Chapter 3

Speed control of a'n‘ln_d‘utction motor

3.1 INTRODUCTION:

Abart from the nonlinear characteristics of the induction motor, there are
various issues attached to the driving of the motor. Let us look at them one by-one.
Earlier motors tended to be over designed to drwe a specnﬁc load over its entire
range. This resulted in a highly inefficient driving system, as a significant part of the
input power was not domg any useful work. Most of the time, the generated motor
torque was more than the required load torque.

For the induction motor, the steady state motoring region is restricted from 80% of
the rated speed o 100% of the rated speed due to the fixed supply frequency and
the number of poles. When an induction motor starts, it will draw very hlgh inrush
current due to the absence of the back EMF at start, ‘This results in higher power loss
. in the transmission line ard also in the rotor, which wﬂl eventually heat up and may’
fail due to insulation fa:lure "The high inrush current' may cause the voltage to dip'in
the supply line, which may affect the performance of other utility equipment
connected on the same supp!y line. When the motor IS operated at a minimum load
(i.e., open shaft), the current drawn by the motor is primarily the magnetlzmg
current and is almost purely inductive. As a result, the PEis very low, typically as low
as 0.1. When the Ioad is increased, the working  current begms to rise.! The
magnetizing current remams almost constant over the entire operatmg range, frem
no load to full load. Hence with the increase in the !oad the PF will improve. When
the motor operates at a PF less than unity, the’ current drawn 'by the motor is not
sinusoidal in nature. This condmon degrades the power qualxty of the supply line and
may affect performances of other utslcty equipment connected on the same line. The
PF is very important as many dnstnbution companies have started imposing penalties
on the customer drawing power at a value less than the set limit of the PF. This -
means the- customer is forced to. maintain the ful! Ioad condition for the entire
operating time or else pay> penaltles for the light load condmon ‘While operating, it is
often necessary to stop the motor quuckly and also reverse it. In applications like
cranes or hoists, the torque of the drive motor may have to be controlled so that the
load does not have any iundesrrab!e acceleration (eg, in the case of lowering of
. loads under the mﬂuence of gravrty) The speed “and accuracy of stopping or
' reversing operations ;mprove the productivity of the system and the quality of the
product. For the prewously mentloned apphcatlons, braking: is required. Earller
mechanical brakes were m use.- The frictional force between the rotating parts and
the brake drums provrded the: requxred braking: However this type of braking is
highly inefficient. The he; ;generated while braking® represents loss of energy. Also, -
mechanical brakes require| regular maintenance.

In many apphcatrons the input power is a function of the speed like fan,
blower, pump and so on! In these types of loads, the’ ‘torque is proportional to the
square of the speed and the power is propomonal to the cube of speed Variable
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speed, depending upon the load requirement, provides significant energy saving. A
reduction of 20% in the operating speed of the motor from its rated speed will result
in an almost 50% reduction in the input power to the motor. This is not possible in a
system where the motor is directly connected to the supply line. In many flow
control applications, a mechanical throttling device is used to limit the flow.
Although this is an effective means of control, it wastes energy because of the high
losses and reduces the life of the motor valve due to generated heat.

When the supply line is delivering the power at a PF less than. unity, the
motor draws current rich in harmonics. This results in higher rotor loss affecting the
motor life. The torque generated by the motor will be pulsating in nature due to
harmonics. At high, speed the pulsating torque frequency is large enough to be
filtered out by motor nmpedance But at low speed, the pulsating torque results in
the motor speed pulsation. This results in jerky motion and affects the bearings life.
The supply line may experience a surge or sag due to the operation of other
equipment on the same line. If the motor is not protected from such: conditions, it
will be subjected to higher stress than designed for, WhICh ultimately may lead to its
premature failure.

All of the previously mentioned problems, faced by both consumers and the

. industry, strongly advocated the need for an intelligent motor control. With the 4 ’

. advancement of solid state device technology (BT, MOSFET, IGBT, SCR, etc.) and IC
fabrication technology, which gave rise to' high-speed microcontrollers capable of
executing real-time complex algorithm to give excellent dynamic performance of the
AC induction motor, the electrical Variable Frequency Drive became popular.

The speed of an induction motor is given by .

120 f

N=-5=(1-5) 31

From above equation, it is clear that we can change the speed of the motor by either
changing frequency of the supply voltage, number of poles of the" winding, or slip of .
the motor.

The methods of changing the speed of an indu_ctioh motor can be divided in
to two parts. (1) Control from stator side (1-a) jChahging supply voltage, (1-b)
changing frequency of supply voltage (1-c) chénging riumber of poles of the stator
wmdmg (2) control from rotor sndes {2-a) changmg resistance in rotor winding, (2 -b)
mjectmg emf in rotor circuit. ‘

The methods of contromng speed from stator sides are apphcabie to both the
motors viz, shp ring motor and squ:rrel cage motor, where as methods of controlling
speed from rotor side are. apphcable to only slip: rmg motor

Stator Voltage Control of an Induction Motor ;5 ;used’generaﬂy for three
purposes (a) to control the speed of the motor (b} to’ control the starting and
braking behaviour of the motor (¢} to maintain opti‘mum efficiency in the motor
when the motor load varies over a large range. It is simple in hardware and reliable
compared to the more complex Variable Frequency Drives as far as speed control
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application is concerned. However, it turns out to be a somewhat dissipative method
of speed control and results in lowered efficiency and rotor overheating.
Fundamental aspects of Stator Voltage Control aimed at the above three objectives
is covered in this lecture.

3.2 STATOR VOLTAGE CONTROL FOR SPEED CONTROL OF
INDUCTION MOTOR:

With fixed frequency and variable magnitude pure sine wave source the
torque at any particular slip is proportional to square of Voltage in an Induction
Motor. Fig. 3.1 below shows the Torque-Speed curves of 3-phase, 5 HP, 4-pole, 415
V, 50 Hz Induction Motor at various sinusoidal voltages. Also included is the torque-
speed curve of a typical fan load. Note that the torque-speed curves of the
induction Motor clearly indicate that it is a motor designed for a large running slip.
Otherwise the curves would have been steeper than this around full load rated
speed. it can be clearly seen that the speed of the fan can be varied more or less
uniformly in the range of 90% to 40% of synchronoué speed of the motor by varying
the voltage between 100% and 40%. :
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Fig. 3.1 Torque speed curve of fan motor for various voltages.

Had the torque-speed curves of the Induction Motor been steep around
synchronous speed (as it is in the case of a well designed Squirre! cage Motor with a
running slip in the range of 2% to 5%) the possible speed range in the case of a fan
load with voltage control would have been lower than this. The motor will pull out at
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around 55% voltage or so. Moreover, even the available speed variation will be
highly non-uniform with the voltage variation. Hence it is necessary that an induction
Motor intended for speed control applications using stator voltage control has to be
designed with a higher running slip and hence lower full load efficiency. {Because
higher full-load slip implies higher rotor resistance). Such motors are usually
desighed with a full load slip value of 12%. Obviously their rotor must be of special
design in order to withstand the higher rotor losses-developed in the rotor.

The range of speed control available by voltage control is a strong function of
nature of load torque variation with load. With a constant torque load, the available
speed range is more limited than in the case of a fan load and the motor pulls out at
voltage levels closer to 100%. Thus fan loads which have low starting torque
demand, pump loads with little or no static head.component in the system curve,
blower loads with small starting torque demand etc. are the loads suitable for speed
control by voltage variation.

~ 3.2.1 VARIATION OF STATOR CURRENT AND EFFICIENCY IN STATOR
VOLTAGE CONTROL '

" For simplicity the analysis to follow will neglect the magnetising current of the
machine. Though the magnetising current can be as much as 50% of full load current
at rated voltage, it comes down rapidly with voltage and hence the above
assumption is reasonable.

Assuming sinusoidal quantities, the average torque produced by the stator
field reacting with rotor current is given by the following proportionality:

I2+R
T oc—z-;-ﬁ (3.2)

where T,, is the motor torque, R, the rotor resistance, I, the rotor current
and s is the slip.
Neglecting the magnetising current and core loss current the stator current is
proportional to rotor current. If the load torque is related to the square of motor
speed as is approximately true for a fan load, then

(- (33)

where T is the load torque.
At steady state the motor torque and load torque will be equal. This results in the
following proportionality for stator current.

S SIS
T

0 (3.4)



22

This function has a maximum at s = 1/3 {for fix value of rotor resistance differentiate
numerator and equate to zero). :

Thus for a true fan type load stator voltage control will result in a maximum current
at 66.7% of synchronous speed. '

The ratio of this maximum current at s = 0.33 to the rated full load current of
the motor will vary sharply with the rated full load slip. The ratio is 1.75 if full load
slip is 0.05 and it is 1.25 if the full load slip is 0.12.This implies that the maximum.
rotor copper loss {and stator Copper loss) in the machine will take place when the
voltage applied is such that the fan load runs with a slip of 0.33 and that this
maximum loss will be closer {but higher} to the rated full load copper loss if the rated
slip of the machine is higher than normal {i.e. around 5%)}. Usually the motors for this
service are designed with a full load slip of 0.12 and hence their current can go up to

25% higher than rated value as the speed of a fan load is varied by varying voltage.

’ Similarly their copper losses can go to 50% more than the full load copper loss
under a variable voltage-fan load context. Thus we need an inherently inefficient
machine to start with and the machine operation gets more and more inefficient at
lower speeds. Hence this kind of speed control is used only on fan type loads and
when only about 60% to 100% speed range is neéded. Even then a motor with high
rotor resistance (i.e. with a running slip of about 12%) should be used. Ordinary
Squirrel Cage motors will suffer from rotor over heating on stator voltage control
and should not be used for such service. Substituting s = 1/3 in equation (3.4) we
have maximum current equation as

(1-1/DJ1/3 -
Iy o6 22V LY 3.4
N

And rated current as

(1~ sp)Vsg
JRs

Taking ration of maximum rotor copper loss to rated copper loss, we have

Ip < (3.5)

- 4
Maximum rotor copper loss _ 77
Rated copper loss T osp(1— S5g)?

—(36)

Variation of maximum rotor copper loss with rated slip is shown in fig. 3.2
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Fig. 3.2 Variation of ratio of maximum cu losses to rated
cu loss for Induction motor fan type load

3.2.2 THYRISTOR BASED STATOR VOLTAGE CONTROLLER -

The stator voltage is controlled in these speed control systems by means of a
power electronic controller. Normally thyristors in phase control mode are used.
Various connection schemes exist. However detailed investigations into various
connections had established in early eighties that the six thyristor-unconnected
neutral scheme is the best in terms of minimum rim.s current requirement and
harmonic injection. Here two thyristors in anti parallel are connected between the
line and motor in a phase as shown in fig. 3.3. Typical wave form of voltage and
current for this method is shown in fig. 3.4. If the motor is star connected the neutral
is left unconnected. This scheme was proved to take only 8% more r.m.s current
{due to harmonics and converter induced reactive power requirement) than a pure
sine wave source at the maximum current slip value of s = 0.33. All other possible
_ thyristor connections take more than this. Hence this 6-thyristor scheme is almost
invariably used to control the applied voltage to Induction Motors in speed control
schemes. The control is exercised by changing the firing angle alpha of thyristors.
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Fig.3.4 Wave form of voltage and current with thyristor voltage control.

~ The thyristor controller brings in two more sources of power loss. Power [oss
takes place in the power devices in the controller. In addition, harmonic losses take
place in the motor due to harmonic currents flowing in the winding due to phase
control. These two additional loss components will make this speed controller
further inefficient. Also over heating of the motor on harmonic losses is another
possibility, Harmonic currents can result in cogging/crawling etc. especially when
attempts are made to run the motor at very low speeds. In spite of all these
problems these speed controllers are popular; especially for fan loads with limited
speed variation, due to their simplicity and reliability.

3.2.3 STARTING/STOPPING CONTROL BY STATOR VOLTAGE CONTROL

The commercially available Starting Torque Controllers {STC), Soft Starters etc.
make use -of stator voltage contro! using the 6-thyristor scheme to control the
starting/stopping behaviour of the motors. They behave like a continuously variable
autotransformer during starting. After starting, the thyristors are shorted by
contactors to avoid device losses and full voltage is directly applied to the motor.
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3.2.4 STATOR VOLTAGE 'CONTROL ., FOR OPTIMUM EFFICIENCY
" OPERATION OF MOTOR

induction Motors are highly efficient at rated load and have efficiencies in the
range 85%-95%. Motor losses consist of three main components: {1) Friction and
Windage Losses {2) Iron Losses (3) Copper Losses. Friction and Windage Losses are
insensitive to load changes, as speed is essentially constant.

iron losses consist of hysteresis losses and eddy current losses. At constant.
frequency, hysteresis loss is proportional. to B1® ,énd the eddy current loss is
proportional to B?, where B is the maximum flux density in the air gap. The
~ maximum flux densxty remains constant if the applxed voltage is kept constant. Thus
as load is decreased, voltage remammg constant, the iron loss constitutes a greater
percentage of the output. This results in poor efﬁaency at part loads.

Part load efficiency can be lmproved by reducmg the apphed voltage to the
motor. The motor has to be a standard squirrel cage motor optimised for full load
running. In the case of such a motor the running slip will be around 0.04 and hence
its torque-slip curve will be steep around zero slip. When the applied voltage is
reduced, the load torque intersects the motor curve at a new point on the new
torque-slip curve. However due to'the steepness of T-s curves, the speed of machine
- will not vary much though it will decrease a little. Hence as a first approximation it

may be assumed that the motor spéed does not change when voltage across an
under loaded motor is varied. If the speed does nfot change the load torque and
mechanical power output will not change. And since .voltage has come down the
motor will draw an increased active current component to. supply the same output.
The reactive current component is predominantly magnetlsmg in nature and it will
come down since applied voltage has come down. The total stator current which is
constituted by active and reactive components can. mcrease or decrease dependmg
on the amount of voltage reductlon Thus when the. voltage across an under loaded
motor is gradually reduced its stator current decreases first, reaches a minimum at a
particular voltage and increases with further reductlon in voltage. The value of
‘minimum current will depend on the. exact load on the motor.
_ " Coming to the loss variations,: w:th reduction in voltage the iron loss comes
down. And initially the currents and:hence copper losses also come down. When the
voltage is reduced to sufficiently low level, the consequent increase in copper losses
will at some point.turn the total losses away from lts decreasing trend i.e. there will
be.one particular voltage at which the total losses in-the motor will be a minimum.
This voltage value will not coincide thh the voltage value at which the current is a
minimum at the.same loading level ‘but they will be close
With the assumption that the speed of the motor does not vary with reduction
in voltage the minimum current pom’c will coincide with maximum power factor (or
minimum phase angle} condition. Sxmllarly the minimum loss point (i.e. maximum
efficiency point} will coincide wltli"minfmum powef“input point. Minimum current
point does not correspond to maximum efficiency pomt as already mentioned; but
they are close. But if the small variation in motor speed and consequent changes in
- output power are also considered; the optimum voltage point for a particular load
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condition in the four cases i.e. the mmlmum current point, the minimum power

* factor angle point, the minimum power mput point and the minimum loss {(maximum
efficiency) point, will be different. The minimum loss point is difficult to monitor
electronically; though that is what we want to.do. However, the other three
conditions can be monitored electronically by sensing motor voltage and current and
using some form of a minimum search algorithm implemented either digitally or in

-analog circuits. Of course, the loss reduction achieved will be less than optimal.
Minimum power condition is the closest to maximum efficiency condition followed
closely by current minimum condition. it is easier to process the current minimum
search and hence it is cutrent minimum search that is employed in most of the Smart
Motor Controllers available in the market. Lo '

The six-thyristor scheme is used in all these SMCs. The SMCs also take care of
the control of starting and stopping of the motor also. Essentially, they start up the
motor and ‘apply full voltage first, Then, the current is sampled. A search routine is
initiated. The voltage is decreased slightly and the change i in current is noted. If the
current decreases the voltage is further reduced in steps till the current shows a
tendency to turn back i.e. to increase. If, in the first voltage reduction step the
current increased, then the voltage is taken up in,steps till the current reaches a
minimum. This procedure is repeated in a periodic ‘manner to fine-tune the applied
voltage against load variations. :

3.2.5 BASIC PRINCIPLES OF VOLTAGE CONTROL

Fig. 3.5 Simplified Apprommate equavalent circuit of
an Induction Motor referred to stator

The basic princip!e}s-v of voltage control can be obtained readily from the
conventional induction motor equivalent circuit shown in- Figure 3.5 and the
- associated constant voltage speed-torque curves illustrated in Figure 3.6. The torque
‘produced by the machine: is equal to the power transferred across the air gap’
divided by synchronous speed :
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3 [I2«R
T=——*P(Z* 2)______(3.7)

2 sxf

where P = number of poles, s is the per unit slip, f is line frequency and I, R, are
the rotor rms current and rotor resistance respectively. Approximately this equation
can be written as

3 V2« R,
T = 17 (3.8)

ws * $ '\ ,
: (R1+E§2-) +.(X; + X3)?

The peak torque points on the curves in Figure 3.7 occur when maximum
power is transferred across the air gap and are easily shown to take place at a
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Fig.3.6 Torque slips Curves for standard and high slip Induction Motor.

Slip
' s, =+ R (3.9)
T TR R F (X + XD '

Substituting equation (3.9) into equation (3.8) gives the equation of maximum
torgue as

T, =— ( Ve ) (3.10)
T 2rws\R, +J(RZ + (X, + X1)?) o

where X; and X, are the stator and rotor leakage reactance. From these results and
the equivalent circuit, the following principles of voltage control are evident.

{1) For any fixed slip or speed, the current varies directly with voltage and the
torque and power with voltage squared.

{2} As a result of (1) the torque-speed curve for a reduced voitage maintains its
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shape exactly but has reduced torque at all speeds, see Figure 3.6.

{3) For a given load characteristic, a reduction in voltage will produce an increase in
slip (from A to A’ for the conventional machine in Figure 3.6, , :

{4) A high-slip machine has relatively higher rotor resistance and results in a larger
speed change for a given voltage reduction and load characteristic. (compare A to A’
with B to B' in Figure 3.6).

{5) At small values of torque, the slip is small and the major power !oss is the core
loss inR,. Reducing the voitage will reduce the core loss at the expense of higher slip
and increased rotor and stator loss. Thus there’is an optimal slip which maximizes
the efficiency and varying the voltage can maintain high efficiency even at low
torque loads. :

It has been shown that a very accurate fundamental component model for a voltage
converter comprised of inverse parallel thyristors {or Triacs} is a series reactance
given by [19]:

Xoq = %' * FO)____(3.12)
where
Xo * X
Xg o=y + ___q_____g__ and x4, %", X, (3.12)
Xo “+ X 2

are the induction motor stator leakage, rotor leakage and magnetizing reactance
respectively and y is the thyristor hold-off angle identified in Figure 3.4 and

f@) = (3) ( #siny) (313
1- —-(y +siny)

)
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Fig. 3.7 Torque Slip Curves for changing in hold off anglé Y

This reactance can be added in series with the motor equivalent circuit to model a
voltage-controlled system. For typical -machines the accuracy is well within
acceptable limits although the approximation is better in larger machines and for
smaller values of (¥) . In most cases of interest, the error.is quite small. However,
the harmonic pow.er‘loss'es and torque ripple produced by the current harmonics
implied in Figure 3.4 are entirely neglected. A plot of typical torque versus speed
characteristics as a function of (y) is shown in Figure 3.7 for a squirrel cage induction
machine [20]. : ‘ '

* 3.3 CHANGING FREQUENCY OF SUPPLY VOLTAGE

Synchronous speed and, therefore, the motor speed can be controlled by
varying supply frequency. The supply voltage to motor.is sinusoidal then it’s RMS

value is given by equation
V=444 of Ty (3.14)
Where

@ = Flux bgr pole wb, f :frjequeﬁcy of supply voltage, Tpg A
" = No.of turns phase ‘

Hence if magnitude of supply \}oltage is constant product of flux and
' frequency is constant. For the purpose of changing speed if we decrease the
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frequency, without a change in the magnitude of voltage, causes an increase in the
air-gap flux. Induction motors are designed to operate at the knee point of the
magnetization characteristic to make full use of the magnetic material. Therefore,
the increase in flux will saturate the magnetic circuit of the motor. This will increase
the magnetizing current, distort the line current and voltage, increase the core loss

~and the stator copper loss, and produce a undesirable noise. Similarly increase in
supply frequency will decrease the magnitude of flux and hence reduces the torque
capability of the motor. Therefore, the variable frequency control below the rated
frequency is generally carried -out at rated air gap flux by varying terminal voltage
with frequency so as to maintain (V/f} ratio constant at the rated value.

Now substituting value of stator and rotor leakage reactance in terms of
inductances in equation (3.10) we have '

or

174 2
Ty = | — - (7) — |__(3.15)
—‘%— + (%)2 + 472 (Lg + L)? ‘

3P |
Where K is a constant = '8;.7?“'”(3'16)
and Ls and L are, respectively, the stator and stator referred rotor inductances.
Positive sign is for motoring operation where as negative sign is for braking
operation.

When frequency is large such that
R
-}; &L 2n(Le + Ly)__(3.17)

Then from equation (3.1)

(y)

e e A A—
Tm=% 2rn(Ls + L)

_(3.18)

"Equation (3:4) suggests that with a constant (V/f) ratio, motor develops a
constant maximum torque, except at low speeds (or frequencies). Motor therefore
operates in constant torque mode. According to Equation (3.1), for low frequencies
(or low speeds) due to stator resistance voltage ‘drop [i.é.v when (RJ/f) is not
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operates in constant torque mode. According to Equat'ion (3.1}, for low frequencies
(or low speeds) due to stator resistance voltage drop [i.e. when (Ry/f) is not
negligible compared to 2n(L; + L) ] the maximum torgue will have lower value in
motoring (+ve sign) and large value in braking operation (-ve sign}. This behaviour is
due to reduction in flux during motoring operation and increase in flux during
braking operation. When it is require to maintain the same maximum torque at low
speeds during motoring operation it is necessary to increase (V/f) at low frequencies.
This causes further increase in maximum braking torque and considerable saturation
of the machine in braking operation.

When voltage reaches rated value corresponding to base speed, it cannot be
increased with frequency. Therefore, above base speed, frequency is changed with
voltage maintained constant. According to equation (3.18), with voltage maintained
constant, maximum torque decreases wyi‘th increase in frequency.

The variation of voltage and torque with speed is shown in fig. 3.8 and Torque speed
~ curve for (V/f) is shown in fig. 3.9
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Fig. 3.8 Variation of torque and voltage with speed for V/F control method
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A given torque is obtained with a lower current when the operation at any
frequency is restricted between the synchronous speed and the maximum torque
point, both for motoring and braking operations. Therefore, the motor operation for
each frequency is restricted between the synchronous speed‘and the maximum
torque point as shown by solid lines in fig. 3.9

The variable frequency control provides good running and transient performance
because of the following features:

(i) Speed control and braking operation are available from zero speed to
above base speed.

(ii) During transients (starting, braking and speed reversal) theloperation can
be carried out at the maximum torque with reduced current giving good
dynamic response.

(i)  Copper losses are low, and efficiency and power factor are high as the -

operation is restricted between synchronous speed and maximum torque
point at all frequencies.
(iv) Drop in speed from no load to full load is small.

The most important advantage of variable frequency control is this that it allows
a variable speed drive with above mentioned good running and transient
performance to be obtained from a squirrel cage induction motor. The squirrel cage
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reliable and long listing. Because of the absence of commutator and brushes, it
requires practically no maintenance, it can be operated in an explosive and
contaminated environment, and it can be designed for hfgher speeds, voltage and
power ratings. it also has lower inertia, volume and weight. Though the cost of a
squirrel cage motor is much lower compared to that of a dc motor of the same
rating, the overall cost of variable frequency induction motor drive, in general are
higher. But because of the advantages listed above, variable frequency induction
motor drives are preferred over dc motor drives for most applications.

In special applications requiring maintenance free operation, such as
underground or underwater installation, and also in applications involving explosive
and contaminated envi‘ronments, such as in mines and chemical industry, variable
frequency induction motor drives are natural choice. They have several other
applications such as traction, mill run out tables, steel mills, fans, pumps, blowers,
compressors, spindle drives, conveyers, machine tools, and so on. .
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Fig.3.10 Block diagram for variable frequency control

Block diagram of variable frequency speed control. scheme is shown in fig.
3.10. The motor is fed from a variable frequency voitége source (VFVS). V* and f* are
voltage and freqpency commands for VFVS. Flux control box produces a voltage
command V* for VFVS in order to maintain the re!ationShip of fig. 3.9 between v* l
“and f*. Reference frequency fr is changed to control the speed. A delay circuit is
introduce between fr and f*, so that even when fris changed by large amount, f* will
change only slbwiy so that motor speed can track changes in f*, thus restricting the .

[
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motor operation for each frequency between synchronous speed and the maximum A
torque point. VFVS can be a voltage source mverter ora Cycloconverter

VFDs eliminate the need for mechanical or hydraulsc drives (clutches, gears,
pulley, valves, and vanes). The term adjustable speed/ drive (ASD) is often used
interchangeably with VFDs, though this is not quite accurate. ASDs include VFDs, but
also methods to control the speed of dc motors, technology that has been.around
: smce the early 1960s. During the 1980s, VFDs becomes the preferred method of -
driving many types of load at contmuously vanable speeds. VFDs are used with
ordinary types of ac mduct:on motors or synchronous motors

Workmg of variable freq uency drives:-
~The three main parts of a VFD are as follows:

1. Regulator-controls the rectlﬂer and. mverter to produce the de5|red ac ,
freq uency and voltage. 5 ‘ ‘

o2 Rectlfler-converts the fixed frequency ac voltage to dc . Do
. 3. lnverter—sw:tches the rectlﬁed dcvoltage toac, creatmg varlable ac frequency |
‘ (and controllmg current flow i desrred) C ’ :

1

VFDs are’ totally electromc devices. that convert altematmg current to cln'ect'
current by a rectn‘ler The direct current:is converted back 1o aiternatmg current by :4
an mverter at a frequency that will drive the motor at the desnred speed. VDFs .
‘ change the . speed of the motor by usmg high- power semlconductor sthchmg‘
. devices (silicon controlled rectlflers, thyristors, or. power transrstors) These devrces‘ |
‘change the frequency of the current that is supplned to the motor, but do so' only in
- an on/off_ manner As a result the alternatmg current that i prov:ded to the motor is -
' not a smooth sine wave Although thls makes the’ motor ltselﬁ less efﬁment the.j
: ‘ability of the: ‘motor to respond to Ioad variations mcreases the overall energyl:
;::efﬂcaency Wlthout a VFD a motor mlght run efﬁc;ently at a smgle speed but lt may' ,

N llkely be the wrong speed as the motor s load varies; ‘

5V_34CONTROLTECHNlQUES I

Vanous speed control techmques lmplemented by modern age VFD are
mainly classrﬁed in'the: followmg three categones : o ‘
[A] Scalar Control (V/f Control) :

. [B] Vector Control (lndlrect Torque Control) .
' [C] Direct Torque Control ore).

3 5 SCALAR CONTROL

§

In this type "oﬁ control, the motor is fed with :variabie: frequency signals
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generated by the PWM control from an inverter. Here, the V/F ratio is maintalned

" constant in order to get constant torque over entire operating range. Since only

magnitudes of the input variables- frequency and voltage-are controlled, this is

"known as scalar control. Generally, drives with such a control are without any

feedback devices {open loop control). Hence, a control of this type offers low cost
and an easy to implement solution. ‘ ' '

in such controls, very little knowledge of the motor is required for frequency
control. Thus, this control is widely used. A disadvantage of such a control is that the
torque developed is load dependent as it is not controlled directly. Also, the’
transient response of such a control is not fast due to the predefined swrtchmg
pattern of the inverter. However, if there is a continuous block to the rotor rotatlon,
it will lead to heating of the motor regardless of implementation of the over current
control loop By adding a speed/position sensor, the problem relating to the blocked-
rotor and the load dependent speed can be overcome. However, this will add to the
system cost, size and complexity. There are a number of ways to implement scalar
controi. The popular schemes-are described in the follow_i'ng sections.

3.6 SIX-STEP PWM

The inverter of the VFD has six dtstmct switching states When itis sthched

" in a specific order,: the three- phase AC induction mator can be rotated. The '
. ‘advantage of this method is that there is no- mtermedlate calculatlon required and

thus; is. easrest to lmplement Also,.the magnitude of. the fundamental voltage 15' '

" more than the DC bus. The dlsadvantage is higher low—order harmonics which cannot |

be fi ftered by the motor inductance, This means'hsgher losses in; the motor,’ hrgher
torque r:pple and jerky operatlon at low speed

y

n 3 7 VOLTAGE SOURCE lNVERTER (VSl) CONTROL

The inverter used for the control of as drlves can be a voltage source: mverter

“or a current source mverter An mverter circuit-can 'be a voltage source inverter if,
e \newed from the load sxde, the ac termmals of the mverter functlon as a voltage

) source Slmllarly, a current source mverter is that mverter functlon as a, current

SOU I"CE

Voltage source mverter has low mtemal xmpedance and thus its termmal
voltage remams substantxally constant wnth vanatlon m load ‘Therefore VSI is

’ sultable for multl motor drives, although itis equally goocl for a smgle motor drwe

I i l

i

The current source mverter (CSl) because of its large mternal 1mpedance is

N not suxtable for- multl motor drrves, because any change in load on one of the motor

" will affect the voltage supplied to other motors also
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Since the inverter current of CSl is independent of the load impedance, it has
inherent protection agains“c short circuit across its terminals. Any short circuit in VS
may give rise to high currents and therefore a fast over current protection device is

.

essential.

Variable frequency and variable voltage supply for induction motor control
can be obtained either from voltage source inverter {VSI) or a cycloconverter.

Voltage source inverter allows a variable frequency to be obtained from a dc
supply. Fig. 3.11 shows a VSI employing thyristors. Any other slef-commutated
device can be used instead of transistor..

TH, IL D,
R

TH;% Z
E -
' ™, A0 T, A0 | TH, A0,

Fig. 3.11 Three Phase Bridge inverter

Generally MOSFET is used in low voltage and low power inverter, 1GBT
{Insulated gate -bipolar transistor) and power transistors are used up to medium
power levels and GTO (gate turn off thyristor) and IGCT (insulated gate commutated
thyristor) are used for high power levels.
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Fig. 3.12 Voltage Waveforms of the Inverter shown in fig. 3.11

VSl can be operated as a stepped wave inverter or a puise-width modulated (PWM)
inverter. When operated as a stepped wave inverter, thyristors are switched in the
sequence of their numbers with a time difference of T/6 and each transistor is kept
on for the duration T/2, where T is the time period for one cycle. Resultant line
voltage wave form is shown in fig. 3.12. Frequency‘of inverter operation is varied by
varying T and the output voltage of the inverter is varied by varying dc input \}oltage.

inverter output phase voltage and line voltage is given by following Fourier series.

2 1 1 .
Van = ;E [sin wt + ~5—sin Swt + 7sin 7wt] _(319) -

The rms value of the fundamental phase voltage is given by

Vp = lf-a (3.20)

5

: }
-—sin 13wt ... ... 21
+135m 13wt (3.21) |

23 1. 1. 1 1 -
Viy = —-;——E [sm wt — —sin Swt -—-7—sm Twt +-1-Tsm 11wt -

The rms value of the fundamental line voltage is given by
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The rms value of the line voltage given by eq. (3.21) is

‘ 2
Vo, = ﬁg = 0.816E__(3.22)

“Therefore, the total harmonic component is not more than 31.08 percent

of the fundamental. By using more complex circuits having more number of

V thyristors, the number of steps in the voltage waveform can be increased which
makes the wave forms more ideal.

If the load is star connected instead of delta, the voltage waveform with
- respect to neutral point is as shown in fig. 3.13. The Fourier analysis of this
waveform yields the following expression:

3 1 1 1
Voo = 28 sn ot ~ Lsin 50t - Lsin 70t + Lstn
RO = sin wt sin 5wt 7sm7a)t+1lsm11wt

5.
1
e £ ‘
13 sin 13w ] (3.23)
E_,..
2
e 3
> .
1
3F |
27 o 37T
o [ n I 1 1 i i
1
” ERal
2 ‘ , : .
3 E“T . ’ :
-g — Fig. 3.13 Voltage Waveform of the Inverter shown

in fig. 3. 11 for star connected load

The current waveforms consist of series of exponentially nsmg or
decreasmg components dependmg on the switching of the thyristors. ’



38

3.8 VOLTAGE CONTROL OF INVERTERS

" To maintain a constant flux density in the induction motor, the inverter
must maintain constant ration of voltage to frequency. This voltage variation can be
obtained by one of the following possible methods:

[1] By varying direct voltage input of the inverter.
[2] By varying output voltage of the inverter.
[3] By using switching technigues within the invertfer;

In a dc link inverter, the magnitude of its output ac voltage depends on the
magnitude of its input dc voltage. Therefore by having_ a va,riable de supply obtained
from the converter, the output voltage of the inverter can be varied.

When supply is dc, variable d¢ input voltage is obtained by connecting a
chopper between dc supply and inverter (fig,3.14(a}). When ::;Upply is ac, variable dc
input voltage is obtained by connecting a controlled rect‘iﬁer:’ between ac supply and
inverter (3.14(b}). A Large electrolytic filter capacitor C is édnnected in dc link to
make inverter operation independent of rectifier or ch'oi:)pelr and to filter out
harmonic in dc link voltage. ‘

For controlling the output voltage of the inverter fro its outside, a variable
ratio output transformer may be used. The outputvof the:irf\\ierter is connected to
input terminals of the transformer, The voltages tapping,oﬁ the transformer are
controlled automatically using closed loop control. .

The third method of voltage control requires control of switching in the
thyristors to modify the output wave form. The most comn}on( method used for this
type of control is by having pulse width modulated inverter.
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Fig. 3.14 VSt controlled IM drives

The main drawback of steeped wave inverter is the large harmonics of low
frequency in the output voltage. Consequently, an induction ‘motar drive fed from a
stepped wave inverter suffers from the following drawbacks: ‘

[1] Because of low frequency harmonics, the motor losses are increased at all speeds
causing derating of the motor.

[2] Motor develops pulsating torques due to fifth, seventh, eleventh and thirteenth
harmonics which cause jerky motion of the rotor at low speeds.

[3] Harmonic content in motor current increases at low speeds. The machine
saturates at light loads at low speeds due to high (V/f) ratio. These two effects
overheat the machine at low speeds, thus limiting lowest épeed to around 40% of
the base speed. '

Harmonics are reduced, low frequency harmonics are eliminated, associated
losses are reduced and smooth motion is obtained at low speed also when inverter is
operated as a pulse-width modulated inverter.

The method of voltage control using the pulse width modulation scheme can
be explain with the help of single phase bridge inverter of fig. 3.15. The output
voltage waveform of this inVerter is shown in fig. 3.15(b). It is a square wave having
+E magnitude for 0 < wt<mand —E form < wt < 2. If the voltage control is
desired the output pulse may be controlled as shown in fig 3.15(c).
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Fig. 3.15 Single phase bridge inverter and its

output voltage waveforms

The ‘thyristors connecting the load to the supply are not always ‘ON’ but
there is some period for which no supply is connected to the load. In a single pulse
modulation, a pulse width is created around 7t/2 and 31/2; the variation in voltage
is obtained by varying the width of these pulses. As can be seen from fig.3.15, the
harmionic contents are increases for low voltage oufput of the inverter. Therefore,
multiple pulse modulation schemes are preferred.- In & 'multiple pulse scheme,
instead of one pulse in each half cycle, there are severai equxdxstant pulses as shown
in fig. 7.16 are generated As shown in figure, there are M pulses each of height F,
and the variation in voltage magnitude is obtained by varymg the pulse width. This
type of modulation is:achieved by comparing a dc: Ievel W|th triangular wave. By
varying the dc voltage level, the pulse width can be varied.

The advantage of multi pulse modulation is t:hé’;' the voltage contro!l is
achieved with simultanéous reduction of lower order‘h‘afmonics However at very
low frequency, and for constant V/F the out voltage wave form deteriorates, since
the interval between puises increases. -

3.9 SINUSOIDAL PWM
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" weighted values are used. Here the pulse width is made the sinusoidal function of
the angular position of the pulse in the cycle. The advantage of this technique is that
very little calculation is required. Only on look-up table of sine wave is required, as
all the motor phases are 120° (electrical) displaced. The disadvantage of this method
is that the magnitude of the fundamental voltage is less than 90%. Also, the
harmonics at PWM switching frequency have significant magnitude

]
.
]

Fig. 3.16 Multipulse modulation scheme

LY

Thus the pulse width increases as the angle increases from 0 to 90° then the

width decreaﬁes from 90° to 180° again the pulse width increases in negative

direction from 180° to 270° then the width decreases from 270° to 360° . The output

voltage waveform of sinusoidal pulse width modulated inverter is shown in fig.3.17.

.The waveforms can be generated by means of @ control circuit in which a high
frequency triangular wave form is compared with a rectified sinusoidal wave.

Since output voltage can now be controlled by pulse width modulation, no
. arrangement is required for the variation of input dc voltage, hence inverter can be
directly connected when the supply is dc [fig. 3.14(c)] and, through a diode rectifier
when sdpply'is ac [fig. 3.14((1)].

The fundamental co'mpqnent in the output phase voltage of a PWM inverter
operating with sinusoidal PWM is given by

E
V=m E“\/—.z: (3.24-)

Where m is the modulation index.
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Fig. 3.17 Sinusoidal Pulse width modulated inverter

The harmonics in the motor current produce torque pulsation and derate the
motor. For a given harmonic content in motor terminal voltage, the current
_ harmonics are reduced when the motor has higher leakage inductance; this reduces
derating and torque pulsations. Therefore, when fed from VS|, induction motors with
large (compared to when fed from sinusoidal supply) leakage inductance is used.

'3.10 CYCLOCONVERTER

In cycloconverter the ac voltage at supply frequency is directly converted to a
voltage source of lower frequency. Normally cycloconverters are used to get a single
phase-or-a three phase supply output from a three phase input. Basically it consists
of two group of phase controlled rectifier circuit for each phase of the output, one

-group for the positive portion and the other group for the negative portion. By
- delaying the firing angle of the controlled rectifier the mean output voltage of the
rectifier can be.controlled. If the rectifier firing angle is slowly varied from 90 degree

“to 0 degree and 0 degree to 90 degree, the mean output voltage will vary from zero
to maximum value, then from maximum to zero. Therefore, it is possible to have low
“frequency sinusoidal variations superimposed on the output voltage of the rectifier,
A second group. of the rectifiers is used to produce negative half cycle of the
waveform. The frequency of the superimposed voltage is totally dependent on the
firing angle control and is independent of the supply frequency. A three-phase to
single phase cycloconverter is shown in ﬂg 3. 18
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Fig 3.18 Three Phase to Single Phase cycloconverter

The variation of firing angle for the positive group rectifier and for the
negative group rectifier is shown in fig. 3.19{(a) and3.19 (b} respectively. As can be
seen from fig. 3.19(a), the firing angle at H is7/2 and average value of output
voltage is zero. The firing angle is decreased at J, K, and it is zero at L. The firing angle
is again increased at M, N, O and it ir/2 at P. The average value of the voltage is
shown as broken line. Similarly; for the negative group of the rectifier bridge, by
controlling the firing angle from 0 to 7r/2, the mean output voltage can be obtained
which has lower frequency as shown in fig. 3.19(b).

The average back emf of the inverter may also be controlled in a sinusoidal
form by varying the firing angle from nt/2 to = and the power flow can be reversed.
Thus it is possible to have regenerative operation of the induction motor fed from a
cycloconverter.

Since the positive and negative group of rectifiers are connected in inverse
parallel, their average output vdltage must be equal. This is achieved by making the
firing angle for'ihe negative group «,= 1 —¢, where « is firing angle for the
positive group. However, instantaneous output voltages of the two groups are not
equal and a centre-tapped reactor is used to limit the circulating current.

For three phases to three cycloconverter circuits, three single phase
cycloconverters with a phase displacement of 120° between their outputs are used
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as shown in fig. 3.20. The cycloconverter has certain advantages as well as
disadvantages over dc link inverter. It has the following advantages.

[1] the cycloconverter is more efficient “as there is only one stage of conversion
compared to two stages of conversion required in dc link inverters. Also the
cycloconverter does not require forced commutatxon and nearly 90 % efficiency can

be obtained.

Mean output voitage

Cutput Voltage

(b) Output voltage waveforms of the -ve group of rectifier

Fig 3.19 Output ‘voltage waveforms :bf cycloconverter
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[2] The output waveform of cycloconverter voltage is almost pure sinusoidal
whereas most dc link inverters produce stepped voltage waveform.

[3] The cycloconverter is capable of power transfer in both directions, therefore
‘regenérativé,brakirig is possible.

The main disadvantage of the cycloconverter is that the maximum output
frequency must be less than one third of the input frequency and, therefore, the
minimum speed of the drive motor is limited to 1/3 of the speed corresponds to
input frequency. The cycloconverter also requires more thyristors than the dc link
inverter and, therefore, is not economical for low power motors.

Thus cycloconverter is more useful for high power low speed reversible
drives whereas the dc link inverter is more suitable for high speed operations.

3.11 CONSTANT VOLTS/HERTZ INDUCTION MOTOR DRIVES

The operation of induction machines in a constant, volt per hertz mode back
_ to the late fifties and early sixties but were limited in their low speed range [21].
Today constant volt per hertz drives are built using PWM-IGBT-based inverters of the
types discussed earlier and the speed range has widened to include very low speeds
[22] although operation very near zero speed (less than 1 Hz) remains as a challenge
mainly due to inverter non-linearties at low output voltages.
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Ideally, by keeping a constant V/f ratio for all frequencies the nominal
torque-speed curve of the induction motor can be reproduced at any frequency as
discussed in Section 3.2, Specifically if stator resistance is neglected and keeping a
constant slip frequency the steady state behaviour of the induction machine can be
characterized as impedance proportional to frequency. Therefore, if the V/f.ratio is
kept constant-the stator flux, stator current, and torque will be constant at any
frequency._ This feature suggests that to control the torque one needs to simply
apply the correct amount of V/Hz to stator windings. This simple, straight forward
approach, however, does not work well in reality due to several factors, the most
important ones being . ‘ :

1) Effect of supply voltage variations

2} Influence of stator reS|stance : ‘
3) Non- 1dealtorque/speed characteristic (eﬂ‘ects of slrp) o {
4) Non- lmeartres mtroduced by the PWM mverter ‘ )

l.ow frequency operatron is the partlcularly difficult to achieve since these
effects are most 1mportant at low voltages. Also, the non-linearties within. the
inverter, if not adequately compensated, y:eld highly distorted output voltages
.which, in turn, produces pulsatmg torques that lead. to \nbrat:ons and mcreased
acoustic norse . C
in’ -addition. to these consrderatlons a general purpose inverter must
accommodate a variety/of motors from dn‘ferent manufacturers ‘Hence it must
-compensate for the above mentioned effects regardless of machlne parameters The
control strategy must aiso be capable of handling parameter variations due to
temperature and/or saturatlon effects: This fact mdscates that in.a true general
purpose lnverter it is necessary to includé some. means to estlmate and/or measure
some. of the machine parameters ‘Another aspect that miist bé considered in' any
. practical |mplementatlon deals with the DC bus: voltage regulatron which, lf not
 taken into account, may Iead to large errors in the output voltage :
Because general purpose drives.are cost sensrtwe it is: also desired to reduce
‘the number of sensing devnces within the inverter. Generally speakmg only the do
~link inverter voltage and: current are measured hence the stator current and voltage‘
must be estimated based only: on’ these measurements Speed encoders or
tachometers are not used because they add. cost as well as reduce system rellablllty S
~ Other aspects that must be consrdered in the xmplementatron of an rdeal
constant V/f drive relate to L ; '
“a) Current measurement and regulatlon '
" b) Changes in gain due to pulse dropping rn the PWM mverter
c) Instabilities due:to” poor “vplt-second compensatlon that result |n lower dampmg ,
ThlS probiem is more lmportant in hlgh efﬁcrency motors and l
~d)- Quantlzatron effects m_the measured vanables ' ‘

BRI

' Another aspect that must be carefully taken into account is the quantlzat:on :
' ~effect introduced by the 'A/D converters used for signal acqu:srtron A good cost to
resolution compromlse seems to be thé use of 10 bxt converters However a hlgh
*-performance drlve is likely to require 12 btt accuracy
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3.12 COMPENSATION FOR SUPPLY VOLTAGE VARIATIONS

In an industrial environment, a motor drive is frequently subjected to supply
voltage fluctuations which, in turn, imposed voltage fluctuations on the DC link of
the inverter. If these variations are not compensated for, the motor will be
impressed with either and under or an overvoltage which produces excessive I%R
loss or excessive iron loss respectively. The problem can be avoided if the DC link
voltage is measured and the voltage command V* adjusted to produce a modified
command V** such that

v,
Ve = ( "“SR) Ve (3.25)
Vbus

Where Vy, o = Rated value of bus voltage.

3.13 IR COMPENSATION

A simple means to compensate for.the resistive drop is to boost the stator
voltage by I;R; {voltage proportional to the current magnitude} and neglect the
effect of the current phase angle. To avoid the direct measurement of the stator
current this guantity can be estimated from the magnitude of the dc-link current
- {23]. In this paper a good ac current estimate was demonstrated at frequencies as
low as 2 Hz but the system requires high accuracy in the dc-link current
measurement making it impractical for low cost applications. A robust IR boost
method must include both magnitude and phase angle compensation. Typically
currents of two phases must be measured with the third current inferred since the
currents sum to zero. In either case the value of the stator resistance must be
known. '

The value of the stator resis_tancé can be estimated by using any one of

several known techniques [24]-[26]. Unfortunately these parameter estimation
techniques require knowing the rotor position or velocity and the stator current. An
alternate method of "boosting' the stator voltage at low frequencies is presented in
[27]. Here the V/f ratio is adjusted by using the change in the sine of the phase angle
of motor impedance. This approach also requires knowing the rotor speed and it is
also dependent on the variation of the other machine parameters. Its practical
usefulness is questionable because of the technical difficulty of measuring phase
angles at frequencies below 2 Hz.
Constant Volts/Hz control strategy is typically based on keeping the stator flux
linkage magnitude constant and equal to its rated value. Using the steady state
equivalent circuit of the induction motor, shown in Figure 3.5, an expression for
stator voltage compensation for resistive drop can be shown to be

(3.26)

V2 1% —
Vy= ‘é“'hReR; +»\[ 1;fe + = (IlReRl) (11R1)2
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Where Vig is the base (rated) rms phase voltage at base frequency, fz and fe are the
rated and line frequency in Hertz, Ry is the estimated value of resistance, /; is the
rms current obtained on a instantaneous basis by,

(3.27)

2
g = \[-;-\/za(za + i)+ i
And I, is the real component of rms stator current obtained from
. 2n . 27 2r
Lge = ig4 [cos 8, — cos (Be - -5-)] + i, {cos (Qe + —é—) — COS (Ge - ?H _(3.28)

where i, and i; are two of the instantaneous three phase stator currenté, B, = wet
_and the cosine terms are obtained from the voltage command signals. The estimated
value of resistance can be obtained either by a simple dc current measurement
corrected for temperature rise or by a variety of known methods [24]-[26].
‘Derivation details of these equations are found in [28]. Given the inherently positive
feedback characteristic of an /r boost algorithm it is necessary to stabilize the system
by introducing a first order lag in the feedback loop (low-pass filter).

3.14 SLIP COMPENSATION

By its nature, the induction motor develops its torque as a rotor speed
slightly lo)wer than synchronous speed {effects of slip). In order to achieve a desired
speed, the applied frequency must therefore be increased by an amount equal to
the slip frequency. The usual method of correction is to assume a linear relationship
exists between torque and speed in the range of interest, Hence, the slip can be
compensated by knowing this relationship. This approximation gives good results as
long as the breakdown torque is not approached. However, for high loads the
relationship becomes non-linear. Ref. [28] describes a correction which can be used
for high slip,

Sm
1 2 ‘S'R' linear
U 2 —BxP2 —f* 3.29
fslm 72— A *pgap e A Z*IPE. gap gap fe ( )
Tr
where £, is the external command frequency and,
A= il (3.30)
41SpaTpafr )

and
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B= (41:; )

and Pis the number of poles The slope of linear portlon of the torque speed curve
isgiven by : ,

2

(3.31)

‘ _Pspfr
Stinear = TITR

(3.32)

Finally the air gap power i's

(3 33)

ga; = 3ih@f) - 31¢ R - Pm
where Pore at rated frequency can be obtamed from

S Me E

Peore = Pa (1 s ) 3R (33)

Where the, quantmes SR,fR, nR, 11, mR and TR are the rated values of slip, Ime
,frequency, efficiency, stator current mput power and torque respectrvely All of
these quantities can be mferred from the name plate data

. 3 15 VOLT~SECOND COMPENSATION - :1 o

One of the main problems in. open-loop controlled PWM VSI drives is the
non-linearity caused by the non |deal charactenstlcs of the power switches. The i
most.important non lmeanty is: mtroduced by the.| necessary blanking time to avord .
short circuiting the DC: link’ durmg the commutatlons To. guarantee that ‘both
sw1tches are never: onjmmultaneously a small time delay is! added to the gate signal
of the turning-on-dev ‘e This delay, added to the dewce s mherent turn-on and turn- K

. off delay times, mtro uces a magmt e-'and phase error in the output voltage [29].
Since the delay is added tin every 'PWM carrier cycle the maghitude of the error’
grows in proportron to the swrtchmg frequency, mtroducmg large errors when the

_ switching frequency |s hlgh and the total output voltage i is small ;

The second mam rlon- lmear effect rs due‘to the fmrte voltage drop across. the

~ switch during the on- state [30] Thls mtroduces an addrtronal error in the magmtude

. of the output voltage although somewhat smaller, whrch needs 16 be compensated ‘

L To compensate for theldead-trme rn the" rnverter rt IS necessary to know the

" direction of the" current "and then ’change the reference voltage by addmg or °

subtracting the requrred volt~secondf vAlthough in prmcrple ‘this i is simple, the ‘dead -
time also depends on the magmtude'and phase of the, current and the type of. devrce (
used in the mverter The dead»trme mtroduced by the i mverter causes serious -
waveform distortion and fundamental voltage drop when the switching frequency is
high compared to the fundamental output frequency.’ Several papers have’ been,
written on techniques. to compensate for the dead trme [29] I31] [33] _ -

Regardless of the method used all dead trme compensatron techniques are




based on the polarity of the current, hence current detection becomes an important,
issue. This is specially true around the zero-crossings where an accurate,
measurement is needed to correctly compensate for the dead time. Current
detection becomes more difficult due to the PWM noise and because the use of
filters introduces phase delays that needed to be taken into account.

The name "dead-time compensation" often misleads since the actual dead
time, which is intentionally introduced, is only one of the elements accounting for
the error in the output voltage, for this reason here it is referred as volt-second
compensation.

3.16 SPACE VECTOR MODULATION PWM (SVMPWM)

This control technique is based on the fact that three-phase voltage vectors
of the induction motor can be converted into a single rotating vector. Rotation of
this space vector can be implemented by VFD to generate three-phase sine waves.
The advantages are less harmonic magnitude at the PWM switching frequency due
to averaging, less memory requirement compared to sinusoidal PWM, etc. The
disadvantages are not full utilization of the DC bus voltage, more calculation
required, etc.

3.17 SVMPWM WITH OVERMODULATION

Implementation of SVMPWM with over modulation can generate a
fundamental sine wave of amplitude greater than the DC bus level. The disadvantage
is complicated calculation, line-to-line waveforms are not clean and the THD
increases, but still less than the THD of the six-step PWM method.

3.18 VECTOR CONTROL

The various techniques for producing a variable frequency supply source for
controlling speed-torque characteristic for an induction motor have provided good
steady state response. The constant V/F control technique provides constant flux
and hence constant torque for the entire range of operation. However at low speed
i.e. at low frequencies the steady state response is not as good as at higher
frequencies.

The dynamic response of the drive is poor. This poor dynamic response is
because of the deviation of air gap flux linkage from their set values. This deviation is
not only in magnitude but also in phase. The variation in the flux linkages have to
control by the magnitude and frequency of the stator and rotor phase current and
their instantaneous phases. So far, the control techniques have utilized the stator
phase current magnitude and frequency and not their phases. This resulted in the
deviation of the phase and magnitudes of the air gap flux linkages from their set
values.

The oscillations in the air gap flux linkages result in oscillations in
electromagnetic torque oscillations. If phenomenon is neglected (i.e. not attended)
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then it results in speed oscillations. This is undesirable in many high-performance
applications, such as in robotic actuators, centrifuges, servos, process drives and
metal rolling mills, where high precision, fast positioning, or speed control are
required. Such requirement will not be met with the sluggishness of control due to
the flux oscillations. Further, air gap flux variations result in large variation of stator
currents, requiring large peak converter and inverter ratings to meet the dynamics.
An enhancement of peak inverter rating increases cost and reduces the competitive
edge of ac drives in the marketplace, in spite of excellent advantages of the ac drives
over dc drives.

Vector control is also known as the field oriented control or flux oriented
control or indirect torque control. Using field orientation (Clarke-Park
transformation), three phase current vectors are converted to a two dimensional
rotating reference frame (d-q) from a three-dimensional stationary reference frame.
The d component represents the flux producing component of the stator current and
the g component represents the torque producing component. These two decoupled
components can be independently controlled by passing though separate PI
controllers. The outputs of the PI controllers are transformed back to the three-
dimensional stationary reference plane using the inverse of the Clarke-Park
transformation. The corresponding switching pattern is pulse width modulated and
implemented using the SVM.

This control simulates a separately exited DC motor model, which provides an
excellent torque-speed curve. The transformation from the stationary reference
frame to the rotating reference frame is done and controlled with reference to a
specific flux linkage space vector (stator flux linkage, rotor flux linkage or
magnetizing flux linkage). In general, there exists three possibilities for such selection
and hence, three different vector controls. They are:

[1] Stator flux oriented control

[2] Rotor flux oriented control

[3] Magnetizing flux oriented control

As the torque producing component in this type of control is controlled only

after transformation is done and is not the main input reference, such control is
known as indirect torque control. The most challenging and ultimately, the limiting
feature of the field orientation, is the method whereby the flux angle is measured or
estimated. If the field angle is calculated by using terminal voltages and currents or
Hall sensors or flux sensing windings, then it is known as direct vector control. The
field angle can also be obtained by using rotor position measurement and partial
estimation with only machine parameters but not any other variables, such as
voltages or currents; using this field angle leads to a class of control schemes known
as indirect vector control.
In direct vector control, the flux measurement is done by using the flux sensing coils
or the Hall devices. This adds to additional hardware cost and in addition,
measurement is not highly accurate. Therefore, this method is not a very good
control technique. The more common method is indirect vector control. In this
method, the flux angle is not measured directly, but is estimated from the equivalent
circuit model and from measurements of the rotor speed, the stator current and the
voltage.

One common technique for estimating the rotor flux is based on the slip
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relation. This requires the measurement of the rotor position and the stator current.
With current and position sensors, this method performs reasonably well over the
entire speed range. The most high-performance VFDs in operation today employ
indirect field orientation based on the slip relation. The 'main disadvantage of this
method is the need of the rotor position information using the shaft mounted
encoder. This means additional wiring and component cost. This increases the size of
the motor. When the drive and the motor are far apart, the additional wiring poses a
challenge. ’ :

To overcome the sensor/encoder problem, today s main research focus is in
the area of a sensor less approach. The advantages of the vector control are better
torque response compared to the scalar contr'o‘l, full-load torque close to zero speed,
accurate speed. control and performance approaching DC drive, among others. But
this requires a complex algorithm for speed calculation in real-time. Due to feedback
devices, this control becomes costly compared to the' scalar control. '

3.19 DIRECT TORQUE CONTROL (DTC)

_ The difference between the traditional vector control and the DTC is that the
DTC has no fixed switching pattern. The DTC switches the iriverter according to the
load needs. Due to elimination of the fixed switching pattern {(characteristic of the
vector and the scalar control), the DTC response rs extremely fast during the mstant
load changes Although the speed accuracy up to 0 5% is ensured with this compiex
technology, it eliminates the requirement of any feedback device. The block diagram
of the DTC lmplementatlon lS shown in Flgure 24; The heart of this technology is its
adaptive motor model. ThlS model is based on the mathematlcal expressions of basic
motor theory. This model requires mformatxon about the various motor parameters,
like stator resistance, mutual inductance;. saturatlon coeffxc:ent etc. The algorithm
captures all these details at the start from the motor without rotating the motor. But
rotating the motor for a few seconds helps in the! ‘tuning of the model. The better' '
tuning gives higher accuracy, of speed and torque control With the DC bus voltage,
- the line currents and the: present switch posmon as mputs, the model calculates
actual flux and torque of the motor. These )u‘es are fed to two-level comparators
of the torque and flux, respect:vely The output of; these comparators is the torque
and flux reference sxgna!s for the optxmaFSWftch selectuon table. Selected switch

_ position is given to the .inverter without, any moduiat:on, which means faster

response time. The external speed set reference SIgnaI is decoded to generate the
torque and flux reference. Thus, in the DTC the: motor torque and flux become
direct controlled variables and hence, the name Direct Torque Control. ,

The advantage of. thcs technology is the fastest,response time, elimination of
- feedback devices, reduced mechanical fallure performance nearly the same as the
DC machine without feedback etc. The: dlsa vantage is due to the inherent
hysteresis of the comparator, higher torque and ﬂux nppie exist. Since swntchmg is
not done at a very high frequency, the low-order harmomcs increases. It is believed
that the DTC can'be |mp|emented using an Artn‘xmal !ntelhgence model instead of the
model based on mathematacal equations. Th:s will: help in better’ tuning of the model
and less dependence on the motor parameters "




