5 Polyphase induction machine
e 5.2 Construction and principle of operation
e Machine construction
Magnetic part

Stator and rotor windings
Electrical degrees

=pairs of polesx Mechanical degree
Induced Emf:

dA d

€as =~ =~ = A (K T) @y Sin(2nf)} = ~2nf kg Ty, cO5(2nfs)




The rotating magnetic field
* A simple three-phase stator

L RE 4-8
—ple three-phase stator. Currents in this stator are assumed positive it they flow into the unprimed
< sutl the primed end of the coils. The magnetizing intensities produced by each coil are also shown.
= magnelizing intensity vector H,.(f) produced by a current flowing in coil aa”.




e Assume that the currents in three colls
l.a” = lySINmt
Iy = ImSIn(ot - 120°)
lcer = Isin(ot - 240°)

* Their magnetic field intensity
. = HyuSInot£0°

oo = Husin(ot - 120°) £120°
«cr = Hyusin(mt - 240°) £240°




* Their magnetic flux densities
B.a = BuSIinot£0°
By = BmsIin(wt - 120°) £120°
B = Bpsin(ot - 240°) £240°

Note that B = puH.
e Attime ot =00
B, =0
Buy = Bysin(-1209) £120°
B..: = Bysin(-240°).£240°




e Attime ot =90°
B.a = BmsIin90°£0°
By = Bysin(-309)£120°
Busin(-150°) £240°




Proof ...

e The net magnetic flux density

Bnet(t): B.os + By + Beer = BySInot£0%+
BySin(mt-120) £ 1200+ B,sin(emt-2400) £ 2400

= BySinmt
-(1/2)Bysin(wt-120°)+j(~+/3/2)Bpsin(mt-120°)
-(1/2)Bpsin(mt-2400)-j(~/3/2) Bysin(wt-240°)
Bhet(t) = 1.5Bysinmt - J1.5Bysinmt




Proof ...

e Therefore
Bhet| =1.5Bp,

_1 —Ccos ot
SIn ot

= ot —90°

ZBpet = tan




* Principle of operation
Synchronous speed
s = 2nfs, rad/sec
If o IS the mechanical rotor speed, slip

speed IS

Ws1 = Ws, - O = W5 - POm/2, rad/sec

The differential speed between the stator
magnetic field and rotor windings is slip
speed which is defined as

_ g1
Ws

S




The rotating magnetic field
* A simple three-phase stator
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—ple three-phase stator. Currents in this stator are assumed positive it they flow into the unprimed
< sutl the primed end of the coils. The magnetizing intensities produced by each coil are also shown.
= magnelizing intensity vector H,.(f) produced by a current flowing in coil aa”.




The rotor electrical speed Is
or = 0s(1 -s), rad/sec
The rotor speed in rpm, denoted by n; IS

nr=ng(1-s), (rpm)
120f,

P

where ng =




5.3 Induction-motor equivalent circult

* Fig. 5.1 Elementary equivalent circuit.

Tlc :T2c

Figure 5.1 Elementary equivalent circuit for the induction motor




e The relationship between the induced emfs is
By _ T2e _5

Ey, T a
where T1le and T2e are the effective stator

and rotor turns per phase, and a Is the turns
ratio.

e The rotor current I, then, IS
E, E,

Rip +Jogi Ly Ry + JSosLyyy

* The rotor current is also (from stator)
E1/a




e The rotor current reflected into the stator Is
denoted as I, as E, E,

I, =

_
3

e Fig. 5.2 Is equivalent circuit of the induction
motor.

2 R :
Iy = @Rir) SR”) +j®s(32|—rr) Sr+J®SLlr

Tle :Tze

Figure 5.2 Equivalent circuit of the induction motor




* Fig. 5.3 Equivalent circuit with the rotor at
stator frequency.

Figure 5.3 Equivalent circuit with the rotor at stator frequency




The no-load current
lo = 1n + |¢

The core-loss component of the stator

current IS
_E

IC
RC
The rotor phase current IS

Eq

Iz =
ir+jxlr

The Sstator current then i1s
ls = I + o




* Fig. 5.4 Simplified phasor diagram of the
Induction motor.

A m

Figure 54 Simplified phasor diagram of the induction motor




The applied stator input voltage
Vas = E1 + (Rs + JX1s)las

5.4 Steady-state performance equations of the
Induction motor

The air-gap power is
P, = P, —3I°R,

Neglecting the core losses, the air-gap power
IS equal to the total power dissipated in R,/s

p, =312 Rr _312R 1 312R, 179
S S




The mechanical power output Is
(1 s)
P, =3I°R :

Alternately, the mechanical power output

Pn=Tcom

Henc%
e 3IER(1-5)
SOm

et the rotor speed be in terms of the slip
and stator frequency

O — Wy _(Ds(l—s)
M p/2 P2




* The electromagnetic or air gap torgue Is

2
T, =3(0) R
2" Sog

e The shaft output power of the machine is

Ps = Pm - Prw




5.5 Steady-state performance
* Fig. 5.6 (a) Induction motor speed-torque
characteristic.
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Figure 5.6 (a) Induction motor speed-torque characteristics




* Fig. 5.6 (b) Generation and braking

characteristic of the induction motor.
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Figure 5.6 (b) Generation and braking characteristics of the induction motor




Fig 5.7 Performance characteristic of an
Induction motor.
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Figure 5.7 Performance characteristics of an induction motor




Starting torque: (s = 1)

2
Vas'Rr

Tes =5 2 2
s (Rs+Ry)™ + (X5 + Xyp)

5.6 Measurement of motor parameters

Stator resistance
No-Load test
The no-load power factor




Fig. 5.10 Equivalent circuit of the induction
motor at no load.

Figure 5.10 Equivalent circuit of the induction motor at no load

The magnetizing current
I = 15SING,




The core-loss current

l. = 1,C0S(,
The magnetizing inductance
Vas

Ly =

- 2nfgl

The core-loss resistance

r = Vs

lc



e |_ocked-rotor test

Fig. 5.11 equivalent circuit of the induction
motor at standstill.

Figure 5,11 Equivalent circuit of the induction motor at standstii]




The short-circuit power factor

— I:)SC
COS (g __V§c|sc o
The short-circuit impedance

Lsc :&

ISC

The rotor resistance and total leakage reactance
Ry = Zgc COS s — R Xeq = Zsc SIN Og¢

The total leakage reactance (the sum of the

stator and referred-rotor leakage reactance)
Req = K15 T Xqy




5.7 Dynamic modeling of induction machine

e Fig. 5.12 Dynamic modeling of the three-
phase induction motor.

Two-phase machine
with time varying
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Figure 5.12 Dynamic modeling of the three-phase induction motor




:5.7.1 Real-time model of a two-

phase.induction.machine
e Assumptions:
(1) uniform air gap;
(11) balanced rotor and stator windings, with

sinusoidally distributed mmf;
(111) Inductance vs. rotor position is sinusoidal;

(Iv) saturation and parameter changes are
neglected.




e FiIg. 5.13 Is a two-phase induction machine
with stator and rotor windings.

q-axis




e The terminal voltage of the stator and rotor
windings:
Vgs=RqlgstP(Lgglgs) +P(Lgdlds) +P(Lgale) *P(Lgpip)
Vas= P(Ldglgs)+Ralgs+P(Ladlas)+P(Laola) +P(Lapip)
Va=P(Laglgs)tP(Lodlas) tRalatP(Laale) +P(Loplp)

Vs=P(Lpqlqs)+P(Lpaids)+P(Lpaic)+ Rpip+p(Lppip)
The self-inductances are independent of angular
positions, hence

Lo = I—BB =Ly Laa= I—qq = L.




e The mutual Inductances
L4 = L4y = LsCOSO;; LBd = LdB = LSInO,;
Log = Lgo = LsSINGy; Lpg = Lgg = -LsCOSO;
The resulting terminal voltage

Vgs = (Rs+Lsp)lgstLsPp(14S1N6;)-Lsp(15C0SH;)
Vds — (R3+L5p)iq3+Lsrp(iacoser)'Lsrp(IBSiner)
Vo, = Lsp(lgsSINO)+ LerPp(19sC0SO;)+(Ri+Lyr P)lg

VB — -Lsrp(lquOSGr)+ Lsrp(idssiner)'l'(Rrr'l'er p)lB




e 5.7.2 Transformation to obtain constant matrix

* The relationship between the actual currents
and the fictitious rotor currents

g {cose sin o, }Ia
r _iB

_'qrr_ sin@, —coso

e The above eg. can be written compactly as

|dqrr [Tab]locB
Where qurr [Idrr Iqrr] IOLB — [IOL IB]t and

T cos, sin6;
B sing, —coso,




e Fig. 5.14 shows transformation of actual to
fictitious variables




e The transformation is valid for voltages,
currents, and flux-linkage in a machine.

* The transformation matrix is both
orthogonal and symmetric, and satisfies

Tup = Tof

 \We thus have

R+ Lgp 0 Lsp 0
0 R+ Lgp 0 L P
Lsr.p — LBy Ry + !—rrp — L0,
| LBy Lsrp L6y Ry + Ly




e |et
_ kwily
Kw2T2
 Then

Rr=a’Ry; L,=a’Ly;

iqr — iqrr/a; lar = lan/a,;
Vgr = dVgrr, Vdr = dVrr.

e The magnetizing inductance of the stator
Lm = aLly




"he machine equation referred to the stator
Vgs | [Rg+Lgp 0 Lmp 0 gl
0 Rs+ Lgp 0 Lnp
—Ly6, R +L;p -L.6

Lm0, LmP L6, Re+Lp | Tar

e 5.7.3 Three-phase to two-phase transformation
* The relationship between dgo and abc current

cosO; Ccos(O. —2%) cos(O. + %n) :

: : 2T : 27, | - : :
sin 0, sm(ec—?) S|n(9c+?) < lgdo = [Tapc llane




e The zero-sequence current, Iy, does not
produce a resultant magnetic field.

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

lape = [Tabc]_liqdo
where

cos 0 Sin 6 1
_ 27 : 2T
[Tabcl = cos(0c — ?) sin(0; — ?) 1

cos(ec+%n) sin(ec+%n) 1







e Under unbalanced condition, two more
system equations are

Vos = Rs + Llspios
Vor = Ry + I—1rpior

« Stanley’s model (the stator reference frames
model): in that case 6. = 0, the transformation

from abc to dgo variables Is

, 11

2
2 V3

Tobe == -
abc 3 2
1

2 -




e 5.7.4 Power equivalent
e The three-phase instantaneous power input

t - : :
Pi = Vapclabe = Vaslas + Vbslps + Vesles

t -1 —1-
= Vado ([Tabc] M Tabe] "1gdo

3 : : :
= E((Vqs'qs + Vgslds) +2Volo)




e 5.7.5 Generalized model in arbitrary reference
HEWES

o Arbitrary reference frame: reference frame
rotating at an arbitrary speed.

* The relationships between the currents of
reference frame and the arbitrary reference
frame are written as

iqu = [Tc]iads

Where qus — [Iqs ids]t _I_C . COSOC sin eC
—sinB; cosO,

.C .c  :C qt
lgds =llgs Idcl




* Fig. 5.16 shows stationary and arbitrary
reference frames.




* The speed of the arbitrary reference frames is

Oc = o¢

o Similarly, the fictitious rotor currents
transformed Into arbitrary frames are

iqdr — [Tc]iadr

» Likewise, the voltage relationships are
= :TC]Vads

1C1y,C
=[T"]vgar




e The induction-motor model in arbitrary
reference frames is obtained as

Vas - Rg+Lgp ¢l LmPp oclm |
Vs —ocLs Rs+Lsp —ocLm LmP
Var Lmp (o — o)L Ry +Lp (¢ —op)Ly |

v, | — (o —op )Ly Lmp —(oc—op)Ly,  Ry+Lip |

* The gdo currents In the arbitrary reference
frames are obtained as

SR
T O] 2 [Tgbc][iabc] — [Tabc][iabc]

-C _
lgdo =




5.7.6 Electromagnetic torque

The voltage equation can be written as
V = [R]i + [L]pl + [G]o + [F]ocl
The Instantaneous Input power Is

pi = 1V = IY[R]i + I[L]p1 + 1[Gl + I'([F]o.l
The air-gap power is derived as

®Om e = Pa = 1I[G]ix o,

Substituting for o, In terms of o, leads as
Te = I[G]IP/2




* The electromagnetic torque Is obtained as

3P c . C .
Te = 29 Lm(|g|s'8r — '8s'ar)

o 5.7.7 Derivation of commonly used
Induction-motor models

o Stator reference frames model (w. = 0)

Rg+Lgp 0 L 0
0 Rq + Lgp 0 LnpP
Lmp oLy Ry+Lip —oL,

orLm Lmp oL, Ry +Lyp]l




The torgue equation IS

3 P — —
T :EELm@qs'dr_'ds'qr)

For a balanced polyphase supply input, the
stator g and d axes voltage are

Vgs = Vas
_ (Ves = Vps)

Vds =
NE
Rotor reference frames model (o.=w;; 6.=6;)

Vas Rs+Lsp oyl Lmp oL
Vs —orks  Rg+Lsp —orlpy LmP
V(rqr L P 0 R, +L,p 0

0 LmP 0 Ry +Lip]|j

r
Vdr




The electromagnetic torque IS

3P
Te = EELqus'dr sl qr)

The transformation from abc to dgo variables

cosO, cos(6, —%n) cos(0, +2§)

[Ta{bc]:g sin 6, sin(er—z?n) sin(6r+2?n)

3
1 1 1

2 2 2

e Synchronously rotating reference frames
model (o: = os; 0c = 85 = mst)




ne model

Vas - Rg+Lgp ¢l LmPp ¢l
Vs —oclg Rs+Lgp —ocLm LmP
Var LmP (05 —op)Lm Ry +Lp (05 —op)Ly | |
Vg | — (o5 —op)Lm Lmp —(0s—or)ly  Ry+Lip |

The electromagnetic torque

3P e . e .
T :EELm@as'gr_'gs'ar)

The transformation from abc to dgo variables

cosO, cos(6, —%n) cos(6, +2§)

2
[Tz{bc] = A

: : 2T : 2T
sin@, sin(6, ——) sIn(6, + —
3 ‘ (O 3) (O 3)




e 5.7.8 Equations in flux linkage

* The stator and rotor flux linkage in the

arbitrary reference frames
s = L by L
Ads = Lsids + Lmidr

Xar = Leigr + Linigs

c
Ar = I—r'dr + I—m'ds,

The zero-sequence flux linkage are
Aos = Llsios}
Aor = I—1rior




e The g axis stator voltage in the arbitrary

reference frame iIs
Vas = Rsias + o0 (Lgigs + Lmigr) + meiar + Lspias

c .C c c
Vgs = Rslgs + ©cAgs + PAgs

o Similarly,

Vs = Rigs — mck%s + Phgs

Vs = Rsigs + PAos

Var = Ryigr + (o — o )Xgr + pk%r
Ver = Ryigr — (o¢ — (Dr)x%r + PAgr

C o
Vor = Rylgr +PAgy




 For normalization of the variables, a
modified flux linkage Is defined as

c c .C .C C .C
Wgs = Ophgs = ®p(Lslgs + Linlgr) = Xslgs + Xmlgr

. The other modlfled flux linkage are
\Vqs = Xsids + Xmidr

\Vqr = Xl gs +Xmig gs
War = Xridr + Xmids
Wos = Xislos
Wor = Xrlor
e The flux Ilnkage In mOdIerd terms

¢ ﬁ;&d _% A8, =
®p

qs = 0s =




e The resulting equations in modified flux linkage

P ¢
Vqs = Rs'qs o £ ygs + — Vs
(Db (DIS)

: c c
Vs = Reigs — \Iqu +— V(s
(?:)b Mp
Vos = Rglgs +—Wos
Wp

(0 — o)




e The electromagnetic torque in flux linkage

and currents IS

3P : 3P, : : :
Te =55 m('qs'dr i 'a ):§§(|as(|—m'8r)_'gs(Lm'ar))

: : : : 3P,. :
= EE('SS(K%S — Lgigs) - '85(7&15 ~ Ls'as)) = EE(IaSQ\%S — '837‘%5)
 Alternatively, the electromagnetic torque In

terms of modified flux linkage and currents
3P 1

| |
e = 59 b(qs\Vds ds\Vqs)




5.7.9 Per-Unit model
Base Power = Py, =3V 3lp3

The base quantities in dg frames
Vi =+/2Viz 1p =213

Hence, the base power Is defined as

Py =3Vp3lp3 = 3V—I— EVbIb

v2 2 2
The normalized voltage (Let Vy = 1,Zp)

qs R X - X . -C

Vien = g 3 — = —— —gr +
qsn Vb Vb R CObV \V/ : (Dbe ar

_ Ryl 1Xs(qs | +1Xm(qr)

Zy 1y (Dbzb Iy oy Zp |y




c
Vasn

C
Vdsn
: X
x op - Ren +—"p (o¢n — o)X,
c -
| Vdrn o
_((Dcn _(Drn)xrn an +———pP

_ b
e The normalized electromagnetic torque
3P 1

T. 22 o
T, PPy
2 (Db

Ten —

.C_ C :C..C .c _C c
('CIS‘VdS — 'ds\I’qs) = ('qsn\lfdsn = 'dsn‘l’qsn) P.U.

2 2
Ten = ZHP(Drn +T1n + Bn(Drn pu H = 1 ‘J(Db Bn _ B(Db

2Ry (P/2)? Py (P/2)?




5.8 Dynamic simulation

* The equations of the induction machine in
p.U. are cast In the state-space form as

P1pX1 + Q1 X1 = Uy

C ¢ i C qt c c c c 1t
N1€Ie Xy=ligsn idsn dgm ldml Ur=[Vgsn Vdsn Vgm Vdml

Rsn Ocn X mn 0 OcnXmn
— e Xgn Rsn — wenXgn 0
0 (0¢n — O ) Xmn Rn (o¢n — )X

| (©cn — O ) Xmn 0 —(o¢n —®m)Xpn R




* The above eq. Can be arranged In the state-
space form as follows:

pX1 = P1(u; - Q1X4)
e This can be written as

pPX1=A1X1 + Bius

where A =-P'Q; and By =P’

e The electromechanical torque is
Ten = 2HpWin + Tin +Brhom
where  Ten = (iGsnWam — idsnWsn)




* A convenient form of the electromechanical
eguation
Ten = an(iasnigrn — igsniasn)
* Hence, the electromechanical equation
Tin _ Bn

X
D@y = —mn

W = oH (iasnigrn = iasniarn) “oH 9H Wpn




5.9 Small-signal equations of ...

 Linearizing the nonlinear dynamic equation

around an operating point by using
perturbation techniques.

e The variables in S| units after perturbation

€ _

e e e
Vs = Vdso T 9Vs

e e
Vgso + SVqS

e e €
lgs = lgso +Olgs




e The state-space form
pX =AX + B;U
where X=[3igs digs digr Sigr So 1"
U=[8vgs dvgs Ovgr ovgr dws STyl
A=P['Q; B =P 'R
L O
0 L
=L, O

L, O
0 L
L, O

0
0




e (Continued)

—Rs — Wgolg 0 — 5ol m

Wgolg —Rs ®solm 0

Q= 0 — (050 — o)L -R; ~ (050 o)Ly Lmidso + Lridro
(059 — o)Ly 0 (g0 — o)Ly Ry - (Lmiaso + Lriaro)

. e e e
Kaldro —Kalgro —Kolgso Kaigso -B

3,P.o
Ky =2 (5)2L
2 2(2)

.0 .0

— Lslgso + Lmldro
.0 .0

— Lslgso + Lmlgro

e e
— Lmldso + Lldro

e e
— Lslgso + Lmlgro




5.10 Evaluation of control characteristics ...

o Assumption of zero initial conditions
sX(s) = AX(s) + Byu(s)

y(s) = CX(s) + Du(s)
* The output can be expressed as
y(s) = (C(sl - A)*By + D)u(s)




5.11 Space-phasor model

e 5.11.2 DQ flux-linkages model derivation

* The currents in terms of the flux linkage
. \

: 1
'83 = A_(er%ls - Lmk%r)
1

1
Aq
: 1
'8r = _(_Lmk%s + Lsx%lr)
Aq )
where Aq=(LsL, - L%,)

.C_
lgr =

(—LmAgs + Lshqr)




e The model In arbitrary reference frames in
normalized units is derived as







e Fig. 5.21 Root loci (in stator reference
frames with rotor speed varying 0 ~ 0.5 p.u.
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Figure 5.21  Loci of the eigenvalues in stator reference frames with rotor speed varying from () to (0.5 p.u.




e Fig. 5.22 Root loci (in arbitrary reference
frames with velocity of 0.5 p.u. and rotor
speed varying from 0 to 0.5 p.u.)
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Figure 5.22  Loci of the eigenvalues in arbitrary reference frames with a velocity of (.5 p.u. and rotor
speed varying from 0 to 0.5 p.u.




e 5.11.4 Space-Phasor model derivation

* Let the space phasor of the stator flux
linkage In arbitrary reference frames be

Kery = qun iXasn

« A complex phasor form

D - - iy .
Kgp =& J(Dcnt{g (Aasn + ejznlzkbsn T eJArnlskcsn )} =g 1%n (Agsn — JAhdsn)

* Applying the space-phasor definition to the

expression given in (5.265)

drs k
dsn (=" J(Dcn)ksn =—~ 7¥Crn + Vsn
C’C i o
di 1 k
g —10 4 [_+ J(ocn — o )]krn = ,r k%n
T i e




e Fig. 5.23 Signal-flow graph of the space-
phasor-mpdeled induction machine.

Figure 5.23 Signal-flow graph of the space-phasor-modeled induction machine




Fig. 5.24 Root loci (in stator reference frames
with the rotor speed varied 0~0.5 p.u.
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Figure 5.24  Loci of the eigenvalues in stator reference frames, with the rotor speed varied from
() to 0.5 p.u. in a space-phasor model




5.12 Control principle of the induction motor

» The stator current and flux-linkage are
defined In g and d axes, respectively

Y- BT -
Is =lgs — Jlds
ks = Ngs — Ihgs

e The input power for balanced supply
voltage IS given by pi = (Vqs gs + Vdsids)

Pi —Z(Rs[(lqs) +('ds) ]+ o5l m['qs dr — 'ds'qr]

+igs[LsPigs + LmPigr]+ids[LsPids + Lmpidr])




* The electromagnetic torque
T3P0
e 22

where qu = Ls'qs + L i qr

e
Ly (Xgs qs qu' )_ m('qs'dr igs| qr)

Ags = Lgids + Lmidr
e The power input in term of the torque and

flux linkage and current:

i : 2 3.
Pi = ERS -('83)2 + ('85)2]+E®3Te "‘§[|g|sp7L — igsPAs]

Pj :gRsiz "‘%@s |m[isxg] "‘SRe[istg]




e There are three distinct components of the
Input power:
First: the stator resistance losses;

Second: the sum of the slip and mechanical
power; the shaft power and friction and

windage losses.
hird: the rate of change of magnetic energy.




