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· Practical drive circuit for speed control of induction motor:

· Pulse width modulation generation chip (HEF-4752V).

· Photo coupler isolator and drive circuit. 

· Power and torque in induction motors
· Losses and power flow diagram 
An induction motor can be basically described as a rotating transformer, it's input is a three phase system of voltages and currents.

Assume the stator of induction motor as primary winding (as transformer) and the rotor as secondary winding of transformer as described previously.
The rotor of the motor are shorted out , so no electrical output exists from normal induction motor .instead , the output power is mechanical 

The relationship between the input electric power and the output mechanical power of this motor is shown in fig.(8).
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Figure (8)

The input power to an induction motor Pin is in the form of a three phase electric voltage and current.

The first losses encountered in the machine are I2R losses in the stator winding  called the stator copper losses PSCL .
Then some amount of power is lost as eddy current in the stator (Pcore)
the power remaining at this point is transferred to the rotor  of the machine across the air gap between the stator and rotor,
The power is called the air gap power PAG of the machine . after the power is transferred to the rotor , some of  it is lost as I2R losses is called the rotor copper losses PRCL and the rest is converted from electrical to mechanical form (Pcon) finally , friction and windage losses Pf&w and stray losses are subtracted.
The remaining power is the output of the motor Pout .

The core losses of an induction motor come partially from the stator circuit and partially from the rotor circuit , since an induction motor normally operates at a speed near to synchronous speed .
The rotor core losses are very tiny compared to the stator core losses , since the largest fraction of the core losses comes from the stator circuit , 

The higher the speed of an induction motor , the higher its friction, windage and stray losses on the other hand , the higher the speed of the

motor up to nsync , the lower its core losses . 

figure (6) shows the per-phase equivalent circuit of an induction motor ,

it can be used to derive the power and torque equation.

The input current to a phase of the motor can be founded by dividing the input voltage by the total equivalent impedance,

I1 = VΦ / Zeq
Therefore the stator copper losses , the core losses and the rotor copper losses can be found :

PSCL = 3 IS2 RS
PCORE = 3 E2 / RC
PRCL = 3 IR2 RR
PAG = 3 IR2 (RR/S)

PCONV = (1-S) PAG
τind = PCONV / ωm
· Induction motor Torque-Speed characteristics

How does the torque of an induction motor change as the load changes ? 
suppose the induction motor is loaded ;

As the motor’s load increases, it's slip increases, and the rotor speed falls. since the rotor  speed is slower, there is now more relative motion between the rotor and the stator magnetic fields in the machine. Greater relative motion produces a stronger rotor voltage ER, which in turn produces a larger rotor current IR.
 with a larger rotor current, the rotor magnetic filed BR also increases. However, the angle of the rotor current and BR changes as well . 
Since the rotor slip is larger, the rotor frequency rises (fr = S fe), and the rotor’s reactance increases (ωRLR). Therefore the rotor current now lags further behind the rotor voltage, and the rotor magnetic filed shifts with current.
Notice that the rotor current has increased and that the angle δ has increased the increase in BR tends to increase the torque, while the increases in angle δ tends to decrease the torque (tind is proportional to sin δ ,and δ >90o ).
since the first effect is larger than the second one , the overall induced torque increases to supply the motor’s increased load .
when does an induction motor reach pull-out torque ?

this happens when the point is reached where, as the load on the shaft is increased, the sin δ term decreases more than the BR term increases. 
At that point, a further increase in load decreases tind. and the motor stops.
It is possible to use a knowledge  of the machine’s magnetic fields to approximately derive the output torque versus speed characteristics of an induction motors.

Remember that the magnitude of  the induced torque in the machine is given by: 

τind = K BR Bnet sin δ
Each term in this expression can be considered separately to derive the overall machine behavior.

The individual terms are:

1. BR ; The rotor magnetic field is directly proportional to the current flowing in the rotor, as long as the rotor is unsaturated.
the current flow in the rotor increases with increasing slip (decreasing                   speed) . this current flow was plotted in Fig. (9-a).

2. Bnet ;  The net magnetic filed in the motor is proportional to E1 and therefore is approximately constant (E1 actually decreases with increasing current flow , but this effect is small compared to the other two, and it will be ignored in this graphical development).
The curve for BNET versus speed is shown in figure (9-b)

3. sin δ ; the angle δ between the net and rotor magnetic filed can be expressed in a very useful way, its clear that angle δ is just equal to the power factor angle of the rotor plus 90​​​​o
δ = θr + 90

   Therefore ;

sin δ = sin(θr+90 ) = cos θr
     this term is the power factor of the rotor.

The rotor power factor can be calculated from the following equation : 
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The resulting rotor power factor is given by :
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A plot of rotor power factor versus speed is shown in figure (9-c).

Since the induced torque is proportional to the product if these three terms, the torque speed characteristics of an induction motors can be constructed from the graphical multiplication of the previous three plots as shown in figure (9-d).
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Figure (9)

This characteristics curves can be divided roughly into three regions:

The first region ; is the low slip region of the curve:

in the low slip region  the motor slip increases approximately linearly with increased load , and the rotor mechanical speed decreases approximately linearly with load. in this region of operation the rotor reactance is negligible so the rotor power factor is approximately unity, while the rotor current increases linearly with a slip. the entire normal steady state operating range of a induction motor is included in this linear low slip region .

thus in normal operation an induction motor has linear speed droop.
The second region ; on the induction motor's curve can be called the moderate slip region :

 in the moderate slip region the rotor frequency is higher than before, and the rotor reactance is on the same order of the magnitude as the rotor resistance. In this region the rotor current no longer increases as rapidly as before, and the power factor starts to drop . the maximum torque of the motor occurs at the point where, for an incremental increased in load, the increase in the rotor current is exactly balanced by the decreased in the rotor power factor.
The third region in the induction motor curve ; is called the high slip region :

In the high slip region the induced torque actually decrease with increase load, since the increase in rotor current is completely over shadowed by the decrease in rotor power factor.
· Speed control by changing the line frequency
If the electrical frequency applied to the stator of an induction motor is changed ,

The rate of rotation of its magnetic field nsync will change in direct proportion to the change in electrical frequency , and the no load point in the torque speed characteristic curve will change with it. see fig.(10).

the synchronous speed of the motor at rated condition is known as the base speed  .

By using variable frequency control , its possible to adjust the speed of the motor either above or below the base speed 

A Properly designed variable – frequency induction motor drive can be very flexible 

It can control the speed of an induction motor over arrange from as little as 5 percent of base speed up to about twice base speed . however , it is important to maintain certain voltage and torque limits on the motor as the frequency is varied , to ensure safe operation 

When running at speeds below the base speed of the motor , it is necessary to reduce the terminal voltage applied to the stator for proper operation .

The terminal voltage applied to the stator should be decreased linearly with decreasing stator frequency . this process is called derating .

If it is not done , the steel in the core of the induction motor will saturate and excessive magnetization current will flow in the machine .
To understand the necessity for derating , recall that the induction motor is basically a rotating transformer . as with any transformer , the flux in the core of an induction motor can be found from faraday's law :

υ(t)= N  dΦ∕dt

solving for the flux Φ gives 

Φ = (1/N) ∫ υ(t) dt

Φ = (1/N) ∫ υm sin ωt dt

Φ = (υm /ω N)  cos  ωt             …… (*)
Note that the electrical frequency ω appears in the denominator of this expression .therefore , if the electrical frequency applied to the stator decreases by 10 percent while the magnitude of the voltage applied to the stator remains constant , the flux in the core of the motor will increase by about 10 percent and the magnetization current of the motor will increase. in the unsaturated region of the motors magnetization curve , the increase in the magnetization current will also be about 10percent . however , in the saturated region of the motors magnetization curve , a 10 percent increase in flux requires a much larger increase in magnetization current.
Induction motors are normally designed to operate near the saturation point on their magnetization curve , so the increase in flux due to a decrease in frequency will cause excessive magnetization currents to flow in the motor .
To avoid excessive magnetization currents , it is customary to decrease the applied stator voltage in direct proportional to the decrease in frequency  whenever the frequency falls below the rated frequency of the motor . since the applied voltage υ appears in the numerator of  equation (*) and the frequency ω appears in the denominator of equation (*) the two effects counteract each other ,and the magnetization current is unaffected .

When the voltage applied to an induction motor is varied linearly with frequency below the base speed , the flux in the motor will remain approximately constant . therefore the maximum torque which the motor can supply remains fairly high . however the maximum power rating of the motor must be decreased linearly with decreases in frequency to protect the stator circuit from overheating .

The power applied to a three-phase induction motor is given by :

P = √3 υL IL cosθ

If the voltage υL is decreased , then the maximum power P must also be decreased , or else the current flowing in the motor will become excessive, and the motor will overheat.

This figure (10-a) shows a family of induction motor torque speed characteristic curves for speeds below base speed , assuming that the magnitude of the stator voltage varies linearly with frequency .
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Fig. (10-a) : the family of torque speed characteristic curve for speeds below base speed.

When the electrical frequency applied to the motor exceeds the rated frequency of the motor , the stator voltage is held constant at the rated value.
Although  saturation considerations would permit the voltage to be raised above the rated value under these circumstances . it is limited to the rated voltage to protect the winding insulation of the motor .

The higher the electrical frequency above base speed , the larger the denominator of equation (*) becomes.

Since the numerator term is held constant above rated frequency , the resulting flux in the machine decreases and the maximum torque decreases with it . figure(10-b) shows a family of induction motor torque speed characteristics curves for speeds above base speed , assuming that the stator voltage is held constant 
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Fig.(10-b) : the family of torque speed characteristic curve for speeds above base speed.
If the stator voltage is varied linearly with frequency below base speed and is held constant at rated value above base speed , then the resulting family of torque speed characteristics is as shown in figure (10-c) ( the rated speed of the motor shown in fig (10). is 1800 rev/min )
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Fig. (10-c) : the torque – speed characteristic curve for all frequencies.

In past the principal disadvantage of electrical frequency control as a methods of speed changing was that a dedicated generator or mechanical frequency changer was required to make it operate . this problem has disappeared with the development of modern solid-state variable –frequency motor drive . in fact , changing the line frequency with solid-state motor drives has become the method of choice of induction motor speed control . note that this method can be used with any induction motor , unlike the pole-changing technique , which requires a motor with special stator winding .    
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Switch mode dc-ac inverter are used in ac motor drive and uninterruptible
ac power supplies where the objective is to produce sinusoidal ac output
whose magnitude and frequency can both be controlled .

In this chapter ,we will discuss the inverter with single- phase and three
phase ac output.

The input to the switch mode inverter will be assumed to be a dc voltage
source as shown in fig (1) , such the inverter are referred to a voltage
source inverter (VSI) , the other types of inverters now used for very high
power ac motor drives are the current source inverter (CSI) but in this
project we discussion the voltage source inverter .

o The(VSI) can be further divided into the two general categories :

“\. ¥ Pulse width modulated inverter :
in these inverter the input dc voltage is essentially constant in
magnitude such as in the circuit in fig (1) , where a diode rectifier is
used to rectify the line voltage , therefore th
the magnitude and the frequency of the ac output voltage , this is
achieved by PWM of the inverter switches and hence such inverter
are called PWM inverter .there are various schemes to pulse width
modulate the inverter switches in order to shape the output voltages
to be as close to a sin wave as possible .

s

V¥ square-wave inverter :
in these inverters the input dc voltage is controlled in order to control
the magnitude of the output ac voltage and therefore the inverter has
“to control the frequency of the output voltage , the output ac voltage
has a waveform similar to a square wave and hence these inverter are
called square wave inverter .

AR
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Fig-(1) switch mode inverter in ac motor drive

% Basic concepts of switch mode inverter

In this section we will consider the requirement on the switch mode
inverter for simplicity , let us consider a single phase inverter which is
shown in the block diagram for fig (2-a) , where the output voltage of the
inverter is filtered , so the v, can be assumed to be sinusoidal.

since the inverter supplies an inductive load such as an ac motor , I, will
lag v, as shown in fig (2-b) , the output waveform show that during
interval (1) v, and I, are both positive whereas during interval (3) v, and
I, are both negative therefore during interval (1) and(3) the instantaneous
power flow from the dc side to the ac side corresponding to an inverter
mode of operation.

in contrast v, and I, are of opposite signs during interval (2) and (4) and
the power flow from ac side to the dc side of inverter corresponding to a
rectifier mode of operation . therefore the switch mode inverter of fig (1)
must be capable of operating in all four quadrants of I-v, plane, as
shown in fig (2-¢) during each cycle of the ac output .

1-phase

switch—
mode

inverter

+
filter

fa)
Fig (2-a)
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[image: image12.jpg]«» Pulse width modulated inverter

Consider the following half bridge inverter (one leg switch mode
inverter) as shown in fig (3), all dc to ac inverter such as three phase
inverter derived from one leg inverter, for ease of explanation , it will be
assumed in the inverter of fig (3) the mid point "0" of the dc input voltage
is available, although in most inverter it not needed and also not
available.

Fig (3) one-leg switch mode inverter

e Pulse width-modulated switching scheme

In the inverter circuit we would like the inverter output to be sinusoidal
output voltage with magnitude and frequency controllable in order to
produce a sinusoidal output voltage waveform at a desired frequency.

a sinusoidal control signal at the desired frequency is comparec ‘with a
triangular wave form as shown in fig (4-a) . the frequency of the
triangular waveform establishes the inverter switching frequency and
generally kept constant along with its amplitude v .

Before discussing the PWM behavior , it is necessary to defined a few
terms.

The triangular waveform vy; in fig (4-2) , is at the switching frequency f;
which establishes the frequency with which the inverter switches are

switched (£, is also called the carrier frequency ). The control signal Veontrot
P g —
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[image: image13.jpg]is used to modulate the switch duty ratio and has a frequency f; ,which
ﬂxedesemw‘m%_ﬁ_vmt (fy,called
the modulating frequency ) , recognizing that the inverter output voltage
will not be a perfect sine wave and will contain voltage components at
harmonic frequency of g , the amplitude modulation %és defind as

“ my = Vcontml/ Viri ‘

Where Veonro) the peak of the control signal and vy; is the peak of the
triangular signal .
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[image: image14.jpg]In the inverter of fig (3) ,the switches T+ and T- are controlled on the
comparison of Veontrol and vy , the followmg output voltage results,
independent of the direction of I0

Veontrol = Viri T+ison, Vao = 0.5vd

Veontrol < Viri T-is on, Vao = 0.5vd

The frequency modulation ratio is defined as !mf = f/f1), since the two
switches are never on simultaneously , the output ~ voltage v, fluctuates
between two values ( 0.5vd and — 0.5vd) , voltage v,, and its fundamental
frequency component (dashed curve) are shown in fig (4-b) which are
drawn for m; =15 and ma=0.8.

The harmonic spectrum of the vy, under the condition indicate in fig
(4-a) and fig (4-b) is shown in fig (4-c) , where the normalized
harmonic voltages (va,)#/ 0.5vd having significant amplitude are
plotted.

This plot for ( m,<1.0 ) shows three important items :

e the peak amplitude of the fundamental frequency component
(Vao)1 is m, times 0.5vd , this can be explained by first
considering a constant Voo as shown in fig (5-a) this result
in the output waveform vy, , it can noted that the average
output voltage (or more specifically the output voltage
averaged over one switching time period 7;= 1/ ) , Vao
depends on the ratio of Vol t0 Vi for a given vd :

__ Yeonrol Vd

Vao = Vi 2 Veontrol = Vi Equation(1)

Let us assume that Ve varies very little during a switching time period,
that is, m is large as shown in fig (5-b) , therefore assuming Veoniror to be
constant over a switching time period , Eq (1) indicate how the

" instantaneous average " value of v, (averaged over one switching time
period Ty ) varies from one switching time period to the next.
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[image: image15.jpg]This "instantaneous averaged " is the same as the fundamental frequency
component of va,.

Let the control voltage vary sinusoidal at the frequency f; ,which is the
desired or(the fundamental) frequency of the inverter output :

~

Veontrol = Veontrol $iN 047

Equation (2)

Vcontrol = Vtri

Using Eq. 1 and Eq. 2 and the foregoing arguments ,which show that the
fundamental frequency component (va,);varies sinusoidally, and in phase
with Veontror @s @ function in time ,result :

V. v
s =~ sin @y —2!! Equation(3)
tri

. Vy
= m, sin wyit — form, =1.0

2

2 v .
Vaoht = my ?d My < 1.0 Equation(4)
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[image: image16.jpg]Which shows that in sinusoidal PWM the amplitude of the fundamental
frequency component of the output voltage varies linearly with
mJ(provided m, < 1.0) , therefore the range of m, from 0 to 1 is referred
as the liner range .

e the harmonics in the inverter output voltage waveform
appears as side bands, centered around the switching
frequency and its multiples. that is, around harmonics m,
2my, 3my, and so on this general pattern for true for all value
of m, in the range from (0-1). Through m, defined the
frequencies at which they occurs . Theoretically, the
frequencies at which voltage harmonics occurs , can be
indicated as :

Fy=(j me+E)f | Equation (5)
That is the harmonics order /4 corresponds to the £” side band of j times
the frequency modulation ratio mf:
H=j(mf)+k Equation (6)
‘Where the fundamental corresponds to =1 , for odd values of j, the

harmonics exist only for even values of , for even values of j, the
harmonic exist only for odd values of &.

In the table one the normalized harmonic (va,)#/ 0.5vd are tabulated as a
function of the amplitude modulation ratio m, , assuming m;> 9

From the inverter circuit vy = va, + 0.5 vd . therefore, the harmonic
voltage component in vy and v, are the same :

(Vao)k = (vamh
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i \\_\_‘ 0.2 0.4 0.6 0.8 1.0
1

0.2 0.4 0.6 0.8 1.0

Fundamental

nly 1.242 1.15 1.006 0.818 0.601
py % 2 0.016  0.061 0131 0220 0318
mp = 4 0.018
2mp = 1 0.190 0.326 0.370 0.314 0.181
2m, = 3 0.024 0.071 0.139 0.212
Zn, £ 5 0.013 0.033
3m, 0.335 0.123 0.083 0.171 0.113
I, £ 2 0.044 0.139 0.203 0.176  0.062
3m}. + 4 0.012 0.047 0.104 0.157
3m, = 6 0.016 0.044
dm, x| 0.163 0.157 0.008 0.105 0.068
4mf * 3 0.012 0.070 0.132 0.115 0.009
dmp x5 0.034 0.084 0.119

dmy = 7 0.017  0.050

Note: (V1,057 _%V,, [= (V) ,,.‘%V,,} is tabulated as a function of m,,.

Table one (generalized harmonic of Va, for large mf)

o the harmonic myshould be an odd integer , choosing m, as an
odd integer results in an odd symmetry f{~¢) = -f{?) with the
time original shown in fig (4-b), which is plotted for m,=15
therefore only the odd harmonic are present , and the even
harmonics disappear from the wave form of the v,
moreover only the coefficient of the sine series in the Fourier
analysis are finite , those for cosine series are zero, the
harmonic spectrum is plotted in fig (4-c) .

Why we used the PWM inverter ?
In the one leg inverter of fig (3) assuming vd= 300V, m,= 0.8 , mf =39,
and the fundamental frequency is 47 HZ, calculate the rms, values of the

fundamental voltage and some of the dominant harmonics in va, using
table one .
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[image: image18.jpg]Solution:
The rms voltage at any value of & is givenas: (from table one)

1 Vz[ ({”Au)h

Vaohh = V2 3 V2

(‘}Ao)l.-
= 106.07 Va2

Therefore, from Table 1 the rms voltages are as follows:
Fundamental: (Vao)y = 106.07 X 0.8 = 84.86 V at47 Hz

(Vaods7 = 106.07 x 0.22 =23.33V at 1730 Hz
(Vao)se = 106.07 X 0.818 = 86.76 V at 1833 Hz
(Vao)a = 106.07 X 0.22 = 2333V at 1927 Hz
(Vao)17 = 106.07 X 0.314 = 3331V at 3619 Hz
(Vao)yo = 106.07 % 0.314 =133.31V a 3713 Hz
etc.

il

From the values frequency of the harmonics we show that ease of
filtering harmonics voltage at high frequency but is difficult in square
wave modulation because the harmonics voltage at low frequency .

Now we discuss the selection of the switching frequency and the
frequency modulation ratio 7, it desirable to use as high switching
frequency as possible , except for one significant draw back switching
losses in the inverter increase proportionally with the switching
frequency f; , therefore in 50-or 60 HZ type applications, such as AC
motor drives (where the fundamental frequency of the output may be
required to be as high as 200 HZ) , the frequency modulation ratio m,
may be 9 or even less for switching frequencies of less than to 2K HZ,
on the other hand , m,will be large than 100 for switching frequencies
higher than 20K HZ . the desirable relationships between the triangular
waveform signal and the control voltage signal are dictated by how large
myin the discussion here my =21 is treated as the borderline between large
and Small.
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[image: image19.jpg]v Small my(m; <21) :

1. synchronous PWM: for small values of my, the triangular waveform
signal and the control signal should be synchronized to each other
(synchronous PWM) as shown in fig (4-a) . this synchronous PWM
requires that m,be an integer . the reason for using the synchronous
PWM, is that the asynchronous PWM (where mis not integer ) result in
Subharmonics (of the fundamental frequency) that are very undesired in
most applications . this implies that the triangular waveform frequency
varies with the desired inverter frequency .

EX.... If the inverter output frequency and hence the frequency of the
control voltage is 65.42HZ and m;=15 the triangular wave frequency
should be exactly (65.42%15=981.3 HZ).

2. myshould be an odd integer. As discussed previously mf should be an
odd integer to MWCS :

v’ Large mf (m>21) :

The amplitudes of the subharmonics due to asynchronous PWM are small
at a large values of m; . the asynchronous PWM can be used where the
frequency of triangular waveform is kept constant , where as the
frequency of the Veonrol Varies resulting in non integer values of nz;.

How ever if the inverter supplying a load such as an AC motor , the
subharmonics at zero or close to zero frequency , even though small in
amplitude , will result in a large current that will be highly undesirable ,
therefore the asynchronous PWM should be avoided .
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[image: image20.jpg]v' Over modulation ( m,;>1.0) :

In the previous discussion it was assumed that m,<1.0, corresponding to
a sinusoidal PWM in the liner range , therefore the amplitude of the
fundamental-frequency voltage varies linearly with m, , as derived in Eq
(4), in this range m,<1.0 , PWM pushes the harmonics into a high
Jfrequency range around the switching frequency , and its multiples.

To increased further the amplitude of the fundamental frequency
component in the output voltage m,is increased beyond 1.0 , resulting in
what is called over modulation , over modulation causes the output
voltage to contain many more harmonics in the side bands as compared
with the liner range , as shown in fig (6) , the harmonics with dominant
amplitudes in the liner range may be not dominant during over
modulation , more significantly with over modulation the amplitude of
the fundamental frequency component does not vary linearly with the
amplitude ratio m, .as shown in fig (7) .

for sufficiently large values of m, the inverter voltage waveform
degenerates from a pulse width modulation to square wave .

o z_ ;ﬁ { )[ T L T I 1 » L-—:i ~Harmonic k

Fig (6) harmonic due to over modulation :drawn for ma=2.5 & mf=135.
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[image: image22.jpg]THREE- PHASE INVERTER

The most frequently used three phase inverter circuit consist of three legs
one for each phase , as shown in fig (8) . each inverter leg is similar to the
one used for describing the basic of one leg inverter . in fig (3) the output
of each leg , for example v, (with respect to the negative DC bus )
depend only on v 4 and the switch status .

7 Dy

FE

Fig (8) three- phase inverter

* the objective in pulse width modulated three phase inverter , is to shape
and control the three phase output voltage in magnitude and frequency
with essentially constant input voltage vd .to obtain balanced three phase
output voltages in a three phase PWM inverter , the same triangular
voltage waveform is compared with three sinusoidal control voltage that
are 120° out of phase as shown in fig (9-2) .

It should also be noted from fig (9-b) , that an identical amount of
averaged DC component is present in the output voltages v and vy
which are measured to the negative DC bus , these DC components are
canceled out in the line to line voltages for example v 4, shown in fig (9-b).

In three phase inverter only harmonics in the line to line voltages are of
concern . The harmonics in the output of any one of the legs, for example
v, in fig (9-b) , are identical to the harmonic vy, in fig (4-b) ,where only
the odd harmonics exist as a sidebands centered around the m,and its
multiples , provided m; is odd , the phase difference between the my
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eliminate even harmonics ) . thus ,some of the dominant harmonics in the
one leg inverter can be eliminated from the line to line voltages of three

phase inverter .
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[image: image24.jpg]Therefore , the line to line rms voltage at the fundamental frequency , due
to 120 phase displacement between phase voltage , can be written as
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it
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Generalized harmonic of line to line voltage for a large and odd m,
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2, E ] 0.116 0.200 0.227 0.192 0111
Im, x5 0.008 0.020
3, = 2 0.027 0.085  0.124 0108 0.038
x4 0.007  0.029 0.064  0.09
i, = 0,100 0.09 0.005 0.064 0.042
dmp = 5 0.021 0.051 0.073
dm, = 7 0.010 0.030

Neste: €V, 13,/Y,; are wabulated as o Tunction of m, where (V,, ), are the ms
vilues of the harmonic voliages.

The power circuit for speed drive of induction motor :

Diode
Reciifies inductance PWM (nverier
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·      Sinusoidal PWM Signals Generation Chip
( HEF4752V ) ​​​​
· Description .

There are so many methods of generating sinusoidal PWM control pulses ​​​for controlling the bridge inverter. Reliability and stability of the control pulses generated can be improved by using such method which requires minimum number of components. A very reliable method of generating controllable sinusoidal PWM pulses having reasonably good stability is by the use of single chip IC HEF-4752v. Block diagram shown in fig.(1) below shows the sequence of operation of different parts of the project.
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Figure (1) : Project block diagram.
· Short reference of the  SPWM chip: HEF - 4752V

The HEF-4752V is a versatile digital IC which gives sinusoidal PWM signals capable of controlling various desirable output parameters as output frequency, output voltage, delay in switching. The functional block diagram of the chip is shown in Fig. (2) . It has 3-output stages corresponds to the R, Y and B phases of the inverter. Each output stage has four outputs: two main outputs which control the upper and lower switching elements in each phase of the inverter, and two auxiliary outputs used to trigger commutation thyristors in 12-thyristors inverter systems. Generally, now-a-days, thyristors are not used in the inverter circuits, so, these pins (l0, 11, 20, 19 and 1,27) are not used in , the circuit. 
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Fig(2) : Functional Block diagram of the PWM IC HEF 4752V
The various input conditions which control output parameters are fed to the IC, so that the IC can provide controlled output waveforms which open and close the upper and lower switching devices in the appropriate sequence. 
To ensure that the main outputs of a stage can not ON simultaneously, an interlock delay period is used to separate the upper and lower outputs. The interlock delay period is determined by inputs "K" and "Output Delay Clock (OCT)". 

The output (fundamental component of output voltage) frequency (f01) is set by the internal "FCT Counter" and "RCT Counter". Dividing the clock frequency (fFCT ) of the FCT ( Frequency Control Clock) of the "FCT Counter" by 3360 gives the output frequency (f01), while the correct carrier multiple (mf; number of pulses of the carrier signal in each cycle of the fundamental component of the output wave) is determined by gating RCT pulses (fRCT) into the RCT counter. 

The VCT clock input frequency  (fVCT) of the "VCT Counter" controls the amplitude modulation index (ma) and hence output of the inverter as given in equation (3.1). The value of  (ma)  is inversely proportional to the frequency of the fvct input. 

            ma= k / fVCT                                                                 (3.1)

Three sinusoidal control signals are produced by the internal decoder, one f01 for each output stage, with a phase difference of 120 degree  between each two  signals.

· Input and output functions of the chip: HEF 4752V
It is a 28-Pin IC. Its functional diagram  and pinning diagram  are shown in Fig. (2&3) respectively. The IC has 6 main inverter drive outputs, three control outputs, four clock inputs and seven data inputs. The pinning detail is given below: 
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Fig(3): Pins diagram of the SPWM chip HEF-4752V
· Output signals :
Pin 8 – ORMl   =>        R-phase main-l (drive signal for upper switching 
                                      device of the R-     phase leg)
 Pin 9 - ORM2   =>        R-phase main-2 (drive signal for lower switching
                                        device of the       phase leg) 
Pin 22-OYM l  =>        Y-phase main-l (drive signal for upper switching 
                                      device of the Y-      phase leg)
Pin 21-OYM 2  =>       Y-phase main-2(drive signal for lower switching 
                                      device of the Y-       phase leg)
Pin 3  -OBM l    =>       B-phase main-l (drive signal for upper switching 
                                      device of the B-       phase leg)
Pin 2  -OBM2     =>     B-phase main-2(drive signal for lower switching
                                      device of the    B-phase leg)

· Control outputs :
Pin 23 - RSYN =>      R-phase synchronization signal pulse output of 
                                    frequency f01 and   pulse width  identical  to the
                                     VCT clock pulse.( It provides a stable  reference

                                      for triggering on oscilloscope) .
Pin 26 – VAV  =>     Average voltage (VAV is useful for closes-loop
                                   control of fVCT).
 Pin 18 - CSP   =>     Current sampling pulse (it is a pulse train at twice the
                                     inverter     switching  frequency).
 Note: The VAV and CSP are unaffected by the state of input L. 

· Data inputs :
Pin 25 – I         =>    Inverter Drive Signal (Its signal determines the 
                                  inverter drive signals   are in the  thyristor or
                                  transistor  mode) as –    I = Low (O-state) for 
                                  MOSFET / IGBT  /  Transistor mode & I =    High 

                                  (1-state) for    thyristor mode .

Pin 24 -L                Stop/start signal [with L - Low, all main and 
                               commutation signals are      inhibited, and  with  L = 
                               High, the normal pulses are obtained at the  output].
                                 Protection circuits can  be connected through this 
                                  input     terminal.
 Pin 7 - K              In associate with the clock input f OCT (output delay 
                            clock) .
Pin 5 – CW           Phase sequence R, B, Y or R, Y B [with CW = Low :
                              Phase sequence   R, B, Y and  with CW = High: Phase
                              sequence R, Y, B]. It is used to control the direction of 
                              rotation of the motor by altering the       phase 
                              sequence.
Pin 13,15,16         These are used for production testing. They are not used 
                             during normal operation. (A, B & C) 

·  Clock inputs : 
Pin 12 – FCT      Frequency control clock (It controls the inverter output 

                             frequency 'f0l'      and therefore  the motor speed. The 
                             clock frequency fFCT is related to    f01 by  equation (3.2)
                      fFCT=3360*f 01                                                    (3.2)

Pin 17 - VCT          Voltage Control Clock (Its control The level of the 

                                average inverter       output voltage at given output 

                               frequency where  Vo   is proportional to   (1/ fVCT).
Pin 4 –RCT             Reference Clock It is a fixed clock which is used to set 
                                 the inverter     switching    frequency  fs (max) .The 
                                 fRCT is related to fs (max) by equation  (3.3) .
                                  fRCT=280* fs (max)                                           (3.3)
Note: 
The absolute minimum value of the inverter switching frequency, fs (min)is set by the IC .At 0.6 fs (max)' These figures apply provided fRCT  is within the range 0.043 fRCT to 0.8 fRCT and fFCT / fVCT is less than 0.5. 

Pin 6 – OCT     operating in conjunction with data input "K (pin-7)", 

                            is  used to set the interlock delay period which is 
                             required at the    changeover  between the  
                             complementary outputs of each phase. 

                             When K = Low (Ground) : interlock delay period = 
                             8/foct ms and     when  K = High (+ V cc) : Interlock
                             delay period = 16/ f oct ms    where foct in  "kHz"

An economy in the design can be obtained by using the same clock for both RCT and OCT.
  Relationship between output voltage (Vo) and frequency (f 01) . The frequency of the fundamental component at 100% modulation f01(100m), can be determined by  relating the maximum undistorted sinusoidal rms inverter output voltage Vo(max) to the motor rating  as follows in equations (3.4) , (3.5). 
                f01(100m) = fRt * (Vo(max) / VRt )                                  (3.4)

   Vo(max) = 0.624 x Vi(DC)                                                          (3.5)

where  fRt: the motor rated frequency.

            VRt: : the motor rated rms input voltage.

            Vi(DC): dc input voltage of the inverter.

Once f01 (100m) has been established, a value of fVCT can be determined which will set the V/f ratio correctly throughout the frequency range of the motor to be controlled. This nominal value of fVCT is denoted by fVCT(nom), and is related to f01 (100m) by equation (3.6) [3 ].   
              fVCT(nom) = 6720 * f01(100m)                                            (3.6)

With  fVCT fixed at fVCT(nom), the output voltage will be a linear function of the output frequency up to f01(100m) .  Any required variation in this linear relationship is obtained by changing fVCT  [3]. 
The frequency ratio fFCT / fVCT is important in system design. At 100% modulation it will have a value given by equation (3.7) given below 

   fFCT / fVCT =  (3360 * f01(100m))/ (6720 * f01(100m)) = 0. 5            (3. 7)

·  Project Control Circuit 

SPWM chip HEF-4752V used as control circuit for a three-phase, sinusoidal PWM IGBT/MOSFET/ BJT  inverter is shown in Fig. (4) . The various input clocks (VCT, FCT, RCT & OCT) generation for the HEF -4752V are given below: 
A-  The voltage control oscillator (VC O) section of IC CD4046 is used as a linear vco. It produces an output    signal VCT, whose frequency is determined by the voltage at the Vc input at pin 9. The output of the vco (at pin 4) of the : CD4046 is fed to the VCT decoder (pin 17) of the PWM IC HEF-4752V as shown in  fig.(4).

B- Two input NAND gates of an IC CD4093 . It produces an output clock frequency of the FCT clock is given by equation (3.8)  :

                          fFCT= 1/ 0.847 R . C                                           (3. 8)

C- Two input NAND gates of an IC CD4093 . It produces an output clock frequency of the RCT/ OCT clock and it is given by equation (3.9) below :
fRCT= 1/ (0.847 R . C )                                                   (3. 9)
   where R, and C are determined to set a certain value for fRCT in order to obtain a certain value for the frequency (f01 )
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Fig (4) : Control circuit for a three-phase sinusoidal PWM .
The principle   operation of  SPWM chip  is to generate a triangular wave and  three sinusoidal waves out of phase 120˚ as shown in fig. (5) , the amplitude and frequency of each  wave generated are as  below .

1. The amplitude of the triangle wave constant at all time and equal to
       k* fo1(max). 

2. The frequency of the triangle wave is changing according to  the equation (3.10) given below  .

                 fRT = 21* fo1                                                               (3.10)
3.The frequency of the three reference sine waves is equal to the entered frequency  f01 . 

4. The amplitude of the three reference sine waves generated is  as given in  equation (3.11) illustrated below :

[image: image31.jpg]b

,“
k.
-
F

:

4

i
-
k

3

1

v
-
.

!

v

.
-
!

-
- -
- :
- - - s
il > —
- e - -
- - - -
- - - -
- - - -~
W —— - -
- - - —
- - - -
- - - -
g~ -
e - - -
- - - -
- - - -
- - - -
-~
’r - -
- - - -
- - - -

- s -
.- - o
- - -
- - -
B
- g g P - -
- - -
- - - -
- - -
- - -~
Pl ol O - - o
- - -
‘ - B
- - -
el il il . R - - -
- - - - - - .u\“
- —
- . - - - .
- - - ” £ e ".‘
- - - - , | = ==
——— ‘n
F il i T U s
=
” s

o i
.




                                    k*f01                 f01 ≤ f01(max)                      

           Vre  =

                                     k*f01(max)       f01 > f01(max)                  (3.11)                 

After the SPWM chip generates the triangle and sinusoidal reference waves the chip compares the value of triangle wave and each sinusoidal reference waves to produce control signal for upper and lower transistors as :

If  Vre≥Vtr the upper transistor is ON else the lower transistor is ON according to  the following flow chart shown in fig. (5) below . This figure also shows  the process operation of SPWM chip  .  Fig. (6) below also shows the comparison process and the output signals obtained in the sinusoidal PWM technique. 
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     Figure (5) : Flow chart illustrating the operation of the SPWM IC
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Figure (6) : Generation of  voltage waveforms as a result of operation of
SPWM

A typical  isolation  and drive circuit is shown in fig. (7)  below. This drive circuit enables to drive the   high voltage and the high current IGBTs  required to  operate the 3-ph induction motor with a rating voltage of 400 V

The un availability of these Isolation /Driver chips in the local market and also in the neighbor markets makes it impossible to obtain the high voltage high current  required by the induction motor.  In stead  a low voltage , low current 3 ph SPWM inverter has been designed to obtain a less voltage output depending on a 30 V  DC voltage source . A  3 phase inductive load simulates the operation of the 3-ph induction motor are connected to obtain the outputs required .
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Fig (7) : Driver and isolation circuit  of high voltage and high
current IGBT

The isolation and driver circuit connected to drive the bipolar junction transistors is as shown in fig.(8) below . The drive signals required to drive the photo couplers are obtained from the SPWM chip HEF 4752V as illustrated in fig. (4) before. 
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Fig (8) : Driver and power circuit for six bridge inverter.

·  Inverter Settings :
The inverter parameters are set as follows :

1.   fFCT = 100 - 220  KHz  ( results in varying output  frequency from 30 to 
               85 Hz ) 
2.    fVCT = 300 KHz (results in obtaining  V/f constant up to f01 =50 Hz).

3.   fOCT = 560KHZ  (results in delay between the upper and lower transistor operation  = 0.0285 ms ).   
4.    fRCT = 560KHz (results in the maximum switching frequency = 2KHz )

The following results illustrated in the following figures bellow:

1. The minimum output frequency  set to be 30Hz and the wave form of VRY is shown in fig (8) .   
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Fig (8):  wave form of VRY at 30Hz

2. The maximum output frequency  set to be 85Hz and the wave form of VRY is shown in fig.(9)
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Fig (9) :Wave form of VRY at 85Hz
3. Fig. (10) : shows the 120˚ phase shift between R,Y phases .

              Figure(10) : The  120˚ phase shift between R, Y phases

·  comparison study of SPWM inverter using HEF 4752V with available inverter in the market.

Nowadays, the available inverters in the market based on microcontroller , microprocessor, or digital signal processor are very costly.

Using this available technology especially after its operation  is verified and because of  its wide range of features concerning protection features, will give a good opportunity to a less cost inverter systems that compete strongly the available market high cost inverters. 

For example Cheaper three phase inverter rated 10Hp The rate of price about 800$ and need The reverse rotation circuit(cost about 100$) but in our design we can built the same inverter and we don’t need a reverse rotation circuit (SPWM chip can do that task from CW pin) A cost not to exceed    350$         

Conclusions & Recommendations

·    Conclusions
Different conclusions that concluded  as a result of implementing this project are summarized as follows:

1. The best available technique to control ac motor speed is by  using sinusoidal PWM. It provides large range of speed control.
2. One of the most features of using SPWM technique is its ability to      reduce  the effect of harmonics compared with other techniques. This is very obvious from the waveform of the outputs using this method. It is very important to have high power quality outputs with the benefits concerning losses in the cables and windings of the motor , amount of reactive power required by the induction motor and therefore its power factor, the distorted voltage reaches to the motor .
3. The use of sinusoidal PWM chip HEF-4752V reduces the number of components in control circuit and thus amount of wiring needed to obtain the whole system . This will considerably  benefit in terms of diagnoses in case of troubleshooting. This also gives a appreciable benefit in terms of cost compared to other inverter systems.     
4. Driving  high  power ( high line voltage, high currents )   BJT/ MOSFET/IGBT   needs special driving and isolation circuits available as  ICs . 

· Recommendations.

1. One of the different problems appeared during the work in this project is to provide a  high speed response driver circuit able to drive the high voltage power transistors . Different drive circuits were tested instead of the recommended one because of the inability to provide  this recommended driver and isolation ICs in the  time during operation in this project . A driver circuit for a less voltage level was tested and gives appropriate results. A recommendation arises here to provide these recommended ICs and to check for proper operation using these driver and isolation ICs.     

2. There is possibility to deal with a closed loop control system to maintain a constant speed of the induction motor . To deal with this possibility , an external circuit is required to feedback an error signal to the IC as a result of comparing the sensed speed   with a reference one. A recommendation arises here to provide this control circuit and check for proper operation.  

3. It is recommended to add a digital circuit to convert the system from remote mode to local mode. 

4. The possibility to use the SPWM chip with special certain external control circuits to start smoothly the induction motor .  
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