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PROBLEM SOLUTIONS: Chapter 1

Problem 1-1
Part (a):
l l
Re=— = =0 A/Wb
,uAC ,ur,UOAC /
g 6
Re. = = 5.457 x 10° A/Wb
g MOAC /
Part (b):
NI
d=_—""— =2437x10"° Wb
Re + Re 8
Part (c):
A=Nb=2315%x10"% Wb
Part (d):
L= i =1.654 mH
1
Problem 1-2
Part (a):

le le

= =2419 x 10° A/Wb
,uAC ,ur,UOAC /

Re =

g 6
= =54 1 A/W
Re oA, 5.457 x 10 /Wb

(©2014 by McGraw-Hill Education. This is proprietary material solely for authorized
instructor use. Not authorized for sale or distribution in any manner. This document may
not be copied, scanned, duplicated, forwarded, distributed, or posted on a website, in
whole or part.



Part (b):

NI
®=_——7-=2334x10" Wb
Re+ Ry g
Part (c):
A=N®=2217x10"% Wb

Part (d):

L= A = 1.584 mH

1
Problem 1-3
Part (a):
| L
N = g _ 287 turns
MOAC

Part (b):

— BCOI‘O — 7,68 A

1oN/g
Problem 1-4
Part (a):
N \/L(g + lepio/ 1) _ \/L(g + lepto/ (o)) — 129 turns
/~’L0AC /~’L0AC

Part (b):

BCOI‘O

I = —920.78 A
poN/ (g + lepio/10)
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Problem 1-5

Part (a):

Part (b):

B_[T]

By=Bn=21T

For B, = 21T, p, = 37.88 and thus

Part (c):

Problem 1-6

Part (a):

B l
I= (—m>( +—C> =158 A
MON g [y

70
60
g 50
=
2 40
o
©
.E 30
=
Z 20
10
0 ; i |
0 50 100 150 200
Current [A]
B — poN T
e =
29
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o) - (503
c AC B 29 XO

Part (b): Will assume [, is “large” and [, is relatively “small”. Thus,
B,A; = B,A; = B A,
We can also write
29H, + Hpl, + Hcl. = N1I;
and
By = poHg; By =pH,  Be=pH.

These equations can be combined to give

and

Problem 1-7

From Problem 1-6, the inductance can be found as

_ NAB. _ foN? A

L =
T 2+ B+ (1 —a/Xo)L)

from which we can solve for p,
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} L(zp+ (1 —x/XO)lC>

K 140 woN?A. — 2gL
Problem 1-8
Part (a):
2
L _ M0(2N) AC

2g
and thus

2gL

N =0.5 38.8
Ae

which rounds to N = 39 turns for which L = 12.33 mH.

Part (b): g=0.121 cm
Part(c):
2o N1
B.= B, = 2
2g
and thus
B
I==9_371A
polV
Problem 1-9
Part (a):
2
I — MON AC
2g
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and thus

2gL
N =4/ =177.
A 77.6

which rounds to N = 78 turns for which L = 12.33 mH.

Part (b): g=0.121 cm
Part(c):
2N)(I/2
B p, _ 1@N)/2)
29
and thus
2B.g
I = =37.1A
polV
Problem 1-10
Part (a):
I fo(2N)? A,
T g+ (B))
and thus

which rounds to N = 39 turns for which L = 12.33 mH.

Part (b): g=0.121 cm
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Part(c):
2,u0NI
B, =B, = PYPRIRITYAY
2(g + m 1.0)
and thus

Bc(g + %lc)

=409 A
polV

I =

Problem 1-11
Part (a): From the solution to Problem 1-6 with z =0

I= De (29 2 (%) (o + ZC)) —1.44 A
polV

Part (b): For By, =1.25 T, p, = 941 and thus [ = 2.43 A

Part (c):
2 H
-] S AUR£ oSS R b .
= x=0
= | A e X=05X,
w
e b i
o
=
=5
[
O 8-t -
o ; i i i
0 2 4 <] 8 10

Current [A]

Problem 1-12

N2A,
g:uoL —<@>ZC:7.8><10—4m
o
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Problem 1-13

Part (a):
Ri o
ZC:27T< ;R>—g:22.8cm
Ac=h(R, — R) = 1.62 cm?
Part (b):
le
R. = =0
pA
Ry = —2— =7.37 x 10° H*
MOAC
Part (c):
N2
L=———=704x10"H
Re+ R, 8
Part (d):
I = ByAo(Re + Ry) =20.7T A
N
Part (e):

A=LI=1.46x 1072 Wb
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Problem 1-14

See solution to Problem 1-13

Part (a):
l. =228 cm
A = 1.62 cm?
Part (b):
R.=137x10° H™
Re =737 x 10° H™!
Part (c):
L=594x10""H
Part (d):
I =246 A
Part (e):

A= 1.46 x 1072 Wb
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Problem 1-15

//
1y must be greater than 2886.
Problem 1-16
o /"LON2AC
g+ ZC/:Ur
Problem 1-17
Part (a):
N2 A,
= 0 e _ 36,6 mH
g+ le/
Part (b):
N2
= T r—omrT
g+ L/

A=LI=440x 1072 Wb

Problem 1-18

Part (a): With w = 1207
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(UNACBpCak

=208V
V2

V;“ms =

Part (b): Using L from the solution to Problem 1-17

V2Vims
Tk = ——= = 1.66 A
peak wlL

LI
Woeak = ;‘*‘k =913 x107%J

Problem 1-19
B =0.81T and A =46.5 mWb
Problem 1-20
Part (a):
R3 = \/m =4.49 cm
Part (b): For
le=4l4 Ry + R3 — 2l

and

Ay =7R;

A, N?
[ =Ml 18 mH
g+ (po/p)le

Part (c): For Bpeax = 0.6 T and w = 2760
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)\poak = AgNBpoak

WA eak
V;ms = E =232V
V2
V;“ms
Irms - — 099 A
wL
1., 1 9
Woeake = 5 LI = 5L(\/ilms) =61.0 mJ
Part (d): For w = 2750
Vims = 19.3 V
Iims = 0.99 A

Weak = 61.0 mJ

Problem 1-21

Part (a);

Core flu:

Flux anage\

Vc\lage\
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Part (b):

Euax = 4f N AcBpeax = 118 V

part (c): For p = 1000u0

ZCB cea.
Lok = u;\f K —046 A
Problem 1-22
Part (a);

wz —
7
/

1 /

05 1 15

0
H{Am] o’

Part (b): Ipeak = 0.6 A

Current [A]

2
0 2 4 6 8 10 12 “ % 18 2
Time [msec]

Part (¢): Ipeak = 4.0 A
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Problem 1-23

For part (b), Ipeak = 11.9 A. For part (c), [peax = 27.2 A.

N\

Mt Al

7
” 94
0 2 4 6 8 T‘me'\[&sec] 12 4 8 18 20
Problem 1-24
. ,uOACN2
g+ (po/p)le
_ poN T
© g+ (po/m)le
Part (a): For I =10 A, L=23mH and B, =1.7T
N = 1B, = 225 turns
NI c
:,uo —’uolzl.56mm
B, W

Part (b): For I =10 A and B, = B, = 1.7 T, from Eq. 3.21

2

B
Wy = (—g>Vg =1.08 J
2410
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B2
Wcoro = <_C>va =0.072 J
2
based upon
V;:oro = Aclc va = Acg
Part (c):
1 2
Wtot - Wg ‘l— Wcoro - 115 J - §LI

Problem 1-25

Lpin =3.6 mH L.« =86.0 mH

Problem 1-26

Part (a):
N = BLfIlC = 167
g = ';L?B]ii = 0.52 mm
Part (b):
N:él:%
g = ’lgi\l]c[ = 0.52 mm
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Problem 1-27

Part (a):
LI
N = = 167
BA.
_ moNT _
g= SBA. (o/p)le = 0.39 mm
Part (b):
LI
N = =84
2BA.
NI
= MzO?AC — (pto/)le = 0.39 mm

Problem 1-28

Part (a): N =450 and g = 2.2 mm

Part (b): N =225 and g = 2.2 mm

Problem 1-29

Part (a):

IU(]NzA

L = =113 H

where

A=ma® |=27r
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Part (b):

2

B
W = — x Volume = 6.93 x 107 J
2410

where

Volume = (7a?)(27r)

Part (c): For a flux density of 1.80 T,

B B 2rrB

I=— = = 6.75 kA
poN N
and
AT 6.75 x 103
=L(=)=11 1—3(7>:1. k
1% (At> 3 x 10 0 90 kV

Problem 1-30

Part (a):
Copper cross — sectional area = A, = fwab
w w
Copper volume = Vol., = fwb((a + 5)(h + 5) - wh)
Part (b):
B = M(]quAcu
g
Part (c):
NI
JCU - Acu
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Part (d):
Pdiss - pJ(;quOICu
Part (e):
2 J? A2 wh
Witored = —— X gap volume = HoZeuPent
2410 29
Part (f):
Wstoro _ %IzL
Pdiss I’R
and thus

—9 (Wstorod> o MOA(z;u'LUh'

L
R Pdiss ngOICU

Problem 1-31
Paiss =620 W I =155 mA N = 12,019 turns

R=2580 L=32H 7 =126 msec Wiresize = 34 AWG

Problem 1-32

Part (a) (i):

A A
A = Ni(A1Bg1 + A2By) = ,UON12 <—1 + —2>11
1
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Part (b) (i):

Part (c) (i):

A
Ay = NzAngz = ,UON1N29—2[1
2

A
A = Ni(A1Bg1 + A2 By) = ,UON1N29—2[2
2

A
)\2 = NgAngg = IU(]szg—zlg
2

N N-
_ HoLV1 I+ HoiV2
g1 g2 g2

I

A A

A
M = Ni(A1By + AeB) = poVE (2 + 22 )11+ po NN 2
2

Part (d):

qn g2

A A
Ao = NoAsBys = N1 No =21 + 1o N2 =22 1
92 92
A A A
L= ,UOle(—l + —2> LopgN3 =
g 92 92

19
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A
Ly = ,U0N1N2—2

92
Problem 1-33
9 5}
R. = —
& MOAC Rl /~’LAC
ly la
R — —
2= Ra A,
Part (a):
L, = Ny
'Ry +Ri+ Ry +Ra/2
N2
LA - LB = %
where
RA(Rg + R1 + R2)
R =TRa+
AT RA+ R+ Ri+Ro
Part (b):

Lip=—Lia = NN
BT TA T O R + Ry + Ry + Ra/2)

 N(Ry+Ri+Ry)
2RA(Ry + Ri + Ra) + R

L12
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Part (c):

C dia diy . d(ix —ip)
vi(t) = LlA% + LlB% = LIAT

Problem 1-34

Part (a):

IU(]NlNgD('LU — [L’)
29

L12 =
Part (b):
,uONlNnge

va(t) = —on(—> cos wt
4g

Problem 1-35

Part (a):
2Ny
(R, + R;)
Part (b):
va(t) = Ngw(m)di—f)
Part (c):

vo(t) = GNow(nA)B(t)
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Problem 1-36
Must have

@>z <0.05( +(@>z> T (l—>

For g = 0.05 cm and [. = 30 cm, must have g > 0.014. This is satisfied over the approx-
imate range 0.6 T < B <1.65 T.

Problem 1-37

Part (a): See Problem 1-35. For the given dimensions, Viyeak = 20 V, Bpeax = 1 T and
w = 1007 rad/sec

Vi eak
Ny = = =79t
"7 O(R, — Ry)(nA) e
Part (b): (i)
Vo, pea
Bpoak = Opeak =083T

GN2(Ry — Ry)(nA)
(i)
Voeak = wN1(Ry — R;)(nA)Bpeak = 9.26 V
Problem 1-38

Part (a): From the M-5 dc-magnetization characteristic, H. = 19 A-turns/m at B. =
By = 1.3 T. For Hy = 1.3 T/uo = 1.03 x 105 A-turns/m

H. —
I = ot ZCN 9) + Heg =302 A
1
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Part(b):

2

Woan = gA (Bg>—377J
gap_gC2,u0 — J.

For u = B./H. = 0.0684 H/m

2

B
We = (InAn + lpAs + (Io — g)Ac) (ﬂ) 437 x 107 ]

2(Wgap ‘l’ WC)

L= 2 = 8.26 mH
Part (c):
2Waap
L= =—£% = 8.25 mH

Problem 1-39

Part (a):

| | |
-%0 0 50 100 150 200

Part (b): Loop area = 191 J/m?

Part (c):

f x Loop area

Core loss =
p
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For f = 60 Hz, p = 7.65 x 10® kg/m?, Core loss = 1.50 W /kg
Problem 1-40
Bims = 1.1 T and f = 60 Hz,

V;ms == (UNACBrmS - 867 V

Core volume = A.l. = 1.54 x 1073 m?. Mass density = 7.65 x 10° kg/m3. Thus, the core
mass = (1.54 x 1073)(7.65 x 10%) = 11.8 kg.

At B=1.1T rms = 1.56 T peak, core loss density = 1.3 W/kg and rms VA density is
2.0 VA /kg. Thus, the core loss = 1.3 x 11.8 = 15.3 W. The total exciting VA for the core is
2.0 x 11.8 = 23.6 VA. Thus, its reactive component is given by /23.62 — 15.32 = 17.9 VAR.

The rms energy storage in the air gap is

A.B?2
Wiy = 2057ms _ 508 ]
Ho

corresponding to an rms reactive power of
VARgp = wWeap = 1917 VAR

Thus, the total rms exciting VA for the magnetic circuit is

VAus = 1/15.32 + (1917 +17.9)2 = 1935 VA

and the rms current is Iry,s = VAuns/Vims = 22.3 A.
Problem 1-41

Part(a): Area increases by a factor of 4. Thus the voltage increases by a factor of 4 to
e = 1096 cos(377t).
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Part (b): [, doubles therefore so does the current. Thus I = 0.26 A.

Part (c): Volume increases by a factor of 8 and voltage increases by a factor of 4. There
I4ms doubles to 0.20 A.

Part (d): Volume increases by a factor of 8 as does the core loss. Thus P, = 128 W.
Problem 1-42

From Fig. 1.19, the maximum energy product for samarium-cobalt occurs at (approxi-
mately) B = 0.47 T and H = -360 kA /m. Thus the maximum energy product is 1.69 x 10°
J/m3.

Thus,

0.8
A, = (@) 2 em? = 3.40 cm?

and

0.8
110(—3.60 x 10°)

= —0.2cm ( ) = 0.35cm

Thus the volume is 3.40 x 0.35 = 1.20 cm?, which is a reduction by a factor of 5.09/1.21
=4.9.

Problem 1-43

From Fig. 1.19, the maximum energy product for neodymium-iron-boron occurs at (ap-
proximately) B = 0.63 T and H = -470 kA/m. Thus the maximum energy product is
2.90 x 10° J /m?.

Thus,

0.8
Al = <@> 2 cm? = 2.54 cm?

and
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0.8
110(—4.70 x 10°)

Iy = —0.2cm ( ) = (0.27 cm

Thus the volume is 2.54 x 0.25 = 0.688 cm?, which is a reduction by a factor of 5.09/0.688
= T7.4.

Problem 1-44

From Fig. 1.19, the maximum energy product for samarium-cobalt occurs at (approxi-
mately) B = 0.47 T and H = -360 kA /m. Thus the maximum energy product is 1.69 x 10°
J/m®. Thus, we want By = 1.3 T, By, = 0.47 T and H,, = —360 kA /m.

Hg Bg
m=—g(=%)=- — 287

Am = A (%) = 2nRh (%) =45.1 cm?

Am
Ry,=141/—=3.66 cm
T

Problem 1-45

From Fig. 1.19, the maximum energy product for samarium-cobalt occurs at (approxi-
mately) B = 0.63 T and H = -482 kA /m. Thus the maximum energy product is 3.03 x 10°
J/m?. Thus, we want By = 1.3 T, By, = 0.47 T and H,,, = —360 kA /m.

H B
b = —g (—g> = —g (uoé ) =215 mm

A = A, (%) — 27 Rh (%) ~ 313 cm?
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Am
R,=4{—=316 cm
T

Problem 1-46

For By, = pr(Hm— H.), the maximum value of the product — By, Hy, occurs at Hy, = H./2
and the value is B2/4/gR.

Corresponding
T [C] | —(BmHm)max [kJ/m?] | Hy [kA/m] | Bp[T]
20 253.0 -440.0 0.57
60 235.7 -424.7 0.56
80 223.1 -413.2 0.54
150 187.5 -378.8 0.50
180 169.0 -359.6 0.47
210 151.5 -340.5 0.45

Problem 1-47

From Fig. 1.19, the maximum energy product for neodymium-iron-boron occurs at (ap-
proximately) By, = 0.63 T and H,, = -470 kA /m. The magnetization curve for neodymium-
iron-boron can be represented as

Bm = NRHm + Br
where B, = 1.26 T and pr = 1.067u. The magnetic circuit must satisfy
Hynd+ Hyg = Ni; BnAn = B A,

part (a): For i = 0 and B, = 0.6 T, the minimum magnet volume will occur when the
magnet is operating at the maximum energy point.

B
A = (B_f) A, =6.67 cm?

d:—(%)g:?ﬂl? mm
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part (b): Want B, = 0.8 T when i = I,cax

B (s~ 3) — 3] _ 6.37 A

N

Ipoak -

Because the neodymium-iron-boron magnet is essentially linear over the operating range
of this problem, the system is linear and hence a sinusoidal flux variation will correspond to
a sinusoidal current variation.

Problem 1-48

Part (a): From the solution to Problem 1-46, the maximum energy product for neodymium-
iron-boron at 180 C occurs at (approximately) By, = 0.47 T and H,, = -360 kA/m. The
magnetization curve for neodymium-iron-boron can be represented as

Bm = NRHm + Br
where B, = 0.94 T and pr = 1.04p9. The magnetic circuit must satisfy
Hynd+ Heg =0; BnAn = B A,

For B, = 0.8 T, the minimum magnet volume will occur when the magnet is operating
at the maximum energy point.

H
d:—(H—ri>g:5.66 mm
Part(b): At 60 C, B, = 1.12 T. Combining

Bm = NRHm + Br

Hyd+ Hyg =0
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ApBuy = AgA, = poH,A,

gives

dA,,
Bo= (- )B.=0.95T
IuOdAg + ,URgAm

(©2014 by McGraw-Hill Education. This is proprietary material solely for authorized
instructor use. Not authorized for sale or distribution in any manner. This document may
not be copied, scanned, duplicated, forwarded, distributed, or posted on a website, in

whole or part.



30

PROBLEM SOLUTIONS: Chapter 2

Problem 2-1
At 60 Hz, w = 1207.

primary:  (Vims)max = N1wAc(Brms)max = 3520V, rms

secondary:  (Vims)max = NowAe(Bims)max = 245V, rms

At 50 Hz, w = 1007. Primary voltage is 2934 V, rms and secondary voltage is 204 V, rms.

Problem 2-2

\/5‘/;‘11’18

N=—79/—/¢}-=147 ¢t
oA By urns

Problem 2-3

300

N = = =2 turns
Problem 2-4
Part (a):

Ni\? Vi
Rl=(2)R,=9380Q I, =-L=198A
(N2> 2 T

N, V2
Vo= (2)1, =48V Py=-2 —146 W
2 (N1>1 7 R,
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Part (b): For w =27 f = 6.28 x 10> Q

Vi

—|=125A
R1 +]X1

X1:L¢JL:214Q 11:’

N
I — (ﬁ)h —0312A Vi= IRy =468 V
2

P=V3lp, =146 W

Problem 2-5

For w = 100]7, Zy, = Ry, + jwL = 5.0 + j0.79 Q

20 %3
Vi =110 =—) =183V [; =|—| =36 A
L (120) s
and
120
Problem 2-6

The maximum power will be supplied to the load resistor when its impedance, as reflected
to the primary of the ideal transformer, equals that of the source (1.5 k2). Thus the
transformer turns ratio NV to give maximum power must be

| Rs
N = = 4.47
Rload

Under these conditions, the source voltage will see a total resistance of R, = 3 k€2 and the
source current will thus equal I = V/Rios = 4 mA. Thus, the power delivered to the load
will equal

Pload = Iz(Nleoad) =24 mW
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Here is the desired MATLAB plot:

Load power [mWV]

Number of turns

Problem 2-7

The maximum power will be supplied to the load resistor when its impedance, as reflected
to the primary of the ideal transformer, equals that of the source (1.5 k2). Thus the
transformer turns ratio NV to give maximum power must be

| Xs
N = = 4.47
Rload

Under these conditions, the source voltage will see a total impedance of Zy,, = 1.5+ 51.5 k(2
whose magnitude is 1.5v/2 k2. The current will thus equal I = V;/|Ziot| = 5.7v/2 mA. Thus,
the power delivered to the load will equal

Pload = Iz(Nleoad) =48 mW

Here is the desired MATLAB plot:

Load power [mA]

0 2 4 5] 8 10
Number of turns
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Problem 2-8

X Ly,
Vo=V, [—22 )=y [—== ) =119.8 V
2o <X11+Xm> ! <L11+Lm>

Problem 2-9
Part (a): Referred to the secondary

Lin
Ly =5 =379 mH

Part(b): Referred to the secondary, X,, = wlpo = 14.3Q, Xy = 16.6 mQ and X, =
16.5 mf2. Thus,

Xm
) Vi=N (g ) =6 v
m 2

and

Va Va

i) Jo=—=——"""—=3629 A
( ) Xsc X2 + Xm||X1
Problem 2-10
Part (a):
Vi Xm
i =——— =498 A; Vo=NVi|——]=6596 V
! Xh + X ? ' <X11 + Xm)

Part (b): Let X|, = X1,/N? and Xyc = X), + X |[(X;n+X7,). For Liatea = 45 kVA/230 V =
196 A

Vi - IratodXsc =114 V

1 X,
IL=— | —=— | Layea =681 A
2 <Xm+X12> ted

(©2014 by McGraw-Hill Education. This is proprietary material solely for authorized
instructor use. Not authorized for sale or distribution in any manner. This document may
not be copied, scanned, duplicated, forwarded, distributed, or posted on a website, in
whole or part.



34

Problem 2-11

Part (a): At 60 Hz, all reactances increase by a factor of 1.2 over their 50-Hz values.
Thus

Xon=5540Q X1 =334m0Q Xy =3040
Part (b): For V4 =240 V

Vi
[j=—— —433A ~-N
TOX X AV, Vl(

Xm

——— | =6883 V

Problem 2-12

The load voltage as referred to the high-voltage side is V] = 447 x 2400/460 = 2332 V.
Thus the load current as referred to the high voltage side is

Il =—= =180 A

Vi
and the voltage at the high voltage terminals is

Vi = |V + X111 | =2347 V
and the power factor is

- Vull

pf = 0.957 lagging

here we know that it is lagging because the transformer is inductive.
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Problem 2-13

At 50 Hz, X; = 39.3 x (5/6) = 32.8 Q2. The load voltage as referred to the high-voltage
side is V/ = 362 x 2400/460 = 1889 V. Thus the load current as referred to the high voltage
side is

and the voltage at the high voltage terminals is
V= |Vﬁ —I—jXLlIﬂ =1981 'V

Problem 2-14

Part (a):
7.97 kV:240kV
—AMN—TI—TT—W 0
Ry X Xy Ry o J®
@1.60Q) (421Q) 4390 (41.0Q
0 o
(i)
797kV:240kvV
0 AMWN—TT—TT—MW—0
L L] Rl1 )('1 XZ R2
(37.7mQ) (382mQ) (398mQ) (37.2mQ)
0 o
(il
Part (b):
40 kW

7% = 166.7 ¢/ A

I load —

240 V

where ¢ is the power-factor angle. Referred to the high voltage side, Iy = 5.02 ¢ A.
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Vit = Zuln
Thus, (i) for a power factor of 0.87 lagging, Vi = 7820 V and (ii) for a power factor of
0.87 leading, Vg = 7392 V.
part (c):

8100

8000

7900

7800
7700

side terminal voltage

7600

7500

High

7400 - R s .

7300 i ; i i
-60 -40 -20 0 20 40 60
pf angle [degrees]

Problem 2-15

Part (a):

3.81kV:230kV

o—AN—TT—TT—W 0
R, X, X, R, o |o
(4850) (413Q) (4640) (4450

U)
381kV:230kv
0 AMN—TIN—TTN—W—0
ol Jo n X, X R,
(177mQ) (151mQ) (169mQ) (162mQ)
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Part (b):

R 40 kW
Iload =
240 V

7? = 326.1 7% A

where ¢ is the power-factor angle. Referred to the high voltage side, Iy = 19.7 ¢ A.
Vit = Zuln

Thus, (i) for a power factor of 0.87 lagging, Vi = 3758 V and (ii) for a power factor of
0.87 leading, Vg = 3570 V.
part (c):

4050

4000

w w w
@ @ @
@ =) @
=] =] =]

High-side terminal voltage

3750

3700 i i i i i
60 40 -20 0 20 40 60
pf angle [degrees]

Problem 2-16
Part (a): Jioaa = (178/.78) kVA /2385 V = 72.6 A at / = cos™ (0.78) = 38.7°
Vit = N(Vi + Z; Tioaa) = 34.1 kV
Part (b):
Viend = N(VL + (Z + Zt) Toaa) = 33.5 kV

Part (¢): Tyena = Jioaa/N and

Ssend = Prend 4+ jQsend = Vienallong = 138 kW — j93.4 KVAR
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Thus Psond = 138 kW and Qsond = —93.4 kVAR.

Problem 2-17

Part (a):

pf = 0.78 leading:

part (a): Vig = 34.1 kV

a
part (b)

Viena = 33.5 kV

part (¢): Psena = 138.3 kW, Qsena = -93.4 kVA

pf = unity:

part (a): Vig = 35.0 kV

a
part (b): Viena = 35.4

kV

part (¢): Pina = 137.0 kW, Qgena = 9.1 kVA

pf = 0.78 lagging:

part (a): Vg = 35.8 kV

a
part (b): Viena = 37.2

kV

part (¢): Psena = 138.335 kW, Qsena = 123.236 kVA

Part (b):

High-side terminal voltage [kV]

-40 -20 0 20 40
pf angle [degrees]

38
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Problem 2-18

Following the methodology of Example 2.6, efficiency = 98.4 percent and regulation =
1.25 percent.

Problem 2-19

Part (a): The core cross-sectional area increases by a factor of two thus the primary
voltage must double to 22 kV to produce the same core flux density.

Part (b): The core volume increases by a factor of 2v/2 and thus the excitation kVA must
increase by the same factor which means that the current must increase by a factor of v/2
to 0.47 A and the power must increase by a factor of 2¢/2 to 7.64 kW.

Problem 2-20

Part (a):
Vae
|Zoq,H| - H =14.1 Q
sc,H
PSC,H
Roq,H - 12 = 752 m{2
sc,H
XC%H = \/|Zoq,H|2 - RE%H =14.1 Q)
and thus

Zoqt = 0.75 + j14.1 Q
Part (b): With N = 78/8 = 9.75

Roq,H

e = 7.91 mQ

Roq,L =
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eq,L —

qu,H

and thus
Zeqr = 7.9 + j148 mQ)

Part (c): From the open-circuit test, the core-loss resistance and the magnetizing reac-
tance as referred to the low-voltage side can be found:

Ry = Voer _ 742 Q
ol = POC,L B

Soc,L = V:)QLIOQL = 317 kVA, ro,L = \/Sgc,L — P02C7L = 305 kVAR

and thus

X1 = Voo _ 210 Q
L QOC,L B

The equivalent-T circuit for the transformer from the low-voltage side is thus:

396mQ 741Q 741Q  396MO g, ey
o AANA—TTT TIO——M O
[ ) [ ]
2100 7420
o O
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Problem 2-21

Part (a):
Vae
|Zoq,H| - H =14.1 Q
ISC,H
PSC,H
Roq,H - 12 = 752 m{2
sc,H
Xeatt = /| Zequi? — R2yp = 141 Q
and thus

Zoqu = 0.75 + j14.1 Q

Part (b): With N = 78/8 = 9.75

R,

Reqr = ]\;Z;H = 7.91 mQ
Xe

XeqL = ]\;Z;H — 148 mQ

and thus

Zoqr, = 7.9 + j148 mQ

41

Part (c): From the open-circuit test, the core-loss resistance and the magnetizing reac-

tance as referred to the low-voltage side can be found:
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Soc,L = V;,QLIOQL = 317 kVA, ro,L = \/quL — P02C7L = 305 kVAR

and thus

X1 = Voo _ 210
L QOC,L B

The equivalent-T circuit for the transformer from the low-voltage side is thus:

128m0 2400 7410 240mQ 5 gy
o—AA—TTD I——WW °
L) [ ]
139 kQ 106 kQ g
o O

Problem 2-22

Parts (a) & (b): For Voer, = 7.96 kV, I, = 17.3 A and P, 1, = 48 kW

‘/;)2CL 2
Rop =55 =132kQ  Ron = N’Rer = 33.0 kO

oc,L

QOCvL = \/SgC,L - Pozc,L = \/(‘/:)C,LIOQL - P02C7L)2 = 129 kVAR

V:)ch 2
Xm,L = Q ~ =491 Q Xm,H =N Xm,L = 12.3 k2
oc,L

For Veen = 1.92 kV, I, = 252 A and P,.1, = 60.3 kW

PSC
Ry = =50

72
ISC,H

= 950 mf2
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XH = \/ZI%I - RI%I = \/(‘/SC,H/ISC,H)z - RI%I = 7.56 ()

Part (c):

Piiss = POC,L + PsC,H = 108 kW

Problem 2-23

Parts (a) & (b): For Voo, = 3.81 kV, I,c1, = 9.86 A and P, 1, = 8.14 kW

‘/;)2CL 2
Rep =2 =178 k0 Rew = N"Rep = 4.8 kQ

oc,L

QOCvL = \/SgC,L - Pozc,L = \/(%C,LIOC,L - Pozc,L)z = 36.7 kVAR

2
X _ V;C,L
m,L —
QOC,L

=395 Q  Xpyn=NXu1 =995k
For Veen =920 V, Ioer, = 141 A and P, = 10.3 kW

PSC
Ry = 75 =518 mQ)
sc,H

XH = \/ZI%I — R} = \/(‘/;C,H/ISC,H)z - RI%I = 6.50 €

X
Ry = 2 _90.6 mQ XL:FI;:259mQ
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Part (c):

Pdiss = Loc,LL + PSC7H = 18.4 kW

Problem 2-24

Solution the same as Problem 2-22

Problem 2-25

Part (a): 7.69 kV:79.6 kV, 10 MVA

Part (b): 17.3 A, 48.0 kW

Part (c): Since the number of turns on the high-voltage side have doubled, this will occur
at a voltage equal to twice that of the original transformer, i.e. 3.84 kV.

Part (d): The equivalent-circuit parameters referred to the low-voltage side will be un-
changed from those of Problem 2-22. Those referred to the high-voltage side will have 4
times the values of Problem 2-22.

Rep =132KkQ  Ren =132k

Xmp =491 Q@ Xpp = 49.1 kQ

Ry, = 38.0 mQ2 Ry = 3.80

X1, =302 mQ2 Xuy =302 Q

Problem 2-26

Part (a): Under this condition, the total transformer power dissipation is 163.7 kW. Thus
the efficiency is
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25 MW
25 MW + 163.7 kW

= 99.4%

n = 100 x

From Problem 2-20, the transformer equivalent series impedance from the low voltage
side is Zeqr, = 7.91 + 5148 m(2. The transformer rated current is Iiatea = 3125 A and thus
under load the transformer high-side voltage (neglecting the effects of magnetizing current)

referred to the primary is
Vil = IVl — LateaZeqL| = 7.989 kV
and thus the voltage regulation is 100 x (7.989 — 8.00)/7.989 = 0.14%.

Part (b): Same methodology as part (a) except that the load is 22.5 MW and the current
is [ = Lateq £ Where ¢ = cos™ (0.9) = 25.8°. In this case, the efficiency is 99.3% and the

regulation is 1.94%.
Problem 2-27

Part (a):

98.55
98.5
98.45 -+

8.4

Efficiency [percent]

98.35

N S NN S SN S N N
-40 -30 -20 10 0 10 20 30 40
pf angle [degrees]
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Part (b);

Voltage regulation [percent]

i P ‘
-40 -30 -20 -10 0 10 20 30 40
pf angle [degrees]

A I

Problem 2-28

Part (a): The transformer loss will be equal to the sum of the open-circuit and short-
circuit losses, i.e. 313 W. With a load of 0.85 x 25 = 21.25 kW, the efficiency is equal
to

21.25

= ————— = (.9855 = 98.55
21.25 +0.313 %

n

Part (b): The transformer equivalent-circuit parameters are found as is shown in the
solution to Problem 2-23.

Rep =414 Q Ry =414k

Xpp=193Q  Xpp=19.3kQ

The desired solution is 0.963 leading power factor, based upon a MATLAB search for
the load power factor that corresponds to rated voltage at both the low- and high-voltage
terminals.
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Problem 2-29

Efficiency = 98.4% and regulation = 2.38%.

Problem 2-30

The voltage rating is 280 V:400 V. The rated current of the high voltage terminal is equal
to that of the 120-V winding, Irateq = 45 x 10%/120 = 375 A. Hence the kVA rating of the
transformer is 400 x 375 = 150 kVA.

Problem 2-31

Part (a):

Part (b): The rated current of the high voltage terminal is equal to that of the 120-V
winding, ateq = 107/120 = 83.3 A. Hence the kVA rating of the transformer is 600 x 83.3 =
50 kVA.

Part (c): The full load loss is equal to that of the transformer in the conventional con-
nection, Pogs = (1 —0.979) 10 kW = 180 W. Hence as an autotransformer operating with a
load at 0.93 power factor (PBoag = 0.93 x 50 kW = 46.5 kW), the efficiency will be

46.5 kW

1678 kW 0.996 = 99.6 percen

n

Problem 2-32

Part (a): The voltage rating is 78 kV:86 kV. The rated current of the high voltage ter-
minal is equal to that of the 8-kV winding, I aeqa = 50 x 10°/8000 = 3.125 kA. Hence the
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kVA rating of the transformer is 86 kV x 3.125 kA = 268.8 MVA.

Part (b): The loss at rated voltage and current is equal to 164 kW and hence the efficiency
will be

268.8 MW

= —— =10.9994 = 99.94 t
26396 MW 0.999 9 percen

n

Problem 2-33

MATLAB script should reproduce the answers to Problem 2-32.

Problem 2-34

Part (a): 7.97 kV:2.3kV; 188 A:652 A; 1500 kVA

Part (b): 13.8 kV:1.33 kV; 109 A:1130 A; 1500 kVA

Part (c): 7.97 kV:1.33 kV; 188 A:1130 A; 1500 kVA

part (d): 13.8 kV:2.3 kV; 109 A:652 A; 1500 kVA

Problem 2-35

Part (a):

(i) 68.9 kV:230 kV, 225 MVA
(ii) Zoq = 0.087 + j1.01 Q
(ifi) Zeq = 0.97 4+ 511.3Q

Part (b):

(i) 68.9 kV:133 kV, 225 MVA
(ii) Zoq = 0.087 + j1.01 Q
(iii) Zeg = 0.32 + j3.77 Q2
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Problem 2-36
Part (a):

(i) 480 V:13.8 kV, 675 kVA
(if) Zeq = 0.0031 + 50.0215 Q)
(ifl) Zoq = 2.57 + j17.8Q

Part (b):

(i) 480 V:7.97 kV, 675 MVA
(ii) Zoq = 0.0031 + 50.0215 Q)
(iii) Zeq = 0.86 + 55.93 Q2

Problem 2-37
Following the methodology of Example 2.8, Vioaq = 236 V, line-to-line.
Problem 2-38

Part (a): The rated current on the high-voltage side of the transformer is

25 MVA

Lpodsi = —— 2% 909 A
el 3 68 KV

The equivalent series impedance reflected to the high-voltage side is
Zoqn = N*Zoq1, = 1.55 + j9.70 Q2
and the corresponding line-neutral voltage magnitude is
Vit = Lateai | Zequ| = 2.05 kV

corresponding to a line-line voltage of 3.56 kV.

49
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Part (b): The apparent power at the high-voltage winding is S = 18/.75 = 24 MVA and
the corresponding current is

24 MVA

Towg = —— 2% 909 A
load = 3 68 KV

The power factor angle § = — cos™ (0.75) = —41.4° and thus

Lioaq = 209 /—41.4°

With a high-side line-neutral voltage Vi = 69 kV/ V3 = 39.8 kV, referred to the high-
voltage side, the line-neutral load voltage referred to the high-voltage side is thus

1(/)ad = |VH - floadZCq,H| = 38.7 kV

Referred to the low-voltage winding, the line-neutral load voltage is

13.8
Vioad - <—

) V=768 kV
69

corresponding to a line-line voltage of 13.3 kV.
Problem 2-39

Part (a): The line-neutral load voltage Vipaa = 24 kV/ V3 = 13.85 kV and the load

current is

. (375 MVA
Iload —

20 MVA) o — 9.02¢7 kA
V324 kV) ‘ ‘

where ¢ = cos™10.89 = 27.1°.

The transformer turns ratio N = 9.37 and thus referred to the high voltage side, Vjg,q =
NVigaa = 129.9 kV and I} 4 = lioaa/N = 962¢’® A. Thus, the transformer high-side line-
neutral terminal voltage is

Vi = |V + i X = 127.3 kV
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corresponding to a line-line voltage of 220.6 kV.

Part (b): In a similar fashion, the line-neutral voltage at the source end of the feeder is
given by

Vi= |V + (Z + jX )14 = 126.6 KV
corresponding to a line-line voltage of 219.3 kV.

Problem 2-40

—

Lagging.poier factor.

Voltage [kV]

Léading power factor:

I —

I

Problem 2-41

Part (a): For a single transformer

Psc
RC%H = I_2 = 342 m{?

sC

Ssc - ‘/;CISC = 8.188 kVA

Qse = 1/S2 — P2 = 8.079 kVAR

and thus

QSC

qu,H = 72
sc

=2.07Q
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For the there-phase bank with the high-voltage side connected in A, the transformer
series impedance reflected to the high-voltage side will be 1/3 of this value. Thus

R ) Xe 4
Ty = ot J;] @H _ 114 + j689 mQ

Part (b): Referred to the high voltage side, the line-neutral load voltage is Vipada =
2400/sqrt3 = 1386 V and the 450-kW load current will be

Pload

= 108 A
3Vioad

I load =

Thus the line-neutral source voltage is
V; - |Vioad + (Zt,H + Zf)Iload| = 1.40 kV

corresponding to a line-line voltage of 2.43 kV.

Problem 2-42

Part (a): The transformer turns ratio is NV = 13800/120 = 115. The secondary voltage
will thus be

-~ N JXm
Vp = -1 : : — 119.87 £0.051°
TN (Rl—l—le—l—]Xm)

Part (b): Defining Rj = N2Ry, = 9.92 MQ and

Zeq = JXul|(Ry + Ry, + jX5)

> Vi Zo
Vo= — — = 119.80 £0.012°
TN <R1+]X1+Zoq>

Part (c): Defining X{ = N?Xp, = 9.92 MQ and

Zeoq = j Xuml| (R + 7 X1, + 7 X5)
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& Vi Zo
Vo= — d = 119.78 £0.083°
? N <R1 ‘l’]Xl‘l’Zoq)

Problem 2-43

Following the methodology of Part (c) of Problem 2-42 and varying Xi, one finds that
the minimum reactance is 80.9¢2.

Problem 2-44

This solution uses the methodology of Problem 2-42.

Part (a):
0
-0.1
N P
S -02
o
= 7 — Resistive
§ 03 T Reactive [ 7]
o -
3 -04 /],
2 H
& 051
Lo} i
= ]
0.6+
0 70 500 1000 1500 2000
Resistance/Reactance [Q]
Part (b):

o
[3

— Resistive
----- Reactive

o
[N}

[=}

Phase Error [degrees]
o

=} [=}
[N =
|

=]
w
o

500 1000 1500 2000
Resistance/Reactance [Q]

Problem 2-45

Part (a): For I; = 150 A and turns ratio N = 150/5 = 30
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- Il ]Xm
12:_( / . 7
N 2+](Xm+X2)

) = 4.995 £0.01° A

Part (b): With R, = 0.1 mQ and R} = N?R}, = 90 mQ)

7 Il( ]Xm

j,= 2L
2 Ry + R}, + j(Xm + X3)

=4.988 /2.99° A
v )

Problem 2-46

This solution uses the methodology of Problem 2-45.

Part (a):
—_
T ————
T 2
2 “ [— Resistive
] B Reactive
= 4
2 RN
i S
° .
E -8
£ ..
5 ..
&
= 8
% 100 150 200
Resistance/Reactance [uQ]
Part (b):
6
5
o
o
24
=3
@
I —
=3 — Resistive
[ D .
5 Reactive
g2
=
o
1
0
50 100 150 200

Resistance/Reactance [uQ]

Problem 2-47
The base impedance on the high-voltage side of the transformer is

DpaseH = Viateat _ 136.1
Pratod
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Thus, in Ohms referred to the high-voltage side, the primary and secondary impedances
are

Z = (0.0029 + j0.023) Zpase.s = 0.29 + j23.0 mQ

and the magnetizing reactance is similarly found to be X, = 172 Q.
Problem 2-48

From the solution to Problem 2-20, as referred to the low voltage side, the total series
impedance of the transformer is 7.92 + 7148.2 m(2, the magnetizing reactance is 210 {2 and
the core-loss resistance is 742 ). The low-voltage base impedance of this transformer is

(8 x 10%)?

55 % 105 2.56 Q2

Zbaso,L -

and thus the per-unit series impedance is 0.0031 4 j0.0579, the per-unit magnetizing reac-
tance is 82.0 and the per-unit core-loss resistance is 289.8.

Problem 2-49

From the solution to Problem 2-23, as referred to the low voltage side, the total series
impedance of the transformer is 20.6 + 7259 m{2, the magnetizing reactance is 395 ) and the
core-loss resistance is 1780 €2. The low-voltage base impedance of this transformer is

(3.81 x 10°)2

55100 o8Le

Zbaso,L =

and thus the per-unit series impedance is 0.0035 4 j0.0446, the per-unit magnetizing reac-
tance is 68.0 and the per-unit core-loss resistance is 306.6.

Problem 2-50

Part (a): (i) The high-voltage base impedance of the transformer is

(7.97 x 10%)?

25108 2ok

Zbaso,H =
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and thus the series reactance referred high-voltage terminal is

X = 0.075Zpasert = 191 Q

(ii) The low-voltage base impedance is 2.83 €2 and thus the series reactance referred to
the low-voltage terminal is 212 m().

Part (b):

(i) Power rating: 3 x 25 kVA = 75 kVA
Voltage rating: v/3 x 7.97 kV : v/3 x 266 V = 13.8 kV : 460 V
(ii) The per-unit impedance remains 0.075 per-unit
(iii) Referred to the high-voltage terminal, Xy = 191 Q
(iv) Referred to the low-voltage terminal, Xp, = 212 mQ2

Part (c):

(i) Power rating: 3 x 25 kVA = 75 kVA
Voltage rating: v/3 x 7.97 kV : 266 V = 13.8 kV : 266 V
(ii) The per-unit impedance remains 0.075 per-unit
(iii) Referred to the high-voltage terminal, Xy = 191 Q
(iv) Referred to the low-voltage terminal, the base impedance is now Zpaser, =
2662 /(75 x 10%) = 0.943 © and thus X, = 0.943 x 0.075 = 70.8m¢2

Problem 2-51

Part (a): 500 V at the high-voltage terminals is equal to 500/13.8 x 10® = 0.0362 per
unit. Thus the per-unit short-circuit current will be

0.0363
ISC = m = (.48 perunit

(i) The base current on the high-voltage side is

75 x 103

o —314 A
basel T B 13.8 x 10°
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and thus the short-circuit current at the high-voltage terminals will equal

I,y =048 x 3.14 =151 A

(ii) The base current on the low-voltage side is

75 x 103

Do = —2 "7 _ 941 A
base. L /3 460

and thus the short-circuit current at the low-voltage terminals will equal

Lep, =048 x 94.1 = 454 A

Part (b): The per-unit short-circuit current as well as the short-circuit current
at the high-voltage terminals remains the same as for Part (a). The base current
on the low-voltage side is now

75 x 103

Do = —2 7 _ 163 A
base. k3 9266

and thus the short-circuit current at the low-voltage terminals will equal

Lep =0.48 x 163 = 78.6 A

Problem 2-52

Part (a): On the transformer 26-kV base, the transformer base impedance is

262
Dot = —— = 0.795 Q
base.t 7 Q50

and on the same voltage base, the generator base impedance is

262
Zbaso,g - % - 0845 Q

Thus, on the transformer base, the per-unit generator reactance is

Z ase .
X, = 1.28(M> — 1.36 perunit

base,t

o7
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Part (b):

Part (c): In per-unit on the transformer base,

750
Vi = 1.0 per unit P = 550 = 0.882 per unit S = 09— 0.980 per unit

and thus

where ¢ = cos™ (0.9) = 25.8°

Thus, the per-unit generator terminal voltage on the transformer voltage base is
V= Vim + (R + jX)I = 0.979 £3.01° per — unit

which corresponds to a terminal voltage of 0.979 x 26 kV = 25.4 kV.

The per-unit generator internal terminal voltage on the transformer voltage base is
By =Viu+ (R + j X+ jX,) = 1.31 £72.4° per — unit

which corresponds to a terminal voltage of 1.31 x 26 kV = 34.1 kV.

In per unit, the generator complex output power is
S =V, I* = 0.884 — j0.373 per unit

and thus the generator output power is Pyen = 0.884 x 850 = 751.4 MW. The generator
power factor is
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pf=— =0.92

and it is leading.
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PROBLEM SOLUTIONS: Chapter 3

Problem 3-1

By analogy to Example 3.1,
T = —2ByRIl [ sina+ Ircosa] = —7.24 x 1072 [[1sina + Izcosa]  N-m

Thus

Part (a): T'= —0.362cosa N-m
Part (b): 7= —0.362sinav N-m
Part (¢): T'=—0.579 ([; sina + Iycosa) N-m

Problem 3-2

T=-0579 N-m
Problem 3-3

Part (a): From the example, the magnetic flux density in each air gap is By = 0.65 T.
Since the iron permeability is assumed to be infinite, all of the stored energy is in the air
gap. The total air gap volume is 2gA, and thus the stored energy is found from Eq. 3.21 as

2

B
Waa = 2gAg(ﬁ> —67.2]
0

Part (b): (i) The winding inductance is given by

foN? Ay
29

L = =126 H
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A= LI=12.6 Wb

(iii) From Eq. 3.19

Wﬂd:E:63J

Problem 3-4

L(x)i*
2

Whaa =

Part (a): For ¢ = 7.0 A and x = 1.30 mm, Wyq = 1.646 J.

Part (b): For i = 7.0 A and z = 2.5 mm, Wyq = 1.112 J. Thus AWsq = —0.534 J.

Problem 3-5

Part (a): For x = xg, L = L.

Wiaq = (%)IS sin? (wt)
and
< Why >= Lllg = 0.858 J
Part (b):

R, I?
< Pligs >= 5 Y =331 W

61
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Problem 3-6
Part (a):

I = IU(]AgNz

Part (b):

Problem 3-7

Problem 3-8
Part (a):

’Uc(t) — %6_t/RC
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Part (b):
1 2
W(0) = §C’V0 W(o0) =0
| e
Part (c):
. ’Uc(t) Vbe_t/RC
IR = =
R R
. V26—2t/RC
Paiss = le{R =2 R
Wiw = [ Pasedt = Love
diss — 0 diss - 2 0
Problem 3-9
Part (a):

i (t) = Ipe~ /D!
where Iy = V4 /R.
Part (b):
1

W(0) = 5LIO? W(co) =0

1
W(t) = 5Lfg e 2(R/L)
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Part (c):

Pdiss = Zi (t)R = IgR 6_2(R/L)t

oo 1
WdiSS == / PdlSSdt - _ng
0 2

Problem 3-10
Part (a): The power dissipated is equal to
Pais = I’R = 1.3 x 10°

and the stored energy is

1
W =-LI"
2

Given that 7 = L/R = 4.8, we can find the stored energy as

1
W = 3 7 Paiss = 0.5 x (1.3 x 10%) x 4.8 = 3.12 MJ

Part (b):
i(t) = Io(0.7 + 0.3¢7/7)

where [y is the field current prior to reducing the terminal voltage. Thus, the stored energy
is

1
W(t) = SLi%(t) = Wo(049 + 0.21e™/7 +0.09¢ /")

where Wy = 3.12 MJ.
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Problem 3-11

Part (a):
A2 A2 )
Waa(A @) = 2L(x) (2L0X3>I
Part (b):
. OWaa . A2
fﬂd()\,l’)—_ ax )\__<LOX3>x
Part (c): For i = Iy,
Lol
A= L(z)ly =
D= Gx
and thus from Part (b)
LoI2X?
faa(z) = — 0;3 °

The force acts to decrease x.

Problem 3-12

Part (a): Four poles

Part (b):

) = —Lglg sin 20,,
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Problem 3-13

Part (a):
Tha = %3 (dZ(QZm)> = —3LgI7 sin 60,
Part (b):
A(t) = In(Lo + Lg sin (66,,))
and thus
v(t) = %(tt) = 6/yL¢ cos 66,

The power which must be supplied to the coil is
p(t) = Iov(t) = 613 Lg cos 60,

Problem 3-14

The coil inductance is equal to L = pgN*A./(2g) and hence the lifting force is equal to

where the minus sign simply indicates that the force acts in the direction to reduce the gap
(and hence lift the mass). The required force is equal to 118 N (the mass of the slab times
the acceleration due to gravity, 9.8 m/sec?). Hence, setting ¢ = gmim and solving for i gives

. 2gmin fﬂd
min — = 223 A
' ( N ) \ 0 Ae =

and Vpmin = minl = 0.51 V.
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Problem 3-15
Part (a): Combining
Ni=Hyg+ Hy 1
and
TR?By = 27 Rhy By,

where B, = poH, and By, = poHg, gives

_ polNi
Bo = (T RerJ2h))

Part (b):
R2N?%
A= NrR*B, = —%
® (9+ Rg1/(2h))
A T R2N?
Lig) === —=
g (g + Rg1/(2h1))
Part (c):
1 , pomR2N?5>
Wi, ==L(g)i* =
N S TN EI)
Part (d):
Waa| pom RZN?42

faa = dg i 209+ Rgi/(2h1))?

The force acts to decrease g.

67
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Problem 3-16

Part (a): From Part (a) of Problem 3-15

polV

Part (b):

Part (c): Using the expressions derived in Problem 3-15

1
AWaq = §(L(gmm) - L(gmax))lg =549 J

Jmax
Bt = / faadz = 5.49 J
g

min
(iii)

Egen = AWhq + Eexe = 10.98 J
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Problem 3-17

Part (a):
TR*Bs = 2rRhB, TR*Hs = 2rRhH,
§Hs 4+ gH, = Ni
polN
Bs = ugHs =
P T G (R/(2h)g)
R2N2
A=n1R:NB; = ( Hom >z
>~ \(3+ (R/(2h))g)
B i B pom R2N?
(6 + (R/(2h))g)
Part (b):
o = _OWha| _ (A_2> dL _ (f) dL
=79 |\~ \ar2) &5~ \2/) &
Thus
. B 1 2
(i) foa = (WT RQNQ)A
and

pom R2N? )2'2

(i) faa = _(2(5 + (R/(2h))g))?

Part (c): The net force includes both fyq and the spring force.

69
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fnot = fﬂd(67 IO) + K(60 - 6)

Part (c):

Stable equilibrium will occur at the position where f,.; = 0 and ﬂl% < 0; in this case at
r =4.25 mm.

Problem 3-18

Part (a):
I = }LoAC(2N)2 _ 2M0AgN2
29 g
Part (b):
2 dL
fra= =22 = 222 x 10° N
2 dg

P= |;Zi| =1.15 x 10° N/m?
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Problem 3-19

Part (a):

Part (b): From

ONi = 2H,l. + 2H,g

B. = B, = B = iy H,

we can solve for 7 as a function of B,

HC(BC)ZC + BCQ/NO
N

1=

where we have recognized that H. can be expressed as a function of B, via a spline fit with
MATLAB.

For an infinitely-permeable core

~ poNi
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Part (c¢): From the solution to part (b) we see that, at a current of 10 A, the core is
indistinguishable from a core with infinite permeability. Thus, as in the solution to Problem
3-18, we can find that

f=987N and P =5.09x 10° N/m?

Part (d): From the plot of part (b), we see that for i = 20 A the non-linearity of the core
material must be taken into account. As suggested by the hint in the problem statement,
we will calculate the force as

Wiq
dg

_ W'(g=5.01 mm,i) — W'(g = 5.00 mm, )

Jaa = i 0.01 mm

From Eq. 3.41

W'(g,7) = /(]Z)\(g,z")dz" —INA, /OZB(g,z")dz"

For each value of g, B(g,i) can be represented by a MATLAB spline fit as was done in
part (b) and the integration can be performed numerically in MATLAB.

f=2417N and P =1.26x10° N/m

Problem 3-20

A.N?
[, — HofeN
g

10 = (530) % = (g )X

\/5 V;ms
w

cos (wt)
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where Ve = 120 and w = 1207. Thus

2
f(t) = —(ﬁ> cos® (wt) = —233 cos® (wt) N

The time-averaged value is one half of the peak force
< f(t) > = —116.5co0s* (wt) N
Because the A(t) does not vary with the air-gap length, the force will not vary.
Problem 3-21
Part (a):

_ i

Part (b):

ozl
s

¢s = Bgsxl

Part (c): Note that as the coil moves upward in the slot, the energy associated with
the leakage flux associated withing the coil itself remains constant while the energy in the
leakage flux above the coil changes. Hence to use the energy method to calculate the force
on the coil it is necessary only to consider the energy in the leakage flux above the slot.

B? Qv — poxli

Waq =
fid 240 2s

Because this expression is explicity in terms of the coil current ¢ and becasue the magnetic
energy is stored in air which is magnetically linear, we know that Wy, = Was. We can
therefore find the force from

de/ld o /«L(]l'l.2

Jaa = de  2s
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This force is positive, acting to increase x and hence force the coil further into the slot.

Part (d) fﬂd = 10.2 N/m

Problem 3-22

H2 2N2
Wia = (,u02 ) X coil volume = (%) i

Thus

and hence the pressure is

_ / _ ,UON2 2
P= 21roh  \ 2h2 lo

The pressure is positive and hence acts in such a direction as to increase the coil radius 7.

Problem 3-23

Part (a):
q / /
Wha(g.x) = [ v(d'.x)dg
Part (b):
oW,
fua = -
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Part (c):
Wiq = vqg — dWaa = dWy, = qdv + faadz
Thus
Wiq = /Ov q(v',x)dv";  faa = ag;f/ld
Problem 3-24
Part (a):
o= [ o = = 2
Wia= [ gty = CF = @1
Part (b):
fau = OWia| _ Cv* _ €0 Av?
oz |, 2 22
and thus
e0 AV
faa(Vo,0) = =,

Problem 3-25

Part (a):

B dec dC_ Rd 9
Tﬂd—<2>d9—<2g>vdc
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Part (b): In equilibrium, Thq + Tipring = 0 and thus

Rd 9
0 =6y + <—2gK> Vie

Part (c):

Problem 3-26

Part (a):
L= poNT A Loy = toN3 A
240 290
Part (b):
to N1 N2 A
L =
290
Part (c):
1, 1 . A . .
Wiq = =L11i3 + = Lagi3 + Ligiyia = fo (Nyiy + Naig)?
2 2 4g0
Part (d):
an/ld poA . N
= = B (Nyiy + N
faa g0 493 ( 101 + 222)

11,12
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Problem 3-27

Part (a):
/ 1 .2 1 .2 .. 2 .92
Wﬂd = §L1121 + §L2222 + ng’ll’lg =1 (Lll + L22 + 2L12) sin” wt
oW}
Taa = 89ﬂd = 6.2 x 1073 *sinfsin?wt N-m
11,12
Part (b):

Toavg = —3.1 x 107I*sind N-m
Part (¢): Ty = —0.31 N-m.

Parts (d) and (e): The curve of spring force versus angle is plotted as a straight line on the
plot. The intersection with each curve of magnetic force versus angle gives the equilibrium
angle for that value of current. For greater accuracy, MATLAB can be used to search for
the equilibrium points. The results of a MATLAB analysis give:

I 0
5 52.5°
7.07 35.3°
10 21.3°
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part (f):

Problem 3-28

Neglecting resistances, with winding 2 short-circuited, its flux linkage will be fixed at
zero. Thus

) ) ) L )
Ao = Logio + Lygiy = 12 = —(£>21
Loy

1 . 1 . o 1 1 L2 .
Wia = §L112% + §L22Z§ + Ligtitg = (—Lu - = ﬁ)zf

% —_ —_— — Z
00 |, . Ly do
= —3.34sin (20):?

Taa =
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Problem 3-29

Part (a): Winding 1 produces a radial magnetic which, under the assumption that ¢ <<
To,

toN1 .

B, = 11
g

)

The z-directed Lorentz force acting on coil 2 will be equal to the current in coil 2 multiplied
by the radial field B, ; and the length of coil 2.

2mrotoN1N:
fz = 2mroNo B, 119 = Zrrofo- it 1112
g

Part (b): The self inductance of winding 1 can be easily written based upon the winding-1
flux density found in part (a)

The radial magnetic flux produced by winding 2 can be found using Ampere’s law and
is a function of z.

0 0<z<zx
B, = _Hoszlzh(z—m) r<z<z+h
— olVaty r+h<z<I

g

Based upon this flux distribution, one can show that the self inductance of coil 2 is

Part (c): Based upon the flux distribution found in part (b), the mutual inductance can
be shown to be

27TTO,[LON1N2 < h )
L12 - -

- —1
P :E—|-2
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Part (d):

da 1. 5, 1 . . mropoNZ 5 2mropuoN1 N .
faa = — —anf + _Lzzzg + Lygiria| = — 0fo) z% + 0ffo 1 22122
dr 2 2 g

Note that this force expression includes the Lorentz force of part (a) as well as a reluctance
force due to the fact that the self inductance of coil 2 varies with position x. Substituting
the given expressions for the coil currents gives:

_7TT’0,[L0N22 27TTO,[LON1N2

fad = I2 cos® wt + 115 coswt

Problem 3-30

The solution follows that of Example 3.8 with the exception of the magnet properties

of samarium-cobalt replaced by those of neodymium-boron-iron for which ug = 1.06u0,
H! =—-940 kA/m and B, = 1.25 T.

The result is

Faa = 203 N atx=0cm
fid -151 N at x = 0.5 cm

Problem 3-31

Part (a): Because there is a winding, we don’t need to employ a “fictitious” winding.
Solving

H.,d+ Hygo = Ni; BpwD = Bg(h—z)D
in combination with the constitutive laws
By = pr(Hw — He); By = poHg
gives

m = Ty wy
T )
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Note that the flux in the magnetic circuit will be zero when the winding current is equal
to In = —H.d/N. Hence the coenergy can be found from integrating the flux linkage of the
winding from an initial state where it is zero (i.e. with ¢ = Ij) to a final state where the
current is equal to 7. The flux linkages are given by A = NwDB,, and hence

. NS , powDN [ Ni? . H.d
BR —x

The force is then

dW}y —uow?*DNgy [ Ni? . H.d
Jaa dx (%4_71]90)2 9 + 1+ N

(i) for i =0,

dWia _ —pow?Dgo(Hed)?

dx 2(% + wgo )2

faa =

where the minus sign indicates that the force is acting upwards to support the mass against
gravity.

(ii) The maximum force occurs when = = h

B powD(Hed)? B

f max — = max@

where a is the acceleration due to gravity. Thus

Mo — powD(H.d)?
2a

Part (b): Want

M ax powD(H.d)?

Iminx: = - =
Jninan = —a =5 4

Substitution into the force expression of part (a) gives
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Lnin = (2 — V2)(—H.d) = —0.59H.d
Problem 3-32
Part (a): Combining

Hyd+ Hyg =0; 71§ By = 2710l B,

Bg = IU“OHg; Bm = MR(Hm - Hrmc)
gives
—Hcd,U(]

Cooe () ()

Part (b): The flux linkages of the voice coil can be calculate in two steps. First calculate
the differential flux linkages of a differential section of the voice coil of dNs turns at height
2" above the bottom of the voice coil (which is at z = x).

B

(—Hedpo)(27ro) (1 — 2')

9+ (i) (%)

Recognizing that dNo = (N3/h)dz" we can now integrate over the coil to find the total
flux linkages

l
Ao = dN; / By (2ro)dz = [ N,

z+h _ o
o= [ dr = No(=Hedpio) (2ro) (L~ — h/2)

9+ (i) (%)

Part (c): Note from part (a) that the magnet in this case can be replaced by a winding
of Nyi; = —H.d ampere-turns along with a region of length d and permeability ur. Making
this replacement from part (a), the self inductance of the winding can be found
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2rroh Nidpg

)\11 = Nl(bll = 27TTOthBg = P n (5_;) (%)d) 11

and thus

Similar, the mutual inductance with the voice coil can be found from part (b) as

& . Nl)\g . N2N2M0(27T7’0)(l — T — h/2)
i —Hd g+ (=) ()

HR ]

L12 =

We can now find the coenergy (ignoring the term Lggi3/2)

/ 1 . .
Waa = B L112% + Ligiqio
MO(HCd)z']TT(]h i MONQ(—HCd)(QTFTQd)(Z — T — g) )
- 0 (2d 0 (2ld 2
g+ () (%) g+ (12) (3)
Part (d):
faa = dWiq _ _ poNa(=Hed)(2770d)

R )
Problem 3-33
Part (a):

Huytw + Hex + Heg = 0;  7(R; — R3)Byw = TRIB, = 21 R1h B,

Bg = ,UOHg; B, = ,UOHX; B, = ,UR(Hm - Hc)
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where ug = 1.0540 and H, = —712 kA /m.

Solving gives

Ri(—Hty
B, = Ho zﬂof)ﬁhtm —0.624 T
2hx + gRy + (=R

and

2h
B, = By =0.595 T

Part (b): We can replace the magnet by an equivalent winding of N7 =

linkages of this equivalent winding can then be found to be

2muoh RIN?
A= NQ@2rRih)Bg = o 12 R3ht 1=1s
2hx + gR1 + %Q—R[nz—)

The force can then be found as

dL —QW}LQ(th)z(N’é)z

72
faa = ——= 5
2 dx 200 R2htm
(2]711' _I_ gRl _I_ /JR(Rgl—R%))

—27mpo(hRy)*(— Hetm)?

2 2
(2hg; 1 gR, + 7&‘(‘)};‘;};‘%))

=-195 N

Part (c):

—H.t

84

m- The flux
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Part (d): The spring force will be of the form

fspring = _K(f - XO) - fﬂd(XO)

to guarantee that there will be equilibrium at z = X,. It also must be larger than the
magnitude of the magnetic force at = 0 (fga(0) = —246 N). Thus, we must have

- fra(Xo) + |faa(0)] _ —195 + 246

K
Xo 5x 104

= 103 N/mm
Problem 3-34

Part (a): If the plunger is stationary at @ = 0.5Xj, the inductance will be constant at
L(05X0) = 05L0 Thus

where 7 = L(0.5X0)/R.. The magnetic force will thus be

¥ _id_L_ Lo (E
fld = = R

2
v 1— —t/7\2
2dr | 2X, ) (1=e™)

A force of this magnitude must therefore be applied to maintain the plunger at this position.

Part (b): The steady-state current will be equal to Iy = V;/R.

and since the force is independent of x we can write that at equilibrium

Ly /Vo\?
Joet =0 = Ko(Xo — z9) — i (ﬁi)

and thus

Lo Vo \?
— 05X, — Al
o = 0-5%0 2K0X0(RC>
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Problem 3-35

Part (a): Following the derivation of Example 3.1, for a rotor current of 8 A, the torque
will be give by T' = T sin @« where Ty = —0.0048 N-m. The stable equilibrium position will
be at a = 0.

Part (b):

d2
Jd—g =Tysin«

Part (c): The incremental equation of motion is

d*a
Jﬁ = T(]Oé

and the natural frequency is

T
w =4/ 70 = 0.62 rad/sec

corresponding to a frequency of 0.099 Hz.
Problem 3-36

As long as the plunger remains within the core, the inductance is equal to

I podm N? (g)z 2
ag 2

where z is the distance from the center of the solenoid to the center of the core. Hence the
force is equal to

i? dL podm N?i%x
T ag
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Analogous to Example 3.10, the equations of motor are

d*x dx podm N?i%x
ft__Mﬁ_BE_K(:E_ZO)_T

The voltage equation for the electric system is

'Ut:'éR‘l‘

podm N? ((a)z_ﬁ) di  2uedn N%x dx
2

ag dt ag dt

87

These equations are valid only as long as the motion of the plunger is limited so that
the plunger does not extend out of the core, i.e. ring, i.e. between the limits —a/2 < z < a/2.

Problem 3-37

Part (a): From the solution to Problem 3-34, o = 1.0 cm

Part (b): This is a 3'rd order system which can be expressed in the following form:

dx
——

i

% _ fﬂd + fspring
dt M

di  v— Rei— iy,

R dx
dt L(x)
where
o LO .9
faa = (2XO>z
and
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fspring = KO (XO - I)

Part (c):

1 [K,
I G
F=5\3r =72 B

Part (d):
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Problem 3-38
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PROBLEM SOLUTIONS: Chapter 4

Problem 4-1

Part (a):

T

Wy = Ipm X — = 125.7 rad/sec

30

Part (b):
1
f =1pm X p102gs =60 Hz (= 1207 rad/sec)

Part (c): The frequency will be 50 Hz if the speed is (5/6) x 1200 = 1000 rpm.

Problem 4-2

vp(t) = V2V, cos (wt — 27 /3) ve(t) = V2V, cos (wt + 27 /3)

Vap(t) = va(t) — vp(t) = V6Vj cos (wt + 7/6)

Problem 4-3

(i) With the wind turbine rotating at 0.5 r/sec = 30 rpm, the generator speed will be
300 rpm which will produce a line-line voltage of 480 x 300/900 = 160 V at a frequency of
£ =300 x 8/120 = 20 Hz.

(ii) At 1.75 r/sec = 105 rpm, the generator voltage will be 560 V line-line at a frequency
of 70 Hz.
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Problem 4-4
Part (a): Induction motor Part (b): 6 poles
Problem 4-5
120
rpm = f X = 6000
poles
Problem 4-6
Part (a):
F
—_— 40__
-t o
o2 3 4B 6 7 8%
-40
Part (b):
7
w0+ —
e —-—-——— | 04 pesmmsem==-- ~———
| S S I N S
0|
AP P n
40
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Part (c):
F
_\_ 40—— —|_
0+
» $—4 $—@ O -
1 2 B o4 s 7 g
-20
-40
Part (d):
F
Problem 4-7

With one phase open-circuited, the motor becomes equivalent to a single-phase motor,
with equal positive- and negative-traveling mmf waves.

Problem 4-8

The mmf and flux waves will reverse direction. Reversing two phases is the procedure
for reversing the direction of a three-phase induction motor.
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Problem 4-9

F max
2

F1 = Flax €08 040 COSWet = (€08 (Bae — wt) + €08 (Bae + wy))

|

T (€08 (Bae — wi) — €08 (B0 + wi))

Fo = Fax sin b, sin wet = 5

and thus
ftotal - fl +f2 - Fmaxcos(eao _wt)

Problem 4-10

For n odd
%/2 cos (n#)db . nb
p = sin (—)
J=r /2 cos (nf)dd 2
For § = 57 /6,
nf 097 n=1
0.26 n=25
Problem 4-11
Part (a): Rated speed = 900 r/min
Part (b): From Eq. 4.45
TG Bagi peax(poles)
4N0krNr
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Part (c): From Eq. 4.47

2
By — (§> IRBogt pear = 0.713 Wb

Problem 4-12

From the solution to Problem 4-11, ®p = 0.713 Wh.

Problem 4-13

From the solution to Problem 4.9, ®p = 0.713 Wh.

Wk N, P

=799 kV
V2

V;“ms -
Problem 4-14

Part (a): Because this generator is A-connected, the rms phase voltage Vs and line-line
voltages are both equal to 575 V. Thus from Eq. 4.52

_ \/5‘/;‘11’18

Op = =0.191 Wb
P wokwNph
and thus from Eq. 4-45
poles) dp
Bpeax = — =139 T
peak ( 2 /) 2r
Part (b): From Eq. 4.45
mg X poles
If=———=201 A
f 4,[L(]kifo
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Part (c): Operating at 50 Hz with the same air-gap flux (corresponding to a field current
of 20.1 A), the open-circuit voltage will be (5/6) x 575 = 479 V. The armature turns must
be increase from 12 to 18 turns/phase, which would produce a terminal voltage of 718 V.
If the field current is then reduced to 20.1 x (690/718) = 19.3 A, the desired open-circuit
voltage of 690 V will be achieved.

Problem 4-15

Part (a): The air-gap flux density is plotted below and is of amplitude

o Nelg
29

Bgap = —1.16 T

-40

The peak fundamental amplitude is
4
Bpoak,l = (;)Bgap = 147 T

Part (b): In terms of the stator inner radius r, axial-length [ and turns Ny, the peak
flux linkage of the stator winding is equal to

)\poak = WTlBgaprh

and it varies as a saw-tooth function of time, giving rise to a square-wave of voltage, shown
in the plot below, of magnitude

2)\poak

= 476.
T/ 76.7 'V

V})oak =

where T' = 1/60 sec. The rms-fundamental component of this voltage is
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4V0ak
Virms = — L
1, T \/5

=477 V

V()

— Vet

T T 1
0 1/120 1/60]  time [sec]

-V —_—

Problem 4-16

Fo = ia|A1cosb, + Ascos 30, + Ascos 50,
I, coswt[A; cosl, + Az cos 30, + As cos 50,

Similarly, we can write

Fv = ip[Aicos (0, —120°) + Az cos3(0, — 120°) + A5 cos 5(0, — 120°)]
= [,cos (wt —120°)[A; cos (0, — 120°) + As cos 30, + As cos (50, + 120°)]

and

Fo = icAicos (0, +120°) + Ascos3(6, + 120°) + A5 cos 5(6, + 120°)]
= I, cos(wt + 120°)[A; cos (0, + 120°) 4+ Az cos 36, + As cos (50, — 120°)]

The total mmf will be

ftot = fa‘l’fb‘l’fc
3
= §Ia[A1 cos (0, — wt)As cos (50, + wt)]

= gla[Al cos (0, — wt)As cos b (Qa + (%))]
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We see that the combined mmf contains only a fundamental space-harmonic component
that rotates in the forward direction at angular velocity w and a 5'th space-harmonic that
rotates in the negative direction at angular velocity w/5.

Problem 4-17

The turns must be modified by a factor of

48 1800 9
— | — ) =—=2.
(24) (1400) 14 b7
Problem 4-18

From Eq. 4.54

30E,
= — =555 mWb
N (poles)n o

Problem 4-19

Part (a): For a peak air-gap flux density of Bpeak = 1.45 T, the air-gap flux per pole can
be found from Eq. 4.47 as

2
(bp = —QZT’BpCak =259 mWb
poles

For this Y-connected machine, the rms line-neutral voltage will be Vs = 415/\/§ =239.6 V.
The number of series turns per phase can be found from Eq. 4.52

V;“ms

=————=445
\/iﬂfokwq)P

Npn

which in practice will be either 44 or 45 turns.

Part (b): If the motor is to be A connected, the number of turns must be increased by
a factor of /3 to 77.1 (i.e. 77) turns.
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Problem 4-20

From Eq. B.27
2
L (%ijph) —354 mH
g poles
Problem 4-21
Part (a): From Eq. 4.52
\/5 ‘/;‘ms
Op = — =10.8 mWb
P wok‘wNph m
and from Eq. 4.47
poles) dp
Bpeax = — =052 T
peak ( 2 /) 2r 05
Part (b): From Eq. 4.45
B cakd
Ij=—2 =0.6b A
f 2N0krNr

Part (c):

)\a,poak o \/EV;“ms/w
Iy I

Las = =069 H

Problem 4-22

Part (a): From Eq. 4.47

2
(bp = ( >2ZT’Bpoak =231 Wb
poles
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and from Eq. 4.52 the rms phase voltage, in this case equal to the line-line voltage is
V;ms,lino—lino = ﬂﬂfokwNphq)P =13.8 kV
Part (b): From Eq. 4.45

7T-Bpoakg

= = 1415 A
2#0]{?1»]\/}

Problem 4-23

Part (a): Based upon the solution to Problem 4-22; to achieve an open-circuit voltage of
22 kV (corresponding to a line-neutral phase voltage of 12.7 kV) at 50 Hz, the turns should

be increased by a factor of
()T -
50/ \13.8

which would correspond to a winding of 26.5 turns/phase. As a practical matter, the choice
would thus be 26 or 27 turns per phase, corresponding to an open circuit voltage of 21.6 kV
or 22.4 kV.

Part (b): For a 26-turn winding, based upon the value of field current calculated in
Problem 4-22; the desired open-circuit voltage will be achieved at a field current of 1415 x
(26.5/26) = 1442 A. For a 27-turn winding, the field current will be equal to 1415 x
(26.5/27) = 1389 A.

Problem 4-24

For the given machine, the design requires am armature winding with 26 series turns/phase
and a field winding with 200 series turns.
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From Eq. 4.47

From Eq. 4.9

From Eq. 4.83

and thus

Problem 4-26

From Eq. 4.47

From Eq. 4.9

From Eq. 4.83

D ear = 2lrBpeax = 3.12 Wb
peak (poles) " Epeak
4 I‘NI‘II‘ max
Fr,poak - 7]{: : = 2.01 x 105 A
T X poles

1 2
Tpoak - g <p02es> (bpoakFr,poak = 3.94 x 106 N-m

Ppoak = Tpoakwm =743 MW

T ( >2erpcak — 278 mWb
poles
4]{:1‘er1‘ max
Fipeax = ————— =415 A
T X poles

1 2
T = g <po2es> ®peatc Py pear = 18.1 Nom

100
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and thus

Ppoak = Tpoakwm = 6.82 kW

Problem 4-27

The result will be that of Problem 4-26.
Problem 4-28

Part (a):

dM, . dM,
T = 'éaif—f +Zb2f—bf

b dby

= Mis (i, cos by — i,sinby)

This expression applies under all operating conditions.

Part (b):
T = 2MI2(cos by — sinby) = 2v/2 M2 sin (6 — 7/4)

Provided there are any losses at all, the rotor will come to rest at 6y = 7 /4 for which T'= 0
and dt/dfy < 0.

Part (c):

T = V2 M1, It(sin wt cos 0y — coswt sin Op)
= V2 MI,Isin (wt — 6y) = V2 MIIsin§

Part (d):

d
Vay = Ra'éa + % (Laa'éa + Maf'éf)

= V2 I,(R,coswt — wla,sinwt) — wMI; sin (wt — §)
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. d . .
vy = Ruip + 7 (Laatn, + Muygis)

= \/§Ia(Ra sinwt + WL, coswt) + wM I cos (wt — 0)

Problem 4-29

T = MI(ipcosby — i,sinby)
V2 MIg (I, 4 I'/2)sin § + (I'/2) sin (2wt + 0)]

The time-averaged torque is thus
<T >=V2MIy(I, +1'/2)sin

Problem 4-30

Part (a):

ﬁdLaa+ﬁdLbb+z,z, dLab+“, dMaf+z,z, d M
2 doy 2 doy P ae, M de, TP de,

= V2 I I;Msiné + 21%L,sin 20

Part (b): Motor if "> 0, 6 > 0. Generator if 7' < 0, 6 < 0.

Part (c): For Iy = 0, there will still be a reluctance torque T = 2I2L,sin20 and the
machine can still operate.

Problem 4-31

Part (a):

v = § =45.5 m/sec
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Part (b): The synchronous rotor velocity is 45.5 m/sec.
Part (c): For a slip of 0.055, the rotor velocity will be (1 — 0.055) x 45.5 = 43.0 m/sec.

Problem 4-32

From Eq. 4.93, recognizing that a balanced three-phase current will result in 1.5 times
the peak flux as a single current and that Ims = Ipeak/ V2

Boeax [ 9 2\ /7m\ (2 x poles
\/5 (NO) 3 4 kwNph %

Problem 4-33

Part (a): Defining § = 27 /wavelength

2'LUBpoak

=2.12 mWb
&

/B
o, = w/ Bpeax cos fxdxr =
0

Part (b): Since the rotor is 5 wavelengths long, the armature winding will link 12 poles
of flux with 12 turns per pole. Thus, Apecax = 144, = 0.305 Wh.

Part (¢): w = fv and thus

W)\poak

V2

Vims = =50.2 V,rms
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PROBLEM SOLUTIONS: Chapter 5

Problem 5-1

Basic equations are T o< ®g F} sin dgp. Since the field current is constant, F} is constant,
Note also that the resultant flux is proportional to the terminal voltage and inversely to the
frequency ®r o< V;/f. Thus we can write

V; sin 5RF .1 (fT)
T x ——— ) —
X f or RF X S1n V;

Similarly, because the power is proportional to the product of the torque and the mechanical
speed which is in turn proportional to the frequency (P o fT), we can write

P
ORF X sin™! (V)

t

Part (a): dgrr reduced to 30.1°
Part (b): drr unchanged
Part (b): drr unchanged
Part (d): drp increased to 36.3°
Problem 5-2
Part (a): The windings are orthogonal and hence the mutual inductance is zero.

Part (b): Since the two windings are orthogonal, the phases are uncoupled and hence
the flux linkage under balanced two-phase operation is unchanged by currents in the other
phase. Thus, the equivalent inductance is simply equal to the phase self-inductance.
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Problem 5-3
1
L., = —3 (Laao — La) = —2.47 mH
3
L= 3 (Laao — La1) + La = 7.79 mH
Problem 5-4
From

1 3
Lab = _5 (Laa(] - Lal) and LS = 5 (Laa(] - Lal) + Lal

we can write
Lal = LS + 3Lab =4.1 mH
and
2
Looo = §(LS — La) = 20.2 mHx2

Problem 5-5

Part (a):

_ \/5 Vi—l,rms
V3wl

Part (b): Voltage = (50/60) x (345/515) x 13.8 kV = 7.70 kV.

Laf

=58.0 mH

Problem 5-6

Part (a): The line-line voltage will be 13.8/sqrt3 = 7.97 kV and the line-neutral voltage
will be 13.8/3 = 4.6 kV.
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Part (b): Ly is reduced by v/3 from that of the solution to Problem 5-5, Part (a). Thus
L,y = 33.6 mH.

Problem 5-7

Part (a): The magnitude of the phase current is equal to

40 x 10°

L= =446 A
0.9 x /3575

and its phase angle is —cos™ 0.9 = —25.8°. Thus
I, = 44.6e79%%°

Then

575
V3

By =V, —jX.I, = —j4.65 X 44.6e 755 = 305.6 / — 37.7° V

The field current can be calculated from the magnitude of the generator voltage

o \/iEaf

I =109 A
WLiaf
Part (b):
Ea=380.9/—29.4°V; I; =136 A
Part (c):
Ey=461.9/—-239°V;, ;=165 A
Problem 5-8

Same basic solution as that of Problem 5-7 except replace I, by —I,.
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Part (a):
Eu =461.9/239°V; I;=165A
Part (b):
E. =380.9/29.4°V; I;=13.6 A
Part (c):
E, =305.6 £37.7° V; Iy =109 A
Problem 5-9

Part (a): The magnitude of the phase current is equal to

40 x 10°

e R— Y\
0.9 x /3575

a

and its phase angle is — cos™ 0.9 = —25.8°. Thus
I, = 44.6e79%%°
Then

. . 575 25.8°
By = Vi — j(Xs + X¢l, = —= — j5.60 x 44.6e77*>%" = 316.8 £/ — 45.2° V

V3

The field current can be calculated from the magnitude of the generator voltage

o \/iEaf

WLiaf

=113 A

I

Finally, the motor line-neutral terminal voltage is calculated as
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Vi = Vi, — jX¢l, = 315.8 V, line-neutral = 547.0 V, line-line
Part (b):

~

Euy=4155/.-370°V; =148 A

Vo =334.7 V| line-neutral = 579.7 V, line-line
Part (c):

A

E.=4950/.-270°V; L=17T7A

V. = 352.5 V| line-neutral = 610.6 V, line-line
Problem 5-10

Same basic solution as that of Problem 5-9 except replace I, by —I,.

Part (a):

~

E.s=495.0/270°V; L=177A

V. = 352.5 V| line-neutral = 610.6 V, line-line
Part (b):

~

E.s=4155/370°V; =148 A

Vo =334.7 V| line-neutral = 579.7 V, line-line
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Part (c):

~

E.s=3168/452°V; =113 A

V, = 315.8 V|, line-neutral = 547.0 V, line-line

Problem 5-11

Part (a):
2 —l,rms
Ly = V2Vt _ 40.7 mH
V3wl
Part (b):
3
I = 700 x 10° 175.7 A
V32300

Ep =V, —j X1, =187/ —44.7° kV

o \/iEaf

WLiaf

Iy = 206.7 A

part (c): See plot below. Minimum current will when the motor is operating at unity
power factor. From the plot, this occurs at a field current of 207 A.

17 : ; : | :
?50 175 200 225 250 275 300
If [A]
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Problem 5-12

Part (a):
V2 (26 x 10%)?
Zaso: basoz —0.743 Q
I TR TS T
L, = Noonfine _ 300
w
Part (b):
Lo = 2teedese _ g5y
w
Part (c):
2
Lo = 5 (Lo = Lu) + Lu = 2.34 mH
Part (d):

o \/5 Vi—l,rms

Lop = Y2 s 550l
' V3wl

Problem 5-13

Part (a):

V2 (11 x 103)2
Z) ase — base = = 0346 Q
b Piae 350 x 106

X, = Xg puZbase = 0.408 Q

Xs,u = XS,u,pquaso = 0.408 Q
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Part (b):

AFCS = X, pu x AFNL = 1.18 x 427 = 504 A

Problem 5-14

From the given data, we see that AFNL = 1690 A. The rated current of this generator is

850 x 106
Lrated = = 18.9 kA
T gqrt3 x 26 x 103

and thus we see that AFSC = 3260 A. We can also calculate Z .

V2 (26 x 103)2
Z ase — a2 = = 0795 Q
b Piae 850 x 106

Part (a):
AFNL 1690
SCR AFSC 3260
Part (b):
Xspu = LI 1.93
PPETSCR

Xs = Xs puZpase = 1.53 Q

Part (c): From the given data, the field current required to produce rated open-circuit
voltage on the air-gap line is

26.0
AFNL,, = 1690(—> = 1485 A
& 29.6
AFSC
Xoon = ——— =22
WP AFNL,, 0
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XSJI = Xs,u,pquaso =1.75 Q
Problem 5-15

From the given data, we see that AFNL = 218 A. The rated current of this generator is

4.5 x 108
Tated = —————— =625 A
ted 7 sqrt3 x 4160

and thus we see that AFSC = 203 A. We can also calculate Zy g0

V2o B 41602

Lhase = = =3.85 Q)
b Poose 4.5 x 106
Part (a):
AFNL 218
SCR=-——=—=1.07
AFSC 203

Part (b): From the given data, the field current required to produce rated open-circuit
voltage on the air-gap line is

4160
AFNL,, = 218( —— ) =197 A
& 8(4601>
AFSC
Xsu W= oo = L
P AFNL,, 03

XS,u = Xs,u,pquaso = 3.96 Q)

Part (c):

1

Xopu = =5 = 0.93
Pt SCR
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Xy = Xy puZiase = 3.58 Q)
Part (d):

X
Ls=—=9.50 mH

where w, = 120m.

Xal,pquaso
We

Ly = =143 mH

Laag = %(LS — La) = 5.38 mH
Problem 5-16
Check answers with those of Problems 5-14 and 5-15.
Problem 5-17
Part (a):
AFNL =913 A; AFNL,, =772 A; AFSC =925 A
Part (b):

SCR =0.97; Xipu=101; X,,=1.100

Xoupn = 1.20; X, =1.30 Q
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Problem 5-18

300

280

260

Field current [A]

240

220

0 0.2 0.4 0.6 0.8 1
Power [per unit]

Problem 5-19

At rated power, unity power factor, the armature current will be I, = 4.5 MW/(y/3 x
4160 V) = 624 A. From Eq.5.39 we can find the phase resistance at 140 C to be

234.5 + 140

Ra(140 C) = Ra(25 C)( e

) = 60.6 mQ2
The power dissipated in the armature winding will then equal P, = 3 x 6242 x 0.0606 =
70.9 kW.

Working in per unit, the per-unit field current can be found from

Eaf,pu = |V;L - (Ra,pu + sz,pu)fa,pu|

where

and I, pu = 1.0. Thus E,fpy = 1.35

If = AFNL x Eaf,pu =295 A

At 125°C, the field-winding resistance will be
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234.5 + 125

):0%29

and hence the field-winding power dissipation is Pgeq = 295% x 0.302 = 26.3 kW.

The total loss will then be
Ptot = Pcoro + Parm + Pfriction/windago + Pﬁold = 167.3 kW

Hence the input power will equal 4.667 MW and the efficiency will equal 4.5/4.667 = 0.974
= 97.4%.

Part (b): Same method as Part (a) except that the per-unit terminal current will be

- 3.5

Lipn = ————¢" = 0.972¢
T8 X 45 ‘

where 6 = cos™! (0.8) = 36.9°. For this condition, the input power is 3.649 MW and the
efficiency is 95.9%.

Problem 5-20

Part (a): Working in per unit

A ~

Eaf = V:cq + j(qu + Xs)Ia

where Vo = 1.0. The per-unit power is P = 110/125 = 0.88 per-unit and since the system
is operating at unity power factor at the equivalent source the per-unit armature current

. P
I,=— =088
Veq

Thus Ea = 1.66/52.9° and thus FE,; = 1.66 per-unit = 12.2 kV, line-line. Under this
condition, Iy = 1.66 x AFNL = 538 A.

Similarly
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Vo = Vig + j Xeqla = 1.01£8.51°

and thus V, = 1.01 per-unit = 11.12 kV. We see that the terminal current leads the terminal
voltage by 8.51° and the power factor is thus pf = cos (8.51°) = 0.989 leading,.

Part (b): In per-unit, the generator terminal voltage is equal to V. = 1.0£8, where, from
analogy with Eq. 5.43,

PX.
8 = sin™* (‘/CqV:) = 8.60°
The current can be found as
. G-V
I, = M = 0.882/4.30°
JXeq

The base current is equal to Ihase = Spase/ (V3 X Viase) = 6.56 kA and thus I, = 5.79 kA.

The solution proceeds as in Part (a).

FE.; = 1.60 per-unit = 17.6 kV

pf = 0.997 lagging
Problem 5-21

Part (a): Work in per unit.

V2
Zpase = 2404 = 17.3 Q

rated

and thus in per unit, Xy = 19.4/17.3 = 1.12. With unity per-unit terminal voltage (V, = 1.0
and 0.5 per unit real power (P = 0.5) at unity power factor, I, = P/V, = 0.5 and
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Ey =V, —jX.I, =115/ —0.51°

and thus Iy = AFFNL x Faf = 142 A.

Part (b): With P = 0.8, V, and F,; = 1.15, we can find the power angle § from Eq. 5.43

as
PX
§ = si —1( ) = —51.47°
N

and thus

2 (V; - Eaf)

[, = ———+——>=0.84/—-17.7°

JXs

Thus the power factor is pf = cos (—17.7°) = 0.95 lagging.

Part (c): The same methodology as Part (a) but with P = 0.8 per unit. The result is
Iy =191 A.

Problem 5-22

Will work in per unit. From the solution of Problem 5-15, Xy = 0.93, X, = 1.03 and
AFNL = 218 A.

Part (a): The motor is operating at unity per-unit terminal voltage (V, = 1.0) and per-
unit real power P = 3.6/4.5 = 0.80. At a power factor of 0.87, the per-unit apparent power
is S = P/0.87 = 0.920. Thus the terminal current is

. SN . .
I, = (7>6J9 = (.92¢1?

a

where 6 = cos™! (0.87) = 29.5°. Thus, using the saturated synchronous reactance

By =V, — j X1, =151/ — 25.4°
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and the field current is It = E,y x AFNL = 330 A.

Part (b): If the machine speed remains constant and the field current is not reduced, the
terminal voltage will increase to the value corresponding to 330 A of field current on the
open-circuit saturation characteristic. Based upon a MATLAB spline fit of the given data,
this corresponds to a terminal voltage of 5.37 kV line-to-line.

Problem 5-23

Part (a): The minimum field current will correspond to a power angle of § = 90°. For
V. = 1.0 per unit and for a given per-unit power P, the corresponding per-unit generated
voltage will be

and the corresponding field current will be given by It = AFNL x E,;. Thus

Minimum
P It [A]
0.2 692
0.4 1385
0.6 2077

Part (b):

02k ™ F I boceoooos o
0 1000 2000 3000 4000 5000

Field Current [A]
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Problem 5-24

Part (a): The per-unit terminal voltage and terminal current are both equal to unity.
For

fa = 1.0e%?

For any given value of 6 the per-unit real power will be equal to P = Re[Vaf 5] = cos @ and
the corresponding generated voltage will be

Eaf - V; + szfa

A MATLAB search over all values of 6 in the range —7/2 < 6 < 7/2 gives the correspond-
ing values of P and F,;. The maximum value of P such that E,; < 1.75is P = 0.874 per
unit. The correspond reactive power is 0.486 per unit and the power factor is 0.874 leading,
hence the generator is absorbing reactive power.

Part (b): The machine will supply maximum reactive power when P = 0 and Fy is at
its maximum value of 1.75 per unit. Under this condition.

. E-V, ‘ .
I, = — = —70.375 per-unit

and Quax = V;IA; = 0.375 per unit.

NOTE: The solution of this problem can be visualized in terms of a synchronous-machine
capability curve as in Fig.5.19.

Problem 5-25

Part (a): Zbase = Vi2oo Phase = 4.23 Q.

1
Xs = SCR 0.60 per unit = 2.52 ()

Part (b): For Iy = 260 A, E, = 260/490 = 0.53 per unit. With V, = 1.0, the
corresponding phase diagram is
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. R 120
Eaf“ szla

>

Part (¢): Tpase = Poase/(V3Vhase) =1,883 A.

_V;_Eaf

I,
Xs

= 0.79 per unit = 1485 A

Part (d): Under this condition, the generator appears inductive and it is absorbing reac-
tive power from the system.

Part (e): E, = 1.51 per unit, I, = 0.86 = 1614 A (lagging) and the generator is supply-
ing reactive power and looks capacitive.

Problem 5-26

14.5

14

13.5

Terminal Voltage [kV]

13

i i i i
200 300 400 500 600 700 800
Field Current [A]

Problem 5-27
Part (a): It was absorbing reactive power.

Part (b): The terminal voltage increased.

Part (c): Answers the same whether the machine is operating as a motor or a generator.
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Problem 5-28

Part (a):

413
Xs = 1520 — 0.272 per-unit

Part (b): P =43/50 = 0.86 and S = P/0.9 = 0.956, both in per unit. The power-factor
angle is —cos™1 0.9 = —25.8° and thus I, = 0.956/ — 25.8°.

Eou = Vi + jX,I, = 1.137/11.9° per-unit

The field current is I = AFNL x E,; = 1729 A. The rotor angle is 11.9° and the reactive
power is

Q = V5% — P?2 =0.42 per unit = 4.24 MVAR

Part (c¢): Now E,¢ = 1.0 per unit. Same method gives Q = —0.10 per unit =-5.09 MVAR.
The rotor angle is increased to 13.5 degrees.

Problem 5-29
Part (a):

(i) Generic phasor diagram

E
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(ii) Working in per-unit, Voo = 1.0, V; = 26.3/26 = 1.012 and P = 375/550 = 0.682. The
base impedance is Zpase = 262 /550 = 1.229 Q and thus X, = 0.35 per unit. From Eq. 5.43

PX
8 = sin™* <V00Vt> = 13.64°
(iii) With V; = Vie?®, can find
z ft - Voo
I, = — = 0.68/4.07°
J X

For I.s = 550 MVA/(\/g x 26 kV) = 12.21 kA and thus I, = 0.68 per unit = 8.35 kA.

(iv) At the generator terminal, I, lags V; by 13.64° — 4.07° = 9.57° and thus the terminal
power factor is pf = c0s 9.57° = 0.986 lagging.

(v)
Eot = Vo + j(Xoo = X,) I, = 1.65£56.8°
Part (b):
(i) &, = 18.33°
(iii) I, = 11.19 kA
(iv) pf = 0.981 lagging

(v) Ear == 1.99/67.3°
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Problem 5-30

Part (a):

(i) Puax = 398 MW

(i)

2400

2200

2000

1800

Field current [A]

1600

1400

1200 i i i
o] 100 200 300 400
Power [MW]

(iii)

Power [MWV]

1 1 i
100 200 300 400
Reactive power [MVAR]
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Part (b):

(i) Pruax = 398 MW

(i)

2400

2200

2000

Power [MWV]
IO
[+)] o]
& o
& o

1400

1200

i i i i
10000 100 200 300 400 500
Field current [A]

(iii)

50

Power [MWV]

i i i i
0 100 200 300 400 500
Reactive power [MVAR]

Problem 5-31

Part (a): Will work in per unit on the generator base. With Zy,.s = 26%/450 = 1.50 Q,
the per-unit transformer reactance is X; = .095/1.50 = 0.063.

(i) With V., and E,¢ both equal to unity, from Eq. 5.46 we see that

VooEaf
Proxy = ———=10.58
(Xt _l' Xs
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and that the generated cannot be loaded to full load.

(ii) To achieve Ppax = 1.0, must have E,; = 1.793, Corresgonding to a field current of
It = AFNL x E,; = 3837 A. Under this operating condition F,; = j1.793 and the current
is equal to

2 Eaf - Voo

a= ————— = 1.14/29.15°
](Xs _l' Xt)

and the generator terminal voltage is
Vo = Vio + j Xy = 0.97£3.75°

The generator reactive power is then

~

Qgen = Im[ffa +] = —0.48 per unit = —214 MVAR

This is of course a totally unacceptable operating condition, both because the generator
apparent-power output greatly exceeds its rating and because the power angle is at 90°
which is at the verge of instability.

Part (b): On the 345 kV system, the base impedance is Zp.q = 3452 /450 = 264.5 Q and
thus in per unit X, = 12.4/264.5 = 0.0469. The solution to this part is identical to that of
Part (a) with the exception that one must replace X; by X; + Xo.

(i) Puax = 0.54 therefore cannot load to full load.

(ii) Ir = 3938 A and Qgen = —0.40 per unit = -180 MVAR.
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Part (c):

4500
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3000

Field current [A]

2500

i i i i
20000 100 200 300 400 500
Power [MW]

Problem 5-32

Following the calculation steps of Example 5.15, F,s = 1.35 per unit.
Problem 5-33

Part (a):

(i) Working in per unit and based upon the reactances calculated in the solution to
Problem 5-31, let Xqr = Xq + X = 1.793 per unit and X, = X+ X. Setting E,s and X
both equal to unity, the power angle characteristic of Eq. 5.72 gives

P = 0.558sin 0 4 0.078 sin (20)

The maximum power P, can be found by setting the derivative with respect to d equal
to 0. The result is dpax = 75.83° and Ppax = 0.578 = 260 MW and we see that under this
condition the generator cannot supply its rated power.

(ii) The solution for I; is most easily found by a MATLAB search over increasing values
of Ea¢ until P = 1.0. The solution is E.s = 1.772 and Ir = 3792 A.

To find the generator reactive power, I will also use a MATLAB search taking advantage
of the following two facts:

1. The per-unit power can be expressed in terms of the magnitude of the phase current
I, and its phase angle 6 as
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P=1.0= VI, cost

and thus for any given value of 6, I, = P/ cos#.

2. We also know that the phasor V., + jXqTIAa must lie along the quadrature axis, i.e.
that its angle must be 75.84°.

Combining these two facts, we can search over values of ¢ until we find the desired solution
which is I, = 1.147/29.301°.

We can now find the generator terminal voltage

Vi = Vio + j X Lo = 0.967/3.74°
and the reactive power as

~

Quen = Im[Vi1¥] = —0.48 per unit = —215 MVAR

Part (b): Same method but combine X, with X
(i) Puax = 0.562 therefore cannot load to full load.

(ii) Ir = 3897 A and Qgen = —0.40 per unit = -182 MVAR.

Part (c):

4500

4000

3500

3000

Field current [A]

2500
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20000 100 200 300 400 500
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Problem 5-34

1.8
N —_"—_—"
FE
] — ——

71 O — A S A— 1

Eaf [per unit]

Y
w

117 R E— S - A— 1

TR S SR S— A— 1

i i
0 0.2 0.4 0.6 0.8 1
Power [per unit]

Problem 5-35

Problem 5-36

Problem 5-37

Will work in per unit. For F,; = 0, From Eq. 5.73
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271 1
Prax = W (— — —) =0.23 = 23%

2 \Xq, Xq
This maximum power occurs for 6 = —45°. Thus, using the motor reference direction for
current
4 Vicosd
Ij= -2 =— = 0.615
T Xy Xq
Visin é
I,=— = 0.943
q Xq

and thus I, = \/I(?TI& = 1.27.
S=WI,=127
Hence
Q=VS2—P2=125

Problem 5-38

Working in per unit, for this operating condition V, = 1.0 and I, = 1.0.

Part (a): Can find ¢ from the angle of the phasor V' where

V' =V, — jXol, =125/ — 36.9°
Note the minus sign corresponding to motor notation. Thus 6 = —36.9° and
Vg = Vacosd = 0.80 Iy = Iqsind = —0.60

and thus
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Bu = Vi — Xalq = 1.49
and Iy = E, x AFNL = 1.49 x AFNL
Part (b): Same method gives Iy = 1.52 x AFNL
Problem 5-39

Part (a): Working in per unit, for this operating condition Vo =1.0and I, = 1.0. Can
find § from the angle of the phasor V' where

V' =V, — jXql, = 1.26/ — 37.6°
Note the minus sign corresponding to motor notation. Thus 6 = —37.6° and
Vg = Vacosd =0.79 Iy = Iisind = —0.61
and thus
Euy=Vy— Xaqlqg=1.36
and It = E,; x AFNL = 1.36 x AFNL

Part (b): With V, = 1.0 E, = 1.36, use Eq. §.73 to find the value of § such that P = 0.5.
A MATLAB search gives § = —17.4° and thus E,; = 1.36/ — 17.4°. We can then find

Vg =V,sind = —0.298 Vg = Vacosd = 0.954

and

V, — E, 1%
=4 0436 [ = —— = —0.388

I
d Xq X,
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Recognizing that the quadrature axis lies along the phasor e/ and that the direct axis
lags the quadrature axis by 90° and thus lies along the phase —je/® we can find the terminal
current as

I, = (—jI4+ I)e’ = 0.583£30.99°
and the reactive power is equal to
Q = Im[V;I}] = —0.30

Problem 5-40

Part (a): Note that in the following figure the terminal voltage V; has been chosen as the
reference phasor and that all angles are defined as positive in the counter-clockwise direction
and hence 0 has a negative value as drawn.

\ s
‘d axis

Part (b): We know that V; = 1.0 and that I, = 1.026 where 6 = cos™" (0.95) = —18.19°.
We can thus locate the quadrature axis by the phasor £

E =V, +jX,I, = 1.78/55.8°

from which we see that § = 55.8°.

We can now calculate

Vy = Vicoséd =0.51 Iy =1I,sin (6 —0) =0.79
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and thus Euy =V, + Xqlq = 1.88.

We can also calculate
Vie = Vi — jXool, = 0.91/ — 1.8°
and finally that de = § — £V = 57.5°.

Problem 5-41

Part (a): (i) Define Xqr = X4 + Xo. With the generator supplying only reactive power,
0 = 0 and the infinite bus voltage V,, = 1.0 will lie along the quadrature axis and hence
Vg = Vo and I, will lie along the direct axis and thus Iq = I,. With I, in the range
-1.0< 1, <1.0

By =Vy— Xarl,

and we see that Eyf min = 0.13 and Eyf max = 1.87.
(ii)

Armature Current [per-unit]

. 1 .
Field Current [per-unit]
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Parts (b) and (c):

Y

o o o
F [9)] [++]

o
[N

Armature Current [per-unit]

i y i
0.5 1 1.5 2
Field Current [per-unit]

(=}
(=]

Problem 5-42

Will work in per unit. The base current of the synchronous condenser is Ibase =
150 MVA/(v/3 x 13.8 kV = 6.28 kA

Part (a): For Vs, = 1.0 and V; = 13.95/13.8 = 1.011

T V; - Voo .
I, = - = —40.169
J X J

and the terminal current is thus I, = 0.169 x 6.28 kA = 1.07 kA.
Q = Im[V;I}] = 0.17 = 25.4 MVAR

Note that V; lies along the quadrature axis and thus V; = 1.0. Similarly I, lies along the
direct axis and thus Iq = 0.169. Thus

Bur =V, + jXala = 1.23
and If = AFNL x Eaf = 3050 A.
Part (b): In per-unit, @) = —85/150 = —0.567. We know that

Q = Im[V;I*a)
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Together these equations give

V2= VoV = QX =0
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from which we find that V; = 0.96 = 13.3 kV. We also can find that I, = —0.59 = —3.7 kA

and I; = 4300 A.

Problem 5-43

Part (a):

poles) r/min
e = - . H
J ( 5 ) oo 00T Hz

Part (b): At 2000 r/min, w, = 27 x 66.7 = 419 rad/sec and the generated voltage is
FE.m = 185 V| line-line. With V; = 208 V, line-line, P = 10 kW and X, = w.Ls = 2.35 {2 we

can find the power angle ¢ from Eq. 5.43

PX
§ = —si —1( S>:—37.6°
Vi
and the rated terminal current is
- - Eam 3
jo= Vim Bane gy 60 A o860

TVBUX)

The power factor is thus cos™! (—28.6°) = 0.88 lagging.
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Part (c):

Line-line Terminal Voltage

sof AT

i i i i
0 500 1000 1500 2000 2500
Speed [rpm]

Part (d): At 1500 r/min, f. = 50 Hz, Xy = 1.76 0, E,, = 138.8 V, line-line and the
terminal voltage must be limited to V; =156 V, line-line. For any given value of power angle
0, the terminal current will be equal to

V; - Eam6j5
V3(j Xs)

I, =1

Using MATLAB to search for those values of § such that I, < 31.6 A, we find that this
occurs at 0 = —37.6°. From Eq. 5.73, the maximum power is thus 7.5 kW.

Part (e): At 2500 r/min, f. = 83.3 Hz, X = 2.93 Q, E,, = 231.2 V, line-line and the
terminal voltage must be limited to V; = 208 V, line-line. Again searching for the operating
point at which rated current is reached, we find that the maximum power is 11.1 kW.

Problem 5-44

Part (a): For a 3-phase resistive load with P = 6.8 kW and V; = 189/4/3 V, line-neutral

P
3 Vi

I, = =208 A

Part (b): Under this operating condition the generated voltage is Fan = 08/v3 V
generator is operating at unity power factor and the terminal current is thus I, = 20.820°.
We know that E,, = 208 V, line-line and that

Eam = V; ‘l’szfa
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A corresponding phasor diagram is a right triangle with V; as its base, Eom as its hy-
potenuse and the phasor jX I, as its opposite side. Thus we can find

X, =/E2, —V2=5014 V

from which we find that X, = 2.4 Q.

Part (c): Under this condition, we know that P = 3V;I,7.5 kW and that V%t + (X.I,)* =
E2 . These equations can be solved simultaneously for V; giving V; = 105.6 V corresponding
to a line-line voltage of 183 V.

Problem 5-45

- E, B wk,
o Ra‘l’Rb _I'jWLa B Ra‘l’Rb ‘I’jWLa

Thus

A wKa Ka
|Ia| = =

V@R AR + WLy 1, 1+ (Bt

Clearly, I, will remain constant with speed as long as the speed is sufficient to insure
that w >> (R, + Ry)/La

Problem 5-46

Will work in per-unit on a 25-kW, 460-V, 31.4 A, 8.46 Q2 base for which Xq = 0.26,
X, =047 and E,;, = 0.924 all with the motor operating at 3600 r/min.

Part (a): With V; = 1.0 and P = 18/250.72 =, we can find § = —21.6° from Eq. 5.73
and thus

Vg=V,sind = —0.73

Vg = Vi cosd = 0.69

_V;]_Eam

= —-0.92
Xq

Iq
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We can now find fa as
I, = —jIae?® + I,e7° = 0.92/38.49°

and thus I, = 28.9 A and the power factor is cos (38.49°) = 0.78 leading.
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PROBLEM SOLUTIONS: Chapter 6

Problem 6-1

Part (a): Synchronous speed is 1500 r/min. Therefore,

1500 — 1458

= 0.028 = 2.
1300 0.028 8%

s
Part (b): Rotor currents are at slip frequency, f, = s x 50 = 1.40 Hz.

Part (c): The stator flux wave rotates at synchronous speed with respect to the stator:
1500 r/min = 314 rad/sec. It rotates at slip speed ahead of the rotor: s x 1500 = 40.8 r/min
= 8.8 rad/sec.

Part (d): The rotor flux wave is synchronous with that of the stator. Thus it rotates at
synchronous speed with respect to the stator: 1500 r/min = 314 rad/sec. It rotates at slip
speed ahead of the rotor: s x 1500 = 40.8 r/min = 8.8 rad/sec.

Problem 6-2

The rotor-winding flux linkages are lower than those of the stator by the turns ratio 38.42
and, with the motor operating at a slip of 2.31%, the rotor frequency is only 2.31% of that of
the stator. Thus the induced rotor winding voltage is equal to 193 V x (38/42) x 0.0231 =
4.0 V.

Problem 6-3

Part (a): The rotor slip can be found as the ratio of the frequency of the induced rotor
voltage to the applied stator frequency

0.73
— 2% 0.0146
)
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Based upon a 50-Hz, 6-pole synchronous speed of 1000 r/min, the rotor speed is equal to
(1 —s) x 1000 = 985.4 r/min.

Part (b):

~ 1800 — 1763

= (0.0206 = 2.06
1800 %

and the frequency of the induced voltage is f, = s x 60 = 1.23 Hz.
Problem 6-4

Part (a): A six-pole, 60-Hz motor has a synchronous speed of 1200 r/min. Therefore,
with a no-load speed of 1198r/min, it is clear that this motor has 6 poles.

Part (b): At full load

(1200 - 1119) B
s = oy = 0.0675 = 6.75%

Part (c):
fr =sx60 Hz=4.05 Hz

Part (d): The rotor field rotates at 1200 r/min (synchronous speed) with respect to the
stator. As seen from the rotor, it rotates 81 r/min faster that then rotor.

Problem 6-5

Part (a): The wavelength of the fundamental flux wave is equal to the span of two poles
or A =6.7/10 = 0.67 m. The period of the applied excitation is 7" = 1/40 = 25 msec. Thus
the synchronous speed is

A
Vg = T = 26.8 m/sec = 96.5 km /hr
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Part (b): Because this is an induction machine, the car in this case) will never reach
synchronous speed.

Part (c):

96.5 89

%65 - 0.0775 = 7.75%

The induced track currents will be a slip frequency, f = s75 = 4.66 Hz.

Part (d): For a slip of 7.75% and a car velocity of 75 km/hr, the synchronous velocity
must be

75
V=TT 81.3 km/hr
Thus the electrical frequency must be
81.3
e = 4 —_— — . H
Jo=40 (96.5> 337

and the track currents will be at a frequency of s x f. = 2.61 Hz.

Problem 6-6

The voltage is proportional to the product of the number of turns N, the frequency f
and the flux density. Thus for a constant flux density

Nifi _ Ny fo
Vi Va
and thus
60 x 400
Nyg =1 — =2
50 0 x =0 % 208 3 turns
Problem 6-7

Part (a): From Eq. 6.36 we see that because the torque is proportional to the square of
the voltage, the torque-speed characteristic will simply be reduced by a factor of 4.
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Part (b): Halving the applied frequency will have the synchronous speed. Neglecting the
effects of stator resistance and leakage reactance, we see that the combination of halving the
applied voltage and the applied frequency will reduce the factor Vfoq Jwe by a factor of two.
Similarly, the factor

(R2/s)
(R2/8)? + (Xieq + X2)?

will be twice its original value for each slip equal to twice the value original. Thus at those
2-times-slip points, the torque will be equal to that of the original full-voltage, full-frequency
case. Thus the torque-speed characteristic will appear identical to the full-frequency but
shifted such that its synchronous speed point is one-half of that of the original.

The torque-speed characteristics are plotted below.

Problem 6-8

Part (a): 1000 r/min

Part (b): The induction motor rotor is rotating at 1000 r/min in the clockwise direction.
Its stator flux wave is rotating at 3000x (2/poles) = 1500 r/min in the counterclockwise
direction. Thus, the rotor sees a flux wave rotating at 2500 r/min. Noting that a flux wave
rotating at 1500 r/min with respect to the 4-pole rotor would produce 50-Hz voltages at the
slip rings, we see that in this case the rotor frequency will be f, = 50x (2500/1500) = 83.3 Hz.

Part (c¢): Now the stator flux wave will rotate at 1500 r/min in the clockwise direction
and the rotor will see a flux wave rotating at 500 r/min. The induced voltage will therefore
be at a frequency of 16.7 Hz.
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Problem 6-9

Part (a): Ry will decrease by a factor of 1/1.06 to 0.176 €.

Part (b): X, will increase by a factor of 1/.85 to 45.7 €.

Part (c): R will decrease by a factor of 3.5/5.8 to 0.106 €.

Part (d): All values will decrease by a factor of 3.
Problem 6-10

Part (a): The motor input impedance is given by

Zin = Ry + j X1+ (jXu||R)|[(X2 + Re/s)
where ‘|| represents “in parallel with”. At a slip of 3.5%, Zi, = 6.74 + 72.42 €. Thus,

- W

I = =371/-19.77 A

in

where Vi = 460//3 = 265.6 V.

The real input power is given by

~

Py = 3Re[Vi[7] = 27.8 kW

and the reactive power by

~

Qi = 3Im[V11;] = 10.0 kVAR
Part (b):

J X | Re
(jXw||Re) + j X2 + Ry/s

I, = fl( ) = 36.0/ —15.2° A

The output power is then given by
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1—s

Pout = 31221-22( ) — Pew = 25.74 kW — 270 W = 25.47 kW

and the power dissipated in the rotor is
Protor = 3I3Ry = 934 W

Part(c): The voltage V. across the motor core-loss resistance is given by

~

Ve=Vi—(R1+jX;) =2489/ —797° A
and thus the core loss is given

V2

Poore =3 — =427 W
R,
and the efficiency is given by
}23u
n=7 ® % 100% = 91.6%

Problem 6-11
Same solution as Problem 6-10.

Problem 6-12

A core-loss resistance connected directly at the motor terminals will produce constant
core loss. The core loss resistance can then be calculated as

_ 30

core

=651 Q

R,

where V; = 265.6 V is the line-neutral terminal voltage.
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For a given slip s, the speed is equal to (1 — s) X rpm, where rpmyg is the synchronous

speed of 1800 rpm. The motor input impedance is given by
Zin = jXml|(B1 4+ 7 X1 + jXul|(j X2 + Ra/s))

where ‘|| represents “in parallel with”. The terminal current is

R V;
L= Z:n

The real input power is given by

~

P, = 3 Re[Vi1]]

and the power factor is

£ P
VA
The shaft output power is then given by
1 —
P = 313~ ) = Few
where
~ ~ ]Xm
(e )
2 ! JXm +7Xo+ Ra/s

and the shaft torque as

POU
Tout = :
Wm
where wy, = (2/poles) X w,
Finally, the efficiency is given by
POU
n= £ % 100%

in

Thus
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| slip [%] | rpm [ Pu [kW] | pf [ Pat [kW] | Tinae [N-m] [ 1 [%] |

1.0 1782 13.6 0.90 12.7 67.8 93.2
2.0 1764 26.0 0.93 24.5 132.7 94.3
3.0 1746 37.0 0.92 34.7 189.6 93.7

Problem 6-13

A core-loss resistance connected directly at the motor terminals will produce constant
core loss. The core loss resistance can then be calculated as

_ 3

core

R, = 168 Q2

where V; = 265.6 V is the line-neutral terminal voltage.

The motor input impedance is given by

Zin = Re||(Ry + 7X1 + jXul||(j X2 + Ra/s))

where ||" represents “in parallel with”. The terminal current is

A Vi
h=7
The shaft output power is given by
9 1—s
Pou = 3038 (=) = Pew
where
- P 7 1 X
b= - (5 )
RC ]Xm +]X2+R2/S

Since the slip (s = (1800 — 1780.7)/1800 = 0.0107) and all other motor parameters are
known, the value of Ry which produces the desired output power can be found using a MAT-
LAB search. The result is Ry = 21.1 m{2.
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Problem 6-14

A core-loss resistance connected directly at the motor terminals will produce constant
core loss. The core loss resistance can then be calculated as

_ 3

core

R, =271 Q)

where V; = 265.6 V is the line-neutral terminal voltage.

For a given slip s, the speed is equal to (1 — s) X rpm, where rpmyg is the synchronous
speed of 1800 rpm. The motor input impedance is given by

Zin = Re||(R1 + 7X1 + jXul||(j X2 + Ra/s))

where ‘|| represents “in parallel with”. The terminal current is

The real input power is given by

~

Py = 3Re[Vi[]]

and the power factor is

The shaft output power is then given by

1 _
Poui = 3131-22( S) ~ Prw
where
R V- X
122(11——1)(‘ J )
RC ]Xm +]X2+R2/S
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and the shaft torque as

P out

Wm

Tout =

where wy, = (2/poles) X w,

Finally, the efficiency is given by

}%u
n= Pint x 100%

Parts (a) and (b): The following table can be constructed from a MATLAB search for
values of slip which match the desired levels of output power.

‘ % of Full Load ‘ Pouy [kW] ‘ slip [%] ‘ rpm ‘ I [A] ‘ pf ‘ n [%] ‘

100 75.0 2.23 | 1760 | 105.6 | 0.95 | 94.3
75 96.2 1.63 | 1771 | 789 ]0.95 | 94.3
50 37.5 1.07 | 1781 | 53.6 | 0.94 | 934
25 18.8 0.54 | 1790 | 30.0 | 0.88 | 89.5
0 0.0 0.03 1799 | 13.5 | 0.19| 0.0

Problem 6-15

A core-loss resistance connected directly at the motor terminals will produce constant
core loss. The core loss resistance can then be calculated as

_ 3

core

R, =271 Q)

where V; = 265.6 V is the line-neutral terminal voltage.

For a given slip s, the speed is equal to (1 — s) X rpm, where rpmg is the synchronous
speed of 1800 rpm. The motor input impedance is given by

Zin = Re|| (R + 7X1 + jXul||(j X2 + Ra/s))

where ||" represents “in parallel with”. The terminal current is
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The real input power is given by

~

Py = 3Re[ViI7]

and the power factor is

£ P
R
The shaft output power is then given by
9 1—s
Pou = 3138~ ) = Pew
where
- N 7 1 X
122(11——1)(‘ J )
RC ]Xm +]X2+R2/S

Finally, the efficiency is given by

POU
n= Pint x 100%

Part (a): A MATLAB search for that value of slip which produces rated output power
gives the following operating condition:

[ Powe [WW] [ slip [%] [ rpm [ 1 [A]] pf [0 [%]]
| 75.0 | 228 [1759]107.6 [ 0.95] 92.6 |

Part (b): At 50 Hz, the terminal voltage will be equal to 460 x (50/60) = 383.3 V, line-line
(Vi = 221.3 V, line-neutral), the synchronous speed will be 1500 r/min and the reactance will
be 5/6 of their 60-Hz values. The friction and windage loss will be 1250 x (50/60)% = 723 W.
Because the voltage is proportional to frequency, the core loss, calculated by the loss in the
core-loss resistance, will automatically vary with frequency. A MATLAB search over slip for
the value which corresponds to the rated current of 94.1 A gives
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[slip [%] | rpm | I [A] | Pow KW] [ pf [ [%] ]
| 237 [1464] 941 | 555 [0.95] 93.7 |

Problem 6-16

A core-loss resistance connected directly at the motor terminals will produce constant
core loss. The core loss resistance can then be calculated as

_ 3
B PCOI‘O

R, =651 (2

where V; = 265.6 V is the line-neutral terminal voltage.

For a given slip s, the speed is equal to (1 — s) x rpm, where rpmy is the synchronous
speed of 1800 rpm. The motor input impedance is given by

Zin = Re|| (R + 7X1 + jXul||(j X2 + Ra/s))

where ‘|| represents “in parallel with”. The terminal current is

The real input power is given by
Py = 3 Re[Vil}]

and the power factor is

£ P
VA
The shaft output power is then given by
1 —
P = 313 (~—2) = Few
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where

IA2:(IA1_E)< 7 Xm )
]Xm—l—]Xg—l—Rg/S

Finally, the efficiency is given by

P out

P x 100%

77 —_=

Part (a): A MATLARB search for the slip which produces an output power of 37 kW gives
a speed of 1741.3 rpm.

Part (b): Similarly, the motor will operate at a speed of 1799.5 rpm when the shaft power
is zero (corresponding to an electromechanical power of 325 W to supply the friction/windage
loss.

Part (c):

Problem 6-17

A core-loss resistance connected directly at the motor terminals will produce constant
core loss. The core loss resistance can then be calculated as

2
R, = Vi =2.94 kQ

core

where V; = 1905 V is the line-neutral terminal voltage.
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For a given slip s, the speed is equal to (1 — s) X rpm, where rpmyg is the synchronous
speed of 1800 rpm. The motor input impedance is given by

Zin = Re||(R1 + 7X1 + jXul||(J X + Ra/s))

where ||" represents “in parallel with”. The terminal current is

I =

The real input power is given by
Py = 3Re[ViI]]

and the power factor is

(R
LY 2

The shaft output power is then given by

1—s

Pout = 3131-22( ) ~ Pew

where

. . i Xm
I, = 1——(‘ 4 )
2= (I RC) X+ jXo + Ro/s

Finally, the efficiency is given by

P out

n= P x 100%

Thus, at a speed of 1466 rpm, corresponding to a slip of 2.27%

[stip (%] [ rpm [ A kW] [ Poue kW] [ pf [ [%]]
| 227 1466 | 744 | 707 091 95.0 |
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Problem 6-18

A core-loss resistance connected directly at the motor terminals will produce constant
core loss. The core loss resistance can then be calculated as

_ 3

core

R, =192 Q)

where V; = 265.6 V is the line-neutral terminal voltage.

For a given slip s, the speed is equal to (1 — s) X rpm, where rpmyg is the synchronous
speed of 1800 rpm. The motor input impedance is given by

Zin = Re||(R1 + 7X1 + jXul||(j X2 + Ra/s))

where ‘|| represents “in parallel with”. The terminal current is

The real input power is given by

~

Py = 3Re[Vi[]]

and the power factor is

The shaft output power is then given by

1 _
Poui = 3131-22( S) ~ Prw
where
R V- X
122(11——1)(‘ J )
RC ]Xm +]X2+R2/S
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Finally, the efficiency is given by

P out
P

n= x 100%

Parts (a) and (b): Using MATLAB to search over slip, the rated output power (120 kW)
operating condition can be found. The solution with the copper squirrel cage is obtained by
reducing Ry by a factor of 1.5 to Ry = 23.0 m).

| Cage |slip[%] ]| rpm | Liw | Pu [kW] | Poue [kW] | pf | 7 [%] |
Aluminum 2.27 1173 | 171.2 127.6 120.0 0.94 | 94.0
Copper 1.50 1182 | 169.8 126.6 120.0 0.94 | 94.8

Part (c): Here is the complete table

| Cage |slip[%] ]| rpm | Liw | Pu [kW] | Poue [kKW] | pf | 7 [%] |

Aluminum 2.27 1173 | 171.2 127.6 120.0 0.94 | 94.0
Copper 1.50 1182 | 169.8 126.6 120.0 0.94 | 94.8
Aluminum 1.63 1180 | 127.2 95.8 90.0 0.95 | 94.0
Copper 1.08 1187 | 126.4 95.2 90.0 0.95 | 94.5
Aluminum 1.06 1187 | 86.1 64.5 60.0 0.94 | 93.0
Copper 0.71 1192 | 85.8 64.3 60.0 0.94 | 93.3
Aluminum | 0.53 1194 | 47.8 33.8 30.0 0.89 | 88.8
Copper 0.35 1196 | 47.7 33.7 30.0 0.89 | 88.9

Problem 6-19

(i): The synchronous speed of a 60-Hz, 6-pole motor is 1200 rpm. The speed at a slip of
3.2% is (1 — 0.032) x 1200 = 1161.6 rpm, corresponding to wm ratea = 121.6 rad/sec. Thus
the rated torque is

Prao
Tooted = —29 — 899 N.m

Wm,rated

(ii) From Eq. 6.32, V] ¢q = 262.8 V and from Eq. 6.33 = Z; oq = 1.234 + j2.263 Q. Thus,
from Eq. 6.39, Thax = 130.8 N-m and from Eq. 6.38, spmaxr = 0.1000 corresponding to a
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speed of 1080 rpm.

(iii) From Eq. 6.36 with s = 0, Titare = 30.5 N-m. The motor input impedance is given
by

Zin = By +j X0 + jXul[( X2 + Ry)

where ||" represents “in parallel with” and the terminal current is

. Vi
= Z:n
ThU_S, Istart = 50.7 A
Problem 6-20
Assuming R; = 0 and defining
X = Xjeq+Xo
. 0.5quCq
Ws
where ws = 2w, /poles.
We can write from Eq. 6.37
N
maxT — X
and from Eq. 6.39
0.5k
Tmax T~
X

Similarly, we can write
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kRo
Tstart - m

and

2kR2 /Sratod

Tratod = R% T X2

Part (a): From these equations, we can show that

s 2s (@> +1=0
maxT et Tstart B

from which we find s = 0.268.
Part (b): We can also show that
2 T,
(smaxT> _2( max)(smaxT> —|—1:0
Srated Tratod Srated

from which we find that s;ateq = 0.061.

Part (c): Finally, we can show that

IS ar 1 max rate: 2
tort | 1 (St /Srated)” _ 35 3307
Iratod 1 + ShaxT
Problem 6-21
From Eq.6.36, we can find
R Rieq  0.5/sa+ 0.580/8% 7 — T/ SmaxT
Ry T —1

where T* = Tyax/T and that
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Tstart _ sﬂ(2512naXTR*/sﬂ + (smaxT/sﬂ)z)
Tﬂ 2(5maxTR* + 1)

from which we find that Tyt = 1.587T%.
Problem 6-22

The motor input impedance is given by
Zin = R1 + j X0 + jXu||(j X2 + Ra/s)
where ‘||" represents “in parallel with”. The total impedance seen from the source is
Zyot = jXs + Zin

where X is the source impedance.

The terminal current is

A Vs
I =
Ztot

where V; = 332.0 V is the line-neutral source voltage.

The line-neutral motor terminal voltage is equal to
Vi =V, — Xy
The real input power is given by
P, = 3Re[Vi1}]

Note that in this case, because we are considering generator action, the machine will be
operating with negative slip and P, will be negative, corresponding to positive generator
output power.
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A MATLARB search over negative slip shows that the machine will produce an electrical
output power of 110 kW at a slip of -1.13%, corresponding to a speed of 1213.5 rpm. The
machine terminal voltage will be 34.3 V, line-neutral (561.8 V, line-line).

Problem 6-23
The motor input impedance (not accounting for core loss) is given by

Zin= Ry + 7 X1+ 1 Xu||(1 X2 + Ry/s)

The terminal current is

L=
Zin

where V7 = 1386 V is the line-neutral source voltage.

The real input power is given by
P = —3Re[Vi1}]

The electromechanical shaft output power is then given by

1_
Pout=3I§R2( S)—PFW
where
.. i Xm
[ (R A —
27 N\ X + X + Ro/s

Part (a): At a slip of 2.35%, the calculated motor input power is 1.560 MW. From the
stated operating condition of rated output power and 95.2% efficiency, the actual motor
input power is 1.5 MW /0.952 = 1.575 MW. Thus the motor core loss is equal to

Peore = (1.575 — 1.560) MW =15 kW
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The calculated output power is equal to 1.507 MW. Thus the friction and windage loss
is equal to

Prw = (1.507 — 1.500) MW =7 kW

Part (b): A core-loss resistance connected directly at the motor terminals will produce
constant core loss. The core loss resistance can then be calculated as

_ 3

core

R, =373 Q

Including the effects of core loss, the motor input impedance is

Zin = By + X1 + (jXul|[R)[| (1 X2 + Ra/s)

where ‘|| represents “in parallel with”. The terminal current is

For generator operating, the electrical output power is given by
Pou = —3 Re[ViI}]

The electromechanical shaft power is then given by

1 —
Pan = =313 (") = Prw
where
fz == fl( ]Xm”RC )
(JXml||Re) + j X2 + Ra/s

and the shaft input power is equal to

Pin:PFW‘I’Pom
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and the terminal power factor is

Finally, the efficiency is given by

At a slip of -2.35%
(i) Pt = 1.58 MW
(i) n = 97.10 %
(iif) pf = 0.983
Part (c): From the infinite bus, the total impedance is equal to

Ztot = Zf + Zin

where Z; is the feeder impedance. The solution for the machine performance proceeds the
same as that in part (b) with Z;. replacing Z;,. The terminal voltage can be found as

Vi = Viur — Zi1
At a slip of -2.35%, the power at the infinite bus is calculated as
P = —3Re[VineI[] = 1.57 MW
and at the machine terminals

Perm = —3Re[ViI;] = 1.59 MW
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Problem 6-24

Problem 6-25

Part (a): Given I3 . xRy = 85134 Ry. Thus Iy maxr = V8.5 Iza. Ignoring Ry, Ryeq = 0
and we can write
. Vig
L= ‘
R2/$ + ](qu + X2)

and thus

f2,ﬂ _ j(qu + X2) + R2/SmaxT
f2,maxT j(qu + X2) + R2/5ﬂ

Substitution from Eq. 6.37

R
(X1,oq + Xy) = 2
SmaxT
gives
Ly j+1
f2,maxT ] + smaxT/Sﬂ
and thus
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fag j + 1] _ V2
I2,maxT |] + SmaXT/$ﬂ| \/1 + (SmaxT/sﬂ)2

Finally, we can solve for Spaxr
SmaxT = 4.00$ﬂ =0.104 = 10.4%

Part (b): Taking the ratio of Egs. 6.39 and 6.36 with Ry ., = 0 and substitution of Eq.
6.37 gives

Toax  0.5[(Ra/50)% + (Xieq + X2)2  0.5[1+ (Smaer/s1)?]

= = =2.13
Th (Xieq + X2)(R2/s0) (SmaxT/50)

In other words, Ti.x = 2.13 per unit.

Part (c): In a similar fashion, one can show that

TS ar 1 max 2
ot _ gy (L e/ g gy
Tﬂ 1+ SmaxT

In other words, Tytary = 0.44 per unit.
Problem 6-26

Part (a): T oc I7Ry/s. Thus

2
Tstart I 2, start
= : =124
Tﬂ o < Izvﬂ )

and thus T, = 1.24 per unit.

Part (b): Ignoring Ry, Ry .q = 0 and we can write
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~

A Voq
I = :
R2/5 + ](qu + X2)

and thus

Ly j(Xeq+ X2) + Ry
f2,start j(qu + X2) + R2/5ﬂ

Substitution from Eq. 6.37

R
(Xieq+ X2) = 2
SmaxT
gives
g __J Tt Smaxt
f2,start ] + smaxT/Sﬂ
and thus

Ig7ﬂ \/ 1+ srznaxT

I2,start B \/1 + (SmaxT/sﬂ)2

This can be solved for SyaxT

1-— (I2 start/Iﬂ)2
maxT = : = 0.210 = 21.0%
° 8 o \l (sﬂI2,start/Iﬂ)2 -1 !

Taking the ratio of Eqs. 6.39 and 6.36 with R . = 0 and substitution of Eq. 6.37 gives

Toax  0.5[(Ra/50)? + (Xieq + X2)2]  0.5[1 + (Smaxr/s1)?]

= = 3.08
T (Xieq + X2)(R2/s0) (SmaxT/50)

In other words, Ti.x = 3.08 per unit.
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Problem 6-27

Neglecting Ry and hence Ry gives from Eq. 6.38

R
Xieq +Xo

SmaxT =

and from Eq. 6.39

T _ 0.5nph‘/1270q _ 0-5nph‘/1270qsmaxT
max Wy (Xl,oq —+ X2) (USR2

If the frequency is reduced from 60 to 50 Hz, X7 oq + X2 will drop by a factor of 5/6 and
hence spaxr Will increase by a factor of 6/5 to smaxt = 19.2%, corresponding to a speed of
1500(1 — 0.192) = 1212 r/min.

Tmax Will increase as

(Tmax)SO o (380/460)2(6/5) _
Twwdeo 56 0%

or (Tax)s0 = 1140 N-m.

Problem 6-28

Part (a): Solving the equations of chapter 6 with s = 1 for starting with MATLAB yields

Istart 456 A
Tstart = 137 N-m

part (b): (i) When the motor is connected in Y, the equivalent-circuit parameters will
be three times those of the normal A connection. Thus

R; =0.099
Ry =0.135 Q2
X1 =084 Q
X5 =0.93 Q
Xm =2310Q
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Istart - 152 A
Tstart = 45.8 N-m

Problem 6-29

The motor performance at any given slip can be found from Egs. 6.32 though 6.36.
Part (a): Using a MATLAB search over slip, the speed at which the motor electrome-
chanical power equals the load power is 973 rpm.

Part (b): The starting current is 141 A.

Part (c):
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Problem 6-30

Part (a): At slip s, the motor input impedance is

Zin = Re||(R1 + 7X1 + j Xul||(j X2 + Ra/s))

where ‘|| represents “in parallel with”. The terminal current is

I =

where Vi = 219.4 V is the line-neutral source voltage. The real input power is given by

~

P, = —3Re[Vi 1]]

The electromechanical shaft output power is then given by

1—s

Pyt = 3131-22( ) — Pew

where

h=(h-) S
U (J(Xm + X2) + Ra/s)

A MATLAB search to find that slip which results in an electromechanical output power
equal to the friction and windage loss of 150 W. As expected, this in an extremely small
slip (0.01%). The input current and input power under this condition is I;,; = 14.61 A and
P,y = 1467 W.

Part (b): In this case, because the test is conducted at 12.5 Hz instead of the rating
frequency of 50 Hz, the input impedance Zy,; must be evaluated with each reactance set equal
to 25% of its 50-Hz value. The rated current of this motor is Iaea = 50 kW /(1/3 380 V) =
76.0 A. At this current value of blocked-rotor current I, the voltage is

Vit = TniZn)
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and the blocked-rotor power is given by
Pb1 =3 Re[%lfgl]
In this case, we get Vi,; = 17.9 V, (30.9 V, line-line) and P, 2667 W.

Part (c): Starting with the no-load test results, the core loss can be calculated from
Eq. 6.43 as

Peore = P — 3I§1R1 - PFW = 1277 W

from which, assuming the core loss is modeled by a resistance R. at the motor terminal

2
_ 3V _ 113 Q

core

R,

From Eq. 6.47,
Sp1 = 3Vl = 9618 VAR

and from Eq. 6.46

Qu = /S — P4 =9505 VAR

and from Eq. 6.48

o in

= =152 0Q
3%

an

Next, consider the blocked-rotor test results at 12.5 Hz. From Eq. 6.51

Sp1 = 3Vl = 4076 VAR

and from Eq. 6.50
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Quw = /S — P4 = 3083 VAR

Thus, from Eq.6.52, X3, as corrected to 60 Hz is

X = (%) (%) =0.712

Assuming X; = X5, we can solve Eq. 6.60 to give

X1 = Xo = X1 — /(X2 — Xy Xun) = 0.360 O
and from Eq. 6.61 X, = X;; — X; =14.8 Q
Finally, from Eq. 6.53

By

=— =0.154 Q
313

Ry,

and from Eq. 6.59

X2+Xm

2
= 0.095 Q
%)

Ro = (Ry — Rl)(
Problem 6-31

The solution is the same as for Problem 6-30 except that all model parameters must be
multiplied by 3, the rated voltage becomes 660 V and the rated current becomes 38.0 A.

Part (a): Iy = 8.46 A, Py = 1475 W
Part (b): Vi1 =30.8 V, (53.4 V, line-line), P, = 2652 W

Part (c):

R =018 Q Ry,=028Q R.=3390Q
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X1=X=1078 Q X, =4450Q
Problem 6-32
Part (a): Ry = 0.52/2 = 0.260 €2. The core loss can be calculated from Eq. 6.43 as
Peore = Pay — 312 Ry — Prw = 1652 W
Part (b): Assuming the core loss is modeled by a resistance R. at the motor terminal

n

_3Va

R, = 3.20 kQ

core

From Eq. 6.47,

Sni = 3Vuly = 8366 VAR

and from Eq. 6.46

Qu = /5% — P4 =8013 VAR

and from Eq. 6.48

o in

X, =
eV

= 605.6 2

Next, consider the blocked-rotor test results at 15 Hz. From Eq. 6.51

Spi = 3Vihilp = 19.80 kVAR

and from Eq. 6.50

Qu = /SH — P4 =16.59 kVAR
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Thus, from Eq.6.52, X3, as corrected to 60 Hz is

Xy = (;;) (i’?I?l) =561 Q

Assuming X; = X5, we can solve Eq. 6.60 to give

X1 = Xs = X — /(X3 — X Xy) = 281 Q

and from Eq. 6.61 X, = X, — X; =603 Q2.

Finally, from Eq. 6.53

B
R =0.913 Q
bl = 31131

and from Eq. 6.59

X2 + Xm 2
——— ] =0.659 Q
%)

&zﬁw&(

Part (c¢): Including the effects of core loss, the motor input impedance is

Part (¢): Zin = Re||(R1 + jX1 + jXu||(j X2 + Ra/s))

Part (d): Zin = Ri + j X1 + (Re|[iXm)||(j X2 + Ra/s))

where ‘|| represents “in parallel with”. The terminal current is

For generator operating, the electrical output power is given by

Pou = —3Re[ViI}]
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The electromechanical shaft power is then given by

1_
Pan = =313 (") = P
where
N X )
Part Iy = ([ — —
art () L2 =(h RC)((ij+jX2+Rz/s
T 7 (RCH]Xm)
Part (d) I :I( - - )
@ L= b R + % + /s

and the shaft input power is equal to

Pin:PFW‘I’Pom

and the terminal power factor is

f - Pout
VA
The stator I?R loss is Pyator = 33 Ry
Finally, the efficiency is given by
POU
n= Pint x 100%
At a slip of -2.35%
Part (c) | Part (d)
Stator current [A] 59.8 60.1
Input power [kW] 229.8 229.6
Power factor 0.96 0.96
Stator I*R [W] 2786 2822
Core loss I’R [W] 1652 1474
Output power kW] || 217.6 217.6
Efficiency [%] 94.7 94.7

170
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Problem 6-33

Because this is a blocked-rotor test, one can ignore the magnetizing reactance X,,. As a
result, the motor input impedance can be approximated as

Zin = R1 + Ry + j(Xq + Xo)

and Ry can be calculated from the blocked-rotor power and current

By

Ry = -2
27313

- R

where R; = 33.9/2 = 16.95 mf2. This gives

Motor 1: Ry = 12.38 mf2
Motor 2: Ry = 47.07 mf

The motor starting torque is proportional to I2 Ry &~ IRy and thus the torque ratio is
given by

Tmotor2 _ (Igl)motoﬁ (R2)motor2 _ < (R2)motor2> ( (Ibl)motor2> ?

Tmotorl (Igl)motorl (R2)motor1 (R2)motor1 (Ibl)motorl

Part (a): For the same currents, the torque will be simply proportional to the resistance
ratio and hence

Tmotor2

= 3.80

Tmotorl

Part (b): From the given data, we see that for the same voltage, the current ratio will
be (13)motor2/ (12)motor1 = 70.5/60.7 = 1.16 and hence

Tmotor2

=5.13

Tmotorl
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Problem 6-34

| | Part (a) | Part (b) |

R, [Q] | 0214 | 0214
R, [Q] | 0.660 | 0.711
R, Q] | 2399 2260
X, [Q] | 3041 | 3072
X, [ | 3717 | 3.754
X, Q]| 1038 | 10038

Problem 6-35

SmaxT X Ro2. Therefore

SmaxT (R2 + Roxt) _ RZ + Roxt
SmaxT (R2 ) R2

RZ X SmaxT(RZ)

=1.49 Q
SmaxT(R2 + Roxt) - SmaxT(R2)

Ry =

Problem 6-36

Part (a): Combining Eqs. 6.36, 6.38 and 6.39 we can show that

SmaxT Tmax (Tmax> 2
= —1=23.50
sq Ty * Ty
and thus
SmaxT
= = 0.0486 = 4.
Sl T, 0.0486 86%

Part (b): The rotor rotor power dissipation at rated load is given by

S

Protor = Pratod (1 ) = 4.86 kW
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part (c): Again, combining Eqgs. 6.36, 6.38 and 6.39 we can show that

Tstart,pu =2 Tmax,pu(%i) =0.744 pu

2
1 + SmaxT

Rated-load speed is equal to

2
poles

WA = 27Tf0< )(1 —sq) = 99.63 rad/sec

173

and rated torque is equal to Tpaeq = 125 kW/99.63 rad/sec = 1.25 x 10> N-m. Thus
Tstart - Tratodetart,pu = 933 pu.

Part (d): If the rotor resistance is doubled, the motor impedance will be the same if the

slip is also doubled. Thus, the slip will be equal to s = 2sq = 9.71%.

Part (e): Under these operating conditions, I will be the same. Since the torque is

Problem 6-37

Parts (a) - (¢):

proportional to IZRs/s, it will be the same under both operating conditions and will thus
be equal to T'= 1250 N-m.
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Part (d):

| RJQ] ] 0.08] 04 ] 0.8 | 24 |
rpm 1004 | 1725 | 1662 | 1479
P kW] | 38 | 194 | 174 | 12.2

Note from the plot that the motor cannot get the fan up to full speed with Ry = 0.08 €2
since there is a stable operating point at 1000 rpm.

Problem 6-38

With no external resistance, the line current is 210 percent of rated at a slip of s; = 5.5%
which corresponds to an apparent rotor resistance of Ry/s. The starting current thus will
be equal to 210 percent of rated if the rotor resistance at starting including the external
resistance Ry is equal to this value, i.e.

Ry 4+ Rext = Ra/s1

or

1_
Roxtsz( 51)

S1

For Ry = 95/2 = 47.5 m{)/phase, this gives Rey = 816 mf)/phase.

Torque is proportional to I3(Ry + Rext)/s. We gave chosen Rey such that at starting
with s = 1, both Iy and (Ry + Rext)/s are equal to the values at s = 5.5% where Ry = 0.
Thus the starting torque under this condition will be equal to 210 percent of rated torque.

Problem 6-39

Part (a): The synchronous speed of this 8-pole 60-Hz motor motor is 900 rpm. Thus the
full-load slip is s = 31/900 = 0.0344 (3.44%). Combining Eqs.6.22 and 6.23 we find that

S

Protor = (1 )Pmoch
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Ignoring rotational loss, at full load Ppean = 100 kW and thus Piotor = 3.57 kW.

Part (b): Assuming R; = 0, combining Eqs. 6.36, 6.38 and 6.39, we can show that

Th 2(Smaxr/51)
Tmax 1 + (smaxT/sﬂ)2

from which we find that sp.cr = 19.7%, corresponding to a speed of 722.5 rpm.

Part (c): To achieve maximum torque at starting (s = 1), must have

Ry

maxT

R2 + Roxt =

For Ry = 0.18  we find that R = 0.73 .

Part (d): At the same flux level and 50 Hz, the applied voltage will be equal to (50/60) x
460 = 383 V.

Part (e): Since the applied voltage and all the reactances will have values equal to 5/6
times their 60-Hz values, the torque, which is proportional to I?Ry/s will be equal to the
rated 60-Hz value if Ry/s is equal to 5/6 of its 60-Hz value. Thus, at 50-Hz

6

Sf,50Hz = (g) sa.60mz = 0.0413

The 50-Hz synchronous speed is 750 rpm and thus the full-load speed is 719 rpm.
Problem 6-40
Part (a):

e Speed = 1162.5 rpm

o I, = 1257 A
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e BF.qa = 115.5 kW
® [rotor = 3.7 kW

e Efficiency = 95.1%

Part (b): The required external resistance is Rex; = 0.34 €.

e Speed = 1050 rpm

I =1259 A

Boag = 104.5 kW

Protor - 37 kW

Efficiency = 85.9%

Pyt = 11.2 kW
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PROBLEM SOLUTIONS: Chapter 7

Problem 7-1

Part (a): The speed will be proportional to the armature terminal voltage.

Part (b): An increase in field current will cause the speed to decrease and
vice versa.

Part (c): The speed will remain constant.

Problem 7-2

Part (a): For constant terminal voltage, the product nl (where n is the
motor speed) is constant. Since Iy « 1/Ry

Ry  Ri+38
1420 1560
and hence Ry = 81.1 Q.
Part (b):
n = 1420 (Rf + 20) = 1770 r/min
Ry
Part (c):
90 .
n = 1420 (E) = 1022 r/min
Problem 7-3

If we write F, = wy, K Ir, we can find K. At no load given no-load condition
with E, =V, = 250 V, Iy = 250/185 = 1.35 A and wy,, = 1850 x 7/30 =
193.7 rad/sec. Thus,

K, = 0.956
Part (a): Here It = 1.35 A, I, =290 A and I, = I, — I; = 288.6 A. Thus

E,=V,—1aR, =237V
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Ea

Kl 183.6 rad/sec

W =
corresponding to a speed of 1754 r/min.
(i)
Pioaa = Eal, = 68.40 kW
(iif)

Poa
ﬂoad: ! d:3725Nm

m

Part (b): If the terminal voltage is 200 V, Iy = 200/185 = 1.08 A.

E.I, K. I;
ﬂoad: . —(Va_Ea)( Rat>
and thus
TOB. a
B, =V, — Joadfla _ eq o
alf
from which (i)
E,
Wy = Kl 177.7 rad/sec

corresponding to a speed of 1697 r/min.

(ii)
V.- E,
o R, + It

Iy, =367.8 A

Part (c): Let Tp = 372.5 N-m and wy,g = 183.6 rad/sec. We can write
oo \ 2
%(41>_kMA_KJMQ—KwMQ
Wm0
from which we find that wy,, = 178.8 rad/sec corresponding to 1707 r/min.

a — mKaI'
]L:K—%%——1+B:3M6A

Problem 7-4

Part (a): wy, halved; I, constant
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Part (b): wy, halved; I, doubled

Part (c¢): wy, halved; I, halved

Part (d): wy, constant; I, doubled

Part (e): wy, halved; I, reduced by a factor of 4.

Problem 7-5

Part (a): Rated armature current = 35 kW/250-V = 140 A.
Part (b): At 1500 r/min, E, can be determined directly from the magneti-
zation curve of Fig. 7.32. The armature voltage can be calculated as

Va=FE,+ I.R,
and the power output as Py = Val,. With I, = 140 A
Ir [A] | E,[V] Val[V] Pou kW]

1.0 150 137 19.1
2.0 240 227 31.7
2.5 270 257 35.9

Part (c): The solution proceeds as in part (b) but with the generated voltage
equal to 1250/1500 = 0.833 times that of part (b)

I [A] | Ea[V] Va[V] Pou [KW]

1.0 125 112 15.6
2.0 200 187 26.1
2.5 225 212 29.6
Problem 7-6
Part (a):
300
0
S —— -
S0 R T o N
5 3 : : :
S 100 e S S .
@ ; 5 5 g
sof
g 05 1 15 2 25

Field current [A]
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Part (b):

Load Power [k¥V]

0 0.5 1 1.5 2 25
Field current [A]

Problem 7-7

Part (a): For a field current of 1.67 A, the generated voltage at a speed of
1500 r/min is 1.67 x 150 = 250 V.

Thus the generated voltage as a function of speed n is

n
E, =250 —=
( 1500)
For a given motor speed

; _ Va—Ba _ Va— (250/1500)n
“T TR, R,

and the shaft power is

B B n \ [ Va— (250/1500)n
p = < o 2 (= 01500

We see that the shaft power is equal to zero when the speed is 1500 r/min and

can find that the shaft power is equal to 35 kW at a speed of 1415 r/min. Here
is the desired plot:

1500

N

4B NG ]

Speed [rpm]

40| N ]

=

1400 i i i i i
o] 5 10 15 20 25 30 35
Shaft power [kW]
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Part (b): We can solve for F, as a function of power P by recognizing that

Va—E,
Ra

P—EaIa—Ea<

and thus

Va++/VZ2—4PR,
E, = + 2

2

where we have chosen the + sign in the quadratic solution since we know that
E, =V, when P = 0. Because the speed is constant, we can solve for the field

current I; as
E,
Ir = 1.
f 67(250)

resulting in the following plot:

1.67

1.665

1.66

1.655

IAid [A]

1.65

1.645

1.64

Problem 7-8

Part (a): Because the field current is constant at the value required to pro-
duce 250 V at 1500 r/min, saturation does not play a role. Thus the generated
voltage as a function of speed n is

n
E, =250 (%>

For a given motor speed

Va— Ea  Va—(250/1500)n
R, R,

and the shaft power is

P=E,, = 250( " ) (Va - (250/1500)n>

1500 R,
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We see that the shaft power is equal to zero when the speed is 1500 r/min and
can find that the shaft power is equal to 35 kW at a speed of 1415 r/min. Here
is the desired plot:

1500

1480

4B NG ]

1440

Speed [rpm]

=

1400 i i i i i
o] 5 10 15 20 25 30 35
Shaft power [kW]

Part (b): We can solve for F, as a function of power P by recognizing that

Va - Ea
P=FE,], =FE,| —
( Ra‘ )

and thus

Va+ V2 —4PR,
E, = + 2

2

where we have chosen the + sign in the quadratic solution since we know that
E, = V, when P = 0. Combining this solution with a spline fit of Ity as a
function of E, at 1500 r/min results in the following plot:

] 5 10 15 20 25 30 35
P [kW]

Problem 7-9

Part (a): At no load, the effect of armature resistance can be neglected
and the 1700 r/min open-circuit voltage can be calculated by the intersec-
tion of the no-load magnetization characteristics (scaled by the speed ratio
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1700/1750) E,(If and the curve describing the shunt field winding characteristic
E, =V, = I Rs. The solutionis V, = E, = 561.6 V.

Part (b): At a terminal voltage of 527 V, the field current is Iy = 527/163 =
3.23 A. The generated voltage under this operating condition is equal to

Ea=Va+ Ra(IL + It) = 527 + 163 x (180 + 3.23) = 537.4 Q

corresponding to a field current (obtained from a spline fit of the magnetization
curve scaled down to 1700 rpm) of 2.99 A. Thus the equivalent armature-reaction
field current is It o, = 0.24 A and the armature reaction is Fy, = N¢lf o = 284 A.

Part (c): With the terminal current remaining at I, = A, we will assume
that the armature reaction remains the same as in part (b), corresponding to
a equivalent field current of 0.24 A. Thus the 1750 r/min magnetization curve
can be re-written as a function of a modified current I} = Iy — 0.24.

The terminal relations under this operating condition can be written as

Ea == Va + Ra(IL + It)

The field current is equal to Iy = V,/R¢, and with appropriate substitutions,
we can write and expression for E, as a function of I}.

Ea = I{(Ra + R¢) +0.24 (Ra + Ry) + ILRa

The operating point is given by the intersection of this curve with the 1750 r/min
magnetization characteristic. The solution is I} = 3.15 A, I; = 3.39 A and
Va = Rely = 552.4 A.

Problem 7-10

Part(a): At a terminal voltage of 527 V, the field current is Iy = 527/163 =
3.23 A. The generated voltage under this operating condition is equal to

Ea=Va+ Ra(IL + It) = 527 + 163 x (180 + 3.23) = 537.4 Q

corresponding to a field current (obtained from a spline fit of the magnetization
curve scaled down to 1700 rpm) of 2.99 A. Thus the equivalent armature-reaction
field current is It 5 = 0.24 A and the armature reaction is Foy = Nilp op = 284 A-
turns.

Part (b): Based upon the equivalent armature-reaction field current found

in part (a), the effect of armature reaction on the 1750 r/min magnetization
curve can be accounted for by representing it as a function of the current If

where
II =1 — 0.24 L
AT A 180
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The effect of the motor speed n on the generated voltage can be accounted
for by modifying the 1500 r/min as

Ea = L EaO
1750

where F, is the voltage from the 1500 r/min magnetization characteristic.
At any given armature current I, the speed can be found by

1. Find the generated voltage as E, =V, — [, R,.

2. Find the magnetization curve generated voltage F,y based upon the cor-
responding value of If.

3. Find the speed as

Here is the resultant plot

1940

1930
1920
1910
1900
1890

Speed [rpm]

1880
1870
1880

1850

1840

Problem 7-11

At 10 load, Eapn = 250 — 7.4 x 0.13 = 249.0 V. At full load, E, g = 250 —
152 % 0.13 = 230.2 V. But, E, x n®, thus

- Ea.q D\ 230.2 1 B )
ng = Nl (Ea,m) ((I)ﬂ ) = 1975 (249'()) (092) = 1984.7 r/min

Problem 7-12

Part (a): The armature reaction at 80 A can be found from the separately-
excited data. From the given data we see that the generated voltage is

E, =V, +I,R, =2622 V
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corresponding to a voltage of 273.6 V at 1195 r/min which in-turn corresponds
to a field current of 1.735 A based upon a spline fit of the magnetization char-
acteristic. We thus see that the equivalent armature-reaction field current is
It ar = 1.735 — 1.62 = 0.115 A and the armature reaction is AR = Nl oy =
74.8 A-turns.

Part (b): We first must calculate the resistance of the shunt field winding.
At not load, the shunt-connected generator is operating at 1195 r/min and the
terminal voltage is 230 A. Ignoring the small voltage drop produced by the field
current, across the armature resistance, the generated voltage is equal to 230 V
and the corresponding field current from the magnetization curve is 1.05 A and
thus Ry = 230/1.05 = 219 Q.

Under the desired full-load condition, with a terminal voltage V, = 250 V,
a terminal current of I, = 80 A and at a speed of 1145 rpm, the shunt-field
voltage will be equal to

Vi =Vo+ 1, Rs = 250480 x 0.049 =253.9 V
and the shunt-field current will thus be equal to

Vi
If=—=116 A
[= R
The generated voltage can thus be calculated as
E,=Va+ ILRs+ (I + It) Ry = 266.3 A

This corresponds to a magnetizing-curve voltage of 266.3 x (1195/1145) =
277.9V and a magnetizing current of 1.848 A and Net mmf = Ny x 1.848 =
1201 A-turns. We can solve for the required series-field turns/pole Ny from
Eq. 7.28 as

. Net mmf — N¢lf + F,

N
Iy,

= 6.5 turns/pole

This can be rounded up to 7 turns/pole which will result in a voltage slight
above 250 V or down to 6 turns/pole which will result in a slightly lower voltage.

Problem 7-13

From the given data, the generated voltage at I, = 70A and n(70) =
1225 r/min is

E.(70) =V, — I,(R, + Rs) = 300 — 70(0.13 + 0.09) = 284.6 V
Similarly, the generated voltage at I, = 25 A is

E.(25) = 300 — 25(0.13 + 0.09) = 294.5 V
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Since F, x n®

E.(25)  (n(25)\ [ ®(25)
E,(70) (n(70)> (@(70))
Making use of the fact that ®(25)/®(70) = 0.54, we can solve for n(25)

n(25) = n(70) (ggg;) (igg;) — 9347 t/min

Problem 7-14

1600 T
1500 -------------- i
5 1400 [-m-mmmmm e o
= i | i |
3 E : : |
& 1300 s feid adds o 1
1200/ i Sefiesfieldopposes ,
1100 i : i i
0 20 40 60 80 100
Power [kW]

Problem 7-15

FErrata: Part (a) should read

Calculate the field current, terminal current and torque correspond-

ing to operation at a speed of 2400 r/min, an armature terminal
voltage of 250 V and a load of 75 kW.

From the given data, we see that the generated voltage can be expressed as

E, =nK.I;

where

250V A%

=231x1072

r_ S S
Ko= 2400 r/min x 4.5 A (r/min) - A

a

Part (a): We know that V, =250 V, E, =V, — I,LR, and E,I, = 750 kW.
Solving gives F, = 236.7 V and I, = 316.9 A. Thus

Ea =427 A
nk!

a

I =
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At a speed of 2400 r/min, w,, = 807 and the torque is equal to T = P/wy, =
298.4 N-m.

Part (b): The solution for E, and I, is similar to that of Part (a) but the
power is reduced to P = (1450/2400) x 75 kW = 45.3 kW with the result that
E,=2421V, I, =187.1 A and Iy =7.21 A.

Part (c):

LAl

a

i i i i
o} 500 1000 1500 2000 2500
Speed [rpm]

i i i i
o} 500 1000 1500 2000 2500
Speed [rpm]

A

i i i i
0 500 1000 1500 2000 2500
Speed [rpm]
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Problem 7-16

Errata: The second paragraph of the problem statement should read:

.. whose torque varies linearly within this speed range.

From the given data, we see that the generated voltage can be expressed as

En=nK'I;
where
550 V
K, = -0.175 —
#3500 r/min x 0.9 A 0175 (r/min) - A

The load torque at 3800 r/min (wy, = 126.77) is 71,(3800) = 180 kW /wy, =
452.2 N-m and the load torque at 1500 r/min (w,, = 507) is 71(1500) =
125 kW /wy, = 795.8 N-m. Thus the load torque at speed n r/min is

Ti(n) = TL(1500)+(TL(3800)23_00TL(1500)>(71—1500)

= 1.020x 10> - 0.149n N-m

Part (a): At each speed n, the load power is equal to Pr,(n) = T1,(n)(7/30).
With V, = 550 V, E, = V, — I,R, and E,I, = P,. We can solve these
equations simultaneously for F, and I, and then the armature power dissipation
as Parm = I2R, and the field current as Iy = E,/(nK}).

| r/min | Ir [A] | I, [A] | Porm [kW] |

1500 | 2.06 | 231.7 2.4
2500 1.23 | 315.9 4.5
3000 1.02 | 335.8 5.1
3800 | 0.81 | 336.5 5.1
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Part (b): With the field current held constant that 0.81 A as found in Part
(a), the generated voltage at speed n can be found from E, = nK!I;, the

armature current can be found as I, = Pp,/FE, and the terminal voltage will be
Va=F,+ ILR,.

| r/min | Vi [V] [ Ia [A] | Parm kW] |

1500 | 237.8 | 592.1 15.8
2500 | 373.5 | 481.0 10.4
3000 | 441.4 | 4254 8.1
3800 | 336.5 | 336.5 5.1

Problem 7-17

Given that the field winding has 1200 turns/pole, the 180 A-turns/pole of
demagnetizing effect at a field current of 350 A is equivalent to an equivalent
demagnetizing field current of 180/1200 = 0.15 A. From the given data, we see
that the generated voltage can be expressed as

En=nK'I;
where
550 V \Y
K = =017 —————
#3500 r/min x 0.9 A (r/min) - A

Including the effect of demagnetizing effect of the armature current we can

thus write
E,=nK'[I;} —0.15 L
a = a2 350

The load torque at 3800 r/min (wy, = 126.77) is T1,(3800) = 180 kW /wy, =
452.2 N'm and the load torque at 1500 r/min (w,, = 507) is 71(1500) =
125 kW /wy, = 795.8 N-m. Thus the load torque at speed n r/min is

Ti(n) = TL(1500)+(TL(3800;3_00TL(1500)>(71—1500)

= 1.020x 10> - 0.149n N-m

Part (a): At each speed n, the load power is equal to Pr,(n) = T1,(n)(7/30).
With V, = 550 V, F, = V, — I,R, and E,I, = P. We can solve these
equations simultaneously for F, and I, and then the armature power dissipation
as Paym = IgRa. The field current can then be found as

Ea

I,
I= 2 +o.15(350>
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| r/min | Ir [A] | I, [A] | Porm [kW] |

1500 | 2.16 | 231.7 2.4
2500 1.36 | 315.9 4.5
3000 1.17 | 335.8 5.1
3800 | 0.95 | 336.5 5.1

Part (b): With the field current held constant that 0.95 A as found in Part
(a), the generated voltage at speed n can be found from

I
E.=nK.( It —0.15( =2

The armature current is related to the power as as I, = P,/ E, and thus we
can find the armature current from the solution to
0.15n K"

a2 KL+ P,=0
( 350 ) nAalela T AL

and the terminal voltage as V, = F, + [, R,.

| r/min | Va [V] | I, [A] | Porm [kW] |
1500 | 197.2 | 768.6 26.6
2500 | 338.3 | 539.0 13.1
3000 | 416.4 | 453.7 9.3
3800 | 550.0 | 336.5 5.1

Problem 7-18

Thus

1 TR,
Wm = Va -
Ka(I)d Ka(I)d

The desired result can be obtained by taking the derivative of wy, with ®4

o 1 (2TR,
= ) — Va
APy K, 02 \ K, ®q

- L enr.-v)
- Ka¢(21 atta a

1
= a — 2Ea

=
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From this we see that for E, > 0.5V,, dw,/d®4 < 0 and for E, < 0.5V,
dw,/d®q >0. Q.E.D.

Problem 7-19

FErrata: In parts (a) and (c), the power should be 25 kW, not 30 kW.

.. whose torque varies linearly within this speed range.

Part (a): The synchronous machine is operating at rated terminal voltage,
rated power and unity power factor and hence at rated terminal voltage. Thus
in per-unit,

Eu=Vy+ X, =1.0+70.781.0 = 1.27/38.0°

and thus F,; = 1.27 per unit = 1.27 x 460/\/5 = 337 V, line-neutral.

The dc machine is delivering 25 kW to the generator and thus we know that
E.I, = 25 kW. Similarly, we know that V, = E, + I,R, = 250 V. Solving
simultaneously gives F, = 247.8 V.

Part (b): Increase the dec-motor field excitation until E, = V, g = 250 V,
in which case the dc motor input current will equal zero and it will produce no
shaft power. The ac generator will thus operate at a power angle of zero and
hence its terminal current will be
_ FE,—Va

I .
JXs

= —370.34 per-unit

The rated current of this generator is

;o BkW
rated — \/§X460

and thus the armature current is 10.7 A.

=314 A

Part (c): If one further increases the dc-machine field excitation the dc
machine will act as a generator and the ac machine as a motor. For the purposes
of this part of the problem, we will switch to generator notation for the dc
machine (positive current out of the terminals) and motor notation for the ac
machine (positive current into the terminals).

With 25 kW transferred to the dc source, VoI, = 25 kW and thus the dc-
machine terminal current will be I, = 100 A and the generated voltage will
be Ey, =V, + [,R, =252.2 V.

The ac machine, operating in this case as a motor, must also supply the
de-machine I2R, = 220 W and thus a total power of P = 25.22 kW = 1.009 per
unit.
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With E,; = 1.27 per-unit and V' = 1.0 per-unit we can find

PX,
§=—sin* (VE ) = —38.3°
alvaf

and thus Eaf = 1.27/38.3°. The per-unit terminal current is thus

I, = Bar = Va ) 009/ — 0.30° per-unit
JXs

which equates to a terminal current of 31.7 A.

Problem 7-20

First find the demagnetizing mmf. At the rated condition,
E, =V, — L R0 = 600 — 250 x 0.125 = 568.8 V

corresponding to a voltage of 379.2 V at 400 r/min. Using the MATLAB ‘spline’
function, the corresponding field current on the 400 r/min magnetizing curve
is Iy = 237.3 A. Thus, the demagnetizing mmf at a current of 250 A is equal
to 250 — 237.3 = 12.7 A and in general, the effective series-field current will be

equal to
L\’
I og = 1, — 12,
off 7 (250)

For a starting current of 470 A, the effective series field current will thus equal
425 A. Using the MATLAB ‘spline()’ function, this corresponds to a generated
voltage of 486 V from the 400 r/min magnetization curve. The corresponding
torque (which is the same as the starting torque at the same flux and armature
current) can then be calculated as

_ E.l, 486 x 470

T =
wm  400(7/30)

=5453 N-m

Problem 7-21

The motor power is given by P = E,I,, where
E, = K. ®qwn

and where, from Eq. 7.6

K, = poles C,, _ 4 x 784 — 9496
2mm 21 X 2
Thus, for ®4 = 5.9 x 1073, E, = K,®qwm = 1.47wy, = 0.154n where n is the

motor speed in r/min.
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Part (a): From a spline fit of the fan characteristic, the fan power require-
ment at 1285 r/min is 20.5 kW. The total power requirement for the dc motor
including rotational losses is thus P = 21.63 kW. At a speed of 1285 r/min,
E,=1981V,I,=P/E,=1093 Aand V, = E,+ I[,R, =219.4 V.

Part (b): Using MATLAB and its ‘spline()’ function to represent the fan
characteristics, an iterative routine can be written to solve for the operating
point (the intersection of the motor and fan characteristics). The result is that

the motor will operate at a speed of 1064 r/min, with a terminal current of
82.1 A and the fan power will be 12.3 kW.

Problem 7-22

Part (a): Assuming negligible voltage drop across the armature resistance
at no load, the field current can be found from the 1250 r/min magnetization
curve by setting E, = 230 V. This can be most easily done using the MATLAB
‘spline()’ function. The result is Iy = 1.67 A.

Part (b): At full load, E, = V, — I,R, = 221.9 V. From the no-load, 1250
r/min magnetization curve, the corresponding field current is 1.50 A (again
obtained using the MATLAB ‘spline()’ function). Since the motor terminal
voltage remains at 230 V, the shunt field current remains at 1.67 A, the effective
armature reaction is

Armature reaction = (1.67 —1.5) A x 1650 turns/pole
281 A - turns/pole

Part (c): With the series field winding, Riot = Ra + Rs = 0.187 Q. Thus,
under this condition, F, = V, — I,R, = 220.0 V. This corresponds to a 1250
r/min generated voltage of 239.1 V and a corresponding field current (deter-
mined from the magnetization curve using the MATLAB ‘spline()’ function) of
1.90 A, corresponding to a total of 3140 A-turns. The shunt-field-winding cur-
rent of 1.67 produces 1.67 x 1650 = 2755 A-turns and thus, the required series
field turns will be

3140 — (2755 — 281)

Ny = =124
593.7

or, rounding to the nearest integer, Ny = 12 turns/pole.

Part (d): Now the effective field current will be

2755 — 281 + 21 x 53.7

From the 1250 r/min magnetization curve, E, = 247.8 V while the actual
E, =V, — Riotls = 220.0 V. Hence the new speed is
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220.0 .
n = 1250 (m> = 1110 r/min

Problem 7-23

Part (a): At full load, 1770 r/min, with a field current of 0.468 A
Ea - Va - IaRtot - 2175 V

where Ryor = 0.18 4+ 0.035 = 0.215 Q.

A 1770 r/min magnetization curve can be obtained by multiplying 230 V by
the ratio of 1770 r/min divided by the given speed for each of the points in the
data table. A MATLAB ‘spline()’ fit can then be used to determine that this
generated voltage corresponds to a field-current of 0.429 A . Thus, the armature
reaction is (0.468 — 0.429)2400 = 93.7 A-turns/pole.

Part (b): The electromagnetic power at full load of 12.5 kW is E,I, =
12.66 kW and hence the rotational loss is P,y = 160 W. For w,, = 1770 x
(r/30) = 185.4 rad/sec the electromagnetic torque is 12.66 kW /wy, = 68.3 N-m
and the rotational-loss torque is similarly 0.86 N-m.

Part (c): With a field current of 0.555 A and armature reaction of 175 A-
turns, the effective field current will be

175 A — turns

From the 1770 r/min magnetization curve found in part (b), this corresponds
to a generated voltage of E, = 231.4 V. Thus, the corresponding torque (which
is the same as the starting torque at the same flux and armature current) can
then be calculated as

 E.l,  231.4x85

T = - —106.1 N -
wm  1770(7/30) o

Part (d): The shunt field current can be found from the 1770 r/min magne-
tization characteristic at a voltage of E, = 230 x (1770/1800) = 226.2 V. The
result is Iy = 0.458 A and including the armature reaction found in Part (a) as
well as effect of an Ng-turn series field winding, the effective field current will

be
93.7 Ny
If o = 0.458 — (—240()) + 58.2(240 )

With the addition of 0.045 €2, the total resistance in the armature circuit
will now be Ryot = 0.260 2. The required generated voltage will thus be
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Ey, =V, — LRt =2149V

This corresponds to 214.9(1770/1575) = 241.5 V on the 1770 r/min magnetiza-
tion curve and a corresponding effective field current of I, o = 0.532 A.

~ 2400([s e — 0.458) + 93.7

N
58.2

= 6.1 turns (1)

Problem 7-24

Part (a): From the 1500 r/min magnetization curve ( obtained using the
MATLAB ‘spline()’ function), we see that the shunt field current is 0.550 A
since the no-load generated voltage must equal 230 V. The full-load generated
voltage, also at 1500 r/min, is

E,=V,—-I,R,=2194V

and the corresponding field current from the magnetization curve is 0.463 A.
Thus the armature reaction is equal to 1700 (0.550—0.463) = 147 A-turns/pole.

Part (b): The total effective armature resistance is now Ryor = 0.1240.038 =
0.158 Q. Thus, the full-load generated voltage will be

Ea = Va - IaRtot = 2103 V

The net effective field current is now equal to 0.463+125(3/1700) = 0.684 A.
The corresponding voltage at 1500 r/min (found from the magnetization curve
using the MATLAB ‘spline()’ function) is 248.9 V and hence the full-load speed
is

210.3

= 1 e ——
n= 1500 (248.9

) = 1267 r/min
Part (c): The effective field current under this condition will be

Ig = 0.55+ 190 (3/1700) — 270/1700 = 0.727 A

From the 1500 r/min magnetization curve (using the MATLAB ‘spline()’ func-
tion), this corresponds to a generated voltage of 249.9 V. Thus, the correspond-
ing torque will be

p_ Bala _ 249.9 x 190
" wm 1500 (7/30)

=302 N -m

which is the same as the starting current at this level of flux and armature
current.
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Problem 7-25

Part (a): For a constant torque load and with constant field current (and
hence constant field flux), the armature current must remain unchanged and
hence I, = 84 A.

Part(b):

Ea = Va - RaIa

Prior to adding the 1.2€2 resistor, E, = 350 — 0.21 x 84 = 332.4 V and when it
is inserted E, = 350 — 1.41 x 84 = 231.6 V. Thus,

L3324
Speed ratio = 2316 — 0.70

Problem 7-26
Part (a): At a speed of 1240 r/min and an armature current of 103.5 A,

E, =460 — 103.5 x 0.082 = 451.5 V. At rated load, F, = 460 — 171 x 0.082 =
446.0 V. Thus, rated-load speed is

446.0 .
n = 1240 <M> = 1133 r/min
Part (b): The maximum value of the starting resistance will be required at
starting.
460
——— =18x171 =308
Ra + Rmax

and thus Ry. = 1.412 Q.
Part (¢): For each value of Ryt = R, + Rext, the armature current will reach
its rated value when the motor reaches a speed such that

E, =230 — 171 R0t 014

At this point Ry will be reduced such that the armature current again reaches
307.8 A. Based upon this algorithm, the external resistance can be controlled
as shown in the following table:

n [r/min] | AR [Q]
0 =
561.5 -0.664
873.4 -0.369
1046.7 -0.205
1143.0 -0.114
1196.5 -0.060
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Problem 7-27

Part (a): At no load, E, y1 = Kmwmn = Va. Thus

Vi
K, 021

Hence, the no-load speed is wy, 11(30/7) = 3410 r/min.

= 357.1 rad/sec

Wm,nl =

Part (b): At zero speed, the current will be I, = V,/R, = 57.1 A and the
corresponding torque will be T' = K, I, = 16.0 N-m.

Part (c):

Kn(Va —E))  Kn(Va — Knwn)
T = Knl, = -
R, R,

Here is the desired plot, obtained using MATLAB:

20

Torque [N-m]

0

i i i
0 1000 2000 3000 4000
Speed [rpm]

Part (d): At speed wy, the motor torque is equal to

Vi — mem>

T =Kun
(=

and the given pump torque is
30w/7\
Toump = 9.0
prmp ( 2000 )

A MATLAB search shows that the motor and pump torques will be equal at a
speed of 1821 r/min.

Part (e): For a given speed wy,, the pump torque is given as in Part (d) and
the corresponding value of armature voltage can be found from
_ RaTpump

V., = K. + wmKm
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Problem 7-28

Part (a): At no load, wym = 13,340 (7/30) = 1397 rad/sec and E, , =
Va — InniRa = 8.60 V. Thus

Ea,nl

Wm,nl

Ky = =6.156 x 107% V/(rad/sec)

Part (b): The no load rotational losses are

Prot,nl - Ea,nlja,nl = 387 mW

Part (c): At zero speed, the current will be I, = V,/R, = 1.01 A and the
corresponding torque will be T'= K, I, = 6.23 mN-m.

Part (d): From Part (b), the rotational loss power is equal to

n o\’ 30 win /7
Prot: (m) x 387 mW = (m) x 387 mW

while the electromagnetic power is given by

mem(va - mem)

P=FEI =
Ra

The output power is then given by
Pout = P — Prog

A plot of P,y vs speed shows that the output power is equal to 2 W at two
speeds.
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A MATLAB solution shows that the output power is equal to 2 W at 4624 r/min
at which speed the efficiency is 32.8% and at 8845 r/min at which speed the
efficiency is 56.0%.

Problem 7-29

Ky =8.28 mV/(rad/sec) and the rotational loss is 162 mW.

Problem 7-30
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Problem 7-31
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PROBLEM SOLUTIONS: Chapter 8

Problem 8-1

Part (a): In this case, § = 50° = 0.2787 rad, there is a 10° overlap region
of constant inductance with

N2 RD
Loy = Y HOED oy
29
Lmax
} % ! | { \ } ! | H >
750 A9g0 o _E0() KO 0 0 175°
Ao 125 55 5005 55 125 .

Part (b): The inductance changes from 0 to L.« as the rotor rotates through
angle 3 and thus

Lmax]12 —2:2
Thax1 = —==—t =88 x 107%7 N-m
20
LmaxIQ
2 —2.
Tinax,1 = =88x107%3 N-m
20
A
Tmax
180° 150 -125° 50 55° -
175¢
-55¢ -5°0 125° 180°
'Tmax

Part (c): i1 =iz =5 A,

(1) w=0 Tnct =0
(ii) w = 45° Ty = 0 (iii) w = 75°  Thet = 2.20 N-m
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Problem 8-2

When a single phase is excited, draw a closed contour through stator back
iron, the poles of that phase, across the two air gaps and through the rotor.
Applying Faraday’s law, we see that 1/2 the mmf drop, i.e. the mmf of one
phase coil, occurs across each of the two airgaps. If one then draws a similar
contour through one pole of the excited phase and one pole of the un-excited
phase, one sees that there is no additional mmf available to drive flux through
the second phase.

Problem 8-3

When a single phase is excited, draw a closed contour through stator back
iron, the poles of that phase, across the two air gaps and through the rotor.
Applying Faraday’s law, we see that 1/2 the mmf drop, i.e. the mmf of one
phase coil, occurs across each of the two airgaps. If one then draws a similar
contour through one pole of the excited phase and one pole of the un-excited
phase, one sees that there is no additional mmf available to drive flux through
the remaining phases.

Problem 8-4

Parts (a) and (b):

- DRapoN?

Linax = =29.8 mH
29

Phase 3 Phase 1 Phase 2

\I I I [ | | I I | | [
1800 500 4200 -90° -60° -300 300 60° 90° 1200 1500 180°

Part (c):
2gB

ly=—==8T75A

*7 N
Part (d):

10% [ Liax

Tmax = 5 = 4. N-.
5 ( /2 ) 37N -m
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A
Tmax
480c 1500 90> -§0° o 3p° fooe 1200 -~
-120° -30° 60° 150° 180°
_TITIEX
Part (e):
phase 1 ON:

—120° < 6 < —90°, —30° < 0 < 0°, 60° < # < 90°, 150° < 0 < 180°

phase 2 ON:
—150° < 0 < —120°, —60° < 6 < —30°, 30° < 6 <60°, 120° < 0 < 150°

phase 3 ON:
—180° < 6 < —150°, —90° < 6 < —60°, 0° < 0 < 30°, 90° < 0 < 120°

Part (f): The rotor will rotate 90° in 45 msec.

_ W4 _ :
T ——— 6.25 r/sec = 375 r/min

The rotor will rotate in the clockwise direction if the phase sequence is 1 - 2 -
3-1....

Problem 8-5

Parts (a) and (b):

2
Lmax = DRO[—IMON = 29.8 mH
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Phase 3 Phase 1 Phase 2

1\
[
<1800 4500 1200 900 600 -300

i
I

150° 180°

Part (c):
29B
Ip=292 _g75 A
polN
Part (d):
10? [ Limax
T = —— —437N.-
2 ( a/2 ) "
4
Tmax
agee g0 |, o0e  §0° | o 3 | oor 1200 |, -
' 1200 ' 300 ' 600 ' 1500 180°
'Tmax
Part (e):
phase 1 ON:

—120° < 6 < —90°, —30° < 0 < 0°, 60° < # < 90°, 150° < 0 < 180°

phase 2 ON:
—150° < 0 < —120°, —60° < 6 < —30°, 30° < 6 <60°, 120° < 0 < 150°

phase 3 ON:
—180° < 6 < —150°, —90° < 6 < —60°, 0° <0 < 30°, 90° <0 <120°

Part (f): The rotor will rotate 90° in 45 msec.

(1/4) r

- 45 msec

= 6.25 r/sec = 375 r/min
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The rotor will rotate in the clockwise direction if the phase sequence is 1 - 2 -
3-1....

Problem 8-6

A typical torque vs. position plot including the torque produced by all three
phases such as that shown below shows that there is no rotor position at which
it is possible to get uni-directional torque.

Phase 1 Phase 2 Phase 3
.lIT
max
-—— -y max___ | a T
| | | |
|
|
-180° -150° -120° -90° -60° -30° 0 30° 60°; 90° 120° 1509 180°
[
l ' i
| ! | .
! ! i
_i_._ _ | T i o ;
Problem 8-7

The rotor will rotate 15° as each consecutive phase is excited. Thus, the ro-
tor will rotate 1 revolution in 24 sequences of phase excitation or 8 complete sets
of phase excitation. Thus, the rotor will rotate 1 revolution in 8 x 10 = 80! msec.
Thus it will rotate at 1/0.08 = 12.5 r/sec = 750 r/min.

Problem 8-8

Part (a): If phase 1 is shut off and phase 2 is turned on, the rotor will move
to the left by 23/3 ~ 4.29°. Similarly, turning off phase 2 and turning on phase
3 will cause the rotor to move yet another 4.29°. Thus, starting with phase 1
on, to move 21.4° will require 21.4°/4.29° ~ 5 steps, the sequence will be:

1 ON
1 OFF & 2 ON
2 OFF & 3 ON
3 OFF & 1 ON
1 OFF & 2 ON
2 OFF & 3 ON

Part (b): Clockwise is equivalent to rotor rotation to the right. The required
phase sequence willbe ... 1-3-2-1-3-2.... The rotor will rotate ~ 4.29°/step
and hence the rotor speed will be

360° 1 step
X

_ 3 :
1200 — 7.97 x 10° steps/min

95 r/min x
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Thus the required step time is

time 1 min y 60 sec 7 53 Jst
= = 7.53 msec/ste
step  7.97 x 103 step min P

Problem 8-9

Part (a): When phase 1 is energized, the rotor will be aligned as shown in
the following figure:

®

| |
I I
l l
I

|
|
I
|
|
|
|
|
t
° 55.385¢ 60°

igup

69.231°

From the figure, we see that if phase 1 is turned off and phase 2 is energized,
the rotor will rotate 4.615° degrees to the right (clockwise) to align with the
phase-2 pole. Similarly, if phase 3 is excited after phase 1 is turned off, the rotor
will rotate 4.615° degrees to the left (counterclockwise).

Part (b):

360° 1 step
4.61°

50 r/min x =3.905 x 10% steps/min

time 1 min y 60 sec 15.4 / ¢
= = .4 1msec/ste
step  3.905 x 103 step . min P

The required phase sequence will thus be ... 1-3-2-1-3-2-1....

Problem 8-10

N ® !
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Part (a): As can be seen from the pole pattern, if phase 1 is shut off and
phase 2 is turned on, the rotor will move to the left by 3°. Similarly, turning
off phase 2 and turning on phase 3 will cause the rotor to move yet another 3.
Thus, starting with phase 1 on, to move 21.4° will require 21.4°/3.0° = 7 steps,
the sequence will be:

1 ON
1 OFF & 2 ON
2 OFF & 3 ON
3 OFF & 1 ON
1 OFF & 2 ON
2 OFF & 3 ON

Part (b): Clockwise is equivalent to rotor rotation to the right. The required
phase sequence will be ... 1-3-2-1-3-2 .... The rotor will rotate 3°/step
and hence the rotor speed will be

360° 1 step

95 r/min x X = 1.14 x 10* steps/min
T 3.0°

Thus the required step time is

time 1 min y 60 sec 5.96 Jst
= = J. msec/ste
step  1.14 x 10% step ~_min P

Problem 8-11

Part (a): From Eq. 8.15, the differential equation governing the current
buildup in phase 1 is given by

B L1 (6) A6 ] . diy
v = |R+ b dt 11+L11(9m)g
At 380 r/min,
db, d
i = 2 = 380 r/min x ?:T_o [rj/lfjic] = 39.79 rad /sec

From Fig. 8.4 (for —60° < 6,, <0°))

Li1(6w) =L + Z;TL/ZX (9m N g)

Thus
dLll (om) o 3Lmax

db, s

and

dL11(0m) A0 (3 Linax B
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which is much greater than the resistance R = 0.2
This will enable us to obtain an approximate solution for the current by
neglecting the R: term in Eq. 8.13. We must then solve

d(Lllil)
dt

:’Ul

for which the solution is

_ Jywdt it

W) =Ty T I

where V3 = 100 V. Substituting

v
0 = — 2 4wt
5t

into the expression for Li1 (6, ) gives gives

3Lmax
Ln(t>—L1+( — )wmt

and thus

100 ¢

oy 100t
1) = 5005+ 4861

which is valid until 6,,, = 0° at ¢t = ¢; = 26.31 msec, at which point i1 (¢1) = 19.8 A.

Part (b): During the period of current decay, the solution proceeds as in
Part (a). From Fig. 8.4, for 0° < 6,,, < 60°, dL11(0m)/dt = —4.86 Q2 and again
the Ri term can again be ignored in Eq. 8.15. As a result, during this period,
the phase-1 current can again be solved by integration

fttl vidt Vs (t —t)
Li1(t)  Lii(t)

i1 (t) = i1(t1) +

where Vo = —200 V and

3 Lmax
s

Li(t) = L + ( ) W (21 — )

From this equation, we see that the current reaches zero at ¢ = 35.20 msec.

Part (c): The torque can be found from Eq. 8.9 by setting io = 0. Thus

1 .,dLq
Tmcc =3 2
b2 e,

Using MATLAB and the results of parts (a) and (b), the current waveform
and torque are plotted below. The integral under the positive portion of the
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torque curve is 0.266 N-m-sec while that under the negative portion of the
torque curve is 0.043 N -m -sec. Thus we see that the negative torque produces
a 16.2 percent reduction in average torque from that which would otherwise be
available if the current could be reduced instantaneously to zero.

The current and torque are plotted below:

i i
0 5 10 15 20 25 30 35
Time [msec]

N
[

N
o

Torque [Nm]
o homon

i i
5 10 15 20 25 30 35
Time [msec]

Problem 8-12

Part (a): From Eq. 8.15, the differential equation governing the current
buildup in phase 1 is given by

. dLH(Hm) dGm . dll
vy = |R+ b dt i1+ L11(0m) dt
At 450 r/min,
dbp, d
m = S = 450 v/min x [rj/ Ifl fff] = 47.12 rad /sec

From Fig. 8.4 (for —60° < 6,, < 0°))

Li1(6w) =L + Z;TL/ZX (9m N g)
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Thus
dLll (om) o 3Lmax

6, = 7

and

dLyy () 6 (3 Linax

&0, p ) Wm = 5.76

s

which is much greater than the resistance R = 0.2
This will enable us to obtain an approximate solution for the current by
neglecting the R: term in Eq. 8.13. We must then solve

d(Lllil)
dt

= ’Ul
for which the solution is

 Jywdt it
Li4(t) Li1(t)

i1(t)
where V3 = 100 V. Substituting
0, = —g + wpt

into the expression for Li1 (6, ) gives gives

3 Lmax
Lii(t) = L1 + (T) wm't

and thus

100 ¢

100t
1) = 50051 576 ¢

which is valid until 8,,, = 0° at ¢t = ¢; = 22.22 msec, at which point i1 (¢1) = 16.7 A.

Part (b): During the period of current decay, the solution proceeds as in
Part (a). From Fig. 8.4, for 0° < 6,,, < 60°, dL11(0m)/dt = —5.76 Q2 and again
the Ri term can again be ignored in Eq. 8.15. As a result, during this period,
the phase-1 current can again be solved by integration

Joodt Vo (¢ —t)
Lii(t)  Li(t)

i (t) = i1(t1) +

where Vo = —250 V and

3 Lmax

Li(t) = L + ( ) W (21 — )
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From this equation, we see that the current reaches zero at ¢t = 28.64 msec.
Part (c): The torque can be found from Eq. 8.9 by setting io = 0. Thus

1 .,dLq
Tmcc = =i}
h T2 e,

Using MATLAB and the results of parts (a) and (b), the current waveform
and torque are plotted below. The integral under the positive portion of the
torque curve is 0.160 N-m-sec while that under the negative portion of the
torque curve is 0.021 N -m -sec. Thus we see that the negative torque produces
a 13.3 percent reduction in average torque from that which would otherwise be
available if the current could be reduced instantaneously to zero.

The current and torque are plotted below:

: | :
0 5 10 15 20 25 30
Time [msec]

20
15
10

(53]

Torque [Nm]
o

Time [msec]

Problem 8-13

Advance angle = 2.5°: Ty = 12.6 N-m
Advance angle = 7.5°: Ty = 22.4 N-m
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Problem 8-14

Part (a): The phase inductance looks like the plot of Problem 8.4, part (a),
with the addition of the Liax = 4.2 mH leakage inductance. Now Ly.x =

DRopgN® | 1 9981 42 =340 mH.

29
A
LITIEX
T Lieak
T T OO T T
-180° -15|)0° -120° -90° -60° -30° 0 30° 60° 90° 120° 150° 180°
Part (b): For —30° <6 <0°
dL 29.8 mH
0~ 7/6 rad mH/ra

- do 16751 2nrad  1min

W = i X . X S0se0 175.4 rad/sec
dL dL

The governing equation is

. di .dL
v-zR—i—LE—FzE

Noting that dL/dt >> R, we can approximate this equation as

d(Li)
dt

v

and thus

Ju(t) dt

W=

Substituting v(t) = 105 V and L(t) = 4.2 x 1073 + 7.21 ¢ then gives

105¢

o
M= I3x10 19087
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which is valid over the range 0 < t < (7/6)/wm msec (0 < ¢t < 2.99 msec), at
which time i(t) = 9.22 A.
Here is the desired plot:

i, 1A

A S N N
0 0.5 1 1.5 2 25 3
Time [msec]

Part (c): During this time, starting at time ¢t = 2.99 msec, v(t) = —105 V
and L(t) = 34.0 x 10~3 — 9.98(¢ — 2.99 x 10~3). Thus

—105 (t — 2.99 x 1073)
34.0 x 10-3 — 9.98(¢ — 2.99 x 10-3)

i(t) = 16.5 +

which reaches zero at t = 4.66 msec. Here is the plot of the total current

transient.

0 | : : :
0 1 2 3 4 5
Time [msec]

Part (d): The torque is given by
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Here is the plot:

Torque [N-m]

3 | : . :
0 1 2 3 4 5
Time [msec] x 10°

Problem 8-15

Part (a): The plot of L(0) is shown below

3

Lmax

—Lieak

-172.5°0
| |

|
T 1 | I | 1 1 L
-180° -113.5° -67.5° -7.5°0 7.5° 67.5° 113.5° 180°

Here, from Examples 8.1 and 8.3, Lijcax = 5 mH and Ly.x = 133 mH.
Part (b): The solution for —67.5° < 6 < —7.5° (0 < ¢t < 2.5 msec) is exactly
the same as part (a) of Example 8.3

100¢

() = 100t
i) = 5005 + 5122
For —7.5° < 6 < 7.5° (2.5 msec < t < 3.13 msec), dL/dt = 0 and thus

di di
& 100=15i+0133%

— iR+ L
v=ilt+ Ly di

This equation has an exponential solution with time constant 7 = L/R =
88.7 msec.

i = —66.7 + 68.6¢ (t—0-0025)/0.0887

At t = 3.13 msec, i(t) = 1.39 A.
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Following time ¢ = 3.13 msec, the solution proceeds as in Example 8.3. Thus

100 — 3.13 x 1073
0.005— 51.2(t — 5.63 x 10-3)

i(t) = 1.468 —

The current reaches zero at ¢t = 4.25 msec. Here is the corresponding plot,
produced by MATLAB

05 L L L L L L L L
ul o5 1 15 2 25 3 35 4 4.5

t [msec]
Part (c):
e i? dL
2 df
025
02r
015
o1r
£
=
z 005
2l
-005F
-0.1
15 DIE 1‘ 1‘5 2‘ 2‘5 3‘ 3‘5 1‘1 4.5

t [msec]
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Problem 8-16

Part (a):

6., = Oidegreesé

Y
|

o
<]

Lambda [Whb]
=}
[+2]
i

04 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
0.21-4 e e RS R S B
Pe = 9@ degree;s
o lE 1 i i i i
0 5 10 15 20 25 30

Current [A]

Part (b): Using MATLAB as in Example 8.4, we find that area(Wpet) = 17.81 joules
and area(Wyee) = 9.87 joules and thus

Inverter volt-ampere rating  area(Wiec + Whet) 155

Net output power N area(Whet)
Part (c):

Pynace — 2 (area(j‘j%a)) W = 1484 W

and thus Ppech = 2Pphase = 2968 W.
Problem 8-17

Part (a): Based upon the discussion in the text associated with Fig. 8.21,
the following table can be produced:

0,  bit pattern i1 i

0° 1000 Iy 0
45° 1010 Iy Iy
90° 0010 0 Iy
135° 0110 -1y Iy
180° 0100 -1 0
225° 0101 —Iy -1
270° 0001 0 —1I
315° 1001 Iy, -1
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Part (b): There will be 8 pattern changes per revolution. At 1400 r/min =
23.33 r/sec, there must be 186.7 pattern changes per second, corresponding to
a time of 5.36 msec between pattern changes.

Problem 8-18
Plot for vy =0

4000

3500
3000
E 2500
s
T 2000
[
[]
& 1500
1000
500

Plot for v = /4

3500

3000

2500

A

opeed [rpm]
s N
o O
o o
o o

T NS/ RS S S— A— |

oL R Froeeeennes broneeoenees .

Time [sec]

Problem 8-19

Part (a): The rotor will rotate 2° counter clockwise.
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Part (b): The phase excitation will look like (with 7' determined in Part

(c)):
A i
2T T 6T T -
0 T 4T 5T 8T t
A I
T 2T 5T 6T -
0 3T 4T 7T 8T t
Part (c):
10r 36000 60°  2°
min  min  sec  33.33 msec

and thus T' = 33.33 msec. The frequency will be

1
=—=75H
f T 7.5 Hz

Problem 8-20

Part (a): The displacement will be 360°/(3 x 16) = 7.50°.

Part (b): There will be one revolution of the motor for every 16 cycles of
the phase currents. Hence

Fe 759 r 1 min 16 cycles — 900
min 60 sec r
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PROBLEM SOLUTIONS: Chapter 9

Problem 9-1
Part (a):

[ain = =10.3/ —56.4° A

main

- |4

IB.HX - Z
aux

=74/ —49.2° A

Part (b): We want the angle of the auxiliary-winding current to lead that
of the main winding by 90° (7/2 rad). Thus, defining Z} . = Zaux + jXc
(Xc = —1/wC), we want

o (Im[Zaw] — X -
/7 —4 D2 22 ) = / Zain + —
aux = tall ( Re[Zaw] T3

Thus X¢ = —19.2 Q and C = 138 uF.

Part (c):
Imain = —— = 10.3£ — 56.4° A
N A7 .
Iaux == Zéux =9.4/33.6 A
Vaux == jauxZaux = 1524[8260 VvV
Problem 9-2

For this problem
Zmain = 6.43 + 78.09 Q

Zaux = 10.6 + j10.17 ©
Part (a):

— =11.6/—51.4° A

main
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. v
T = — 82/ 43.8° A
7 =8 3.8

Part (b): We want the angle of the auxiliary-winding current to lead that
of the main winding by 90° (7/2 rad). Thus, defining Z! . = Zaux + jXc
(Xc = —1/wC), we want

(7 = tan~! (—Im[Za“X] — Xc T

= ZZmain 5
) = <t

aux Re[Zaux]

Thus X¢ = —18.6 Q and C' = 171 uF.

Part (c):
Inain = =11.6/—51.4° A
N v 5
Iaux == Zéux = 8.8/38.6 A
Vaux == jauxZaux = 1300[8240 VvV
Problem 9-3
C =128 uF.
Problem 9-4

Part (a): For V=120V, Iyam = 4.89/ — 55.8° A and L.y = 3.32£ 34.2° A

Pin = V(jmain + jaux)* =659 W

P
pf = —— _—093
V|(Imain + Iaux)|

Pin
N =100 x 5= = T5.8%

out

Part (b):

V
Zmain = =—— = 13.8+3520.3

main
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Zpux = Zaux +jXc = Y 99— j20.3 Q

aux

where X, = —1/(wC) = 64.2 Q2. Thus

Zaux = 29.9+ j43.9 Q

Part (c): For Nyain = 180, assuming the winding impedance are proportional
to the square of the turns

|Zaux|

= 265
|Zmain|

Part (d): The winding currents can be seen to be 90° out of phase. Thus
there will be a single rotating flux wave if they produce the same ampere-turns.

Nmainjmain = 880 Nauxjaux = 880
Q.E.D.

Problem 9-5

The first step is to determine the values of the forward- and backward-field
impedances at the assigned value of slip. The following relations, derived from
Eq. 9.4, simplify the computations of the forward-field impedance Z:

Xr2n main 1 X mainXm main Ry
Ry = ’ X; = 22 main 1
X22 SkQ,main + 1/(5k2,main) X22 SkQ,main

where X
X22 = X2,main + Xm,main and k2,main = 2
RQ,main
Substitution of numerical values gives, for s = 0.035,

Zs = Ry + j X = 28.24 750.3Q

Corresponding relations for the backward-field impedance Z, are obtained
by substituting 2 — s for s in these equations. When (2 — $)k2 main 1S greater
than 10, as is usually the case, less than 1 percent error results from use of the
following approximate forms:

R main Xm main 2 X mainXm main R
Ry, = 22’ ( : ) Xy = 2 : + >
—s Xoo Xoo (2 = 8)k2,main

Substitution of numerical values gives, for s = 0.035,
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Zy = Ry + jXp = 1.97 + j2.11Q

Addition of the series elements in the equivalent circuit of Fig. 9.10c gives

Rl,main +jX1,main = 202+]279
0.5(Rs + jX;) = 14.12+ j25.14
0.5(Ry + jXb) = 0.98+j1.06
Total Input Z = 17.12+ j28.99 = 33.67 £59.4°
|4 110
Stat tl=—=—=-=327TA
ator curren 7 33.67

Power factor = cos (51.7°) = 0.509

Power input = P, = VI x power factor = 110 x 3.27 x 0.509 = 183 W
The power absorbed by the forward field (Eq. 9.7) is
Pyapt = I*(0.5R;) = 3.27° x 14.1 =151 W
The power absorbed by the backward field (Eq. 9.9) is
Pyapb = I*(0.5R,) = 3.27* x 0.98 = 10.5 W
The internal mechanical power (Eq. 9.14) is
Prech = (1 = 8)(Pyapt — Prapp) = 0.965(151 — 11) = 140 W

Assuming that the core loss can be combined with the friction and windage
loss, the rotational loss becomes 24 + 13 = 37 W and the shaft output power is
the difference. Thus

Pipare = 140 — 37 =103 W = 0.138 hp

From Eq. 4.42, the synchronous speed in rad/sec is given by

2 2
W = (m> We = (Z) 1207 = 188.5 rad/sec

or in terms of r/min from Eq. 4.44

120 120
Ny = <_> fo= (T) 60 = 1800 r/min

poles
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Rotor speed = (1 — s)(synchronous speed)
= 0.965 x 1800 = 1737 r/min

and
wm = 0.965 x 188.5 = 182 rad/sec

The torque can be found from Eq. 9.14.

Papare 103
Tapate = 22 — 272 _ 0 566N -
haft o 132 0.566 N - m
and the efficiency is
~ FPspare 103 -
=B s 0.563 = 56.3%

As a check on the power bookkeeping, compute the losses:

I’ Ry main = (3.27)%(2.02) = 21.6
Forward-field rotor I?R (Eq. 9.11) = 0.035 x 151 = 3.5
Backward-field rotor I?R (Eq. 9.1)2 = 1.965 x 10.5 = 20.6
Rotational losses = 37.0
62.7W
From P, — Pypast, the total losses = 60 W which checks within accuracy of

computations.
Problem 9-6

The synchronous speed of a 6-pole, 60-Hz motor is 1200 r/min. Thus, operating
at a slip of 0.065, its speed is n = (1 — 0.065)1200 = 1122 r/min.

Zt = jXmmain in parallel with (j X2 main + R2.maim/s) = 15.07 + 510.70 Q
Zh = j X main 10 parallel with (5X2 main + B2 main/(2 — 5)) = 0.61+ j1.10 Q
Z = R1 main + JX1,main + 0.5(Z + Zp) = 8.96 + j7.73 Q

o] ‘/ra e o
Toain = —2ed _ 979/ —40.8° A
Z
Thus Inain = 9.72 A and the power factor is cos ™! (—40.8°) = 0.76 lagging.

P = Re [Viateal” ;] = 846 W
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>

-

7 ]Xm main .
= Imain ; ’ =785—-41.14 A
(RQ,main/S + ](Xm,main + X2,main) ) J

>

7 ]Xm main .
Iy, = main — =7.25-4599 A
° (RQ,main/(z - S) + ](Xm,main + X2,main)> J

Pgap,f == 0'51227fR2,main/5 = 711 W

Pyaps = 0513 , Ry main/(2 — 5) =34 W
For wg = 407

Poap,t — Pgap,b
wS

Tmcch = =593 N-m

and thus with wy, = (1 — 8)ws, Pout = WmTmech — Prw — Peore = 559 W and the
output torque is Tout = Pout/wm = 4.8 N-m. Finally, the efficiency is given by
1 = 100(Pout/Pin) = 66.1%.

Problem 9-7

The synchronous speed of a 4-pole, 60-Hz motor is 1800 r/min. Thus, operating
at a slip of 0.072, its speed is n = (1 — 0.072)1800 = 1670 r/min.

Zt = jXmmain in parallel with (5X2 main + R2,main/s) = 17.38 + 710.43 Q

Zy, = jXm main in parallel with (X2 main + R2 main/(2 — s)) = 0.85+ j0.73 Q

Z = Rl,main +jX1,main + 05(Zf + Zb) = 9.66 + ]641 Q

Tt = 222004 _ 1035/ _ 3350 A
Z
Thus Inain = 10.35 A and the power factor is cos ™t (—33.5°) = 0.83 lagging.

Pin =Re [Vratcdj:;lain] =1035 W
Pyapt = 120 R = 930.6 W

2
Pgapyb =1

main

Ry, =456 W
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Prech = (1 — 8)(Psap,f — Paap,p) = 821.3

We will subtract rotational loss and core loss to get the shaft output power
Pout = Prech — Prot — Peore = 746.6 W

For wg = 607 and wy, = (1 — s)ws = 174.9 rad/sec

Pmcc
b _427N-m

Tmcch =
Wm

Finally, the efficiency is n = 100 X P,y /Py = 72.1%.

Problem 9-8

1800

1780

1760

Speed [rpm]
303
N
o o

1700
1680
i i i
16600 200 400 800
QOutput power [W]
80
70

o
o O

w
o

Efficiency [percent]
N
o

58]
o

10

i i
0 200 400 600
Output power [W]

(©2014 by McGraw-Hill Education. This is proprietary material solely for authorized
instructor use. Not authorized for sale or distribution in any manner. This document may
not be copied, scanned, duplicated, forwarded, distributed, or posted on a website, in
whole or part.



226

Problem 9-9

Part (a): Doubling the number of turns will increase the main-winding pa-
rameters by a factor of 4:

Rimain =2.20 R main = 6.80
Xl,main =3.32 Xm,main = 166 X2,main = 2.88

Part (b): A MATLAB search can be used to find the desired result:

slip = 0.06665 Tnain = 4.02 A n="72.6%

Problem 9-10

Part (a): From Eq. 4.6, the peak amplitude, in space and time, of the mmf

waves are given by
4 ( kwNpn
Freak = — L Ipea
pealk w(poles) peal

Thus

4 (47
Fmain,pcak = ; (Z) (189 \/5) =400 A - turns

and

4 (73
Faux,pcak = ; (I) (121 \/5) =398 A - turns

part (b): The auxiliary winding current must be phase shifted by 90° from
that of the main winding and the mmf amplitudes must be equal. Hence, I,ux
should be increased slightly to

I = Imain (M> — 122 A

aux

Problem 9-11

The internal torque is proportional to R, — Ry, and thus is equal to zero
when Rf = Rp. From Example 9.2,

Xr2n main 1
Ry = .
X22 SQQ,main + 1/(SQ2,main)

and
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R — Xr2n,main 1
b X22 (2 - S)QQ,main + 1/((2 - S)QQ,main)

We see that Ry = Ry, if (2 — $)Q2,main = 1/(5Q2,main) Or

1
s=1+,/1+
QQ,main
and thus
1
n=ng(l—38)==2ng 1+
2, main

where ng is the synchronous speed in r/min.
Problem 9-12

Part (a): The positive sequence voltage is
Vi = 0.5(V, — jV3) = 213.2/ — 6.9°
and the negative sequence voltage is
Vi = 0.5(Viy 4 jV3) = 32.7/51.5°
Part (b): The total positive-sequence impedance of the motor is

JXm(R2/s+ jX2)
Ro/s+ j(Xm + Xo)

Ziotg=R1+3X1+2Zr =R +j X5 +

and the total negative-sequence impedance is

JXm(R2/(2 —5) + jX2)
Ro/(2—5) + j(Xm + X2)

Ziotp = RB1 + 7 X1+ 2y, = Ry + X1 +

We can find the sequence-component currents as

fi= T 919/ 3650 A
tot,f

I, = Y 913/ 97.9° A
Ztot,b

and the phase currents as
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I,=1I+ 1, =335/—334° A

Is = j(Iy — I) = 9.2£41.9° A
Part (c):

Paaps = 2(Re[Vil}] — I?Ry) = 7620 W

Paapv = 2(Re[ViI}] — IZR)) =67 W
and thus
Pmcch = (1 - S)(Pgapj - Pgap,b) - 7198 W

Problem 9-13

Power

i i i
00 210 220 230 240
Voltage

7700

-t Pe— S - SR N —— .
P 10] EE— A S — .

7550

Power

7500

7450

7400

Phase angle
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Problem 9-14

Part (a): Following the calculations of Example 9.3 with s = 1, Tihech =
14.8 N-m.

Part (b): Setting
Va =230V Vs =230V
gives Tiech = 16.4 N-m.
Part (c): Letting Vi, = V,, and f/ﬁ = jV3 gives

7Va+‘]Vﬁ Vi 7V0¢_jvﬁ
T2 P T T
At starting, Zy = Zy,. Let Z = Ry + j X1 + Z;. Thus

Vi

LoV _VatiVe W Va—iVs
Y L Y/
Puapt — Poapp  Re(I2 — I2) Ry
T: gap, gap, — f b — -
Wy Wy |Z)? VaVs

Clearly, the same torque would be achived if the phase voltages were each equal
in magnitude to /V, V3.

Problem 9-15

The positive sequence source voltage is
Vi =0.5(Vo — jV3) = 221.14 — 7.1°
and the negative sequence source voltage is
Vi = 0.5(Vo 4 jV5) = 32.0458.7°
The total forward impedance seen by the source including the feeder is

ij (RQ/S + ]XQ)
Ro/s+ j(Xm + Xo)

Ziot,f = Zteeder + R1 + j X1 + Zt = Zgeeder + R1 + j X1 +

Similarly, the total backward impedance is

JXm(R2/(2 — 5) +jXo2)
Ro/(2—5s) + j(Xm + X2)

Ziot,p = Zieeder + RB1+7X1+21 = Zeeder +R1+j X1+

We can find the sequence-component currents as
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o= V015440 A
tot,f

R 1%

Iy = —2 —85/-18.6° A
Ztot,b

The phase currents are thus

I,=1I+1,=294/=—-36.9° A

Iy =j(I; — Iy) = 14.3/31.3° A
and thus the terminal phase voltages are

‘A/tcrm,a = Va - jaZi'ccdcr =205.2/ — 8-30

Vierm.s = Vi — 15 Ztccder = 193.8£69.2°
Finally, the positive- and negative-sequence voltages at the terminals are
Viermt = 0.5(Vierm,a — Vierm,6) = 198.3Z — 14.4°
and the negative sequence voltage is
Viermb = 0.5(Vierm.a + jVierm,3) = 22.5260.8°

From these calculations we see that at the source, the negative-sequence
voltage is 14.5% of the positive-sequence voltage while at the terminals that
ratio is reduced to 11.3%. Q.E.D.

Problem 9-16

The solution is based upon the following equations:
The positive sequence voltage is
Vi = 0.5(Va — jV)

and the negative sequence voltage is

Vi = 0.5(V,y 4 jV3) = 32.7/51.5°

For
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Lot = R1 + 3 X1 + Z

where
: JXm(R2/s + jXa)
Zy = Re + jX; = :
T R st (X + X2)
and
Ziotp = B1 + 7 X1 + 2y
where

JXm(R2/(2 = 5) +jXo)
Ro/(2—5)+ j(Xm + X2)

Zy =R+ jXp =

we can find the sequence-component currents as

~ Ve
Iy =
Ztot,f

. W,
I =

b Ztot,b

and the phase currents as
Io=I+1,
Iy = j(Is — Iv)

The air-gap mechanical power Ppecn and torque Tiecn can be calculated as

Pgap,r = 2(Re[‘7fj;] - IfQRl)
Peap b = 2(Re[Vu I}] — IZRy)

Prech = (1 - S)(Pgapyf - Pgap,b)

Pmcch o Pgap,f - Pgap,b

Tmcch =
Wm Ws

and the shaft output power P,,; and torque Ty, are

Pout = Pmcch - Prot
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Pout

Wm

Tout =

Part (a): For s = 0.042, Thyeen = 6.61 N - m and the output torque is
Touwt = 5.99 N-m.

Part (b): At starting s = 1.0 and Trpecn = 17.87 N - m.
Part (c): A MATLAB search gives s = 0.053.

Part (d): With phase 3 open, the analysis becomes that of an induction
motor running on a single winding. With V,, as in Part (c), the winding current
will be

I Ve
“ R+ X1 +0.5(Z + Zy)

=8.22/—-51.7° A

and the output power P, can be calculated as

Pyap,t = I2(0.5R;) = 1048 W
Pgap,p = I2(0.5R,) =40 W
Preeh = (1 - S)(Pgap7t' — Pgap,b) =965.7 W

Pout - Pmcch - Prot =859.7 W

Part (¢): From Eq.9.19 and 9.20, we see that for Iyeta = 0, Iy = I, = I,/2.
Thus

Vi = It Zyor s = 192.94 — 3.9° V

Vi = IpZiorp = 30.5£25.2° V

and

Vs = j(Vi — Vi) = 166.9/81.0° V
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Problem 9-17

This problem can be solved using a MATLAB script similar to that written
for Example 9.5.

Part (a): Tytare = 0.22 N-m.

Part (b): Lmain = 24.2 A; Lux = 3.8 A

Part (c): I =26.8 A and the power factor is 1.0

Part (d): Poy = 2275 W

Part (e): Py = 3242 W and n = 85.6%
Problem 9-18

This problem can be solved using a MATLAB script similar to that written
for Example 9.5.

Part (a): 1426 rpm
Part (b): Current = 8.0 A and Efficiency = 80.4%

Problem 9-19

This problem can be solved using a MATLAB script similar to that written
for Example 9.5. A search over capacitor values shows a maximum efficiency of
82.3% at an output power of 1.31 kW for a capacitance of 14.81 uF. The motor
current is I = 6.77 A.

Problem 9-20

This problem can be solved using a MATLAB script similar to that written
for Example 9.5. A search over capacitive values gives C' = 84.7 yF and an
efficiency of 86.3%.

Problem 9-21

This problem can be solved using a MATLAB script similar to that written
for Example 9.5. An iterative search shows that the minimum capacitance is
101 uF.
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Problem 9-22

Part (a):

i i i i
3%50 3400 3450 3500 3550 3600
Speed [r/min]

Parts (b) and (c):

20

Efficiency [percent]
0 0
o [4)]

~
a

dashed link: C = 45 #nF

7 | i i i
3%50 3400 3450 3500 3550 3600
Speed [r/min]
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PROBLEM SOLUTIONS: Chapter 10

Problem 10-1
FErrata: Second sentence should read
The motor has an armature resistance of 163 m{2 ...

Part (a): From the no-load data

Ea nl 120
Ky = — = =0.789
£ ommlia | (17087/30) x 0.85
Combining
Eul.
T =
Wm
and
Va = Ea + IaRa
gives
E, = 05 (va + V2 4meRa)
= 05 (120 + /1202 — 4(17507/30) x 13.7 x 0.243) = 1165V
Thus
E
Ir = 2_—0. A
f= 5 = 0805

andv deﬁning If,max = ‘/ratcd/Rf = 114;

I

D= = 0.765

If,max

Part (b): Following the solution procedure of Part (a) It = 1.01 A and
D = 0.962.
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Part (c):

0.95

0.9

0.85

PWM Duty Cycle D

0.8

i i i i i i
0'715400 1450 1500 1550 1600 1850 1700 1750
Speed [rpm]

Problem 10-2

Part (a): At 1750 r/min the torque is T' = 13.7(1750/1500)*® = 18.1 N-m.
From the no-load data

o= wf:ﬁr‘l;m - (17087r/132(;)) <085 0189
Combining
T E. 1,
Wm
and
Va=FEa+ LR,
gives

B, = 05 (Va VI 4meRa)
= 05 (120 + /1202 — 4(17507/30) x 18.1 x 0.243) — 1153V

Thus

Ea
Ir = =0.797 A

Wm A f

andv deﬁning If,max = ‘/ratcd/Rf = 114;
Iy

f,max

D= =0.757

Part (b): At 1400 r/min the torque 7' = 13.7(1400/1500)!® = 12.1 N-m and
following the solution procedure of Part (a) we get It = 1.02 A and D = 0.965.
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Part (c):

0.95

0.9

0.85

PWM Duty Cycle D

0.8

i i i i i i
0'715400 1450 1500 1550 1600 1850 1700 1750
Speed [rpm]

Problem 10-3

Part (a): From the no-load data

= wf:ﬁr‘l;m - (17087r/132(;)) <085 0189
Combining
o Fala
Wm
and
Va=FE.+ LR,
gives
E. = 05 (va + V2 4meRa)
— 05 (120 + /1202 — 4(15007/30) x 13.7 x o.) —117.0V
Thus

Ea
= —7—=0044 A

mif
and, deﬁning Ifymax = Vratcd/Rf = 1.14,
I.
D=L —0.897

f,max

Part (b) If72 = DIfymaX =0.789 A
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o EaIa o KfIf,Q(Va - KfIf,me)

Wm R,

T

and thus

_ Vo —T/(Kils2)

= 186.8 rad/sec
Kelg o /

and thus n = wy,(30/7) = 1784 r/min.
Part (c):
it(t) = It + (Irn — Iro)e™ /™ = 0.789 + 0.154e /7
where 7 = L¢/ Ry = 29.8 msec.
Part (d):

1800

750 - oomom e oo ooneeoenees .

-
~
o
o
T
i

LT s — boesenenanaes .

Speed [1/min]

=
@
=]
o
:
i

1850 Ff ] b oo .

1500 i i i
o] 0.1 0.2 0.3 0.4 0.5
Time [sec]

Problem 10-4
Part (a): From Example 10.1, Tioaq = Ty w2, where Ty = 4.18 x 10~* N-m.
The motor torque is given by

. Eafa . KfIf(Va - Kf]fwm)

Wm R,

T

Equation T = Tjpaq gives a quadratic in wy,

(TORa

2
Kilrwy — V=0
Kf]f>wm+ tlyw

Solving for wy, with I; = 110/187 = 0.588 A gives wy, = 217.4 rad/sec and
n = 2076 r/min.
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Part (b):

-500 fi--

(Al

000l

w©

-1500¢}

-2000 (--f-4--

200,51 02 03 04 05 06 07 08
Time [sec]

Note that this simulations indicates that such operation should not be attempted

with this motor. The huge armature current which results would clearly over-

heat and probably damage the armature winding.

Problem 10-5
Part (a):

Ea,nl == Va - RaInl =239.7V

The rotational loss is given by Prot = Ea nilan = 463 W.
Based upon It =V, /Ry = 1.22 A,
Ea,nl

Wm,nl =

and thus ny = 30wy n1/7 = 3539 r/min.
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Part (b):

20

Output Power [k']
o o

al

; i i
3%50 3400 3450 3500 3550
Speed [rpm]

Part (c):

N
w
N

230

Terminal voltage [V]

228

226

224 i i i
Output Power [kW]

Part (d):

250

200

150

100

Terminal voltage [V]

50

i i
0 5 10 15 20
Output Power [kW]

From a comparison of the results of Parts (c) and (d), one sees that this op-
eration appears to be quite feasible but it requires a large variation in terminal
voltage as compared to the case where the shunt field voltage is held constant.
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Problem 10-6

Part (a):

‘/ratcd

R, = =3.16 O

stall

At no load, E, n1 = Viated — IniRa = 5.37 V and thus

Km _ Ea,nl
2mnn

=3.41 x 1072 V/rad/sec

Part (b): Prognt = Eamila = 1.07 W.
Part (c): At 12000 r/min

12000

3
—15025> =055 W

Prot = Prot,nl(

and F, = 2mnK,, = 4.29 V. Thus the armature current

7Va_Ea

a

1, =0.542 A

and thus the propellor power P,y is

Pout:EaIa_Prot: 1.8 W

The motor input power is Py, = VoI, = 3.25 W and thus the efficiency is
n =1.8/3.25 = 0.554 = 55.4%.

Problem 10-7

Part (a): The stall torque is Tyan = 0.106 oz-in = 5.52 x 10~% N-m and
K =2.14 mV/(r/min)) = 2.04 x 1072 V/(rad/sec). We thus can find Isay as

TS a.
Istall - tall = 0.366 A
and thus
‘/ra (&1
R, =2 _g190
Istall

Part (b): At no load, E, = 13100 x 2.14 x 107* = 2.80 V.

o Va - Ea,nl

Inl Ra

=24.0 mA
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and thus

Piot = By 1l = 67.3 mW

14000

12000

10000

Speed [rpm]

8000

8000

4000, : ‘ ‘
Problem 10-8

Part (a): ny = 3580 r/min = 374/9 rad/sec. Ean = Vo — InRa = 24.0 V.
Thus

Ea n
Ky = =22 — 639 mV/(rad/sec)

Wm,nl

Part (b): Protn = Eanlu = 11.3 W.

Part (c): For and given duty cycle, Vi, = DViatea. We can then calculate
E,=V,—I,R, and wy, = E,/ Ky, (n =wy x (30/7)) and the load power as

Pload = EaIa - Prot

3
n
Prot = Prot,nl( )
Tinl

where
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Here are the results:

D | L, [A] || r/min | Poag [W]
0.80 | 14.70 3374 332.4
0.75 | 12.79 3177 264.0
0.70 | 11.55 2971 223.2
0.65 | 10.34 2764 186.1
0.60 | 9.20 2557 153.3
0.55 | 8.07 2349 123.7
0.50 | 7.02 2140 98.0

Problem 10-9
Part (a): ny = 3580 r/min = 374.9 rad/sec. Ean = Vo — InRa = 24.0 V.

Thus

Ea,nl

Wm,nl

Ky = = 63.9 mV/(rad/sec)

For a constant current, the torque T'= Kj, is constant. Thus, from

dwp,
-m _ T
dt
we get
At = (%) Awp,

For Awy, = 374.9 rad/sec, At = 0.51 sec.

Part (b): With constant V, =24 V,

 Va—FE. Vai— Kpwn
R, R,

I,

and the torque is

C Buln Ku(Va — Knwi)

Wm R,

T

The speed is governed by the differential equation

dwnm K2 KuVa
JW—T——(R)%*R—&

whose solution is

Wm = Wm,eo(l — eft/")
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where w00 = Va/Kn and

JR,

-
From this solution, the time to achieve a speed of wy, is

t=—71 111(1 — w_m>
Wm, oo

For a speed of 3500 r/min, wy, = 366.5 and ¢ = 0.118 sec.

Part (c):

3500

3000

2500

2000

1500

Speed [rpm]

1000

500

‘ ; i i
o] 20 40 60 80 100 120
Time [msec]

250

200

Current [A]

0 i |

1 1
0 20 40 60 80 100 120

Time [msec]

(©2014 by McGraw-Hill Education. This is proprietary material solely for authorized
instructor use. Not authorized for sale or distribution in any manner. This document may

not be copied, scanned, duplicated, forwarded, distributed, or posted on a website, in
whole or part.



245

Problem 10-10

FErrata: Part (b): should read
The current source is supplying ....

Part (a):

Pra e
Ia,ratcd = v : j =50A
rate:

Pra e
Tratcd = t_d =3.18 N-m

Wm,rated

Part (b): For n = 3120 r/min, wy, = 326.7 rad/sec and thus E, = Kynwm =
210.7 V. The rotational loss torque is

109
Thot = ————>— —0.29 N-
3600 x 7/30 o

The mechanical torque is
Tiech = Kol = 2.84 N-m
and thus Tioad = Tmech — Trot = 2.55 N-m and Pioad = WmTload = 833 W.

Part (c): The differential equation governing the motor speed is

dwp,

JW = 4mech — Trot - ﬂoad

Here, Tiech = KimIo = 3.23 N-m and, from part (b),

wm —
Tioad = 2.55 (%) N-m = (7.83 x 10~%)wm N-m

The solution to the differential equation (expressed in terms of n the speed
in r/min instead of wy,) is

n = 2766 + 354e /7

where 7 = 1.18 s. Here is the plot
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Time [sec]

Problem 10-11

Part (a): With the motor operating at a speed of 3600 r/min (wmo =
1207) rad/sec, Ey = Kpwm = 243.2 V and thus

Prot
I, = =0.448 A
7 0.448

a

and
Vao=Ea+ I,R,=244.2 V

Part (b): With the motor operating at a speed of 3550 r/min rotational loss
power drops to

3550
Prot = [ 2= 109 = 107.
. (3600> 09 =107.5 W

and the total mechanical power supplied by the motor is
Pmcch = Pload + Prot = 1307 W

Thus

Pmcch
I, = =545 A
. 5.45

and V, = F, + I[,R, = 252.5 V from which we find that

Va - VaO

Wmo — Wm

G= = 1.582 V/(rad/sec)
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Problem 10-12

3600

3590

3580

Speed [rpm]

3570

3560

0 0.05 0.1 0.15 0.2 0.25 0.3
Time [sec]

i i i i
0 005 041 015 02 025 03

0.25 0.3
Time [sec]

Problem 10-13

Part (a): At no load, I, ~ 0 and thus V, = E,. Rated field current for this
motor is Iy = 300 V/127 = 2.36 A and at 2150 r/min, wy,, = 225.1 rad/sec.
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Thus from Eq. 10.1
Vao = By = Kily wy, =471.2V

Part (b): From Eq. 10.2

ﬂoad
I, = =105 A
Ko, 05

and from Eq. 10.4

(Vo — I.R,)

il = 218.5 rad/sec

Wm =

corresponding to a speed of 2087 r/min.
(c) At a speed of 2125 r/min, wy, = 2125 x (30/7) = 222.5 rad/sec and thus

Ea = Kf]f(.(}m =466 V

The armature current required to produce a steady-state load torque of 220 N-m
is equal to 105 A independent of motor speed and thus we can find the required
terminal voltage as

Vo =Ea+ IRy =466 4 105 x 0.132=479.6 V

Solving for G from the block diagram of Fig. 10.7 gives

Vo~ Vao  479.6 — 471.2

G = Wref — wm  225.1 — 222.5

= 3.23 V/(rad/sec)

2150

2145

N
iy
S
o

2135

Speed [rpm]

2130

2125

2120 i i i
0 0.2 0.4 0.6 0.8 1

Time [sec]
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i i i
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Time [sec]

120

100

80

i i i
0.2 0.4 0.6 0.8 1
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Problem 10-14

Because the frequency is varied, let us calculate the various inductances.

Zbasc = Vanschasc =3.07Q

and the base inductance is Lpase = Zbase/(Wbase) = 8.15 mH. Thus Ly =
X pulbase = 7.09 mH and we can calculate L,s as

2 Vbasc
Lot =)o [ —2b2 ) — 385 mH
f \/; (wbasc x AFNL) o

Finally

I Pratcd
rated — T —
\/g ‘/ratcd

Part (a): We'll work Part (a) in per unit. With V, = 1.0 pu, I, = 1.0 pu

=902 A

E.p =V, —jXIl, =1.332—-41°
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and thus

I; =133 x AFNL=1.33x27=35.8 A

Part (b): Since the motor is operating at unity power factor, the power is
calculated directly from the voltage and current as

Pout = V3Latea X 320 V =50 kW

and since it is a 2-pole motor, the speed at 40 Hz is 2400 r/min.

To calculate the field current, since the frequency is no longer the base
frequency, it is easiest to work here in actual units with X = (807)Ls = 1.78 .
The line-neutral terminal voltage is V, = 320/sqrt3 = 184.8 V and thus the
line-neutral generated voltage is

Eot = Vi — jXsLated = 244.9/ — 41.0° V

corresponding to a line-line voltage magnitude of 424.2 V. If the motor were
operating at 60 Hz, the same field current would produce a line-line generated
voltage of (60/40) x 424.2 = 636.3 V, corresponding to a per-unit value of
636.3/Viatea = 1.33 per unit. Thus, the field current is Iy = 1.33 x AFNL =
35.8 A.

Part (c): The solution follows the identical methodology as the solution of
Part (b) with an appropriate change in frequency. The result is: Poy, = 75 kW,
Speed = 4500 r/min and Iy = 31.9 A.

Problem 10-15

Part (a): Rated speed is nyatea = 120f/poles = 1800 r/min and the rated
current is

I Pratcd
rated — — =,
\/g ‘/ratcd

Part (b): With rated voltage, unity power factor, operation at an output
power of Py = 1000 kW = 0.870 per-unit corresponds to a terminal voltage of
Iy pu = 0.87 per-unit. Thus

=144.3 A

Fat pu = Vapu — jXs pula,pu = 1.50£ — 48.28°

and hence It = 1.50 x AFNL = 147 A.

Part (c): The inverter frequency is (1325/1800) x 60 = 44.2 Hz and both
the terminal voltage and the generated voltage will be reduced by the ratio
44.2/60 = 0.737. The rated line-line terminal voltage is 4600/v/3 = 2656 V
and thus, under this operating condition V, = 0.737 x 2656 = 1958 V and
F.s = 0.737 x 1.50 x 2656 = 2936 V. The load power is
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1325

2
@> .71 =4373 kW

Pload = 1000 x (

At 60 Hz, the base impedance is Zpase = V2, 4/ Prated = 18.4 Q and thus
Xs = Xs puZbase = 23.7 Q and at 44.2 Hz, X(44.2/60) x 23.7 = 17.50.
The power angle § can be calculated as

X.P
§=—sin"" (== = —46.1°
i (5175 )

and thus the terminal current is
o Va - Eﬂafejts

=121.3/27.5°
JXs

I,
and the power factor is thus pf = cos™!26.5° = 0.89 leading.

Part (d): For a power of 437.3 kW and a terminal voltage of 1958 V line-
neutral, at unity power factor the terminal current will be

| 437.3x 1073

fa= 3 qoss  ~ T46A

and thus
E. =V, —jXsI, = 2349/ — 33.7° V,line — neutral

corresponding to a line-line voltage of 4069 V. With the motor operating at
60 Hz, the same field current would produce a generated voltage of (60/44.2) x
4069 = 5524 V which is (5524/4600) = 1.20 per-unit. Thus,

It = Eappu X AFNL =117 A

Problem 10-16

Part (b):
e 1500 r/min:

Terminal voltage: 3.83 kV, line-line
Maximum power: 958 kW
Field current: 160 A

e 2000 r/min:

Terminal voltage: 34.60 kV, line-line
Maximum power: 1150 kW
Field current: 154 A
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Problem 10-17

Ly =5.23 mH
L,s =63.1 mH
Rated torque = 530 N-m

Problem 10-18

Part (a):

o \/5 Vbasc
B \/g Whase AFNL

Lg can be calculated from the per-unit value of Xg.

Lyt =67.6 mH

V2
Zase = —Pbasc =233 Q

base
and Lpase = Zbase/Whase = 12.4 mH. Thus,

N Zbasc

X =2.06 Q

Xy
L = = 5.46 mH
Lbasc o

Part (b) Wm, base — wbasc(z/pC)les) = 607 and Tbasc == Pbasc/wm,basc -
663 N-m. Thus, T" = 0.5 Thase = 332 N-m.

iq = 2) (L T =112 A
3 poles Lagly

I =22 — 792 A, rms

S

Part (c):
wbascLafIf

V2

Because ip = 0, fa and Eaf both lie along the quadrature axis. Thus, the
terminal voltage magnitude will be given by

By = =263V

Vi = |Eat + j X1, = 309 V, I-n = 536 V, 1-1

Problem 10-19

Part (a): At 60 Hz and at a speed of 1800 r/min, wm rated = 607 and thus
the rated torque is

(©2014 by McGraw-Hill Education. This is proprietary material solely for authorized
instructor use. Not authorized for sale or distribution in any manner. This document may
not be copied, scanned, duplicated, forwarded, distributed, or posted on a website, in

whole or part.



253

Pra e
Tratcd = _rated d =663 N-m

Wm,rated

For this operating condition, wy, = 1515 x (30/7) = 158.7 r/min and
T = 0.8 * Trated = 530.5 N-m and thus P = Tw,, = 84.2 kW.

: 2 2 T
io=(3) (535) (1) 1077

I = 22 —118.6 A, rms

V2

Part (c): f. = 60(1515/1800) = 50.5 Hz.

Part (b):

Part (d): The line-neutral generated voltage is

wbascLafIf

V2

Because ip = 0, fa and Eaf both lie along the quadrature axis. Thus, the
terminal voltage magnitude will be given by

By = =237V

Vi = |Eat + jXo1,| = 313 V, In = 543 V, 1]

Problem 10-20

FErrata: Should read

In order to achieve this operating condition with a reasonable arma-
ture terminal voltage, the field-oriented control algorithm is changed
to one which results in unity terminal-power-factor operation at
rated terminal voltage. Based upon that algorithm, calculate the
field current, the armature current and the direct- and quadrature-
axis currents ip and iq.

Part (a): At 60 Hz and at a speed of 1800 r/min, wm rated = 607 and thus
the rated torque is

Prac
ted 663 N-m

Tratcd =
Wm,rated

With T, increased to 0.85T;ateq = 564 N-m

o= (2 2 Tret ) _ jg04 A
Q= 3 poles Loele ) '
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I =22 —134.6 A, rms

V2
2 ase
L= L — 67.6 mH
V3 Wphase AFNL
ascLa It
E.— ‘%7\/5“ —9263.1V

Because ip = 0, fa and Eaf both lie along the quadrature axis. Thus, the
terminal voltage magnitude will be given by

Vi = |Bat + jXoIa| = 382.0 V, I-n = 661.7 V, 1-1 = 1.23 per unit

Part (b): With the motor operating at 85% of rated torque at rated speed,
unity power factor and rated terminal voltage, the armature current will be
Lo pu =0.85 per unit. Iated = Prated/(V3Viated) = 133.6 A and hence
I, = 113.6 A. Thus

Eatpu = Vapu — i Xepulapu = 1.25/ — 36.9 °

and Iy = 1.25 x AFNL = 21.6 A.

We see that that § = —36.9° and thus 44 py = Lapusind = —0.499 per unit
and iq = I, pusind = 0.688. Thus,

iD= V2 Lated idpu = —94.3 A

iq = V2 Laged iqpu = 130.1 A

Problem 10-21

FErrata: Should read

Consider a 450-kW, 2300-V, 50-Hz, 6-pole synchronous motor with
a synchronous reactance of 1.32 per unit and AFNL = 11.7 A. Tt is
to be operated under a field-oriented control such that the armature
flux linkages remain at their rated value and with minimum armature
current at each operating point. It will be used to drive a load whose
torque varies quadratically with speed and whose torque at a speed
of 1000 r/min is 4100 N-m. The complete drive system will include
a speed-control loop such as that shown in Fig. 10.14b. Write a
MATLAB script to plot the field current, direct- and quadrature axis
currents, the armature current over the speed-range 0-1000 r/min.
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For the purposes of this problem, we will need to calculate some basic ma-
chine characteristics. The rated line-neutral rms terminal voltage is V, rated =
2300/sqrt3 and the rated electrical frequency is we = 1207. From Eq.10.35, the
rms armature flux linkages

Va rate
(Aa)ems = —22%4 — 4 23 Wb

We

2
f@:n.sg

Zbasc —
rated
and thus
XS 'IJX ase
Ly = Z22Rutbase g9 4 mH
We
From Eq.10.31, we can find
\/5 Va rated
L,y=————=>51.1 mH
(= DX AFRNL okt m

The basic equations required to implement this controller are Eq.10.29

3\ ( pol
Tinech = (5> (p02es>LafiFiQ = 4.5 Lagipiq

from which we can solve for i in terms of the torque and iq as

Tmcch

P LB Lariq

and Eq.10.35

o — \/(LSiD + Latir)? + (Lsiq)?
rms — 2

For low values of torque, operation with ip = 0 will result in minimum
armature current and thus we can find an expression for iq in terms of the
torque

(4.5Ls)% i&y — 2(4.5(Aa)sms)? i + Timeen = 0

Under this condition, we can solve for iq and i uniquely.

As the torque is raised, a point will be reached where the solution will result
in an imaginary value for iq. Above that level of torque, the algorithm will hold
iq constant which will then uniquely determine ir for a given level of torque.

Tmcch

B = 1B Latiq

(©2014 by McGraw-Hill Education. This is proprietary material solely for authorized
instructor use. Not authorized for sale or distribution in any manner. This document may
not be copied, scanned, duplicated, forwarded, distributed, or posted on a website, in
whole or part.



256

ip can then be found as

\/2()\3)?ms - (LS’LQ)2 - LafiF

S

ip =

Here is the resultant plot

Current [A]

AN

45
0 100 200 300 400 500 600 700 800 900 1000
Speed [rom]

.. saturated synchronous reactance of 1.15 per unit ...

Problem 10-22

FErrata: First sentence should read
Some initial calculations:

V2
Thase = —2ted — 184 Q)

rated

Zbasc

We,rated

=489 mH

Lbasc =

L =1.15Lp6e = 5.62 mH

Lo = V2 Viated =56.2 mH
\/g We,rated X AFNL
Prate
Tratcd = _—rated d =663 N-m
Wm,rated
A Vested ) 735w,

a,rated —
\/g We,rated
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From Eq. 10.29 we know that

3 oles o .
Timech = (5) (p 5 )Laf'LFZQ = 3Lat"LF'LQ = Trated

and from Eq. 10.35 we know that we must have

S )\a,ratcd

Mo — \/(LSiD + Lagir)? + (Lsiq)?
rms — 2

The easiest way (not necessarily the most elegant) to solve this problem is
to write a MATLAB script which searches over a range of field current (e.g.
0.5 x AFNL < ir < 3 x AFNL) for the desired value based upon the following
steps:

1. For each value of i, calculated iq as

ie — Tratcd
@ 3Lasir

2. Calculate the corresponding value of (A,)yms assuming ip = 0.

3. If (Ma)rms > Aarated, calculate the value of ip such that (Aa)rms = Aarated

\/2()\a,ratcd)2 - (LSZQ)Q - LafiF
Ly

ip =

Note that no solution will exist if Lsiq > Aa rated-
4. Calculate the rms armature current as

/2 )
D —i—zQ
I, =—+———

- 2

5. Once this is done for each value of ip, select the solution corresponding to
the minimum value of I,.

The minimum armature current occurs at ¢ = 29.2 A. The result is:

iq =139.5 A ip = -160.5 A
I, =106.3 A = 0.71 per unit
V=400V P =104 kW

Problem 10-23

The motor parameters are calculated in the Examples 10.8 - 10.10. The
relevant equations are Eq. 10.29 for the torque
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3 poles . .
Tmech = (5) (T) Laf'LFZQ = 3Lat"LF'LQ = Trated

Eq. 10.35 for the rms line-neutral flux linkages

Ao = \/(LSiD + Larir)? + (Lsiq)?
rms — 2

an equation for the line-line voltage

Va,lfl = \/g Wc()\a)rms

([ poles T o
wem\T2 J\30) ™

and the equation for the rms line current

2 + 12
L= 22
2

Note that because the rated machine operating speed is 1200 r/min, at
the 1000 r/min operating speed, the relevant limit will be the rms armature
flux linkages and at the 1400 r/min operating speed, the relevant limit will be
terminal voltage.

The easiest way (not necessarily the most elegant) to solve this problem is
to write a MATLAB script which performs a search based upon the following
steps:

where

1. Search over a range of quadrature-axis currents, for example
(01 X \/5 Ia,ratcd) S ZQ S (\/5 Ia,ratcd)-

2. For each value of iq, search over the range of de-magnetizing direct-axis

currents: — 2I§,ratcd_i2Q < ip <0.
3. For each iq, ip pair, search over a range of field current, for example
0.5 x AFNL < i < 3 x AFNL

4. For each iq, ip, ir triplet, calculate Tiech, (Aa)rms and Vi 11

5. Finally, search over all the resultant calculated operating points for the
point which has the maximum value of Ti,ecn, subject to the constraints
that (Aa)rms < Aarated ( for 1000 r/min) and V, < Vj ratea (for 1400 r/min).
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Part (a):
V, =183.2 V11 I, =1181A
iq =129.2 A ip =-105.9 A
ir =3.7TA Poyt = 37.5 kW
Treeh = 99.9 % of rated

Part (b):
Vi, =219.7 V11 I, =1181A
iq = 120.0 A ip =-116.2 A
ir=34A Poyy = 44.9 kW

Trneeh = 85.6 % of rated

Problem 10-24

The relevant equations are Eq. 10.29 for the torque

3 oles .
Tmech = (5) (p B )Laf'LFZQ = Trated

Eq. 10.35 for the rms line-neutral flux linkages

Ao = \/(LSiD + Lagir)? + (Lsiq)?
rms — 2

an equation for the line-line voltage

Va,lfl == \/g wc()\a)rms

[ poles T o
we= T2 J\30) "™

and the equation for the rms line current

i+ ig
L= 22
2

Note that because the rated machine operating speed is 1200 r/min, at
the 1000 r/min operating speed, the relevant limit will be the rms armature
flux linkages and at the 1400 r/min operating speed, the relevant limit will be
terminal voltage.

Part (a): Without a constraint on the level of terminal current, the easi-
est way (not necessarily the most elegant) to solve this problem is to write a
MATLAB script which performs a search based upon the following steps:

where
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1. Search over a range of field current, for example
0.5 x AFNL < i <3 x AFNL

2. For each value of i, find the value of iq corresponding to rated torque

) 2 2 Trated
ig=|=
Q 3 poles / L.gip
3. Search over a range of de-magnetizing currents, for example
_\/5 Ia,ratcd S iD S 0

4. For each iq, ip, ir triplet, calculate the terminal voltage and the armature
current.

5. Finally, search over all the resultant calculated operating points for the
point which has the maximum value of I, subject to the constraint that
Va S Va,ratcd-

ir =29.0A i =1357A ip=-1935A
I, =167.1 A = 1.11 per unit
Vaj-1 = 479.8 V. Py = 1389 kW

Part (b): The easiest way (not necessarily the most elegant) to solve this
problem is to write a MATLAB script which performs a search based upon the
following steps:

1. Search over a range of quadrature-axis currents, for example
(01 X \/5 Ia,ratcd) S ZQ S (\/5 Ia,ratcd)-

2. For each value of iq, search over the range of de-magnetizing direct-axis

currents:  — /217 4 — zé < ip <0.

3. For each iq, ip pair, search over a range of field current, for example
0.5 x AFNL < i <3 x AFNL

4. For each iq, ip, ir triplet, calculate Tiech, (Aa)rms and Vi 11

5. Finally, search over all the resultant calculated operating points for the
point which has the maximum value of T, subject to the constraint
Va S Va,ratcd-

ir =273A ig=1297A ip =-168.5A
I, = 150.4 A = 1.00 per unit
Vaj-1 = 480.0 V. Py = 125.0 kW
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Problem 10-25

Part (a):

V2(Eat)rated V2 (230/4/3)
PM We 3500 /30 0.508 W

Part (b): For operation at 3600 r/min, the frequency will be 60 Hz and hence
X, = wols = 2.94 Q. E.r = (3600/3530)(230/4/3) = 135.4 V.

I Pratcd
a,rated — — =,
\/g ‘/ratcd

The armature current is given by

=6.28 A

L (6B s
X B JXs

where V, = 230/v/3 = 132.8 V.

Although the magnitude of Ey; is known, the angle § required to give |I,| =
Ia rated 18 not. A MATLAB script can be used to easily iterate to find that
0 = —7.81°. The motor power is then given by

Ea' a .
P_—(3 va>sm5_2.49kw

S

Then,

and

2 2 T
@ (3> (p0168> (APM> 507
ip=—y/212+i% = —1.8T A

Problem 10-26

Some preliminary calculations:

V2(Eat)rated V2 (230/4/3)
PM We 3500 /30 0.508 W

Pratcd

Iorated = ——2ed_ _ 628 A
' \/g ‘/ratcd
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Part (a): At 4000 r/min, fo = (4000/3600)60 = 66.7 Hz, we = 27f. =
418.9 rad/sec and thus F.; = weApy/v2 = 150.5 V. The armature current is
given by

I = (Ve Bue) _ (V= e’
Xy JXs

where V, =230/v/3 =132.8 V. X

Although the magnitude of F,¢ is known, the angle § required to give |I,| =
Ia rated 18 not. A MATLAB script can be used to easily iterate to find that
0 = —15.0°. The motor power is then given by

P (2 g 28

S

and

T:£:5.68N~m

. 2 2 T
s (§> (P0168> (APM> STAGA
ip = —y/2I2 +i% = —481 A

Part (b):

Problem 10-27

FErrata: Part (c), first sentence should read
.. in excess of that found in part (b), flux ...

The rated current of this motor is

Pratcd

Torated = —24 —30.1 A
' \/g ‘/ratcd

V2V,  V2(230/V3)

- = 0.488 Wb
We 7675 nj30 AW

Apm =

Part (a): The torque will be maximized when ip = 0 and iq = V2 I, rated =
42.5 A and thus

3\ /pol
Thnax = (5> (p0263> Apyiq =311 N-m
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Part (b):

A2+ A2 2 )2
(Na)rms = PM2 Q _ /Abu +2(L51Q) — 0.543 Wh

Thus, to avoid exceeding rated terminal voltage, the electrical frequency of
the motor must be limited to

‘/ratcd

\/g ()\a)rms

and the corresponding motor speed will be

=722.4 rad/s

We,max =

N = We, max <@> = 6899 r/min
T

Part (c): At 9500 r/min, we, = 95007 /30 = 995 rad/sec. In order to maintain
rated terminal voltage, the rms line-to-neutral armature flux linkages must now
be limited to

Viate 3
(Na)rms = (Vearea/V'3) t:/ v3) _ 0.279 Wh
Thus solving
(Lsip + Apm)? + (Lsiq)?
()\ )rms == 9
B \/2(LSIa)2 + 2LgipApm + A3y,
- 2

for ip gives

\/2()\3)?ms B Z(sza)Q — A%M
2LsApmt

ip =

Setting I, = I ateq gives ip = —25.5 A and thus

iQ = \/212 g — % = 34.0 A

The motor torque is then given by

1
T = (g) (p02€s> Appiq = 249N -m

Since this is a two-pole machine and wy, = we, the corresponding power will be
P = wy,T = 24.8 kW and the motor power factor will be
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P
power factor = —— =0.99

\/g ‘/ratcdjratcd
Problem 10-28

25 e o e
20

E———_—,—,

max [kVV]

o 10

i i i i
0 2000 4000 6000 8000 10000
Motor speed [rpm]

i i i i
2000 4000 6000 8000 10000
Motor speed [rpm]

Problem 10-29

The relevant equations are

3 oles )
Tech = (5) (p 9 )APMZQ

On)ome = \/(LsiD + Apm)? + (Lsiq)?
ajrms — 2

an equation for the line-line voltage

Va,lfl = \/g Wc()\a)rms
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where

poles T
We = — X rpm
2 30

and the equation for the rms line current
[ity + i
Iy=\ ——
2

V2V V2 (475//3)
M e 19250 /30 0.192 W

For this motor

The easiest way (not necessarily the most elegant) to solve this problem is
to write a MATLAB script which performs a search based upon the following
steps:

1. Search over a range of iq, for example
0.3 x \/§Ia,max S iQ\/ija,max

2. For each value of iq, search over the range of de-magnetizing direct-axis

currents: —y /212, —ig < ip <0.

3. For each iq, ip pair, calculate the output power, rms flux linkages and
terminal voltage.

4. Finally, search over all the resultant calculated operating points for the
point which has the maximum value of output power subject to the con-
straints that (Aa)rms < Aarated ( for 16000 r/min) and V, < V, ratea (for
25000 r/min).

16000 r/min

Pyt = 212 kW I, = 350.0 A
iq =438.7TA ip =-229.2 A
Va=39V, 1l

25000 r/min
Pyt = 273 kW I, = 350.0 A
iq = 361.6 A ip = -338.0 A
Vo =475V, 11
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Problem 10-30

Part (a): Following the analysis of Chapter 6

JXm (B +jX1)
Rl +](X1 + Xm)

Zl,cq = Rl,cq + Xl,cq = = 0047+]0521 Q

O.5nph‘/1%cq

Tmax = v T v
ws(Xl,cq +X2)

=484 N-m

Ry

SmaxT = =0.110 = 110%
\/Ricq + (X1 eq + X2)?

and the corresponding speed is 1602 r/min.

Part (b): At 60 Hz, ws = 27 f(2/poles) = 188.5 rad/sec. At s = 0.032,
wm = (1 — s)ws = 182.5 rad/sec. The torque is given by

1

Ws

Tlph ‘/l%cq(RQ/S)

T =
(Rieq + (R2/s))? + (X1eq + X2)?

]—265N~m

and the power is P = w,,T = 48.3 kW.

Part (c): With the frequency reduced from 60 Hz to 45 Hz, wy, the terminal
voltage and each reactance must each be scaled by the factor (45/60). With Ry
neglected, the torque expression reduces to

1 [( npn Vieq(Ra/5) ]

T =
RQ/S)Q + (Xl,cq + X2)2

W
which leads to the following quadratic expression in Rs/s which in turn can be
solved for s

R\’ Ry\?
wsT(?2> _”phVﬁcq(?Q> + (X1eq + X2)’wiT =0

Solving gives a slip of 2.21%, corresponding to a speed of 1320 r/min. Sub-
stituting this value of slip into the torque expression including the effects of R,
gives Tinech = 260 N-m, quite close to the actual value of 265 N-m.
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Problem 10-31

Part (a):

Nk \\ \ \

| | | \

. \ \ \

S ) \

§ | \ \ \

1 A | \

|

-200 0 200 400 600 800 1000 1200 1400 1600 1800
rpm

Part (b): f = 6.02 Hz which will produce a starting torque of 329 N-m.

Problem 10-32

f[Hz]

Problem 10-33

The motor torque is a function of the ratio Ro/s. The slip with Ra ext = 0
is
1800 — 1732
and that with Ry cxt = 0.790 € is
1800 — 1693

Thus, solving
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Ry Ry +0.790

S0 S1

for Ry gives Ry = 1.377 €.

Problem 10-34

The motor torque is a function of the ratio Ro/s. The slip with Ra ext = 0
is
1800 — 1732

S0 = 1800 = 0.0378

The desired operating speed corresponds to a slip of

1800 — 1550

51 = 1300 =0.1389

Thus substituting the value of Ry = 1.377 2 found in the solution to Problem

10.32 and solving
@ o RQ + R2,cxt

S0 S1

for Ry ext gives Ra ext = 3.687 (L.

Problem 10-35

Part (a): If Ry is assumed negligible, the torque expression becomes

1

Ws

T =

Tlph ‘/l%cq(RQ/S)
(R2/s)? + (X1.eq + X2)?

Substituting the corresponding expressions for T, .x

Tmax =

Ws

1 O.5nph‘/1%cq
Xl,cq + X2

Ry
S = =
maxT lecq + X2

gives

T = Tmax 2
S/SmaxT + SmaxT/S

Defining the ratio of full-load torque to maximum torque as
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T 1
B _0.422

=1 — =537

the full-load slip can then be found as

k
S :Smax -
f T (1+\/1—k2

Part (b): The full load rotor power dissipation is given by

) = 0.0347 = 3.47%

Sfl
1— s

Protor—Pﬂ< )—1800W

Part (c): At rated load, wm rateda = (1 — $a)ws == 180.7 rad/sec. The rated
torque iS Trated = Prated/Wm rated = 415 N-m. Setting s = 1 gives

2

1/SmaxT + SmaxT

Tstart = Tmax ( ) = 726% =240 N-m

Part (d): If the stator current is at its full load value, this means that Ra/s
is equal to its full load value and hence the torque will be equal to the full-load
torque, 330 N-m.

Part (e): The slip will be twice the original full load slip or 6.95%.

Problem 10-36

Part (a):

1200 — 1164

and thus the full-load rotor power dissipation is equal to

sq
1— s

Protor—Pﬂ< )—1392W

Part (b): If Ry is assumed negligible, the torque expression becomes

1

Ws

T =

Tlph ‘/l%cq(RQ/S)
(R2/s)? + (X1.eq + X2)?

Substituting the corresponding expressions for Ti,ax

o1 lo.snphvﬁcq

Xl,cq + X2

Ws
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Ry
s =
maxT X17cq+X2

gives

T = Tmax 2
S/SmaxT + SmaxT/S

Defining the ratio of maximum torque to full-load torque

Tmax
k= —— =227
Ty

the full-load slip can then be found as
Smaxt = sn (k+ VA1) =0.1292 = 12.92%

Thus the motor speed at maximum torque is nmax = 1200(1 — SpaxT) =
1045 r/min.

Part (¢): We want spaxr to increase by a factor of 1/0.1292 = 7.74. Thus
the rotor resistance must increase by this factor. In other words

Ro+ Ry ext = 7.74R,
which gives Rg ext = 2.29 (2.

Part (d): The 50-Hz voltage will be (5/6) that of 60-Hz. Thus the applied
voltage will be 366.7 V, line-to-line.

Part (e): If the frequency and voltage are scaled from their rated value by a
factor k¢, the torque expression becomes

1
T =
(kfwso )

where wgg is the rated-frequency synchronous speed of the motor. Clearly, the
torque expression will remain constant if the slip scales invesely with k. Thus

nph (ki Vieq)*(R2/5)
(R2/8)? + (k(X1,eq + X2))?

60
S1,50 = (%) 51,60 = 0.0360

The synchronous speed at 50 Hz is 1000 r/min and thus

nf,50 = 1000(1 — Sﬁ750) =964 r/min
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Problem 10-37
Part (a): From the data given in Problem 10.32, the motor inductances are:
Ly =156 mH; Ly=162mH; L, =64.2 mH;
and thus
Ls=1L;+ Ly = 65.76 mH
and
Li = Lo + Ly = 65.81 mH

R, = Ry = 54.0 mQ) and R,g = R2 = 148 mf). Finally, the rated motor torque
The peak flux linkages corresponding to rated voltage line-to-neutral voltage
are given by

A o \/5 Vbasc o \/5 2400
rated \/g Whase \/g (1207T)

The required torque can be determined from the given power and speed as

=5.19 Wb

Pueen 950 x 107
Tech = - — 10670 N -
b T om 850 7/30 o

Setting Apr = Arated gives

. 2 2 LR Tmcch o
e (3> (p0168> (Lm> ( ADR ) — 9084

and

Part (b):

Part (c):

1
Wme = Wm (po;s) = 360.6 rad/sec

=

We = We + ( aR) (Z.—Q> — 365.8 rad /sec
Ly D
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and thus
fo=22 _582Hy
2
Part (d):
Voo \/ (Raip — we(Ls — L2,/Lr)iq)? + (Raiq + weLsin )2
L 2

= 1419V, ln=2458 V, L1

Problem 10-38

Part (a): From the given data, the motor inductances are:
Li=122mH;, Ly=125mH; L, = 68.78 mH;
and thus
Ls =Ly + Ly, = 67.00 mH
and
Lg =Ly + Ly, = 67.03 mH

Ry, = R =42.9 mQ) and Ryr = Ro = 93.7 m(.
The peak flux linkages corresponding to rated voltage line-to-neutral voltage
are given by

V2Vouse _ V2230 _ 0.498 Wb

)\ra ed —
red \/gwbasc \/g (1207T)

The motor torque is Tiech = 64(1275/1800) = 45.3 N-m. Setting Apr =
Arated, We can solve for iq and ip

. 2 2 LR Tmcch
== — =309 A
“ (3> (p0168> (Lm> ( ADR ) 09

DY
zD:LL;:imA

and

The motor mechanical velocity in electrical rad/sec is
1
Wme = Wm (?) = 267.0 rad/sec

and thus
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We = Wine + (RaR> (Z,—Q> = 272.7 rad /sec
LR D

and
fo=22 _434Hy
2
Part (b):
12 4 2
L= 2—9 =225A
2
V. — \/(RaiD — wc(Ls — L?n/LR’L'Q)Q + (RaiQ + wcLsiD)Q
v 2
= 99.8V,ln=1729V, I-1
Part (c):

S = V3 VoI, = 6.74 KVA

Part (d): Rated V/Hz occurs at Apr = 8.2% of rated.

105 ‘ | , .

100

©o
(5

Qo
o

VIHz [percent of rated]

[s:)
[,

[o:]
e
a
@
o

1 1
85 90 95 100
Aor [percent of rated]

Problem 10-39

Part (a): From the given data, the motor inductances are:

Ly =1.22mH; L,=125mH; L, =68.78 mH;

and thus

Ls=1Ly+ Ly =67.00mH
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and
Lgr =Ly + Ly, =67.03 mH

Ry, = R =42.9 mQ) and Rygr = Ro = 93.7 m.
The peak flux linkages corresponding to rated voltage line-to-neutral voltage
are given by

V2 Vonse _ V2230 0.498 Wb

)\ra ed —
red \/gwbasc \/g (12077)

The motor torque is Tiech = 64(1425/1800) = 50.7 N-m. Setting Apr =
Arated, We can solve for iq and ip

. 2 2 LR Tmcch
=(= il =406 A
“ (3> (p0168> (Lm> ( ADR ) 00

D
zD:%:6.43A

m

i2 + 42
I, =/ D2 Q _991A

Part (b): The motor mechanical velocity in electrical rad/sec is

and

1
Wme = Wm (po;s) = 298.5 rad/sec

and thus
We = Wme + (RaR> (Z.—Q> — 307.3 rad/sec
LR D
and
fo= 2 489 H2
2
V. o= \/(RaiD — wc(Ls — L?n/LR’L'Q)Q + (RaiQ + wcLsiD)Q
v 2

= 96.2V,ln=166.5V, -1

Part (c): iq is now increased to 44.7 A and hence, with Ipgr and hence Apr

unchanged
3 poles Ly, .
Tmcch - (5) ( 9 ) (L_R> )\DR’LQ =55.7N-m
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Thus the motor speed is
Tmcc .
n = 1800 (6—4h> = 1568 r/min

and wp, = nr/30 = 164.1 rad/sec.
Prech = Tmechwm = 8.32 kW

Part (d): The terminal voltage is

v \/(RaiD — wc(Ls — ii‘ )iQ)Q + (RaiQ + wcLsiD)Q
v 2

= 107.6 V, ln = 186.4 V, 1-1

The drive frequency can be found from

1
Wme = Wm (po2es> = 328.3 rad/sec

We = We + (RaR> (Z.—Q> — 338.0 rad/sec
LR D

and

fo=22 _ 538 Hy
2

Part (e):
S = V3 VoI, = 10.3 kVA

Part (f): Iteration with a MATLAB script gives Apr = 95.3% of Arated-

Problem 10-40

Part (a): From the given data, the motor inductances are:
L1 =4.96 mH; Ly =6.02mH; L, = 118.3 mH;
and thus
Ls =Ly + Ly, = 123.3 mH
and

Lr =Ly + Ly, =124.3 mH
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R, = Ry =212 m) and R,g = Re = 348 mf). Finally, the rated motor torque
The peak flux linkages corresponding to rated voltage line-to-neutral voltage
are given by

V2Voase _ V24160 _ o

)\ra ed — =
red \/g Whase \/g (1207T)

At a power output of 1135 kW and a speed of 836 r/min, w,,, = 87.5 rad/sec,
Toech = 1.30 x 10* N-m. Setting Apg = Arated gives

) 2 2 T
io=(3) (535) () =220

iD= \J212 g +i% = T6.2 A

a‘7

i2 + 42
I, =/ D2 Q _ 1862 A

The terminal voltage is

Ve =
= 2516V, ln=4357V, 1]

\/(RaiD — wc(Ls — i—i‘)iQ)Q + (RaiQ + wcLsiD)Q
2

The drive frequency can be found from

1
Wme = Wm (po;s) = 350.2 rad/sec

We = W + (RaR> (Z.—Q> — 359.4 rad /sec
LR D

and

fo= ‘2"—2 = 57.2 Hz

™

Part (b): The equivalent-circuit of Chapter 6 can be analyzed readily using
MATLARB as follows:

- All the reactances must be scaled from their 60-Hz values to 57.2 Hz.
- The rms input voltage must be set equal to 2516 V, line-to-neutral.
- The slip must be calculated based upon a synchronous speed of
ng = 60f.(2/poles) = 858 r/min.

If this is done, the equivalent circuit will give exactly the same results as those
of part (a).
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