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DON'T QUIT

When things go wrong as they sometimes will,

When the road you're trudging seems all uphill,

When the funds are low and the debts are high,

And you want to smile, but you have to sigh,
When care is pressing you down a bit,

Rest, if you must, but don't you quit.

Life is queer with its twists and turns,
As every one of us sometimes learns,
And many a failure turns about,
When he might have won had he stuck it out,
Don't give up though the pace seems slow,

You may succeed with another blow.

Success is failure turned inside out,
The silver tint of the clouds of doubt,
And you never can tell how close you are,
It may be near when it seems so far,
So stick to the fight when you're hardest hit,

It's when things seem worst,

That you must not quit.

Author unknown
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Abstract

This thesis begins with a literature review focgsam electric vehicle (EV) applications. Systems
used for steering, braking and energy storage rarestigated, with specific concentration on
torque control in various DC and AC motors commombed in EVs. A final solution for a low-

range personal transportation EV in the form ofree@chair is proposed.

The theme for this thesis is motion control, foogson a two axis (or two wheel drive) brushless
DC hub motor (BLDCHM) EV, with torque and directi@montrol tracking a user reference. The
operation principle for a BLDCHM is documented atie dynamic and electrical equations
derived. Simulation results for motor response urdiferent load and speed conditions are
compared to practical measurements. Current aggi¢ocontrol loops are designed, implemented
and tuned on a single-axis test-bed with an indactnotor (IM) load coupled via a torque

transducer. A Texas Instrument DSP developmeniskitsed for the control algorithm bench

testing.

The final control algorithm is then duplicated aganded in simulation to form a dynamic two-
axis system for an electric wheelchair. It incogies both motor drive and regenerative
capabilities. After demonstrating two axis contrfls BLDCHMSs, a control algorithm is designed
simulated and compared to traditional systems. fitn@l solution focuses specifically on an
intuitive response to the driver input whilst maining direction tracking, even when there is a
difference in smoothness of the individual terratrsversed by the left and right wheels. In
addition the motor drives are equipped with cogrslthat ensure regenerative braking in order to

recover as much energy as possible when the wiagelsitommanded to decelerate.

Abstract
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DMFC Direct Methanol Fuel Cells
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d component of the stator current vector
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Reference current

Internal combustion engine

Internal combustion engine vehicle
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Induction motor

The motor inertia

Proportional gain

Integral gain
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The motor speed constant

Liter
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Average phase inductance

The self inductance of phase A

The self inductance of phase B
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The mutual inductance between phase A and phase B

amps
amps
amps
amps
amps
amps
amps

amps

kg.nt
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m

henry
henry
henry
henry
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L1

Li-lon
Li-Polymer
M

MCFC
MMF
MOSFET
MSc
MUT

N

NASA
Na/NiCl,
Na/S

Nd
NdFeB
Ni-Cd
Ni-Zn
NiMH

NRF

PAFC

The mutual inductance between phase A and phase C
The mutual inductance between phase B and phase C
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Lithium-ion
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Mutual inductance
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Master of science

Motor under test
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Neodymium
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Ti

TL_eIec
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Permanent magnet synchronous motor
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Resistance of phase A
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TL_error
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TR_error
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Om
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The maximum torque implemented by the low pasgdimi N-m
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Torque reference N-m
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Chapter 1 - Introduction

1.1 General

With the continuous rising demand on fossil fuedsed the exorbitant costs associated with
manufacture and distribution, more and more emphiasbeing placed on systems that are both
environmentally friendly and efficient. This is plag a more urgent focus on the control and
implementation of electrical motors in comparisortheir internal combustion counterparts. The
concept of an electric vehicle (EV) was first impkented in 1897. Many different types of EVs
have been developed since then for applicatiorgimgrirom industry to public as well as personal

transportation [1].

Over the years, research and the demand by indbatrg advanced the semiconductor control
technology, power electronics and motor designteims of functionality, availability, cost and
efficiency, which have all contributed to improvelynamic performance at lower costs of
adjustable speed motor drives. This thesis focaseshe feasibility of a short range personal
transportation EV and describes the research &laila this field. A mechanical and electrical
design is proposed utilizing two brushless DC hutars (BLDCHMSs). The theme of the thesis is
torque control of a BLDCHM and the control algonith are designed, simulated and compared to
practical results for a single motor. Once accucatdgrol of the BLDCHM is shown, the feasibility
of using two such motors to achieve steering oE¥nis simulated. The final results for a novel

steering solution are documented.
The structure of this thesis is as follows:

» Chapter 2 — Literature Review: This chapter dessrithe available research regarding EV
applications. The fields of research include matod braking systems, torque control of
various alternating current (AC) and direct curr@dC) electric motors (EMs), motor
drive technologies, energy sources and steeringtisns. Based on this research a
brushless DC hub motor is selected for this ingasibn, together with an appropriate
power electronic circuit topology.

» Chapter 3 — BLDC Hub Motor Operation Theory: Thapter provides more detail on the
BLDCHM selected in Chapter 2. The mechanical stmgctof the rotor and stator are
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described as well as the position-based electaoaimutation for both driving of this
machine as a motor and regenerating with it asrergéor. The inverter topology and
switching sequences are also developed.

Chapter 4 — Dynamic and Electrical Model of a BLD@Hn this chapter a mathematical
analysis of the BLDCHM and the power-electronicerter is performed using an a,b,c
reference axis approach for developing the equstidhe final state space equation for a
three-phase, star-wound, trapezoidal back EMF BLBDIslobtained which describes the
mechanical and electrical dynamic behavior of th®&BHM.

Chapter 5 — BLDCM Simulation and Controller Desiggased on the final state space
equation developed in Chapter 4, a simulation motidhe BLDCHM is developed using
VisSim v6.0, a simulation package and embedded ralordeveloper from Texas
Instrument8. A comparison of the simulated results for motarrent, torque and
rotational speed is compared to practical measurtsnu the motor and its inverter drive,
illustrating the correct modeling and simulationsoBLDCHM. A torque controller based
on current control is then designed and implemented Texas InstrumefftSP. Once
again the simulated and practical results are comopad sensorless torque controller
under regeneration is then developed.

Chapter 6 — Electric Vehicle Steering Algorithm: i§hchapter summarizes the
requirements for an electric wheelchair (EW) toéhawesponse to the control input which
is intuitive for the user. The traditional contrgystems in an EW are simulated and
compared with two novel systems proposed in tlasaech, which are designed to provide

user vector tracking whilst maintaining an ergononeisponse.

1.2 Novel contribution

The major and novel finding of this investigatianthe development of a steering methodology for

an electric wheel chair with two BLDCHMs which enssi that the wheelchair accurately tracks

the directional command of the user, irrespectivdifferences in the smoothness of the individual

terrains traversed by the left and right wheelsadidition the motor drives are equipped with

controllers that ensure regenerative braking ireotd recover as much energy as possible when

the vehicle is commanded to decelerate.

The control algorithm utilizes a torque controllem one motor and a speed controller on the

second. Whilst this control configuration may neem to be intuitive, when coupled with the
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designed control algorithm, all of the user requieats for an ergonomic driving experience with
direction tracking are met. The development fors teplution and the simulated results are

documented in Chapter 6.

1.3 Summary

This chapter has described the focus of this thesid has summarized the contents of each
chapter, as well as the novel contributions of thesis. Chapter 2 describes the literature rewiew
motor drive topology and steering solutions forcede vehicles and makes a final selection of the

topologies to be applied in this research.

Introduction



Chapter 2 Page 2-1

Chapter 2 - Literature Review

2.1 Introduction

This thesis describes the research, simulationpaactical implementation of a battery powered,
four wheeled, personal transportation vehicle. gLl below shows the design of the electric
vehicle (EV), which has two independently driveneels in the front and two freewheeling wheels
at the rear which are able to change orientatiah speed independently. The user controls the
vehicle via a joystick that controls the speed dindction of motion. The theme for this thesis is

Motion Control and concentrates primarily on achigva smooth and accurate control of the

vehicle.

1 - Freewheeling rear wheels
2 - Front left hub motor

3 - Front right hub motor
4 - Joystick

Figure 2.1 Electric vehicle design layout
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The primary objectives include:

a) The correct commutation and torque control of tloars.

b) A commutation algorithm which provides two axis toh(x and y directions) as the speed
differential between the independent front hub moie used to steer the EV.

c) Use of the system to increase battery life, theirbyeasing the total travel distance of the
EV.

d) The implementation of a braking scheme, which ca&s to allow for steering.
The secondary objectives include:

a) A prototype solution to demonstrate the practiogllementation.
b) The design and manufacturing of custom circuitnyfoth control and power electronics.

c) The solution should be robust, light weight and pant with low maintenance.

This chapter reviews the published literature ciogpthe proposed system. Based on this review,
the design process of motor selection, hardwaerseh and control schemes is explored, and the

final design selection is documented.

2.2 Historical development

The concept of an EV is not new. The first appeagaof an EV was in 1897 [1] when “The
London Electric Cab Company” was established. Hawélvese early EVs proved to be unreliable
with limited traveling range and so the electrictane were replaced with an internal combustion

engine (ICE).

However the development in battery, motor and dteehnology over the years has made the
implementation of EVs more realistic, though aftdsdity is still in question. Advantages of using
an electric motor (EM) over the ICE and hydrauliaking system (HBS) are summarized below
[1, 2].

a) In an EM, the torque response is typically in th#lisecond range and 10-1000 times
faster than an ICE or HBS. This fast response alléor feedback control to change
vehicle characteristics without the user havingatfjust their input. Two mechanical
systems which already use this principle in velicee “Anti Lock Braking Systems”

when under deceleration and a “Traction Controlt&ws when under acceleration. By
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implementing these systems on an EV, the respomse dan be greatly reduced as the

torque response is faster and this increases pafare.

b) A distributed motor location can be achieved bwdiing an independent EM to each
wheel, (two motors for a two-wheel-drive vehicle,four motors for a four-wheel-drive
vehicle). This allows control of independentlyvém wheels, increasing the performance

of the vehicle systems such as “Vehicle Stabiliontol” and “Direct Yaw Control”.

c) Estimating the torque developed by an EM is simphem for an ICE or HBS. This
estimation in turn allows the driving force betwethie tyre and the road surface to be
estimated which can be used to warn the driver ohange in road conditions such as

snow on the road for example.

d) The conventional diesel, petrol and liquid petrategas propelled vehicles suffer from
carbon emissions. Hydrogen motors overcome thibleno by simply having water as an
emission. Moreover all combustion engines alsordmute to noise pollution, which an EV
will not do. Even when taking into consideratiore thollution caused by power plants
producing electric power for EVs, the total envimental impact of an EV is still less than
that of an ICE [2].

The two primary factors contributing to the viatyilof EVs are the cost and operational range [1].
Research to increase operational range is exterfsimgsing on advancing the battery technology.
However both the specific energy and the energgitenf batteries cannot compare with that of
gasoline. As a result, research into fuel cellsdiss increased. In order to reduce the cost of EVs
better design solutions are being implemented fotons, drive technology, power management,

regeneration of energy and battery chargers.

2.3 Motor and drive topology for EVs

EVs have been developed in many different shapessaes for a multitude of applications
ranging from short distance commuting (as with Segway), city and highway travel (such as the
General Motors EV1) and even space explorationNABA’s Apollo missions). As a result many
variations have been developed and some are esdlirathis section. The following fundamental

aspects to the EV are considered [1].

a) Drive and braking systems with electric motorsciteate acceleration and deceleration of
the EV.
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b) Portable energy sources to power the electric raotor

c) Motor control systems between the power sourcenastdrs with user input.

2.3.1 Motor and braking systems

An EM provides driving torque in EVs for bi-diregtial operation. Thus the EM under control
produces torque by converting electrical energynechanical energy, to follow either a desired
speed or position set point [3]. An EM can alsoused as a generator, converting the vehicle’s
momentum into electrical energy, thus allowing &br efficient braking system. This electrical
energy can then be stored back in the power sdiutttis is allowed (see 2.3.2 below) or dissipated
as heat into the atmosphere with a braking resigtactric motors (EMs) are connected to the
power source via flexible electrical cables, thhgyt have the potential to not suffer from
positioning limitations inside the vehicle other&visaused by mechanical linkage. As a result six

alternative configurations are typically used whlesigning EVs, as shown in Figure 2.2 [1].
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differential O\
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Electronic Electronic
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FG — EM —
(e) ®

Electric hub motors

Figure 2.2 EV drive configurations [1]

where:

* EM — Electric Motor.
* C - Clutch.

G- Gearbox.

* FG - Fixed Gearing.
+ D - Differential.

The six configurations are for two-front-wheel-dridesign but can be extrapolated to a four-

wheel-drive design.

a) Figure 2.2 (a) shows the typical layout of an in&&rcombustion engine vehicle (ICEV)
converted to an EV. The ICE has been replaced biNnbut the mechanical clutch,
gearbox and differential are still in place. Thadusion allows for the use of the clutch to

shift gears at different speeds providing high tergt low speeds and low torque at high
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b)

d)

f)

speeds. The differential is needed for corneringretthe inner wheel must rotate slower

than the outer wheel because it is covering lestanite.

Figure 2.2 (b) shows an EM coupled to a fixed gerland then a differential coupled to
the wheels. This solution removes the clutch whattbws a size and weight reduction.
This is possible due to the torque-speed charatitsriof an EM, and cannot be achieved
with an ICE.

Figure 2.2 (c) is identical in operation to Fig@e (b). The system is comparable to a
transverse front mounted, front-wheel-driven ICEYhis is the most common

configuration used for EVs.

In Figure 2.2 (d) the need for a differential, teate a speed offset between the driving
wheels, is eliminated. This is possible by runnthg two separate motors at different
speeds. This configuration has a motor and fixedlgex mechanically coupled to each of

the front driving wheels.

Figure 2.2 (e) shows a further reduction in the ma@ical coupling system, by creating an
“in-wheel drive” with the gearbox embedded into thieeel. Planetary gearing is favored
as the ratio can be designed to meet the speedtamgunt of the vehicle and the inline

arrangement of input and output shafts.

Figure 2.2 (f) shows the simplest of mechanicalitsmhs. The motor is housed within the
wheel. The motor has an inner stationary statoraanduter rotor is directly connected to
the wheel. By doing this, the control of the mospeed is identical to the wheel speed.
This solution is the least prone to mechanicaufailand is favored more for low speed
personal transportation. This solution also alldarsthe removal of mechanical steering.
The speed differential between the two EMs is ugsetmplement steering as seen for

example on an electric wheel chair.

In general the use of a gearbox allows the EM toaua much higher rotational speed than the
wheels. For a given power level, the motor volunmel aveight decreases linearly as speed

increases. Higher speed EMs are therefore mucHesnttan low speed EMs.

Development in EVs has produced a wide range daifaba multitude of applications. Figure 2.3
shows those motor types which have potential EMiegions. For efficient control in an EV,

torgue control is needed and a brief descriptiqgrésented below for each motor.

Literature Review



Chapter 2 Page 2-7

Electric Motors

DC Motors AC Motors
( Brushed DC ) ! Switched Brushless PM
Motors el ) [ SHielD Reluctance Motors
< Series Wound > < Shunt Wound > <Compound WountD G’ermanent Magne}

Figure 2.3 Electric motor categorization [4]

2.3.1.1 Direct current motors (DC motors)

A brushed DC motor (BDCM), as the name implieslasigned to work from a DC voltage source.
The motor has two fundamental components, the ratar stator. Typically the stator (fixed
portion) houses so-called excitation or field wingh which produce an electromagnetic field when
energized by the DC supply. The rotating armatarergtor) is comprised of many individual
windings that are energized in turn by a rotatingchanical switch called a commutator. The
commutator allows for the energizing of the indivadi rotor circuits, so that the magnetic field
produced by the rotor is stationary in space arahatngle of 90° with respect to the magnetic field
created by the stator poles. This angle produgasxamum torque proportional to the product of
field current and armature current provided norsditon occurs. The different wiring possibilities
between the field and armature provide differeassifications, namely shunt or compound DC
motors and series DC motors. The field windings akso be replaced by permanent magnets in
which case the operating principle remains the samethese motors are called permanent magnet
DC motors (PMDCM) [5].
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Commutator W Commutator
Field NG

DC Armature DC Armature
Field
(a) Shunt Wound (b) Series Wound
DC
Series field winding
B/ Commutator B}ommutator
DC
Shunt field winding Armature DC N S
Permanent
Magnet
Armature

(c) Compound Wound (d) Permanent Magnet

Figure 2.4 Equivalent circuits for different typesof brushed DC circuits [5]

i)  Shunt wound DC motor:
This motor has a parallel connection between tipplgufield and armature windings. This
connection has the advantage of a constant fiel generated by the field windings,
allowing a nearly constant speed over the availaistgue range. Effective torque control is
achieved through either field or armature curremmtiol, but varying both field and
armature current simultaneously increases the aaiitplof the controller. The preferred
way of power electronic speed control is to extitefield winding separately and keep the
field current constant while varying the armature/én separate supply voltage in order to
control the armature current. This ensures maxirtengue for a given value of armature
current. When the armature supply voltage reacites! value, it is possible to reduce the
field current, a condition known as field weakeniingorder for the motor to operate at
higher speeds provided it still produces sufficiemtjue. Braking is achieved by suitable

control of the armature current.

Literature Review



Chapter 2 Page 2-9

i) Series wound DC motor:
This motor has a series connection between thelysupgdd and armature windings. This
connection provides torque proportional to the sejadh armature current in the absence of
saturation and hence it has the highest outputigopgr amp relationship in DC motors. In
large traction motors the current is typically altal to rise as high as two or three times
the rated value for short periods of time duringrtsip, thus producing up to nine times
rated torque. This high torque is desirable whenelecating heavy vehicles from
standstill. The disadvantages for this type of mace that the speed varies wildly
depending on the load [38] and with no speed cbatrd no shaft load it is possible for the
motor to be damaged due to over-speed. Moreovexdspad torque control are more
sophisticated.

iii) Compound wound DC motor:
This motor is a hybrid between the series and stwanind DC motors. The purpose is to
combine the best features of both the shunt anddties motors. To achieve this a portion
of the field windings is connected in series witle tarmature windings. The remaining
field windings are connected in parallel with thieature windings. The compound wound
DC motor thus produces more torque during staittap & shunt wound motor and will not
over-speed at no-load like a DC series motor.

iv) Permanent magnet DC motors (PMDCM):
This motor has armature windings and a commutaitr farushes, and uses permanent
magnets on the stator to produce a constant flald The advantage is a linear torque
speed characteristic resulting in torque beingctlyeproportional to the armature current
and allowing for simple torque control implemeraati The permanent magnets also
provide additional capabilities as the field flugngity is higher than that produced by a
traditional field winding. Braking is achieved byiwble control of the armature current.
This is not a popular motor due to the commutatat larushes, and gave way to reversing
the position of the armature windings and the megne form a motor that is then

classified as a brushless AC machine.

While the brushed DC motors are simpler to conthaln AC motors, they are not considered
further in this thesis due to the disadvantagghefdommutator and the brushes which add weight,

volume and require frequent maintenance. The plessindidate motors for EV applications are
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therefore the permanent magnet motor family, tlieigtion motors and the switched reluctance

machines. These are now considered in turn.

2.3.1.2 Alternating current motors (AC motors)
i) Permanent magnet (PM) motors in general:

With only one set of windings, in a PM Motor, conmatior-less functionality is possible by placing
the magnets on the rotor and electrically switchtngrent to the individual field phases on the
stator. The PM motor is identical in charactersstio the brushed DC motor, except that it is
mechanically inverted as appears Figure 2.5. THswva for the removal of the mechanical
commutator, but requires a rotating stator flux.athieve this rotating flux the current through the
stator phases is alternated based on the rototiggnsi A measurement or estimation of rotor

position is therefore essential for switching ttear phases at exactly the correct moment in time.

PM machines are classified into two types dependinghe way the stator winding has been
wound in order to have either a trapezoidal back-Eivl a sinusoidal back EMF. The trapezoidal
machine is known as a brushless DC machine (BLRAY, the sinusoidal machine is known as a
sinewave PM machine or sometimes just as a PM meacHihe BLDC machine has a simpler
stator winding configuration and the inverter cotiér only needs to know the rotor position at
sixty degree intervals when commutation has to f&ee, hence a relatively inexpensive resolver
can be mounted on the shaft. The sinewave machaseahmore complex distributed stator
winding, and the stator current controller need&rtow the rotor position very accurately in fine
increments and hence a more expensive incrememntalder has to be mounted on the shaft. A
sinewave machine can position its rotor more adelyrghan a BLDC machine and thus the BLDC

and sinewave machines each have their own aregspb€ation [6, 7].
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Figure 2.5 Simplified cross sectional view and citgt diagram for a BLDCM [8]

i) The induction motor (IM):

Due to its rugged design, the induction motor (iM}he most widely used commutator-less drive
system and in particular, the three phase squgagle induction motor (SCIM). The rotor
comprises an iron core and aluminium or copperrrbsws, allowing for easy manufacturing [9].
The stator houses either a single phase or a giitase winding. A three phase stator winding
carries balanced three phase currents, produdioaing magnetic field at synchronous speed and
constant amplitude. This rotating field inducestagés in the rotor circuits. The consequential
rotor currents in turn produce a magnetic field tiotates with respect to the rotor at slip spaed,
that this field rotates at the same synchronousdjire space as the stator's magnetic field, but
displaced by some angle. Torque is produced byintteeaction of the stator and rotor magnetic
fields. However the rotor speed has to be less $lyachronous speed for motor action and more
than synchronous speed for generator action. Tifferelice between the rotor speed and

synchronous speed is defined as the slip [10].

While the induction motor is more rugged than theé Motor, its control is more complex. The
most effective way of controlling the speed of & s to change the frequency and the flux
magnitude in the machine and several schemes ausdn The simplest method is known as
“constant volts-per-hertz” or so-called V/f contmith the hardware complexity varying depending
on the accuracy required. The control requireslatively simple speed sensor, but can function
with speed estimate rather than a real sensorViiteontrol can also work in open-loop without a

speed feedback sensor when accuracy is not impoftarexample when driving a fan or a pump.
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For more accuracy than the V/f control with speeeldback, the so called field orientated control
(FOC) or vector control method can be used in whith position (rather than speed) and

magnitude of the rotating flux (either stator atordlux) in the machine are accurately controlled.

FOC enables the three phase IM to have a dynanforpeince equal to that of a DC motor.
Achieving these dynamics requires a reduction efdbmplexa,b,c voltages and currents of the
squirrel cage induction motor (SCIM) intloq variables, or first into so-called Space Phasdrghv
can ultimately be reduced thq form [12]. Deriving the equations inthq form makes it easier to
understand the method of FOC and its objectivepecial relationships between the machine
currents and flux are maintained by the curreréedpand position loop controllers which operate
on thed,qvariables. The FOC method typically needs a sivafoder [11]. Derivation of the SCIM
two-axis ord,q model is not shown here as it is beyond the sobpbis thesis but the effects of

FOC are examined. The SCIM model show below asstimesf®llowing:

a) The magnetic field is linear and the effect of sation is negligible, which is plausible

provided the current in the SCIM does not exce&sbraurrent.
b) The iron and stray losses are negligible.
c) The air-gap MMFs and fluxes are sinusoidal.
d) The windings are balanced and symmetrical.
e) The distributed windings can be represented byvatdgnt concentrated windings.

A block diagram for the dynamic equations of a SCdld the effects of implementing FOC
appears below in Figure 2.6 [12].
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Figure 2.6 Block diagram representation of the dynmic equations for a SCIM [12]

The objective of FOC is to establish and maintaireaplicit angle ¢ in Figure 2.7) between the
stator current vector and the rotor flux vectorisTie done by controlling the slip in the SCIM to a

value where the rotor flux vector is aligned witle td-axis of the stator current vector [12].
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i_‘, = Stator Currant Vector
Ay = Rotor Flux Vector
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Figure 2.7 Current and flux vectors for a SCIM unde FOC [12]
Figure 2.7 shows that the stator current vectortivasorthogonal componentg iq), Whilst the
rotor flux vector has only one component on theid-é4,). This means that the g-axis component
(A4qr) of the rotor flux vector has to be zero. If FOCcorrectly implemented to contré), to be
zero, then the outputs at points A and B in Figufeare zero and the outputs at points C and D are
equal. This condition allows the bold red linedrigure 2.6 to be removed thus resulting in Figure

2.8 which is the model of a SCIM under FOC.

Literature Review



Chapter 2 Page 2-15

A

oL 11

| 1 L |
\Y L _ > A
s @ @» poLi1 + Ry pL 22 +R2 o

A -
mTT
_ _'di |
S b
3L !

owl 11
v
" 1

i -
Vs =
CE— N z pULu +R1

|
i a1

Figure 2.8 Block diagram of a SCIM under FOC [12]
Ref. [12] explains the FOC conditions that allowe thold red lines in Figure 2.8 to be removed,
thus resulting in Figure 2.9 in whials resembles the field current of a DC machine, gad
resembles the armature current of a DC machinesél'tveo currents can then be used in the same
kind of control loop as would be done on a real B&chine.
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Figure 2.9 Block diagram of a SCIM under FOC, withcontrolled stator current [12]
Thus the FOC SCIM control strategy becomes siniilahat of a DC machine where the value of
field flux is controlled byigs and the motor torque is controlled via armatureentiz. When in
additionigs is a set fixed value, Figure 2.9 reduces to Figudd in which the electromagnetic
torque T,y of the motor is solely dependent on the curignteducing the SCIM to an equivalent
separately excited DC machine with fixed excitationa permanent magnet DC machine, or a
BLDC machine.
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Figure 2.10 Final dynamic structure of a SCIM resuiing from FOC [12]
iii) Switched reluctance motor (SRM):

The torque in a switched reluctance motor (SRMhd$ produced by the interaction of two
magnetic fields, but rather the distortion of thagmetic field between the electromagnetic stator
poles and the laminated sheet rotor which prodaagetuctance torque. When comparing the SRM

with other AC and DC motors, the following impontadvantages are noted [12 - 16].

a) Each stator phase winding is independent eledyjaalechanically and magnetically from

the other phase windings.

b) A laminated sheet rotor has no magnets or condsjctorhigh speeds can be achieved.
However there are also the following disadvant48ék

a) A SRM cannot be run from AC mains or a DC bus asheadividual coil needs to be
electrically commutated.

b) Physically the doubly salient structure (stator amitbr) and the high saturation magnetic
properties render non-linear flux per phase, ingluog¢ and motor torque that are all
functions of rotor position and phase current, mgkihe analysis and control strategies
complicated.

¢) Torqgue ripple causes resonant vibrations in therrand is a prominent source of acoustic
noise during operation.

d) Having no winding on the rotor is an advantage dherinduction machine whose rotor
bars and/or end rings may eventually crack duehéostress caused by multiple direct
online starts. In the IM differential heating andoling between the rotor bars and
laminations occurs, but not in the SRM, thus imprgvthe reliability and increasing

output power and torque-inertia ratio of the SRMhpared to a similar size IM.

To obtain the magnetic field distortion within thg gap in the SRM, the rotor and stator have a
different number of pole pairs and therefore a igiged commutation strategy is needed to
generate and maintain torque for rotation (for gxana 8/6 SRM refers to an 8 stator poles (4pole
pairs) and 6 rotor poles (3 pole pairs) switchdédatance motor). Popular choices are the 6/4 (high
speed) or the 8/6 (high torque) [17].
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aoe

ia) Aliened Position (8 = 0°) (b) Unaliened Position (6 = 307%)

Figure 2.11 SRM internal structure of and 8/6 desig [14]
To produce torque the reluctance of the air gaprdset the rotor and salient stator must vary with
rotor position. This inherently produces a highgtar ripple, affecting the machine’s operation at
lower speeds. At high speeds the high frequendgrofue ripple has little effect on the speed due
to the rotor inertia [14]. To acquire low torquepie performance many non-linear control
strategies and phase interconnections have beertadpn literature [14 - 16] but all rely on motor

specific characteristics.

The dynamic equations for flux and torque of a S&#® shown below [14].

A(6,1) = f(V(t) —i(t) * R)dt (2.1)

re,H = fo 26, )i (2.2)

where:

e A is the flux linkage in Wb-turns from the statortte rotor and depends on the rotor
position @) and the stator phase curreit (

* Vs the time varying voltage in volts applied tplase winding.

* Ris the constant phase resistance in ohms.

e iisthe time varying current in amps flowing in #meergized stator phase.

» Tis the generated shaft output torque in N-m, ddeehon positiond) and currentif.
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The non-linear relationship between the state b, T) and the input variabled/( R, ) is
obtained experimentally. The data shown in Figul® Zre based on a 6/4 SRM and illustrates the
extent of the non-linearities for that particulaachine [16]. The flux points in Figure 2.12 (a)
represent equation (2.1) and the torque pointsgaré 2.12 (b) represent equation (2.2). Based on
the data in Figure 2.12 (b), control of the shaftpot torque can be done at a particular point in

time, without a torque transducer, provided that #tndé are known at that point in time.
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Figure 2.12 Nonlinear SRM model [14]
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Torque ripple reduction in a SRM has two primarpraaches.

1) Improve the magnetic design in the air gap by chrnthe stator and rotor pole geometry,
but this will reduce the motor performance.

2) Multiphase operation is implemented as opposeteaaéneric single phase systems, with
the aim of averaging out the torque ripple.

3) Sophisticated electronic algorithms can be usednfdement torque control. This will

improve performance and reduce operation noise.

The theme of this thesis is control, so the vari@lsctronic control strategies and phase

connections are documented. The magnetic desitireRM is beyond the scope of this thesis.

Multi phase operation of an SRM

In conventional SRM commutation, only one phasedivig conducts at any point in time. In
Figure 2.13 (a), the current to the leading phaseodld just have switched to the working phase
B. For the next 15° of rotation, as the rotor atatas poles align for phase B and the air gap
between these poles is reduced, the flux will iaseein magnitude, thus increasing the torque
(demonstrated in Figure 2.12). When alignmentoimglete, the current will be switched to the

trailing phase, ensuring correct commutation.

The disadvantage in driving or energizing only phase at a time is that as the current is switched
from the leading phase to the working phase, tine Ifhkage goes from a maximum magnitude to
a minimum magnitude, which is extended to the terdthis is the fundamental cause for torque

ripple in a SRM.
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(a) Single Phase Operation
Energizing of the phases has
just been switched from
phase A to phase B.

Trailing Phase

(b) Multi Phase Operation
Both phases A and B are
energized to reduce torque
ripple.

Note the increased flux
saturation, thereby reducing
efficiency.

(c) Multi Phase Operation
Phases B is energized and phase A
is energised in the reverse
direction, in order to reduce torque
ripple.
Mote the localized flux saturation,
resulting in better a efficiency.

Figure 2.13 Finite element analysis of a 8/6 SRM tating anti-clockwise [9]
Multiphase operation reduces the torque rippler®rgizing two phases for a limited duration over
the commutation angle. The total torque producethbySRM is the sum of the torques produced
by the individual phases. All the individual phasegue potential contributions are shown as curve
A in Figure 2.14. With single phase operation, omig phase produces torque at any point during
the motor rotation and the resultant torque forrtwor is shown as curve B in Figure 2.14, and
has a torque dip at the switching points. To ovexedhe torque dips in single phase operation,
multiphase operation is implemented and the totajue is the sum of the energized phase torques.
In Figure 2.14 curve C, for a 15° overlap is usedlustrate how effective multiphase operation
can be at reducing the torque dips. However, #rigel overlap produces position torque spikes at

the switching points.
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During multiphase operation, additional flux isngeated in the SRM as shown in Figure 2.13(b),

and illustrates the increased saturation effecisiwivill cause additional losses.

An alternative excitation strategy for the multiphaoperation is shown in Figure 2.13(c); by
reversing the excitation of phase A, the resulfantis only between the poles of phases A and B,
thus reducing the overall level of saturation dmastcore losses when compared to Figure 2.13(b).
The disadvantage of this excitation strategy isnéed to have opposite polarity excitation of phase

C, thus increasing hardware complexity.

A - Individual Phase Torgue — — — -
B - Single Phase Torgue = = — =
C - Torgue with 15 degree Overap

45

Torque (N.m)

20 30 40 50 60 70 80
Rotor Paosition (Mech Degrees)

Figure 2.14 Torque comparison of single phase andb1 overlap multiphase operation [9]
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Torque — angle — current control characteristics

This method of torque control is the most commomhplemented method for a SRM [14].
Experimental tests have to be performed to acdheeelationship between the motor shaft output
torque, rotor position and phase current (eitheglei or multiple phase operation) as shown in
Figure 2.12 (b). The control is then implementea ilook-up table form, determining the optimal
current required, based on the motor position &edtdrque input reference. This current is then
fed as a reference into a current controller wigcpurposely designed. In more complex systems
each phase will have a dedicated, custom desigmednt controller, whilst simpler solutions will

have a single controller on the DC supply.

Flux— angle — current control characteristics

For this control method, experimental tests havba@erformed [14] to acquire the relationship
between the motor flux linkage, rotor position gqichse current as appears Figure 2.12 (a) (either
single or multiphase operation). The flux linkaggtadis then used to estimate the instantaneous
value of the shaft output torque. This graphicatad& obtained using a bi-cubic spline
interpolation of the voltage and current data asgliexperimentally at different rotor positions.
The control algorithm then uses a third order potyial (the coefficients are calculated and saved
in the controller) to evaluate the instantaneougue which is compared to a reference torque, with
the error being fed into a current controller. Toatroller is thereafter implemented in the same

way as for the torque-angle-current controller aésed above.

Control angle skewing control

The simplest method of crude torque control is e by varying the control angle and does not
require any phase current control [12]. The cordralle is defined as the rotational position when
voltage is applied to the relevant phase windirgngared to the position when this voltage is
removed. These two position angles can be advamceztarded to increase or decrease the output
torque. Whilst this method of torque control is gie} to acquire smooth torque control complex
optimization algorithms are needed (such as newgdlorks and/or fuzzy logic). This type of
control can be taken a step further. All currenmtoallers have inherent limitations with fixed
conduction angles. Consider a PWM controller méaimg constant phase current. The duty cycle
will increase to counteract the back EMF as theomgpeed increases. However, once the mark to

space ratio equals one, and the motor is at maxisperd, no further control is possible by the

Literature Review



Chapter 2 Page 2-24

controller. This occurs at the motor’s base speetis defined as the highest speed the motor can
reach, whilst maximum voltage and current are aplplvith fixed firing angles. Constant torque is
not achievable at base speed due to the contslilebility to act on the current. However, with
skewing of the control angles, a constant poweibreig achieved, analogous to field control in the
brushed DC motor [15].

Torque sharing function control

This type of control [12] is a hybrid of the mytinase operation of a SRM and either torque-angle-
current control or flux-angle-current control. Thanciple is that the total instantaneous torque
(Twta) generated in the SRM is the sum of the individnsiantaneous phase torques. This allows a

lookup table reference to be used in conjunctiah Wysteresis current control.

2.3
Ttotal = Tref*f t(e) ( )

where

X 2.4
£®) = Y fi®) @4
i=1

f, is the per phase torque sharing functiipis based on the individual phase torque as shawn i

Figure 2.14 and is a function of rotor position.
The torque control algorithm then follows the st of:

a) Obtain the torque reference (from a speed controfl@ser input).

b) Measure the rotor position.

c) From the torque sharing function, obtain a per phiasgjue reference.

d) Obtain a current reference for each phase bas#tkedookup table strategy.

e) Perform current control on each phase.

A suitable motor for an EV goes hand in hand withagpropriate power electronics drive for the
motor. The next sub-section therefore considersptiweer electronics needed by the respective

motors.
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2.3.2 Motor drives

When using either an AC or DC motor for electrihiege applications, control is implemented
through both software and hardware (torque, speddegenerative control). The hardware portion
for the control is referred to as the “drive” arahprises of power electronics of which the output
depends on the input control signals. This seatmmsiders the primary drive configurations and
semiconductors implemented in drives. The desigma dfigh performance drive must typically

meet the following specifications [18]:

a) The speed response must be smooth without cogdfiegt® or torque pulsations at low
speeds even down to standstill.

b) Speed reversal and transition between motoringragdnerative modes must be smooth
under dynamic loading conditions.

c) The drive system must be capable of constant tatedie up to rated (or base) speed and
constant power operation when using field-weaken@wpniques to obtain speeds above

base speed.

2.3.2.1 Solid state semiconductor switches

A solid state semiconductor is comprised of dopetypp and n-type layers. Different
configurations for a single family are possible aedult in either a p-type or n-type depletion
regions within, thereby determining what type oftrol signal is needed to enable them. For this

section, typical n-type semiconductors are depiftdtere relevant).
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The Thyristor

A thyristor (Figure 2.15) is a constructed fromrfdayers of doped semiconductors. It is a current
controlled device that will only conduct for a pog potential across the anode and cathode, once
a gate signal has been applied. If the gate signétien removed, the device will continue to
conduct as long it is forward biased (the anodbamg voltage is not reversed). This type of
switching is ideal for current fed, AC applicatiombere the source will turn the device off (natural

commutation) during a negative half cycle.

+|
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Anode |
| Latching Current
Anode s
|
Minimurm Holding Current e 1
2 — _'T e = Y
Gate . . [
Gate
Cathode Cathode
(@) {t) |
Rewerse Breakover Yoltage Farward Breakover WValtage
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(c

Figure 2.15 Thyristor (a)-circuit symbol (b)-equivdent circuit (c)-current characteristics [18]
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The metal-oxide-semiconductor field-effect transifIOSFET)

This device is voltage controlled and will only doet when the gate-source voltage;fMs
applied, allowing DC applications. The temperatooefficient is negative, eliminating possible
thermal run-away damage and the typical on-resistas less than that of an IGBT, thus

improving efficiency.

Dirain
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Gate Gate-Source Woltage 04
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Drain % ."j
b) ot e
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Gate +
Drain - Source Woltage (V)
Source (c)

Figure 2.16 MOSFET (a)-circuit symbol (b)-equivalencircuit (c)-voltage characteristics [18]
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The insulated-gate bipolar transistor (IGBT)

This device has four layers of doped semicondu@smwith a thyristor. In addition, an IGBT has a
field effect transistor (FET) on the gate, makihg voltage-controlled device which allows control
of both turn-on and turn-off of the conduction. Whis principle an IGBT can be used for DC (or
AC) and high current applications. However, IGBEwvé negative thermal characteristics, which
can lead to thermal runaway. The structure of aBTIGs based on that of a MOSFET and the
characteristics are similar. The physical diffeeebeing an IGBT and MOSFET is a p-type silicon
base layer of the collector present in an IGBT [T8le advantage for an IGBT, due to this layer, is

a higher current capability to size ratio, with tisadvantage of a higher on-state resistance.

Collector

Gate

Fmitter Gate - Emitter Voltage (V)

Collector

Collector Cwrrent (A)

(b}

Gate Collector - Emitter Voltage (V)

(c)

i

Emitter

Figure 2.17 IGBT (a)-circuit symbol (b)-equivalentcircuit (c)-voltage characteristics [18, 19]
The operating conditions for thyristor, MOSFET d6®8T are depicted in Figure 2.18, with the
highest current capability module being that oftthgistor. Although the MOSFET is the most

efficient (due to a lower on-state resistanceps the lowest current capability [18].
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Figure 2.18 Application regions for power semicondctor modules [18]
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2.3.2.2 DC drive topology

Traditional drive systems as documented in [20] kzased on the principle of rectifying an AC
supply and controlling the firing angle of a soktate semiconductor switch. This principle
however does not satisfy all the necessary driveciipations stipulated above. With the
development of faster switches and improved curaalt torque transducers, superior control has

been achieved in recent years [18].

The most commonly implemented system for DC motoitol is described in section 2.3.1.1. The
field current is regulated to control the fieldX¥Juand current control in the armature allows for
accurate torque control. The topology for the aureatirive is typically an H-Bridge configuration,
allowing bidirectional motor and regeneration opiera (four quadrant operation) as shown in
Figure 2.19. High frequency PWM signals from a coligr implement the current control through
the armature. When switches (depicted as MOSFEUS¢cdn be IGBTs) Q1 and Q4 are on, the
motor will be driven in one direction. The directi®s reversed if switches Q2 and Q3 are enabled.
Care needs to be taken not to switch Q1 and Q2 theasame time or Q3 and Q4 on at the same
time, as there is no load to limit the currentutisg in short-circuiting the supply. MOSFETs
have inherent fly-back diodes for regenerative af@n. However due to the diodes’ current
limitations, it is common practice to have highated schotky diodes in parallel with each

semiconductor.

(— [
») P)
Q1 | — Q3 | —

”
+
(\\\] DC Supply Armature ﬁ\

=

Torgue

— —
Hr) Hr)
Q2 | — G4 | —

Figure 2.19 H-bridge [20]
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2.3.2.3 AC drive topology

In most EV applications the AC motors (such asliheand BLDC) have three phases, but for a
SRM the number of phases may increase. Figuresh@®@s a three phase DC supplied AC drive
with an inverter connected to a motor. The semiootats in the inverter can be either MOSFETS
or IGBTs driven in PWM mode. Thyristors can also Used but require a forced commutated
auxiliary circuit and are not used in PWM mode taiher produce a stepped output voltage wave.

At low to medium power ratings, such as requiredyipical EVs, MOSFETs and IGBTs are

preferred.
T+
{\ | DG Supply »
g
Taorgue

Figure 2.20 DC supplied AC drive via an inverter [D]
For drives with current ratings beyond that of IGB@ate-turn-off (GTO) thyristors (with a slower
response than IGBTs) can be used, to remove the: floee force commutation auxiliary circuit

that thyristor would need.

It must be noted that the drive topologies considexbove will not work for a SRM as it requires

each stator phase to be in series with the semimboid switches as shown in Figure 2.21 [19].
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Figure 2.21 Drive for a 6/4 SRM [14]

Energy sources

The primary drawback to an EV is the operationatatice, which is limited by the energy source.
In 1992 the United States Advanced Battery ConsorfUSABC) was established. The USABC

is a cooperative endeavor between the U.S. DepattofeEnergy and the automakers Chrysler

Group, Ford Motor Co. and General Motors Co. TheABS aims to develop advanced

electrochemical energy storage technologies whithallow the commercialization of fuel cell

(FC), hybrid and electric vehicles which can parfaas well as an ICEV [1]. The development

criteria include:

a)
b)
c)
d)
e)
f)
9)
h)

High specific energy (kWh/kg) and high energy dgn&Wh/L).
High specific power (kW/kg) and high power dengkW/L).
Fast charging and deep discharging capabilities.

Long cycle and service lives.

Low self-discharging rate and high-charging effincig.

Safe and cost effective.

Maintenance free.

Environmentally sound and recyclable.
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Often more than one type of energy source is udezhwilesigning a vehicle. In this hybridization
of energy sources, a better solution can be acthielminating the compromise between specific
energy and specific power. An example of this mnsi&n the hydrogen electric vehicle (HEV) [1]

where the hydrogen has a high specific energy flang driving range and the battery has high
specific power for acceleration. Other exampletuishe battery and battery-hybrid (one battery will
have high specific energy while the other batteity wave high specific power); battery and ultra-
capacitor hybrid; battery and high speed fly-wheeed battery and fuel cell hybrid.

2.3.3.1 Batteries

The most popular energy source for an EV is theehgtin which stored chemicals react, creating
the electro motive force (EMF) to drive the motofie reaction is thermally-dependent, thus
during high current transients the internal resistaincreases. The best batteries available at
present are valve-regulated lead-acid (VRLA), nickadmium (Ni-Cd), nickel zinc (Ni-Zn),
nickel-metal hydride (NiMH), zinc-air (Zn-Air), atginium-air (Al-Air), sodium/sulphur (Na/S),
sodium/nickel chloride (Na/NiG), lithium-polymer (Li-Polymer) and lithium ion (Hon) type
batteries. The specific energy, energy densitycifipgopower and power density are compared to
the USABC development criteria in Table 2.1 [1]islimportant to note that the values given are
guidelines as the specifics of a battery will crabgtween manufacturers and even variations from
one manufacturer as different models are produoedllow for the tradeoff between specific

energy, specific power and life cycle.
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Table 2.1 EV battery specificationg1]

Specific Energy Energy Density] Specific Power| Cycle Life | Estimated Cost
(Wh/kg) (Wh/L) (W/kg) (cycles) | (USD/kWh)

VRLA 30 -45 60— 90 200 - 300 400 - 600 150
Ni-Cd 40 - 60 80 - 110 150 — 350 600 — 1200 300
Ni-Zn 60 — 65 120 - 130 150 — 300 300 100 — 300
NiMH 60— 70 130-170 150 — 300 600 — 1200200 — 350
Zn-Air 230 270 105 NA* 90 -120
Al-Air 190 — 250 190 — 200 7-16 NA* NA**
Na/S 100 150 200 800 250 - 450
Na/NiCl, 86 150 150 1000 230 - 350
Li-Polymer 155 220 315 600 NA**
Li-lon 90 - 130 140 — 200 250 — 450 800 — 1200 >200
USABC 200 300 400 1000 <100

NA* - Mechanically recharged by replacing metaltpta

NA** - Not Available

Despite the initial high cost of a Li-lon battertg performance in the remaining criteria makes it

the favorable choice for EV applications. The prst®uld decrease as the demand increases and

when mass production is implemented. Zn-Air bagtedre also favored due to their higher specific

energy, density and low cost. The disadvantageZfeAir batteries is that regeneration is not

possible into the cells so a second battery typaldvbe required and the two batteries would

operate in a battery-hybrid configuration.

2.3.3.2 Fuel cells

The fuel cell (FC) works on an electrochemical pipte similar to the battery. The chemicals are

not stored as in a battery, but rather supplietti¢csystem, allowing a stable energy source as long

as fuel is available. The system is efficient, fugaick to refuel and has a low emission depending
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on the chemicals chosen. To further understandpaeation of a fuel cell, consider a hydrogen

fuel cell.

There are three sections to the unit as showndnr€&i2.22. The anode (A) or fuel electrode is
where the hydrogen oxidization occurs and drivee felectrons into the external circuitry. The
cathode (C) is where the oxygen reduction reactiocurs and receives the electrons from the
circuitry. The electrolyte (E) allows a path foretimydrogen ions on the anode to pass to the

cathode, whilst being an electron insulator [1].

7 e\

Exhaust €— — Exhaust

=
m
L]

Fuel Oxidation
loric Conduction
Owygen Reduction

Fugl —» +— Oxygen

Figure 2.22 Hydrogen fuel cell [1]
Oxygen is readily available from the atmosphere hHydrogen needs to be refined from fuels such

as hydrocarbons, methanol or coal. There are thags of storing the hydrogen for a FC [1].

a) It can be compressed and stored at a pressurddfe85

b) When hydrogen is chilled to below its boiling podrit-253°C, it can be stored as a liquid.

¢) Hydrogen can be stored as a compound such as adhydtade. The reaction can then be
reversed at temperatures ranging from 200°C upwadegending on the metal used. Fuel
cells being used are phosphoric acid fuel cellsHEA alkaline fuel cells (AFC), molten
carbonate fuel cells (MCFC), solid oxide fuel ceBOFC), solid polymer fuel cells
(SPFC), and direct methanol fuel cells (DMFC). Amparison between these metal
hydrides is shown in Table 2.2 below [1].
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Table 2.2 Metal hydride properties [1]

Working Temp| Power Density, Projected Life| Estimated Cost

(°C) (W/cn) (kh) (USD/KW)
PAFC 150 - 210 0.2-0.25 40 1000
AFC 60 - 100 0.2-0.3 10 200
MCFC 600 — 700 0.1-0.2 40 1000
SOFC 900 - 1000 0.24-0.3 40 1500
SPFC 50 — 100 0.35-0.6 40 200
DMFC 50 -100 0.04 -0.23 10 200

The presently preferred, commercially availablel faell is in the form of pure hydrogen
pressurized to 350 bar. Service systems (analogogss stations) currently installed, can only
supply enough hydrogen for a few cars a day. Theicgon is not from a lack of hydrogen, but
the time the compressor takes to reach filling gues Though the storage is at 350bar, filling
needs to be at 700bar. For prototype EV implemmmtat fuel cell is used in conjunction with a
battery. The fuel cell provides the average poweuired by the EV’'s motors, and the battery is
sized to provide power-demand surges during aat#er, and receive momentary power during
regenerative braking [21].

2.3.3.3 Ultracapacitors

During urban commuting the number of acceleratiod deceleration transients are high. This
places a demand on the batteries to provide oiveegeak power at regular time intervals, though
the average power requirement of the EV is sigaifity less than these peaks. To accommodate
this, the batteries are often over-designed ancetlea reduction of their cycle life as current
surges generate heat in the battery, increasingntieenal resistance. Driving an EV from an
energy source which can supply such peak energwauegsn without reducing the cycle life of the
batteries is more appropriate. The energy sounsdhesn be recharged during times of low energy
requirement or regeneration. This auxiliary enesgyirce has been widely investigated and is
called an ‘ultracapacitor” or ‘supercapacitor’ [2This type of capacitor has a low specific energy

and subsequently cannot be used on its own, tnaisitvery high discharge and recharge rates that
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provide fast and efficient regeneration and aceélan. The series resistance of this capacitor is
lower and shunt resistance is higher when comperedconventional capacitor, which increases

the self-discharge time constant.

There is no single energy source which is ideaupply an EV. A combination of a battery and
ultracapacitor is used to gain the advantages tf bources and eliminating the disadvantages of
each source, creating an ideal energy source krewan“battery and ultracapacitor hybrid energy
system”. This system increases the life cycle efgburces and the range of an EV. For example a
32% range increase compared to running on batteléee has been reported (for the same energy
consumption) [22]. While an ultracapacitor conndceross the battery terminals will reduce the
transient currents, the best method is to use amggmmanagement controller. The controller
ensures that at low speeds the ultracapacitorllis ¢dharged for possible upcoming acceleration
and at high speeds the ultracapacitor is suffigiedischarged in preparation for regenerative
braking. A DC/DC converter is used in boost moderdudischarge, and then in buck mode when
charging from the battery or braking. To betterueashat current is sourced from the batteries
during steady-state EV travel, and that for shartatdon transients current is fed from the
ultracapacitor, the EV control algorithm is based the frequency of speed deviation. By
implementing an ultracapacitor for short range Elgations, the size of the required battery is
reduced, and thus the weight and cost of the EN& iffplementation should be done based on a
vehicle requirement survey because if the EV isduse highways, with fewer acceleration and
deceleration transients, the implementation of wheacapacitor is rendered pointless and the

smaller battery size will reduce the performancthefEV.

If EVs are to be the future of transportation, fibléowing commercial support infrastructures need

to be considered.
a) Availability of charging stations.
b) Standardization of EV batteries for charging.
¢) Regulation of clean and safe charging.
d) Impact on the power utilities.

The primary concern regarding EVs is the chargawility availability, as a support structure (gas

stations) is already in place for ICEVs.

When charging EV batteries, three schemes candak us
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a) Fast Charge: This scheme will rapidly recharge EN&s batteries by applying a high
current to the batteries. It is used when the skbduration stop is possible but will reduce

cycle life of the batteries.

b) Normal Charge: This scheme is used under genenalittans to allow the batteries to be
charged fully and not at the maximum current rajrglowing optimal cycle life of the

batteries.

c) Trickle Charge: If batteries are left for long pels of time, they lose their charge and a so-
called dead cell can occur. Trickle charging isdudaring such long periods, with a small

amount of current supplied so as to keep the lydfitdly charged without overcharging it.

For the domestic environment normal and tricklergimgy schemes are implemented, whilst public
charging facilities can cater for all three chaggsthemes. The energy demand from the power
utility can be scheduled to off-peak times (chaggawer night) and this can potentially reduce the
cost to the customer. Charging does inject curhantonics into the grid, especially during fast-
charging but there are methods to reduce the dffeasing either passive or active filters, butythe
add cost. Each vehicle being charged at a statibecneate harmonics, however as the number of
charging vehicles and types of chargers incredbesaverage or total harmonic distortion (THD)

will probably be less than expected as some of théhtancel from one charger to another [22].

2.3.4 Steering solutions

When an EV is running along a straight line, thimeigy of the two driven wheels is required to be
the same. However when the vehicle changes directicturns a corner, the outer drive wheel
requires a speed increase and the inner drive whgeires a speed decrease. Figure 2.2 illustrates
two fundamental methods of achieving this diffeeenc speed. For Figure 2.2 (a-c) this speed
differential is accomplished mechanically whilstRigure 2.2 (d-f) an electrical implementation is

required.

2.3.4.1 Mechanical steering solutions

Figure 2.2 (a-c) accomplishes a speed differebgalveen the two driven wheels with the use of a
differential gearbox. A coupling from the steerimpeel is used to mechanically determine the

offset between the transmission shaft from the manad the left and right driving wheels [1, 23].
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2.3.4.2 Electrical steering solutions

The advantage for Figure 2.2 (d-f) is the elimioatof the mechanical losses by removing the
differential gearbox. The disadvantage lies in tlee=d for increased complexity in the drive
algorithms to create the differential speed. If doerect speed difference is not acquired for the
turning radius commanded, the vehicle traction ag¢ede broken as in a “skid steer” vehicle. This
concept is widely used in construction vehicleshsag bob cats, which operate at reduced speeds.

The catastrophic effects of loosing traction whalstnering at high speeds, is self explanatory.

An electrical alternative to complex algorithmspisssible. As the driver mechanically adjusts the
direction of the drive wheels by means of a stegrieel, the difference in speed produces a
difference in back EMF (BEMF) between the two mefand this inherent property is exploited

by wiring the drive circuitry in series as appeamsFigure 2.23 to realize constant torque

throughout the turn [23].

Energy Source +Vcc

e an
-
B1
B2 Inverter 1
Motor 1 Eul
signals sl
IS
£
o position
o
<D
e AT
= position
o
O
I
Motor 2 el
signals
s Inverter 2
I
\ Y BLDC Motor Speed

2

Energy Source -Vcc

Figure 2.23 Drive and control system to achieve dérential speed
The assumption made for Figure 2.2 is that the phgsically adjusts the steering direction as
found in a car, with the front drive wheels swinglito the orientation stipulated. A second solution

is to have the drive wheels at a fixed orientatenmg the free running wheels swivel, as seen on an
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electric wheel chair. For this second solution @lser’s steering input is electrically implemented
by driving the two motors in Figure 2.23 at diffetspeeds to achieve turning and cornering. This
eliminates the need for differential algorithmdlzes driver acts as the feedback loop controllirgy th

motors, and the swiveling wheels adjust speed ardtation automatically.

2.4  Final selection
Based on the surveys described above, a selestimoow made for wheel chair applications.

a) The drive configuration depicted in Figure 2.2i¢frhosen as it is the simplest mechanical
design and will allow two axis control algorithms.

b) The preferred motor is a SRM as it is most robustyever it is not commercially available
in a hub wheel format. A BLDC motor is the next tosslution. Two hub type BLDC
motors of 500 W each, are selected for the wheat epplication of this project.

c) The power electronics to drive the motors comprid&SFETS as they have the lowest
on-state resistance, improving efficiency and esalily available.

d) The power supply for the vehicle would ideally itilm ion batteries (section 2.3.3.1)
with an ultra capacitor and power management cbratgorithm (section 2.3.3.3).
However as the theme for this thesis is motion robnthe additional cost required is not
warranted so Lead Acid Batteries are used duriagrthtor bench testing.

e) The steering solution proposed in section 2.3.4hwai differential torque on the two
motors resulting in vehicle orientation is used.

f) The control processor is selected based on thacapph hardware. The functionality
required (analog inputs, outputs and PWM outputy ean only be determined once the
final selection is made. For this application wheamsidering either microcontrollers or
digital signal processors (DSPs), a variety ofsinén be used. Available at the University
of Kwa-Zulu Natal, at the time of this research, asTMS320F2812 motor control
development board. Control algorithms are implememn this platform and programmed

using Visual Solutions software, VisSim.
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2.5 Summary

This chapter has documented research by othersthetdield of electric vehicles and control
strategies in general. Based on this informatiod available hardware for this project, a final
selection of the technology is made and used asvael@pment platform to achieve the objectives

of propelling an electrically powered wheel chardescribed in the introduction to this chapter.

More details for the BLDC motor and its controle discussed in Chapter 3.
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Chapter 3 - BLDC Hub Motor Operation Theory

3.1 Introduction

A brushless DC motor (BLDCM) is a synchronous motehich uses a direct current voltage
source and solid-state switches to create contmuatational kinetic energy. This kinetic energy is
used in a multitude of applications. The concepa &LDC Motor has been briefly introduced in
Chapter 2, along with various AC and DC motors.sTd¢hiapter documents the operational theory,
commutation strategies and regenerative brakingaf@LDC motor, with particular focus on a
BLDC hub motor (BLDCHM). It has centralized statéoy phase windings and an external rotor
comprised of rare earth permanent magnets. Thifigtwation is used primarily as an electric
wheel for electric vehicle (EV) applications andalso referred to as an inverted DC motor due to

the physical architecture.

3.2 Construction of a BLDCHM

A three-phase BLDCHM is comprised of two fundamémtartions. The first is the rotating
permanent magnets, and the second is the stati@hectromagnets. A simplified cross sectional
representation of the BLDCHM appears in Figure arid is used to further examine the

construction and operation of the motor [8].

Permanent
Magnetic Rotor

Electromagnetic

Stat
ator o B
ey:/&

Figure 3.1 Simplified cross sectional view and citgt diagram for a BLDCHM [8]
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3.2.1 Stator construction

The stator of a BLDC motor is the stationary elettagnetic portion of the motor. It is formed
from stacked steel laminations. These steel laminsitare stacked along the motor’s rotational
center, either on the exterior (if the permanengmea rotor is used as a shaft drive) or interibr (i
the permanent magnet rotor is used as a hub metapgears in Figure 3.2). A series of formed
coils are then wound within the lamination slotshéf the coils are energized, the laminated steel
portion within each coil, directs the flux path,ting as the electromagnet. The BLDC motor
phases are star-connected (as appears in Figurer&dlare formed from the many coils being
wired in a specific arrangement to form an even lmemof pole pairs.

s h S———

Phase coils Steel laminations

Figure 3.2 BLDCHM electromagnetic stator

Depending on the wiring configuration of the phase® types of motors can be designed. The
first is a trapezoidal motor (also referred to abrashless dc motor, or BLDC motor) and the
second is a sinusoidal motor. These names areedefifem their respective back electromotive
force (back EMF) waveforms, shown in Figure 3.3 &iglire 3.4 respectively. The sinusoidal PM
motor has the advantage of a smoother torque odymtto the current change within the motor
being continuous. However to achieve this, a manmpiex interconnection and configuration

between the phase caoils is required, and for Fdgldntated or Vector Control an expensive shaft
encoder is needed, thus altogether resulting iglaeh cost. This type of motor is also commonly

known as a permanent magnet synchronous motor (PNKGM].
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The trapezoidal back EMF BLDC motor's stator wirgnhave a simpler interconnection,

requiring a much cheaper resolver for vector conwector control of this motor is the focus of

this thesis. The limitation of the BLDC motor isposition control applications and the effects of
torque cogging.

For the purpose of this thesis, the term BLDCHM¢fare refers to a trapezoidal back EMF motor

mounted in the hub of a wheel.
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Figure 3.3 Back EMF waves of a trapezoidal BLDCHM 4]
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Figure 3.4 Back EMF waves of a sinusoidal PMSM [4]

3.2.2 Rotor construction

The rotor of a BLDC motor comprises an even nunabfgrermanent magnetic poles. Traditionally
the rotor construction uses ferrite magnets, howasalevelopment in the field expands, rare earth
alloys as permanent magnets have been more sudciespfoducing a greater flux, allowing the
BLDCMs of equal output torque, to be smaller in @byl size. Some of the rare earth alloys
include neodymium (Nd), samarium cobalt (SmCo) andalloy of neodymium, iron and boron
(NdFeB) [5]. However, China has become the majors® of rare earth permanent magnets and
has steadily increased the price which has beconmeern to some of the motor manufacturers
outside of China. The US Department of Energy idsaueall for proposals “Funding Opportunity
Number: DE-FOA-0000239” in December 2010 which eganter alia that “there are concerns
regarding the lack of transparency in the rarehearagnet supply market and its price structures,

which imply rare earth magnets could be signifiganmtore expensive and possibly not available in
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guantities appropriate for their use in vehiclecticm drives in the future. Because of this, it is
desired to pursue motor technologies that sufftiereduce/eliminate the use of rare earth
permanent magnets [5].”

For the BLDCHM, the rotor is the external housisgradicated in Figure 3.5.

Stationary Electromangnets
(Statonr)

Hall Effect Sensars

RubberWheel
Permanent Magnet Rotor

Figure 3.5 Cross section of a 28 pole BLDCHM with niform air gap
To reduce the effect of cogging torque two primagchanical design effects are used;

a) Uniform air gap compared to non-uniform air gap.

b) Magnet skewing effect.

3.2.2.1 Uniform air gap compared to non-uniform air gap

Figure 3.6 depicts a BLDC motor with a centralizetbr and exterior stator, though the principle
in this section can be extrapolated to a BLDCHM.uAiform air gap (Figure 3.6 (1)) [24]

compared to non-uniform air gap (Figure 3.6 (2)) ba implemented in a BLDCM. In Figure 3.6
(1) the magnet surface at the air gap is shapedtimee flat surfaces which is almost an arc
concentric to the stator surface, thus producingaiargap that is almost uniform. However in
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Figure 3.6 (2) the magnet surface at the air gaéipeishape of a “bread loaf”, thus producing a non-
uniform air gap that is shorter at the centre ef tbtor pole, and longer at the edges of the rotor
pole. Reference [24] reports that the non unifoimgap design with the “bread loaf’ shaped
magnets produces a lower cogging torque than tiferomair gap design as illustrated in Figure

3.6; moreover, the amount of reduction depend$ierexact profile of the “bread loaf".
To obtain the results in Figure 3.6, the authorf2#4] rotated the rotor by a fraction of the stator

slot pitch, calculated the resulting torque, anuested the process.
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Figure 3.6 The effects of air gap uniformity on coging torque [24]
3.2.2.2 Magnet skewing effect

The magnets on the rotor can be skewed by spasiadiywing one end of the magnet with respect to
the other as depicted in Figure 3.7 (a) [24]. Theoant of skew determines the reduction in
cogging torque. Figure 3.7 (b) shows the variabboogging torque when the stator is skewed by
different fractions of the rotor slot pitch. Skemgiby one complete rotor slot pitch gives the best

results in Figure 3.7 (b), but there are the follaydisadvantages:
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a) The magnets need to be manufactured with the spesiéwing shape, which results in
complex geometry, thus increasing cost.

b) The total efficiency of the motor is reduced as niegnetic flux between the ‘d" and ‘q’
axes are no longer at 90°.
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Figure 3.7 Cogging torque as a function of rotor agle at different skewing angles [24]
3.3 Correct commutation operation

A brushless direct current hub motor (BLDCHM) has mechanical commutator and it uses an
electrical commutator in the form of IGBTs or MOSFEbut their switching of current through the

phase windings has to be in a sequence which isiggedependent as described in section 3.2.
The position sensor is described in section 3.4ofMmmutation algorithm is needed to determine
the switching sequence for the BLDCHM phase voka@ased on the trapezoidal back EMF of a
BLDCHM (Figure 3.8 A), two commutation strategies the phase voltages are shown in Figure
3.8 B, namely 120 degree commutation and 180 degweenutation. The resulting current for

each of these commutation strategies is shown $orgle phase in Figure 3.8 C.
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Figure 3.8 Commutation strategies based on the badkMF of a BLDCHM
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3.3.1 120 degree commutation

From the back EMF waveforms in Figure 3.3, a sepstommutation scheme is devised. When a
phase has maximum back EMF, current is sourcedtieghase and when the back EMF is at a
minimum, current is sunk from the phase. Only tvimages conduct at any point in time, and the
conduction path is position dependent [4, 5, 2bhe current flow explanation for the six step
commutation is documented in Table 3.1 and a dmdca the current flow appears in Figure 3.9.

This commutation strategy is the most widely impéened solution for a BLDCHM [26].

Table 3.1 Description of current flow in a BLDC mobr during 120 degree commutation [4]

6. (degrees Description

0-60 1| Current flows from Phase A to Phase BJswRhase C has a floating potentia|l

60-120 | 2| Currentflows from Phase A to Phase lilsivPhase B has a floating potentia‘

120-180 | 3| Current flows from Phase B to Phasghilst Phase A has a floating potentia

180 - 240 | 4| Currentflows from Phase B to Phaselist Phase C has a floating potentia|l

240 -300 | 5| Currentflows from Phase C to Phasehist Phase B has a floating potentiah

300-360| 6| Currentflows from Phase C to Phasehist Phase A has a floating potentia
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Figure 3.9 Current flow in a BLDC motor during 120 degree commutation [4]

3.3.2 180 degree commutation

180 degree commutation is suggested by Jani [2.cbncept is to increase the torque output of
the motor by having all three phases conduct tHrougone complete revolution of the shaft, as
opposed to 120 degree commutation where each mhmgeconducts for 66% of one complete
revolution of the shaft. However a dead band betwgmper and lower MOSFETSs is imperative to
prevent shoot-through currents. This commutatiothot provides a smoother output torque as the
current switching between phases is overlappedrelaity and allows for control strategies such

as space vector modulation.

The current flow explanation for the six step corntmtion is documented in Table 3.2 and a

diagram for the current flow appears in Figure 3.10
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Table 3.2 Description of current flow in a BLDC mobr during 180 degree commutation [27]

0. (degrees Description

30-90 1| Current flows from Phase A to Phase B@nd

90 - 150 2| Current flows from Phase A and B to Blas

150 -210| 3| Current flows from Phase B to Phasadd&

210-270| 4| Currentflows from Phase B and C tsPia

270—-330| 5| Currentflows from Phase C to Phasad\&a

330—-30 | 6| Currentflows from Phase A and C to PlEgas

A
| |
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A A
| | |
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|
® ! (N) ® (N)
TN R T NN

Figure 3.10 Current flow in a BLDC motor during 180 degree commutation [27]
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3.3.3 Control of solid-state switches
There are three possible states that a motor flaesbke in.

1. High: The phase is connected to the supply maximpotential (+Vcc) and current flows

to the neutral point (N).

2. Low: The phase is connected to the supply minimatemtial (-Vcc if it is a split power
supply or OV) and current flows from the neutrairpo
3. Floating: The phase is not connected and thus diasiment flow through it. In this state

the potential measured on the phase is the sathe agutral point (denoted by a “-” in
Table 3.3).

To achieve these three states only two switcheplp@se are required. The switching positions are
determined from Figure 3.9 and Figure 3.10 for 2@ 180 degree commutation strategies
respectively and are shown in Table 3.3 and TaldleeSspectively. For each commutation strategy
there are six discrete switching configuration&veing each strategy to be referred to as a “six-

step” commutation strategy.

Table 3.3 Commutation using 120 degree switching]4

6. (DeQ) 0, (rad) Phase A| Phase B PhaseC
1 .
0< 6, <60 0< 6, < 3 High Low -
1 2 .
60 < 6, < 120 37 < 0. < 37 High - Low
2 .
120 < 6, < 180 §n< 0, < - High Low
4 .
180 < 6, < 240 < 0, < 3 Low High -
4 5 ,
240 < 6, < 300 §n< 6, < 37 Low - High
5 ,
300< 6, < 360 §n< 0. < 2m - Low High

120 degree switching is the most common systememehted. The phase voltages are applied at

the same electrical position as the peak of th& BAdF wave.
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Table 3.4 Commutation using 180 degree switching T2
6. (Deg) 0, (rad) Phase A| Phase B Phase|C
1 1 .
30< 6, <90 er < 0, < o High Low Low
1 5 : .
90< 6, < 150 E1T< 6, < E” High High Low
5 7 .
150 < 6, g7T< 6, < g" Low High Low
< 210
7 3 . .
210 < 6, gn< 0, < P Low High High
< 270
3 11 :
270 < 6, Pk <6, < <" Low Low High
< 330
11 1 . .
330< 6, ?n< 0, < e" High Low High
< 330

The layout for the six solid-state switches in theerter, allows for current flow though each
phase, in either direction. The electrical conmectior the MOSFET inverter is documented in
Chapter 2.

3.4 Position sensing and estimation

For electrical commutation of the current in a BUBI@, the electrical position of the rotor is
typically required at 60 degree intervals. The nmamsnhmon method is to place three Hall effect
sensors inside the motor. Another method is thatesfsorless commutation, which is based on
accurate position estimation. It is important téeninat the electrical position is seldom the same

the mechanical position of the motor as the nurbeple pairs need to be taken into account.
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3.4.1 Discrete sensor
Discrete Hall effect sensors within the stator detke permanent magnetic field of the rotor. As a
pole passes the sensor, it returns either a high iedicating a north pole or a low level indicagi

a south pole. This is shown in

Figure3.11and the circuit configuration is depicted in Fig8.12. Within the control algorithm,
these position signals are then interpreted and tseswitch the inverter, and thus control the

current in the motor.

Discrete 120 degree sensing is a cheap solutiomdmidisadvantages. The position resolution is
limited to a discrete interval depending on the bamof embedded sensors, which makes speed
control inaccurate at low speeds. To calculate it the six-step locations the motor is in, a
minimum of three such sensors are required. With sbnsors mechanically positioned 120
electrical degrees apart, a resolution of 60 etsdtdegrees is obtained. The next section describe
how to obtain a finer resolution than only evemtyselectrical degrees.
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Figure 3.11 Signals received from discrete Hall ssors [26]
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Figure 3.12 Circuit configuration for discrete Hall sensors

3.4.2 Continuous sensors

To determine the position of a rotor with a fineswolution than only every sixty electrical degrees,
an encoder can be used instead of discrete seaisb®d degree intervals. Another approach is to
place analogue Hall effect sensors on the statbif@nthis setup, there are two sensors within the
motor. The feedback from each sensor is sinusaiddldirectly dependent on the sensor’s position
relative to a pole. With the placement of two oftswnits, 90 electrical degrees apart (as appears
in Figure 3.14), the exact position of the roton ¢& determined by using the analogue feedback
signals from Hall sensor 1 and Hall sensor 2 [BEjuation (3.1) is calculated within the control
unit, and then used for the inverter timing, thgrebntrolling the current in the motor. The circuit
configuration appears in Figure 3.14. This impletagon has the advantage of increased position
resolution, allowing for accurate calculation ok tmotor speed (first integral of position) and

acceleration (second integral of position) for matrte moment.
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Halll) (3.1)

0, = atan2 (Hallz

where:
* B, is the electrical angle of the rotor (degrees).

» Hall; is the magnitude of the analogue voltage feedisaghal from the first Hall effect

sensor.

» Hall; is the magnitude of the analogue voltage feedbaal from the second Hall effect

sensor.
=
. Continuous Hall Sensar 1
2 100
[y
o
i3]
% D ...................
T
5 . : : :
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Figure 3.13 Motor position and continuous Hall sers signals for a rotor turning at constant speed
[26]
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Figure 3.14 Circuit configuration for continuous Hall sensors
3.4.3 Sensorless position estimation

The back EMF waveforms in a BLDCHM are trapezoidalappears in Figure 3.3.There are many
applications that allow for a basic position estiorato be based directly measuring on the back
EMF, thereby eliminating the expense of positionsses. It is important to note that only one of

the two types of commutation strategy (120 and d&@rees) discussed in section 3.3, can use
sensorless position estimation. The common 120edegommutation strategy drives only two of

the phase windings at any particular point in tiffileis allows the measurement of the back EMF

of the floating phase. When a phase is open cjrthat back EMF measured across its terminals
follows the profile in Figure 3.3. The commutatialgorithm can detect the per phase back EMF as
it crosses the average or zero point (situatedvief between the positive and negative rails). This
happens twice per phase in a single electricalecy8hsed on the time interval between zero
detection, the rotational speed can be estimatedttzan used to calculate the position. Once a
position estimate is obtained, the inverter timgan be calculated. The basic circuit layout is

shown in Figure 3.15. The primary problem with thénsorless position estimation occurs at low
speeds where there is a small back EMF from whiahdnitor the zero crossing and at zero speed

the position is impossible to determine.
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Figure 3.15 Hardware configuration for sensorlessammutation

3.5 Torque generation in a BLDC motor

Figure 3.16 shows the winding structure of a BLD@#Mtor with central stationary windings and
an outer permanent magnet rotor. The individuabphaltages and currents are shown as well as
the flux vector from the permanent magnetic rofargenerate torque in a BLDCHM, the resultant
current vector i) must lead the exterior rotor fluf4s) linkage vector. For maximum torque
production and the most efficient current to torgaio the angle betweapand; should be 90°

[4]. A leading current vector is illustrated in Big 3.17 wheré; is at 0° with respect to Phase A.
Considering the winding structure of the BLDCHM ggpears in Figure 3.16), for a resultigigp

be produced at 90° leading the following is required:

* Phase A carries zero current, thus producing no flu
» Phase B carries a positive current, thus produgiogrrent flux vector at 120°.
* Phase C carries a negative current equal in maimitu Phase B, producing a current flux

vector at 60°.

These conditions will result iy leading/s as required. This principle is the basis for deteimg

the commutation strategies in section 3.3.
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Figure 3.16 Winding structure of a BLDCHM with per phase current and voltage vectors [4]

Figure 3.17 Resultant current and flux vector withh a BLDCHM at 0° [4]
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3.6 Regenerative braking of a BLDCHM

The need for braking in any EV is apparent andith&chieved by controlling the motor to become

a generator. The advantages of using the BLDCHE generator are:

* In braking (or generator) mode, the BLDCHM actadwake, thus removing the cost of a
hydraulic braking system.
» It allows the implementation of regeneration, cating mechanical energy into electrical

energy which is stored in the battery, thus indrepthe operational distance of the EV.

When the vehicle is in braking mode, the kinetiergy is converted into electrical energy and
reduces the velocity of the vehicle. There are éhawtrical states during braking, namely energy
storage in magnetic fields and energy used to rgehaatteries. To further understand the
operation, consider a BLDCHM rotating from 0° td @ectrically [13, 31, 32].

a) Energy Storage: When the BLDCH motor is at 0°, FegB.8 A shows that phase A is at a
maximum back EMF potential and Phase B is at amim back EMF potential. Only Q2
in Figure 3.18 is switched to an on-state, creaéirgrculating current path as appears in
Figure 3.18 (a) and energy is stored in the magfiields of phases A and B.

b) Recharging: When Q2 is switched to an off state,dhly available current path for the
stored energy in phases A and B is via the fly ldiokles and into the batteries as appears

in Figure 3.18 (b). This reverse current throughlihtteries recharges them.

When steps a) and b) above are repeated at highefiney by using a PWM signal to the bottom
MOSFETs in a position dependent sequence, a regjererstate is produced. This process is

extended to Q4 and Q6 to achieve regeneration ghr880° of motor rotation.
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Figure 3.18 Current paths during regenerative brakhg operation [30]
3.7 Summary

This chapter has considered the structure and atootrthe BLDCHM as well as the required

position sensors and regenerative braking. Thetari®n and operation of the rotor and stator
have been documented as well as mechanical attesativhich reduce cogging torque. The
inverter commutation is position-dependent and tyssensing and estimation principles have
been investigated. To understand the electrical d&ywhmic responses of a BLDCM (and by
extension, the power inverter), the mathematicab&qns, which govern them, are developed in
Chapter 4.
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Chapter 4 - Dynamic and Electrical Model of a BLDCHM

4.1 Introduction

The brushless DC hub motor (BLDCHM) is a star-catee three phase motor, using an inverter
with a specific, position-dependent, commutatiottgwsa to control the current into each of the
motor phases. The motor cannot be fed from an Atblguike an induction motor, or directly

from a DC supply like a conventional DC motor. Aesific sequence needs to be followed to

enable correct commutation.

This chapter focuses on the equivalent electritauit of the BLDCHM, and a mathematical

analysis is done on both the motor and the inverter

4.2 Mathematical model for the BLDC motor

In many “sinusoidal motor” types that require simidsl voltage or current supplies, such as
induction and certain permanent magnet synchronmchines, al,q axis mathematical model is
used. With the BLDCHM ara,b,c mathematical model approach is preferred becawsdack
EMF wave forms are trapezoidal which complicatemiahematical transformation into tleqg
reference frame. Whilst doing a Fourier Transformtle trapezoidal back EMF and then
transferring each harmonic tadag reference frame is theoretically possible, itas undertaken as
the result is complex [4, 6, 37]. Thus in this istigation the modeling of the BLDCM assumes a
purely trapezoidal back EMF although on the measwaveforms the corners of the back EMF
are slightly rounded. For purposes of mathemasinalysis it is nevertheless assumed that the back
EMF is purely trapezoidal and that it can be regmésd by a linear piecewise function dependent

on the rotor position and for which the magnituslerioportional to speed.

The simplified winding structure for the BLDCHM ubén this research is shown in Figure 4.1.
The motor is a 56-pole, 3-phase BLDCM with innext@t windings around the stationary shaft
assembly and permanent magnets mounted on thes insiface of the cylindrical outer rotating
assembly of the wheel. This version is called dasermounted BLDCM or BLDCHM. The

equivalent electrical circuit is shown in Figure24Each one of the three phase windings is
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represented by a resistance in series with arsgliciance, a voltage source representing the back

EMF, and a mutual inductance between the phases.

Assumptions used to simplify the BLDCHM model asgf@lows [36, 40]:

* The magnetic circuit is linear (saturation is netgd).
» The cogging torque is not considered.

» The effect of temperature on the stator winding$laminations is not considered.

Considering Figure 4.2, the voltage vector for aDBIHM is represented below and the full

equation is derived in this chapter:
V =[R]I+ p[L]I +E (4.1)

where:

* Vs the vector of the applied phase voltage vokage
* Risthe scalar for the individual phase resistances
* | is the vector of the resultant phase currents.

* pisthe Heaviside Differential Operator.

» L is the scalar for the individual phase inductances
» Fis the back EMF vector.
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Permanent
magnet rotor
wheel

Figure 4.1 Simplified structure for the BLDCHM [8]
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*Note the Neutral connection is only within the
motor

Figure 4.2 BLDCHM equivalent circuit diagram [4]
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The voltage across phase A to neutral is denoted as

. d (4.2)
an — (Ra) * Ia + a((la * La) + (Ib * Lba) + (Ic * Lca)) + Ea
where:
* Vg, is the instantaneous voltage across the A phathe toeutral point (V).
* R;is the phase series resistan@g. (
* l,is the instantaneous current though phase A (amps)
* lyis the instantaneous current though phase B (amps)
* |, is the instantaneous current though phase C (amps)
* L,is the self inductance of phase A (henry).
* Ly is the mutual inductance between phases A anagiyh
* L4 is the mutual inductance between phases C an@rryh
* E;is the instantaneous induced voltage or back EMghase A (V).
similarly:
d 4.3
Vo = Ry # Iy + 2 (U * L) + (g * Lyg) + U * Ly) + By (*:3)
and
(4.4)

d
Ven = (Rc) * 1o + E((Ic * Lc) + (Ia * Lca) + (Ip * Lca)) + E.

The complete vector equation for the motor can Im@ined when substituting equations (4.2),

(4.3) and (4.4) into equation (4.Ma,, Von andV, are denoted ag,, V,, andV, respectively from

here on.
Va Ra 0 0 [a La Lab Lac Ia Ea
Vo|=10 Rp O[|l +to Lya Ly  Lpc||lp|+ |Eb (4.5)
vl lo o Rl “li, Le Llli] LE

The assumption can be made that the mutual induetagtween phases is the same. Thpls L.
= Lpa = Lpec = Lea = Lo = M, whereM is known as the mutual inductance. This reducestem
(4.5) to (4.6).
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Vil [Ra 0 O] g[ka M Mi[a] [Ea
v, o o Rl *Ilm m rdli] lE.

A further simplification can be made if the motar donsidered ideal, thus assuming the three
phases have equal resistance and neglecting tadonship between winding resistance and
temperature [28, 36]. TheR,, R, and R. are equal and can be denotedRaslf the phase

inductances are also presumed to be equal, thgrcéimebe denoted by the tetmHence

a1 TR 0 01[la L M Ml [Ea .
Vol=o R of|l|+=|M L m||io|+]|Es (4.7)
vl lo o rilL v m Ll LE,

The BLDCHM stator windings are assumed to be stanected, thus when considering the neutral

point, Kirchhoff’s current law states that:

Ip+1,+1,=0 (4.8)

This allows for the following simplification:

d
E[L*1a+M*Ib+M*IC]

d
=%[L*Ia+M(Ib+IC)]

—dLI M(—I
—%[*a'i' (_a)]

_d (4.9)
= la* (L= M)]

Substituting equation (4.9) into equation (4.7)uesk the voltage vector equation to (4.10).

v, 1 - 1 E,
a_R 0 0|[la] g4[L—-M O 0 a a (4.10)
Vol=10 R 0 1b+% 0 L-M 0 |||+ |Eb
Ve 0 0 RILL 0 o L-—mlli] L|E,.
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In a BLDCH motor, the torque output is directlyateld to the current flowing through the phase
windings. So to obtain a smooth torque, an accurateent controller is required. When making

the current the subject of the formula, equatiof@tcan be re-arranged as:

Va] R 0 0][l Eq
Vo|=|0 R Of|Ip]| = |Ep 4.11
afp]_lel Lo o rlle) L -
dt|, L-M
Cc
To simplify the notation, lefL-M) be replaced by the symblol.:
V R E
d [l [VQ/L1 [/Ll o ]I“ [Ea/“] (4.12)
— R :
dt[?’]‘ l[ b/LlJI_l 0 i1 RO 1K "[ b/LlJI
c |74 c E

In a regular industrial type BLDC motor the rotacladtecture uses permanent magnets and while
the flux density varies across a rotor magnetie pitie total flux per pole is nevertheless constant
The trapezoidal shape of the back EMF waveform wépen the position of a phase winding
relative to the magnets, with a phase shift of di28rees between phases. The amplitude of the
back EMF depends only on the motor speed. The ieqgdior the back EMF are shown below. An
assumption is made that phase A and the elecpasition feedback, are aligned. In practice this

is not necessarily the case and an offset to thitipo feedback might be required.

Easz*wm*f(ge)
2
E, =Kv*a)m*f(6€+120)=K,,*a)m*f(96+§n)

2
Ec = Ky * 0 * f (0 = 120) = Ky * oy * f (0 = 57) (4.13)
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where:

* E, E, andE. are the instantaneous trapezoidally shaped indoaekl EMFs (V).
» K, is the motor speed constant (V.s/rad).
*  wpis the motor rotational speed (rad/sec).

* f(0e) is the linear piecewise function describing thekdldMF wave (no unit).
The back EMF wave has the same shape for all fitrases, but with an angular phase-shift of 120

degreesg(n: radians). This shift is a mechanical property giesd in the layout of the rotor magnets

and stator windings. To further understand thealin@ecewise function for the back EMF, phase A

(Ea) is considered. The ideal back EMF waveforms hosve in Figure 4.3.

1 where0 < 6, < /3
1 wherer/3 < 0, < 21/3
—(6*(6e - 2n/3))/m where2n/3 <6, <m
Ea= Kyxams -1 wherer < 6, < 41/3 @
-1 where4rn/3 < 6, < 5m/3
L (6*(6 - 5n/3))/n where5n/3 < 6, < 2w
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Figure 4.3 Ideal back EMF waveforms from a BLDC mobr [4]
The electromagnetic torque is the quotient of thtaltelectromagnetic power and the electrical

rotational speed, as a function of time.
T.(t) = (Eqxlg +Ep xI, + Ec x1.)/wp,

To(t) = (Eg*lg+Ep x Iy + Ec % 1.)/(w, * P/2) (4.15)

The mechanical equation of motion for the motor is:

dwy,
152 + Brom =T -1

[Te(®) — Tu()]

dw, P (4.16)
][dt]+ Broe =7
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where:

« Jis the motor inertia (kg.M

» B is the friction coefficient (N-m per radian pecead).
* Te(t)is the electrical torque as a function of timer(i)l-
* T, (t) is the load torque as a function of time (N-m).

» Pis the number of pole pairs in the motor.

The rotational inertia of a BLDCHM (or object) igpeoperty of the mass and distance between the
mass and the centre of rotation and can thus leendieted mathematically using the integration of
the mass and distance over the profile of the whHéet becomes difficult when the object such as
a BLDCHM, is made of a complex profile and multipteaterials. The coefficient of friction
between the BLDCHM wheel and the surface is a maysproperty and cannot be altered

electrically.

From equation (4.16) the electromagnetic torquesddg on the rotational speed and the current in
each phase. When substituting equation (4.14)aqt@tion (4.17) and rearranging:
dw, 1[E;*1,+Ey*I,+E. *I,

=7 - ~ Ty(®) — Brom(®)|

(4.17)

However from equation (4.14), the back EMEs E, andE; are functions of time an@,, This

reduces equation (4.17) to:

dwy,

1 2w 27 W (4.18)
7_ 7 [Kv*f(ee)*1a+Kv*f(ge+?>*1b+Kv*f(ge_?)*Ic]a_ Tl_Bf(‘)m

To simplify the motor equatiora(6s), Fs(0) and Fc(6,) are used to represent the product of the
motor speed constant and the linear piecewiseifuretn the back EMF equations. It is important
to note that thei@3 phase shifts are accommodated fdfd(0s) andFc(6e).

dw 1

o= U6 * Lo+ Fo(0) % Iy + Fo(8) Lo = Ti(8) = B (0] (419
From equation (4.19), the electrical torque in ¢igua(4.15) can be reduced to a point where it is
solely reliant on the phase current and not thaticoial speed. This implies that current control in

the BLDC motor provides an accurate torque contralitively from equation (4.15), to obtain
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maximum constant torque at any speed, the thregeph@rrents must be rectangular and in phase

with their respective back EMF signals [4].

It is not physically possible to have a perfectygtangular current due to the inductance in the
phases, thus resulting in cogging torque. As doctietkin Chapter 2, various methods have been
investigated to reduce the cogging effect. Thidudes a 180 degree commutation scheme.

Experimental data and final selection for the cdlfér design is documented in Chapter 5.

Finally the mechanical position of the motor isidedl by:

O _ o (4.20)
e (P) * w,
6, = (P)*6,, (4.21)

To conclude, the final state space equation (h2R)w, for a three-phase, star-wound, trapezoidal
back EMF, BLDCHM is obtained directly from equatio(®.12), (4.19) and (4.20), in the form:

X' = AX + Bu.

la] [—R/L1 0 0 —F,(6,)/L1 o1[la1 [1/L1 O 0 0 1y
dl b [ 0 —R/L1 0 —F,(6,)/L1 0} I, 0 1/L1 0 o ||y (4.22)
il L=l o 0 —R/L1 —F.(6,)/L1 ol|l I [+] o o 111 0 |/ '
onl RO/ Fo6)/] E©)/)  —BJ  Olem| | 0 0 o -UJ||f
laeJ | 0 0 0 P ol 0, | 0 0 0 0 T

The state variables akg |y, l¢, wm andé,,. The input variables aNg, V,, V. andT,.

4.3 Mathematical model for the inverter

Unlike other motors which can run from a utility im& or a DC source, the BLDCHM
commutation relies on the electrical position of tlotor to control the current waveforms. This
makes the inverter a critical part for motion cohtand often in the literature such as Wishart [4]

the entire motor and inverter are viewed as ong referred to as the BLDC machine.

For the modeling of the inverter the assumptioméle that all six switches which are controlled

by the computation algorithm, are ideal switchddsTmplies:

a) The individual switch’s electrical characteristao® not modeled.
b) Control signals are all independent and complenngngavitching is not used on the

inverter.
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c) Itis assumed that the DC supply to the inverteoisstant.

d) To determine a generic model for the inverter tbsitive DC rail is referred to as +Vcc
and the negative rail -Vcc.

e) A zero reference potential/, is defined as the potential midway between the raiC
voltages. The voltages imposed onto the BLDCHM phase referenced 6,

+Voo T 1553
| | Val

o o -@9 Qi}ED Qﬁ Va
; : : vnol
Q2 G) m@a ﬂﬁ Neutral (N
Vb0 \a

-\oo Wi

Lac

rA P

Vel

*Mote the neutral connection is
only within the motor

Figure 4.4 Voltage potentials between the inverteaind BLDCHM [4]
The voltages/,, V, andV, (the phase potentials in equation (4.22) areivelddb the neutral point
(Vn) within the motor. The current within each phasdependent on its phase voltage, however the
inverter cannot supply a potential directly refemsh toV, as it is a connection only within the
motor. Pillay [7] makes the assumption thatis always at the same potential\gswhich makes
the model simplistic. However this is not actudlig case and the neutral point (referenced,o
follows the back EMF of the phases (presuming I&frele commutation) as appears in Figure 4.5.
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Figure 4.5 BLDC motor neutral point potential [4]
Figure 4.5 thus demonstrates that the potentiavdmtV, andV, (V) is crucial to the BLDCHM
and inverter model. Whilst equation (4.22) holdsetra model of the BLDC machine requires the
phase currents to be relative to the voltage se@dly the inverter. To accomplish this, equation

(4.10) is expanded into equation (4.23).

R 0 0]l I,1 [Ea

Vo — Vo L-M 0 0
VbO_V"O]_ 0 R o[+ 0 1-M o ]Ib +|E, (4.23)
Veo = Vo 0 0 RILL 0 0 L—MILI, E.

WhereVy, Vo, Voo are the voltages imposed onto each respectiveehathe inverter, relative to

Vo. Vo is the voltage difference between g andV,.
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To determine the potential ¥f,, at any point in time, all terms of equation (4.28) added.
d
Vo + Voo +Veo —3Vo =Ry + Iy + 1) + 3(L — M)E(Ia +1I,+1.)+ (E, +E,+E.) (4.24)

Because of the floating neutral point inside théandhe three motor currents must add up to zero.

Ia+1b+lc=0=%(1a+z,,+zc) (4.25)
This simplifies the summation of equation (4.23) to
Vao + Vo + Voo —3Vino = Eq + Ep + E. (4.26)
thus:
_(Eq+Ep +E) — (Voo + Vo + Vo)
no — —3
(4.27)

1
Vo = §(Va0 + Vpo +Veo—Eq —Ep — Ec)

The phase-voltage potentials from equation (4.28) repeated below, and can be simulated

becausé&/,o can be calculated from equation (4.27).

Va VaO - VnO
V| = (Voo = Vo (4.28)
Vc VcO - VnO

4.4  Summary

In this chapter the equivalent electrical circoit the BLDC motor is used to derive the state space
equations, with the presumption that the back EMpdrfectly trapezoidal, thus allowing it to be
described as a piecewise linear function depermleposition and rotational speed. The inverter is
modeled under the assumption of six ideal switclae®] an expression for the neutral point
potential is derived. This allows for the simulatiof the BLDCHM and inverter, which follows in
Chapter 5.
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Chapter 5 - BLDCHM Simulation and Controller Design

5.1 Introduction
In Chapter 4, the state space equations (SSEghéoelectrical and mechanical operation of a
three-phase brushless DC hub motor (BLDCHM) arévddr This chapter makes use of VisSim
v6.0, an embedded control developer from Texagunmsnts® (TI), to simulate the BLDCHM
based on the models in Chapter 4. Control loopstlier BLDCHM are then designed and
implemented on the Tl F2812 DSP. VisSim is alsoptagramming tool for the DSP and acts as
an interface between the user and the DSP durstinge allowing data logging, capturing and
adjustment of controller inputs.
5.2 Motor parameter identification
To simulate the BDCHM, the following motor paramstare required for the state space model:

» the phase resistancBg R,, R; (Ohms).

» the phase self inductandeg L, L. (milli Henry).

» the mutual inductance between phasgsl e Loe (Milli Henry).

» the piecewise linear functions for the instantasdmack EMFE,, E,, E. (volts).

» the motor speed constaff (rad/V.s).

« the rotor inertia (kg.nf).

* number of pole pairs (no unit).
The state variables in the motor model are:

» the instantaneous phase currdptk, I (amps) .

» the instantaneous mechanical rotor positigifrad).

» the instantaneous mechanical rotational velasjtyrad/sec).
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The input variables are:

» the instantaneous phase voltage with respectet@eho reference potentisllo, Vio, Veo

(volts).
» the instantaneous external load torguéN-m).

The motor parameter testing is documented in AppeAd Despite the manufacturer stipulating
that the BLDCHM has a trapezoidal back EMF, it tded that the measured back EMFs are not
ideal trapezoidal waves as assumed in the matheathd@rivation in Chapter 4. The back EMF has
rounded corners and thus has sinusoidal-like ctemstics so to more accurately simulate the
BLDCHM, a weighted average between the ideal trajget and sinusoidal waveforms is
calculated and used in the simulation. Equatiofh)(Shows the calculation of the simulated back

EMF waves.
E=0.75x ETrapezoidal + 0.25 = ESinusoidal (5'1)

Figure 5.1 below shows the difference between tle@sured back EMF waveforms and ideal
trapezoidal and sinusoidal waveforms. It then shdhest the weighted average waveforms
represent the measured back EMF more accurately.cbmcept is proposed by the author, as all

reference documentation for the theory of a BLDCISMased on an ideal trapezoidal BEMF.
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Figure 5.1 Back EMF waveform estimation
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5.3 Simulation of a BLDCHM under 120-degree commutatiorprinciple

The state space equation derived in Chapter 4jg@s\a continuous mathematical model for the
BLDCHM. However when operating with 120 degree cartation periods (explained in Chapter
3), one of the motor phases is disconnected frenstipply-rails at any point in time (referred to as
the floating phase and documented in section 3Thi3. makes the simulation more complex than

the state space equation.
When a motor phase is floating, it has the follaywaracteristics:

» the phase current of the floating phase is equatetm, and the currents in the two

conducting phases are equal in magnitude, but degadirection.

» The floating phase voltage is equal to the negtoait potential as no current flows in this

floating phase.

To take into account the characteristics of a iit@aphase in a BLDCHM, controlled by a 120-
degree commutation principle, a six-step commutatiatrix is developed in the simulation, based
on the instantaneous electrical position. This ixagrused to control the currents and voltages in
the two conducting phase. The model for the 12Gaegommutation strategy appears in Figure
5.2 below.

During rotation, the floating phase current is zand this is achieved in the simulation by resgttin
the current integrator for that phase. This integreeset is physically implemented with fly-back

diodes in the inverter, which allow the floatingagk inductance to discharge.

Figure 5.2 below shows the VisSim simulation of BldOCHM state space equation developed in
Chapter 4. The simulated shaft load is a constague load which is set by means of a slide bar,
but can also be implemented by means of a fundtiook. The simulation makes use of a plot
window which is configured to display various siemgld waveforms compared to experimental
data from the BLDCHM. The experimental data is sy the DSP and imported by VisSim.

Section 5.3.1 displays simulated results and pralotiata for a series of experiments.
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Time (zec)

Torque input slide bar

State space model for BLDCHM under 120 degree commutation
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Figure 5.2 VisSim model of a BLDCHM with 120-degre€ommutation strategy
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5.3.1 Comparison of simulated and practical results

The theme of this thesis is motion control withtjgatar reference to torque control. A BLDCHM
output torque is proportional to the current in thetor phases. For the simulation to model the
BLDCHM phase currents, the motor and inverter phasiages are required. The following

measured data is recorded, and is based on a fP@edeommutation principle:

* The instantaneous phase voltages supplied by ttestén, referenced to the inverter zero
potential {ao, Voo, Veo)-

* The instantaneous potential between the BLDCHM nmagudoint and the inverter zero
potential ¥/y,).

* The subsequent instantaneous phase voltages wgipeaeto the neutral poinVyg, Vi,
Ver)-

* The instantaneous currem Gupplied from the inverter to the BLDCHM whichegual to

the sum of the absolute value of the individualggheurrents.

5.3.1.1 Inverter output phase voltages

Each phase winding of the stator is connected byirtlierter to eithetVcc, -Vcc or allowed to
float as described in Chapter 3. The simulated @madtical results of the three phases when the
motor shaft is rotating freely under no load arevahin Figure 5.3, Figure 5.4 and Figure 5.5, with

the simulation results closely resembling the peattesult.
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Figure 5.3 Inverter supplied phase A voltages\Uzo)
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Figure 5.4 Inverter supplied phase B voltagesv,g)
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5.3.1.2 Neutral point potential

The neutral point potential/f) within the motor is not equal to the inverterergince point\(y), as
shown in Figure 5.6. The potentidl.f) between the neutral point and the inverter refegepoint

is required to accurately simulate the BLDCHM phaseents.

Figure 5.7 shows the simulated results compardgetpractical results for,, and the noise spikes
occur when a phase goes into a floating state ygb@isconnected from the inverter's supply

rails. These spikes are clearly seen and accursitelylated.

I(t) ~
H:,> +Vcc ‘

Va0
DC

VnOT> ac

Neutral (N)*

Vb0
-Vce Vb

Lc

Rc
Lbc

Vc0 Ve

*Note the Neutral connection is
only within the motor

Figure 5.6 Voltage potential difference between thmverter reference and the BLDCHM neutral [4]
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ELDCHM neutral point potential referanced to the inverter (Wn0) atwm = 1dradisec

5 i
0 0.005 0.0 0.015 0.0z 0.025 0.03 0.035
ELDCHM neutral point potential referanced to the inverter (Wn0) atwm = 12radisec
5

0 ooos 0010 0O01s 0020 0025 0030 0035 0040 0045 0050

ELDCHM neutral point potential referanced to the inverter (vn0) at wim = 9radfsec
5 T T T T T T T

D 4
5

0 0.01 0.02 003 0.04 0.05 0.06 0.o7 0.08
ELDCHM neutral point potential referanced to the inverter (Wnl) at wm = Sradfsec
3 T T T T T T T

1 i 1 1 1
0 0.0z2 0.04 0.0& 0.0z 010 012 014 016
Time (5) |

Figure 5.7 Stator neutral point potential difference with respect to the inverter reference point\{,o)

Practical Simulated |

5.3.1.3 Phase potentials with respect to the BLDCHM neutrapoint

The current flowing through each phase dependfiervdltage across the respective phase. This
voltage is the difference between the inverter-Sagpvoltage and the BLDCHM neutral point

voltage. Hence

Van VaO - VnO
Von| = [Vio — Vno] (5.2
Vcn VCO - VnO

Equation (5.2) is derived in Chapter 4 and is ugsedimulate the phase voltages taking into
account the 120-degree commutation strategy. Timellated results are compared to practical

waveforms below.
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Figure 5.8 Phase A potentialV,,)
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Figure 5.9 Phase B potential\(y,)
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5.3.1.4 BLDCHM current

The theme of this thesis is torque control. In eDBIHM the output torque is proportional to the
current by a factoK;, known as the torque constant. Controlling theenirtherefore controls the

torque.

Figure 5.11 shows the accuracy with which the BLDMCHurrent is simulated, comparing the

simulated and practical waveforms at various vatfeonstant speed and under no load.

In order to compare the simulated values of cusrepeed and torque to the practical results, a
ramp down load test is performed using the testdegcribed in Appendix A. Figure 5.12 and
Figure 5.13 show the accuracy of the BLDCHM siniolatover the entire speed range. During
testing the BLDCHM is supplied with rated DC voksagnd no closed loop control for current or

speed is implemented. The induction machine (IM¥ @&s a generator and thus as a load to the
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BLDCHM. The IM is operated in vector control modg & Siemens drive which increases its
loading of the BLDCHM in order to follow the reqed@ speed ramp-down programmed into the
Siemens drive. Initially the BLDCHM torque is appimately zero as the induction generator is
not yet applying a load. As the induction genarafieed is ramped down (shown in Figure 5.12),
effectively applying an increasing load, the valimsthe BLDCHM current, torque and speed are
monitored and compared to the simulated resulmwshn Figure 5.13). For the simulation the

of BLDCHM input variable is programmed to ramp uprf zero to a maximum value over the
same time interval as the practical IM ramp-dowst.tk both the simulation and in the measured
results current spikes appear throughout the spaagk. These current spikes occur when one
phase is switched off, and another is switchedliorihe phase which is being switched on, the
impedance due to the phase inductance causes tfentcdip momentarily. The discrepancies
between the results shown in Figure 5.12 and Figut8, are because the practical system is
loaded by the induction generator which followspaed profile due to its inability to provide a
linear load profile as simulated. Despite this, tbsults indicate that the model for the BLDCHM

is accurate.

Current (it wim = 1dradisec

0 0.005 0.010 0.015 0.020 0.025 0.030
Current (it wim = 12radisec

i i i i i i
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Figure 5.11 Current (I) from the DC source in Figure 5.6
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5.4 Torque controller design

To achieve torque control in the BLDCHM, a propamgl and integral controller (P1 controller) is

designed and implemented for the motor currentrobldop, as shown in Figure 5.14 where:
* | iS the reference value of the current.
* g isthe instantaneous error between the referamtewmrent feedback from the motor.
* Gc(s)is the transfer function for the PI controller.
» Gi(s)is the transfer function for the position-depertdeverter.
* Gp(s)is the transfer function for the plant, whichhie BLDCHM.

Position
feedback

<&
Inverter
Gi(s)

Current feedback

Position
Transducer

BLDCHM
Gp(s)

Current
Transducer

Position
feedback

b
Inverter
Gi(s)

Current feedback

Position
Transducer

BLDCHM
Gp(s)

Current
Transducer

(b)

+ .
Tref@ | ref = el

Figure 5.14 Torque controller configuration [32]
5.4.1 Torque Controller transfer function

In order to accurately control the output torqune mathematical model for each of the blocks in
Figure 5.14 (a) are required. The values for thepprtional and integral gainK{ and K;
respectively) are then evaluated. The processinigeofeedback signals for the BLDCHM position,

current and inverter control signals is documeimeskction 3.4 and section 3.5.
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5.4.1.1 BLDCHM transfer function

In Chapter 4 the SSE for the BLDCHM is determinedhe time domain. Section 5.3 shows the
simulation of the BLDCHM which is to be controlled@his section therefore does not strictly

require another model f@&p(s)(from Figure 5.14), but an approximation is dedivenetheless.

From Chapter 4, equations (4.16) below represdetsrtechanical behavior for a BLDCHM, and

are rearranged to have the derivative with resjoetitne as the subject of the formula.

dw
)i [d—tm + Brwpy = To(t) — Ty (0) (4.16)
[dwm _Exl T.(6) - B
at | o, ! f@m
dwyn  17Ex1 (5.3)
dt _][wm Ti = By » om

Equation (4.11) below represents the electricahiiein for a BLDCHM, developed in Chapter 4 in
the ABC reference frame. The three phase BLDCHMssumed to be balanced and is now

analyzed further on a per-phase basis. The pereplerdsation is found as follows:

Va R 0 O0][la] [Ea
I Vo[—=10 R Of|lp|—|Eb (4.11)
g vl lo o RILI |E
at|, L-M
c
dI_V—RI—E
at L
d V—-RI-K,*xwy
dt- L
a v RxI K,*w, (5.4)
dt L L L
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where:
* Visthe DC supply voltage (V).
*  wnis the instantaneous motor rotational speed (mechlanad/sec).
« Jis the motor inertia (kg.f
» Eis the instantaneous back ENNA.
» | isthe instantaneous current (amps).
» B is the friction coefficient (N-m per radian pecead).
* T, is the instantaneous load torque (N-m).
* K, is the motor speed constant (V.s/rad).
» L is the motor inductance (henry).

* Ris the motor resistance (ohm).

Placing equations (5.3) and (5.4) into a singleagiqua results in:

o) = | &
dt lom]

In order to obtain the transfer functions, a Ma®adzript is used [39]. The coding script is shown

/

L R

in Appendix B and uses Matlab’s “statespace tostemfunction” és2tf ) which determines the

transfer functions below:

o tf (é) - current response to the motor supply voltage.
o ff (‘”7’") - speed response to the motor supply voltage.
o ff (Til) - current response to the load torque.
o f ((‘;—’l") - speed response to the load torque.
Because the focus of this thesis is torque contnt the only input variable which can be

controlled by the user is the motor supply voltages step-response for the(éf) and the

simulated model are compared and shown in Figute for a voltage step input of 20 V. The
simulated waveform shows the current transientafstep input of 20V (over two motor phases in

Figure 5.6) and 120 degree commutation strategygessribed in section 5.3.1.4. The transfer
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function waveform however, is a smooth curve beeatss purely the output response to a step
input and does not take into account the 120 degpeenutation by the inverter.

_ /Iy 220s + 3845 (5.6)
Gp(s) = tf (V) T 5% + 30125 + 10761

18 T T T T T 3
. ] Transfer function
L] R e L T TEELIIAAL TR SECECTOAE LI Simulated H32
: : : : Woltage step .
) : i s
g 10 : : 20 o
: : bl
E gt - - ;‘S
S : 5
; o MM@M
015 0.2 0.25 0.3

Tirme ()

Figure 5.15 BLDCHM simulation vs transfer function response to a 20 V step input
5.4.1.2 Inverter transfer function

The inverter (with transfer functioBi(s) in Figure 5.14) is considered to be an ideal sauftis

implies that the rail voltage is constant and iresalr, with the capability of providing any current
which the BLDCHM requires. The MOSFETs within theverter are considered to be ideal
switches and thus have zero resistance and transress. Under these conditions the inverter will

have no effect on the control configuration in Fgb.14, and thus:

Gi(s) = 1 (5.7)
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5.4.1.3 PI controller transfer function

The PI controller in Figure 5.14 (b) is compriséddwo elements into which the errerbetween
the reference current and the BLDCHM actual currientipplied. The contribution from the
proportional gain of the controller is a fast rasgp@ However, the disadvantage of the proportional
gain occurs when the motor current is equal ta¢fierence, in which case the proportional output
is zero, effectively turning off the inverter. This the inherent disadvantage of a stand-alone

proportional controller.

When integrating the error signal, the typical msge time is greater than that of a proportional
controller. However once the actual current eqtlsreference value, the integrator will continue

to output the necessary value in order to mairdaaro-steady-state error.

A combination of the proportional and integral gaimto a single controller thus utilizes the

advantages of both proportional and integral paths.

(5.8)

5.4.1.4 PI controller testing

The test rig described in Appendix A is used towast the controller response. The IM is run as a
generator in vector-speed-control mode at 6 % spe@dovide a test load for the BLDCHM. As
the torque reference is stepped up, the BLDCHMgite to accelerate, however the IM increases
its load torgue to maintain its speed set poine fidrque control for the BLDCHM is implemented
on a Texas Instruments development board (TMS 320DE?2and the reference is stepped using the
graphical user interface (GUI) developed in Vis§imgramming software. The BLDCM current
(I(t) in Figure 5.6) resulting from a five-step referernio the BLDCHM torque controller input,

appears in Figure 5.17, with a zoomed-in view afhestep shown in Figure 5.18 to Figure 5.22.
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The waveforms represent the current supgby the inverter to the BLDCHMyith a summary o
each set of results documente(Table 5.1.
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Figure 5.17Response of the current controlle to a five stepchange of the BLDCHM current reference
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Figure 5.19 Zoomed-in view of step 2 response
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Figure 5.21 Zoomed-in view of step 4 response
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Figure 5.22 Zoomed-in view of step 5 response

In Figure 5.18 to Figure B2, the current repeatedly dips to zero amps. Thgseare due to the
commutation strategy switching from one phaseanother and the phaseductance impedin
current flow The shape of the current waveformssimilar in boththe practical and simulate
currents shown in Figure Bl which has no current control. The important differe is thaFigure
5.11 alsohas current spike toward the tail end of the pham@mutation, which the curre
controller has removed iRigure5.18 to Figure 5.22Below is a summary of the five step curr
response.

Table 5.1 Summary of five step current response

Step 1| The DC sourarurren takes 10 ms to reach the reference inpuatovershoot of 10% i
observed with a settling time of 25 ms, which i do the response time of the

increasing torque, in order to load the BLDCl

Step 2 | The step response has a rise time of less thanamdeo overshoc

Step 3| The step response herise time of less than 5 ms with no overshoot, har¢he curren
waveform at steacstate, has 5% oscillations (peak-to-peakhis is caused by

combination of the proportional gain and controampling time

Step 4 | The first step down of the reference shows no tvaisand a response time of 5
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Step 5| The current prior to step 5 shows typicdaégral action error due to the phase
commutation. As the phase inductance limits thererur after a commutation, the
controller increases the voltage over the phaseghamay cause current spikes. This ¢an
be compensated for by using feed forward contreledaon the inverter commutation
pattern, however this is not investigated in thissis. The current step to zero takes |ess
than 2 ms. This quick response is due to the chetnesetting the integrator when the

reference equals zero.

5.4.2 BLDCHM regeneration

The current controller developed in section 5.¢rbyides an acceleration torque-control for both
directions of rotation. Electric vehicle (EV) apgations require both acceleration and deceleration.
For deceleration, the generator properties of thB®HM are utilized [30]. Chapter 3 explains the

implementation of regeneration.

During regeneration, only the bottom three MOSFBT ¢he inverter are utilized. To investigate
different regeneration commutation-patterns, thet teg described in Appendix A is used. The
BLDCHM receives a PWM ratio in generator mode anddnnected via a torque transducer to the
IM. The IM is operated under speed control modeab8iemens drive. The following tests are
performed with a constant inverter PWM mark-to-gpeatio of 0.25, 0.5, 0.75 and 1 respectively.
At the start of the test, the IM speed is rampedrdérom the BLDCHM rated speed to standstill.
The BLDCHM is in regeneration mode and the valumscurrent, torque and speed are shown
below for various regeneration strategies. Theueiig negative because it is a deceleration torque.

The current is negative because it flows from th®B8HM to the batteries.

e 120-degree commutation: This is the minimum angielen which regeneration is
implemented. For a three phase machine, a commutatiategy below 120 degrees will
not efficiently utilize the fully 360 degree eldctl rotation. Figure 5.23 shows the results
for 120-degree commutation.

* 180 degree commutation: This provides a 60 degnrexlap between phases during
regeneration in order to investigate the effectslyafamic braking within the BLDCHM
phases, on the deceleration torque. Figure 5.24vshihe results for 180-degree

commutation
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360 degree commutation: This commutation pattelowal all three phases to conduct at
the same time. Regeneration still occurs due t&ivd1 switching. However, as the PWM
get closer to a value of 1, the deceleration toigum longer due to regeneration of energy
returning to the batteries, but from dynamic brgkivithin the BLDCHM phases. In this
strategy the majority of energy is converted tothEmure 5.25 shows the results for 360-

degree commutation.
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Torque (M.m) % Current (&) Torgue (ML) s Current (4)

150 g 150
sl lon g e oo 1 §
10 Current 11 gt N : ........ =0 E
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time (s) time (5]
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[ o S 150 . — _ 150
1100 4100 §
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p
]
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Figure 5.23 Regeneration properties with 120 eledtral degree commutation
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Figure 5.24Regeneration properties with 180 electrical degreeommutation
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Figure 5.25 Regneration properties with 360 electrical degree comutation
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The desired commutation strategy for an EV mustipce the highest ratio of regeneration current
(current returning to the batteries from the EV onstin generator mode) to deceleration torque,
but under control by the EV user. This allows fioe user to control the deceleration of the EV,
whilst recovering the maximum energy from the metand storing it in the batteries, thereby
increasing vehicle efficiency and driving ranger Bee purpose of this thesis, the ratio of average
regeneration current to torque is referred to as¢igeneration ratio (RR). The RR for each test is
documented in Table 5.2 below and the regeneratiaveforms are described in Table 5.3. In
Figure 5.23 to Figure 5.25 it is shown that thehbigthe PWM-ratio the more noise appears on the
current waveform. The cause for this noise is uitile. The energy accumulates in the motor
phases whilst the inverter MOSFETs are on, and therenergy returns to the batteries when the
MOSFETSs are switched off. When the MOSFET off-tlarais too short an interval for full
energy discharge, the energy accumulates in thernpitases until the commutation strategy
allows for discharge. At this point all the accuatald energy returns to the battery all at once,

creating the current spike.

Table 5.2 below shows the filtered values for regative current and deceleration torque, during
the constant speed operation (time < 1second), Figore 5.23 to Figure 5.25. The respective RRs
are calculated and displayed in Table 5.2 and arsamnof each strategy is documented below in
Table 5.3.

Table 5.2 Ratio of regeneration current (A) to dederation torque (N-m)

Current (A) Torque (N-m) RR (A/N-m)
PWM-ratio | 120°| 180° 3609 1207 18Q0° 360° 12p° 180°603
0.25 1.8 1.8 1.8 5 5 5 0.3p 036 0.86
0.5 35 3.5 35 10 10 100 035 0.35 0.85
0.75 3 25 2 139 135 129 0.22 0.19 016
1.0 3 1 0 16.1| 15.5 11| 0.19 0.06 q
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Table 5.3 BLDCHM regeneration waveform descriptionfor Figure 5.23 to Figure 5.25

Strategy Description of the regeneration waveforms

120 degree| As the PWMe-ratio increases, both thquerand regenerative current increase,
however the RR decreases from 0.36 to 0.19 whidicates a loss of energy in the
form of heat as the accumulated energy circulateshe phases before the

commutation strategy allows complete discharge bathe batteries.

180 degree| This commutation strategy responds @ shme manner as the 120 dedree
commutation strategy However the RR decreasesvalue of 0.06 as the PWM
increases to a value of 1, meaning that for theesd@aeleration torque, the batterjes

receive less regenerative current when compardtetd20 degree strategy.

360 degree| As the PWM-ratio increases to a valu®.8f both the torque and regenerative
current increase, however as the PWM-ratio tendgards a value of 1, th
regeneration current tends towards zero. The redeonthis is because the
regenerative energy in the motor phases does na& éaough time to discharge
whilst the MOSFETs are switched off, and the conaiah strategy offers n
opportunity for discharge. Thus all the regenesaénergy is converted to heat in the
motor phases.

To implement efficient regeneration when decelagatan EV, the 120 degree commutation
strategy is elected as it has the highest RR ¢weemtire operational range.

5.4.3 Torque control during regeneration

The torque controller in Figure 5.14 is for the BLBM in motor-mode and is based on current
control, but due to the spiking current feedbackefarms during regeneration in generator-mode

(shown in Figure 5.23, Figure 5.24and Figure 5tB8)torque controller will not work.

This section proposes a torque controller for tHdDB8HM in generator-mode. Section 5.4.2
focused on a BLDCHM in generator mode and comptresleceleration torque and regenerative
current, versus the PWM-ratio for various commotatstrategies. The results from Section 5.4.2
are used to implement sensorless torque contrcrfmg no current feedback) for BLDCHM in
generator-mode, using the 120-degree commutatrategy. Based the data from Figure 5.23, if
the BLDCHM speed is known, an estimation of theetim@tion torque reference can be achieved

by applying the required PWM-ratio. This requiresgzamming the controller with the BLDCHM
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specific responses. The final controller using auwrtent controller in motor-mode and a sensorless

regeneration controller in generator-mode, is shbelow in Figure 5.26.

Tref + .
| ref g;i

Motor mode R

PI current controller
Ge(s)

BLDCHM
Gp(s)

Inverter
Gi(s)

Position
Speed | Calculation Position | Transducer
feedback feedback

Current
Current feedback Transducer

Figure 5.26 Torque controller configuration with seasorless regeneration

The data points from Figure 5.23 are used to détertie entire range for the BLDCHM torque
responses in generator mode. To achieve this, dtee fdom all four individual graphs in Figure
5.23 for speed, torque and PWM-ratio are plotte8Dnas blue data points, and appear in Figure
5.27 and Figure 5.28. An ideal surface fit for tlaa is known as a linear interpolation fit shown i
Figure 5.27. Based on the surface fit, the corgrahn determine the required PWM-ration for any
deceleration torque reference. The input variabdeghe controller are the regeneration torque
reference and motor speed with the output beingP\éM-ratio [33]. Figure 5.27 shows five
different polynomial surface fits (first to fifthrder estimations) which can be programmed into the
DSP with more ease than the linear interpolatiak-op table option. The R-square value (defined
by Matlab) represents the accuracy of the estimatioface and is shown in each graph in Figure
5.27. As the order of the polynomial increases,RRequare value tends towards a value of one,

thereby implying that a fifth (or higher) orderiesition should be used.
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Figure 5.27 Polynomial estimations of the ideal resneration properties
For all the estimates in Figure 5.27, the polyndigiaequired to follow the data points as well as
create the unity PWM “table top” as appears inlitear interpolation fit. A simpler solution is to
limit the output of the polynomial to unity, thehet “table top” is automatically generated,
provided that the polynomial tends to positive nitfi as the speed tends towards zero. This is
documented in Figure 5.28 and is referred to asrbeified regeneration properties. The modified

polynomial is limited to fourth order as a fifthdar polynomial fit tends to negative infinity.

Comparing the data from the fifth order ideal rezration properties (Figure 5.27) and the data for
the fourth order modified regeneration propertiEgyre 5.28), it is noted that the fifth order
polynomial fit has a greater RRlue; however in the “table top” region the polgmal estimation
varies below the required unit PWM value. This aon at maximum torque (at the respective
speed) results in a more prominent torque erromdwehicle operation. As a result, the fourth
order modified polynomial provides a more efficiemiution. The equation for the implemented

fourth order modified polynomial and is documeniteédppendix C.
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Figure 5.28 Polynomial estimations of the modifiedegeneration properties

5.5 Summary

In this chapter equation (4.23) (developed in Céiag), is used to simulate the electrical and
mechanical response of a BLDCHM based on the paessndescribed in Appendix A. It is shown
that the back EMF equations for the BLDCHM do nescatibe ideal trapezoidal waveforms as
assumed in Chapter 4 and this is taken into accaoutite simulation. The implementation of a
120-degree commutation strategy is described aall@ed in this chapter as it requires the state
space equation to be modeled for a six step contimatatrategy, reliant on motor position as

opposed to being a continuous equation. The siulagsults are compared to practical results.

The output torque from a BLDCHM is shown to be dile proportional to the current in the
motor. Based on this, a current controller is impated on a Texas Instruments® DSP and results
are documented. For deceleration torque, the mstosed in generator mode and regeneration is

implemented. The torque produced during regeneratiocompared to the charging current fed
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back to the batteries, to determine the most efiicinverter-commutation pattern for an EV
application. The recorded data is used to determifeairth order polynomial for the output PWM

to the inverter, based on the reference torquerestantaneous speed.

With torque control for both acceleration and dexsion of the BLDCHM, Chapter 6 will
develop a control algorithm which uses two BLDCHNty propulsion and steering of a

wheelchair.
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Chapter 6 - Electric Vehicle Steering Algorithm

6.1 Introduction

With the improvement of drive systems and motoiglesin recent years, more efficient solutions
to wheelchair traction and steering problems assipte. This chapter describes the simulation of
the left and right side motor controllers respeativfor driving an electric wheelchair (EW) with
two hub motors using a joystick interface. Carefitibntion is paid to ensure that the left and right
side controllers track the direction reference fes by the user, even when the two wheels
experience a difference in contact friction orhe evenness of floor or road surface. This relieves
the user from the task of having to continuousljustdthe joystick’s direction command to

compensate for the EW directional drift whilst emsg an ergonomic feel for the user.

6.2 Wheelchair configurations

In Chapter 2, the mechanical configuration for decteic vehicle (EV) is described. For the
application of a wheel chair, the traditional cgufiation comprises two electric motors (EM), each
one coupled individually through a fixed gearbo%jFo independent wheels, as appears in Figure
6.1(a). The use of hub motors to drive an EW resltice weight, cost, mechanical noise, servicing
cost and overcomes the poor efficiency relateddarlgpxes. The two control methods typically
used for EWs are torque and speed control. Thesmagstigated and additional control topologies

are proposed and evaluated.

M

E = Motor 1 %
Motor 2

Traditional EW New EW

(a) (b)

Figure 6.1 Mechanical configurations for EWs
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6.2.1 Wheelchair operation under torque control

Torque control is the traditional implementatiom o vehicle which uses a mechanical steering
wheel and is intuitive for the user. When driving BW, the user provides an input via a joystick,
and based on its position, two torque signals areveld, one for each of the BLDC hub motors.
However, when the user wishes to move in a strdighf equal torque produced by each of the
hub motors, does not ensure straight line motioa wudifferences in surface-to-wheel friction
(referred to as load torques) and the user is reduio continuously adjust the joystick to

compensate for directional drift.

6.2.2 Wheelchairs operating under speed control

To improve user direction tracking, wheelchairs banequipped with speed control [19, 34, 35].
In the control algorithm, the user input is tratethinto two speed references, one for each hub
motor. A speed control loop for each wheel is immated and by doing so, the directional vector
input from the user is tracked. The disadvantaggpetd control is that it is not intuitive to theeu
because a change in load torque does not resaltirange of EW speed [1] and slow maneuvers

are difficult.

6.3 EW direction tracking utilizing both torque and speed control

This section describes two methods of directiookiray utilizing both torque and speed control
algorithms and the user input. By combining the twatrol algorithms, the result is an intuitive

response for the user as well as direction trac&frige EW.

6.3.1 Torque vector input from user

The user applies a torque vector input to contnel EW motion. This input is in a two axis
Cartesian form (x and y components) and can be &gaystick, sip and puff or ultrasonic sensor.
A joystick is considered for the purpose of thisdis. The required response of the left hub motor
(indicated in red) and right hub motor (indicatedblue), based on the user input, is shown in
Figure 6.2 and described in Table 6.1.
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The joystick has eight distinct positions, labefiesin 1 to 8 in Figure 6.2. It can also be moved to
positions anywhere in between any two of the efgisitions, for example shown &} The x and

y components of the joystick position vectérdefine the specific motion desired by the user and
are translated into commands for the left and ngbtors by the DSP.

Joystick
y — component T
90°4+ 3

<

Right motor
(RM)

® 2 Left motor [

(M) Joystick

o+

1, Joystick
Ioi:> X - component

0°/ 360°

61 71112%? 18

Figure 6.2 Joystick square indicating the desirecefft and right hub motor responses to the joystick
output

Table 6.1 Desired response of BLDC hub motors to ystick output

Discrete | Left hub motor | Right hub motor Wheel chair response
joystick response response
position
1 Forward rotation | Reverse rotation Turns on a singEnt in a clockwise
0j=0° direction with the center of the EW as the

rotating axis.

2 Forward rotation | Standstill Rotation in a clockwideection with the
0j=45° right wheel acting as a pivot axis.

3 Forward rotation | Forward rotation Straight linecltimg in forward direction.
0j=90°
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4 Standstill Forward rotation Rotation in a countecklwise direction with
0j=135° the left wheel acting as a pivot axis.

5 Reverse rotation | Forward rotation Turns on a sipglat in a counterclockwisg
0j=180° direction with the center of the EW as the

rotating axis.

6 Reverse rotation| Standstill Rotation in a countariclvise direction with
0j=225° the right wheel acting as a pivot point.

7 Reverse rotation| Reverse rotation Straight linekireg in reverse direction.
0j=270°

8 Standstill Reverse rotation Rotation in a clockwdiesction with the
0j=315° left wheel acting as a pivot axis.

The user input vectadr for the desired torque is calculated from the figiés x and y component
reference values. Because the perimeter of thdigiymotion is square in shape, the greatest
magnitude forU is at 45°, 135°, 225° and 315°. For wheelchair afen, a circular profile is
required so that the same magnitude of torque cordrigaobtained irrespective of the angle of the
joystick. Figure 6.3 (A) shows the ideal x and yues and are trapezoidal in shape when the
joystick is rotated though 360 degrees along thiameer of the joystick square in Figure 6.2. To
achieve the required circular profile, the magnitwd U is limited to that achieved at a position of
90°. To determine the left and right motor torqaterences, a lookup table can be used. However
to simplify the coding of the DSP, another optisria use the inputs from the joystick and estimate
the desired torque commands. Due to the shapeeoiddal torque commands as the joystick is
rotated through 360°, a sinusoidal estimation isseh and shown in Figure 6.3 (B). With a 45°
offset of the angledj, a sine wave estimation for the magnitude of tfe (T._ref) and right
(Tr_ref) hub motors’ controller torque references is madee magnitude and the direction of the

EW are calculated from theandy components as appears below.
0] = V2 + y? (6.1)

0j = tan™! [};I] (6.2)

Electric Vehicle Steering Algorithm



Chapter 6 Page 6-5

where:

« |U] is the instantaneous vector magnitude from thstick.
* 0] is the instantaneous vector angle from the jolgstic
» Xis the horizontal component from the joystick.

* yisthe vertical component from the joystick.

The equations to calculale_ref andT,_ref, within the DSP, are given below. A gain of (1)0&
necessary to ensure that the sinusoidal estiméiteithe required trapezoidal response, with the
output magnitude limited to +1 representing £1000he user input, as shown in Figure 6.3 (B).

an
-1 where % *sin(@) —45°) < -1

|UI] 0]
— | * Sln(@] — 450) where 1< |—|* sm(@] — 450) <1 .
Tgrref = ! 0.7 0.7 (6.3)

U
1 where [%] *sin(0j —45°) > 1

The DSP uses the function in equation (6.3) (Wit dutput magnitude limited to 1) to determine

the right motor torque reference, without requiranirge lookup table.

T,_refis calculated in the same mannefgasref but with a 90 offset.

an
( -1 where % *sin(0) +45°) < -1

IUI] U]
—|*sin(0j +45°)  where —1=|==|*sin(0j+45°) <1
T, ref = | [0.7 0.7 (6.4)

8]
1 where [%] * sin(0j + 45°) > 1
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Figure 6.3Ideal vs estimated left and right motor torque reference
As the joystick is moved around, the x and y cauaiths are converted into torque command:
the right and left motors. For example wr®j=0°, the right motor (blue curve) gets a tort
command of 2 which means it will produce torque in the revedirection of rotation, while th
left motor (red curve) gets a torque command ofwkich means it will produce torque in t

forward direction of rotation, as summarized byfih& line of information irTable6.1.

6.3.2 Control strategies for the left and right hub motors

This section proposes two algorithms which utilbmgh torque and speed control to achieve
userdesired response from the EW. Tproposed control strategies are b¢ understood when
considering human expectations. The majority of-to-day activities which a person mic
undertake are subject to a torque input from tlee.

Consider the following:

* When opening a screw lid contar, a torque difference between the lid and
container is require

* When playing golf, an increase in hitting distaeechieved by applying mo
torgue whilst swinging the club before impacting thall.

* When riding a bicycle, an increase in spetachieved by applying more torque
the pedals and in turn the rear wk
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* When kayaking, an increase in speed is achievedpmyy more torque to the
paddle when paddling through the water.

» When driving a motor vehicle, an increase in spigedchieved by pressing the
accelerator pedal harder. This in turn increasesthount of fuel injected into the

engine, increasing output torque on the driving ele

With this realization, the user input into the cotlier of the EW motors needs to be a torque
reference and the speed of the vehicle should benaequence of the output torque from the
motors and the surrounding surface conditions aadignt. However, the right and left motors

cannot both be under torque control. Any differemceurface condition would then cause the EW
to drift off course which would require a correctiby the user via the joystick. This problem is

solved by putting torque control onto say the rigtdtor, and speed control onto the left motor,
forcing the left motor to run at a defined speed@wse ratio of the right motor speed, thus keeping

the EW on the desired trajectory.

6.3.2.1 Proposed control strategy 1

For this control strategy the right motor is unti@que control and the control algorithm is shown

in Figure 6.4 belowTr (is derived directly from the joystick position acding to equation (6.3).

Position

feedback Position
‘ @R transducer
IR e + IR error P1 current controller Inverter Right BLDCHM
TRiref 1/Kt - - Gofs) GI(S), Gp(s) 4::> WRr
(see section 5.4.1.3) (see section (see section 5.4.1.1)
- 5.4.1.2)
y
ot 10t To 1
I ik ! R Current
Current feedback transducer
—="t x

Figure 6.4 Strategy 1 - Right motor under torque cotrol
If the EW is to track the direction command by tiser, the ideal response of the left motor should
be predictable and based on the output speed ofgitemotor as mentioned above. To accurately
control the left motor a speed control algorithniniplemented, with the input reference based on
the speed of the right motor and the position &f jthystick. The equation to calculate the left

motor speed referencey(_ref) is shown below and the speed control algorithnttie left motor
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is shown in Figure 6.5. For example, if the usesirds to move strait forward, then the two torque
commands form the joystick would be equal, andguagion (6.5) the left and right motor speeds

would be equal, no matter what the difference nfiesxe conditions or wheel slip.

However, there is an exception. For the left motontroller to be effective, a check is
implemented fofTr_ref = 0 orwg_ref= 0, and if either of the conditions are mBt, ref from the

joystick becomes the torque controller referenakthe left motor operates under torque control.

_ T, ref
ref = wp * [TR_ref (6.5)

where:

» w_refis the left hub motor speed reference (rad/sec).

* wris instantaneous right hub motor speed (rad/sec).

TLﬁrcf w WR_ref TL_control Position
ILicrror feedback Position
Speed ILiconIrol G)L transducer
controller ‘
+ W GW(s) + PI current controller Inverter Left BLDCHM
WL_ref Lerror QLa=N G
(see equation (6.5)) With (
y

Gi(s)
_ see section 5.4.1.3)
speed/torque T IL

(see section
54.1.2)
ot 1t 1o RM Zero
T T T
b LT check Current feedback
[+

il X
o0

e

s) Gpls)

(see section 5.4.1.1)

WL

Current
transducer

Speed
transducer

Speed feedback
Figure 6.5 Strategy 1 - Left motor under speed conbl
The EW response from this control strategy hasddisatages. A load change on either of the
wheels should ideally result in a change in spdadeoEW without a directional change whilst the
algorithm tracks the joystick torque referencedoad change on the right motor will affect the
speed of the right motor and thus also the leftomaind therefore the EW (this is an ideal
response). However with the left motor under spmmdrol, any load change on the left motor will
maintain directional tracking but have no affect thie speed of the EW (this is not an ideal

response). Section 6.4 simulates this controlegyaand better illustrates the disadvantage.
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6.3.2.2 Proposed control strategy 2

The second control strategy is similar to the ftsategy, with an additional feature. With thentig
motor under torque control and the left motor unsi@eed control, the EW did not experience a

speed change dependent on the left motor load.

In this second control strategy the additionaldeais a low pass limiter which is implemented on
the left motor torque reference. The addition @ timiter allows for feedback from the left motor
controller to be used in the right motor torquetoaiioop, allowing the effect of a load on thetlef
motor to be transferred to the right motor conéolWhen the left motor torque reference reaches
the low pass limiter limit whilst it is trying to antain tracking, the limiter feedback to the right
motor torque controller causes the right motor wergeference to be adjusted to allow for the
tracking. With this low pass limiter feedback, tleguired left motor speed response to a load input
is referred to the right motor which is under tarqgcontrol and the EW speed will respond

accordingly to an increased load. This controestiown in

Figure6.6and is referred to as the final control stratde@$).

[ WR_ref T User Defined \
T ) L_control S¢ (%) Tr s .
R_ref o L_limited Position
JL feedback Position
‘ @L transducer

Lov

WL_error Speed
controller

GW(s) PI current controller Invgner Left BLDCHM
Limiter Gi(s) Gp(s) wr
With (see section 5.4.1.3)) |(see section| | (see section 5.4.1.1)
(see section 54.1.2)
RM Zero 6.5) |
speed/torque M L_error I Current
check 2|5 g Current feedback | transducer
Ele =
TL ref © F_]I s 2
WL Speed
Speed feedback EmEevEsr
WL _ref TL_ref /T, R_ref
\ (see equation (6.5)) j
e . N/ Position I
Joystick IR error feedback| Position
IRiref / @R transducer
y - <
TR ST TR rer HoNILS) Inverter Right BLDCHM
T LU T adjustment / Y Gofs) Gi(s) Gp(s) N {,‘> w
(see section (see section | |(see section 5.4.1.1) R
AT 6.5) 54.12)
il e X
| A L Current
\_ ¢ i PAG Current feedback ktransducer )

Figure 6.6 Control strategy 2
It is important to note that the configuration l&tiow pass limiter will affect the response of the
EW and is described in more details in section 6.5.
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6.4 EW control algorithm simulations

This section describes the simulation of an EW gidfiatlab®. The EW mechanical configuration
in Figure 6.2 is used, with the output responsetiqd for each of the four control strategies tste

below.

Table 6.2 Simulated control strategy configuratios

EW configuration 1 | The left and right hub motors &oth under torque control as described in

section 6.2.1.

EW configuration 2 | The left and right hub motore &oth under speed control as described in

section 6.2.2.

EW configuration 3 | The right hub motor is undegtoe control and the left hub motor is under
speed control. The left hub motor speed set peibbsed on the user input

and the right hub motor speed as described inose6tB.2.1.

EW configuration 4 | The right hub motor is undergee control and the left hub motor is under
speed control. Feedback from the right hub moteedgs used in the left
hub motor control whilst feedback from the left hmbtor torque limiter ig

used in the right hub motor torque control as dbedrin section 6.3.2.2.

The aim for the EW control is to achieve an intitresponse for the user irrespective of external
load increases on either of the two hub motors|sivachieving direction tracking. The following

criteria are required for the controller to mees gim:

» EW direction tracking: The direction of the EW tkache user input, irrespective of the
load torque for either of the hub motors.

 EW speed response: The speed of the EW depentte doaid torque experienced by each
of the motors independently. When the load torcgiéncreased the EW speed should
decrease and vice versa. This speed response do@asgective of which hub motor

experiences the change in load torque.
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6.4.1 Simulation results

In order to determine which of the control stragsglisted in Table 6.2 meets both criteria listed

above, the responses to four different joystickitpmss are simulated, with each one in turn

evaluated for three different load torque configorss. The four joystick positions are selected in

order to evaluate the motors in different operatictates:

Position 1: 90° - Both the left motor and the righotor are required to have forward
rotation at the same speed, resulting in the EWimgoforward in a straight line.

Position 2: 45° - The left motor is required tovéa forward rotation and the right motor
is at standstill, resulting in the EW rotating iclackwise with the right motor as the pivot
axis.

Position 3: 0° - The left motor is required to havérward rotation and the right motor a
reverse rotation, resulting in the EW rotating &leise with the centre of the EW as the
pivot axis.

Position 4: 60° - Both the left motor and the righotor are required to have forward
rotation, but with the left motor at a higher speesulting in the EW gradually cornering
to the right.

The load torque is selected to illustrate the @bier response to different operating states:

State 1: Constant and equal load torque — Thisesepits ideal surface conditions and
shows the expected motion of the EW to a joystakimand.

States 2 and 3: Step load on the left motor ort mgbtor — A step load identifies errors in
tracking, but by doing this test individually fdnet left motor (state 2) and right motor

(state 3) any potential errors in speed trackingtduspeed control are identified.

Figure 6.7 describes how the label of a simulatésult relates to the input variables for Figui& 6.
to Figure 6.18.
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s . . N
Figure . Simulation xx . .
H;w a,b or ¢ — representing the applied load
1,2,3 or 4 — representing the joystick position
Ix — joystick position = 90°

2x — joystick position = 45° xa — left and right load torque constant
3x — joystick position = 0° xb — left load torque step increase at t=Ssec
\_ 4x — joystick position = 60° xc — right load torque step increase at t=Ssec Yy,

Figure 6.7 Simulation input variable description

6.4.1.1 Simulation 1a: Joystick position of 90° with left ad right load torques equal and

constant

Simulation 1a shows the EW response to a joystidition of 90° with left and right load torques
equal and constant which represents ideal surfanditions. The results in Figure 6.8, la, 2a, 3a
and 4a, show the 2D motion of the EW as would apfesn the top view. The left wheel
(represented in red) and right wheel (represemniduiie) have an equal but opposite offset from
the zero point in the x direction. This offset regents the wheel base (distance between wheels) of
the EW. The left and right wheels proceed in pardihes along the y-axis showing that the
motion of the EW tracks the joystick position 090

Figure 6.8, 1b, 2b, 3b and 4b show the individusiashce traveled for the left wheel (represented
in red) and right wheel (represented in blue). €hisrno load torque deviation throughout the
simulation and thus the speeds are constant, irggult both motors having identical linear

distance plots.

The simulated response (forward motion in a sttaligie) is identical for each of the four EW

configurations listed in Table 6.2, which is exmector ideal surface conditions.
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Figure 6.8 EW response - Simulation 1a, showing tHEW response to a joystick position of 90° with
left and right load torques equal and constant.
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6.4.1.2 Simulation 1b: Joystick position of 90° with a stedoad torque increase on the left

wheel

Simulation 1b shows the EW response to a joystaditipn of 90° with a step load torque increase
on the left wheel at 5 seconds. Figure 6.9, 1b3Bkand 4b show the individual distance traveled
by the left wheel (represented in red) and righe@l{represented in blue). The results in Figure
6.9, 1a, 2a, 3a and 4a, show the 2D motion of iveas would appear from the top view. The left
wheel (represented in red) and right wheel (repteskin blue) have an equal but opposite offset
from the zero point in the x direction. This offgepresents the wheel base (distance between
wheels) of the EW. The left and right wheels pracigeparallel lines along the y-axis showing that
the motion of the EW tracks the joystick position9@° until a load torque increase on the left

wheel at 5 seconds.

» For configuration 1, consider Figure 6.9, 1la andThe speed of the left motor decreases
as the load torque is applied. Figure 6.9, 1b shthas the left motor speed decrease
because the distance traveled decreases, bugtitanotor speed in unaffected. The result
on the EW motion is that it veers to the left dgly and this is shown in Figure 6.9, la.
The criterion for EW directional tracking of theygiick irrespective of the load torque on
either of the hub motors is thus not satisfied.

» For configuration 2 and 3, consider Figure 6.9,228,3a and 3b. Both configurations have
the left motor under speed control, so when thd toaque is applied there is no change to
motor speed and thus no decrease to the distaaneldd in Figure 6.9, 2b and 3b. The
criterion that the EW speed response is dependetiieload torque applied to either of
the hub motors is thus not satisfied.

» For configuration 4 consider Figure 6.9, 4a and Hie speed of both the left and right
motors decrease as the load torque is appliedettethmotor. This is shown by the equal
gradient reduction of the left and right motordaiiEe graphs in Figure 6.9, 4b. The result
on EW motion is that the joystick direction is aately tracked (shown in Figure 6.9, 4a),

and the speed decreases as a load is appliedsHrisdeal response.
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Figure 6.9 EW response - Simulation 1b, showing tHeW response to a joystick position of 90° with a
step load torque increase on the left wheel at 5aands.
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6.4.1.3 Simulation 1c: Joystick position of 90° with a stegoad torque increase on the right

wheel

Simulation 1c shows the EW response to a joystasitipn of 90° with a step load torque increase
on the right wheel at 5 seconds. Figure 6.10, 1H,3b and 4b show the individual distances
traveled by the left wheel (represented in red) régict wheel (represented in blue). The results in
Figure 6.10, 1a, 2a, 3a and 4a, show the 2D maticghe EW as would appear from the top view.
The left wheel (represented in red) and right wifesgdresented in blue) have an equal but opposite
offset from the zero point in the x direction. Thiffset represents the wheel base (distance
between wheels) of the EW. The left and right wiigebceed in parallel lines along the y-axis
showing that the motion of the EW tracks the jaystbosition of 90° until a load torque increase

on the right wheel at 5 seconds.

» For configuration 1, consider Figure 6.10, la atd The speed of the right motor
decreases as the load torque is applied. Figu@® & shows that the right motor speed
decrease because the distance traveled decreasdbebeft motor speed in unaffected.
The result on the EW motion is that it veers to tiglt drastically and this is shown in
Figure 6.10, 1a. The criterion for EW directiormalaking of the joystick irrespective of the
load torque on either of the hub motors is thussatisfied.

* For configuration 2, consider Figure 6.10, 2a aibd Phe right motor is under speed
control, so when the load torque is applied therea change to motor speed and thus no
decrease to the distance traveled in Figure 6.b0,TRe criterion that the EW speed
response is dependent on the load torque appliedither of the hub motors is thus not
satisfied.

» For configuration 3 and 4 consider Figure 6.10,38,4a and 4b. The speed of both the
left and right motors decrease as the load torquapplied to the right motor. This is
shown by the equal gradient reduction of the Ieét aght motors distance graphs in Figure
6.10 3b and 4b. The result on EW motion is that jiystick direction is accurately
tracked (shown in Figure 6.10, 3a and 4a), andpleed deceases as a load is applied. This

is an ideal response.

Electric Vehicle Steering Algorithm



Chapter 6 Page 6-17

Vyﬁ 11
X Tref_L = Tref_R

TLoad 1 = Constant

Joystick position

—— Left wheel
~ Right wheel TLoad r = step increase at 5 seconds
EWY configuration 1 EW configuration 2 EW configuration 3 EWWV configuration 4
“E“‘B ; B - 6 : 6 -
cstla. i slda. |il.... s13a . ... slda ... ..
E=1 s ™
> 3t T 3} - = 2
£
T 2t 2} 21 2
E 1 1 1t 1
2 : | |
w o 0 > 0 0
-2 1} 2 -2 0 2 2 0 2 -2 0 2
EW travel in X direction (m)
B : B : [ : =
1b 2b 3b 4b
£ . . :
k= ; i : Va :
E ;’:'d‘._’— / //”/l /—F”F
3, / 2ot G e /
S > i o /
'e ; / : i : r :
1] L : o - 0 : ] -
0 5 10 0 5 10 0 5 10 0 5 10

Figure 6.10 EW response - Simulation 1c, showing é¢hEW response to a joystick position of 90° with a
step load torque increase on the right wheel at ®sonds.
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6.4.1.4 Simulation 2a: Joystick position of 45° with left ad right load torques equal and

constant

Simulation 2a shows the EW response to a joystushtion of 45° with left and right load torques
equal and constant which represents ideal surfacditoons. The results in Figure 6.11, 1a, 2a, 3a
and 4a, show the 2D motion of the EW as would appesn the top view. The left wheel
(represented in red) has a forward motion and mdgieel (represented in blue) is at standstill. The
two wheels have an equal but opposite offset froenzero point in the x direction. This offset
represents the wheel base (distance between wldelsg EW. With the right wheel stationary,

the left wheel causes the EW to move in a clockwisde, with the right wheel as the pivot point.

Figure 6.11, 1b, 2b, 3b and 4b show the distarme=ked by the left wheel (represented in red) and
right wheel (represented in blue). There is no lmadue deviation throughout the simulation and
thus the speed of the left wheel is constant, tiesuin the left motor having a linear distancetplo

The right wheel remains at standstill.

The simulated response (EW clockwise rotation jiigptiround the right motor) is identical for
each of the four EW configurations listed in Tall, which is expected for ideal surface

conditions.
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Figure 6.11 EW response - Simulation 2a, showing ¢hEW response to a joystick position of 45° with
left and right load torques equal and constant.
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6.4.1.5 Simulation 2b: Joystick position of 45° with a stedoad torque increase on the left

wheel

Simulation 2b shows the EW response to a joystaditipn of 45° with a step load torque increase
on the left wheel at 5 seconds. With the right mab standstill for this simulation, direction

tracking is inherently achieved.

Figure 6.12, 1b, 2b, 3b and 4b show the distareesked by the left wheel (represented in red)
whilst the right wheel (represented in blue) istandstill. The results in Figure 6.12, 1a, 2aad&
4a, show the 2D motion of the EW as would appeanfthe top view. The left wheel (represented
in red) and right wheel (represented in blue) hawveaqual but opposite offset from the zero point
in the x direction. This offset represents the wiese (distance between wheels) of the EW. With
the right wheel stationary, the left wheel causes EW to move in a clockwise circle, with the

right wheel as the pivot point.

» For configuration 2, consider Figure 6.12, 2a abhdThe left motor under speed control,
so when the load torque is applied there is no ghao motor speed and thus no decrease
to the distance traveled in Figure 6.12, 2b. Theereon that the EW speed response is
dependent on the load torque applied to eitheh@fub motors is thus not satisfied. This
is also shown in Figure 6.12, 2a because the EVi¢eeh a full rotation.

* For configuration 1, 3 and 4 consider Figure 6112, 1b, 3a, 3b, 4a and 4b. The speed of
the left motor decrease as the load torque is egplThis is shown by the gradient
reduction of the left motor distance graphs in Fég8.12, 1b, 3b and 4b. The result on
EW motion is that the joystick direction is accetgttracked (shown in Figure 6.12, 1a, 3a

and 4a), but only % of a clockwise rotation is aghi. This is an ideal response.
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Figure 6.12 EW response - Simulation 2b, showing ¢hEW response to a joystick position of 45° with a

step load torque increase on the left wheel at 5aands.
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6.4.1.6 Simulation 3a: Joystick position of 0° with left a right load torques equal and
constant

Simulation 3a shows the EW response to a joystadition of 0° with left and right load torques

equal and constant which represents ideal suriacgitoons.

The results in Figure 6.13, 1a, 2a, 3a and 4a, shew2D motion of the EW as would appear from
the top view. The left wheel (represented in reaf & forward speed and right wheel (represented
in blue) has a reverse speed. The two wheels haeg@al but opposite offset from the zero point
in the x direction. This offset represents the Wihese (distance between wheels) of the EW. The
resulting effect on the EW due to the left and righeels having equal but opposite speeds, is a

clockwise rotation with the centre of the EW aspht reference.

Figure 6.13, 1b, 2b, 3b and 4b show the distarmesked by the left wheel (represented in red) and
right wheel (represented in blue). There is no lmadue deviation throughout the simulation and
thus the speed of the left and right wheels arestem and opposite in directions. The resulting

displacement plots for the left and right wheetslarear and equal but in opposite directions.

The simulated response (EW clockwise rotation tithcentre of the EW as the pivot reference) is
identical for each of the four EW configurationstdid in Table 6.2, which is expected for ideal

surface conditions.
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Figure 6.13 EW response - Simulation 3a, showinh& EW response to a joystick position of 0° with
left and right load torques equal and constant.
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6.4.1.7 Simulation 3b: Joystick position of 0° with a stepoad torque increase on the left

wheel

Simulation 3b shows the EW response to a joystasitipn of 0° with a step load torque increase

on the left wheel at 5 seconds.

Figure 6.14, 1b, 2b, 3b and 4b show the individlisiances traveled by the left wheel (represented
in red) and right wheel (represented in blue). fidsalts in Figure 6.14, 1a, 2a, 3a and 4a, show the
2D motion of the EW as would appear from the tapwiThe left wheel (represented in red) and
right wheel (represented in blue) have an equaloppbsite offset from the zero point in the x
direction, representing the wheel base (distandwem:n wheels) of the EW. The equal and
opposite speeds of the left and right wheels cthesé&W to rotate in a clockwise circle (with the
center of the EW as the pivot reference) showirad the motion of the EW tracks the joystick

position of 0° until a load torque increase onléfewheel at 5 seconds.

» For configuration 1, consider Figure 6.14, 1a abdThe speed of the left motor decreases
as the load torque is applied. Figure 6.14, 1b shthat the left motor speed decreases
because the distance traveled decreases, bugtitenotor speed is unaffected. The result
on the EW motion is that the diameter of the clockewotation increases and the pivot
axis moves from the center of the EW towards tiftenlbeel as shown in Figure 6.14, la.
The criterion for EW directional tracking of theygiick irrespective of the load torque on
either of the hub motors is thus not satisfied.

» For configuration 2 and 3, consider Figure 6.14,22a 3a and 3b. The left motor is under
speed control, so when the load torque is apphiedetis no change the motor speed and
thus no decrease to the distance traveled in Figu4, 2b and 3b. The criterion that the
EW speed response is dependent on the load toppliedto either of the hub motors is
thus not satisfied.

* For configuration 4 consider Figure 6.14 4a and®ie speed of both the left and right
motors decrease as the load torque is appliecettethmotor. This is shown by the equal
gradient reduction of the left and right motorstali€e graphs in Figure 6.14, 4b. The
result on EW motion is that the joystick directi@naccurately tracked (shown in Figure

6.14, 4a), and the speed deceases as a load isdagjlis is an ideal response.
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Figure 6.14 EW response - Simulation 3b, showindp¢ EW response to a joystick position of 0° with a
step load torque increase on the left wheel at 5aands.
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6.4.1.8 Simulation 3c: Joystick position of 0° with a stedoad torque increase on the right

wheel

Simulation 3c shows the EW response to a joystaditipn of 0° with a step load torque increase

on the right wheel at 5 seconds.

Figure 6.15, 1b, 2b, 3b and 4b show the individiisiance traveled by the left wheel (represented
in red) and right wheel (represented in blue). fidsalts in Figure 6.15, 1a, 2a, 3a and 4a, show the
2D motion of the EW as would appear from the tapwiThe left wheel (represented in red) and
right wheel (represented in blue) have an equaloppbsite offset from the zero point in the x
direction, representing the wheel base (distandwem:n wheels) of the EW. The equal and
opposite speeds of the left and right wheels cthesé&W to rotate in a clockwise circle (with the
center of the EW as the pivot reference) showirad the motion of the EW tracks the joystick

position of 0° until a load torque increase onright wheel at 5 seconds.

» For configuration 1, consider Figure 6.15, la atd The speed of the right motor
decreases as the load torque is applied. Figufe & shows that the right motor speed
decrease because the distance traveled decreasdbeleft motor speed is unaffected.
The result on the EW motion is that the diametethef clockwise rotation increases and
the pivot axis moves from the center of the EW talsahe right wheel as shown in Figure
6.15, 1a. The criterion for EW directional trackiofjthe joystick irrespective of the load
torque on either of the hub motors is thus nosad.

» For configuration 2 consider Figure 6.15, 2a and Bhe right motor is under speed
control, so when the load torque is applied thenea change to the motor speed and thus
no decrease to the distance traveled in Figure, 45The criterion that the EW speed
response is dependent on the load torque appliedither of the hub motors is thus not
satisfied.

» For configuration 3 and 4 consider Figure 6.15,3g,4a and 4b. The speed of both the
left and right motors decrease as the load torquapplied to the right motor. This is
shown by the equal gradient reduction of the leét aght motors distance graphs in Figure
6.15, 3b and 4b. The result on EW motion is tihat joystick direction is accurately
tracked (shown in Figure 6.15, 3a and 4a), andpeed deceases as a load is applied. This

is an ideal response.

Electric Vehicle Steering Algorithm



Chapter 6 Page 6-27

y 1l

TrefiL = 'TrefiR

Joystick position :%ﬁ X
T10ad 1. = Constant

—— Left wheel B

———— Right wheel Troad r = step increase at 5 seconds
22 EW configuration 1 EW configuration 2 EW canfiguration 3 EW configuration 4
E 1 , 1 .
< la 2a :
E 05 05
- . ;. i
5 3 1 ™
2 g ol ( 3
= il
S 05 05 e
3
Z ' - : L : -] ?
w 0 1 -1 0 1 -1 0 1 -1 0 1

B

— 4

E

o 2

o>

Eo

8 2

24

B

Figure 6.15 EW response - Simulation 3c, showing¢ EW response to a joystick position of 0° with a
step load torque increase on the right wheel at ®esonds.
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6.4.1.9 Simulation 4a: Joystick position of 60° with left ad right load torques equal and

constant

Simulation 4a shows the EW response to a joystushtion of 60° with left and right load torques

equal and constant which represents ideal surfacgitoons.

The results in Figure 6.16, 1a, 2a, 3a and 4a, shev2D motion of the EW as would appear from
the top view. Both the left wheel (representeded)rand right wheel (represented in blue) have a
forward speed, but the speed of the right whetdss than the left wheel speed. The two wheels
have an equal but opposite offset from the zeratgnithe x direction. This represents the wheel
base (distance between wheels) of the EW. Thetirgwffect on the EW due to the right wheel
speed being less than the left wheel speed istbegéght hand cornering.

Figure 6.16, 1b, 2b, 3b and 4b show the distarmesked by the left wheel (represented in red) and
right wheel (represented in blue). There is no lmadue deviation throughout the simulation and
thus the speed of the left and right wheels arestemih. The resulting displacement plots for the
left and right wheels are linear but with the gesdiof the left wheel displacement being greater

than that of the right wheel displacement.

The simulated response (gentle right hand cornesfnine EW) is identical for each of the four

EW configurations listed in Table 6.2, which is egfed for ideal surface conditions.
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Figure 6.16 EW response - Simulation 4a, showinge EW response to a joystick position of 60° with
left and right load torques equal and constant.
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6.4.1.10 Simulation 4b: Joystick position of 60° with a stedoad torque increase on the left

wheel

Simulation 4b shows the EW response to a joystaditipn of 60° with a step load torque increase

on the left wheel at 5 seconds.

Figure 6.17, 1b, 2b, 3b and 4b show the individiisiance traveled by the left wheel (represented
in red) and right wheel (represented in blue). fidsalts in Figure 6.17, 1a, 2a, 3a and 4a, show the
2D motion of the EW as would appear from the tapwiThe left wheel (represented in red) and
right wheel (represented in blue) have an equaloppbsite offset from the zero point in the x
direction, representing the wheel base (distantedmn wheels) of the EW. The EW moves in a
gentle right cornering motion because the righteltspeed is less than the left wheel speed. The
2D motion plot shows that the EW tracks the joyspiosition of 60° until a load torque increase

on the left wheel at 5 seconds.

» For configuration 1, consider Figure 6.17, 1a abdThe speed of the left motor decreases
as the load torque is applied. Figure 6.17, 1b shthat the left motor speed decreases
because the distance traveled decreases, bugtitenotor speed is unaffected. The result
on the EW motion is a sudden change from a righhexing motion to a left cornering
motion as shown in Figure 6.17, 1a. The criterion EW directional tracking of the
joystick irrespective of the load torque on eitbéthe hub motors is thus not satisfied.

» For configuration 2 and 3, consider Figure 6.17,2tg 3a and 3b. The left motor is under
speed control, so when the load torque is apphiedetis no change the motor speed and
thus no decrease to the distance traveled in Figurg, 2b and 3b. The criterion that the
EW speed response is dependent on the load toppliedto either of the hub motors is
thus not satisfied.

» For configuration 4 consider Figure 6.17, 4a and#ie speed of both the left and right
motors decrease as the load torque is applied eédetth motor. This is shown by the
proportionally equal gradient reduction of the laftd right motors distance graphs in
Figure 6.17, 4b. The result on EW motion is thHa joystick direction is accurately
tracked (shown in Figure 6.17, 4a), and the speedabes as a load is applied. This is an

ideal response.
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Figure 6.17 EW response - Simulation 4b, showindpé EW response to a joystick position of 60° with
a step load torque increase on the left wheel atseconds.
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6.4.1.11 Simulation 4c: Joystick position of 60° with a stegoad torque increase on the right

wheel

Simulation 4c shows the EW response to a joystasitipn of 60° with a step load torque increase

on the right wheel at 5 seconds.

Figure 6.18, 1b, 2b, 3b and 4b show the individlisiances traveled by the left wheel (represented
in red) and right wheel (represented in blue). fidsalts in Figure 6.18, 1a, 2a, 3a and 4a, show the
2D motion of the EW as would appear from the tapwiThe left wheel (represented in red) and
right wheel (represented in blue) have an equaloppbsite offset from the zero point in the x
direction, representing the wheel base (distantedmn wheels) of the EW. The EW moves in a
gentle right cornering motion because the righteltspeed is less than the left wheel speed. The
2D motion plot shows that the EW tracks the joyspiosition of 60° until a load torque increase

on the right wheel at 5 seconds.

» For configuration 1, consider Figure 6.18, la atd The speed of the right motor
decreases as the load torque is applied. Figu& @& shows that the right motor speed
decreases because the distance traveled decrbatdise left motor speed is unaffected.
The result on the EW motion is a sudden change &aantle right cornering motion to a
hard right cornering motion as shown in Figure 61l& The criterion for EW directional
tracking of the joystick irrespective of the loaddue on either of the hub motors is thus
not satisfied.

* For configuration 2, consider Figure 6.18, 2a aihd Phe right motor is under speed
control, so when the load torque is applied thenea change the motor speed and thus no
decrease to the distance traveled in Figure 6.b8,TRe criterion that the EW speed
response is dependent on the load torque appliedither of the hub motors is thus not
satisfied.

» For configuration 3 and 4 consider Figure 6.18,3g,4a and 4b. The speed of both the
left and right motors decrease as the load torquapplied to the right motor. This is
shown by the proportionally equal gradient reducid the left and right motors distance
graphs in Figure 6.18, 3b and 4b. The result onr&dtion is that the joystick direction is
accurately tracked (shown in Figure 6.18, 4a), thedspeed deceases as a load is applied.

This is an ideal response.
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Figure 6.18 EW response - Simulation 4c, showinhé EW response to a joystick position of 60° with a
step load torque increase on the right wheel at ®esonds.
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6.4.2 Comparing different EW configurations for both direction tracking and speed

response

To easily identify the benefits and shortfalls é&ch of the four EW configurations a summary of

the simulation results is presented in Table 6\W. tEacking is assessed based on the 2D plots in
Figure 6.8 to Figure 6.18 1a, 2a, 3a, 4a. To asbesEW speed response, the distance plots for
each wheel are used (Figure 6.8 to Figure 6.121403b, 4b), this is possible because speed is the
first integral of distance, so a change in speesken as a change in the gradient of the distance

plot.

Table 6.3 EW configuration results summary for direction tracking and speed response

EW configuration summary EW EW speed

tracking | response

EW configuration 1 — This configuration has botlft lmotor and right x V

motor in independent torque control mode. Only in aqual T,

—

environment (such as smooth flat surfaces) dossctitrol strategy mee
both the EW controller criteria. When the load teggon either of the

7

wheels experiences a disturbance, the EW directamges and thus do

4%
(7]

not track the joystick. The criterion for the EVidking however is met as

the EW speed response depends on either of thenbtdy load torques.

EW configuration 2 — This configuration has botlft leotor and right V x

motor in independent speed control mode. The fumeedah purpose for a

=

EW having speed control on both hub motors is thies® direction
tracking. The EW speed response however is insemsib any load
increase (up to the EM peak electrical output tergapability). The
criterion that the EW speed response is dependerthe load torque

applied to either of the hub motors is thus nasat.
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EW configuration 3 — This configuration has thentighotor under torqu
control and the left motor under speed control, clvhis based on th
joystick position and right motor speed. This cgafation represents th
first iteration of combining speed and torque cointvith the aim of
meeting both criteria for an EW. If a load disturba is experienced by tl
right hub motor, both criteria are always met. Hogre when the
disturbance occurs on the left hub motor, the digathge of speed contr

is present and the EW will not reduce speed asategey the user. Th

criterion that the EW speed response is dependenthe load torque

applied to either of the hub motors is thus nasfatl

D

e

=B

X

EW configuration 4 — This configuration has thehtighnotor under torqu
control and the left motor under speed control, clvhis based on th
joystick position and right motor speed. This cgufation represents th
second iteration of combining speed and torquercbaind includes th¢
implementation of a configurable low pass limitehigh effectively
transfers T, changes from the left motor to the right motorl| #&le
simulation results show good EW tracking. The E\&pmnse criterion i

also met.

\1%4

I°2}

Table 6.3 above details the responses for eacleoffdur EW configurations. Each utilizes a

different control strategy. Only the fourth contsirategy meets both criteria of EW direction

tracking and EW speed response (provided thatéh& motor output torque is not exceeded), as a

result of transferringl;, changes from the left motor to the right motor fagans of a user

configurable limiter. The next section documents #ifect the on the EW due to the limiter

settings.
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6.5 Effect of the low pass limiter

In Figure 6.6 low pass limiter is used to define teedback from the left motor controller, to the

right motor controller. The torque cut-off value tbe low pass limiter is determined as follows.
TL_limitMAX = (Sf + 100) * TL_ref (66)

When the left motor torque is limited, the magndufbr the adjusted right motor torque is

determined as follows.
ITr_qajl = |Tg_ref| — |(TLref — Ty _limityax)| (6.7)

where:

o T__limityaxis the maximum torque implemented by the low pisgdr (N-m).
* Sis a user defined sensitivity factor for the lefitor (-100% to + 100%).

* Tr agis the adjusted torque reference for the right mg@tem).

* Tr reris the torque reference for the right motor from jiystick (N-m).

* T_ sis the torque reference for the left motor fromjthestick (N-m).

Changing the value & changes the EW speed response to a load torgtre deft motor. The&s
value has no effect on the tracking of the joystieference. Simulation 4b (response to a joystick
position of 60° with a step load torque increasdhmleft wheel at 5 seconds) is repeated for EW

configuration 4, but with differer values to show the effect on the EW speed response

* For§ = 0%, consider Figure 6.19, 1a and 1b. This isstiamdard configuration for the
limiter feedback. Any load on the left motor isatitly transferred to the right motor. The
EW will be equally responsive to a load on eithadt br right wheels. This simulation is
used as a reference for comparing the change inr&fyonse as the value f& is
changed.

*  ForS = 20%, consider Figure 6.19, 2a and 2b. The linsigdting allows an additional 20%
in the left motor torque over the right motor asdaaresult speed control is prominent at all
times. The EW will be less responsive to a loadease on the left motor. The distance
plot in Figure 6.19, 2b shows a smaller gradiemtat@n when compared to Figure 6.19,
1b resulting in the EW cornering for a further diste as seen when comparing the 2D

plots for Figure 6.19, 2a and Figure 6.19, la.
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For S = 5%, consider Figure 6.19, 3a and 3b. This linstgting only allows an additional
5% in the left motor torque over the right motodaas a result speed control is only
slightly prominent. The EW will be less responsieea load increase on the left motor.
The distance plot in Figure 6.19, 3b shows a smghadient variation when compared to
Figure 6.19, 1b resulting in the EW cornering falightly further a distance as seen when
comparing the 2D plots for Figure 6.19, 3a and FEdul19, 1a.

For S = -5%, consider Figure 6.19, 4a and 4b. The lims&tting reduces the left motor
torque limit by 5% and as a results, the load tergyansferred to the right motor is
amplified. The EW will be more responsive to addacrease on the left motor. The
distance plot in Figure 6.19, 4b shows a small igradeduction when compared to Figure
6.19, 1b resulting in the EW cornering for lessadadistance as seen when comparing the
2D plots for Figure 6.19, 4a and Figure 6.19, 1a.

For § = -20%, consider Figure 6.19, 5a and 5b. The éméetting reduces the left motor
torque limit by 20% and as a results, the load uertransferred to the right motor is
amplified. The distance plot in Figure 6.19, 5bwsba large gradient reduction when
compared to Figure 6.19, 1b resulting in the EWhedng for far less of a distance as seen
when comparing the 2D plots for Figure 6.19, 4akigdire 6.19, 1a. The EW is extremely

responsive to a load increase on the left motor.

Table 6.4 EW response to user define§

EW response

S <0 | T_limityax is reduced by the low pass limiter to a value teas T, _ref. By reducing

the toque limit, the EW is more responsive to loashe left hub motor. To maintajn
tracking, the right motor will reduce speed whee feft motor experiences an
increase in load. This is an important featureiridividuals whose disabilities hinder

vision or awareness on the left hand side.

S =0 | T limityax is equal toT,_ref The response of the EW will be the same to a |oad

irrespective of which hub motor it occurs on.

S >0 | T limityax is larger thanl,_ref This allows speed control to be more prominent on

the left motor, and able to maintain tracking withoeducing the speed on the right

motor. The sensitivity of a load on the left motsrreduced. This is an imporjﬂ

feature for individuals whose disabilities hind&ion or awareness on the right hand
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side because the EW is more responsive to loadeoright motor. However i is
set too high, the EW response will tend towards ehaontrol configuration 3.
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Figure 6.19 EW response variations due to differérow pass limiter settings
6.6 Summary

The steering algorithm for an EW is the innovaiiothis chapter. Traditional configurations using

torque or speed control show significant disadwgeda Neither can satisfy the two design

requirements that the EW should give an intuitigsponse to the user for load disturbances on

either of the hub motors, whilst providing directivacking based on the user input. Finally a new

control algorithm is proposed and the principle dastrated by means of simulation. Due to

limitations in hardware and time constraints, tloduton has not been implemented on a full

prototype electric wheelchair system. This is aadgr further work.
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Chapter 7 - Conclusion and Further Work

7.1

Introduction

With the continuous rise in both cost and demandos§il fuels, research into environmentally

friendly and efficient alternatives has been addi@cus in recent years [1]. The general theme of

this thesis revolves around electric motors as tgubess for the internal combustion engine in

traction applications. Electric vehicles have pesged mainly due to the progression in electrical

motor, power electronic and battery technology. pasicular focus of this thesis is on the use of a

controlled brushless DC hub motor (BLDCHM) systesrapplied to an electric wheelchair.

7.2

Investigation and contribution

A systematic approach towards the research, simotatnd practical results was undertaken. This

section summarizes each chapter’s contents.

Chapter 2 — Literature Review: This chapter desclithe available research regarding EV
applications. The fields of research included maiwad braking systems, torque control of
various alternating current (AC) and direct curr@dC) electric motors (EMs), motor
drive technologies, energy sources and steeringtisns. Based on the research a
brushless DC hub motor was selected for this iny&tson, together with an appropriate
power electronic circuit topology.

Chapter 3 — BLDC Hub Motor Operation Theory: Thigpter provided more detail on
the BLDCHM selected in Chapter 2. The mechanicalcstire of the rotor and stator were
described, as well as the position-based electtmamutation for driving this machine as
a motor, and regenerating with it as a generatbe ihverter topology and switching
sequences were also developed.

Chapter 4 — Dynamic and Electrical Model of a BLD@Hn this chapter a mathematical
analysis of the BLDCHM and the power electroniogeiter was performed using an a,b,c
reference axis approach for developing the equsitibhe final state space equation for a
three-phase, star-wound, trapezoidal back EMF BLBIOMas obtained and the chapter
also described the mechanical and electrical dynaetavior of the BLDCHM.
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* Chapter 5 — BLDCM Simulation and Controller Desigdased on the final state space
equation developed in Chapter 4, a simulation made¢he BLDCHM was developed
using VisSim v6.0, a simulation package and embedumtrol developer from Texas
Instrument8. A comparison of the simulated results for motarrent, torque and
rotational speed was compared to practical measmeron the motor and its inverter
drive, illustrating the correct modeling and sintida of a BLDCHM. A torque controller
based on current control was then designed andeimmaited on a Texas Instruméhts
DSP. Once again the simulated and practical resudte compared. A sensorless torque
controller during regeneration was then developed.

« Chapter 6 — Electric Vehicle Steering Algorithm: i§hchapter summarized the
requirements for an electric wheelchair (EW) toéhawesponse to the control input which
is intuitive for the user. The traditional cont®ystems in an EW were simulated and
compared with two novel systems proposed in tlesaech, which are designed to provide

user vector tracking.

7.3 Novel contribution

The novel finding of this research is the developh@ a steering methodology for an EW with
two BLDCHMSs. It ensures that the wheelchair acalyatracks the directional command of the
user, irrespective of differences in the smoothri#sthe individual terrains traversed by the left
and right wheels. The control algorithm utilizegoaque controller on one motor and a speed
controller on the other motor. Whilst this contecoinfiguration may not seem to be intuitive, when
coupled with the designed control algorithm, alltbé& user requirements for an ergonomically

acceptable driving experience, with direction tiagkare met.

7.4 Objectives and further work
The primary objectives were as follows:

a) The correct commutation and torque control of thetan
- This objective was met. Chapter 3 documented teired commutation strategy for a
BLDCHM. This strategy was practically implementedCGhapter 5, in which torque
control loops were designed and implemented.
b) A commutation algorithm which provides two axistoainx and y directions) as the speed

differential between the independent front hub msoused to steer the EV
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- This objective was met. Chapter 6 documented thelnmontribution for this thesis
which not only allows for steering of the EW, blsaenables user vector tracking
despite differences in the smoothness of the iddaliterrains traversed by the left and
right wheels.

c) Use of the system to increase battery life, themetreasing the total travel distance of the

EV.

- This objective was met. Chapter 3 documented regéme breaking by using the
BLDCHM in generator mode. This recharged the biateand thereby extended
vehicle operating range.

d) The implementation of a braking scheme which caasrto allow for steering.

- This objective was met. In Chapter 5 a sensorlesgié controller was designed to

operate during regeneration. The vector trackirgprithm described in Chapter 6

utilized this torque control to maintain steeringidg braking conditions.
The secondary objectives were as follows:

e) A complete prototype system solution to demonstiaepractical implementation.
f) The design and manufacturing of custom circuitnyfoth control and power electronics.

g) The solution should be robust, light weight and paaot with low maintenance.

These objectives were not met and are considereirtieer work for this project. However
implementation of traction control and an expansmm four wheel drive system on a full scale
electric vehicle, as a replacement for internal loostion transportation, is the ultimate progression

for this research.
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Appendix A - Parameter Identification of a BLDCHM

Al. Introduction

This appendix describes the testing procedure tatktermine the electrical and mechanical
parameters of a star-wound, three-phase BLDCHMtifigess performed at room temperature

(22°C) to acquire the parameters for the finalestatace equation (SSE) below.

a1 [—R/LL 0 0 —F,8,)/L1 o[l [1/L1 0 0 0 Ty

al [ 0 —R/L1 0 —F,(6,)/L1 0} I 0 1/L1 0 o ||y

e |=] o 0 —-R/L1 —F.(6,)/L1 ol I |+] o o 111 0 I/ (A1
ol RO FOI @) -Bj Ollem| |0 0 o ~u||f
leeJ [ 0 0 0 p oll g, l 0 0 0 0 J L

The state space equation is derived in Chapterd4dsabased on the BLDCHM equivalent circuit
diagram in Figure A.2. The state variables laré, I, om andg,,. The input variables arg,, W,
Ve T.

A2. Instrumentation and parameter identification

The evaluated parameters are described in Tableardlthe testing equipment setup appears in

Figure A.1, consisting of the following:

* Brushless DC hub motor (BLDHM) under test.

* Three phase induction motor (IM) used as a loacdbmot

» Siemens Micro Master 440 drive to control the IM.

» Torque Master TM 200 Series torque transducer.

* Leine & Linde 1024 quadrature ppr encoder conneicigde IM.

e Custom built DC to three-phase inverter.

« ezdspMTMS320F2812 development board with analogue cards.
* LEM PR30 current probe.

» Agilent 100Mhz oscilloscope (4-channel with BNC Bee).

e Lutron DM-9093 multimeter.

e Escort 3145A milli ohm meter.

Parameter Identification of a BLDCHM
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* Fujitsu Siemens desktop computer.
The software required for the motor parameterrigstonsists of:

* Matlab® R2009a to simulate the motor and steeraigt®n model, plot and evaluate the
data.

« VisSim 6.0b9 to program the ezd¥FMS320F2812 which controls the inverter.

» Drive Monitor to control and set parameters in 3xemens Micro Master 440 Drive.

» Auto Desk Inventor 9, a computer aided design pgekto model the motor stator, and
then calculate the mechanical inertia.

BLDCHM

Torgue Master Ericader

Oscilloscope  Current probe

Siemens drive
Inverter

Figure A.1 Test bed setup

Parameter Identification of a BLDCHM
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Phase A

-
©
o
\I_
)
—
©
o

Neutral (N)*

Phase B

Phase C

*Note the Neutral connection is only within the
motor

Figure A.2 BLDC equivalent circuit diagram [4]
Table A.1 BLDC motor parameters

Parameter Unit Description
P W Rated motor power (RMS)
Vs V Supply voltage (RMS)
I A Rated motor current (RMS)
Op rad/s Motor mechanical base speed
R Q The individual phase resistances Ra, Rb, Rc and R

(the average phase resistance to be used in the S$E

L Henry The individual phase inductances, La, Lb,dnd L

(the average phase inductances to be used in e §S

L Henry The mutual inductance between phases, lLah, Lca

and M (the average mutual inductances to be used in

Parameter Identification of a BLDCHM
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A3.

the SSE)

8. J kg.nt The inertia of the rotor

9. P - The number of pole pairs thystumber of poles]/2

10. E \% The back EMF generated by each phase, Ea, &b an
Ec

11. Ky V.s/rad Motor speed constant

12. Kt N-m/A Motor torque constant

13. T, N-m Rated motor torque

14, B N-m/rad.se¢ | The coefficient of friction due to bearing and déme
losses

Motor parameter measurements

The provided BLDCHM is a 500W motor form Brilliavitheels, South Africa.
The supply consists of two 12V (18AH deep cycleallaaid batteries). Their peak charged
potential is 12.5V, and are wired in series to pcala 25 V source.

The rated current is calculated from the rated p@me supply voltage.

P=1+V (A.2)
L _B_s0__
7 T (A.3)

The base speedvf) of the BLDCHM is defined as the maximum speed rinator will
reach under no-load conditions and without the é@mmntation of field-weakening
techniques. To determine this parameter the invertesed to ramp-up the phase voltages
of the BLDCHM, under the standard 120 degree coratian strategy (using a PWM fed
inverter as described in Chapter 3), until the phastages equals. At this potential the
steady state speed of = 14 rad/sec is reached, and is shown in Figure Fh@ figure
plots the analogue Hall effect sensors’ feedbaocknfwithin the BLDCHM and displays

the calculated electrical and mechanical motor tosi as well as the mechanical

Parameter Identification of a BLDCHM
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rotational speed«f,). A filtered value olw,, is also plotted and then used to obtain

value ofw,.
Resolver Feedback
g gLAAA O B L LA LA A R resalver] ||
SRR CARS TN NS SN YIRS SRR VRN resolver2 [y
02 018 016 0140 012 -0 0o 008 004 002 1]

Electrical Position (theta-elec)

2p|_ ....... | ........ IEEEETEER J ........ R T | ........ LEEEE EEY IETT TR | BRI =
= ail- : : - : 1 : L theta-elec[
i anvamvanY

I 1 1 i 1 ;
02 o018 016 014 012 01 008 -00e8 -004 -002 1]
Mechanical Position (theta-mech)

rad
=
T

i i i i 1

02 018 016 014 002 01 003 005 -004 002 1]
Mechanical Speed (wm)
20 5 ) ! ! 5 ! ! ; I

¢ : : W]
: : : : wim = 14
I:I | 1 1 1 | 1
02 018 -0 014 002 01 008 -005 004 -002 1]

radfzec

Figure A.3 Base speed estimation
5. The phase resistance is determined using an E3td8A milli onm meter. Throtor is
removed from the stator and a neutral point conmecadded (purely for monitorir
purposes). The individual phase resistances arertfeasuredR,, R,, R.) and appears in

Table A.2, in whichR is the average of the three phase values.

Table A.2 Phase resistances at 22° C

Phase Resistanc@)
R, 0.455
Ry 0.434
Re 0.450
R 0.450

6. The phase inductance (selfinductance) is determined using the Lutron -9093

inductance meter. The rotor is removed and eaclseplveductancel,, L, andL.) is

Parameter Identification of a BLDCHM
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measured to the neutral point and documented ifeTAIB, in whichL is the average

value of the three phase values.

Table A.3 Phase inductance at 22° C

Phase Inductance (mH)
La 0.00148
Ly 0.00144
Le 0.00159
L 0.0015

If the rotor is not removed from the stator, theghinductance measurements are affected
by the permanent magnet rotor. The effect is positlependent as shown in Figure A.4.
This shows the importance of removing the rotor iftductance measurements, when

permanent magnets are used in the motor constnudlee values appearing in Table A.3

are used in this thesis.

Phase inductance (L)
1.5 T

T 5
£ 5
|:|5 _ ............................ L3
: — Lb
0 ;. Lc
pi 2pi

rad-elec
Figure A.4 Varying phase inductance measurements @uto rotor permanent magnets
The mutual inductance between phases is measurbdtid rotor separated from the
stator, by using the same Lutron inductance mdtee. measurement is taken over two

phases as total inductands) (s the sum of each self-inductance and the mumalaictance

between the two phases. For example:
L[ - La + L[] + La[] (A.4)
Loy =L -Ls-Lp (A5)

The resulting mutual inductances in Table A.4 atednined in this manner.

Parameter Identification of a BLDCHM
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Table A.4 Mutual inductances at 22° C

Phase Inductance (mH)
Lab 0.00002
Lpe 0.00005
Lea 0.00004
Lm 0.000033

8. The inertia of the rotor is a property of the mass distance between the mass and the
centre of rotation. The mathematical equation temeine inertia for a rotating disk with a
hole in the centre is shown below [34].

J = 0.5 xmass * (a? + b?) (A.6)

Wherea andb are the inner and outer radii respectively in metnd the mass is in kg.
Implementing this equation over a complex profigzdimes difficult. Auto Desk Inventor,
a computer aided design program, is used to mduelrotor structurally, with each
component’s mass inserted, allowing the packagectarately calculate the inertia. The
final 3D model is shown in Figure A.5 and the résgl model produces a value of
0.04335 kg.rh

Parameter Identification of a BLDCHM
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Figure A.5 Autodesk 3D model of the rotor to deterrime inertia.

9. The total number of 56 poles is determined by dognthe magnets within the rotor and
thus the number of pole pairs is P = 28.

10. To obtain the back EMF waveforms for the BLDCHMg tiM acts as a driving motor and
an oscilloscope is used to capture the potentiala the neutral connection to each phase
terminal of the BLDCHM. The expected waves are deaidal but the measured waves
have sinusoidal properties. This is as a resuthefhigh pole count and appears in Figure
A.6. To accurately represent the back EMF for satioh, a hybrid waveform is obtained

by imposing a sinusoidal wave onto the back EMFevav

Parameter Identification of a BLDCHM
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Figure A.6 Back EMF wave form estimation
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11.

12.

The speed constant is the proportional factor betviee mechanical motor speed and the
amplitude of the back EMF waveforms at that sp@ée. base speed is determined above
and the back EMF potential is acquired using tselted in Figure A.1. The IM is used to
rotate the BLDM at 14rad/sec and the peak potefdralne back EMF is measured to be
12.81 V. Thus

K, = ﬂ = % =0915V.s/rad

w, 14 (A7)

The motor torque constant relates the BLDCHM phageents to the output torque. To
determine this value, the inverter suppliésto the motor. The BLDCHM is coupled
through the torque transducer, to the IM whichrigeh in vector speed control mode as a
load. The test begins at the BLDCM base speed simdmped down to stand still. The
output torque and inverter current for the BLDCMIlwicrease as the speed decreases and
these values are logged and compared. An offsét3oAmps for the current is required,
representing the electrical torque needed to oweectrictional losses in (A.1). A torque
constant is then calculated to be 1.2 N-m/A basethe data shown in Figure A.7 which
displays the data from four independent practieatst in order to validate consistency of
the derived equation. The noise seen on the cusignal is due to the PWM switching on
the inverter and the 120 degree commutation syabéghe BLDCHM as described in
Chapter 3.

Parameter Identification of a BLDCHM
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Torque (N.m)

Figure A.7 K, relating current to output torque

13. The rated motor torque (RMS) is defined and catedlaising the rated current (RMS) and

motor torque constant.

T, =1, %K, =12%20.833=25N—m (A.8)

Parameter Identification of a BLDCHM
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14. The mechanical equation for motion of the BLDCHMsisown below and is used to

determine the coefficient of frictioB.

dwy,

12|+ Bom =T -, (A9)
t

The coefficient of friction is determined at steaskate base speed. This reduces the

mechanical equation for the BLDCHM to (A.1), as #8peed is constant and no load is

applied. The measured current is 0.6 Amps anddke bpeed is 14 rad/sec.

I+ K,
Wp

B=—= [ ] =0.0514 N —m/rad.sec™! (A.10)

Ad4. Summary

This appendix lists the BLDCHM parameters, as wsllthe testing equipment and the test-bed
configuration required to perform the necessarytings The method for determining each

parameter is discussed and the data is evaluatigteanine the final values.

Parameter Identification of a BLDCHM
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Appendix B - BLDCHM Transfer Functions

B1. Introduction

This appendix describes the Matlab® script useddtermine the transfer function of the total
current in a brushless DC hub motor (BLDCHM) witispect to the input voltage. The result is
based on a 120-degree commutation strategy, wheyetwo of the three phases conduct at any
moment in time. Based on this, the phase resistamtk inductance values are double the

individual phase resistance and inductance valwssuared in Appendix A.

B2. Matlab® script
%Title: Transfer Functions for the BLDCHM

%Description: This Matlab script shows the code use d to determine the
BLDCHM transfer function based on the statespace eq uations (SSE)
developed in section 5.4

%The motor is operated in 120 degree commutation mo de, so two phases

conduct at any point in time.

%Author: Bradley Shields

%These are the motor constants measured in Appendix A
L =3e-3; %Armature Inductance
R=0.9; %Armature Resistance

Kv =0.9; %Machine Constant
J=0.04335; %Machine Load & Inertia
beta = 0.05; %Machine Viscous Friction
TL = 10; %Load Torque

%Below the A, B, C and D matrices for the SSE are d eveloped
A=[-R/L,-Kv/L;Kv/J, -betald];

/L, 0;0,-1/7];

0; 0, 1];
0

B
C
D ; 0, 0];

[
[1,
[0,

%Below the transfer functions for total current (1) and mechanical speed
(spd) are developed with respect to the inverter vo ltage (V).

[num, den] = ss2tf (A, B, C, D, 1);

tf_ V2l =tf (num (1,:), den); %current

tf_V2spd = tf (num (2,:), den); %torque

BLDCHM Transfer Function
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%Below the transfer functions for total current (1)
(spd) are developed with respect to the load torque
[num, den] = ss2tf (A, B, C, D, 2);

tf_TL2I = tf (num (1,:), den); %current

tf_TL2spd = tf (num (2,:), den); %torque

%The VisSim simulated current and the Matlab transf
compared

%in VisSim. The data is saved to a file and importe
importdatfile('E:\masters\matlab\simulation_vs_tran
Simulated_| = data(;,1); %this is the VisSim sim
Transfer_function_| = data(;,2); %this is the Ma
time = linspace(0, 0.3, 300);

%This section of code creates a new figure (with li
%the figure shows both the VisSim and Matlab estima
scrsz = get(0,'ScreenSize");
figure('OuterPosition’,[1 scrsz(4)/3 scrsz(3)/2.2 s
plot(time, Transfer_function_I, 'r', time, Simulate

h = legend('Transfer Function','Simulated',2);
set(h,'Location’,'SouthEast', 'Orientation’,'Vertic
ylabel('Current (Amps)";

xlabel('Time (s)";

ylim ([0 18])

xlim ([0 0.3])

grid

and mechanical speed
(TL).

er function are

d below.
sfer_function.dat’);
ulated current

tlab transfer function

mited screen size)
tion with labled axes.

crsz(4)/1.85])
d_I, 'bY;

al’)

BLDCHM Transfer Function
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18 :

Transfer Function
Sirmulated

Current (Amps)

1 i | 1
n 0.05 0.1 0.15 0.2 0.25 0.3
Time (=)

Figure B.8 Current step response to 20V supply

333.3s + 384.5

Gp() =TF V2l = o 012 + 6574 (B.1)

B3. Summary

This appendix describes the Matlab® script usedetermine the transfer function of input voltage
to output current in a BLDCHM. The transfer funcatics shown in B.1, and the response is
compared to the VisSim controller response (The&Miscontroller is developed in Chapter 5). As

expected ((B.1) does not take into account the gpleasnmutation and thus produces a smooth
current response.

BLDCHM Transfer Function
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Appendix C -  Fourth-Order Regeneration Polynomial

C1. Introduction

The implementation for regenerative torque coritraghe brushless DC hub motor (BLDCHM) can
be implemented using any one of three strategiles.fifst strategy is direct torque control with a
transducer supplying feedback to the controllere Becond strategy is current control. This is
effective because the output torque is directlypprtional to the individual phase currents. The
third strategy is implemented using a lookup talbles not practical for a BLDCHM, on an electric
vehicle (EV) to have a torque transducer, thus islting the first strategy. The hardware
implementation for the EV has only one current g$crcer, thus eliminating the second strategy.
The third strategy is therefore implemented in fibren of a fourth order polynomial equation as
developed in Chapter 5. This Appendix provides itbetd the regeneration polynomial which has
an RR value of 0.8741.

Fourth-Order Regeneration Polynomial
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C2. Polynomial estimations of the modified regeneratiomproperties

1 by 1 Polynomial fit
R-square 0.7339

Linear interpolation fit
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2 by 2 Polynomial fit
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3 by 3 Polynomial fit
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5 by 5 Polynomial fit
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Figure C.9 Polynomial estimations of the modified @generation properties
The traces above are discussed in section 5.4handkby-4 polynomial fit is selected. The output
is limited between an upper value of one, and atovalue of zero as these are the bounds for the
inverter pulse-width-modulation (PWM) mark-to-spa@io. The equation for the fourth-order
polynomial is:
p00 +
(p10 * x + p01 x y) +
flx,y) = (P20 xx2 + pll*x xy + p02 x y2) + (C1)
(P30 *x3 +p21xx2*xy +pl12+x *y% + p03 * y3) +
(p40 * x* + p31 xx3 xy + p22 x x2 x y2 + p13 x x * y3 + p04 * y*)

Fourth-Order Regeneration Polynomial
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where:

» Xxis the rotational speed (rpm).
» yisthe regeneration torque reference (N-m).

* f(x,y)is the inverter pulse-width-modulation mark-to-spaatio.

The coefficients for the polynomial equation are:

p00 = 0.7139
p10 = -0.3436
p01 = 0.1086

p20 = -0.0695
pll = -0.06621
p02 = -0.3486
p30 = -0.07003
p21 = -0.05388
pl12 = 0.2395
p03 = -0.399
p40 = 0.0731
p31 = 0.04395
p22 = 0.1091
p13 = 0.2363
p04 = -0.0588

Cs. Summary

A fourth order polynomial equation has been dewetbfn implement deceleration toque control
during regeneration. Based on the BLDCHM speedthediorque references, the correct PWM
ratio is applied to the inverter.

Fourth-Order Regeneration Polynomial
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