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Abstract 

This thesis presents a method for the design of brushless DC motor controllers for use 
in electric vehicles. In order to determine the motor controller specifications, a study 
was conducted on the performance of an internal combustion engine vehicle and goals 
were set. An analytic design for a hard switched, hysteresis band current control, 
20kW. DC brushless motor controller is presented. Construction and design 
techniques for building the motor controller are outlined and a prototype motor 
controller built. The motor controller was tested throughout its rated voltage and 
current range and results presented. Based upon these results, conclusions were 
drawn showing the method presented is suitable for the design of motor controllers 
br use in electric vehicles. 
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Chapter 1 - Introduction 

1. Introduction 
As the demand for personal transportation increases the world is faced with a new 
problem: how to meet this demand without significantly impacting on the remaining 
natural resources. Electric vehicles (EVs), such as electric bicycles/scooters, hybrid 
electric vehicles or pure electric vehicles, powered from renewable energy sources 
provide a solution to this dilemma. 

At the end of 2001, there were approximately 9.2 million electric vehicles (EVs) in 
use worldwide. Annual sales of electric vehicles are estimated to be over 2 million 
units with yearly sales predicted to increase by ten times from 1999 to 2010 [1]. 
Clearly, the market for electric vehicles is expanding and will continue to grow 
through the development of new hybrid electric vehicles, electric bicycles and other 
industrial EVs. 

Two breakthroughs that have lead to the growth of electric vehicles are efficient 
electric motors and motor controllers. Low cost, rare earth, neodymium iron boron 
magnets have enabled the production of efficient, light weight, power dense electric 
motors capable of running at well above their continuous power rating for short 
periods of time, making them ideal for traction applications. In addition, the 
development of cheap, reliable power semiconductors capable of running at high 
switching frequencies such as MOSFETs and IGBTs have enabled accurate control of 
torque and/or speed within these vehicles. 

In electric vehicles, the motor controller is generally more expensive than the electric 
motor. As such, there exists an opportunity to research ways to reduce the cost of 
motor controllers and thus reduce the cost of electric vehicles. 
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Chapter 1 - Introduction 

1.1.Background of Electric Vehicles 

Thomas Davenport built the first electric vehicle in 1834, 50 years before the first 
gasoline powered vehicle [2]. At the turn of the 201h  century, 38% of all privately 
owned cars were electric with EV sales peaking in 1912 at almost 34,000 in the USA 
[3]. 

This early success, however, was short lived with EVs suffering from limited battery 
range and an unavailability of charging facilities outside of major cities. The internal 
combustion engine (ICE) vehicle became the preferred form of transport due to 
increased range and a faster refill or charging time. The demise of the electric vehicle 
was sealed with the invention of the electric starter motor, which eliminated the 
difficult hand-cranking process required on early ICE vehicles. 

There was little further research or development into EVs up until the 1960's. 
Concerns over air pollution in the 1960's sparked a renewed interest in electric 
vehicles particularly in the USA and Japan. The first legislation was passed in 1965 
in the USA relating to emission standards for ICE vehicles [2]. 

A major turning point in the development of EVs was the 1970's oil crisis. Concern 
over supply of oil led once again to legislation being passed setting minimum 
standards of fuel efficiency for vehicles in the USA. Technology developments 
during this period, however, resulted in electric vehicles with limited range and poor 
performance and the industry once again stagnated. 

Recent stimulus for on-road EV research stemmed from a mandate by the Californian 
Air Resource Board (CARB). Laws were put in place regulating that in California 
2% of all vehicles sold by manufacturers producing more than 35,000 vehicles needed 
to be electric. A further 10% of all vehicles sold by these manufacturers need to be 
electric by 2003. Although these laws have now been amended, the industry has 
grown considerably since the legislation was passed. 

8 



Chapter 1 - Introduction 

1.2. Types of Electric Vehicles 

There are many forms of electric vehicles currently available. These can be broadly 

divided into a two categories: non-road EVs and road EVs. 

1.2.1. Non-Road EVs 

Non-road EVs include light/heavy industrial EVs, golf carts/caddies, EVs for the 

disabled, airport and food handling vehicles and many other speciality vehicles. Sales 

for non-road EVs are currently estimated at over US$5.8 billion per year. Of these, 
the heavy industrial vehicle market, including forklifis and other industrial vehicles is 
by far the largest in dollar terms generating US$2.8 billion in sales [4]. 

1.2.2. Road EVs 

Excluding sales of heavy industrial electric vehicles, road EVs are the next largest 

market in dollar terms. This is primarily due to the success of the Toyota Prius, a 
hybrid electric vehicle. It is estimated that sales of road EVs will increase to US$10 
billion by 2010 [4]. 

Recent developments in the automotive industry indicate that the future of on-road 
transportation will have an electric drivetrain. The form that this drivetrain will take 
is still unclear with several alternatives currently being developed in parallel. Broadly 
speaking these are [5]: - 

Battery electric vehicles (BEV) - these vehicles store the energy in batteries 

and, to a lesser extent, in secondary energy sources such as flywheels or ultra-

capacitors. Typically, these vehicles have the shortest range due to the 

relatively low storage capacity of batteries. The future viability of the REV 

for road use relies upon consumer demand for a non-polluting vehicle in 
parallel with government legislation. 

Hybrid electric vehicle (HEV) - To overcome range limitation of BEVs 

hybrid electric vehicles are currently being developed by the major automotive 
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manufacturers. These vehicles use an existing ICE in conjunction with an 

electric motor and small battery pack. There are many forms of hybrid electric 

vehicles with the electric motor used to provide power as well as recover 

energy during braking. The HEy, although producing some emissions 

provides a good compromise with respect to range, fuel efficiency and tail 
pipe emissions. 

3. Fuel cell electric vehicles (FCEV) - In this type of vehicle fuel cells are used 

to generate electricity to power the vehicle. Hydrogen and oxygen are used to 

power the fuel cell with electricity, heat, and water being produced from the 

reaction. The hydrogen can be generated from a number of different sources 

including hydrogen gas, liquid hydrogen or reformed from methanol, ethanol, 

natural gas or petrol with CO2  being a by-product. Currently, most major 

automotive manufacturers are working on fuel cell technology and in 

particular, on ways to reduce cost [6]. 

Independent of the type of vehicle, whether road or non-road, BEV, FCEV or HEy, 
they all use electric motors and require a motor controller to vary the speed and 
torque. As such, the research presented in thesis applies across most or all the vehicle 
types presented in Section 1.2. 

1.3. Benefits of Electric Vehicles 

There are many benefits from the development of road BEV's, HEV's and FCEV's. 
In particular, these vehicles provide a reduction in the dependency on oil for 
transportation and a reduction in greenhouse gas emissions. Non-road EVs provide 

benefits in the industry segments that they are used in but these are not presented in 
this thesis. 

1.3.1. Current Dependency of Oil 

In the US, the transportation sector is almost entirely dependent on the use of oil and 
consumes two thirds of all oil used by the country. Currently over 50% of this oil is 
imported and is expected to rise to 70% by 2010 [7]. 

10 



Chapter 1 - Introduction 

Oil is a finite resource and as production increases (due to demand) and discovery 
rates decrease, reserves will diminish. This is a worrying statistic for the automotive 
industry as it is currently totally reliant on cheap, readily available oil. M.K. Hubbert, 
in the 1950's, developed a way to estimate oil and gas reserves and their future rate of 
exploitation. 

C 
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0 
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Figure 1 - Idealised Hubbert Curves for Oil Discovery, Production and Reserves 181 

Hubbert plotted his predictions and the results are shown above in Figure 1 [8]. These 
curves, known as Hubbert Curves, estimated oil reserves based on predicted rates of 
discovery and production. In 1956 he estimated the peak of production in the USA 
would occur in the 1970's (which actually occurred in 1973). 

Dr. C. J. Campbell in 1996, following on from the work of Hubbert, estimated the 
global production rates of oil over a period of 100 years. This is shown below in 
Figure 2 with the production peak estimated to occur in 2003 [9]. 

Rate of discovery in billions of barrels per day and time in years 
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Figure 2 - Estimated World Oil Production versus Time 191 

Four estimates were made by Campbell of future production rates as shown in Figure 

2. In each of the cases, production rates decrease significantly by 2050. 

It is clear from the work of Campbell that the economical production of oil will 
decrease significantly within the next 50 years. This will have a dramatic effect on 
the transport sector due to the current dependency of oil in the industry. BEVs, HEVs 

or FCEVs are in an ideal position to benefit from the expected increase in cost and 
decrease in availability of oil over the next 50 years. 

1.3.2. Greenhouse Gas Emissions 

In 2000 the carbon emissions from the US transportation sector was 296 million 
metric tonnes and is expected to rise by 40% over the next 20 years 7]. EVs 
including BEVs and FCEVs produce less greenhouse gas emissions than ICE 
vehicles. BEVs produce no direct carbon emissions however, the power used to 
charge the batteries is usually generated from fossil fuels. 
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A comparative study of greenhouse gas emissions from EVs, HEVs and ICE vehicles 
was conducted on similar vehicles over the same route taking into account carbon 
emissions from the USA electricity grid [7]. The results of this study concluded that 
BEVs are estimated to reduce oil consumption by 98% and reduce carbon emissions 
by 38-58% over ICE vehicles. Additionally, HEVs reduce oil use by 56% and reduce 
carbon emissions by 56% relative to ICE vehicles. 

Road EVs. including BEVs, HEVs and FCEVs, as described above can significantly 
reduce greenhouse gas emissions. A reduction in emissions, combined with a 
reduction on the dependency of oil, will result in continued research into the 
development and increased sales of these vehicles in the next 20 years. 

1.4. Disadvantages of Electric Vehicles 

There are a number of disadvantages of road EVs and these differ significantly based 
upon the type of EV. These disadvantages are outlined below: - 

. BEV - A recent study of owners of electric vehicles outlined the perceived 
disadvantages of BEVs. The most common disadvantages of BEVs recorded 
in this study were limited range, high price and uncertainty of battery life [lO]. 

There has been a huge amount of research in recent years to address these 
disadvantages primarily by the development of advanced batteries [11]. Lead 
acid batteries were predominantly used in EVs in the past due to their 
reliability and low cost. New battery types are emerging such as Lithium Ion, 
Lithium Polymer and Nickel Metal Hydride providing an increase in range 
and lifetime. Nevertheless, with new battery technologies it is still unlikely 
that the range of BEVs will exceed conventional ICE vehicles and until sales 
increase dramatically costs of BEVs will remain high. 

. 1-1EV - In the immediate future, HEVs are expected to be the EV of choice. 
These vehicles overcome the disadvantages of BEVs by the addition of an 
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internal combustion engine to power the vehicle and charge the battery as 

necessary. At present, the disadvantages of HEVs are the increased upfront 

cost (30% premium to ICE vehicles) and a lack of lifetime costing of such 

vehicles [1]. 

• FCEV - The automotive industry is funding significant research into the 

development of fuel cells for use in vehicles. Fuel cell electric vehicles will 

only become commercially viable with the successful manufacture and 

delivery of large numbers of vehicles and cost effective fuel cell stacks [12]. 

The other main disadvantage of fuel cells is the extra infrastructure required to 

power the fuel cells, via hydrogen, methanol or some other form of fuel. 

When these obstacles are overcome the advantages of these vehicles over 

I-IEVs and BEVs should see rapid sales in the industry. 

1.5.Aim of Thesis 

The expected expansion of the electric vehicle market will result in a demand for 

cheaper, reliable EV components including motors and power electronic controllers. 

Hard switched, DC brushless motor controllers require the least number of 

components and thus are potentially the cheapest type of DC brushless motor 
controller. 

The aim of this thesis is to develop a systematic method for the design of hard 

switched DC brushless motor controllers for use in electric vehicles. 

The method outlined will centre upon producing a highly efficient, reliable, 

lightweight motor controller which, when used with an axial flux brushless DC motor 

in a small conventional vehicle will result in an electric vehicle with performance 

characteristics similar to existing ICE vehicles. An electric vehicle was chosen to 

demonstrate the motor controller as a result of experience with solar and electric 

vehicles at Charles Darwin University. 
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In order to achieve the aim set out above the following tasks were undertaken: - 

A study of the performance of conventional internal combustion engine 
vehicles in order to determine a benchmark for the optimisation of the new 
motor controller. Once this benchmark was determined, a review of suitable 
electric vehicle components was undertaken including an analysis of suitable 
motors, batteries and the design of the electric vehicle's drivetrain. 

• A thorough literature review of motor controllers currently used in electric 
vehicles. This included a review of different switching topologies including 
soft and hard switching motor controllers. 

This literature review was expanded to study components used in motor 
controllers including power switches such as MOSFET's and IGBTs, power 
switch driving techniques, main bus capacitors selection, power supply design 
and various control techniques. This review also included a study of 
techniques used in the construction of hard switched motor controllers. 

• Development of a method for the design of a DC brushless motor controller 
• Application of this method to the design of a motor controller for use in an 

electric vehicle 

In order to verify that the proposed design meets the aim of the thesis construction 
and testing was required. This involves: - 

• Testing of the control section of the motor controller 

• Testing of the power switch drivers 

• Testing of control and power section power supplies 

• Testing of the motor controller power stage in forced state 

• Testing of the motor controller with an axial flux DC brushless motor 
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1.6. Outline of thesis 

Electric vehicles, both road and non road have commonly used induction or DC 
brushed motors for the traction or driving motor [13]. Permanent magnet brushless 
DC motors are beginning to replace these existing technologies in many EV 
applications due to the lowering cost of permanent magnets. Power electronic motor 
controllers are required for the control of such motors leading to the requirement for a 
method for the systematic design of DC brushless motor controllers. The following 
provides a summary of the contribution this thesis makes to the development of a 
method for the design of DC brushless motor controllers for use in traction 
applications. 

Chapter 2 provides an analysis of the performance of existing internal combustion 
vehicles in order to set a benchmark for the performance of an electric vehicle. A 
study of the feasibility of using an axial flux, permanent magnet, DC brushless motor 
with a single chain reduction drivetrain is presented. 

Chapter 3 provides a detailed overview of motor controllers commonly found in 
traction applications and different methods used to control the vehicles. The methods 
and techniques used to design an EV motor controller are presented. They include 
gate drive requirements, power components, current sensing techniques and the 
design of high current busbars. Both hard and soft switching techniques are outlined 
in conjunction with the various advantages and disadvantages of both systems. 

Chapter 4 outlines the design and development of a hard switched IGBT motor 
controller to meet the EV specifications developed in Chapter 2. In particular, the 
design of the motor controller's power stage is outlined. Included is a detailed 
analysis of the subcomponents such as IGBT selection, gate drive design, electronics 
design and overall power stage layout. 

Chapter 5 outlines design of experiments used to test the various subcomponents of 
the motor controller. These tests were performed in order to verify the reliability and 
correct operation of the motor controller prior to installation in the electric vehicle. 
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Chapter 1 - Introduction 

The results obtained from the experiments are discussed comparing theoretical results 
to those achieved practically. 

Chapter 6 presents conclusions to this thesis and recommendations for future work. 
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2. Design of an Electric Vehicle Drive Train 
This chapter provides an analysis of the performance of an ICE vehicle and uses the 
results of this study to determine the parameters for an electric vehicle and hence 
motor controller. In order to design a motor controller for use in an electric vehicle, 
parameters such as the vehicle top speed, acceleration and range must be determined. 

2.1.Analysis of Requirements 

Electric vehicles typically store the energy used for traction in batteries, flywheels, 
and ultracapacitors. An electric vehicle uses the drive train to convert this stored 
energy to kinetic energy to propel the vehicle. In order to maximise the range of the 
vehicle it is crucial that this drive train is designed to be as efficient as possible. 

In order to design an EV with performance similar to existing ICE vehicles, it is first 
necessary to study the performance of existing ICE vehicles under conditions they are 
normally used in. Variables such as top speed, acceleration, torque and range can 
then be finalised and the drive train designed. 

A study was performed at Charles Darwin University (CDU) to determine 
performance parameters of an existing ICE vehicle 14-16]. A datalogger was 
installed in a vehicle used by the local power authority with speed, acceleration, grade 
and time recorded. 
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Speed vs Time 
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Figure 3-Speed vs Time for ICE 151 

Figure 3 above shows a sample of the speed of the vehicle versus time. This data was 
collected over several days and the results analysed. In particular, the following was 
found: 

• Average top speed was recorded at 113km/h 

• Average speed across all journeys was 47.63km/h 

The results obtained from the CDU study compare well with the US standard federal 
urban driving schedule (FUDS) which is shown below in Figure 4 [17]. 
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Federal Urban Driving Scheme 
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Figure 4— Speed versus Time for the Standard FUDS Cycle 

Results obtained from the FUDS cycle show a maximum top speed of 90km/h. The 
FUDS results are more realistic of urban driving conditions than the CDU study as the 
CDU study incorporated two routes outside urban areas. 

Figure 5 below shows the time taken to accelerate the studied ICE to approximately 
60km/h from rest. Highlighted in this figure are the approximate places where the 
gear changes occurred in the ICE and thus the variation in speed. 
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Average Speed vs Time to 60km/h - All Routes 

-- --- -.------'-------- -------- 

1st Gear 2nd Gear 3rd Gear •. 

40.00 -- '---' 

,0•', 

50,00 ---- -.., - . I '•' _.. 
- 
• - - Avg Speed Jn 20 

.1 Ave Sed 
.lan2l i - 

 
20,00 "- 

/ Avg Speed leb 02 

Average Speed 

(1.00 

2 .4 6 5 I)) 12 14 

Time (s) 

Figure 5 - Average time taken for ICE to reach —60km/h [151 

A similar analysis was performed for acceleration up to 80km/h. The following 
summarises the results obtained: 

• Average time to accelerate from rest to 60km/h was 14.45 seconds 

• Average time to accelerate from rest to 80km/h was 22.67 seconds 

Instantaneous acceleration is also important to ensure the vehicle is safe to manoeuvre 
in traffic. This data is not available from Figure 5 due to averaging of the data. 
Figure 6 shows instantaneous acceleration versus time for the ICE vehicle. It should 
be noted that only discrete acceleration levels are shown due to quantisation of the 
data. 

As shown the maximum instantaneous acceleration is 2.7m1s2. This can be compared 
with the maximum instantaneous acceleration from the Federal Urban Driving 
Schedule shown in Figure 7 in which the maximum acceleration rate is 1.5m/s2. 
Based on this data, a maximum instantaneous acceleration of 2.5m/s2  is proposed 
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which is slightly less than obtained from the CDU study but higher than the FUDS 

results. 

NTCER Acceleration Rate (mists) 

Figure 6 - NTCER ICE Instantaneous Acceleration Rate 
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Figure 7 —  FUDS Instantaneous Acceleration Rate 1171 

As shown below in Figure 8, it was found that 76% of all accelerations from rest were 
to a maximum speed of 35km/h, before slowing down or stopping. This shows that 
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acceleration at low speeds was more frequent than high speed acceleration and thus 
high torque at low speeds is more important than high torque at high speed. 

Acceleration to Low Speeds - All Routes 

Speed Range (km/h) 

Figure 8—Number of accelerations for ICE vehicle from rest to final speed 1151 

2.1.1. Summary of ICE/EV Performance Goals 

Section 2.1 provides a benchmark for the performance of the electric vehicle based 
upon the data recorded from an ICE vehicle. Table I outlines the results for the ICE 
vehicle as well as the performance goals for the electric vehicle. 

Table I - Summary of ICE performance and EV performance goal 

•Parameter 

Average acceleration 

ICE 
I 

0-60 km/h 14.45 14.0 sees 

0-80km/h 22.67 20.0 sees 

Maximum instantaneous acceleration 2.7 2.5 m/s2  

Top Speed 113.0 90.0 km/h 
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For a drivetrain, there exists a tradeoff between the maximum acceleration rate and 
top speed. Based upon the goals for the electric vehicle, the average acceleration to 
both 60km/h and 80km/h should exceed the ICE vehicle. The maximum 
instantaneous acceleration goal is slightly less than an equivalent ICE vehicle, yet still 
higher than the maximum instantaneous acceleration determined in the FUDS cycle. 
A top speed of 90kmlh is reasonable for an electric vehicle designed for city use as 
the road speed limit is usually in the order of 80km/h. 
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2.2.Components of an EV Drive Train 

A BEV drive train is made up of the components shown below in Figure 9 and described in Table 2. 

Mechanical Electrical 

II 

Electrical Electrochemical 

uu 

Batteries 
Converter 

mc(out) = Ptotai X flmc : : 'total = b X  fl bat 

Vmot XImot 

I -- -- -- 
II I I 
II I 
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= Pwheels = mot(out) X  flgb Pmot(out) = mc(out) X  flmot 
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Figure 9 - Components of EV Drive Train 

Vcar - Vehicle velocity (m/s) Pwheels - Power at road / wheels ntot(out) - Mechanical power out  inc(out) - Power to motor from Pb  - Power out of batteries (W) 
(W) 
CO - Wheel angular velocity 

of motor (W) motor controller (W)  
r 1, - Wheel radius (m) flmot - Motor Efficiency (%) flmc - motor controller Ptotai - Power to motor controller 

(rad/s)  efficiency (%) from Pb Acid batteries (W) 
T1, - Torque at road (N-rn) Tmot - Motor Torque (N-rn) Vmot - Motor voltage fl bat - Battery efficiency (%) 
Tlgb - Geartrain efficiency - Motor speed (angular 'mat - Motor current 

velocity) (rads/s)  

Table 2 - EV Drive Train Definitions 
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As shown in Figure 9 a BEV drive train is made up of the following:- 

• An energy storage device such as batteries 

• An electric motor 

• An electronic motor controller 

• A mechanical drive train/gear box/gear reduction 

2.2.1. EV Motors/Controllers 

There are four types of motors currently used in electric vehicles. These are the DC 

brushed motor, DC brushless motor, induction motor and switched reluctance motor. 
The ideal EV motor characteristics would include high efficiency, high reliability, low 

mass and compact size. Additionally, high torque is required at low speed to ensure 
safe operation and good manoeuvrability in traffic. 

2.2.1.1. DC Brushed Motors 

DC brushed motors, although common in 

non-road electric vehicles, are found in none 

of the major automotive manufacturers 

electric or hybrid vehicles. This is due to the 

use of a mechanical commutator utilising 

carbon brushes that wear during operation. 

DC brushed motors can be further 

subdivided based upon how the magnetic 

field is generated. In wound field motors 

the magnetic field is generated by a 

secondary set of windings which can be 

placed in series with the armature (series 

wound), in parallel with the armature (shunt 

wound) or in a combination (compound 

wound) [18]. Permanent magnet DC 

brushed motors generate the magnetic field 
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from permanent magnets and as such are generally more efficient than wound DC 

motors. 

DC brushed motors can be driven from any DC source and including directly from a 

battery. Such a configuration, however, does not allow any form of control. 

Typically some form of DC/DC converter is implemented to vary motor speed by 

controlling the motor field current, motor armature current or both. 

2.2.1.2. DC Brushless Motors 

DC Brushless Motors, also known as AC synchronous motors, are used in numerous 

road EVs including the Toyota "Prius" [19] and the Honda "EV Plus" [20]. In this 

motor configuration, the armature is held stationary whilst the magnetic field, 

generated by permanent magnets, is rotated. The mechanical commutator and brushes 

present in a DC brushed motor are replaced by electronic commutation, thus the name 

DC brushless motor. 

DC brushless motors typically are more efficient and lighter than DC brushed, 

induction and switched reluctance motors. In addition, the lifetime and reliability is 

greater than DC brushed motors due to the elimination of the mechanical commutator. 

1)ue to these advantages and the reducing cost of permanent magnets, DC brushless 

motors are becoming the preferred choice for road electric vehicles. 

2.2.1.3. Induction Motors 

Stator AC induction motors are used in a variety 

of EVs including AC Propulsions "T-

Zero" [22]. The AC induction motor, 

commonly found in many household 

appliances, is quite simple in construction 

and as such is found in many EVs. 

Rotation results from the rotor acquiring >,< 
induced currents as a result of an applied 

Figure 11—AC Induction Motor 1211 AC waveform in the stator winding. 
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Induction motors are typically heavier and less efficient than similar DC brushless 
motors but can be run at high speeds, are generally cheaper, and have high power 
density [23]. A DC/AC inverter is required to drive an induction motor in an EV 
application. 

22.1.4. Switched Reluctance Motors (SRM) 

Switched reluctance drives offer several laminated stotor 
advantages in EV applications including low 

cost, high reliability and high efficiency. SRM 

differ from other types of motors in that they 

have a different number of rotor and stator 

poles. In SRM, torque results from the 

attraction between the ferromagnetic rotor and 

an energised phase creating an electromagnet 

[24]. Although potentially very cheap to 

produce, very few SRM have been designed and 

built in the size and speed range suitable for use laminated rotor 

in EVs and are thus not found in any major Figure 12 -Switched Reluctance 

automotive manufacturers vehicles. 
Motorl18I 

2.2.2. Energy Storage 

Electric vehicles, other than those connected to the mains supply, require some form 
of energy storage device. Typically, the primary energy storage device is a battery. 
1-lowever, electric vehicles are increasingly incorporating a secondary energy storage 
device to more efficiently capture regenerative energy and provide extra assistance 
during acceleration. Ultracapacitors and flywheels are currently being evaluated as 
secondary energy storage devices [14]. 

All existing batteries have a significant disadvantage in comparison to petrol in that 
the energy and power density of batteries is significantly less than petrol. As such, 
the range of pure electric vehicles is unlikely to exceed conventional ICE vehicles. 
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Lead Acid batteries are the most mature and cost effective battery for electric 
vehicles. Compared to other advanced batteries, however, the performance of lead 
acid batteries in terms of specific energy (30W-h/kg) and specific power is 
significantly less. 

There are two types of lead acid batteries; sealed or flooded lead acid batteries. 
Sealed batteries are the preferred choice for use in EVs as the electrolyte is held in a 
gel or absorbed glass matt (AGM). In flooded batteries, the electrolyte is in liquid 
form and as such, there is the potential for this to leak during an accident. 

There are numerous other advanced batteries all competing for market share in the 
electric vehicle industry. Nickel based batteries including Nickel Metal Hydride (Ni-
MH), Nickel Zinc and Nickel-Cadmium (Nicad) all offer improved specific energy 
(55W-h/kg for Ni-MH) and higher specific power than lead acid batteries. In 
particular, the Ni-MI-I battery has been adopted for use in HEV such as the Toyota 
Prius" due to its improved cycle life, non-toxic recyclable material use, and the 

ability to withstand overcharge and undercharge abuse [25]. 

Longer term, the lithium based battery is expected to dominate the electric vehicle 
market due to its high specific energy (>I40Wh1kg) and high cycle life. A lithium ion 
(Li-Ion) battery pack was built and demonstrated in Charles Darwin University's 
Desert Rose Solar Car and found to be very efficient and perform well under all 
conditions [261. 

2.2.3. Mechanical Drivetrain 

The mechanical drivetrain consists of the components used to transmit the power from 
the motor to the road. In EVs this usually consists of some form of gear reduction 
(usually a gearbox, chain, or belt), a differential (used to distribute the power between 
the driving wheels), and any associated drive shaft components. This thesis does not 
address the detailed design of mechanical drive trains however such components 
should he optimised for high efficiency and low mass in all electric vehicles. 
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2.3. EV Drive Train Design 

Based upon the EV performance goals outlined in Section 2.1.1 the drive train can 
now be designed. The following method was used in the design: 

I. Selection of motor 

Design of mechanical drive train 

Selection of batteries 

Analysis of all forces acting on the EV 

Design of the motor controller 

Items 1-4 are outlined in the remainder of this chapter with the motor controller 
design detailed in Chapters 3 and 4. 

2.3.1. Motor Selection 

Several motors were considered to test the motor controller designed in this thesis. 
The most common off the shelf motors for use in EVs are DC brushed motors. 
Motors from manufacturers such as Advanced DC Motors and Lynch were found to 
suit the overall aims of this thesis. The only induction motor suitable for this project 
was from AC Propulsions and this company only sold the motor in conjunction with 
their own motor controller and thus did not meet the aims of this project. 

The last motor considered, and the one ultimately chosen, was an axial flux brushless 
DC motor (BDCM) developed at CDU. Initially developed for use in the CDU solar 
car 'Desert Rose" this motor was chosen for use due to its high efficiency, high power 
density, and high overload capacity [27]. 

This motor differs to conventional DC brushless motors due to its innovative flat or 
"pancake" geometric shape. As shown in Figure 13 the motor consists of two thin 
plates placed side by side separated by a thrust bearing. The resulting motor 
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configuration has a large diameter yet thin axial depth and provides advantages where 
axial space is limited. 

Figure 13 - The Axial Flux DC Brushless Motor showing the stator (left) and rotor (right) 

The axial flux motor used has the following specifications: 

Table 3 - Axial flux motor parameters 

Parameter 

-, I Torque Constant 

'I1uiJ1iTt 
0.58 N-rn/A 

Resistance (line to line) 0.028 

Motor Inductance 0.182 mH 

Continuous Torque 50 N-rn 

Peak Torque 170 N-rn 

Continuous Power 10 kW 

Maximum Speed 3000 rpm 

Mass 16 Kg 

Outside Diameter 310 mm 

Thickness 58 mm 

When used in the "Desert Rose" Solar Car, the motor was mounted directly onto the 
rear wheel. In this configuration the motors top speed was approximately 1100rpm 
running off a 60V Li-Ion battery pack. Theoretically, the motor can be run at speeds 
in excess of 3 000rpm by increasing the battery voltage; however, spinning losses 
increase dramatically above this speed. 
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2.3.2. Drive Train 

The proposed top speed of the vehicle, as outlined in Section 2.1.1, is 90km/h. A 
vehicle such as a 1978 Mini Clubman is ideal for conversion to electric due to it low 
mass, small frontal area and front wheel drive characteristic and is used in this thesis 
as a design reference for the drive train. Based upon a wheel radius of 0.251m [28] 
and a motor top speed of 3000rpm the gear reduction between motor and the wheel is 
3.2:1 in order to achieve a top speed of 90km/h. 

Several options were explored to obtain this gear reduction including utilisation of the 
existing gearbox, a gear reduction, or a chain drive. The reduction was achieved 
using a chain drive between a gear (19 teeth) connected to the motor and a gear (60 
teeth) connected to the existing differential and is shown below in Figure 14 and 
Figure 15. 

Figure 14 - EV drive train showing chain drive and differential 
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71 

Figure 15 - Chain case showing motor mounted on aluminium plate 

2.3.3. Battery Selection 

Various batteries were considered for use in the EV. Ideally, an advanced battery 
such as the Li-Ion or Ni-MH battery would have been used however; availability and 
financial constraints limited the choice to lead acid batteries. 

Sealed lead acid batteries were selected due to their higher efficiency and 
maintenance free characteristic. Two manufacturers, Optima and Genesis, produce 
sealed AGM batteries that are used widely in EVs. The following batteries were 
considered for use in the EV: 

Table 4 - Comparison of EV Batteries 

Manufacturr 

Genesisis 
]UM 

 

Battery 

Type 

Capacity 

(C120) (A-h) 

Internal 

Resistance (me) 

Weight 

(kg) 
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A battery voltage of I 92V was chosen in order for the motor to achieve a maximum 

speed of 3000rpm. 16 batteries were connected in series to produce 192V required by 

the motor. Based upon vehicle range calculations presented in Section 2.3.5 the 

Genesis VP42 was chosen to be used in the EV. 

2.3.4. Analysis of EV Power Requirements 

By considering all the forces acting upon a vehicle, we can determine the range of the 

vehicle under all conditions. As shown in ( 2.1  ) there are four force components in 

the propulsion of an EV [15]. These are the force required to transverse grades Fcim, 

the force required to overcome rolling resistance Frr, a force when acceleration Facc 

and the force required to overcome aerodynamic drag Faero. These can be expressed 

as shown below in ( 2.1) to ( 2.4). 

+ Frr  + iero  + 

where 

= in x g x sin(a) 

= C,.,. xmxgxcosa) 

,err) = 
x p  x C,,  x A x (v-v)2 

rnxa 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

Based upon (2.1 ) the power consumed by a road electric vehicle is: 

P =(/)xP ia/al w/,eel 

( ) x + r  + aero  + 

=( Yn )x(F cli  +F+FU(r(  + jxv 
) 

F 1/CC 

(2.6) 
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where 

Ph, = [in x g x sin ('a)] x v (2.7) 

= [C,.r  x m x g x cos (a)] x V (2.8) 

P 
= 

x p x x Ax (v-v M, I )' x V (2.9) 

P J(  =z[nlxa]xv (2.10) 

Table 5 and Table 6 show constants and variables for equations ( 2.1) to (2.10) for 
the drive train design presented. 
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Table 5 - EV power equation constants 

Symbol Pkni 

Car Mass kg 403 Measured 

Battery Mass kg 16 Genesis I 2V, 42A-h 

Number of Batteries 16 

mh Battery Bank Mass kg 256 

m Passenger x 2 kg 140 

m r1lot Motor kg 16 

Melec Contoller / Electronics kg 1 5 

mbat dig Battery Charger kg 5 Zivan charger 

192V,1IA 

moth Other kg 60 

in Total Mass kg 895 Compare fully loaded 

ICE weight = 9 15kg 

Crri rolling res co-cf at low 

speed 

- 0.011 

Crr2 variation of rolling 

resistance with velocity 

- 5.OE-05 

w number of wheels 4 

g Gravity m/s2  9.807 

p Air density kg/rn2  1.2 

C 1  Co-eff. of aerodynamic 

drag 

- 0.53 [29] 

A Projected frontal area m2  1.485 

Tyre width mm 155 

Tyre profile % 80 

Rim Radius inches 10 

rh Wheel radius in 0.251 155/80 RIO 
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Table 6 - EV power equation variables 

Crr co-eff of rolling resistance - 

hflh. 

Cr, = Crri + (w.v.C2)/nig 

G Grade % 

a road slope - a = tan'(G) 

a Vehicle acceleration rn/s2  

v vehicle velocity m/s 

vW  wind velocity rn/s In direction of travel 

ndEf/ Chain drive efficiency % 96% - assume cons/an! 

Motor efficiency % change with speed 

nc  Controller efficiency % change with speed 

n Drive train efficiency % n = ndff x n 1  x n 

nb Battery Efficiency change with S.O.C. 

2.3.5. EV Range Simulations 

Based upon equation ( 2.6  ), Table 5 and Table 6 the range of the vehicle can be 
calculated. The following assumptions are made for these calculations:- 

. The road is flat, thus the grade is 0 

. There is no wind, thus v = 0 

. The dominant factor in the rolling resistance is Crri,  thus Crr = Crri 

. The vehicle is not accelerating 

Under such conditions, the power consumption at the wheels of the EV is shown 
below in Figure 16. 
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Figure 16- EV power consumption on a flat road, no wind, and constant speed at the wheels 
versus speed 

From Figure 16 it can be seen at speeds less than 50km/h the dominant component of 

EV power is the rolling resistance power. It is therefore important in a road EV to 

minimise the mass in order to reduce the rolling resistance component of power. 

2.3.5.1. Drive Train Efficiency 

In order to determine the energy out of the battery and hence range, the drive train 

efficiency must be calculated. As shown in Figure 9 there are a number of 

components relating to the drive train efficiency including: 

• Efficiency of the chain and gear reduction (assume constant at 96%) [30] 

• Motor efficiency 

• Electronics efficiency 

• Battery efficiency 

The losses in an axial flux BDCM can be approximated by a spinning loss component 
(P 1 ) and a resistive loss component (Pres). The equations, which approximate the 

loss in the motor, are shown below in (2.12 ) to (2.14) [31]: 
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- 
out) - motor) loss) ( 2.11  ) motor - 

mc(oul ) 

where 

'?tOlOr (le,.s s) = Pres + ~plll ( 2.12 )  

= '1150/ x R11  = (T x Kj2  x R11 ( 2.13 )  

= 4 x 10 x 
( (OIISOI  x60)2 + 

0.0348 x 
(Wmot x60

) (2.14) 
2r 2r 

Table 7 - Axial flux BDCM Variables and Constants 

Symbol 

Ply)tor(I) 

Efli 

Power loss in motor 

Units 

W 

Value  

Ka  Inverse Torque constant A/Nm 1.712 

R11  Motor resistance Q 0.028 

'mot Motor current A 

omot Motor Speed rads/sec 

T Motor Torque N-rn 

The efficiency of the axial flux BDCM is shown over a wide speed and torque range 
in Figure 17 below. At very low speed and torque, the efficiency drops away to zero 

and as such, the graph is shown to low motor currents and speeds only. 
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AFBDCM Efficiency 
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Figure 17 - Axial flux BDCM Efficiency 

The losses in brushless DC motor controllers are outlined in detail in Chapter 3 and 4. 
For this analysis, the motor controller losses have been approximated by the losses in 
the semi-conductor switches (which make up the majority of the controller losses). 
The motor controller efficiency and losses are calculated in equations ( 2. 15 ) to ( 2.18 

'ioiaI - 'fl((IOS) ( 2.15 )  
'ioiaI 

'flL(/oss) = Pland + 
( 2.16 )  

where 

P )fl/  = I,,,, x VaI)  x 2 ( 2.17 )  

= x x .tx(t + t"Jf (2.18) 

Other losses in the semiconductors including gate charge losses have been ignored in 
for this analysis as they are negligible. 
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Table 8 - Motor Controller Constants 

I'Symbol 

V ()  

Description 

Voltage drop across IGBT 

Pi'7TTYI1 

V 

t! 

2.1 From data sheets 

Vh Battery voltage V 192 

ton IGBT turn on time n-sec 240 From data sheets 

t 1  IGBT turn off time n-sec 460 From data sheets 

di Current Band A 25 

L Motor Inductance mH 0.182 Line to Line 

The switching frequency, f  for hysteresis based current control duty is calculated as 

shown below in equation (2.19). 

E xV-E2  A b A (Hz) 
Vbx Lxdi 

where 

Back EMF = E1 
= 

x  (011701 

(2.19) 

(2.20) 

The variation in switching frequency versus speed for the selected controller is shown 

below in Figure 18. As shown the switching frequency is low at slow and fast motor 

speeds. As such switching loss is at a maximum at mid speeds. 
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Switching Frequency vs Motor Speed 
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Figure 18— Motor Controller Switching Frequency vs Speed 

Using equations ( 2.15  ) to  ( 2.20  ) the efficiency of the motor controller can be 

calculated and is shown below in Figure 19. 
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Figure 19— BDCMC Efficiency 
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Based on the motor and motor controller efficiencies shown in Figure 17 and Figure 

19 the EV drive train can be calculated and is shown below in Figure 20. 
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Figure 20 - Drive Train Efficiency 

The total vehicle power, including losses in the drive train efficiency on level ground, 

no wind and at constant speed is shown below in Figure 21. 

Total Vehicle Power (Ptotal) 
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Figure 21 - Power out of batteries on level ground, no wind and at constant speed including all 
drive train losses 
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2.3.5.2. Range Calculations 

As found in Section 2.1 the average speed of a typical commuter vehicle is 47.6km/h. 

At this speed, the power required from the batteries is 3.3kW. Table 9 below shows 

the capacity of the Genesis batteries reduces to 30A-h at the one hour rate. Under 

these conditions, the vehicle travelling at a steady speed of 47.6km/h will have a 

range of 79.1km, which is an acceptable range for a commuter vehicle. It should be 

noted that this range would vary considerably with road terrain, variations in 

acceleration above and below the average and battery life. 

Table 9 - [V Battery Parameters and Capacity 

Symbol vii 

Battery Voltage I  

Units 

V ' 

,,ILI (iThJ 

12 

Rhat Battery Internal 

Resistance 

Q 0.0045 

No. of batteries 16 

Vh Battery string voltage V 192 

Rh String Internal 

Resistance 

Q 0.072 

Battery capacity A-h 30 lhr rate 

2.3.5.3. EV Power and Acceleration Limits 

In an axial flux BDCM torque, and hence acceleration on level ground once rolling 

resistance and aerodynamic drag are covered, is proportional to motor current. The 

maximum considered motor current in the CDU axial flux BDCM is 260A for short 

periods. The limiting factors with respect to motor current are thermal limits of the 

motor or motor controller with permanent demagnetisation of the rotor occurring at 

IIS7A 

As previously noted in an ICE vehicle, high acceleration is only available at low 

speed. One advantage of EVs powered by brushless DC motors is that full torque is 

available throughout the whole speed range. This provides an electric vehicle with 

the capability to have a high acceleration at all speeds. 
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High acceleration at high speeds results in high battery current and power. High 

battery current results in reduced range due to increased losses in the batteries as 

shown by equation ( 2.21 ) 

Battery Losses = 
x Rh (2.21) 

In urban traffic conditions, high acceleration at high speeds is rarely, if ever required. 

In order to maximise battery range, torque (or motor current) can be reduced as the 

speed increases, limiting the power output from the batteries. A further advantage of 

limiting motor current at high speeds is that power loss in both the motor and motor 

controller can be reduced. As a consequence a smaller, lighter motor and/or motor 

controller can be used, further reducing drive train cost. 

Based upon the maximum motor current of 260A the time required to accelerate to 

60km/h is 7.5 seconds, well within the EV acceleration goals outlined in Table 1. 

Additionally, the maximum instantaneous acceleration rate achievable is 2.2m/s2  

when the motor current is 260A. Although slightly less than the goal, it is still well 

above the maximum acceleration rates set out in FUDS. 

2.4. Overview of EV Specifications 

Based upon the motor controllers parameters listed above and the simulations 

presented the performance of the EV should be as shown below in Table 10: 

Table 10 - Simulated EV performance 

Parameter 

Acceleration I 
3Y 

I 
Units  

0-60 km/h 7.5 secs 

0-80km/h 9.9 sees 

Maximum instantaneous acceleration 2.2 m/s  2  

Top Speed 90.0 km/h 

Range47km/h 79.1 km 



Chapter 3 - Brushless DC Motor Controller Theory 

3. Brushless DC Motor Controller Theory 
The following chapter outlines the theory relating to the design of BDCM controllers 
for use in EV's. The method for the design of a motor controller is outlined and this 
method is summarised as a flowchart at the end of this chapter. 

3.1.Overview of BDCM controllers 

The first step in the design of a BDCM controller is to design the high power stage. A 
simplified schematic of a brushless DC motor is shown below in Figure 22. In this 
configuration, the voltage applied to the motor is either Vb S, 0 or —Vh11 . Multi-level 
controllers, such as that described in [32], add extra components that result in 
additional voltage levels. These multilevel converters generate motor voltages that 

closely simulate sinusoids resulting in lower level harmonic load currents in induction 
motors or BDCM with a sinusoidal back EMF. 

Figure 22 - Basic BDCMC Schematic 
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Figure 22 shows a schematic of a DC source (in this case a battery), a capacitor bank, 
six switches (as an example IGBTs are shown), six flyback diodes and the motor. 
Electronics such as current sensors and position feedback are also indicated on the 
figure. 

In a BDCM, the rotor, typically containing rare earth permanent magnets, produces a 
magnetic field in the stator. A magnetic flux is generated in the stator by passing 
current through the copper windings, which interacts with the rotor magnetic field 
causing the rotor field to tend to align with the stator field [33]. 

In order to produce continuous rotation in the same direction, a commutator is 
required to change the current, and hence flux in the stator. In a BDCM, there is no 
mechanical commutator and this function is performed by an electronic commutator, 
switches RI, R2, Sl, S2, TI and T2 shown in Figure 22. 

The time to change the current in the windings is based upon the position of the rotor 
relative to the stator magnetic flux. The simplest method to determine rotor position 
is via semiconductor hall effect, switches which are triggered by the rotor magnetic 
field, although a shaft encoder can be used for more accurate position information. 
Due to the high cost of shaft encoders, these are only used when a sinusoidal current 
is required. Sinusoidal current can result is reduced audible noise in BDCMs. 

Typically, the back EMF and the applied current waveforms in a permanent magnet 
BDCM are trapezoidal in shape. Figure 23 shows the current waveforms for a 
permanent magnet BDCM excluding pulse width modulation (PWM) effects which is 
outlined in Section 3.2 and applies a high frequency ripple to the shown waveforms. 
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BDCM Current Waveforms 
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Figure 23— BDCM Switching Patterns 

Figure 23 shows six different states for currents in the 3 phase BDCM. As such, this 
type of switching is called "six step control" and only three hail effect switches are 
required to determine the correct state. 

At any instance in time, only two of the three motor phases are active with the third 
inactive. It is possible to sense the voltage generated in the inactive third state and 
run the motor without hall effect sensors or a shaft encoder. This type of drive is 
referred to as a "sensorless drive" and is rarely found in traction drives due to 
difficulty in sensing rotor position at zero and low speeds. 

3.2. BDCMC Control Techniques 

The second step in the design of a BDCM controller is to determine the type of 
control required for the vehicle i.e. torque or speed control. Once known, the type 
and position of the current sensors can be finalised for the power stage. 
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In conventional ICE vehicles, the accelerator is used to control vehicle torque. This is 

easily seen when climbing or descending hills. If the accelerator is held constant, as 

an iCE vehicle climbs a hill it slows down and conversely speeds up as it descends a 
hill. 

In BDCM controllers semiconductor switches are used to control motor current by 

switching on and off very rapidly (up to 20kHz). This process is known as pulse 
width modulation (PWM). 

The maximum possible current in a BDCM is determined by equation ( 3.1  ). 

\ Jmoior 

V(t) - (3.1 ) 

where V(t) is either Vbu,,  -Vbu, or 0 depending on the rotor position and current 
feedback and VEMF  is the motor back EMF. 

At zero or low speeds, the motor back EMF is zero or very low and thus motor current 
is limited only by motor resistance when the applied voltage is not zero. In high 
efficiency motors, such as the CDU axial flux BDCM, the motor resistance is very 

low and thus the maximum current can be very high. 

3.2.1. Open Loop Speed Control (Voltage Control) 

Speed control can be implemented by two methods. The first, which is very simple 
and not often used in BEV's, is open loop speed control (or voltage control). In this 
method, a current sensor, typically a shunt resistor or an analogue hail effect sensor, is 

placed between the capacitor bank and the semiconductor switches and is used to 
sense the motor current. If the motor current is too high, the PWM is shutdown until 
the next switching cycle [34]. 

IX 
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In order to obtain open loop speed (or voltage) control the semiconductor switches are 

turned on and off at a fixed frequency. In this configuration, the duty cycle of the 

switches is varied in order to increase or decrease the speed of the vehicle based upon: 

V(1) = V x D (3.2) 

Referring to equations ( 3.1 ) and  ( 3.2  ) it can be seen that this form of control does 

not produce accurate speed control. For a fixed duty cycle, D, the motor current can 

vary depending on the motor speed or back EMF. Motor and hence vehicle speed is 

therefore dependent on load and cannot be accurately predicted. A closed loop 

method must be used for accurate speed control, similar to a cruise control in an ICE 

vehicle. 

3.2.2. Torque Control and Closed Loop Speed Control 

In an EV with a BDCM, torque control is implemented by controlling the current in 

the motor. This is achieved by using two current sensors placed in the motor phase 

lines and a closed loop control method such as hysteresis band current control (the 

third phase current is derived using Kirchhoff's current law). Closed loop speed 

control can then be implemented, if required, by using an outer speed loop to control 

motor current. 

A schematic showing the direction of current flow for a hysteresis band current 

controller is shown below in Figure 24. 
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Figure 24 - BDCM hysteresis band current controller 

Considering Figure 24 above, a hysteresis band current controller operates as follows, 

(assuming rotor feedback indicates positive current in R phase and negative current in 

S phase): 

• The operator generates a command current, 

• Switches R2 and SI close causing positive current to ramp up in R phase 

(Figure 24A) (time TO to TI in Figure 25). The rise time of current is based 

upon the motor inductance, the battery voltage and the back EMF voltage and 

is shown below in equation ( 3.3 ) 

di/ - - VEME (t) 
/di L 

(3.3) 

• Current rises until it reaches the Lon,  plus half the hysteresis band. A high-

speed comparator compares command current, 'corn,  and motor current. 'motor, 

with a fixed level of hysteresis. The hysteresis band shown resulting from the 

circuit is shown in Figure 24 A. 
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• When the current reaches the top of the hysteresis band, the comparator output 

switches low and R2 turns off (TI to T2) (Figure 24 B). Due to the motor 

inductance, current continues to flow in the same direction and thus flies back 

through diode DRI. The decay rate of current is based upon equation (3.4). 

di/ - - 
ViM).. (1) (3.4) 

/dt 
- Lrni  or 

Hysteresis Band Current Control 

TO Ti T2 

Figure 25 - Hysteresis Band Current Control 

From equation ( 3.3  ) and  ( 3.4  ) it can be shown that the rise and fall time and hence 

switching frequency, will vary with speed. At very low speeds, the motor back EMF 

is very low and thus the rise time will be very fast. At the same time, the fall time 

will be very slow and the overall switching frequency is low. A similar analysis 

occurs at high speeds with once again the switching frequency being very low. The 

switching frequency in a hysteresis band current controller can be derived from 

equation ( 3.3 ) and  ( 3.4  ) is shown as equation ( 2.19). 
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3.3. BDCM Controller Power Stage 

The power stage of a BDCM controller consists of the semiconductor switches, gate 

drive circuits to turn on and off these switches, a set of electrolytic capacitors, a 

copper busbar arrangement for conduction of current and a method for dissipating 

heat generated in the semiconductor switches. Careful design and placement of all 

components is necessary to ensure that the devices are always operating within their 

safe operating area. 

3.3.1. Evaluation of Power Switching Devices 

Semiconductor switches typically used in BDCM controllers include BJT's, IGBT's 

and MOSFET's. In order to design an efficient BDCM controller, only power 

semiconductor switches with low conduction and switching losses should be used. 

The next step in the design of a motor controller is therefore the selection of the 

power semiconductor switches. 

IGBTs and MOSFETs typically exhibit faster switching speeds, are easier to turn on 

than BiT's and are thus the switches of choice in most modern BDCM controller's. 

Conduction loss in an IGBT is based upon the voltage drop across the switch when it 

is turned on, Vce(sat). In comparison, the conduction loss in a MOSFET is based upon 

the resistance across the switch, RdS(Ofl),  and loss is proportional to the square of the 

current flowing through the switch. 

In road EVs, the bus voltage is usually in excess of 144V and can be as high as 348V 

in order to reduce battery conductor size and minimise conduction loss. As such, 

IGBTs are typically used in these applications where Vcc(sat)  is low in comparison to 

the bus voltage. As a result many BDCM controllers, including those used in road 

EVs, utilise IGBTs as the preferred power switching device. 

In low voltage motor controllers (<48V), typically those found in non-road electric 

vehicles, conduction loss in MOSFETs is usually lower than that found in IGBT's. 
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MOSFET's are therefore the preferred switch type in low voltage BDCM controller 

applications. 

This thesis focuses on road electric vehicles and as such, IGBTs are the preferred 

choice for this application. These devices have a number of advantages including 

simple, low cost driver circuits enabling the switch to be easily turned on and off, low 

switching losses, low conduction losses and high switching speeds generating 

improved motor current waveforms 35J. 

3.3.1.1. IGBTs 

IGBTs, in contradistinction to MOSFETs, are minority carrier devices [36]. There are 

two device structures for IGBTs, punch-through (PT) and non-punch through (NPT). 

A cross section ofaNPT and a PT IGBT is shown below in Figure 26 37]. 

tE- 
P. :: 

- pItax A 

:N. bulTor 

P. sutatrata  

NPTIGB PTCBT 

Figure 26 - Device Structure for a NPT and a PT IGBT 1371 

The operation of the IGBT can be explained by looking at the device regions. The P+ 

substrate (collector), N- drift region and P+ (emitter) form a pnp transistor with a 

wide base. The base current of the transistor is controlled by the voltage applied to 

the gate of a MOSFET formed by the IGBT gate, emitter and N- drift region. An 

equivalent circuit for the IGBT is shown below in Figure 27 [38]. 
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COLLECTOR 

Figure 27 - IGBT Equivalent Circuit 

If a negative voltage is applied to the collector, the pn-j unction between the collector 

and the N- drift region is reverse biased which blocks current flow. Similarly, if the 

gate is held at zero potential the pn-junction is reversed biased and blocks current 

flow. 

If a positive voltage exceeding a threshold value is applied to the gate, the MOS 

region under the gate inverts, which provides a path for electrons to flow into the N-

drift region. Holes are injected into the N- drift region from the forward biased pn-

junction and those that do not recombine with electrons are collected at the emitter 

causing a vertical current to flow. 

The IGBT is turned off by connecting the IGBT gate to the emitter. This removes the 

MOS channel and the base current of the PNP BJT is reduced as well as the collector 

current. 

A PT device is similar to a NPT IGBT except the PT device has a much narrower drift 

region than a NPT IGBT. This results in more effective carrier injection from the 

collector, which significantly reduces switching time [34]. 
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3.3.1.2. Advantages/Disadvantages of IGBTs 

There are many advantages of using IGBTs in a BDCM controller. IGBTs combine 

the low conduction loss of a BJT but can be switched significantly faster. IGBTs can 

be turned on very fast but are slower than MOSFETs during turn-off. This generally 

limits the switching frequencies to less than 20k1-Iz in hard switched applications [39]. 

The advantages and disadvantages of IGBTs are detailed below: 

• Low conduction loss - The equivalent circuit of an IGBT, as shown above in 

Figure 27, consists of a PNP transistor driven by a MOSFET. The forward 

voltage drop of an IGBT consists of the addition of the voltage drop across the 

transistor pn junction or the transistor and the voltage drop across the driving 

MOSFET. At low current levels, the conduction loss across an IGBT can be 

greater than the conduction loss from a MOSFET due to the pn junction drop. 

As the gate voltage is increased, the MOSFET driving current increases and 

the voltage drop across the PNP transistor decreases. As a result the IGBT 

acts more like a BJT, which leads to lower power dissipation at high current 

levels than similar sized MOSFET's [40]. 

The conduction loss in an IGBT is determined by equation ( 3.5 ) below: 

10141 = ie(  cal) X J (3.5) 

where Vce(sat)  is a function of the gate voltage, collector current and device 

temperature. 

• Ease of gate drive - Both IGBTs and MOSFET's can be driven with simple 

gate drive circuits. An IGBT or MOSFET can be turned off simply by 

discharging the gate. In comparison other power semiconductors (including 

GTO's) require significant negative gate current [39]. Both IGBTs and 

MOSFET's have a high impedance gate and therefore only require a small 

amount of energy to turn on or off the device. 
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• High Switching Speed - Each time a power semiconductor is turned on and 

off the switch dissipates power and is called switching loss]. Switching loss 

results during the switching transition with the simultaneous presence of a 

large voltage and a large current. Although the switching time is fast 

(typically in nano or micro seconds) the instantaneous power dissipation can 

be very high. Switching loss results in a reduction in efficiency and increased 

stress on the semiconductor switch [41]. 

Figure 28 shows the turn-on characteristics of an IGBT. 

Turn on Switching of IGBT 

0 a) 
CD 

0 > 

Time 

Figure 28— IGBT Turn-on Switching Characteristics 

During TO, the gate capacitance is being charged and nothing happens until 
the threshold voltage (Vth) is reached (beginning of Ti). This is sometimes 

expressed in datasheets as the turn-on delay time. Once the threshold voltage 
is reached the collector current starts to rise. Switching loss results during this 

period (and T2) due to the simultaneous presence of collector current and 
collector emitter voltage. Once the device is carrying the full collector current 
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(start of T2) the collector emitter voltage starts to fall as the gate drain 

capacitance of the MOSFET discharges (miller capacitance). During T3, the 

increase in gate voltage results in saturation of the pnp transistor and the 

voltage across the collector emitter stabilises at Vc(sat). 

Figure 29 shows the turn-off characteristics of an IGBT. To turn off an IGBT 

the gate voltage is either reduced to zero or driven negative. 

IGBT Switching Turn off 
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Figure 29 - IGBT Turn-off Switching Characteristics 

At the start of T4 the gate voltage begins to reduce. 14 is the "turn-off delay 

time" required to reduce the gate voltage to a level that results in an increase 

of the collector emitter voltage. The collector emitter voltage continues to 

increase during T5 resulting in turn-off switching loss in the IGBT. 

The collector emitter voltage reaches the bus voltage during 16 but overshoots 

due to high the di/dt and parasitic inductance. During T6 the collector current 

decreases at quite a fast rate relating to the turn-off of the MOSFET within the 

device. During 17, the decay of current is much slower and involves turning 
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off the BJT within the device [39]. This second period is know as "current 

tail" and is the limiting factor in the overall IGBT device switching speed. 

The switching loss in an IGBT is ideally calculated by integrating current and 

voltage during the period they are both present in the device. The simplified 
method used in Chapter 2 was to use the IBGT turn-on and turn-off speeds as 
given in the datasheets and is shown below in equation ( 3.6). 

= 1/2 x x I  x f,  x (t ( ,fl  + ) (3.6) 

3.3.1.3. Dead Time 

Dead time in a BDCMC prevents short circuiting of the DC voltage bus during the 
transition from turning off/on a high side switch and turning on/off the paired low side 
switch. Due to the on and off switching times of semiconductors not being equal, a 
blanking interval is inserted at the switching transition to ensure both top and bottom 
switches in a half bridge do not conduct simultaneously. 

During dead time, the current continues to flow due to the motor inductance. Flyback 
diodes, placed in anti-parallel with the semiconductor switches, provide a path for the 
current to flow during dead time. This diode is integrated in the manufacture of a 
MOSFET and can be either internal or external in IGBT's. 

3.3.2. Gate Drive Circuit 

The gate drive circuit converts logic signals from the electronics to a form capable of 
driving the power electronic switches. In addition, intelligent gate drive circuits can 
sense fault conditions in the power semiconductor and shutdown the electronics under 
such conditions. 

A properly designed gate drive circuit is important for reliability, efficiency, 
immunity to noise and switching speed [42]. A gate drive circuit for a high voltage, 
high current IGBT should contain the following: - 
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High gate drive current capability - The speed that an IGBT can be turned on 
depends on the current drive capability of the gate drive circuit. If switching 
loss is to be minimised, the gate must be able to deliver high instantaneous 
current [43]. 

Supply power requirements - IGBTs require a high instantaneous current to 
efficiently turn the gate on and off. The average power requirement of the 
driver circuit increases as the switching frequency increases and is determined 
by equation ( 3.7) shown below: 

iule = x A Vgaie (3.7) 

where Qgate  is the total gate charge of the IGBT, AVgatc  is the change in the 
gate voltage andfis the switching frequency [44]. 

Bipolar drive output - IGBTs turn on with a positive gate voltage, typically in 
the range of 13-15V. It is possible to turn an IGBT off with zero potential 
across the gate emitter, however, this is not recommended in half bridge 
applications including BDCM controllers. The reason for this is, during turn 
off, the collector emitter voltage of the connected IGBT rises rapidly. Due to 
miller capacitance between the collector and gate, the gate voltage can rise 
above the threshold voltage causing the IGBT to turn back on. In such a 
circumstance the bus voltage is short circuited by the two IGBTs in the half 
bridge, which results in increased power dissipation in the device and even 
total device failure. A bipolar drive in which the off voltage is driven to -5 to - 
I 5V prevents this from occurring by ensuring any rise in gate voltage does not 
exceed the threshold voltage. 

Desaturation protection - IGBTs, when subjected to fault or short circuit 
conditions enter their linear region and the collector emitter voltage rises 
rapidly. Desaturation or short circuit protection can be implemented by 
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simply comparing the IGBT collector emitter voltage with a set reference and 

shutting down if Vc, is too high. A blanking period is required at the start of 
each gate signal in order to avoid false triggering during the turn-on period. 

MOSFETs do not exhibit the same characteristic as IGBTs when the current 
through the device increases and as such short circuit protection must be 
implemented with a separate circuit. 

. Gate overvoltage protection - The absolute maximum voltage rating of IGBTs 

is typically +1- 20V. Transient voltage suppressors (TVS) can be installed on 

the IGBT gates to ensure excessive gate voltages (resulting from stray circuit 
inductances) do not exceed the maximum device gate voltage ratings. 

• Isolation - Isolation is desirable in BDCMC in order to isolate the main 

battery pack voltage from the car chassis. This provides an extra level of 
safety during installation and testing. 

To achieve this, gate drive power and gate drive signals must be isolated from 
the motor controller electronics. An isolated DC/DC converter can be used to 

provide isolated power to the gate drive signals. Such a converter requires 
multiple outputs due to the three high side IGBT's which all require separate 
power supplies. The converter must therefore provide an isolated +14V/-5V 

for the low side and a further three isolated +l4V/-5V supplies. 

There are numerous methods for transmitting isolated gate signals. These 
include transformers, optocouplers and waveguides. Each of these solutions 
has advantages in different size BDCM controllers. 

Undervoltage protection The collector emitter saturation voltage (VCC(sat)) of 

IGBTs rise as the maximum gate voltage decreases. This results in a 
significant increase in conduction loss, which reduces efficiency and can lead 
to device failure. Gate drive circuits should contain an undervoltage lockout, 
which turns the semiconductor off if the supply voltage drops below a 
predetermined value. 
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3.3.3. Soft and Hard Switching BDCM Controllers 

The method shown in Figure 28 and Figure 29 for switching power semiconductors is 
called hard switching. A period exists using this method when there is both a high 
voltage and a high current, that results in switching loss in the device. Switching 
losses increase as the switching frequency increases and this limits the frequency that 
BDCM controllers can be run at. Additionally, hard switched controllers can generate 
significant EMI and RFI noise if poorly designed. 

Soft switching BDCM controllers aim to eliminate these problems by only allowing 
switching when either the voltage or current is zero. In this way switching loss is 
minimised or eliminated and the BDCM controller can be run at a much higher 
frequency. Soft Switching BDCM controllers can be grouped into two categories, 
resonant DC link and resonant DC snubber. The aim of soft switching motor 
controllers is to minimise switching component stress, reduce switching losses and 
minimise electromagnetic interference from the motor controller. 

In the resonant DC link motor controllers, the voltage or current is reduced to zero 
during switching. In the resonant DC snubber motor controller current from the main 
switch is diverted away and/or the voltage is reduced to zero during the switching 
interval [45]. Soft switching motor controllers require the use of extra components 
that significantly add to the cost and complexity of the motor controller. 

3.3.4. Bus Capacitors 

The next step in the design of a BDCM controller is selection of the bus capacitors. 
In choosing a bus capacitor there are several parameters to consider. These include 
size, ripple current capacity, voltage rating and capacitance. In order to ensure high 
reliability and long lifetime, the temperature rating of a capacitor is important as 
lifetime will double with each 10°C reduction in temperature [46]. 

The main bus capacitors in a BDCM controller perform several functions. When 
placed close to the main switching devices, the capacitors provide a constant voltage, 
compensating for the voltage drop due to the inductance of the battery leads. Without 
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the bus capacitors, high frequency switching from the BDCM controller would result 
in significant EM! radiating from the battery leads [341. 

In addition to stabilising the bus voltage, the bus capacitors provide a significant 
portion of the motor current under certain conditions. If an EV is travelling at a low 
speed but requiring a high torque, for instance climbing a hill, the average battery 
current will be low yet the motor current will be high. The difference between motor 
and battery current is supplied from the bus capacitors and is referred to as ripple 
current. Bus capacitors should therefore have a high ripple current rating. 

3.3.5. Laminated Busbars and Clamping Circuits 

Following the selection of the bus capacitors, the busbar structure is can be designed. 
The design of the physical layout and location of busbars in a BDCMC is important to 
ensure high reliability, high power density and high efficiency. Stray inductance is a 
common problem in hard switched BDCMCs resulting in the generation of high 
voltages during switching transitions due to high di/dt's [32]. 

One way to reduce stray busbar inductance is by the use of parallel busbars. 
Reference [47]  outlines that the stray busbar inductance is a function of the separation 
and length of the busbar. In order to minimise stray inductances the distance between 
busbars and the length of the busbars must be minimised. 

The location of the main bus capacitors is also important in minirnising stray 
inductance [48]. As shown in Figure 30 the length of the busbar can be reduced when 
the capacitors are placed in between the power switches which, minimises stray 
inductances between the bus capacitors and the switches. 
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Figure 30 - Busbar length for two different capacitor positions 

Voltages generated due to the presence of stray inductance and fast di/dt's can be 

clamped using transient voltage suppressors. A TVS is a type of zener diode that 

clamps when the voltage exceeds the avalanche rating of the device [49]. A TVS will 

have a high instantaneous power rating due to the presence of high transient voltages 

during switching. 

3.3.6. Heat Sinking 

The last component in the design of the high power stage of the BDCM controller is 

the heatsink. The role of a heatsink is to ensure the temperature of a semiconductor 

junction does not exceed its absolute maximum temperature rating. Power loss in a 

semiconductor, because of conduction and switching loss, is dissipated as low grade 

heat and a heatsink provides a convenient path to dissipate this heat. 

The thermal resistance of a semiconductor device is shown below in equation ( 3.8). 

R _AT/ 'I' 
- /AP (3.8) 

where R 11  is the thermal resistance, AT is the change in temperature across two 

surfaces (in Kelvin) and P is the power to dissipate (watts). 

Typically it is difficult to measure the junction temperature in a power semiconductor. 

A much simpler method to ensure a semiconductor does not exceed its' absolute 

maximum temperature is to measure the temperature of the heatsink. Figure 31 below 
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shows the thermal resistance path between the semiconductor junction and the 

heatsink. 

Power 
Loss 

Suction 

Rjc 

Case 1(c) 

Rch 

Heatsink Tih) 

Figure 31 - Semiconductor thermal resistance path 

Thermal resistances are similar to electrical resistance and add when in series [50]. 

Thus, for a known heatsink temperature (which is easily measured) the semiconductor 

junction temperature can be determined from ( 3.9) shown below: 

T, = kRd, + R,) x P1  V  j+T, (39) 

Values of R11  and RJ, are found in datasheets for the semiconductor. 

Heatsinks, usually aluminium extrusions, are designed to effectively transfer heat 

away from the semiconductor switches to the ambient. The thermal resistance for a 

heatsink is shown also in equation ( 3.8). The thermal resistance of a heatsink can he 

reduced further by forced cooling, either by air, water or oil. 

3.4. Method Flowchart for the Design of Motor Controllers 

The following flowchart summarises the design methodology for the design of a DC 

brushless motor controller for use in an electric vehicle: 
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Sine or six step 
controller 
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phase lines) rail) 

Semiconductor switch selection 
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Gate Drive Design 
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Over/under voltage protection 
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Desaturation protection 
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Over/under voltage protection 

Switching Method 

Soft switching Hard switching 
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Electronics Design 
Connection to power stage 
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Current feedbacklfiltering 
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4. Development of a Brush less DC Motor Controller 

Chapter 4 outlines the design of a DC brushless motor controller for use in an electric 

vehicle. Emphasis was placed on designing a small, efficient, and reliable motor 

controller, and uses the methodology and flowchart outlined in Chapter 3. 

4.1. Motor Controller Specifications 

Table 10 outlines the performance goals of the electric vehicle. Based upon this table 

we can finalise the design parameter for the BDCMC and devices within the 

controller. 

Table 11 - BDCMC Parameters 

Peak current 260 A For 30 seconds 

Continuous power 4,992 W 48km/h 

Continuous current 26 A I 92V @ 48km/h 

Nominal voltage 192 V 

Maximum voltage 240 V 15 V/battery 

Minimum voltage 160 V IOV/battery 

4.2. Design of High Power Stage 

The layout of the high power stage is important in minimising stray inductances and 

producing a compact, efficient BDCMC. Table II outlines the design parameters for 

the high power stage of the BDCMC. The following outlines the design and selection 

of components to achieve these parameters. 
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4.2.1. Semiconductor Switch Selection 

Due to the high bus voltage, IGBTs were chosen as the switching device for use in the 

BDCMC. Generally, MOSFETs are more efficient at lower voltages whilst IGBTs 

are more efficient at higher voltages. 

4.2.1.1. Practical Considerations of Power Switch Selection 

As shown in Table ii the power semiconductor must be able to switch currents up to 

260A at voltages of 240V. Practically, the selection of switching components 

depends on other factors as detailed below: 

Voltage rating - the maximum battery voltage in the electrical vehicle is 

240V. The power semiconductor switches can experience higher voltages due 

to stray inductance combined with high di/dt's leading to voltage spikes at 

turn-off. As a result, the semiconductor switch voltage rating should be in 

excess of 300V for safety. 

The voltage ratings of IGBTs are typically 600V or 1200V. Newer devices 

have voltage ratings of 250V however these were not considered. 

• Current rating - Typically the current rating of a power semiconductor is 

stated at 25°C. As the junction temperature rises the maximum current the 

device can safely handle will reduce as the device approaches its maximum 

junction temperature rating. 

The suitable device should thus have a current rating in excess of 260A at 

25°C and, with a suitable a margin, should be around 400A. Alternatively, 

some manufacturers state current at 125°C in which case current rating in the 

order of 300A would be suitable. 

In order to obtain the current rating required IGBTs can be coimected in 

parallel. IGBTs exhibit a positive temperature coefficient for on-resistance 

but only at nominal and high currents. This implies that as the device 
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temperature increases, the on-resistance increases and devices in parallel will 

share current. At very low currents IGBTs exhibit a negative temperature 

coefficient [38]. Therefore, IGBTs with current ratings less than the 

maximum required can be used if they are connected in parallel. 

• Package type - IGBTs come in a variety of different packages. Devices with 

lower current ratings are typically packaged in 10-92 or T0-247 packages. In 

order to achieve the required current many such devices need to be placed in 

parallel. When paralleling multiple devices care must be taken to ensure the 

devices are placed physically close together. This ensures the devices are 

operating at similar temperatures and that the parasitic inductance between the 

devices is not significant. 

IGBTs can be puchased in either a half bridge (2 IGBTs) or full bridge (6 

IGBTs) configuration. These types of packages have the added benefits of 

easier mounting and reduced parasitic inductance. 

As shown in [51] the task of selection of an efficient power semiconductor is made 

even more difficult by the fact that manufacturers often use different measuring 

techniques to provide datasheet values. The ideal scenario for choice of a power 

semiconductor switch is to test each switch individually for conduction and switching 

losses. 

4.2.1.2. Analysis of Different Devices 

Several different IGBTs were evaluated for use in the BDCMC. The following is a 

summary of some of these devices [52]: 
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Table 12- Comparison of 1GBTs 

Manufacturer I Current Voltage 
Package 

Devices 
Vce(sat)4  

Rise Fall 
Part No. rating 2 rating3  /switch time5  time6  

[Hitaclil .:mr 
MBM400GS6AW bridge 

0  E
ll MEMO 

Iiuiai •nu 

No I  MEN,  0 
 

EUPEC  •:rnr 

[;lHDDI 

The conduction drop (Vce(sat)) of the devices shown varies between 1.9 and 2.1 and is 

very similar for all devices. The rise and fall times vary quite significantly between 

devices. It is difficult, however, to compare rise and fall times based on the datasheet 
values alone as the conditions these were measured under often vary significantly. 

In order to simplify the construction and minimise stray inductance, half bridge 
packages were preferred. The BSM400GB60DN2 from Eupec provided a good 

compromise between VCC(sat) and switching speed and was chosen as the preferred 
semiconductor switch. 

4.2.2. Gate Drive Design 

Ideally, the gate drive circuit would include high drive current capability, isolation, 
desaturation protection, bipolar output and undervoltage lockout. Additionally, as a 

dual IGBT package was chosen, the design should drive both a low and high side 
IGBT in a halfbridge configuration. 

2  Amps at 25°C 
Volts 

' Volts at 260A, 25°C 
nano-seconds 
nano-seconds 
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A study of commercially available IC's revealed that no single chip would perform all 
the functions outlined above. Several different IC's were required to build the gate 
drive circuit as shown below in Figure 32. 

+14 
HCPL22 I 

I p 

'* 1  

H 

+14 I +14 TC4422/ 
T  

U 421  
Desaturation 

1 
/undervo!tage 

_ 

 

protection 

MC33153 :- 

Figure 32 - IGBT Driver Block Diagram 

Isolation was achieved using a HCPL22I I high speed optocoupler from Agilent [53]. 
The output of the optocoupler is fed into a single IGBT gate driver (MC33 153). This 

device incorporates both desaturation protection and an undervoltage lockout [54]. 
The current drive capacity of the MC33 153 is only 1 .OA source and 2.OA sink and 

thus a further amplifier stage is required. This is achieved using two IC's, a TC4422 
to turn the IGBT on (+14V) and a TC4421 to turn the IGBT off(-5V). These devices 
provide up to 9A drive (source and sink) [55]. The circuit is replicated for the high 
side producing a half bridge driver. A full schematic of the gate drive circuit is shown 
in Appendix A - Schematic Diagrams. 

The supply voltages to the gate drivers were generated from an isolated flyback 
converter. This converter was powered from an auxiliary 12V battery used for 
vehicle lights and other instruments within the vehicle. Due to the varying battery 
voltage the converter output is fully regulated. 

Regulation was achieved by using a SG3 524 PWM control IC [56]. A sense winding 
was added to the transformer to provide a feedback signal to the control IC. Five 
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further secondary outputs were added to the transformer to provide a +14V and -5V 
output (relative to low side IGBT emitter) and three isolated +14V outputs. A 5V 
regulator was connected to each of the three high side isolated outputs to produce the 
negative voltage turning off the IGBT. 

4.2.2.1. Transient Voltage Suppressors 

SAI2CA transient voltage suppressors were used to protect the IGBT gate from high 
transient voltages that can be generated during turn off. These transient voltage 
suppressors have a maximum clamping voltage of 19.9V, below the 20V maximum 
gate voltage rating and a power rating of 500W. 

Transient voltage suppressors were also used across the collector emitter to protect the 
IGBT from any bus transient voltage spikes during switching. These TVS's require a 
breakdown voltage in excess of 250V and a clamping voltage less 600V (1500W). 

This can be achieved by using two TVS devices in series. In series, the breakdown 
and clamping voltages add [57] and thus two 1.5KEI50A TVS devices were used. 
These devices have a clamping voltage of 207V and a breakdown voltage in the range 
of 143 to 158V resulting in a clamping voltage of 414V and a breakdown voltage in 
the range of 286V to 316V. 

4.2.3. Design of Ripple Capacitors 

The design of the bus capacitors depends largely upon the ripple current required to 
be supplied. The maximum RMS current through a capacitor is required when the 
speed is low and the torque is high. At low speeds, however, the duty cycle is low 
resulting in a low RMS capacitor current. 

Figure 33 shows the capacitor current as a function of speed assuming the vehicle is 
being accelerated at its maximum rate. The steep decline of current at 1100rpm is a 
result of the BDCM controller limiting motor current, and hence capacitor current, in 
order to keep motor power less than 20kW (see Section 4.4). 
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RMS Capacitor Current 

Figure 33 - RMS capacitor current assuming maximum acceleration rate 

10 x 680iF, 250V electrolytic capacitors were chosen as the bus capacitors and are 
capable of supplying the ripple current shown below in Figure 33. 

4.2.4. Heatsink Design 

A heatsink in a BDCM controller serves several functions. The most obvious is that it 
provides a path to dissipate heat generated in power semiconductor switches and other 
components mounted to it. In addition, the heatsink, due to its size and mass, 
provides a structure to mount components on and a way to mount the BDCM 
controller to the vehicle. 

The heatsink is usually the heaviest component in the BDCM controller. As such, the 
design of the heatsink is critical to ensure that mass is minimised, yet still providing 
an adequate cooling path to keep the semiconductor junctions below their maximum 
temperature. 
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As shown in Figure 22 motor current flows through 2 IGBTs (or one IGBT and a 

flyback diode). One of these IGBTs is switching whilst the other is fixed on during 

any commutation cycle or half cycle for sinusoidal control. The losses in the IGBTs 

(conduction and switching) at maximum current are calculated and are shown below 

in Table 13. Gate charge losses are assumed small in comparison and have thus been 

neglected for this analysis. 

Table 13 - BDCMC IGBT loss at 260A 

Itent 

Battery Voltage V 

V777,7Jy77,,p—LtJTgnrp4-

192 V 

Motor current I 260 A 

IGBT VCI(sat) Vcc(sat) 2.1 V BSM400GB60DN2 

Switching 

frequency 
f 4000 Hz 

Switching Time ton  + toff 8.OE-07 sec From test results 

Conduction Loss AP 00d 1092.0 W APcond  = (Vce(sat)  X I) X 2 

Switching Loss APSW 79.9 W AP= 1/2. Vi,. 'ilot. f. (t0 + t0 ) 

Total Loss APtotai 1171.9 W APtota j = L\Pcond  + APçy 

The total loss of all switches when operating at 260A (motor current) is 1171.9W. 

When the motor is rotating each of the three dual IGBT packages conducts current for 

1 13rd of the time and thus, the power loss is 390.6W for each dual pack of IGBTs. 

Table 14 shows the thermal resistance path between the junction and ambient. An 

extruded aluminium heatsink incorporating a fan was chosen as the desired heatsink. 
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Table 14— BDCMC Thermal Resistances 

Item WTh7Y!7,irIIITT'fIk 

Junction to Rib -mb 0.09 °C /W From datasheets 

mounting base 

Mounting base to R11 nib-h 0.05 °CIW Using heat conducting paste 

heatsink 

Total Switch Rthh 0.14 °C 1W 

Thermal Resistance 

Heaksink Thermal Rth li-a 0.075 °CIW Heatsink to ambient units 

Resistance 

Total Thermal Rjatotai 0.215 °C/W 

Resistance 

Based upon Table 14, the maximum allowed heatsink temperature can be calculated 

to ensure the IGBTs do not go above their maximum temperature limits. These 

calculations are shown below in Table 15. 

Table 15 - Maximum Allowable Heatsink Temperature 

!
Item JfVflhi7Y Ylti,' Units Notes  

I  Maximum Junction 1500  C - calculate at 1300  C 

Temperature T (max) 130 °C including a safety factor 

Tj (max) 403 K 

Maximum Heatsink 

Temperature Th(m ) 75.3 °C T/1(070x) = TJ(max(R1h1 X L\Pioia1/3) 

Thus, when the temperature of the heatsink exceeds 75.3°C, the motor controller 

should be shutdown or alternatively, the maximum allowable motor current reduced 

in order to limit the temperature rise of the IGBT junction. 
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4.3. Design of Control Stage 

The electronics within a BDCMC can be broken down into separate circuits based 
upon their role. These are outlined below: 

• Command current - setting 

• Actual motor current - measurement 

• Commutation logic 

• Electronics power supply 

• Motor controller protection 

4.3.1. Command and Actual Current 

A command signal is generated from the throttle, which is filtered and scaled in the 
command current section of the electronics. A variable soft current limit provides a 
method to limit the maximum motor current. This soft current can be set by either a 
potentiometer or can vary depending on other parameters such as speed or 
temperature limits. 

The actual motor current was measured using two current transducers from LEM 
(HAL400S). The output of the transducers produced two signals, which were scaled 
and filtered and passed through analogue switches. Based upon the rotor position 
feedback from the motor hall effect switches, the correct current transducer output is 
either compared or inverted and compared with the command current to produce a 
drive signal for the IGBTs. Hysteresis is incorporated in the comparator, which 
produces the current hysteresis band and is shown below in Figure 34. Schematics of 
the command current and actual current sections are found in Appendix A. 
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Current sensor 

Figure 34 - Hystersis Band Current Control Comparator Circuit 

4.3.2. Commutation and Logic 

The output of the comparator, comparing actual and command currents, is a digital 
signal which determines the duty cycle of the 1GBTs. This signal, as well as the 
outputs from the three hall effect sensors in the motor is input into a PLD. This PLD 
determines which IGBTs are to be turned on next and also controls the analogue 
switch outlined in Section 4.3.1. The PLD logic table is shown below in Table 16 

Table 16 - I-tall Effect Sequence 

Hall 

HEI 

Effrct States 

HE2 HE3 Low side 

Phase Measured 

High side Current 

Dead time is implemented after the PLD by way of a resistor/diode/capacitor network 
as shown below in Figure 35. The output of the PLD charges the capacitor through 
the resistor producing a delay of RC seconds during turn on. When the IGBT is 
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turned off, the PLD's output drops to zero and the capacitor discharges through the 
diode producing no delay. The complete schematic is shown in Appendix A. 

I 

Figure 35 - Dead Time Circuit 

4.3.3. Control Electronics Power Supply 

The control electronics power supply is similar to the power supply described in 
Section 4.2.2. A flyback converter controlled by a SG3524 provides three frilly 
regulated output voltages (+15V, -15V and +5V) to power the electronics. The +15V 
rail is used for feedback as this has the same potential as the SG3524. 

4.3.4. Motor Controller Protection 

In order to protect the BDCM controller from damage during fault conditions, 
protection circuits have been designed to shutdown or limit motor current. 
Desaturation protection, as outlined in Section 4.2.2, is one form of protection that is 
incorporated into the BDCM controller. Other protection circuits incorporated into 
the BDCM controller are overvoltage protection, motor controller temperature 
limits/shutoffs as well as motor temperature limits/shutoffs. High voltage transient 
voltage suppressors were also used to protect the IGBTs. 

4.3.4.1. Overvoltage 

Under certain conditions the bus voltage can rise to a level, which can damage high 
power components. This can occur when the vehicle is put into regeneration mode 
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and the batteries are fully charged. In such a circumstance, the battery voltage will 

rise rapidly with the potential of damage to the BDCM controller. 

An overvoltage lockout or shutdown can prevent this occurring by shutting down the 

motor controller when the voltage is sensed to be above a preset threshold. A 

comparator is used to shutdown the BDCM controller when the voltage is too high, 

disabling regeneration and resulting in the battery voltage falling. A one shot 

monostable is added to the output of the comparator to prevent oscillations when the 

bus voltage and the reference voltage are similar. A block diagram of the circuit is 

shown below in Figure 36 with the schematic in Appendix A. 

Vref I  HCPL22 I 

Vb 
> 

 

hysteresis 
4HC 123 

Figure 36 - Overvoltage protection circuit 

4.3.4.2. Motor/BDCMC Temperature Protection 

The circuit for the motor controller and motor temperature protection circuits are very 

similar to each other. These circuits use an LM35 temperature sensor to monitor the 

heatsink and motor temperature and shut down the BDCM controller if the 

temperature is too high. As outlined in Section 4.2.4 the BDCM controller shuts 

down when the heatsink reaches 75.3°C and/or when the motor reaches 100°C. The 

circuit is similar to that shown in Figure 36 except the one shot monostable is not used 

due to the slow thermal time constant. 
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4.4. Power Limiting of BDCMs 

Power limiting is achieved by varying the soft current limit in the command current 
section of the motor controller. One of the hail effect signals is fed into a frequency 
to voltage converter to produce a voltage proportional to speed. This is scaled and 
OR'ed with a reference signal (through a diode 'or' bridge) to be used as a varying 
soft current limit with speed. The reference signal sets the maximum current to 260A, 
which decreases when the speed is above 1100rpm. 

Hall effect 
sensor 

Soft current 
limit 

Figure 37 - Varying soft current limit circuit 

Although not implemented in this BDCM controller, a similar circuit can be used to 
limit the motor current when either the motor or BDCM controller temperature rises 
above a preset limit. This circuit provides a way to limit the current under high 
temperatures rather than shutting down the BDCM controller. 
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5. Prototyping and Measurements 
As outlined, a 192V (nominal), 260A (motor current) BDCM controller was designed 

for use in an electric vehicle. Detailed in this chapter are the techniques used to build 

and test the BDCM controller to ensure safe and reliable operation within the vehicle. 

5.1. Prototype BDCM Controller Construction 

The construction of the prototype BDCM controller was separated into two sections, a 

high power stage, and the control stage. In order to simplify the design and reduce 

cabling the power stage and control stage were designed to lie within the same 

housing. Such a design results in a compact BDCM controller with simple packaging 

requirements. 

Figure 38 - Complete BDCM controller showing (A) Control Enclosure 
(B) Power Electronic Enclosure (C) Heatsink and Cooling Fan 

5.1.1. Construction of the High Power Stage 

The high power stage consists of three dual IGBTs, IGBT drivers, copper busbars, bus 

capacitors, a heatsink, and current sensors. The package of the dual IGBT chosen 
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(BSM400GB60) provided the benefit of a very easy connection method to busbars. 
This particular IGBT package lends itself very well to use in BDCM controllers. 

Three separate PCB's were built as gate drivers for the dual IGBTs as shown in 

Figure 39. Each of these PCB's controlled one set of half bridge IGBTs and 
contained the associated protection circuitry. Connection to the control electronics 

was through D13-9 connectors and provided a method for easily removing the gate 

driver board during testing and debugging as well as future developments. 

Figure 39 - BDCMC showing (A) Gate Driver Boards and (B) Control Electronics 

The bus capacitors were bolted directly to the busbars, with brass spacers used to 
connect to layers not in the same plane as the terminals. The physical placements of 

the capacitors were designed to lay as close as possible to the IGBTs in order to 
minimise inductance and minimise path length from the capacitors to the IGBT's. 
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Iq 

1. 

Figure 40 - BDCM controller high power stage showing (A) bus capacitors (B) 
current sensors (C) Dual IGBT's (D) Heatsink 

5.1 .1.1. Laminated Busbars 

The laminated busbar structure was fabricated from 2mm thick copper sheet with a 
1mm fibreglass spacer between the layers. This is shown below in Figure 41 with the 
following points noted: 

• "A" shows the positive and negative bus rails of the BDCM controller. The 
holes in both the busbars and the insulator allow connection to the IGBTs and 
bus capacitors 

• "B" shows the three copper busbars used as phase connections to the motor 

• "C" is the fibreglass insulation used to space apart the positive and negative 
bus bars. 
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Figure 41 - BDCM controller laminated busbar structure showing (A) 
+'ve and —'ye busbars (B) motor phase connections (C) and insulators 

This simple busbar design provides a very easy solution for the fabrication of 
laminated busbars. The combination of this busbar structure with screw on capacitors 
and IGBTs enable a simple method of construction for the power stage of a BDCM 
controller for use in an EV. 

5.1.2. Construction of the Control Stage 

The control stage was constructed from a single PCB and consisted of the following 
sections:- 

• Control power supply 

• Isolated power supply for high side gate drivers 

• Motor current feedback and filtering 

• Command current, filtering and current limits 

• Protection circuitry 

• Hysteresis band current control for the BDCM controller 

Figure 39 shows the control board and its location relative to the power stage and gate 
drivers. The gate drivers were located as close as possible to the IGBTs in order to 
prevent EMIJRFI interference in the leads connecting the drivers to the IGBTs. Full 

schematics for the control stage are shown in Appendix A - Schematic Diagrams. 
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5.2. Design of Experiments 

To test the BDCM controller an axial flux DC brushless motor was constructed. This 

motor was initially designed for use in a solar powered vehicle running at a maximum 
speed of 1000rpm. The rotor was redesigned for use in an electric vehicle with a 
retaining ring incorporated to secure the magnets at higher speeds. 

5.2.1. The Dynamometer 

Figure 42 shows the axial flux DC brushless motor (A) mounted on the dynamometer. 
Torque and speed measurements were taken using the torque transducer (B). 

-- 

Ir 
I 

Figure 42 - Dynamometer showing (A) Axial Flux DC brushless 

motor (B) Torque Transducer 

The dynamometer was used to test the BDCM controller prior to installation in the 

vehicle and provide a method to record the results shown in this thesis. 

5.3. Experimental Results 

In order to verify efficient and reliable operation of the motor controller a series of 
tests were conducted and results recorded. In summary, these tests included: 
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• Motor forced state test results for 0-200V and 0-260A 

• Motor rotating test results 

• Motor and controller thermal tests 

• Motor controller efficiency tests during forced state 

5.3.1. Motor Forced State Test Results 

The I3DCM controller was initially tested on only the stator of the motor (without a 
rotor installed on the motor) and with the hall effect feedback (rotor position) 
simulated with switches. This "forced state" testing enables each of the six motor 
controller states to be examined and ensure consistent operation of each of the IGBTs. 
The other advantage of testing in forced state is that the input power requirements are 
substantially reduced as the power supply is only required to overcome the losses in 
the system. Thus, 260A can flow in the motor with substantially less current from the 
power supply. The following shows test results during forced state testing of the 
BDCM controller. 

5.3.1.1. Forced State Motor Current 

As the rotor was not installed during forced state testing, no back EMF was generated 
from the motor. The rise time of current, as shown below in Figure 43, is therefore 
very short in comparison to the fall time. 
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Figure 43 - Forced State Motor Current (T Phase) @ 200V, 50A per division 

Stator current was measured and recorded for set motor current levels, increasing the 
voltage in 20-25V increments from 20V through to 200V. The maximum voltage 
available from laboratory power supplies was 200V and thus test results up to 250V 
could not be performed. Figure 43 shows a sample of the motor current recorded at 
the peak bus voltage (200V) and peak motor current (260A). Motor current 
waveforms recorded at 1 OOV, 260A are shown in Appendix B - Forced State Test 
Results. 

5.3.1.2. High Side IGBT Switching Waveforms 

During testing, the voltage on the gate was recorded to ensure high transient voltages 
would not damage the IGBTs. The absolute maximum gate voltage is +/-20V and any 
voltage transitions on the collector/emitter can be transmitted to the gate via miller 
capacitance. 
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In order to protect the gate from voltage overshoots, gate transient voltage suppressors 
were installed with a clamping voltage less than absolute maximum gate voltage. A 
compromise is required for this component as the breakdown voltage is usually less 
than the clamping voltage, thus limiting the maximum DC turn-on voltage that can be 
applied to the IGBT. As previously noted, the higher the turn-on voltage of the IGBT, 
the more efficiently it will operate. The SA12A voltage transient voltage suppressor 
was chosen to be used on the gates of the IBGT's. This device has a clamping voltage 
of 19.9V and a breakdown voltage between 13.3V and 14.7V. 

Current through Transient Voltage Supressor - SAI2A 

100 

90 

80 

70 

E 
4-. 

50 
I- 
1 

40 
C-) 

is 

5 

S 

0 
13.8 14 14.2 14.4 14.6 14.8 15 

Voltage (V) 

Figure 44 - DC Current through transient voltage suppressor versus DC voltage 

Figure 44 shows the variation in DC supply current versus gate voltage. This figure 
shows that for the SA12 the DC supply current increases once the gate voltage 
exceeds 14.IV. In order to keep the load of the on-board isolated power supply to a 
practical level, the turn-on voltage was set to 14.OV. 

Figure 45 shows the turn-on and turn-off waveforms of a high side IGBT. As shown 
the turn-on voltage was 14.OV whilst the turn-off voltage was set at -5.OV. The 
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maximum voltage overshoot that occurs when the IGBT turns on was well within the 
ratings of the IGBT gate, peaking at 14.5V. 
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Figure 45 - High Side Gate Voltage (T Phase) @ 200V, 260A (motor) 

The gate current was recorded as this determines the turn-on and turn-off speed of the 
lGl3Ts. The gate current was difficult to record as a current clamp was used to 
measure the current. The size of the clamp required the addition of extension cables 
between the gate drivers and the IGBT gate. Thus gate current was only recorded at 
low voltage levels in order to ensure that the extra lead inductance in the extension 
cables did not result in higher gate voltage overshoots. 
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Figure 46— IGBT Gate Current, 2A per div 

As shown in Figure 46 the current in the IGBT peaks at 4A. A larger gate drive 
current was obtained with a smaller gate resistor; however, this resulted in larger Vce 
voltage overshoots due to stray busbar inductance and faster change in current. The 
gate resistor used provided a good compromise between switching time, and hence 
switching loss in the IGBT, and Vce voltage overshoots. 

The Vce of the high side IGBT is show in Figure 47 below. This result was recorded 
at 200V, 260A and shows a voltage overshoot at turn-off of approximately 30V. The 
overshoot is a result of rapidly changing current at turn-off in conjunction with stray 
inductance in the power stage but is well within the maximum voltage rating of the 
IGBT. 
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Figure 47 - Vce T Phase High Side 200V, 260A 

5.3.1.3. Low Side IGBT Switching Waveforms 

Two low side power components are used during a commutation cycle, a low side 
body diode and a low side IGBT. The low side body diode is used to flyback the 
current that is flowing in the inductance of the motor and is in parallel with the low 
side IGBT in the same package as the high side IGBT (as discussed in Section 
5.3.1.2). 

Whilst the low side IGBT in parallel with the conducting body diode is not switching, 
it is still prudent to monitor the low side gate signals to ensure overvoltage transients 
do not exceed the maximum ratings. As shown in Figure 48 the voltage on the gate of 
the low side IGBT varied between -O.SV and -4.OV during turn-on and turn-off of the 
corresponding high side IGBT. These voltages are well within the IGBT gate ratings 
and will not cause the low side IGBT to turn on spuriously. 
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Figure 48 - Low Side Gate Voltage (T Phase) @ 200V, 260A (motor) 

Figure 49 shows the voltage waveform across the body diode (or Vce of the low side 
IGBT). This figure shows virtually no voltage overshoots during either turn-on or 
turn-off. 
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5.3.2. Motor Commutating Test Results 
Using the Dynamometer outlined in 5.2.1, tests were conducted on the motor during 
rotation. Tests were initially limited to IOOV as the new rotor designed for higher 
speeds was not available and the lower speed solar car rotor was used for these tests. 

Figure 50 shows the T-Phase motor current during rotation. As the signals were 
recorded on a digital CR0, some aliasing can be seen. By expanding the time 
division of the CR0, a signal similar to that shown in Figure 43 is seen. 
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5.3.3. Thermal Test Results 

The motor and BDCMC were tested for a set motor current and the results were 
recorded for temperature rise of the stator, windings. and BDCMC. Figure 51 shows 
the recorded temperature rise of the motor, windings, and BDCMC at 40A. As shown 
at this current the temperature of the motor stator, motor windings and BDCM 
controller are all within acceptable limits. 
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Thermal Measurements - 40A motor current 
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Figure 51 - Thermal test results at 40A motor current 

5.3.4. BDCM Controller Losses 

The simplest way to measure losses in the BDCM controller was to record results 

with the motor in forced state. Under these conditions the DC supply supplies only 

system losses as there is no output power. The losses in the BDCM controller are 

calculated by taking the motor losses away from the DC supply power. Figure 52 

shows the losses calculated in the BDCM controller versus calculated semiconductor 

losses. 
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BDCM Controller Losses 
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Figure 52 - Measured BDCM controller losses and calculated semiconductor losses 

At low current levels the measured controller losses and semiconductor losses are 
very similar. At higher current levels the measured controller losses differ from the 
semiconductor losses due to increased losses in the bus capacitors, busbars and other 
parasitic losses in the controller. In addition, the resistance of the motor increases as 
the temperature increases and this factor was not modelled in these tests. 

5.4. Summary of Results 

A BDCM controller was built and then tested throughout its entire voltage and current 
range, with the BDCM rotor locked and rotating. Results are presented for gate drive 
voltages, collector emitter voltages and controller efficiency which show there is a 
strong correlation between the theoretical study and practical results. As such the 
method presented in this thesis achieves the aim of developing a method for the 
design of a BDCM controller for use in electric vehicles. 
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6. Conclusions and Recommendations for Further 
Work 

The following provides a summary of this thesis and conclusions drawn from the 
work presented. 

6.1. Conclusions 

The aim of this thesis was to develop a systematic method for the design of a hard 
switched DC brushless motor controller for use in an electric vehicle. In order to 
achieve this goal, specifications were determined and a motor controller was 
designed, built, and tested for use in an electric vehicle. This method outlined the 
advantages and disadvantages of various power stage components and design 
techniques used in the motor controller. General conclusions were drawn regarding 
the use of this method for further motor controller designs. 

The first step in the method was to determine specifications for a BDCM controller to 
be used in an EV. This was achieved by benchmarking the performance of an 
existing ICE vehicle, comparing this with the US federal standard for vehicles in 
urban conditions, and determining performance criteria for the EV. 

Once the EV specifications were known, a drive train was designed. For this thesis 
the drive train consisted of an axial flux, DC brushless motor, a single chain drive 
reduction driving directly onto the differential, sealed lead acid batteries and a high 
efficiency, JGBT based DC brushless motor controller. The axial flux DC brushless 
motor was an excellent choice for this application due to its high efficiency, compact 
size and ideal torque and speed rating. Lead acid batteries were chosen due to cost 
and availability. 
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A simulation was conducted in order to determine the driving range and performance 
using the selected drive train components. Based upon the chosen drive train the 
parameters of the motor controller to be designed and built were determined. 

The method to design a BDCMC for use in an EV was presented in Chapter 3. The 
first step in the method was to determine the type of controller to be used. Multilevel 
and conventional six-step controllers were examined and the advantages and 
disadvantages of each discussed. The advantages of multilevel controllers are evident 
when the back EMF is sinusoidal, such as in AC induction motor drives, where load 
current harmonics can be minimised. The axial flux BDCM chosen for use in this 
thesis exhibits a trapezoidal back EMF. Due to this characteristic, the advantages of 
multilevel converters are less pronounced. A conventional six-step controller was 
therefore chosen for use in this thesis as it contains fewer components and is therefore 
cheaper and simpler to manufacture than a multilevel converter. 

The next step in the method was to choose a control strategy for the BDCM 
controller. Both open loop speed (voltage) and torque control techniques were 
considered as options for controlling the EV. Speed control based on varying the duty 
cycle of a fixed frequency PWM controller is the simplest type of BDCM control and 
contains only one current sensor in the negative battery line. This method, however, 
does not provide accurate speed or torque control and currents can be very high at low 
speeds resulting in increased losses. 

The accelerator in an ICE vehicle controls the vehicles torque. Ideally, a BDCM 
controller would also control torque. Torque control is achieved in BDCM controllers 
by accurately controlling motor current, as torque is proportional to current in 
BDCMs. An accurate speed loop can be implemented with a outer speed loop 
controlling motor torque if required. 

Hysteresis band current control was chosen as the method to control motor current. 
This method was chosen as it could be implemented with a relatively simple analogue 
circuit and still provides accurate control of motor current. In addition, the switching 
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frequency varies with motor speed resulting in low switching loss at low vehicle 
speed. 

Torque control in a BDCM is achieved by sensing motor current in two phases with 
the third phase current being derived. The disadvantage of torque control is that two 
current sensors are necessary resulting in slightly increased cost. Open loop ferrite 
core current sensors (analogue hail effect sensors) were determined to be a suitable 
means of current sensing as they were easily integrating into the power stage and 
provided isolated signals with an adequate bandwidth. 

The type of semiconductor switch to be used was the next part of the method. Two 
different semiconductor switch types were examined for use in this thesis, MOSFETs 
and IGBTs. For low voltage controllers, MOSFETs are the preferred choice of 
semiconductor due to lower losses. As such MOSFET's are commonly found in 
motor controllers used in non-road EV's. In general, for high current, high voltage 
motor controllers such as those used in road EV's, IGBTs are the preferred 
semiconductor. Due to the high bus voltage, IGBT's were therefore chosen for use in 
this thesis. The choice of IGBT was based upon maximising BDCM controller 
efficiency and component availability. 

The gate drive circuits for both IBGT's and MOSFET's are very similar. Based upon 
a study of existing literature the requirements for a high power IGBT gate drive 
circuit were determined. This included a high gate drive current, positive turn on 
voltage, negative turn-off voltage, desaturation protection (to protect against 
overcurrent) and an isolated flyback converter providing the rail voltages for each of 
the IGBT gate drivers. 

Two different techniques to turn power switches devices on and off were examined, 
hard switching and soft switching. Soft switching BDCM controllers potentially 
produce less RFI/EMI noise and can be switched at higher frequencies but require 
extra components and increased complexity. Due to low switching frequencies and 
no restrictions on RFI/EMI interference, it was determined a hard switched controller 
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is optimal for this thesis. Hard switching controllers are also simpler and cheaper to 
manufacture due to reduced component count. 

Without careful design of high power busbars, however, stray circuit inductances can 
result in voltage spikes well beyond the limit of the switching devices. Various 
techniques including appropriate placement of power components and the use of a 
laminated busbar structure were examined in order to ensure that these voltage 
transients were minimised. 

Based upon the design method presented, a BDCM controller for use in an EV was 
designed and built. This controller was a conventional six step, hysteresis band 
current controlled, hard switched BDCM controller. This motor controller utilised 
IGBTs as the power switches and a gate drive circuit providing high gate current, 
desaturation protection, positive and negative rail voltages, and an isolated flyback 
converter. 

Extensive testing was performed on this motor controller to ensure the method 
outlined in this thesis produced a reliable and efficient motor controller. The various 
subsections including gate drivers, protection circuits, and power supplies were tested 
and results presented. The BDCM controller was tested throughout its entire voltage 
and current range and results obtained were compared with theory. The correlation 
between theoretical and practical results proved that the method was acceptable for 
the design of BDCM controllers. 

Based upon this thesis, the following conclusions can be drawn relating to the design 
of BDCM controllers for use in EV's: 

. Axial flux brushless DC motors, lead acid batteries and an efficient motor 
controller can be used as an efficient drive train for an EV 

. A conventional six step power stage provides a simple yet effective design of 
motor controller when used with a BDCM exhibiting trapezoidal back EMF 
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Torque control of BDCM's in EV's can be achieved using hysteresis band 

current control. Two current sensors are required to accurately control motor 

current. 

• IGBT's are the preferred power semiconductor switches in road electric 

vehicles requiring high currents with high bus voltages 

• Stray power stage inductance, which can result in high voltage spikes at 

switching transitions, can be minimised by incorporating parallel husbars and 

minimising path length between the capacitors and switching devices. 

6.2. Recommendations 

The following is recommended as future work continuing on from this thesis: - 

Design of a sinusoidal current control motor controller providing an increase 

in the effective torque constant and reduced audible noise emanating from the 

axial flux motor. This could be implemented with the use of a DSP replacing 

the analogue control circuit currently employed 

• On road vehicle testing of the BDCM controller and drive train to verify range 

and acceleration results obtained in the simulation 

• Implementation of a microprocessor to provide active control of current limits 

under the conditions of high motor or controller temperature 
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Figure 54—Current command schematic 
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Figure 55— Actual current schematic 
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Figure 56 - Commutation and PLD schematic 
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Figure 57 - BDCM controller protection schematic 
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Figure 59 - Isolated flyback converter for power stage 
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Figure 61 - Gate drive schematic 
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