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Abstract: Building a machine that emulates the electrical fault can be expensive and implies high risk of damage.
Different types of fault cannot be created in the same machine. This paper presents a mathematical model and dynamic
simulation of 3-® squirrel cage induction motor to study the performance of the AC machine. The equations will be
derived and developed that will represent the 3-® Induction motor. Those equations can be used to study the fault analysis
of the winding as well as their performance. Mathematical equations are developed in arbitrary reference frame and
simulation is done under no load condition to obtain the results. As, Direct Quadrate (d-q) model is superior to abc
reference in terms of complexity and computational time, for modelling the drive system, d-q transformation method is
used. Then the simulation of the system will be done and analysis of dynamic behaviour of the motor will be studied.
Then the torque and speed will be calculated. The study of the transient and steady state analysis of an induction motor
model will be performed through the simulation.
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. INTRODUCTION

3 — @ induction motors are self-starting and can be classified in terms of difference in their design of rotor. Squirrel cage
induction motor and slip ring induction motor are the two types of 3 — @ induction motor. Squirrel cage induction motors
are popular motors due to its performance, reliability, ease in maintenance and comparatively cheaper even though slip
ring induction motor has high starting torque. At the time of starting and other operation, the driving of induction motor
requires very high current i.e. 5-7 times greater than its rated current. It also produces dip in the voltage, oscillatory torque
and may generate distortions. Therefore, it is important to model induction motor in order to tackle such drawbacks. A
3 — ® winding can be represented mathematically by 2-® winding. It can be done by Park’s transformation matrix [1-
8]. The stator and rotor parameters like voltage, current and flux linkages of motor may remain stationary, rotate at
synchronous speed and angular speed when transformed into arbitrary reference frame from natural reference frame [8-
12]. From these three, any mode can be selected to develop a model depending on its need and generally development of
a 3 — @ induction motor model in arbitrary reference frame is considered standard [13-20]. In this paper the transient and
steady state analysis of an induction motor model is simulated. Result obtained from simulation can convey the working
of induction motor.

1. MATHEMATICAL MODELLING OF 3-® INDUCTION MOTOR

Winding arrangement for 3-® induction motor is shown in Fig. 1.
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Fig. 1 Winding arrangement of 3-® induction motor
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Stator windings are identical and 120° electrically apart from each other with N, equivalent turns and resistance r; per
phase. Similarly, rotor windings are identical and 120° electrically apart from each other with equivalent N, turns and
resistance 7. per phase [1,4,6,16,21]. The equations were derived considering windings to be identical, distributed
sinusoidally around uniform air gap and magnetic saturation to be neglected.

DOI 10.17148/IARJSET.2020.7909

A Voltage Equations
Using Kirchhoff’s voltage law, voltage drop across stator and rotor are given in following equation

a) voltage drop across stator windings

Vio = i + 21 @)

Vys = Tilys % @

Vps = Tyips + % )
b) voltage drop across rotor windings

Vrr = Tyl + % @

Vyr = Blyr + % ()

Vy = 1ipy + % ©)

Let k = transformation turn ratio

k=N B _b @)
PR A
Z,
It is convenient to refer all the rotor parameters to stator side and this can be done using transformation turn ratio.

Veyer = KVgypr 9)
. 1. (10)

lrRyBr = % 15:39:14
Wrypr = KWryp, (11)
Ly = KLy, (12)
r = K?%n, (13)

The subscript Vaygr, iryer» rysr Li 17 Shows that these rotor parameters referred to stator side.

B. Inductance

From the above voltage equation, it is clear that flux linkages are the function of inductance thus, it is important to
determine the inductances of induction motor. Inductance of induction motor consist of self-inductance, mutual
inductance, magnetizing inductance and leakage inductance. Relationship between flux linkage and current is shown in
Equation (14), from this equation it is clear that flux linkage is directly proportional to current.

Y= Li (14)
Wrs Lpsrs  Lrsys Lrses  Lrser  Lrsyr Lgspr [iRs] (15)
les LYsRs LYsYs LYsBs LYer LYsYr LYsBr in
lsz — LBsRs LBsYs LBsBs LBer LBsYr LBsBr iBs

| l'pRr | LRrRs LRrYs LRrBs LRrRr LRrYr LRrBr iRr

| l’I"Y‘r | LYrRs LYrYs LYrBs LYrRr LYrYr LYrBr in

llpBrJ LBrRs LBrYs LBrBs LBrRr LBrYr LBrBr iBrJ

C. Self-Inductance

The self-inductance of 3-® induction motor is an inductance generated by a single-phase winding and it consists of
magnetizing and leakage inductance. As all the stator windings are identical and with same number of turns by taking
this into consideration, we can say all the self-inductance of stator windings are equal. Same can be said about self-
inductance of rotor windings.

(16)

Lpsrs = Lysys = Lpsps = Lims + Lis
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Magnetizing inductance (L,,,) can be calculated by using Equation (17)

2
L = BT 17)
Same thing can be said about self-inductance of rotor windings.
Lprgr = Lyryr = Lprgr = Ly + Lyy (18)
ol INF
Ly = % (29)

D. Mutual Inductance

Mutual inductance is the inductance existing between two windings and in induction motor there are four types of mutual
inductance which are stator-stator (mutual inductance between two different stator windings), rotor-rotor (mutual
inductance between two different rotor windings), stator-rotor (mutual inductance between stator and rotor windings) and
rotor-stator (mutual inductance between rotor and stator windings).

stator-stator mutual inductance can be calculated by using Equation (20)

riN2T
= £ cos Osys (20)

Lxsys -
Where L, is the mutual inductance between stator winding ‘x” and any other stator winding ‘y’ and cos 6,y is the
angle between ‘x” and ‘y’ stator winding.
Substituting Equation (17) in Equation (20) we have
Lxsys = Ly cOS gxsys (21)
Stator windings of induction motor are distributed 120° electrical from each other thus, possible angle between any two
stator windings are 120°or 240°.

1

C0S By5ys = cos(£120) = cos(£240) = -3 (22)
Substituting Equation (22) in Equation (21) we will get
1
Lxsys = _ELms (23)

From Equation (23) we can say that mutual inductance between stator windings is simplified in Equation (24)
1
Lpsys = Lrsps = Lysrs = Lysps = Lpsgs = Lpsys = _ELms (24)

rotor-rotor mutual inductance is similar to that of stator-stator mutual inductance and can be expressed as:
1
Lpryr = Lrrer = Lyrrr = Lyrpr = Lprrr = Lpryr = — ELmr (25)

stator-rotor mutual inductance depends on the rotor position as per following equation
Lxsyr = Lg cos styr (26)
Where Ly, is the mutual inductance between ‘x’ stator windings and ‘y’ rotor windings and 6,,, is the angle between

them. L, is the magnitude of mutual inductance between stator and rotor windings and is given by Equation (27).
NZ N porlm

Ly =— (27)
2 2

Now using Equation (26) and Fig.1, mutual inductance between stator- rotor can be expressed as following:

LRer = LYsYr = LBsBr = Lsr Cos 97’ ) (28)
T
Lrsyr = Lyspr = Lpspr = Lgr cos(6, + ?) (29)
4
LRsBr = LYer = LBsYr = Lsr COS(Qr + ?ﬂ') (30)
Taking similar procedure mutual inductance between rotor-stator can be determined as follows:
LRrRs = LYrYs = LBrBs = Lsr COSZ(_GT) (31)
V1
Lryys = Lyrps = Lprrs = Lgr COS(? —6,) (32)
4

Lrrys = Lyrrs = Lprys = Lsr COS(?H —-6,) (33)

All the inductance has been calculated and now complete inductance can be developed. In order to simplify the inductance
matrix, matrix is divided into sub-matrices. Inductance matrix in Equation (15) is repeated in Equation (34)
[LRSRS LRsYs LRsBs LRer LRsYr LRsBr]
| LYSRS LYsYs LYsBs LYer LYsYr LYsBr |
L = | LBsRs LBsYs LBsBs LBer LBsYr LBsBr | (34)
LRrRs LRrYs LRrBs LRTRT LRrYr LRrBr
| LYrRs LYrYs LYrBs LYTRT LYrYr LYTBT |
lLBrRs LBrYs LBrBs LBrRr LBrYr LBrBrJ
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Sub-matrix of inductance is:

b=l ol @
Where Lgs, Lsg, Lgs, Lgg 1S stator-stator, stator-rotor, rotor-stator and rotor-rotor mutual inductance respectively.
Lms +Lis —3Lms =35 Lms l
Lss=| =3lms  Lms+Lis =3l (36)
~2lms  —3lms  Lms+ Lsz
Loy +Lir =L = Lo l
Lew =| =3Llmr Loy +Ly  —3Lme 37)
L —lwr L+ LlrJ
cos 6, cos(6, + 2?”) cos(6, + 4?”)
Lep = LerCOS(Qr + 4?”) cos 8, cos(6, + %n) | (38)
[cos(@r + Z?n) cos(6, + 4?”) cos 6, J
Lgs = (LSR)T (39)

From Equations (37) & (38) it is clear that stator-rotor and rotor-stator mutual inductance depends on rotor position 6,
which continuously changes with time when rotor is rotating. In order to develop dynamic model de-coupling is done by
converting in arbitrary reference frame. Before transforming it the motor parameters to arbitrary reference frame it is
necessary to refer all the rotor parameters to stator side.

Relationship between L,,,; & Lg,-by evaluating Equation (17) & (27) and is given in Equation (40)

NS !
Lms = Tr Lsr = Lsr (40)
stotor- rotor mutual inductance referred to stator side is expressed as:
cos 6, cos(6, + 2?”) cos(6, + 4?")
Lsgp = L | cos(6, + 4?”) cos 6, cos(6, + 2?7:) | (41)
[cos(@r + 2?") cos(6, + 4?") cos 8, J
Ng '
Lips = N_,% Ly = Ly (42)
Lyns+ L, —05L, —0.5L,;
Lrg =| —0.5L  Lpms+ Ly —0.5Lp (43)
—0.5L,,s —0.5L, Ly + L,
Lrs = (LZGR)T (44)
Flux linkage is now expressed as:
lpRYBs] [LSS L’s;e] [iRYBs]
’ =y ’ y 45
Wrysr Lps  Lgrlligysr (49)

Now flux linkages can be transformed to arbitrary reference frame by using Park’s transformation matrix.

[sine sin(@ —2) sin(6 — 4?")}

K, = 2 cos@ cos(6 — 2?") cos(6 — 2?”) (46)
1 1 1
2 2 2
sin@ cos 6 1
Kt = sin(6 — z?n) cos(8 — z?n) 1 (47)

sin(6 — 4?”) cos(8 — z?n) 1

I[sinﬁ sin(f — 2?”) sin(B — 4—”)]

>

K, = 2 cosf cos(B — 2?") cos(f — 2?”) (48)
1 1 1
2 2 2
B=6-0, (49)
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K,, K;1 is Park’s transformation and inverse transformation matrix for stator respectively.
K,, K1 is Park’s transformation and inverse transformation matrix for rotor respectively.

[‘quos] _ [KsLssKs_l K Lsg Ks—l] [iaqos] (50)
‘P‘,iqm” B KTL,RSKs_l KrL’RRKr_l illquT
Evaluating Equation (49) we get the flux linkages in arbitrary reference frame and is shown in Equation (51).

[‘qu] [Lims + Lis 0 0 0.5Lp, 0 0 1[las]

W, 0 Lps+ Ly 0O 0 0.5Lpms 0 [|igs]

W, ‘ 0 0 Ly 0 0 0 |liy, |

WA= 0.5Lpns 0 0 Ly, +L, 0 0 {|iL (51)

g [ 0 05L,s O 0 Lps +L;. 0 ‘ i

Ly, 0 0 0 0 0 Al

Lin = % L (52)

3
From Equation (50) it is clears that by converting flux linkage into arbitrary reference frame rotor position (6,.)is no

longer the function of flux linkages which reduces the model complexity.

E. Voltage Equation in Arbitrary Reference Frame
Voltage equation in natural reference frame is given in following equation:
, d¥RyBs
Vryss = Tsiryps + % (53)
! 10 awy T
Viysr = Tigypr +—o2t (54)

dt
Taking only the stator voltage and transferring it to arbitrary reference frame

d(Ks_lq"dqos)

quOs = KsrsKs_lidqos + K dt (55)
. 0 0
K Kit=rn=10 1o 0 (56)
0 0 7
d(Ks_llpa cs) sz_l _,d¥ s
K Tb =K, ququS + K K; ! % (57)
After solving Equation (57) we get stator voltage in arbitrary reference frame as following:
VdS rs O O idS _lpqs d lIJdS
Vqs =10 T 0 lqs + We l-pds + E lIJqs (58)
VOs 0 0 Ts iOs 0 lIJOs
Rotor voltage in arbitrary reference frame can be determined using same approach.
Veel [# 0 o][iar W [Yar
Vir|= [0 % 0f]igr| + (we — wr) v |t i Yor (59)
Vel [0 0 #|li, 0 WG,

Where w, is the rotational speed of the reference frame and w, is the rotational speed of the rotor. The model developed
in Equation (59) is a general model in arbitrary reference frame which can take the form of any reference frame depending
on the value substituted for w,, therefor it is called arbitrary reference frame when w, = 0 stationary reference frame as
dg axes do not rotate.

w, = w, synchronous reference frame when w, is set to angular frequency of supply frequency.

w, = w, rotor reference frame when w, is set to angular frequency of rotor frequency.

1. EQUIVALENT CIRCUIT

Complete mathematical model of 3-® induction motor is given by Equation (51), (58) & (59). These equations are used
to draw an equivalent circuit of 3-® induction motor and it is shown in Fig. 2.

dWys .
@ e dWgs ,
o B L r @722 L & L i i T

AN =4} (T A [+ =TT 5% Is dt r

A e N e A @WW
las lL’il‘ T - & ._], /N

2\ v Iqs qr
Vas :; L dr Vqs 3 | (. Vql.
N4 A ‘/ \‘/ \]/
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Fig. 2 Circuit diagram of 3-® induction motor in dq0

Repeating Equation (51) & (59) in the following equations. Zero sequence parameters are neglected.

_ . d¥gs
Vds = Tslgs + dt - welpqs
a¥y
i qs
VZ]S - rslqs + + welpds

Vér ldr + — = (we — wr)lpqr

ro__ qr !
VZ]T - rr lqr + dt + (we — wr)lpdr

Was = Lisias + Ln(ias + lar)
ll"qs = Llsiqs + Lm(iqs + ithr)
lp(lir = L,lriéir + Lm(ids + ltrir)
q”ér = L’lri(’]r + Lin(igs + it’zr)
Wam = L (ias + iar)
qum = Lm(iqs + itlzr)

Values for currents are obtained by evaluating Equation (64), (65), (66), (67), (68) & (69):
= llJds (L’lr + Lm) - Lm‘yc’ir
@ L’ler, + LisLm + LlsLIlr
i = llJqs(Llr + Lm) - Lm"pc;r
as L%Lm;+LBLm;+LBL;
il = Lpdr(Lls + Lm) - Lmlpds
@ L,ler + LlsLm + LlSL,lr
i= lI"z;r(l‘ls + Lm) - LmlIJ s
T L Ly + Lls:{‘m + LigL),

X =

1 1 1
— +—+
Xm | X5 | X,
Y lP'
Wom = X |52 +
an m Xls xl’r
Wos | Wa
lydm ml [X . /r]
ls X
1
lgs = —— (lpqs qm)
Xis
. 1
lgs = — (Was — Pam)
x{S

lgr = E (lpz;r - lpqm)
r

1
l(lir = x_, (lptlir = WYam)

Ir

Substituting Equation (78), (79), (80) & (81) in Equation (60) (61), (62) & (63) we get the following equations:

awv
dfs = wp [Vds +— lpqs T = (Lpdm Lpazs)]
d‘qu [ e 1”5 ]
_ley 4D (p @
wp ds xls( qm qs)
Copyright to IARJSET IARJSET

This work is licensed under a Creative Commons Attribution 4.0 International License

(60)
(61)
(62)

(63)
(64)
(65)
(66)
(67)
(68)
(69)

(70)
(71)
(72)
(73)

(74)

(75)

(76)
(77)
(78)
(79)

(80)

(81)
(82)

43


https://iarjset.com/

IARJSET

o ISSN (Print) 2394-1588
y International Advanced Research Journal in Science, Engineering and Technology
: Vol. 7, Issue 9, September 2020

ISSN (Online) 2393-8021

DOI 10.17148/IARJSET.2020.7909

d\P'r ’ (We—wy) (Y1 , /
d;i = Wp [Vdr + wm LY, ar T % (Wam — lpdr)] (83)
d¥ar _ (we-wy) Ty '
q = [ e ‘Pdr (qum - l-[qu)] (84)
Based on above equations torque and speed can be calculated as foIIows:
3 . .
Te = 2 X g (Lpds lgs — l'pqs lds) (85)

w, =3[ (T, = T,)dt (86)

Now all the required mathematical equations for 3-& induction motor are developed and ready to implement in MATLAB
simulation.

V. RESULT AND ANALYSIS

In this section 3-® induction motor is simulated in MATLAB/SIMULINK using the equations in above section.
Developed Simulink model is shown in Fig. 3.

,,,,,,,,,,,,,, i’ ]
% b

— ] — ]

= o = Totor_current

O

uuuuu

The 3—® squirrel cage induction motor of 3 Hp, 230 V, 50 Hz is tested in simulation model. The parameters of the model
are given in Table 1.

Table 1 Parameters of 3—® squirrel cage induction motor

Fig. 4: 3 —® stator voltage in natural reference frame
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S| No. Parameters Values
1 Power 3 Hp
2 Phase voltage 230V
3 Frequency 50 Hz
4 Pole 4
5 T 0.435Q
6 7 0.816 Q
7 X 26.13 Q
8 Xig 0.754 Q
9 Xpy 0.754 Q
10 J 0.089
11 Wp 1007
\\ /,r"” /w/ \\\‘
\ / / \\
X X X X
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Fig. 5: Stator voltage in arbitrary reference frame
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Fig. 7: Rotor current
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Fig. 8: Electromagnetic torque characteristics
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V. CONCLUSION

Mathematical model for 3-® squirrel cage induction motor has been developed in arbitrary reference frame. Developed
model was simulated in MATLAB and its results were compared with conventional model. Comparison was done on the
basis of developed electromagnetic torque and rotor speed characteristics. Obtained result showed similar characteristics.
Thus, we can conclude that our developed model in MATLAB/SIMULINK software is reliable, comparatively cheap,
user-friendly and safer to study the performance and to predict the behaviour of 3-® squirrel cage induction motor. Our
developed model can be used to study the performance of both the squirrel cage and slip ring induction motor.
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