EE595S: Class Lecture Notes
Chapter 4: Analysis of Induction Machines

S.D. Sudhoff

Fall 2005



General Comments
« Applications

« Advantages over PMSM
 Disadvantages relative to PMSM

e Comments on Model
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4.2/4.3 Machine Variable Model
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4.2/4.3 Machine Variable Model

« Types of Rotor Construction
»\Wound Rotor

» Squirrel Cage Rotor

» Solid Rotor
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4.2/4.3 Machine Variable Model

e General Form
> (fabcs)T :[fas

fbs fcs]

> (fabcr)T:[far for fcr]
 Voltage Equations

» Vabes = F'siabes + PAapcs

» Vaper =riaber + PAapcr

Fall 2005
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(4.2-3)
(4.2-4)

(4.2-1)
(4.2-2)



4.2/4.3 Machine Variable Model

* Flux Linkage Equations

)‘abcs}:{ L Ler
> L‘abcr (|—sr)T Ly

> Ls=
Fall 2005

Lis +Lms _% Lms

_% Lms  Lis +Lms

—%Lms —%Lms

Lir +Lms _%Lmr

—%Lmr Lir + Ly

_%Lmr _%Lmr

| abcs }
iabcr
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—5Lms

~5Lms

Ljs + I—ms_
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—%Lmr

L + I—mr_
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(4.2-5)

(4.2-6)
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4.2/4.3 Machine Variable Model

* Flux Linkage Equations

COS Gy cos(é?r +2§j cos| &y —2?77
> Lo = Lgr| COS| & —2?” COoS &y cos| &y +2§ (4-2'8)
cos| Gy +2—7Z cos(é’r —2—”j COS Gy
i 3 3
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4.2/4.3 Machine Variable Model

e Relationship Between Magnetizing
Inductances

e Referral of Rotor Quantities

> iaber = I:I—giabcr (4-2'9)
> Vaber = E—ivabcr (4-2'10)
» Naper = %Aabcr (4-2'11)

r
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4.2/4.3 Machine Variable Model

o Referred Flux Linkage Equations

A L Lo (|
> ooy Glas] eem

A:’:IbCr i'abcr
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4.2/4.3 Machine Variable Model

 \Where X

> Lsr = N_S Lsr
r

(4.2-13)

=Lins cos(@r —2?7[) COS 6, cos(@r + 2?7[)

Lir +Lms - % Lms —% Lims
—% Lins - % Lms Ly + I—ms_

> =2 (4.2-17)

Fall 2005 EE595S Electric Drive Systems

10



4.2/4.3 Machine Variable Model

* Referred Voltage Equations

> =(j v (4.2-20)
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4.4 Equations of Transformation

We Have Worked With a Transformation
for Stator VVariables

We’ll Also Need a Rotor Transformation
for Rotor Variables

Lets Define
» (faoer)' =[far  for  fér] (4.4-3)
> (f('qur)T :[fdr far fér] (4-4'2)
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4.4 Equations of Transformation

e The Transformation is Given By
> féd or = Krfaper (4-4'1)
» Where
cos [ cos(ﬂ—%) cos(ﬂ+27”j
> K, :é sin S sin(ﬂ—%) sin (ﬁ+2?7[j (44-4)
1 1 1
2 2 2
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4.4 Equations of Transformation

cos sin 1
> (Kr)—lz cos(ﬂ—zgﬂj sin(ﬁ—zgﬂj 1| (4.4-7)

27T . 27
_cos(ﬁ+3j sm(ﬂ+3j 1_
» And Where
> p=0-06 (4.4-5)
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4.4 Equations of Transformation
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4.5 QD Machine Model

 Voltage Equations

> Vgdos =Tsigdos + @hdgs + PAgdos (4.5-1)
» Vgdor =Irigdor +(@—or)Aygr + PAgdor (4.5-2)
» Where

> (Aigs)' =lAgs —gs O] (4.5-3)
> W) =l —2gr 0] (4.5-4)
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4.5 QD Machine Model

 Flux LiIn

Athr_

e Now

> Ksl—s(Ks)_1 =

> Where
» Lv :%Lms
Fall 2005

L5 + L
0
0
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Kage Equations

> {AquS:{KsLs(Ks)l KsLsr (Kp)™

Kr(Ls)T (Ko™ KeLp(Kp)™

0
0

07

0

LB_

|

lqd 0s
i’qur

} (4.5-5)

(4.5-6)

(4.5-7)

17



4.5 QD Machine Model

 Next ]
Lir +Lm
> KiLp(K)™= 0
0
e Finally

0
Lir + L
0

> KsLgr (Kp) =K (Lg)' (Kg) = 0

Fall 2005
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0

(4.5-8)

0| (4.5-9)

18



4.5 QD Machine Model

 Voltage Equations in Scalar From
> Vgs =Tslgs + @Ads + PAgs
> Vds = Tsids — olgs + PAgs
> Vos = fsios + PAos
> qur = rfié]r +(@— oy ) Agr + p/uqr
> Var = Iigr —(a)—a)r)%r + PAgr

> Vor =Irior + PAor
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(4.5-10)
(4.5-11)
(4.5-12)
(4.5-13)
(4.5-14)
(4.5-15)
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4.5 QD Machine Model

» Flux Linkage Equations In Scalar Form
» Ags = Lislgs + L (igs +1gr)
» Ads = Lisids + L (igs +idr)

> Aos = Lslos

» Agr = Lrlgr + Lm (igs +igr)
» Adr = Lirigr + L (igs +igr)

> /1(')r — I—I'ri(')r

Fall 2005
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(4.5-16)
(4.5-17)
(4.5-18)
(4.5-19)
(4.5-20)
(4.5-21)
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4.5 QD Machine Model

WA 4, w — w,) Ay
r‘ + —_ L{[ Ll'r (-— J’) . rr
¥ N\ +
—_— [ S

iu ' &
Vds Lyt % ' Var

+ I\/\l I\/\( +
——p P —
low o
Vos L L; Vor
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4.5 QD Machine Model

 Electromagnetic Torque

3

> Te= (Ej (gj(ﬁdsiqs — Agslds) (4.6-4)

« Comments on Electromagnetic Torque
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4.9 Analysis of Steady-State Operation

e Recall
> Fgs = Fas (4.9-1)
> Fys = iFgs (4.9-2)
o Similarly
> Fir = iFyr (4.9-3)
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4.9 Analysis of Steady State Operation
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4.9 Analysis of Steady State Operation
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4.9 Analysis of Steady-State
Operation

r, JWXI' j%x}'r 5
‘g ’.’
Ves f%:'XM E
R
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4.9 Analysis of Steady-State Operation

o After Length Bit Of Algebra

> Te =3(F2’](XM) Re[ jTasTar] (4.9-14)
)
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4.9 Analysis of Steady State Operation

e Derivation of Torque In Terms of Current

» By Current Division

~, J(e o)X =
1 =— | 4.9-1
T s+ j(welop) X & (4.9-15)

e SO

(4.9-16)
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4.9 Analysis of Steady-State Operation

 Derivation of Torque in Terms of VVoltage
» Impedance Looking Into Drive

2
i [ )L @ /

e z- >\ : ) (4.9-17)

.o
T X
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4.9 Analysis of Steady-State Operation

> Now We~H ave

ras‘ = ’VZ% (4.9-18)

» Substitution of (4.9-17) into (4.9-18) and the
Result Into (4.9-16) Yields (Ahhh...)

‘ 2

C()e 2 1 N7
XMrrS’Vas

T, - M (4.9-20)

2 2
' (D) 2 [ w ' 4
Ity +5(e) (X — Xss Xpr) +(ej ("rxsstsrerr)2
W Wy
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4.9 Analysis of Steady-State
Operation
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4.9 Analysis of Steady-State Operation

o Taking the Partial Derivative of Torque wrt
Slip, The Slip At Which Maximum Torque
Occurs Is

> Sm =G (4.9-21)
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4.9 Analysis of Steady-State Operation

e Where
-2.2 2
S G=+ (e /) "1 +>2<ss (49_22)
(Xlg/l —Xssxlrr)z(z))zj +rsler%

e Maximum Torgue Point May Be Expressed

P @\ Xin Nasf
5 Ty - B(ZL’“L’;’]G (4.9-23)

2 2
6() ’ a) !
@+G(e](X§—X$X”) +[e](x$+G@wa
2] 2
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4.9 Analysis of Steady-State
Operation

e QObservation on
Maximum Torque For
Constant VVoltage

Motor
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4.9 Analysis of Steady-State
Operation

» Let’s consider a numerical example
» Stator resistance: 0.3 Ohms
» Stator leakage inductance: 2 mH
» Magnetizing inductance: 30 mH (L,,)
» Rotor leakage inductance: 2.5 mH (referred)
» Rotor resistance: 0.5 Ohms (referred)
» Poles: 4
» Phases: 3
» Voltage: 230 V, I-l, rms
» Frequency: 60 Hz
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4.9 Analysis of Steady-State
Operation
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4.9 Analysis of Steady-State
Operation
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4.9 Analysis of Steady-State
Operation
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4.9 Analysis of Steady-State
Operation
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4.9 Analysis of Steady-State

70
63.525,

60

Te(VSa(Dea‘Dr.) 50
i

(VS-O.5,co 0.5, r_-o.5)
|
30

V0250 ¢0.25, 0 r_-o.25)
|

_|
@D

Te

20

Fall 2005

T e(VS-O.75,c0 £0.75, r_-o.75)40
|

Operation

0 100 200

0, ®,0-075,0-05,0,-025
i [ [

EE595S Electric Drive Systems

400

376.615,



4.10 Free Acceleration
Characteristics

Machine rating Tg | 8(abc) I X XM Xy ry J
hp volts  rpm N-m amps ohms ohms ohms ohms ohms kg- m?2
3 220 1710 11.9 5.8 0435 0.754 26.13 0.754 0.816 0.089
50 460 1705 198 46.8 0.087 0.302 13.08 0.302 0.228 1.662
500 2300 1773 1 9gx103 936 0.262 1206 54.02 1206 0.187 11.06
2250 2300 1786 g gy1p3 421.2 0.029 0.226 13.04 0.226 0.022 63.87
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4.10 Free Acceleration
Characteristics

118.7 —ﬂ
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4.10 Free Acceleration
Characteristics
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4.10 Free Acceleration
Characteristics

> k—-0.1s
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4.11 Free Acceleration Viewed From
Several Reference Frames

T,
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w,
@y 0.5 '/
oL
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4.11 Free Acceleration Viewed From
Several Reference Frames
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4.11 Free Acceleration Viewed From

Fall 2005

Several Reference Frames
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4.11 Free Acceleration Viewed From
Several Reference Frames
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4.11 Free Acceleration Viewed From

Fall 2005

Several Reference Frames
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4.12 Dynamic Performance During
Step Changes in Load

Fall 2005 EE595S Electric Drive Systems



4.12 Dynamic Performance During
Step Changes in Load
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