Nr+Sns =Nns (1- S ) + SNs =ns I.p.S (12)

The stator and rotor fields are stationary with respect to each other at all possible rotor
speeds. Hence, a steady torque is produced by their interaction. The rotor of an induction
motor can never attain synchronous speed. If does so then the rotor conductors will be
stationary w.r.t. the synchronously rotating rotor conductors and hence, rotor m.m.f.
would be zero.

Rotor e.m.fand Equivalent Circuit

Let the rotor e.m.f. at standstill be E, . When the rotor speed is 0.4ns , the slip is 0.6 and
the relative speed between rotating field and rotor conductors is 0.6ns . Hence, the induced
e.m.f., per phase, in the rotor is

=
0.6 ne— = 0.6E; (12)
n

S

In general, for any value of slip s, the per phase induced e.m.fin the rotor conductors
is equal to sE, . The other quantities of the rotor are given as
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The rotor leakage reactance at standstill is x2 = 2zf1 L2 The

(13a)
rotor leakage reactance at any slip sis 2zsf1 L2 = sx2Q
h (13b)
The rotor leakage impedance at standstill is ¥ 17+ x?
2 2
(13c)
At any slip srotor leakage impedance is  r2 + (sx )?
2 2 (13d)
E2
The per phase rotor current at standstill is,/ (13e)
rig x2
, 2 2
=) I:2
The per phase rotor current at any slip sis = (13f)
+(sxe )2 (1 )2 2

]

V

jks)
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Based on equation 13f the equivalent circuit of the rotor is shown in Figure 5.

X2
Y Y Y ¥
'y —_—
| r
2 2

'l
N

Figure 5: Equivalent circuit of rotor

Complete Equivalent Circuit

The rotating air gap flux generates back e.m.f. ( E; ) in all the three phases of the stator.
The stator applied terminal voltage Vv; has to overcome back e.m.f. E; and the stator
leakage impedance drop:

Vi=E1+ 1 (r1+jx1) (14)

The stator current I; consists of following two components, | and Iy . The component I’

is the load component and counteracts the rotor m.m.f. The other component I,
creates the resultant air gap flux #  and provides the core loss. This current can be
resolved into two components: | in phase with g and | lagging E by 90°. In the

c 1 4 1

equivalent circuit of the stator shown in Figure 6, I, and I, are taken into account by a
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parallel branch, consisting of core-loss resistance R in parallel to magnetizing reactance

Xy

r X]_ X2,

Wi,

Figure 6: Equivalent circuit of stator
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The rotor e.m.f. E, when referred to stator becomes
E
E= N,
1 N° 1 (15) 2
where N; and N, are number of turns in the stator and rotor respectively

The rotor leakage impedance when referred to the stator is

(1 YNV
Z =l— + X — | =— +jx
Ls ANz ) s
where (16)
(N")? (N,
r,;
H=l— | x=l—1 x
\ Nz’) K Nz’)

After referred the rotor quantities towards stator, the combined equivalent circuit of the
machine is shown in Figure 7. For simplicity the prime notations will not be used in the
further discussions and all the rotor quantities henceforth will be referred to the stator
side. Moreover, all the quantities are at stator frequency.

ri X X'

1 2

’ i
‘—A/\/\,—«er Y — o .
EZ 3X "
Y Rey © I
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bobiy

Figure 7: Complete equivalent circuit of Induction Motor
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Simplification Equivalent Circuit

The use of exact equivalent circuit is laborious; hence some simplifications are done in
the equivalent circuit. Under normal operating conditions of constant voltage and
frequency, core loss in induction motors is usually constant. Hence, the core loss
component can be omitted from the equivalent circuit, Figure 8. However, to determine
the shaft power, the constant core loss must be taken into account along with friction,
windage and stray load losses. It should be noted that all the quantities used in the
equivalent circuit are per phase quantities. Steady state performance parameters of the
induction motor, such as current, speed, torque, losses etc. can be computed from the
equivalent circuit shown in Figure 8.

r X1 X2'

2
i1

Y YY) f ,
FW"*—- - — :
v X —

Figure 8: Simplified equivalent circuit of Induction Motor

Analysis of Equivalent Circuit

The total power transferred across the air gap ( Py ) from the stator is

(r)

Pgap =n phi22| — |
\s)/
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(2 2 (1—8“

=" onl "2+ I (17)
\ \ s/
where nph is the number of phases
Hence, the rotor Ohmic loses and the internal mechanical power are given as
i2r
P =n =n sP (18)
rotor o2 2 t gap
(1-5)
meh = i 12| | (19)
Us J

The internal (gross or air gap or the electromagnetic torque) torque developed per phase
IS given by

P (]. ) )Pgap Pgap

a [(-Yos o (20)

where ax is the rotor speed and s is the synchronous speed
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The output or the shaft power is
Pshaft = Pmech — Mechanical losses
or (21)

Pshaft = Pgap — Rotor Ohmic losses — Mechanical losses

Thevenin’s Equivalent Circuit of Induction Motor

When the torque-slip or power-slip characteristics are required, application of Thevenin’s
theorem to the induction motor equivalent circuit reduces the computation complexity.
For applying Thevenin’s theorem to the equivalent circuit shown in Figure 8, two points
a, b are considered as shown in Figure 9. From these points the voltage source V; is
viewed and the equivalent voltage at point a and b is

Vi (jXc)

“=R (22)
1+j(X1+Xe¢)

The equivalent impedance of the circuit as seen from points a and b is

—(Ri+jX1)(jX¢c)
z (23)

eq

R
(X 1+ Xe)

For most induction motors ( X 1 + Xc ) is much greater than R; . Hence, Ry can be
neglected from the denominator of equation 22 and equation 23. The simplified
expression for Veq and Ze, are

Vi (jX¢) V X

\

eq — =X (24)
j(Xl-I—Xc) 1+ X
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eq eq €q
X1+Xce X1+X¢
From the Thevenin’s equivalent circuit, the rotor current can be determined as

v
€q

| = (26)
2 ( r\

| Reg +—7 |+j(Xeq+X2)

\ s)
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The airgap torque produced by the motor is

ph Veq2 r
Te = [ Iy )'s
e ) (Xaex)
\ s )
K
t Y]
=( r \2 2;
‘Req +_| + X
\ s)
where
nv?
ph eq
K = and X=X +X
t 2 eq
7]

(27)

A typical torque versus slip curve for IM obtained from equation 27 is shown in Figure

10.

r X

V1

»Q 0

ol
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Figure 9: Thevenin’s equivalent circuit

160

140

120

100

| 80

60

0 0.2

0.4 0.6 0.8

slip

Figure 10: Torque vs. Slip curve of IM
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Lecture 19: Permanent magnet motors, their configurations and
optimization

Control of Induction Motors

Introduction

The topics covered in this chapter are as follows:

T Speed Control of Induction Motor

Y Constant Volts/Hz control

¢ Implementation of Constant VVolts/Hz Control

Q Steady State Analysis of IM with Constant Volts/Hz Control

Speed Control of Induction Motor (IM)

Speed control of IM is achieved in the inverter driven IM by means of variable

frequency. Besides the frequency, the applied voltage needs to be varied to keep the air
gap flux constant. The induced e.m.f in the stator winding of an ac machine is given by

E1 =4.44K wi¢m fsN1
where

kwa is the stator winding factor

(1)
¢m is the peak airgap flux

fs is the supply frequency

N1 is the number of turns per phase in the stator
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The stator applied terminal voltage Vi (Figure 1) has to overcome back e.m.f. E; and the
stator leakage impedance drop (refer Lecture 17):

Vi=Er+i1 (ri+jxt) )

r X1 X2'

vlevi

Figure 1: Equivalent circuit of IM
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If the stator impedance (r; + jx; ) is neglected, the induced e.m.f approximately equals the
supply phase voltage. Hence,

Vi=E1 3)

Substituting for E; from equation 1 into equation 2 gives the flux as

¢Vl

I

m Kbpfs

where (4)
kb =4.44k w1 N1 is the flux constant

Since the factor ky is constant, from equation 4 it can be seen that proportional the flux is

to the ratio between the supply voltage and frequency. Hence,

dn och oc Kyf
fs
()

where k v is the ration bewteenV1 and fs

From equation 5, it is seen that, to maintain the flux constant k. has to be maintained
constant. Hence, whenever the stator frequency ( fs ) is changed for speed control, the
stator input voltage (V1 ) has to be changed accordingly to maintain the airgap flux ( ¢, )
constant. A number of control strategies have been developed depending on how the
voltage to frequency ratio is implemented:

e Constant volts/Hz control
e Constant slip-speed control

e Constant air gap control
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e Vector Control

The constant volts/Hz strategy is explained in this lecture.

Page 28 of 65

348




Constant VVolts/Hz Control

The equation 2 is converted into per unit (p.u) as

Vi =E1+11(r1+jx1)

\ \Y

b b

= Vin=Ein+ l1n (rln +
jXin ) where

|
\/1 1n |b In

—_ —_—
1n 1n 1n

Vb Iy Vb

E jX ¢i¢ ja)s L¢i¢ ja)s |.¢i¢ ( }L¢Ya) \

w =—=——= - = — |

b b b b b ’Lb)kwb)
|
[y X b s 1s
1n 1n sn
Vv V
b b
Vb = Aban

Vb is the base voltage

Ib is the base current

A is the flux linkage (flux linkage is rate of change of flux with repect to

time) Hence, equation 2 in p.u form is written as

Vin = Ein+i1n (rin +jXin)=iin rn+j@sn (Lln i1n + Agn )

where

Th

ma

gni
tud

of

the
inp
ut

vol
tag
e(

) is
giv
en
as
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(6)
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For a constant air gap flux linkages of 1pu, the pu applied voltage vs. p.u stator frequency
is shown in Figure 2. The values of ri, and x1, used to obtain the plot of Figure 2 are
0.03 and 0.05 pu respectively.

1.2

i1n=0.24

: / .

0.8

0.6

04

0.2

0 0.2 04 0.6 0.8 1 1.2

Stator frequency, s [pu]

Figure 2: PU stator phase voltage vs. pu stator frequency

From equation 8 it can be seen that the volts/Hz ratio needs to be adjusted in dependence
on the frequency, the air gap flux magnitude, the stator impedance and the magnitude of
the stator current. The relationship between the applied phase voltage and the frequency
IS written as
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Vin = Von+ Kvf fsn

From equation 8 the parametersVv, and k. is obtained as

Vv =11

on In 1n

Kvi = @sn (/1¢n + Lini1n )

()

(10)
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The parameter V, is the offset voltage required to overcome the stator resistive drop. In

case the IM is fed by a DC-AC converter, the fundamental r.m.s phase voltage for 180°
conduction is given by (refer Lecture 15):

v v
as 2 [
V= = =045V
1 " - dc
2 T2
where (12)

V
dc is the input dc voltage to DC-AC converter

The éajatior}/zl can be written in pu form as
v

1

Vo= =045V (12)

1n den

Vv

b

Substituting the value of Vv, into equation 9 gives
0.45Vden = Von + kvt fsn

Implementation of Constant Volts/Hz Control

The implementation of volts/Hz strategy is shown in Figure 3.

AC

V DC

=
cj :
<’
<% [~
(e
N

D(
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dc f*
k Tach
b o om
1
27
Limiter
PI Controller T ex o
sl
+
+
Wr

Figure 3: Closed loop induction motor drive with constant volts/Hz control strategy [1]
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The working of the closed loop control shown in Figure 3 is as follows:

[6]

[7]

[8]

Steady

The actual rotor speed ( e ) is compared with its desired value «* and the error is
passed through a P1 controller.
The output of the P1 controller is processed through a limiter to obtain the slip-

speed command & . The limiter ensures that «" is within the maximum allowable

sl sl

slip speed of the induction motor.

The slip speed command is added to electrical rotor speed « to obtain the stator

frequency command fi* .

The frequency command f;* is enforced in the inverter and the corresponding dc
link voltage (Vg ) is controlled through the DC-DC converter.

The offset voltage V;* is added to the voltage proportional to the frequency and

multiplied by kg to obtain the dc link voltage.

State Performance of IM with Constant Volts/Hz Control

The steady state performance of the constant-volts/Hz controlled induction motor is
computed by using the applied voltage given in equation 9. Using the equivalent circuit
of 1M, the following steps are taken to compute the steady state performance:

[11]
[12]
[13]
[14]
[15]

[16]

Start with a minimum stator frequency and a very small slip

Compute the magnetization, core-loss, rotor and stator phase current
Calculate the electromagnetic torque, power, copper and core losses
Calculate the input power factor and efficiency.

Increase the slip and go to step b unless maximum desired slip is reached.

Increase the stator frequency and go to step a unless maximum desired

frequency is reached.
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In Figure 4 the characteristics of volts/Hz control of an IM is shown. The parameters of

the IM are as follows:

Applied stator line to line voltage V|, =200V

Frequency of applied voltage fs = 50Hz

Rated Output Power Poy = 3kW

Stator resistance r; = 0.3Q

Stator leakage inductance L; = 0.001H

Rotor resistance r» =0.2Q

Rotor leakage inductance L, = 0.0015H

Efficiency =08

Power factor pf=0.85

Page 32 of 65

357




Connection of phases: Y

Based on the above parameters of the motor, the base quantities are determined as
follows:

Base speed apase =27fs =2x 7x 50 =314.16 rad /s

200
Basevoltage V. -v = =11547 V

bese ph

3

Base power P = Rated Output Power = 3000 W

base J_
Base current | = P =12.74 A
base
base
3xV
bse X 77 X pf vaase
Base Torque T = Pase = 3900 _ 955 Nm

base Chase 314.16

After having calculated the base values, the torque produced by the IM is calculated
using the following expression (equation 27 of Lecture 17):

\ ph Veq2 r

Te=aw [ Y 2 'S (13)
| R

eq +_‘+(Xeq+ Xz)

\ s )

The pu torque Te IS given by

T = (14)
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In order to obtain the curve shown in Figure 4, the torque is calculated for different
values of slip and frequency as described algorithm above. Using the constant volts/Hz
control, the IM can be operated up to rated frequency. However, if it is required to
operate the motor beyond rated speed then Flux weakening operation is used.

i -»-7'<F \\\ :Si
25 = /_..Z/wié -
™
\

/// \}\

15

0.5

Speedpu

Figure 4: Torque vs. Speed Curve for Constant volts/Hz control of IM
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From Figure 4 the following points can be observed:

e Asthe frequency of the stator input voltage increases, the maximum speed of
the motor increases.

e With increase in frequency, the maximum torque

. Vo =7itnrinis shown. It
produced by the motor also increases. oo

e The starting torque (torque at zero speed) does not vary
much with increase in frequency.

In Figure 5 the Torque vs. Speed curve for higher offset voltage
can be seen that using a higher offset voltage:

thestarting torquehas increased.

e the maximum torque produced by the motor at different frequencies is almost
constant.

Here the motor is operated at 10Hz between the rotor speeds @1 and ax 2 , at 20 Hz

between a , and « 3 and so on. With this operation constant torque is maintained almost
up to rated speed.

fs=10Hf = 20Hz fs = 30H: fs = 40Hz fo =50Hz

L
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rl r2 r3 r4 r5

Speedpu

Figure 5: Constant Torque vs. Speed Curve for Constant volts/Hz control of 1M
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Utilizing the second point, a constant torque can be obtained from starting condition up to
rated speed as shown in Figure 6.

3 f5=10Hz
f5=20Hz
25
. f=30Hz
2!...-"‘-.."‘1 —_— . = fs=40Hz
PP e 1 i N D N
1.5""; i}‘_,,.-r-"'":r x-f”' ' _ \\. \ —
=0 1\ N
il 1
\ \ \
\
1 \

0.5

Speed pu

Figure 6: Torque vs. Speed Curve for Constant volts/Hz control of IM at higher offset voltage

The power factor vs. slip, stator current vs. slip curves and torque vs. slip for constant
volts/Hz control are shown in Figure 7, 8 and 9 respectively. From Figures 7-9 the
following can be observed:

e As the slip increases (speed decreases) the power factor of the motor
decreases. It attains a maximum value at a small slip ( sy ) value and then
drops sharply.

362




e Asthe frequency increases the slop of the power factor between sy and unity
slip increases.

e For any given slip, the magnitude of the stator current increases as the
frequency increases. The magnitude of torque at a given slip also increases
with increase in slip with the exception of unity slip (starting condition).

fs=10Hz fs=20Hz
1.2
fs=30Hz fs=40Hz
fs=50Hz —
1 & )
0.8 .
06
0.4
0.2
0
0 0.2 0.4 0.6 0.8 1

Slip

Figure 7: Power factor vs. Slip Curve for Constant volts/Hz control of IM

Page 35 of 65

363




90

fs=10Hz

fs=30Hz

80

= fs=50Hz

70

60

50 -

40

30

20

10

0.2 0.4 0.6 0.8

Slip

Figure 8: Stator Current vs. Slip Curve for Constant volts/Hz control of IM
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0.5
3 fs=10Hz
fs=20Hz
0
25
fs=30Hz
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2 —fs=40Hz
—-—____%Slip __ fs=50hz
15 - T - To— T —— ESl

’_’./—’F-igyw'—"' gtrevs-Stip-Curvefor-ESpastant.\ Hzco

\ ;\\\\‘:\Q“\‘
\\x\ N\
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Lecture 20: Permanent magnet motor drives, their control and
applications in EV/HEVs

Modeling of Induction Motor
Introduction

The topics covered in this chapter are as follows:

Voltage Relations of Induction Motor

e Torque Equation in Machine Variables

e Equation of Transformation for Stator Variables
e Equation of Transformation for Rotor Variables

e Voltage and Torque Equations in Arbitrary Reference Frame Variables

Voltage Relations of Induction Motor

A 2 pole, 3 phase, Y connected symmetrical IM is shown in Figure 1. The stator windings
are identical with Ns number of turns and the resistance of each phase winding is rs . The
rotor windings, may be wound or forged as squirrel cage winding, can be approximated as

identical windings with equivalent turns Nr and resistance r. . The air gap

of IM is uniform and the stator and rotor windings are assumed to be sinusoidally
distributed. The sinusoidal distribution of the windings results in sinusoidal magnetic
field in the air gap.
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by axis

Cs

Cs axis

bs axis

as’
®
[
&
ar axis
br, as axig;
by &
=5
Cs'
asX
Cr axis

Figure 1: Two pole, 3 phase, wye-connected symmetrical induction motor

Since the windings are symmetric, the self inductances of stator windings are equal; that

IS

L

L

asas

asas bsbs cscs

=L +L
b ms
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where

)

s is the leakage inductance of phase Aor B or C of stator winding
L. is the stator magnetizing inductance

Lasas » Lbsbs » Lescs are the self inductances of stator phases

Similarly, the mutual inductances between the phases of the stator wind are same; that is

ahs fscs s 8 —_ ms (2)
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Based on the above discussion, the rotor self inductances and the mutual inductances
between the rotor phases are

arar brbr crer

L =L +L

arar Ir mr
where

(©)

L, is the leakage inductance of phase a of rotor
winding Ln, is the rotor magnetizing inductance
L =L =L =-1_L

arbr brcr crar _ 2 mr (4)

There exists mutual inductance between the stator and rotor windings. This mutual
inductance is not constant because as the rotor rotates, the angle between the stator and
rotor windings changes. Hence, the mutual inductance between the stator and rotor
windings can be expressed as:

La;ar :Lbsbr :Ltsc r= Lsr cos (‘9r )
( 27
Lasbr = Lbscr = Lcsar = LSr COS‘ Oy +— | (5)
. 3)
( 27
Lascr :Lbsar :Lcsbr = Lsr COS‘ Or - |
\ 3)
The voltage equations for the IM shown in Figure 1 are
. dA
vV =r1| + as
dt
an

V=I’I+ bs

dt

bs s bs
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Y =r|+ cs
s secs
dt
d Jar
v
T=Trlar + (t
. A
V =TIl +d ar
br rar
dt
. A
\' :I’I+d cr
o rer T
dt
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The equation 4 can be expressed in matrix form as

V=T
abs s abces
V_=ri_ +pi

abr r aber

ph

abcs

aber

where

(Vahcs )T =[Vas Vbﬁ Vcs]

(Vabcr )T Z[Var

be Ver ]
| U
|bs i ]

.
brler ]

(iabcs )T Z[i as
(iabcr )T :[iar

p=dt

In the above equation the subscript s refers to stator and r refers to rotor. For a
magnetically linear system, the flux linkages may be expressed as

Ml TS Bllise]

| | =l T Il \

L 7\‘abch L(Lsr)

(8)
Lr J L I aber J

The stator and rotor windings inductances consist of self and mutual inductances and is
represented as

|
| L +L

L +L
[ m! [ m 1
— L
| | -
1 1 "
L =l- L I 2
S ‘ 2 ms r | 2 mr
| 1 | 1 L +L
| L | L Is ms
1
L 2 L 2
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|
1]
Lot ©)
o |
2
|
1
+L —_L |
mr 2 mr ‘
|
L Llr+L ‘
e
[ ) )
VA T
| cos(0r) cos(0+ __)cos(6— __)
| 3 3
2r ' 1 (11)
L =L |cos(d —__)
st st r 27
cos(f ) cos(@ +__)
| 27[ r r
3 |
| cos(, +—) 27
L 3

cos(¢r -—— ) cos(6) |
3
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The expression of voltage equation becomes convenient if all the rotor variables are
referred to stator windings using the turns ratio:

Nr
"=
abcr abcr
Ns
N
Vi =__ Vv
ahor abcr
Ns
N
Al =_ 4
ahor abcr
Ns

The magnetizing and mutual inductances are associated with the same magnetic flux
path; hence,

(N )2 (N P
Lr'=|—\Lr;L|r'4 —
M) AN /
I 1 1 |
L' +L—L —L
2 2
| |
1 1
=|—_ L'  +L—L |
bol2 ms Ir m 2m |
| 1 1 |
—_L —LL’ +L
| e
L 2 2 J

(12)

13)
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LMl [ Ledl el

and using equation 14, the voltage equation (equation 7) can be written as

v [r+pL  pL | i (14
( abrs—l s s o ( ahcs—|
o ; b
\_Vabcrj LP(L'sr) rr'+pL'r_|_iabch
2
N
where r¢'<] * e
(15)

Torque Equation in Machine Variables

The conversion into machine variables can be done using the principle of magnetic

energy. In a machine, the stored magnetic energy is the sum of the self-inductance of
each winding. The energy stored due to stator winding is:

1
Ws =—(iabcs )T (Ls 'Lls |)iabc

2
where (16)
I is the identity matrix

Similarly, the energy stored due to rotor winding is

1
W =_(i aber )T (L'r -L'yel )i'abcr (17)

2
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The energy stored due to mutual inductance between the stator and rotor windings is

Wsr =(i abcs )T |-'sr i ’abcr (18)
Hence, the total energy stored in the magnetic circuit of the motor is
Wf = Ws‘l‘ Wsr +Wr

1 T . _ 1 T (19)
= L-LIi + L'’ +_ 7 L'-L"I ¥

2( abcs)( sk )abc (abcs) sr aber 2(abcr) ( ror )abcr

Since the magnetic circuit of the machine is assumed to be linear (the of B vs. H), the
stored energy in the magnetic fieldw; is equal to the co-energy W, . The electromagnetic
torque produced by the IM is given by

\2 )00y \2) 06 (20)
where & is the rotor angle at any given point of time.

Since the inductances L, L, L', L’arenot functions of@ andonly L’ is afunction of ¢
S kstlr r sr r

(equation 11), substituting the equation 19 into equation 21 gives

( P 0
Te =‘ — D(iabcs )T—[L’sr ]i’abcr (21)

\2) 06

Linear Transformations

From equation 6 it can be seen that in order to study the dynamic behaviour of IM, a set
of six equations have to be solved. If the number of equations to be solved is reduced, the
computational burden will be reduced. In order to reduce the number of equations linear
transformation is carried out. It is very common to use linear transformation to solve
problems and one of the most common examples of it is logarithm. The logarithms are
used to multiply or divide two numbers. Similarly, the Laplace transform is also a linear
transformation. It transforms the time-domain equations to s — domain equation and after
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manipulations, one again gets the required time-domain solution. The process of referring
secondary quantities to primary or primary to secondary in a transformer is also
equivalent to a linear transformation. It should be noted that the transformation from old
to new set of variables is carried out for simplifying the calculations.

Linear transformations in electrical machines are usually carried out to obtain new
equations which are fewer in number or are more easily solved. For example, a three
phase machine are more complicated because of the magnetic coupling amongst the three
phase windings as seen from equation 11, but this is not the case after the
transformation.
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Transformation from Three Phases to Two Phases (a, b,cto «, 5 0)

A symmetrical 2 pole, 3 phase winding on the rotor is represented by three coils A, B, C
each of N, turns and displaced by 120° is shown in Figure 2.

Figure 2: Asymmetrical 2 pole3phasewinding on the rotor Figure 3: A balanced 2phase winding of the rotor

Maximum values of mmfs F, , F, , F. are shown along their respective phase axes. The
combined effect of these three mmfs results in mmf of constant magnitude rotating at a
constant angular velocity depending on the poles and frequency. If the three currents in

the rotor are:

( 27 ( A7)

=Iycos| ot — | (22)

ia=1mcos(wt);ib =Imcos| @t — l; ic
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\ 3) \ 3)

3l m Ny

The currents given in equation 22 produce a mmf of constant magnitude rotating

with respect to three phase winding at the frequency of « . In Figure 3, a balanced two
phase winding is represented by two orthogonal coils « , s on the rotor. For the sake of
convenience the axes of phase A and « are taken to be coincident. The two phase currents
flowing in the winding is given by

( 7

=1 ncos(at); ip=1ncos| @t — — | (23)

Y
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I'm Nr

These two phase currents result in a mmf of constant magnitude rotating with

respect to the two phase windings at the frequency of the currents. The mmf of three
phase and two phase systems can be rendered equal in magnitude by making any one of
the following changes:

0 By changing the magnitude of the two phase currents

O By changing the number of turns of the two phase windings

0 By changing both the magnitude of currents and number of
turns In the following subsections each of the three cases are discussed.

Changing the magnitude of two phase currents

In this case the number of turns in the two phase winding is N, which is same as that of

the three phase windings. Hence, in order to have equal mmf, the new magnitude of the
current in the two phases must be determined. To obtain the new values of the two phase
currents the instantaneous three phase mmfs are resolved along the « axis shown in
Figure 3:

( 27 4z 1

igN ¢ ="a COSO0+ip COS— + ic COS— |N,= iu=ia ——(ib He ) (24)
\ 3 3) 2

Similarly, the resolving the three phase currents along the gaxis gives

( 27 A1) (3 3 )
iN = isino+i sin —+isin — N =i =[—i- —i | (25)
\ 3 3) k{ { )

For a balanced three phase system the sum of three currents is zero, that is

Using equation 26 into equation 24 gives
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i, =— g (27)
2

Substituting the values of iy, ip and i from equation 22 into equations 25 and 27 gives

3 3
iy =—Incos(wt); ig=—1msin(at) (28)
2 2
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From equation28 it can be seen that the magnitude of the two phase currents is 3/2 times
the magnitude of the three phase currents. Since the number of turns per phase is same in
both the three and two phase windings, the magnitude of phase e.m.fs of the two and
three phase windings would be equal. The power per phase of the two phase systemis 3/
2Vl and the power per phase of a three phase winding is VIn . However, the total power
produced by a two phase systemis (=2 -3/ 2 VI =3VIy) and that produced by a three
phase system is 3Vl, . Thus, the linear transformation is power invariant. The only
disadvantage is that the transformation of current and voltage will differ because of
presence of factor 3/2 in the current transformation. As factor 3/2 appears in current
transformation and not in voltage transformation, the per phase parameters of the two
phase and three phase machine will not be the same.

Changing the number of turns of two phase winding
If the number of turns of two phase winding is made 3/2 times that of the three phase

winding, then for equal mmfs the following relation between the two phase and three
phase currents holds:

3 ( 21 4z 3 1 3

N Cos04ib COS— +icC0S — M= —ipmia ——(ib +ic )7 = inia (29)
2 \ 3 3) 2 2 2

3 [ 2r 4r) 2( 3 3 )

i N =isin0+isin—_+isin_—_ N =i=_|—_i ——i | (30)

N |
' ' ‘ g A
2 \ 3 3) 302 2 )

Substituting the values of iy, iy and i from equation 22 into equations 29 and 30 gives

ig=1mcos (at);ig=1msin (at) (31)

Since, the number of turns in the two phase winding is 3/2 times that of three phase
winding, the per phase voltage of the two phase machine will be 3/2 times the per phase
voltage of the three phase systems. Hence,
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The power per phase in two phase system= 32 Vin

Total in two phase system= 3Vip,
The power per phase in three phase system= Vi,
Total in three phase system= 3Viy,

Here again the power invariance is obtained, but, as in the previous case, the
transformation of current and voltage will differ because of the factor 3/2 in the voltage

transformation. In this case the per phase parameters of the machine will be different for
two and three phase systems.
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Changing both the number of turns and magnitude of current of two phase winding

In this case both the magnitude of currents and number of turns of the two phase system
are changed to obtain identical transformation for voltage and current. To do so the

3
number of turns in the two phase winding is made /
winding. Then for equal m.m.f the following holds

j;. ( 27 4r )

TINC i cos0+10y COS +ic cos N
2 L 3 3)
2 ( 1 1) 3

=ig= — s ——ip—— . iy = —Incos(at)

\ﬁkzz/\ﬁ

(32)
s
_ ( 27 4r)
ZVNr
=1, sin 0 + iy Sin— +ic sin— .
L 3 3)
[ ) |ﬂ:
2( 3 31 ) 3
—0+—ip———ic | = ip= =l nsin(at)

\ﬁk{ {2) \ﬁ

Since the number of turns in the two phase winding is /

2 tirjg that of three phase

(33)

F

2 times that of three phase

\F
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3
winding, the voltage per phase of the two phase winding is ] 2 times that of the three

s

phase winding. Hence, the phase voltage and current of the two phase systemare

times that of three phase system. This results in identical transformations for both the
voltage and current and the per phase quantities of the machine, such as the impedance
per phase, will be same for two and three phase systems.

Hence, the transformation equations for converting three phase currents into two phase
currents, given by equations 32 and 33, can be expressed in matrix form as

1 -1 —17]i

il Z - _Ha—|
2 2
. L
N b (34)
Lsl 3] 3 3|
% 0 7 -7l
L 2 2
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The transformation matrix in equation 34 is singular and hence i, , i, and ic cannot be
obtained from i, , iz . The matrix can be made square matrix if a third equation of
constraint between i, , iy and ic is introduced. Since, the magnitude and direction of the
mmf produced by two and three phase systems are identical, the third current in terms of
ia , ip and ic should not produce any resultant air gap mmf. Hence, a zero sequence current
is introduced and it is given by

1

iy _(ia+ip+ic) (35)

7

Due to the fact that sum of three phase currents in a balanced system is zero (equation
26), the zero sequence current does not produce any rotating mmf. Using the equation 35
the matrix representation given in equation 34 can be written as

1
| — 121
|
.58
GARN (R B
2 3 R
lil = _‘0 _ __ el (36)
| # 3 2 s
L 1 1 \2|
— L I
| Z z
A

The transformation matrix now is non-singular and its inverse can be easily obtained.
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Transformation from Rotating Axes («, 4 0) to Stationary Axes (d,q,0)

In Figure 3, three phase and two phase windings are shown on the rotor and hence both g, g,0

the windings rotate at the same speed and in the same direction. Hence, both the two
phase and three phase windings are at rest with respect to each other.

In this section the transformation of rotating «,f 0quantities to stationary

quantities is carried out. When transformation is carried out from rotating to stationary
axes, the relative position of rotating axes varies with respect to stationary or fixed axes.
Hence, the transformation matrix must have coefficients that are functions of the relative
position of the moving « , g and fixed d , g axes. In Figure 4 the rotating « , g axes are
shown inside the circle and the stationary d , q axes are shown outside. The angle &
shown in Figure 4 is such that at time t =0, 6 = 0, that is, the «, B axis is aligned with
the d , g axis.
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Figure 4: The d and g axis on the rotor

Atanytime t, = o t ,where « is the angular speed of the rotor. Assuming same d,

number of turns in the «, g andq windings, the mmfs F,and Fzcan be resolved along
the d , g axis as

Fg =F 008 8y +Fpgsin @y =>Nrig =NyigCcosd;+Nyigsing
= ig =1,C08 O +igsinG (37)

g =g sin @y +izCcos G
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The equation 37 can be expressed in the matrix form as

[ig1 Tcos 0, sing 1l |

\i\zl—sine C056||i |

and (38)
i1 Teos 6, —sing 1T ig |
il "l sine cos@ i
Lol L v ¢ JlqJ

Let the currents in d , g axis winding be

ig =Imsin (ot+¢)

ig=1mcos (ot+¢)
(39)
where

e is a constant arbitrary phase angle

Using equation 38 and equation 39, the currents i, , iz are obtained as

ig=Imsin(6-8;+¢)

ip=1mcos (60— 6, +¢)
o iy=Insin(ot-ort+p) (ot-

@ t+¢)iFIncos (40)
where
wll. =at

In case the frequency of the d and q axis current is same as the speed of rotation of the
rotor, then

ig=1Imsin(g)
(41)
ig=Imcos(¢)
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Thus, time varying currents in stationary d , q axis result in mmf which is identical to the
mmf produced by constant currents (or d.c.) in rotating «, g axis.

In the above transformation the zero sequence current is not transformed and it can be
taken into account by an additional column in the equation 38.

[i |
leoste = sing. Tl i, ]
— sin@ P
i r oS oll il
L_|Q| o JL r (42)

TN
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Substituting the values of i,, iz, ip from equation 32 into equation 42 gives

[ ( 27) ( 21V 1

| cos By cos| ¢ —— | cos| 6y + —| |

\ 3) \ 3
il _| | i

2| ( 27 27 |

i I _' -sin@ —sin'@ — Vsinf6 +_) 1]
I 3l N 3, N 3,100 |
[ | |

Lol | 1 1 1 [l

(i g io )T =K (ia i ic)"

[ ( 27 ) ( 27) |

| cos @  cos| 6, —_| cos| &y +— H

| L3 3) |

2| [ 2z) (27 |
Ks = —|sno, sn|or ——| siné +—1| |
3| \ 3, 3) ‘
|1 1 1 ‘
- - -

L 2 2 2]

The inverse transformation matrix is given by
[ 1

cos &
| —sing

(43)
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- 2
. zl\[( T 21

Ks = - cos| 0, ~ | —sin| - [— (44)
3 \\/_ 3) jt 3 ZJ_
| 2z
| ) ( 27) 1 s

L U 3) ksjzw

The above transformation is valid for any electrical quantity such as current, voltage, flux

linkage, etc. In general the three phase voltages, currents and fluxes can be converted into
dqo phases using the following transformation matrices

Y fqdo )T= Ks (fabe )T

where (45)

T=|_
i f fot]:r = f f f

(@) Lo o oo (2) [a 5 o
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Transformation of Induction Motor Quantities into Stationary d, q Axis

The three phase stator and rotor wind axis are shown in Figure 5a. In Figure 5a, the
subscript s represents stator quantities and r represents rotor quantities. For the stator

8, paxis and d , q axis are coincident as shown in Figure 5b and hence there is no
difference between « , g and d , g stator quantities. Examination of Figure 5a and 5b
reveals that phase As coincides with the phase « axis or phase d axis of the 2 phase

machines. As a result of this, the results obtained for d axis quantities apply equally well
to the « phase of the 2 phase machine. The conversion of 3 phase stator winding to 2
phase stator winding is given by equation 36 as

1 - 2]
s ] |
e * i
| s .‘ l &1 il
e 3 (46)
e 0 — L'

3| 2 \/2|

|1 1 [

L

| 2 2

W

Since the «, pand d, q axis both lie on the stator are stationary with respect to each
other, the transformation from «, gto d, g axis is given by

ligs] T2 01 ias |
il "ol | (47)
Ll L Ilpsd

AAA S

97

Ve
I




[11] s

Pr

Figure 5a: Equivalent 2 phase induction machine in ¢, ,Baxis
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Dr DS

Figure 5b: Equivalent 2 phase induction machinein d , q axis

In case of rotor currents, the transformation from 3 phase to 2 phase is given by

|— r i
‘é} LIOr
i

a
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1 2_
3,
I iar |
. 7:5' | 1 ar\
1 I
2 _ 3 IR (48)
-0 \/__ |\_|ch
3| 2 A2 |
\% _ L
|2 2
NN
The transformation 2 phase rotor currents from rotating «, g  to stationary d, g axis is
given by
lig ] [coso sin@1 iy, |
il Tl Zsing coso | | (49)
Lol L ILpr ]

The rotor voltages are related by identical expressions. The frequency of the currents in
3phase rotor windings or in 2phase rotor windings is the slip frequency sf . Since the d , g

axes windings are stationary, the frequency of rotor currents ig- and iy is the line
frequency f.

Page 52 of 65

400




The Machine Performance Equations

The general voltage equation for the machine shown in Figure 5bis

[ Vs | “derLdsp Mgp o I ig |
d ds

vl | 0
| - r+Lop 0 M p i |
as as g las |
el | Map
—Mqa)r rdur—+_|_tirI3_|_11r wr || Idr|
v | IMa .
L . Mp Lo r+L pllil (50)
d d dr T ¥ qr JLQ"_]
where p =t

The following points about the IM are to be considered:

e Stator and rotor both have balanced winding configurations,
hence: rgs = rqs = rs =resistance of each stator coil

rar =rqr =rr=resistance of eachrotor coil

e Since the air gap is uniform, the self inductances of d and q axis of the stator
winding are equal and that of the rotor windings are also equal, that is

Lgs = Lgs = Ls =self inductance of the stator winding

Ldr = Lor = Lr =self inductance of the rotor winding

e The d and q axis coils are identical, the mutual inductance between the stator and
rotor d axis coils is equal to the mutual inductance between stator and rotor g axis
coils, that is

Md =Mq =Lm

In an induction machine the rotor windings are short circuited, therefore no emf exists in
the winding of the rotor and vgr = vgr =0 . Since the rotor winding is short circuited, the
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direction of ig-and iq are reversed and this has to be taken into account in the general

voltage equations.

Based on the above discussion, the general voltage equation becomes:

|— Vds

1 Tr+lp 0 Lnp 0 g
vl 10 r+Lp 0 -Lp i |
|0 [ =1 q

1 Lep -Lior ~(relep)  Re |
| | Lo

Lp ) -r+Lp il

J Lm r

m ror (" )JLWJ

(51)
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The voltage equations given in equation 51 can be written as:

O=[R]I+[L]pl+[G
Jax 1where

(Vdsw “ds—| rrs 0 0 0]

v L1 l or 0 0 |
V=[v 1=1i[;[Rl=] 00 r o | (52)
KR | e
| al 'l 00 o r
L J L |~ SJ
[Ls .
| 0 Lm O [0 0 0 0]
[10
L L 0 ¢ o 0o 0o O
n : '
o wihlels] o 4 o L |
- : | . |
o 05 Y% o0 L o

The instantaneous input power to the machine is given by

P=1TV=IT[RJI+IT[L]pl+1T[G]an 1 (53)

In equation 53 the term I T [R ]I represents the stator and rotor resistive losses. The term
| T [L ] pl denotes the rate of change of stored magnetic energy. Hence, what is left of the

power component must be equal to the air gap power given by the term 1 T [G Jax | . The
air gap torque is given by

omTe =|T[G]a)r|
N

or =2P am

o T
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:szlT[G]l

where —

am is the mechanical speed of the rotor
and N p is the number of poles

Substituting the value of [G]from equation52 into equation 54 gives

N
Te = 2° Lm (igs iar — igs iqr )

The torque given by equation 55 can also be written as

N
Te = 2p Lm (ﬂqr idr — Adr iqr)

(54)

(55)

(56)
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Lecture 21: Switch reluctance motors, their configurations and
optimization

Field Oriented Control of Induction Motor

Introduction

The topics covered in this chapter are as follows:

= Field Oriented Control (FOC)
= Direct Rotor Oriented FOC
= Indirect Rotor Oriented FOC

Field Oriented Control (FOC)

In an Electric Vehicle, it is required that the traction motor is able to deliver the required
torque almost instantaneously. In an induction motor (IM) drive, such performance can
be achieved using a class of algorithms known as Field Oriented Control (FOC). There
are varieties of FOC such as:

= Stator flux oriented

= Rotor flux oriented

= Air gap flux oriented
Each of the above mentioned control method can be implemented using direct or indirect

methods.

The basic premise of FOC may be understood by considering the current loop in a
uniform magnetic field as shown in Figure la. From Lorenz force equation, it can be
seen that the torque acting on the current loop is given by

Te=-2BINLrsiné

where
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B is the flux density

i is the current

I'I'is the number of turns
L is the length of the coil
ris the radius of the coil
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Current

vector qdr qdr

: M 9 axis
. d

.-'"f -
®
L
d axis
Figure 1a: Acoil in a magnetic field Figure 1b: Orientation of magnetic field in IM

From equation 1 it is evident that the torque is maximised when the current vector is
perpendicular to the magnetic field. The same conclusion can be applied to an IM. In
Figure 1b orientations of magnetic fields and currents in an IM are shown. The rotor
current and flux linkage vectors are shown in Figure 1 at some instant of time. Hence,
the torque produced by the motor (refer to Lecture 19) is given by

3p
T _ A=A 2

(
e 22 qr dr dr qr)

The equation 2 can be re-written as

T=—__|A"||i" |sin@
e 22 qdr qdr (3)
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The equation 3 is analogous to equation 1. Hence, for a given magnitude of flux linkage,
torque is maximised when the flux linkage and current vectors are perpendicular.
Therefore, it is desirable to keep the rotor flux linkage perpendicular to rotor current
vector.

In the analysis of FOC the following convention will be used:

e The parameters with a superscript “s ™ are in stator frame of reference.

e The parameters with a superscript “e ” are in synchronous frame of reference.
e The parameters with subscript “ r ” indicate rotor parameters.

e The parameters with subscript “s ™ indicate stator parameters.

e All rotor quantities are referred to stator using the turns ratio of the windings

(Lecture 17) and hence *“ ' is dropped.
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In case of singly excited IMs (in singly excited IM, the rotor winding is not fed by any
external voltage source. In case of wound rotor machines, they are short circuited using
slip rings. For cage IMs, the rotor bars are short circuited at the terminals), the rotor
flux linkage vector and rotor current vector are always perpendicular. The voltage
equations for the IM (refer to Lecture 19) in synchronous frame of reference are

Ve=riF +ol® +pl

as S s e ds ¢
V=ri® —o A% +pk

ds S ds e s ds

V& =ri® +pA°

o=ri® +(m-or)A® +p°
v o q,

Ve =rr it —(CUe —a)r)/ie + pA® (1)

ve =ri¢ +pA®
or r or or
where

ae is the rotational speed of synchronous frame of reference

In case of singly excited IM, the rotor voltages are zero, that isve =0 ,vé =0andve=0.

ar dr or
Hence, the rotor currents can be obtained as
1
0=r1r iqre+(a)e—6z)r)/1dre +pﬂqre Z>iqre =——(0)e-a)r)idre —pﬂLqre
r
r
1
O=rit- wo-0 At +plt=i=_ o-o A° -pl°
rdr (e f) ar dr dr rr( e f)qr dr (2)
pA°
O=rif+pA* =i =-
r or or or rl’
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Since steady state operation of IM is considered, the time derivative term of flux linkage
in equation 2 will vanish. Hence, the rotor currents are:

1
if =-— (@-or )it
r
1
I —_(a)e —&)r)/que
©)
Iy
lor®* =0

The dot product of the rotor flux linkage and rotor current vectors may be expressed as

ﬂqdre .iqdre = ﬂqre .iqre -i%dre .idre

(4)
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For
m equation 5 it can be seen that the dot product between the rotor flux and rotor current

vectors is zero in case of singly excited IM. Hence, it can be concluded that the rotor flux
and rotor current vectors are perpendicular to each other in steady state operation. The
defining feature of FOC is that this characteristic (that the rotor flux and rotor current
vectors are perpendicular to each other) is maintained during transient conditions as well.

()

By suitable choice of ¢; on an instantaneous basis, equation 6 can be achieved. Satisfying
equation 7 can be accomplished by forcing d -axis stator current to remain constant. To
see this, consider the d -axis rotor voltage equation

0 =rriar® +( we - @r ) Aqr® +plar®

Since A° =0, equation 8 can be written as

0 =rr idr® +pAar®

Substituting the values of ic and i¢ from equation 3 into equation 4 gives
qr o

A Ae

Jgr® gar® == (@ - & )®  + (@ - o )i® =0
r

r

r r

In both direct and indirect FOC, the 90°
vector can be achieved in two steps:

The
d-
e The first step is to ensure that axis
roto
r
Aqr® =0 flux
link

~ O

The sec

ond s
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age is given by (refer Lecture 19):

Adr® = Lir iagr® + Lm (idse +igr® )

Substituting the value of A4¢ from equation 10 into equation 9 gives: (11)
I Lm
pl e:__i E__ ple
dr dr (]
L L

If igs° is held constant, then pigs® =0 and the solution of equation 11 becomes

A (12)

o =Cce L
where

Tlis a constant of integration
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It is evident from equation 12 that the rotor current ig will decay to zero and stay at zero
regardless of other transients that may be taking place. Hence, the torque (from equation
2) is given by

Te= 32 P2 ﬂvdre iqre (13)

The q -axis rotor flux is given by (refer Lecture 19)

: e . (14)
ﬂ,qre = L||' |qre + Lm (lqse +|qre)
Since, 44¢=0, the g -axis rotor current is given by
T I‘m i
(15)
q L qs
Ir
Combining equations 13 and 15 gives
T=3 PL, e (16)
e 22L dr gs
The d -axis rotor flux is given by (refer Lecture 19)
i =Liig’ + L (idse Hgr” ) (17)
The equation 7 gives ie =0, hence equation 17 can be written as
dr
Je =Li° (18)

dr mds
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Together, equation 19 and equation 21 suggest the generic rotor flux oriented control
shown in Figure 2.

DC
Inverter IM
Source
i
abcs
Current
control
T« . e
e qgs
4er Lest Te
3PL Je /
e m.est dar \
dr
‘—‘
ie* A A
ﬂ/e*——b t ds
dar
—p] L
T, cot
2]
Figure 2: Generic Field Oriented Contrdl (FOC) [1]

In Figure 2 the  variables of the form x*,xand x denote command, measured and

estimated values respectively. In case of parameters that are estimated, a subscript ’est”
is used. The working of the controller is as follows:

1 Basedon the torque command ( T.* ), the assumed values of the parameters and the
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estimated value of d -axis rotor flux A 4 is used to formulate a q -axis stator
current command iqsS* .

[J The d-axis stator current command igs* IS calculated such as to achieve a rotor
flux command 445* (using equation12).s
(1 The q-axis and d -axis stator current command is then achieved using a current

source control.

The above description of rotor flux oriented FOC is incomplete with determination of

A

Adrs and 6; . The difference between direct and indirect FOC is in how these two
variables are determined.

Page 61 of 65

418




Direct Rotor Oriented FOC

In direct FOC, the position of the synchronous reference frame (4. ) is determined based
on the values of g -axis and d -axis rotor flux linkages in the stationary reference frame.
The relation of flux linkages in synchronous reference frame and stationary reference
frame is

(el cosd —sing [ is|
e e—‘

L . L
where (19)

Aqr® is the rotorg-axis flux linkage in stationary frame of reference

Agr® is the rotord -axis flux linkage in stationary frame of reference

In order to achieve Aqe = 0 , it is sufficient to define the position of the synchronous
reference frame as

(x \ &

qr

6 =tant| __ | _ (20)
e | A& | 2

\ dr}

The difficulty with this approach is that Aqrs and Aqrs are not directly measurable quantities.

However, they can be estimated using direct measurement of air gap flux. To measure the
air gap flux, hall-effect sensors are placed in the air gap and used to measure the air-gap
flux in q -axis and d -axis. Since the hall-effect sensors are stationary, the flux measured
by them is in stationary reference frame. The flux measured by the sensors is the net flux
in the air gap (combination of stator and rotor flux). The net flux in the air gap is given
by:

Agm’ = Lm (iqss +igr® )

where (22)
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Ln is the magnetization inductance
From equation 21, the rotor q -axis current is obtained as
s —Li°

qm m gs

R (22)
Lm

The q-axis rotor flux linkage is given by

(23)
ﬂ/qrs = L|r iqu + Lm (iqss +iqrs )
Substituting the rotor q -axis current from equation 22 into equation 23 gives
A8 = I—Ir 28 —Lis
_ (24)
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An identical derivation for d -axis gives

L

/Idrs =_|_Ir /1de - I—Ir idss (25) m

The implementation of this control strategy is shown in Figure 3a and b.

s rrest
2
gm
m, est
e
qr
1
s 1 2 2
as “ir est ar - Jdr
4 rrfcs+1
A 1
~S 1
S o Vi
i L — |/ -
ds Ir ,est rrfcs+1 angle /tqr J/Ldr + 2
e
dr
s rr ,est
2
L
dm m, est

qr

Figure 3a: Rotor flux calculation in Direct FOC [1]
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ex

Source

4L

m.est

c /? , aden
nverte Hv
7T\
4’( E ~ _>
A >
‘abcs
Current s Rotor flux
Ks
control calculator
je* ,J\
™
. ( )
T . \ e
. ') J
Qe >
dr A
J Ae

Figure 3b: Control strategy for Direct FOC [1]
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Indirect Rotor Oriented FOC

The direct FOC is problematic and expensive due to use of hall-effect sensors. Hence,
indirect FOC methods are gaining considerable interest. The indirect FOC methods are
more sensitive to knowledge of the machine parameters but do not require direct sensing
of the rotor flux linkages.

The g -axis rotor voltage equation in synchronous frame is

0 = rr iqre + ( e — )idre + p/lqre (26)
Since 4 =0 for direct field oriented control, equation 26 becomes

qr
O=r iqre + ( e —a)r);tdre

i (27)

Substituting the values of igre and Aqr° from equation 15 and 18 respectively into equation

0 gives

=0 +—__ (28)

From equation 28 it can be observed that instead of establishing é. using the rotor flux as
shown in Figure 3, it can be determined by integrating « given by equation 28 where

IS given as:

D=0+ —___ (29)
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Ir ds

The equation 29 does satisfy the conditions of FOC. In order to check it, consider the
rotor voltage equations for the g -axis and d -axis:

0=rpig’ + ( W — O )ﬂ«dre"‘ pAgr® (30)
O=rpig’ + ( W — O )/1qre+ pﬁdre (31)

Substituting @ from equation 29 into equations 30 and 31 gives

o (32)
0=ri®+ A% +pA®
rar L ojer ar T
Ir ds
ri (33)
0=ri®+___ Ae+pA°
rdr L e g &
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Substituting the value of d -axis rotor flux from equations 17 into equation 33 gives

(que -Ly iqse* \ r iqse*

e*

O=r ot +Li% +pa°

—_— — Li®

qr e ( Irar mas ) ar

3
rr Iqs
. . _—
Oer |dre——e—*iqre + p (Llr |qre + Lm |d3e )
Lo

Ir ds

If the d -axis rotor current is held constant, then
and 35 gives

r \oﬁe
p/z e :__/,{e -r . Ie
qr I_ qr rjer
Ir ds
r r i
pie =—__ Ae + _
dr L & Llrie 4

Ir ds

(34)

(35)

pigr®™ =0 and rearranging equations 34

(36)

37

The solution of equations 37 and 38 will decay to zero (same argument as used for
equation 12), hence Aq® and iq® will eventually become zero. In Figure 4 the
implementation of indirect FOC is shown and it is much simpler than the direct FOC.

DC
Inverter
Source

71" 76"

or
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Current i
abcs
control
fex
T * 4er est Te > (i))'
'e
e 3PLm.est Adr I

4 Reset
v
I3 r
g ’ 1 B N rest s e

ﬂdr — T

y

— L

qQ
O

m , est rr ,est

Figure 4: Indirect FOC [1]
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