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ABSRTACT 

Electronic systems and controls have gained wide acceptance in power technology;

consequently, it has become almost indispensable to know something about control power

electronics in motor AC system.

We can explain in simple terms the behavior of a large number of electronic power circuit,

including those most commonly used today.

As far as electronic devises are concerned, we will cover diodes and thyristors. They are

found in al~ electronic systems involve the conversion of AC power to DC power and vice
\

versa. We then go on to discuss the application of more recent devises such as gate tum-off

thyristors ( GTOs ), bipolar junction transistors ( BJTs ), metal oxide semiconductor field

effect transistors ( power MOSFETs), and insulated gate bipolar transistors ( IGBTs). Their

action on a circuit is basically no different from that of a thyristors and its associated

switching circuitry. In power electronics all these devises act basically as high-speed

swatches; so much so, that much of power electronics can be explained by the opening and

closing of circuit at precise instants of time. However, we should not conclude that circuits

containing these components and devises are simple they are not, but their behavior can be

understood without having an extensive background in semiconductor theory.

•
"
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INTRODUCTION 

The electronic controls of D.C enables use to obtain high efficiency at all torques and

speed. Full 4-quadrant control is possible to meet precise high-speed industrial

standards. We find that squirrel-cage and wound-rotor induction motor, as well as

Synchronous motors, lend themselves well to electronic control. Whereas de machines

are controlled by varying the voltage and current, AC machines are controlled by

varying the voltage and frequency. Now, we may ask, if de machines do such out

standingjob, why do we also use AC machines?

There are several reasons:

• AC machines have no commutators and brushes; consequently, they require less

maintenance.

• AC machines cost less (and weigh less) than DC machines.

• AC machines are more rugged and work better in hostile environment.

• AC machines can operate at much higher voltages: up to 25 kV. DC machines are

limited to about 1000 V.

• AC machines can be built in much larger size: up to 50 000 kW. DC machines are

limited to about 2000 kW.

• AC machine can run at speed up to 100 000 r/min, whereas large DC machine are

I irnited to about 2000 r/rnin.

•..
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CHAPTER! 

NOISELESS A.C. CONTROL 

1.1 Overview 

Controlling an a.c. induction motor by the technique of sine wave-weighted pulse-width

modulation (PWM) switching gives the benefits of smooth torque at low speeds, and

also complete speed control from zero up to the nominal rated speed of the motor, with

only small additional motor losses.

Traditional power switches such as thyristors need switching frequencies in the audible

range, typically between 400 and 1500Hz. In industrial environments, the small amount

of acoustic noise produced by the motor with this type of control can be regarded as

insignificant. By contrast, however, the same amount of noise in a domestic or office

application, such as speed control of a ventilation fan, might prove to be unacceptable.

Now, however, with the advent of power MOSFETs, three-phase PWM inverters

operating at ultrasonic frequencies can be designed. A three-phase motor usually makes

even less noise when being driven from such a system than when being run directly

from the mains because the PWM synthesis generates a purer sine wave than is

normally obtainable from the mains.

•
The carrier frequency is generally about 20 kHz and so it is far removed from the

modulation frequency, which is typically less than 50Hz, making it economic to use a

low-pass filter between the inverter and the motor. By removing the carrier frequency

and its sidebands and harmonics, the waveform ,delivered via the motor leads can be

made almost perfectly sinusoidal. RFI radiated by the motor leads, or conducted by the

winding-to-frame capacitance of the motor, is therefore almost entirely eliminated.

Furthermore, because of the high carrier frequency, it is possible to drive motors which

are designed for frequencies higher than the mains, such as 400Hz aircraft motors.

This section describes a three-phase a.c. motor control system which is powered from

the single-phase a.c. mains. It is capable of controlling a motor with up to !kW of shaft

1



output power. Before details are given, the general principles of PWM motor control are

outlined.

1.2 Principles of Pulse-Width Modulation 

Pulse-width modulation (PWM) is the technique of using switching devices to produce

the effect of a continuously varying analogue signal; this PWM conversion generally

has very high electrical efficiency. In controlling either a three-phase synchronous

motor or a three-phase induction motor it is desirable to create three perfectly sinusoidal

current waveforms in the motor windings, with relative phase displacements of 120°.

The production of sine wave power via a linear amplifier system would have low

efficiency, at best 64%. If instead of the linear circuitry, fast electronic switching

devices are used, and then the efficiency can be greater than 95%, depending on the

characteristics of the semiconductor power switch.

"J/2 I +

z
••

V/2 I+ •
•

Figure 1.1 Half-bridge switching circuit
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Figurel.2 Waveforms in PWM inverter

(a) Un modulated carrier

(b) Modulated carrier

(c) Current in inductive load

The half-bridge switching circuit in Fig.1.1 is given as an example: the switches

"can be any suitable switching semiconductors. If these two switches are turned on

alternately for equal times, then the voltage waveform across the load is as shown in

Fig. l .2a. The mean value of this waveform, averaged over one switching cycle is O.

This square wave with a constant 50% duty ratio is known as the 'carrier' frequency.

The waveform in Fig. l.2b shows the effect of a slow variation or 'modulation' of the
"'duty ratio; the mean voltage varies with the duty ratio. The waveform of the resultant-load current depends on the impedance of the load Z. If Z is mainly resistive, then the

•
• waveform of the current will closely follow that of the modulated square wave. If,

however, Z is largely inductive, as with a motor winding or a filter choke, then the

switching square wave will be integrated by the inductor. The result is a load current

waveform that depends mainly on the modulation of the duty ratio.

If the duty ratio is varied sinusoid ally in time, then the current in an inductive load has

the form of a sine wave at the modulation frequency, lagging in phase, and carrying

ripple at the switching frequency as shown in Fig.1.2c. The amplitude of the current can
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be adjusted by controlling the depth of modulation, that is, the deviation of the duty

ratio from 50%. For example, a sine wave PWM signal which varies from5%to 95%,

giving 90%modulation, will produce a current nine times greater than that produced by

a signal which varies only from 45% to 55%, giving only 10% modulation.

For three-phase a.c. motor control, three such waveforms are required, necessitating

three pairs of switches like those shown in Fig. 1. 1, connected in a three-phase bridge.

The inductance required to integrate the waveform can usually be provided by the

inductance of the stator windings of the motor, although in some instances it might be

provided by the inductance of a separate low-pass filter. The modulations in the three

switching waveforms must be maintained at a constant relative phase difference of

120°, so as to maintain motor current sine waves which are them selves at a constant

120° phase difference. The modulation depth must be varied with the modulation

frequency so as to keep the magnetic flux in the motor at approximately the design

level.

In practice, the frequency of the modulation is usually between zero and 50Hz. The

switching frequency depends on the type of power device that is to be used: until

recently, the only devices available were power thyristors or the relatively slow bipolar

transistors, and therefore the switching frequency was limited to a maximum of about 1

kHz. With thyristors, this frequency limit was set by the need to provide forced

commutation of the thyristors by an external commutation circuit using an additional

thyristors, a diode, a capacitor, and an inductor, in a process that takes at least 40~s.

With transistors, the switching frequency was limited by their switching frequency and
••

their long storage times.
•

•
• In this earlier type of control circuit, therefore, the ratio of carrier frequency to

modulation frequency was only about 20: 1. Under these conditions the exact duty-ratios

and carrier frequencies had to be selected so as to avoid all sub-harmonic torques, that

is, torque components at frequencies lower than the modulation frequency.

This was done by synchronizing the carrier to a selected multiple of the fundamental

frequency; the HEF4752V, an excellent IC purpose-designed for a.c. motor control,

uses this particular approach.

4



The 1 kHz technique is still extremely useful for control of large motors because

whenever shaft output powers of more than a few kW are required, three-phase mains

input must be used, and there are, as yet, few available switching devices with

combined high voltage rating, current rating, and switching speed. However, using

MOSFETs with switching times of much less than 1 Os, the carrier frequency can be

raised to the ultrasonic region, that is, to 20kHz or more. There are obvious system

benefits with this higher frequency, but there are also several aspects of PWM

waveform generation that become easier. It is possible to use a fixed carrier frequency

because the sub-harmonics that are produced as a result of the non-synchronization of

the carrier frequency with a multiple of the fundamental are insignificant when the ratio

of the carrier frequency to the fundamental frequency is typically about 400: 1. Fig.3

20kHz AC motor controller

MAINS RECTIFIER
lPHA~ ~ L0WPA$ St, ~

':] AAO
INVERTER Fil TER 

240V SMOOTHING CURRENT 3-Pl!ASE 
rııaını SENSE ~ l .ivm_ * ,010,

N * 6 T 

ISOLATED 4 GATE-DRIVE SUFFERS I •?OWER AND
SUPPLIES SIGNAL ISOLATION

••

•I LOW VOLTAGE H •
WAVEFORM lliEH• I POWER GENE RATION CôNfROLS

SUPPLIES

Figure 1.3 20 kHz AC motor controller

To maintain good waveform balance, and thus avoid any D.C. in the motor, and

therefore also avoid parasitic torques, A digital waveform generation technique is

appropriate. The waveform can be stored as a 'look-up' table of numbers representing
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the sine wave. To generate the three phases, this table can be read at three points that

have the correct 120° phase relationship. The numbers taken from the table represent

the duty ratios corresponding to 100% modulation: these numbers can then be scaled

down by multiplication or some equivalent technique to give the correct duty-ratio

numbers for the modulation depth required.

The speed of the motor is controlled by the rate at which the reading pointers scan the

look-up table and this can be as slow as desired. If the pointers are stationary, then the

system will be 'frozen' at a particular point on the three-phase sine wave waveform,

giving the possibility of obtaining static torque from a synchronous motor at zero speed.

The rate at which the numbers are produced by this read-out process from the look-up

table is constant and determines the carrier frequency. To convert these three

simultaneous parallel digital numbers into time lengths for pulses, three digital counters

are needed. The counters can be designed to give double-edged modulation, such that

both the leading edge and the trailing edge of each pulse move with respect to the un

modulated carrier.

The line-to-line voltage across the load will have most of its ripple at a frequency of

twice the switching frequency, and will have a spectrum with minimum even harmonics

and no significant component below twice the switching frequency. Motor ripple

current is therefore low and motor losses are reduced.

There is a further advantage to be obtained from the high ratio of carrier to modulation

frequency: by adding a small amount of modulation at the third harmonic frequency of
••

the basic fundamental modulation frequency, the maximum line-to-line output voltage.
obtainable from the inverter can be increased, for the following reason. The effect of the•.•

.• third harmonic on the output voltage of each phase is to flatten the top of the waveform,

thus allowing a higher amplitude of fundamental while still reaching a peak modulation

of 100%. When the difference voltage between any two phases is measured, the third

harmonic terms cancel, leaving a pure sine wave at the fundamental frequency. This

allows the inverter output to deliver the same voltage as the mains input without any

significant distortion, and thus to reduce insertion losses to virtually zero.

6



1.3 Practical system 

The principles outlined above are applied to a typical system shown in Fig.1.3. The

incoming a.c. mains is rectified and smoothed to produce about 300V and this is fed to

the three-phase inverter via a current-sensing circuit. The inverter chops the D.C. to

give 300V peak-to-peak PWM waves at 20 kHz, each having low-frequency modulation

of its mark-space ratio. The output of the inverter is filtered to remove the 20 kHz

carrier frequency, and the resultant sine waves are fed to the a.c. motor.

lr
directiı:wı

~WO I
~UnERır I VOLIACE- I .rut

STOP I H . CONTROLLEDt OSCl~LATOR 

AEVI o tr-
v, HPROFILE . DEDICATED pulıe

AID 8 MICRO . 24 LOGIC output:
t:::. . CO,IVERTER ~ PA0CE5S0R ~ ICOUNTIRS, ~ ~ . toETC.I . ın,ener

stop

run

trip
•• 'rom

turrent--
•........ ~~......-~~~~~~.....c ı~nse

circu.it

Figure 1.4 Waveform generator circuit

The six switches in the inverter are under the command of a waveform-generation

circuit which determines the conduction time of each switch. Because the control

terminals of the six switches are not at the same potential, the outputs of the waveform­

generation circuits must be isolated and buffered. A low-voltage power supply feeds the
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signal processing circuit, and a further low-voltage power supply drives a switch-mode

isolating stage to provide floating power supplies to the gate drive circuits.

1.4 Signal processing 

Fig.1.4 shows a block diagram of the circuit which generates the PWM control signals

for the inverter. The input to the system is a speed-demand voltage and this is also used

for setting the required direction of rotation: the analogue speed signal is then separated

from the digital direction signal. The speed-demand voltage sets the frequency of the

voltage-controlled oscillator (VCO). Information to determine the modulation depth is

derived from the speed-control signal by a simple non-linear circuit and is then

converted by an analogue-to-digital converter into an 8-bit parallel digital signal.

The output signals of the microcomputer are in the form of three 8-bit parallel numbers:

each representing the duty-ratio for the next 50µs switching cycle for one pair of

inverter switches, on a scale which represents 0% to 100% on-time for the upper switch

and therefore also 100% to 0% on-time for the complementary lower switch.

A dedicated logic circuit applies these three numbers from the microcomputer to digital

counters and converts each number to a pair of pulse-widths. The two signals produced

for each phase are complementary except for a small 'under lap' delay. This delay is

necessary to ensure that the switch being turned off recovers its blocking voltage before

its partner is turned on, thus preventing 'shoot-through'. •

•
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Figure 1.5 DC link, low voltage and floating power supplies

Other inputs to the microcomputer are the on/off switches, the motor direction logic

signal, and the current-sensing signal. Each input triggers a processor interrupt, causing
Q

the appropriate action to be taken. The STOP switch and the over current sense signals

have the same effect, that or causing the microcomputer to instruct all six power

switches in the inverter to turn off. The RUN·switch causes the microcomputer to start

producing output pulses. Any change in the direction signal first stops the

microcomputer which then determines the new direction of rotation and adjusts its

output phase rotation accordingly.
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1.5 D.C. link and power supplies 

The D.C. link and the low-voltage power supplies for the system are shown in Fig.1.5.

The high voltage D.C. supply for the inverter is derived from a mains-fed bridge

rectifier with a smoothing capacitor; the capacitor conducts both the 1 OOHzripple from

the rectified single-phase mains, and also the inverter switching ripple. A resistor, or

alternatively a thermistor, limits the peak current in the rectifier while the capacitor is

being charged initially. This resistor is shorted out by a relay after a time delay, so that

the resistor does not dissipate power while the motor is running. As a safety measure, a

second resistor discharges the D.C. link capacitor when the mains current is removed.

One of the D.C. link lines carries low-value resistor to sense the D.C. link current. A

simple opto-isolation circuit transmits a D.C. link current overload signal back to the

signal processing circuit.

The logic circuitry of the waveform generator is powered conventionally by a 50Hz

mains transformer, bridge rectifier, and smoothing capacitor. The transformer has two

secondary windings; the second one provides power to a switched-mode power supply

(SMPS), in which there is a switching transistor driven at about 60 kHz to switch power

through isolating transformers. Rectifying the a.c. outputs from the isolating

transformers provides floating power supplies for the inverter gate drive circuits. As

will be seen below, one supply is needed for the three 'lower' power switches

(connected to a common D.C. link negative line), but three separate power supplies-are

needed for the three 'upper' switches (connected to the three inverter outputs).
"

Thus four isolating transformers are required for the gate supply circuits. For low power
•

systems the gate supplies can be derived directly from the d.c. link without excessive

loss. To prevent spurious tum-on of any inverter switch during the start-up process, the

floating power supply to the lower three gate-drive circuits is connected only after a

delay. The same delay is used for this as is used for the D.C. link charging-resistor

bypass switch.
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Figure 1.6 Signal isolation, gate drive, inverter and filter (one phase of three) •

1.6 Signal isolation, gate drive, and inverter 

.•

•
The most important part of the system is the power inverter and it is the use of

MOSFETs, with their short switching times, which makes it possible for the inverter to

switch at 20 kHz. It is in the area of the drive circuits to the power switches that using

MOSFETs gives a saving in the number of components needed. Driving MOSFETs is

relatively easy: the total power needed is very small because all that must be provided is

the capability to charge and discharge
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