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Abstract

Development in the field of microelectronics and control has
resulted in Vector control of Induction motor. The Induction
motors are used in many adjustable speed applications. In
order to understand and analyze the vector control of
Induction motors, the dynamic model of the machine is
necessary along with the steady state analysis and design of
the Induction motors. It is the objective to explain the various
forms in a concise way to understand clearly. In addition, the
fundamental dynamic performance of the machine in the
synchronous frame is developed along with the principles of
closed loop vector control is discussed in general terms and
simulation has been carried out on a laboratory model.

1 Introduction

An ac motor drive using a squirrel cage induction motor has
the advantages of high power to weight ratio, lower inertia,
inexpensive, available at all power ratings and less
maintenance requirements. The dynamic model equations
have been developed to describe the characteristics of
Induction motor.

The objective of the article is to derive and explain the
Induction motor model in relatively simple terms. It is proved
that rotor flux lies on d —axis when synchronous reference
frame has been chosen. Compared to the DC motor, dynamic
equations of the Induction Motor have been simplified.
This report provides detailed procedure of closed loop vector
control for the 3.7KW, 4 pole, 415V, 7.5A, 50 Hz, 1430 rpm
3Ph, Cage rotor.

In a squirrel cage induction motor the stator phase current is a
vector sum of the flux and torque producing the current
components. So, in order to achieve a dynamic performance
similar to DC drive, a decoupling of the stator phase current
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in to the flux producing and torque producing current
components is essential. This requires complicated signal
processing of three phase currents under all dynamic
condition. Recent developments in microelectronics such has
micro controllers and digital signal processing (DSP) chips
have made it possible, to achieve a dynamic performances,
from an induction motor drive, similar to that of a
conventional dc drive. The decoupling of flux and torque
control in an AC machine is popularly known has Field
Oriented Control.

2 Steady State Performance of the Induction
Motor

The real power transmitted from the stator[1], P; to the air
gap P, is the difference between the total input power to the
stator winding and copper losses in the stator and is given as,

P,=P~3L’RWatts 1)

Neglecting the core losses, the air gap power is equal to the
total power dissipated in R% in the three phases of the

machine.

It is given as

R
P, =313( ] 0))
N
The above equation can also be written as
2 2 l1-s
P =3I"R +3I'R (—j ?3)
S

From equation 27 the first term gives the rotor copper loss
and the second term gives the power converted to mechanical
form.
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sP,=3I°R, “)

Therefore the rotor copper losses are equal to the product of
the slip and air gap power and hence are referred to as slip
power.

The mechanical power output P, is obtained as follows,

P, =3I'R (I_—SJ Wats )
S

The mechanical power output is equal to the product of the
electromagnetic torque and rotor speed, therefore

P -Ta, ©)
Where Te is the internal or electromagnetic torque.

The electromagnetic or air gap torque is obtained as follows:

T,=3IR, [I‘—S] ™
sw,
Therefore,
2
T, zs[ﬁj LR ®
2 ) so,

The shaft power output of the machine P, can be obtained by
subtracting the windage and friction losses of the rotor from
the mechanical output power of the machine which can be
written as follows:

P s=P m_P fw (9)
Where Py, is the windage and friction losses of the rotor.

There are also losses due to stray magnetic fields in the
machine; they are covered by stray load losses. The stray
load losses vary from 0.25 to 0.5 percent of the rated machine
output.

Rr=Zsccosgsc_R s ( 1 0)

(11)

Where X,, is the sum of the stator referred rotor leakage
reactance given as

Xog = Z 3 Sind

Xog=XistXiy (12)

3 Dynamic Modeling of Induction Machines

The dynamic model of the induction motor is derived by
using a two phase motor in direct and quadrature axes as
shown in Fig.1. This approach is desirable because of
conceptual simplicity obtained with two sets of windings one
on the stator and other on the rotor. The equivalence between
the three phase and two phase models[3] is derived from
simple observation, and this approach is suitable for
extending it to model an n — phase machine means of two
phase machine. The concept of power invariance is
introduced: the power must be equal in the three phase
machine and its equivalent two phase model.

qaxis

Figure 1: Stator and Rotor windings of a two Phase
Induction Motor

The following assumptions are made to derive the dynamic

model:

=  Uniform air gap.

= Balanced rotor and stator windings, with sinusoidally
distributed mmf.

= Inductance versus rotor position in sinusoidal and

= Saturation and parameter changes are neglected.

A two phase induction machine with stator and rotor
windings is as shown figure, the winding are displaced in
space by 90 electrical degrees, and the rotor winding, «, is at
an angle 6, from the stator d axis winding.

The number of turns per phase in the stator and rotor
respectively are T; and 7. A pair of poles is assumed for this
figure. 6, is the electrical rotor position at any instant,
obtained by multiplying the mechanical rotor position by pair
of electrical poles.

The terminal voltages of the stator and the rotor windings can
be expressed as the sum of voltage drops in resistances and
rate of change flux linkages which are the products of the
currents and the inductances, given as
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Vas=Rgigs+ P(Lygiq) + P(Lgitas) + P(Lygaie) + P(Lygip) (13)
Vas=Rgiast p(Lagiqs) + P(Ladia) + P(Ladis) + P(Lagip) (14)
Ve=Raia+ P(Lagigs) + P(Lodiag) + P(Ladie) + P(Lagip) (15)
Vs=Rgis + p(Lggigy) + P(Lpaias) + P(Lpoia) + P(Lggi) (16)

Where p is the differential operator d/dt

Vas Vas are the terminal voltages of the stator q axis and d

axis respectively.

Vo Vg are the terminal voltages of the rotor a and B windings
respectively.

izs 145 are the stator q axis and d axis currents respectively.
i, ig are the rotor q axis and d axis currents respectively.

Ly, Lyq self inductance of the stator q and d axis windings
respectively.

Loo Lgg self inductance of the rotor o and B windings
respectively.

The mutual inductances between any two windings are
denoted by L with two subscripts, the first subscript denoting
the winding at which the emf is measured due to the current
in the other winding indicated by the second subscript.
Assuming uniform air gap, the self inductances are
independent of angular positions.

Therefore,
Laa =Lﬂﬂ =er, ( 1 7)
de=qu=Ls (1 8)

The mutual inductance between the rotor windings are zero,
because the flux set up by a current in one winding will not
link with the other winding displaced in space by 90 degrees.

Therefore,
LaﬂzLﬂa =0 ( 1 9)
Ly=Le=0 (20)

The mutual inductances between the stator and the rotor
windings are a function of the rotor position 6,, and they are
assumed to be sinusoidal functions because of the assumption
of sinusoidal mmf distribution in the windings.

Symmetry in windings and construction causes mutual
inductances between one stator and one rotor winding to be
same whether they are viewed from the stator or the rotor.

Lad=Lda =LS,C0S0r (2 1 )

Lﬂd=Ldﬂ =LS,Sin0, (22)
Ly,=L,,=L,Sind, (23)
Lyy=Ly5=-L,,Cosb, (24)

Where L, is the peak value of the mutual inductance between
a stator and rotor winding. The last equation has a negative
term, because a positive current in f winding produces a
negative flux linkage in the g axis winding and vice versa.

Vqs = quqs + pLsiqs+ p (0 *ids) + pLsr Sineria+ y4 ('Lsr) COS@riﬂ(ZS)

Vas = (Ry + PLy)igt pLy,SinG,i, - pLy,cosB,ig (26)
Vas = Raigt p (0%igy) + pLigs + pLycosB,i,+ pLysinG,ig  (27)
Vas = (Rat+ pLy)igs + pLycos8i,+ pLgsinG,ig (28)
Vo= Rgiq + pLgsinG, ig+ pLg, cosO,ig+ pLyi, + p(0*ig)  (29)
Vo= Ryt p L,)is + pLgsinG, iy) + pL, cos6,i4 (30)
Vs = Rgig+ p (-Lg) costrigs™ PLsr SinByigs + p(0*i,) + pL,ip (31)
Vs = (R +pL,,)ig-pLg (cosbiy) + pLg (sinbiz) (32)
Assuming,

R=R,=R, (33)
R,=R,=R; (34)
Therefore we have,

Vas = (Rs + pLyig+ pLysinG,i, - pL,, cos6,ig (35)
Vs = (Rst pLyig + pLy, cosOri, + pL,, sind,ig (36)
Vo= (Rt pL,,)iy + pLy,SinG, ig + pL. cos8,iy 37
Vs= (R, +pL,,)ig-pL, cos0,iy + pLg, SinG,iz (38)

A. Three phase to two phase transformation

The dynamic model for the three phase induction machine
can be derived from the two phase machine if the equivalence
between three and two phases is established. The equivalence
is based on the equality of the mmf produced in the two —
phase windings and equal current magnitudes. Assuming that
each of the three phase windings has T1 turns per phase and
equal current magnitudes, the two phase windings will have
3/2 T1 turns per phase for mmf equality. The d and g axes
mmfs are formed by resolving the mmfs of the three phases
along the d and g axes.
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The g axis is assumed to be lagging the a axis by 0..The
relation between the dgo and abc currents is as follows

Cos0, Cos[t?c —%j Cos(t?c +2?7rj

i (=2 sino. sin[0 -2")| sin[g +2F (39)
ds 3 c c 3 c 3

1 1 1
2 2 2

The current i, represents the imbalances in the a, b and ¢
phase currents and can be recognized as the zero sequence
component of the current and is given as follows:

D
i =§[1as +iy i ]

o

(40)

In a balanced three phase machine, the sum of the three phase
currents is zero and is given as:

i +i, +i =0

(41)
Therefore under balanced conditions, we have
D T

i = g[las +1i, -HCS] (42)
Where

iqdo = [T;bc] iabc (43)

(44

(45)

And the transformation from abc to dgo variables is
Cos8, Cos (6’0 - ZTHJ Cos [6’6 + ZTEJ

Sing), Sin[@c—zTﬁj Sin[6’0+2§] (46)

W[ N

[Tabc] =

1 1 1
2 2 2

The zero — sequence current, i,, does not produce a resultant
magnetic field.

The transformation from two — phase currents to three —
phase currents can be obtained as

iabc = [T;zbc] 1 idqa (47)
This transformation[4] could also be thought of as a
transformation from three (abc) axes to three new (dgo) axes.
Under balanced conditions only; there are four system
equations given in equation. Under balanced conditions there
are two more equations one for the stator zero sequence
voltage and other for the rotor zero sequence voltage.

v, =R +pLi

s " oS (48)
vor = Rr + lerior
Where in the variables the first subscript denotes the zero
sequence components and the second subscript denotes the
stator(s) and rotor(r). Only leakage inductances and phase
resistances influence the zero sequence voltages and currents.
It is usual to align the g axis with the phase a winding; this
implies that the gd frames are fixed to the stator. The model
is known as Stanley’s model or the stator reference frame

model.

- . _ﬂ
2

5

W

TS ==

ab

(49)

W

2
1 1
2 2 |

B. Derivation of commonly used induction motor models
There are three particular cases of the generalized model of

the induction motor in arbitrary reference frames and they are
given as below:

= Stator reference frames model,
= Rotor reference frames model,
= Synchronously rotating reference frames model.

C. Stator reference frames model

The speed of the reference frames is that of the stator, which
is zero.

Therefore w, =0
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Vs R +pL, 0 pL, 0 Ly
Voo | _ 0 R +pL, 0 pL, iy (50)
v, pL, -o L, R +pL -olL i,
v, oL, pL, oL R +pL i,

For convenience the superscript is omitted for the stator
reference frames model.

The torque equation is,

3P Coa
T:z =EELm |:lqsldr _ldslqr:l (51)
D. Rotor reference frames model
The speed of the rotor reference frames is
0 -0, (52)
And the angular position is
0.=06, (53)
Electromagnetic torque is given by,

3 P o7 oT o7 oT
T =EELM [zqszdr —1dszqr] (54)

The transformation from abc to dgo variables is obtained,
Therefore,

Cos6, Cos (6?, - 2—”) Cos (6’, + 2—”)
3 3
Sin@.  Sin [9, —ZTEJ Sin [6’, + 2?7[]

1 1 1
2 2 2

(7. ]=

w N

(55

The rotor reference frames model is useful where switching
elements and power are controlled on the rotor side.
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E. Synchronously rotating reference frames model

The speed of the reference frames is

o, = o, = Stator supply angular frequency rad/sec.

And the instantaneous angular position is

6 =0 =ot
Vol | R+PL oL, pL, oL, |k
Vi oL R +pL, —oL, pL, |4
v pL,  (e-®)L, R+pL (e-a)L|i
v | [He-e)L,  pL,  He-e)L, R+pL |
(56)
The electromagnetic torque is,
3P e e e
T, :EELm |:lqsldr —ldslqr:l 67

The transformation from abc to dgo variables is found by,

Cos0, Cos(é?s —ZTEJ Cos(é?s +2T”F

Sin0,  Sin (HS —2%] Sin[é?s +2T”j

[T5. =

W

(58

1 1 1
2 2 2|

It may be seen that the synchronous reference frames
transform the sinusoidal inputs into dc signals[S]. This model
is useful where the variables in steady state need to be dc
quantities, as in the development of small — signal equations.
Some high — performance control schemes use this model to
estimate the control input; this led to a major breakthrough in
induction — motor control by decoupling the torque and flux
channels for control in a manner similar to that for separately
excited dc motor drives.
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F. Dynamic simulation flowchart G. Flow chart for the computation of transfer function
and plotting of root locus.

start
v
Read motor parameters Read motor parameters, frequency,

woltage and steady state slip.

Initialize time &Read applied Cotrpute steady — state operating point,
voltages and final time

Y\ Compute A and B rratrices
atd specify C and D matrices.

Find dao Voltages

* Compute Eigen values

Solve the motor differential
equations using Runge Kutta
numerical method for integration

Construdt Tp tratrix and obtain the
phase variable canorical form

v Time=time+1 : ]r :
Compute dq Voltages & dq | Write the tranafer fitnctinn |

currents of the stator and rotor

.
Store the values of variables

Figure 3: Flowchart for the computation of transfer function

Is final time

reached ? 4 Implementation of Vector Control Scheme

Print/display the time response

v

stop

Figure 2: Flowchart for the dynamic simulation of an
Induction motor

Figure 4: The implementation of vector control scheme
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5 Speed Controller Design for Vector
Controlled Drive

An implementation of vector — controlled induction motor is
shown in Fig. 4. The torque command is generated as a
function of the speed error signal, generally processed
through a PI controller. The flux command[2] for a simple
drive strategy is made to be a function of speed, defined by

*

A =4;0<*0 <tw

r rated

,
=—22,;t0, <to, <to
,

r 7(m:

ax)and|a)r| >, (59)

r

Where 4, and o, are the rated or base rotor flux linkages and

rotor speed, respectively. The flux is kept at rated value up to
rated speed; above that, the flux is weakened to maintain the
power output at a constant, very much as in the DC motor
drive. In such a case, the rotor flux linkages programming is
complex task. The three — phase stator current commands are
generated. These commands are simplified through a power
amplifier, which can be any standard converter — inverter
arrangement.

The rotor position, 6, is measured with an encoder/
synchronous resolver converted into necessary digital
information for feedback. Some transducers are currently
available to convert the rotor position information into
velocity; they can be used to eliminate a tachogenerator to
obtain the velocity information. The controllers are
implemented with microprocessors.

6 Simulation Studies and Experimental Results

Simulation studies presented in this section are obtained
using MATLAB/SIMULINK simulation package.

Experimental results are obtained for the laboratory model of
the following specification: 3.7KW, 4 pole, 415V, 7.5A,
50Hz., 1430 rpm ,3Ph, Cage rotor.

Stator Resistance  :1.115Q

Stator Inductance  : 0.005974H
Rotor Resistance :1.083 Q

Rotor Inductance  :0.005974
Mutual Inductance :0.2037H
Inertia :0.02 Kg m®
Friction Factor :0.05752 N.m.s
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Fig. 5 to Fig.10 shows various characteristics of the above
model
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Figure 5: Stator and rotor voltages and currents in the
stationary frame
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Figure 9: Output characteristics for a speed controller

7 Conclusion

With the dynamic and steady state analysis the operating
stability of an induction motor can be obtained. Hence we can

decide that for the given parameters the operation of the
Induction Motor is

1. Stable or not

2. If not by designing the proper controllers operation can be
made stable under dynamic conditions

3. Simulations is carried out on 3 Phase Induction motor
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Figure 10: Frequency Response of a complete simplified
current Loop
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