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SUMMARY OF CHAPTERS

Summary - Ch. 1
  
INTRODUCTION

RELEVANCE OF ELECTRIC VEHICLES

Although development of the electric vehicle (EV) started in the early part of the 20th century, batteries of the time could not provide the range to equal that of petrol vehicles. The number of motor vehicles has continued to grow such that exhaust gases are the greatest single contributor to atmospheric pollution. [4]  Electrically powered road vehicles are likely to remain the only ones emitting zero pollution. These facts have lead to the current upsurge of interest in electric vehicles (EVs).

OBJECTIVES

To develop a small, lightweight, efficient and cost-effective, prototype electronic control system for control of a standard three-phase squirrel cage induction motor of up to 5 kW. (Appendix 2)
The System consists of three parts:

· The power stage to drive a standard three-phase squirrel cage induction motor. (Appendix 6)
· The three-phase quasi sine wave generator. (Appendix 4a)
· A frequency lock loop (FLL) with offset for acceleration and braking. (Appendix 3)
RATIONALE

It is apparent world-wide, that electric vehicles (EVs) will play an increasing role in our lives. Large utility vehicle users are expected to change part of their fleet to electric vehicles. This will automatically establish the infrastructure for other potential users. Electric vehicle batteries will most probably be recharged overnight, thus helping to fill the deep trough in Eskom's power demand graph. (Appendix 1)

Summary - Ch. 2

CURRENT STATUS OF TECHNOLOGY

INTRODUCTION

Electrical motors were first developed in the middle of the 19th century. Early direct current (DC) motors found application in factories for providing variable speed mechanical rotation. Development of the cheap, rugged squirrel-cage induction motor at the end of the 19th century helped it become the preferred choice for high-power, high quality drives. Other AC motors developed to meet modern operating requirements include variable and switched reluctance motors. A more recent development is the permanent magnet synchronous motor offering smaller size and great efficiency.

DRIVE TECHNOLOGY DEVELOPMENT 

The demand for precise and dynamic control of load speed and torque, have been the major driving force behind the development of modern AC inverter drives. Early methods of speed control of AC machines included pole and frequency changing, rotor resistance changing, and voltage, frequency and slip control. [13]  Modern variable speed AC drives use a combination of digital processing and control of high-speed power converters, and microprocessor-based control algorithms.

Power converter technology for AC drives has evolved with the development of power switches. Continual improvements in the peak performance of switching devices have lead to increased power, efficiency, and speed of the power converter.  Recent improvements in both power electronics technology and control theory has led to the use of AC drives that can provide both variable speed and variable torque operation. [13]
Control of induction machines in modern AC inverter drives is achieved by the precise regulation of frequency, amplitude, and phase of one or more of the machine quantities of voltage, current, and magnetic flux. Both scalar and vector control schemes aim to maintain a combination of either constant or variable flux, and either constant or variable slip frequency. High performance torque control can be achieved using some form of vector control. Modern Industrial drives use high dynamic response and optimisation techniques to control speed, torque, and position. [9]
The advance taking place in electronic drive systems for AC motors over the last decade has ensured that the total cost of AC motors and their drives is now less than for equivalent DC motors and their drives. [9]
Small drive systems designed for cars can be used in multiples for larger vehicles such as busses. As costs are volume related, this reduces motor and inverter costs. Large DC drives typically operate with a maximum speed of 6 000 RPM, but today's AC systems can typically operate higher than 12 000 RPM.

SWITCHING TECHNOLOGY DEVELOPMENT

Continuing innovations and developments in switch technology has lead to the ability of AC drives to operate at higher power with more reliability, and to switch these higher currents and voltages faster and with greater efficiency. [13]

BATTERY DEVELOPMENT

Batteries are the only electrical energy storage devices commercially available at this time for Hybrid Electric Vehicles (HEVs). Battery types differ in their ability to accept high rates of charge and discharge while retaining a long cycle life. The Hughes Corporation has also developed an induction coupling to avoid the use of the more traditional plugs and sockets during charging. [14]  Lead-Acid batteries have a short life when deep-cycled, while NiCd and NiMH have 3-4 times the cycle life of Lead-Acid. Future Bipolar Lead-Acid batteries may eventually have comparable life to the other two technologies. 

Summary - Ch. 3

ELECTRIC VEHICLES

INTRODUCTION

To be commercial, an electric car requires:

· At least four seats and the sophistication of today's petrol engine cars.

· Acceleration, gradeabily and speed, equivalent to a small petrol engine car.

· A range with, air conditioning operating, greater than 120 km.

· The availability of a comprehensive recharging and servicing infrastructure.

· A selling price considered appropriate by potential purchasers.

The best way to meet these requirements is to take the hybrid route that would make available a range limited only by the fuel tank. It seems likely that a car that can be operated as a zero emission vehicle (ZEV) and yet have an unlimited range would command a higher price than a purely electric one. The feasibility of this may depend upon the development of an appropriate (possibly gas turbine) engine for such a vehicle.

Markets exist today for a high performance electric and hybrid light panel vans, mini busses, busses, taxis and leisure vehicles. Although these will not make the impact on the environment that could be made by very many zero emission cars, they will make their impact right in the centre of cities, where their effect will be most beneficial. [4]

THE BENEFITS OF ELECTRIC VEHICLES IN SOUTH AFRICA

· The introduction of electric vehicles in South Africa will lead to a saving of billions of Rand that leaves the country every year to purchase expensive crude oil. Batteries will be charged by electricity generated in off peak periods from cheap abundant coal, keeping billions of Rand in the country.

· A switch to Electric Vehicles for specific applications would bring large reductions in transport costs as electric motors have only one moving part needing minimum service. 

· The total motoring cost for an Electric Vehicle varies from 20 to 40 c/km, thus drastically reduce transport costs.

· Electric Vehicles will enable the motor industry to comply with stringent anti pollution legislation that is currently being introduced in many countries word wide. Air and noise pollution in cities will reduce.

· The number of oil refineries, which produce a large amount of pollution, will be reduced.

ELECTRIC CITY CARS AND VANS 

There is also considerable activity in the design of electric vans for delivery and other services in city areas. Electric propulsion has been used for many years for fork lift trucks, golf carts and airport services where electric shuttle buses are now being considered, as they allow boost charging between journeys. 

HYBRID ELECTRIC VEHICLES 

· There are two basic types of hybrids : [1]  (Also see Appendix 22)
(a) Series hybrids - where all the Internal Combustion Engine (ICE) power is converted into electrical energy that powers the propulsion motor and charges the battery.

(b) Parallel hybrids - where the Internal Combustion Engine (ICE) power is coupled mechanically to the vehicle drive wheels, and to the electric propulsion motor, which also doubles as a generator.
Summary - Ch. 4

DRIVE SYSTEMS FOR ELECTRIC VEHICLES

INTRODUCTION

DC motors usually need two or three gear ratios due to their limited speed range, heavy weight and large size. 

For induction motors, there are several options. Ford originally developed a two-ratio single motor transaxle to reduce motor weight. The Ford Ecostar van uses a larger motor with a fixed ratio. An interesting feature of this arrangement is the use of a hollow rotor with a drive shaft passing through it avoiding the need for an offset at right-angle motor drive. The prototype GM Impact and Nissan Force, have adopted two back-to-back motors avoiding the need for a differential, but each motor needs a fixed ratio planetary reduction gear. 

PM (permanent magnet) motors with high-energy magnets using phase advance to give 3:1 speed range above base speed and with 12 000 rpm maximum speed can provide good performance without any change of ratio. 

Switched reluctance motors are probably best suited to a single ratio as they have a wide speed range with good low-speed torque. Torque ripple may be high at low speed, which may cause problems when using a single ratio. [1]


DRIVE MOTORS FOR ELECTRIC VEHICLES

There are four types of motors currently available for use in electric vehicles: [1]
· DC motors  having multiple poles depending on power output and voltage and may have series or shunt field windings, normally chopper controlled to obtain a range of constant power operation by field weakening up to around 4000 rpm maximum. A permanent magnet field is sometimes used for low-power applications such as golf carts. 
· Induction motors (IM) have multiple poles to keep iron losses down with high-speed operation up to 12 000 rpm. The maximum frequency is limited only by the inverter chopping rate. 

· Switched reluctance motors (SRM) use rotor position switches to energise the separate phase windings in sequence. 

· Brushless DC permanent magnet motors (PM) use rotor position sensing to switch between phases. The use of permanent magnets allows an increased number of poles without excessive cost or flux leakage. 
CHOICE OF DRIVE MOTORS FOR ELECTRIC VEHICLES

The choice of a motor for both electric vehicles and hybrids is generally determined by three factors: Weight, Efficiency and Cost.

ADVANTAGES AND DISADVANTAGES OF VARIOUS AC MOTORS

The advantages and disadvantages of various AC motors are summarises as: [4]

Induction Motor (IM) Advantages
· Known technology.

· Available manufacturing infrastructure.

Induction Motor (IM) Disadvantages
· Need to extract high rotor loss from the core of the machine.

· Needs low pole number requiring large copper end-windings and considerable stator back-iron. 
Switched Reluctance Motor (SRM) Advantages
· Robust and simple construction.

· Power semiconductor shoot-through failures cannot occur.

Switched Reluctance Motor (SRM) Disadvantages
· Both stator and electronics are different from established technology.

· Intrinsically high torque ripple may cause noise and vibration.

· High peak currents and high frequency can cause EMC problems.

Permanent Magnet (PM) Motor advantages
· High pole number reduces weight and material content.

· Highest efficiency due to PM excitation and a highly efficient rotor. 

· Stator and electronics technology similar to IM.

Permanent Magnet (PM) Motor disadvantages
· Present cost of high energy magnets.

· Fixed flux gives low-speed range at constant power. 

· Magnet corrosion and demagnetisation are hazards not present with other technologies.

CONCLUSION

Taking a broad overall view, the 'best' machine for future EVs would be:

· The Induction motor for the next five years

· The PM motor beyond the five-year time span.

Summary - Ch. 5
INDUCTION MOTORS

INTRODUCTION 

The induction motor is being used increasingly because of its greater ruggedness, reliability, high efficiency, low noise, and low maintenance. [5] The induction machine is also generally lower in cost, size, and weight than a DC machine of the same power and speed rating. [9]
SQUIRREL-CAGE INDUCTION MOTOR

The 3-phase squirrel cage induction machine develops torque through the interaction of electromagnetic fields, one produced in the stator, and the other induced in the rotor. [9] 

The relative motion between the conductors in the rotor body and the electromagnetic flux field of the stator induces EM voltages in the rotor bars with a frequency equal to the frequency difference between the two. This frequency differential phenomenon is known as 'slip'. [9]  The gross mechanical power produced by the machine is a result of the electrical power transferred from the stator to the rotor. [10]

Since the synchronous speed of the induction machine is proportional to the supply frequency, speed control of the machine can be achieved by changing the stator frequency. However, the amplitude of the stator voltages must also vary during variable frequency operation. [10]

CLASS OF SQUIRREL-CAGE INDUCTION MOTOR

Various implementations of the squirrel-cage exist, these fall under the following classes:

· Class A motors that have low resistance single-cage rotors. This ensures good efficiency with small slip but the starting current is high and the starting torque is relatively low.

· Class B motors are of the deep-bar and double-cage design, and they are the most often used designs. They are used for direct on-line starting. 

· Class C motors also have double-cage and deep bar rotors, but their rotor resistance is high yielding higher starting torque but lower efficiency and slightly higher slip than Class B 

· Class D motors have a single-cage rotor with high rotor resistance. This type of machine gives the largest starting torque but also high slip with low efficiency.

· Class F induction motors have low rotor resistance, which results in low slip, high efficiency and low starting torque.

MODE OF OPERATION

An induction machine may be operated in either direction of rotation, and as:

· A motor producing torque to drive a load - output torque and input power are both positive. 

· A generator driven by a load - output torque and input power are both negative. 

Motoring occurs for positive values of slip, Generation occurs for negative values of slip. If the generation is used to brake or slow the machine, this is known as regenerative braking. [13]
TORQUE IN INDUCTION MOTORS

Torque is the twisting, turning, or rotating force exerted either by a machine or an external object or vice versa, through an interconnecting shaft. 

For positive torque output, the frequency of the supplied stator current waveform is greater than the rotor frequency. For negative torque output, the frequency of the supplied stator current waveform is less than the rotor frequency.

Peak (breakdown) torque for an induction motor is typically the peak of the torque curve near synchronous speed.  Peak torque may be two to five times the continuous rating of a motor. [12] If the motor is running and load is applied, the motor slows, torque increases till breakdown is reached. Further rpm reduction causes a reduction of motor‑supplied torque. The motor rpm then reduces rapidly to zero and the motor stalls, (it "breaks down")

REGENERATIVE BRAKING

The overall efficiency can be greatly increased if the motor is used as a generator during breaking, supplying current back into the battery Thus, the inverter acts, in the reverse direction, as a battery charger. [5] 

CONCLUSION

· Pollution Legislation world-wide will require large scale production of electric vehicles.

· The need for longer range will make the hybrid electric vehicle necessary.

·  The hybrid electric vehicle will always be more expensive because of its twin system. 

· Reduced weight and increased efficiency requirements will make an AC drive preferred.

· The induction motor with vector control is the first choice at present. 

· Brushless DC motors using high-energy magnets offer a further substantial weight reduction.

· The 'dark horse' is the switched reluctance motor that may in future offer an intermediate capability between induction and permanent magnet motors.

· The versatility of the 'series' hybrid makes it the preferred choice.

· Generators for 'series' hybrids divide into two categories:

· Those driven at moderate engine speeds where wound-field alternators are generally used.
· High-speed generators where permanent magnet alternators are the best choice at present. 

Summary - Ch. 6
SPEED CONTROL METHODS

INTRODUCTION

An AC induction machine develops mechanical torque through the interaction of internal magnetic fields created by the supply of alternating current. [13] It can also generate electrical power when rotated mechanically, above the supply frequency. 

Torque control is the term given to the process of regulating the force exerted by the shaft, whereas speed control is the process of regulating the rotational speed of the shaft. 

Control of induction machines is achieved by regulating the frequency, amplitude, and phase of one or more of the machine quantities of voltage, current, and magnetic flux. High performance torque control is achieved only using some form of vector control, usually requiring feedback of the shaft angle. [13]  It is the controlled inverter drive and motor that together make up the AC inverter drive.

Traditionally, DC motors have been used in such variable-speed drive systems. The availability of solid-state controllers, although more complex that those for DC motors, has made it possible to use induction motors in variable-speed drive systems.

POLE CHANGING

The speed of an induction motor can be changed by changing the number of poles of the machine. This can be done by changing the coil connections of the stator winding. If two independent sets of poly-phase windings are used, arranged for pole changing, four synchronous speeds can be obtained for the induction motor. [5]  The speed can be changed only in discrete steps and the elaborate stator winding makes this method expensive.

LINE VOLTAGE CONTROL

The torque developed in an induction motor is proportional to the square of the terminal voltage. The speed can be varied over the range n1 to n3 by changing the line voltage. [5]  For this method of speed control the slip increases at lower speeds making the operation inefficient.

LINE FREQUENCY CONTROL

The motor speed can be varied by changing the frequency of the supply. To avoid high saturation in the magnetic system, the terminal voltage of the motor must be varied in proportion to the frequency. [5]  In this method of speed control, therefore, the operating slip is low and efficiency is high.

VECTOR CONTROL

In vector controlled drives the instantaneous electromagnetic torque of the machine is controlled in a similar way to that of a separately excited DC machine operated with a current-regulated armature supply. To obtain a technique of torque control in Induction Motor similar to that for the separately excited DC machine, decoupling the stator currents into a torque and flux producing component is necessary. [6]
When an induction machine is subjected to vector control, it will behave similarly to a separately excited DC machine in both the steady state and transient state. Thus the same type of control technique can be used as for the DC machine and the flux is kept at its maximum value. 

There are two main implementations of vector-control: 

· direct method - The flux-producing current component is determined by using direct flux measurement or by computations. 

· indirect method - a rotor position sensor is employed for the derivation of these quantities. 

SLIP CONTROL

In an Induction Motor, the difference between the stator frequency  and the rotor frequency is the slip frequency. For Torque Control the required torque in the form of +ve or -ve slip frequency is added to the current rotor frequency to generate the required stator frequency. If the slip frequency is kept constant, the torque varies as the square of the stator current. [5] 

For regenerative braking the sign of the slip frequency is negative. The induction motor will operate in the generating mode  and feel back the kinetic energy stored in the drive system to the DC supply.

Summary - Ch. 7
IMPLEMENTATION OF SLIP CONTROL

INTRODUCTION

In an Internal Combustion Vehicle, although the driver appears to directly control the vehicle's speed it is the torque that is controlled by the throttle and the road speed is only indirectly controlled. It is therefore logical that an Electric Vehicle should be controlled in a similar way in order to have a similar 'feel' to an Internal Combustion Vehicle. [13]
CONTROLLED SLIP FREQUENCY OPERATION

For efficient operation of an induction machine, operating it at a controlled rotor circuit (or slip) frequency is desirable. A high efficiency and high power factor are obtained if the slip frequency is maintained below the breakdown frequency, which is the rotor circuit frequency at which the maximum torque is developed. [5] The signal fn represents a frequency corresponding to the speed of the motor. To this a signal f2 representing the slip (or rotor circuit) frequency is added or subtracted. The resultant f1 represents the stator frequency:

f1 = fn + f2
Addition of f2 to fn will correspond to motoring action and subtraction of f2 from fn will correspond to regenerative braking action of the induction machine. At any speed of the motor the signal f2 will represent the rotor circuit frequency, that is, the slip frequency.

This method of control was chosen as most appropriate for control of an induction motor used to drive an Electric Vehicle.

FREQUENCY-LOCK LOOP TRACKS FREQUENCY WITH OFFSET

A little known circuit the  "frequency-lock loop" can be used to implement Slip Control in an Induction Motor.

A frequency-lock loop contains just three elements: a frequency-difference detector (FDD) that generates an error voltage proportional to the difference between the input and output fre​quencies; an integrator (INT) that ramps the error voltage; and a voltage-controlled oscillator (VCO). The VCO's output frequency varies with the integrator's output voltage. When the frequencies of the VCO and input match, the error voltage shrinks to zero.

Summary - Ch. 8
       OPERATION OF SLIP CONTROLLER CIRCUITS

MOTOR CONTROLLER BLOCK DIAGRAM (Appendix 2)
· The Rotor speed signal is derived from a pulse wheel attached to the drive shaft of the motor. This frequency (fr) is proportional to the rotational speed (Sr) of the rotor.

· In the frequency-lock loop this frequency (fr) is converted into a direct current voltage (Vr). 

· This voltage (Vr) has an offset voltage (Voff) added to it by the Torque Control unit. This offset voltage is positive for acceleration and negative for deceleration.

· The voltage with the offset added (Vs) is applied to a Voltage Controlled Oscillator (VCO) which sends a frequency (fs) to the three-phase generator. This frequency is the rotor frequency with the required amount of offset, positive or negative, added.

· This frequency then is converted to a three-phase signal and sent via the three-phase drive unit to the stator of the motor. 

Summary - Ch. 9

MATHEMATICAL ANALYSIS

SLIP CONTROL MODEL

A model is required which reflects transient (start up) and steady state operating conditions as well as acceleration /deceleration and variable loading conditions.
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Figure 20 Slip Controller Block Diagram
The system is a closed loop with the slip offset T(S) as external input. A Frequency Locked Loop tracking circuit is used to maintain the required slip (Torque) under all operating conditions. If no slip offset is applied the system is stable and maintains constant speed. If a +ve Load is applied then the speed of the rotor slows down and the system slowly coasts to a stop. If a -ve Load is applied then the speed of the rotor increases and the system accelerates.

The overall System Transfer Function is given by:

C(S)

 GC(S)G1(S)G2(S)
-----
=
------------------------






T(S)

1 + GC(S)G1(S)G2(S)

The Open Loop transfer function is given by :

            K
GH(S) = GC(S)G1(S)G2(S)
=    -----------------------------



      (1 + t1S)(1 + t2S)(1 + t3S)

The results of the mathematical analysis are shown in (Appendix 8)

Summary - Ch. 10
CONCLUSION

CONCLUSION

· Slip Control of Induction Motors is a viable solution for the control of induction motors in Electric Vehicles. 

· The circuits were built up and installed on a go-cart used as a test bed. The go-cart was adapted to fit the electric motor and three deep cycle lead acid batteries.

· The circuits all performed well and I was able to drive the go-cart up to about 15km/hr (forward and reverse.) The speed being limited by the maximum voltage available ( 36v nominal from the three deep cycle lead acid batteries used in the prototype. 
· The Prototype System works to my satisfaction and I am confident that a full sized (48 kW) unit can be built. (This 48 kW will be supplied a voltage of 360v DC nominal from ten deep cycle lead acid batteries.)
Summary - Ch. 11
OUTPUTS

PRODUCTS DEVELOPED 

A small, lightweight, efficient and cost-effective, Prototype Electronic Control System for the control a Standard, three-phase, Squirrel Cage Induction Motor of up to 5 kW consisting of: 
· Block Diagram. (Appendix 2)
· A Tachometer and Frequency Lock Loop with +positive and ‑ve frequency offset, for acceleration and dynamic regenerative breaking. (Appendix 3)
· The three-phase quasi sine wave generator that provides the signals necessary for the Power stage. (Appendix 4a)
· A Multiply and Divide stage enabling motors from 2 to 16 poles to be used. (Appendix 5)
· The Power Stage that provides the switching necessary to drive any standard three-phase squirrel cage induction motor up to 5 kW. (Appendix 6)
Other Products Developed during the Research:

· 12V  9 LED Battery Condition Monitor (Appendix 9)
· 12V 5A Switch Mode Battery Charger (Appendix 10)
· 12V 10A Switch Mode Battery Charger (Appendix 11)
· DC Controller for Golf Carts (Appendix 12)
· 12V  5 LED Battery Condition Monitor (Appendix 13)
Summary - Ch. 12
SUMMARY OF RESEARCH

SUMMARY

Various sizes and types of new, second hand and scrap AC and DC motors, alternators and generators were purchased and the features of each was investigated. Research notes and references on Electric Motors and Electric Cars were studied.

Several simple motor control circuits were built to enable the investigation of various control options for the different types of DC and AC, synchronous and induction motors. Various Battery Technologies were researched. A battery condition monitor was designed and built. (Appendix 9) Discussions were held on switch mode battery chargers and leading from this, a 5A switch mode battery charger was designed and built. (Appendix 10) 

Various electronic sub systems needed in the research were designed. An AC controller for EVs was the first hardware developed. The schematic diagram and PCB Layout were drawn and a PCB for the power stage was produced. (Appendix 6) The three-phase quasi sine wave logic circuit was built up on breadboard. (Appendix 15) The power stage circuits were tested.
A second hand go-cart was purchased to use as a test bed for the prototype. It was adapted to fit the Electric motor and the prototype was tested and performed well.

The Project took 80 Weeks at 10 Hours per week giving 800 Hours total.
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