PROBLEM SOLUTIONS: Chapter 1

Problem 1.1
Part (a):
l l
Re= —— = = =0 A/Wb
pAc  pepoAc /
g 6
Re = =1.017 x 10° A/Wb
& )U’OAC /
part (b):
NI
d=_—=1224x10"* Wb
Re+ Rg
part (c):
A=N®=1.016x10"2 Wb
part (d):
A
L=—-=6.775 mH
I
Problem 1.2
part (a):
l l
Re=——=—"—=1591x10° A/Wb
pAc o pro Ac /
g 6
Re = =1.017 x 10° A/Wb
& )U’OAC /
part (b):
NI
b=—""=1. 107 Wb
Rt R, 059 x 10 AW
part (c):
A=N®=8787x10"3 Wb
part (d):

L= % =5.858 mH



Problem 1.3
part (a):
L
N = g _ 110 turns
MOAC
part (b):
Beor
=" —166 A
rolN/g
Problem 1.4
part (a):
L L T
N (g +lepo/p) _ (g + lepo/ (pixtio)) _ 121 turns
oA HoAec
part (b):
B
— core =182 A
1oN/ (g + lepto/ )
Problem 1.5
part (a):
245
2500
H [Adm]
part (b):
3499
e =1+ =730

1+0.047(2.2)78

I—B<M) — 658 A
polN



part (c):

25

05k

Problem 1.6
part (a):

NI A x

part (b): Equations
2gH, + H.lo = N1 B, Ay = B A
and
By = poHg;  Be = pH.

can be combined to give

B _ NI _ NI
©o\2g+ () (%) e+t 29+ (1) (1- %) (e +1p)
Problem 1.7
part (a):
Y (%:L());flmtlp) —215 A
part (b):

1199
(14— ) 1012
K “O( \/1+0.0538> Ho

g+ (%) (le +1p)

I=8B
poN

=3.02 A




part (c):

(&

Flux density [T]
=1 =] [=] - - —_ -
Bom o o= N s W @
k-
%

o
)
T

o

o
[§)
wE
i
m

3
Current [4]

Problem 1.8

N2A,
o= (L) - (L) I = 0353 mm
L %

Problem 1.9
part (a):

lc=2m(R, — R;) —g =3.57 cm; Ae=(Ro — R)h =12 cm?

part (b):
Ry=—2L—=133x10" A/Wb; Rc=0 A/Wb;
HoAc
part (c):
N2
L=———=0.319 H
R + Ry o
part (d):
7= BeRe+ Re)Ae 05y
N
part (e):

A= NB;A, =105 mWh

Problem 1.10
part (a): Same as Problem 1.9
part (b):

Re =

g 7 lc 5
=1.33 x10° A/Wb; Re = =3.16 x 10° A/Wb
)U’OAC / MAC /



part (c):
N2
L=———-=0311 H
Ry + Re o
part (d):

B A
12%233.8 A

part (e): Same as Problem 1.9.

Problem 1.11

0.5

045+

LmH]

L
348 4

015 L L I L
15 2 25 3
logirmur)

Minimum p, = 340.

Problem 1.12
_ MONQAC

B g+lc//14r

Problem 1.13
NZ2A
— M 305 mH

- g+ lc/ﬂr
Problem 1.14
part (a):
NA.B
V;‘ms - wci\/ipeak =19.2 V rms
part (b):
‘/;'IIIS 2
Lims = =1.67 A rms; Wheak = 0.5L(\/§ Lims)? = 8.50

wlL

mJ



Problem 1.15
part (a):

R3 = \/R% +R§ =4.27 cm
part (b):
poAg N?
g+ (‘:—f) le

part (c): For w = 2m60 rad/sec and Apcak = N AgBpeak = 0.452 Wh:

L= =251 mH

(i) Vims = WApeak = 171V rms

(i) Iims = ‘/}25 =181 A rms
w

(i) Wyeak = 0.5L(V2lms)? = 0.817 J

part (d): For w = 2750 rad/sec and Apeak = N AgBpeak = 0.452 Wh:

(1) V;ms - WApeak =142 V rms

‘/}ms
ii Irm% =
(ii) ; L

(i) Wyeak = 0.5L(V2lms)? = 0.817 J

=181 A rms

Problem 1.16
part (a):

AR GLS



part (b):

Emax = 4f NAcBpear = 345V

Problem 1.17

part (a):
LI NI l
N = Achat =% turns; 9= u-;sat a Mf"’c =056 mm
part (b): From Eq.3.21
Acg B Al.B2
Weap = Le9Bsat _ 907 J; Wope = 2072538 _ () 045 ]
210 2p

Thus Wiot = Weaap + Weore = 0.252 J. From Eq. 1.47, (1/2)LI? = 0.252 J.
Q.E.D.

Problem 1.18

part (a): Minimum inductance = 4 mH, for which g = 0.0627 mm, N =
20 turns and Vi = 6.78 V

part (b): Maximum inductance = 144 mH, for which g = 4.99 mm, N =
1078 turns and Vi = 224 V

Problem 1.19
part (a):

_ poma®N?

L =56.0 mH

2rr

part (b): Core volume Veore & (277)7a® = 40.0 m3. Thus
2

B
W = V;:ore <—
210

> =487 J
part (c): For T = 30 sec,

di _ (27rB)/(uoN)

— = =292x10° A
o T 92 x 10 /sec

sz@:163 \Y
dt

Problem 1.20
part (a):

Acu = fwab; Volgy = 2ab(w + h + 2a)

part (b):



part (c):
NI
Jeu = Acu
part (d):
Pdiss = VOlcu (pJ(?u)
part (e):
) o (3)
Winag = Volgq — | = gwh | —
g gap <2M0 g 210
part (f):
L _ ()L Wiag _ 2Wag _ powhA2,
R (3)RIZ  (3) Pais Puiss pgVoley

Problem 1.21
Using the equations of Problem 1.20

Pdiss =115W
I =324A
N = 687 turns
R =10.80Q

7 = 6.18 msec
Wire size = 23 AWG

Problem 1.22

part (a):
NI NI
(i) By =101 L B, = Mottt
9 92
A A
(ii) A = Ni(A1B1 + AaBs) = ILL0N12 (g—ll + 9—22> L

A
(111) Ao = N2A2-BQ = ,LL()NlNQ (g_22> I



part (b):

Nyl
(i) By = 0; BQZM
g2

A
(11) )\1 = NlAQBQ = /,L()NlNQ (g—j) IQ
2 A2
(111) )\2 = NQAQBQ = /1,0N2 9—2 .[2

part (c):

NqT NiT No I
(i) Blzlio 141 BQZMO 11+/io 212

Y

g1 go g2
A A A
(ii) AL = Nl(AlBl + A2B2) = IJON12 (g_ll + 9_22> I + 110N N (g;) I

A A
(111) )\2 = NQAQBQ = /J/ONINQ (g—j) Il + uoNQQ (9—22) IQ

A A A A
Ly = N} <—1 + —2) ; Log = poN3 <—2> i L1z = poN1 N2 <—2>
g1 g2 g2 g2
Problem 1.23

TR, +Ra+Ry+Ra/2 l1+1l2+1a/24 g (p/p0)
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N? N2pAe [ Ia+h + 1+ g (w/po)
Laa =Lgp = =
Ra + Rall(R1 + Rz + Ry) la LUla+2(l+ 12+ 9 (/o))
part (b):
Lap = Lpa = N*(Ri+ R2 + Ry) = N iuhe [ ey }
Ra(Ra +2(R1 + Ra2 + Ry)) Ia Ua+2(l+ 1+ g (/o))
—NN1 _NNIMAC

ALT A Bt B RAT2(RI+Ra+Ry)  Ia+2(l+1la+9g (/o))

part (c):
—i[L ia + Lp1ig) = La1— [ia — i8]
U1 = dt A1TA B1!B] = Aldt A — 1B
Q.E.D.
Problem 1.24
part (a):
NN
Liy = 25122 [D(w )
part (b):

d>\2 dL12 _ (NlNQILL()D> dx

T T T 29 dt
B Ny NspogD € Ww
= ( 2% ) ( 5 ) coswt
Problem 1.25
part (a):
7 Ny Ny
C21(Ro+ Ry)/2  7(Ro + Ry)
part (b):
d dB
Vg = E [NQ(WZA)B] = Ngt’l’LAE
part (c):

Vo = G/vg dt = GN>tnAB
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Problem 1.26
le
Ry = —9— —442x10° A/Wb; R — —< = 335wy
foAg A K
Want Ry < 0.05R. = p > 1.2 x 10%49. By inspection of Fig. 1.10, this will be
true for B < 1.66 T (approximate since the curve isn’t that detailed).
Problem 1.27

part (a):
Voeak
N, = pea - 57 t
' WH(Ro — Ri)Bpeak e
part (b):
. V:) eak
Bpeak = =25 —0.833 T
(i) peak = CNLI(Ry — Ry)

(ii) Vi = Nit(Ro — Ri)wBpeak = 6.25 V,peak

Problem 1.28
part (a): From the M-5 magnetization curve, for B =12 T, Hy, = 14 A/m.
Similarly, Hy = B/po = 9.54 x 10° A/m. Thus, with [; = I, = T

Hy(la +1lc — g) + Hgg

I = = .2 A
N, 38
part (b):
gAgapB2
Wean = =3.21 Joules
gap %0
part (c):

A
A=2N1AxB =0.168 Whb; L= 7= 4.39 mH

Problem 1.29
part (a):




12

part (b): Area = 191 Joules
part (¢): Core loss = 1.50 W/kg.

Problem 1.30
Bims = 1.1 T and f = 60 Hz,

Vims = WNAByms = 46.7 'V

Core volume = A.l. = 1.05 x 1072 m3. Mass density = 7.65 x 10® kg/m3.
Thus, the core mass = (1.05 x 1073)(7.65 x 10%) = 8.03 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 8.03 = 10.4 W. The total
exciting VA for the core is 2.0 x 8.03 = 16.0 VA. Thus, its reactive component

is given by v/16.02 — 10.42 = 12.2 VAR.

The rms energy storage in the air gap is

A B?
Weap = 92clmms _ 3.61 Joules
Ho

corresponding to an rms reactive power of

VARgap = wWeap = 1361 Joules

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

VApms = sqrt10.4% + (1361 + 12.2)> = 1373 VA

and the rms current is Iyyms = VA /Vims = 29.4 A.

Problem 1.31

part(a): Area increases by a factor of 4. Thus the voltage increases by a
factor of 4 to e = 1096¢0s377t.

part (b): l. 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 Iy ;ms doubles to 0.20 A.

part (d): Volume increases by a factor of 8 as does the core loss. Thus
P. =128 W.

Problem 1.32

From Fig. 1.19, the maximum energy product for samarium-cobalt occurs at
(approximately) B = 0.47 T and H = -360 kA /m. Thus the maximum energy
product is 1.69 x 10° J/m?3.

Thus,

(08 2 9
An = <0.47> 2cm”® = 3.40 cm

and
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0.8

lp = —02cm [ ——o
o (uo(—3.60 x 10°)

) =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 1.33

From Fig. 1.19, the maximum energy product for neodymium-iron-boron
occurs at (approximately) B = 0.63 T and H = -470 kA/m. Thus the maximum
energy product is 2.90 x 105 J/m?3.

Thus,

0.8
AL = (W) 2 cm? = 2.54 cm?

and

0.8

Im=—0.2cm [ —— 0
o (uo(—4-70 x 10°)

) =0.27cm
Thus the volume is 2.54 x 0.25 = 0.688 cm?, which is a reduction by a factor
of 5.09/0.688 = 7.4.

Problem 1.34

From Fig. 1.19, the maximum energy product for samarium-cobalt occurs at
(approximately) B = 0.47 T and H = -360 kA /m. Thus the maximum energy
product is 1.69 x 10° J/m3. Thus, we want By = 1.2 T, By, = 0.47 T and
Hyy = —360 kA /m.

H B
hm = — —g)—— ( £ >—2.65 mm
g <Hm g /J/OHm

Ap = A, (lfg > =21 Rh (%) =26.0 cm?

AIIl
Ry = =2.87 cm
T

Problem 1.35

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

By, = ,LLRHm + B

where B, =1.26 T and ur = 1.067u9. The magnetic circuit must satisfy
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Hynd+ Hgg = Ni; BmAm = B A,

part (a): For i =0 and By = 0.5 T, the minimum magnet volume will occur
when the magnet is operating at the maximum energy point.

B
Am = (B_ri> Ag =4.76 CHl2

part (b):

1= N
For By = 0.75,i = 17.9 A.
For By = 0.25,i = 6.0 A.

Because the neodymium-iron-boron magnet is essentially linear over the op-
erating range of this problem, the system is linear and hence a sinusoidal flux
variation will correspond to a sinusoidal current variation.
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PROBLEM SOLUTIONS: Chapter 2

Problem 2.1
At 60 Hz, w = 1207.

Primaryi (V;'ms)max = Nl(UAc(Brms)max = 2755 Va rms

secondary: (V;"ms)max = NQWAC(Brms)max =172 V; rms

At 50 Hz, w = 1007. Primary voltage is 2295 V, rms and secondary voltage is
143 V, rms.

Problem 2.2

N — ﬁ“frms
WAcheak

N:\/E:i% turns
8
Problem 2.4

Resistance seen at primary is Ry = (N1/N2)? Ry = 6.25Q. Thus

=167 turns

Problem 2.3

Vi
I — =16 A
1SR 6
and
N,
Vo = <F1> Vi=40 V
Problem 2.5

The maximum power will be supplied to the load resistor when its im-
pedance, as reflected to the primary of the ideal transformer, equals that of
the source (2 k€2). Thus the transformer turns ratio N to give maximum power
must be

Ry

load

N = =6.32

Under these conditions, the source voltage will see a total resistance of Ryt =
4 k2 and the current will thus equal I = V;/Riot = 2 mA. Thus, the power
delivered to the load will equal

Pioad = IQ(NQRload) =8 mW
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Here is the desired MATLAB plot:

Load power [miy]

2 s 4 5 & 7 8 5w
Murnber of turns
Problem 2.6
The maximum power will be supplied to the load resistor when its im-
pedance, as reflected to the primary of the ideal transformer, equals that of
the source (2 k). Thus the transformer turns ratio N to give maximum power
must be

Ry
Rload

N = =6.32

Under these conditions, the source voltage will see a total impedance of Z;,4 =
2 4 j2 kQ whose magnitude is 2v/2 k. The current will thus equal I =
Vi/|Ziot| = 2v/2 mA. Thus, the power delivered to the load will equal

]Dload - IQ(NQRload) =16 mW

Here is the desired MATLAB plot:

Load power [miy]

L L L L L L L I
1 2 3 4 5 B 7 8 g o
Murnber of turns



Problem 2.7
X
Vo=V | ———) =266 V
? ' <X11 + Xm>
Problem 2.8
part (a): Referred to the secondary
Ly,
Lia= 75 =150 mH

part(b): Referred to the secondary, X, = wLy 2 = 56.7Q, X,
and Xj, = 69.3 mQ. Thus,

17

= 84.8 mf)

X
i) i=N[—2=2— V=790 V
i) W (Xm+X12> 2
and
. Va Va
I. = = —— _— =1730 A
W) ke = = X X%
Problem 2.9
part (a):
Vi Xm
I = ——— =347 A; Vo=NVi|—————— ) =2398 V
YTXL + X 2 ! <X11 +Xm>

part (b): Let X{ = X1,/N? and Xyc = X1, + X |(Xm + X]). For Latea =

50 kVA/120 V = 417 A

Vi = ratedXsc =231 V

1 X
L== (—"2 ) Luea =157 A
? N <X111+X12> ted o1

Problem 2.10

and thus

I

The power factor is cos (9.6°) = 0.986 lagging.

v
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Problem 2.11

part (a):
V4
A
1 # Swe
potby OO J0O% OO 0,
+
b — v
7]
V, 2 -
- )
() LV Swe
part (b):
A 30 kW . .
_ Jjo _ Jjo
load — 230V € —9386 A

where ¢ is the power-factor angle. Referred to the high voltage side, Iy =
9.38 ¢7PA.

Vit = Zulu

Thus, (i) for a power factor of 0.85 lagging, Viy = 2413 V and (ii) for a power
factor of 0.85 leading, Viy = 2199 V.
part (c):

2600

2550

2500

[
4
i)
=]

2400 F

2350

High-side terminal waltage

2300

2280

2200
-60

I L I L L
-40 =20 [u] 20 40 B0
pf angle [degrees]
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Problem 2.12

part (a):

o) JZC-Y 0.8%

ogyolly‘ij_/m)—’m_o +
\/-——N/\_/

T [/

H

V. il o

—

() Hv Swg

1007 J:0%%0 poodo . Ypo
0,00 JOOMS ..

(h) tv swe

part (b): Following methodology of Problem 2.11, (i) for a power factor of
0.85 lagging, Vi = 4956 V and (ii) for a power factor of 0.85 leading, Vi1 =
4000 V.

part (c):

5400

5200

5000

4800 F

AB00

4400

High-side terminal voltage

4200

4000 -

3800
-60

0 20 0 = 0 &0
pf angle [degrees]
Problem 2.13
part (a): Toaq = 160 kW /2340 V = 68.4 A at / = cos™1(0.89) = 27.1°

Vi = N(V& + Z:11,)

which gives Vi = 33.7 kV.
part (b):

VYS€nd = N(VL + (Zt + Zf)IL)
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which gives Vionq = 33.4 kV.
part (c):

Ssend = Psend + stend = ‘/éerldf:elld =164 kW — ]645 kVAR

Thus Piena = 164 kW and Qeena = —64.5 kVAR.
Problem 2.14

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

Problem 2.15

part (a):
Ve
|Zeq,L| = L _ 107.8 m§2
ISC,L
P,
Reqr, = =2 = 4.78 mQ
/ ISC,L
Xeq L = \/|ZeqL|? = RZ 1, = 107.7 mQ
and thus
Zeq,L =438 +j108 m¢?
part (b):

Requi = N?Req 1, = 0.455
Xequ = N*Xeq 1, = 10.24 Q

Zeqn = 10.3 + j0.46 m§

part (c): From the open-circuit test, the core-loss resistance and the magne-
tizing reactance as referred to the low-voltage side can be found:

VOQCL
R.p=—=—>==3110Q

)
oc,L

Soet. = Voo Lloot. = 497 kKVA; Qoo = /2.1, — P2, = 45.2 kVAR

and thus
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2

V.
X = =20 =141 Q
QOC,L

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

19ng [SHns- V5t 23 BOF
~MNM—
——0

(g

part (d): We will solve this problem with the load connected to the high-
voltage side but referred to the low-voltage side. The rated low-voltage current
is I1, = 50 MVA/8 kV = 6.25 kA. Assume the load is at rated voltage. Thus
the low-voltage terminal voltage is

Vi, = [Vioad + Zeq,1.I1| = 8.058 kV

and thus the regulation is given by (8.053-8)/8 = 0.0072 = 0.72 percent.
The total loss is approximately equal to the sum of the open-circuit loss and
the short-circuit loss (393 kW). Thus the efficiency is given by

P 50.0
- Ead = zo39 — 992 = 99.2 percent

part (e): We will again solve this problem with the load connected to the
high-voltage side but referred to the low-voltage side. Now, I, = 6.25/25.8° kA.
Assume the load is at rated voltage. Thus the low-voltage terminal voltage is

Vi, = [Vioad + ZeqLIL| = 7.758 kV

and thus the regulation is given by (7.758-8)/8 = -0.0302 = -3.02 percent. The
efficiency is the same as that found in part (d), n = 99.2 percent.

Problem 2.16

The core length of the second transformer is is v/2 times that of the first, its
core area of the second transformer is twice that of the first, and its volume is
2 /2 times that of the first. Since the voltage applied to the second transformer
is twice that of the first, the flux densitities will be the same. Hence, the core
loss will be proportional to the volume and

Coreloss = 2 /23420 = 9.67 kW
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The magnetizing inductance is proportional to the area and inversely pro-
portional to the core length and hence is v/2 times larger. Thus the no-load
magnetizing current will be v/2 times larger in the second transformer or

Lo tond = V24.93 =6.97 A

Problem 2.17

part (a): Rated current at the high-voltage side is 20 kVA/2.4 kV = 8.33 A.
Thus the total loss will be Poss = 122 + 257 = 379 W. The load power is equal
to 0.8 x 20 = 16 kW. Thus the efficiency is

16
-~ 16.379

n = 0.977 = 97.7 percent
part (b): First calculate the series impedance (Zequ = Requ + jXeq,u) of
the transformer from the short-circuit test data.
PSC,H
Req,H = T2 =3.690Q
sc,H

Sse, i = Vo, Hlsc,n =61.3 x 8.33 =511 kVA

Thus Qsc,i = /SSQC’H — PSQC’H = 442 VAR and hence

_ QSC,H

= =6.35Q)
ISQC,H

Xeq,H

The regulation will be greatest when the primary and secondary voltages of
the transformer are in phase as shown in the following phasor diagram

N 4

Ly
Y
S~

A

L

Thus the voltage drop across the transformer will be equal to AV = |I1pad || Zeq,u| =
61.2 V and the regulation will equal 61.2 V/2.4 kV = 0.026 = 2.6 percent.

Problem 2.18
For a power factor of 0.87 leading, the efficiency is 98.4 percent and the
regulation will equal -3.48 percent.

Problem 2.19

part (a): The voltage rating is 2400 V:2640 V.

part (b): The rated current of the high voltage terminal is equal to that of
the 240-V winding, Iyatea = 30 x 103/240 = 125 A. Hence the kVA rating of the
transformer is 2640 x 125 = 330 kVA.
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Problem 2.20
part (a):

Ygo 120

part (b): The rated current of the high voltage terminal is equal to that of
the 120-V winding, Latea = 10%/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 con-
ventional connection, Poss = (1 — 0.979) 10 kW = 210 W. Hence as an auto-
transformer operating with a load at 0.85 power factor (Poag = 0.85 x 50 kW =
42.5 kW), the efficiency will be

42.5 kW

n= BW = 0.995 = 99.5 percent

Problem 2.21

part (a): The voltage rating is 78 kV:86 kV. The rated current of the high
voltage terminal is equal to that of the 8-kV winding, I ateq = 50 x 10°/8000 =
6.25 kA. Hence the kVA rating of the transformer is 86 kV x 6.25 kA =
537.5 MVA.

part (b): The loss at rated voltage and current is equal to 393 kW and hence
the efficiency will be

 537.5 MW

1= e = 09993 = 99.93 percent

Problem 2.22

No numerical result required for this problem.
Problem 2.23

part (a): 7.97 kV:2.3 kV; 191 A:651 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; 191 A:1130 A; 1500 kVA

part (d): 13.8 kV:2.3 kV; 109 A:651 A; 1500 kVA
Problem 2.24

part (a):

(i) 23.9 kV:115 kV, 300 MVA
(i) Zoq = 0.0045 + j0.19Q
(ifi) Zogq = 0.104 + j4.30 ©
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part (b):

(i) 23.9 kV:66.4 kV, 300 MVA
(ii) Zoq = 0.0045 + j0.19
(ifi) Zoq = 0.0347 + j1.47Q

Problem 2.25
Following the methodology of Example 2.8, Vigaa = 236 V, line-to-line.

Problem 2.26

The total series impedance is Ziyot = Zy + Zy = j11.7 + 0.11 + j2.2 Q =
0.11 4+ j13.9 Q. The transformer turns ratio is N = 9.375. The load current, as
referred to the transformer high-voltage side will be

k ) <325 MVA
load = -

7? = 7.81e7? kA
V324 kV)

where ¢ = —cos™10.93 = —21.6°. The line-to-neutral load voltage is Vipad =
241/3 kV.
part (a): At the transformer high-voltage terminal

V = V3| NVigad + LioaaZi| = 231.7  kV, line-to-line
part (b): At the sending end
V = V3| NVigad + load Ziot| = 233.3  kV, line-to-line
Problem 2.27

240

235

230

Vs [k
N
[
o

220+

215+

21-D50 -4IE| -EIEI -E‘U -'I‘U U‘ 'I‘U E‘U 3IU A‘U S0
pf angle [degrees]
Problem 2.28
First calculate the series impedance (Zequ = Req,i + jXeq,u) of the trans-

former from the short-circuit test data.

Zeqn = 0.48 = j1.18Q
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The total imedance between the load and the sending end of the feeder is Z;o; =
Zs+ Zequ = 0.544+ 72.058 Q2. The transformer turns ration is N = 2400:120v/3
=11.6.

part (a): The referred load voltage Vipaq and current Ij,.q will be in phase
and can be assumed to be the phase reference. Thus we can write the phasor
equation for the sending-end voltage as:

‘75 = Vioad + IloadZtot

We know that V; = 2400/sqrt3 = 1386 V and that Ijoaq = 100 kVA/(\/§2.4 kV).
Taking the magnitude of both sides of the above equation gives a quadradic
equation in Vigaq

2 2712 2
Vioad + 2Rtotlloadvioad + |Ztot| Iload - V;

which can be solved for Vigaq

Vioad = —Riotlioad + v/ V2 — (Xiotlioad)? = 1.338  kV

Referred to the low-voltage side, this corresponds to a load voltage of 1.338 kV /N =
116 V, line-to-neutral or 201 V, line-to-line.

part (b):
24
Feeder current = i =651 A
\/gztot
651
HV winding current = — =376 A

V3

LV winding current = 651N = 7.52 kA

Problem 2.29
part (a): The transformer turns ratio is N = 7970/120 = 66.4. The sec-
ondary voltage will thus be

2T N\R X1 +7iXm

) =119.74/0.101°

part (b): Defining Rf = N?Ry, = N21 k2 = 4.41 MQ and

Zeoq = j Xml|(Ry + R, + jX5) = 134.3 + j758.1 kQ
the primary current will equal

i 7970

=—————— =10.3/—79.87° mA
! Rl + ]Xl + Zeq



26

The secondary current will be equal to
JXm
Ry + R + j(Xm + X2)

I,=NIL < > =119.7/0.054° mA

and thus
Vo = Ryl = 119.7/0.054° 'V
part (c): Following the methodology of part (b)

Vo =119.6/0.139° V

Problem 2.30

This problem can be solved iteratively using MATLAB. The minimum reac-
tance is 291 Q.
Problem 2.31

part (a):

Solid line Rb, dotted line Xb
02 T T T

030
mal
sk
06

orE !

Magnitude error [percent]

osl |

Rk E

I L I L L
o 500 1000 1500 2000 2500 3000
Burden [Chrms]

part (b):

Solid line Rb, dotted line Xb
0.5 — " . "

o4r L
03r .
0.2F

01F

Phase error [degrees|

01

nzh

o3k

0.4 L L L L L
a 500 1000 1500 2000 2500 3000

Burden [Ohms]



Problem 2.32
part (a): The transformer turns ratio N = 200/5 = 40. For I; =200 A

Il ]Xm
I = — = 4.987/0.024°
TN (Rg +j(Xm +X§)>

part (b): Defining R = N2250u = 0.4

I .XIIl
L= ( R— . ) = 4.987£0.210°
N R2+RL +](Xm+X2)

Problem 2.33
part (a):

Solid line Rb, dotted line Xb
-0.25 T T T T

03k
0.3EE

o4k

nsk

Magnitude error [percent]
=]
=
m

-0.85

06k

0.ES L L L L L L L L
100 200 300 400 500 600 700 800 S00 1000

Eurden [uDhms]

part (b):

Solid line Rb, dotted line Xb
022 T T T T

0.2F

018

016

014

o

Phase error [degrees|
=]
[

0.08 -

0.06

0.04 £

0.02 L L
100 200 300 400 500 600 700 800 S00 1000

Eurden [uDhms]

Problem 2.34

V2
Zaser, = =221 — 1800
base
V2
Zbase,H = base.ll =2450Q

base
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Thus

R1 = 0~0095Zbase,L =17.1 IIIQ; X1 = 0~063Zbase,L =113 m®

X = 148 Zpase.1, = 266 Q

Ry = 0.0095 Zpasei = 2.33 ;X5 = 0.063 Zpaset = 15.4 ©

Problem 2.35

part (a):
(i) Z _ @I os00; Xy — 0127 =0.1130Q
1 base, L. — 75 % 103 — U. ) L — VY. base,L — Y.
.. 7970)2
(11) Zbase,H = ﬁ = 847 Q; XH = 0.122}3%67}1 =1020Q
part (b):
(i) 797 V:13.8 kV, 225 kVA
(i) Xpy = 0.12
(iii) Xz = 1029
(iv) XL, = 0.339Q

part (c):

(i) 460 V:13.8 kV, 225 kVA
(i) Xpu = 0.12

(iii) Xy = 1020

(iv) Xy, = 0.113Q

Problem 2.36
part (a): In each case, I,, = 1/0.12 = 8.33 pu.

(1) Thase.. = Poase/ (V3 Vhase..) = 225 kVA/(v/3 797 V) = 163 A
I, = Lyulhaser, = 1359 A

(ii) Thasen = Phase/ (V3 Viase 1) = 225 kVA/(v/313.8 kV) = 9.4 A
Ia = Ipulpasen = 78.4 A

part (b): In each case, Iy, = 1/0.12 = 8.33 pu.

(1) Thase.. = Poase/ (V3 Vhase..) = 225 kVA/(v/3 460 V) = 282 A
I, = Ipulpaser, = 2353 A

(ii) Thase = Phase/ (V3 Viase.n) = 225 kVA/(v/313.8 kV) = 9.4 A
Iy = Ipulhasen = 784 A
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Problem 2.37
part (a): On the transformer base

Pbase t 800 MVA
Xeen=|—=—"=)157T=——-]157=12
& ( bas&g) o7 <850 MVA> o7 7 pu

part (b): On the transformer base, the power supplied to the system is Pyt =
700/850 = 0.824 pu and the total power is Sout = Pout/pf = 0.825/0.95 =
0.868 pu. Thus, the per unit current is I = 0.868Z¢, where ¢ = —cos~10.95 =
—18.2°.

(i) The generator terminal voltage is thus

Vi = 1.0 + 17, = 1.03/3.94° pu = 26.8/3.94° kV
and the generator internal voltage is
Vien = 1.0+ [(Zy 4 Zgen) = 2.07/44.3° pu = 53.7/44.3° kV
(ii) The total output of the generator is given by Sgen = ViI* = 0.8262 +

0.3361. Thus, the generator output power is Pyen = 0.8262 x 850 = 702.2 MW.
The correspoinding power factor is Pgen/|Sgen| = 0.926 lagging.
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PROBLEM SOLUTIONS: Chapter 3

Problem 3.1
By analogy to Example 3.1,

T =2BoRI[I;sina + Ircosa] = 6.63 x 107 % [[;sina + Iy cosa] N-m

Thus

part (a): T = 0.530 cosa N-m

part (b): T'=0.530sina N-m

part (¢): T = 0.530[I; sina + Is cosa] N-m
Problem 3.2

T =0.5304 N-m
Problem 3.3

Can calculate the inductance as

_ N¢ 1000 x 0.13

L 1 10

=13 H
Thus
|
Waa = 3 LI =650 Joules

Problem 3.4

part (a): For x = 0.9 mm, L = 29.5 mH and thus, for I = 6 A, Wyq =

0.531 Joules.

part (b):For z = 0.9 mm, L = 19.6 mH and thus, for I = 6 A, Waq =

0.352 Joules. Hence, AWgq = —0.179 Joules.
Problem 3.5

For a coil voltage of 0.4 V, the coil current will equal I = 0.4/0.11 = 3.7 A.
Under the assumption that all electrical transients have died out, the solution
will be the same as that for Problem 3.4, with a current of 3.7 A instead of

6.0 A.
part (a): Waq = 0.202 Joules
part (b): AWgq = —0.068 Joules.

Problem 3.6

For x = 29, L = Ly = 30 mH. The rms current is equal to Inms = Io/v2

and thus
part (a):

1
< Waa >= ELIfmS =0.227 Joules
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part (b):
< Pyigs >=I2, . R=1.63 W

rms

Problem 3.7

part (a):
_ podVi
g 29
B2 B?
Waq = —£& | x Air-gap volume = [ —% | x 294,
240 2410
_ poN?Ag 1 49 ? ;2
N 4g T
part (b):

2 2
LZQWﬂd:NON Ao 1 40
12 2g T

Here is the MATLAB plot:

I L . L L
30 -20 -10 a 10 20 30
theta [degrees]

Problem 3.8
part (a):

vo(t) = Voe ¥/™; 7 =RC
part (b): Waa = ¢*/(2C) = CvZ /2. Thus

cvz2
Whaa(0) = 20; Waa(co) = 0
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part (c)
’Uc(t) V2e—2t/7—
ZR(t) = R ] Pdiss(t) = ’L%(t)R = R
o0 CV02
Wdiss - Pdiss (t) dt =
0 2
Problem 3.9
part (a):
Vo _i/r L
ZL(t)ZEOe t/r. T=5
part (b):
VOQL
Wﬁd(o) = W’ Wﬁd(OO) = O
part (c)
) ‘/0267215/7'
Paiss(t) = i7,(H) R = R
i V2L
Wlbb: Plbbtdt: 0
g /0 (1) dt = S

Problem 3.10

Given:
L 2
r=F=48scc; I’R=13MW
Thus
1, 1 (2R\ [T\ .0,
S Li —2L( - ) —(2)1R—6.24MJ0u1es

Problem 3.11
part (a): Four poles
part (b):

Tha

_OWgy  d I3
T 99m  dfm

> (Lo + Lo cos 29m)} = —I2Lysin 20y,
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Problem 3.12
part (a):

_ poNi
g+ qR/(2h)

where g7 is the length of the fixed gap, [ is its length and R is the radius of the
solenoid. Here is the MATLAB plot:

08r

0B

“Wariable-gap flux density [T]

0.4k

02r

L . . n
o 0.5 1 15 2 25
Wariable-gap length [cm]

B2
Waa = nR%g (2—g>
Ho

part (b):

Here is the MATLAB plot:

L . I L
o 0.5 1 15 2 25
“ariable-gap length [cm]
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part (c): L = 2Wpq/i%. Here is the MATLAB plot:

Inductance [uH]

o] D.IS 1‘ 1.‘5 2‘ 25
“ariable-gap length [cm]
Problem 3.13
If the plunger is moved very slowly (i.e. idL/dt << Ldi/dt, the current will
be essentially constant and all of the change in stored energy will come from
the mechanical work applied to the plunger. Thus,

part (a):
Work = Waa(g = 0.2 cm) — Waa(g = 2.25 cm) = 46.7  pJoules

part (b): The battery will supply only the energy dissipated in the coil.

Problem 3.14

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

i2 dL ILL()NQAC .2
faa=——=-— — |

2 dg 4q
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 931 N
(the mass of the slab times the acceleration due to gravity, 9.8 m/sec?). Hence,
setting g = gmim and solving for i gives

. . 2gmin fﬂd o
Tmin = ( N ) ILLQAC =385 HlA

and Vmin = tmindkt = 1.08 V.

Problem 3.15
part (a):

a; = —9.13071 x 107° ay = 0.124209 a3z = 28.1089
as = 10558.2

by = 9.68319 x 10711 by = —1.37037 x 10~7
bz = 6.32831 x 107° by = 1.71793 x 1073
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part (b): (i) Here is the MATLAB plot:

Flux-linkages [Wh-turns]

o D.‘E 'i 1.‘5 2I 2.‘5 3
Winding current [A]
(ii)
Waa = 13.0 Joules and W, = 13.7 Joules
Assuming no core relctance, Wygq = 11.8 Joules and ch'ld = 13.0 Joules

part (c): (i) Here is the MATLAB plot:

Flux-linkages [Wh-turns]

2 & & 8 0 12 14 15 18w =
Winding current [A]
(ii)
Whaa = 142 Joules and Wy, = 148 Joules
Assuming no core relctance, Waq = 139 Joules and W}, = 147 Joules

Problem 3.16

NZ2A, i2\ dL i’L
L:Lg ; fﬂd:(_) =

2 ) dg 29
The time-averaged force can be found by setting ¢ = Iyyms where Lpg = Vims/(wL).
Thus
L V2
< faqa >= s =—-115N

- 2gw?L - 2w N2A,
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Because the inductor is being driven by a voltage source, the gap flux density
remains constant independent of the air-gap length and hence the force also
remains constant.

Problem 3.17
part (a):

_ Mot
S

B,

part (b):

poxl
s:Bs l=——
¢ x S

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? li?
Woa = [ B2 gy — Hooli®
2u0 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
Wia = Waa. We can therefore find the force from

fﬂ _ de'/ld _ ILL()Z’L'Q
d dzr 2s

This force is positive, acting to increase = and hence force the coil further into
the slot.
part (d): faq = 18.1 N/m.

Problem 3.18

H2 2N2
Wia = (M02 ) X coil volume = (%) i?

Thus

f

_ AW, 1 _ pomroN? 2
dro h 0

and hence the pressure is

(NN
P_27TT0h_ 2h2 To
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The pressure is positive and hence acts in such a direction as to increase the
coil radius rg.

Problem 3.19

part (a):
q
Waa(ga) = [ vld' 2)dg

0
part (b):

oW,

faa = — 3 i
T q
part (¢):
Whq = vq — dWaq = dW}y = qdv + faadz
Thus

v a|17/
! ! d /. id
Waq = /0 q(v', z)dv';  faa = B

v

Problem 3.20

part (a):
q 2 2
Wia = ' 2y = L - U
fid /0 v(q',z)dg 2C " 264
v Cv?  egAv?
I V!
part (b):
Faa = Waq| Cv? B eoAv?
4= "o U_ 2 222
and thus
o EQAVO
faa(Vo, ) 952

Problem 3.21
part (a):

VZ\ dC Rd
Tay = de \ 7~ _ [ & 2
u-(3) % - (5) %

part (b): In equilibrium, Thq + Tspring = 0 and thus
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Here is the plot:

theta [degrees]
()
[=1

0 . .
o 500 7000 7500
e [V]

Problem 3.22

part (a):
N2A NZA
Lll _ HoLVy 7 LQQ — J AP
290 290
part (b):
1, BN
290 ’
part (c):
1 1 A
Wia = §L11i§ + §L22i§ + Ly2iyio = ZO— (N1iy + Naip)?
go
part (d):
oW} A -
fﬂd — 5 fid = ——ﬂ02 (Nlll + NQZQ)2
90 iy ig 490

Problem 3.23
part (a):

1 ) 1 . . i
Wia = §L112% + §L2213 + Lugizia = I? (L11 + Lo + 2L12) sin® wt

oW},
Thq = d =—4.2x10732sinfsin?wt N-m

01,02
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part (b):
Thqa = —2.1 x 10737%sinf N-m

part (¢): Tag = —0.21 N-m.

part (d):
A‘fuw!
20 o 60 é’o /e%zf %0 60 /S0
© 1 [ T i t t >
~J :
[
.05 : U Z=5
{
—o.1 \ I= %o7#A
SPRinG
-0)5+ ﬁ)ﬂci
-0z 4 T=10R
{-

part (e): The curve of spring force versus angle is plotted as a straight line on
the plot of part (d). 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
) 52.5°
7.07 35.3°
10 21.3°
part (f):
=)
80
70
el
§5U*
40
30
2UU 1 2 3 4 é é 7 g 9 10
1Al
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Problem 3.24
part (a):

do

Tﬁd = ilig = —2.8i1i2 sinf N-m

Lo

)\220:>i2:—(L—
22

) i1 = —1.12471 cos 6

Therefore, for 7; = 10 sinwt,

Taa = —3.14i2sinfcos = —314sin® (wt)sin 6 cos
—78.5 (1 — cos (2wt)) sin (20) N-m

part (b):
< Tgq >=—-785 N-m

part (c): It will not rotate. It will come to rest at angular positions where

d<Tﬂd>7

do 0

<Tgq >=0 and
ie. at 8 =90° or 8 = 270°.
Problem 3.25
part (a): Winding 1 produces a radial magnetic which, under the assumption
that g << g,

Ny .
B = le

9

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.

) 2rropuoN1No . .
fo = 2mrgNoB; 102 = M# 1192

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,={ -—tfeld p<<othn
— olNaiy r+h<z<I

g9
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Based upon this flux distribution, one can show that the self inductance of
coil 2 is
2 N2 2h
Ly — 2TToto N5 <l_x__>

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

g
part (d):
d |1 1 ropo N3 2mropoN1N:
fia = — | =L11i? + = Logi? +L12i1i2} — TTOP0Ts o TTTOROT2 4
der |2 2 g 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 z. Substituting the given expressions for the coil currents gives:

n 27ro o N1 No

oo N2
faa = —M@ cos? wt 1115 coswt

Problem 3.26

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 pr = 1.06u9, H, = —940 kA/m and B, = 1.25 T.
The result is

faa = -203 N atx=0cm
fld=9 151N atx=0.5cm

Problem 3.27
part (a): Because there is a winding, we don’t need to employ a “fictitious”
winding. Solving

Hyd+ Hggo = Ni; BnwD = Bg(h —x)D
in combination with the constitutive laws
By = pr(Hm — He);  Bg = poHg
gives

B. — ,UO(Ni + Hcd>
m — dL wg
el (e

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

i DN [Ni2 H.d
Wéd(i,x):/ A 2)di’ = 20T {T’+H (z’—i— ¢ )]

d w
Io PRy 2N

The force is then

dW} —pow? DN go Ni? . H.d
faa = fd — —+H. 1+
dx (% +wge)? L 2 2N
(i) for i =0,
fag = dWiq _ —pow? Dgo(Hed)?

R

where the minus sign indicates that the force is acting upwards to support the
mass against gravity.
(ii) The maximum force occurs when & = h

D(Hd)?
fmax = _% = _Mmaxa

where a is the acceleration due to gravity. Thus

Mo — powD(H.d)?
2a

part (b): Want

M inax wD(H.d)?
f(Imin,x:h = —a 2d = _MO i - )

Substitution into the force expression of part (a) gives
Inin = (2 — V2)(—H.d) = —0.59H.d

Problem 3.28
part (a): Combining

Hyd+ Hgg = 0; WTgBm = 27mrol By

Bg g ,lLng; Bm = ,LLR(Hm - Hrmc)

gives
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_Hcd,UJO
ko ) (2d
g+ (te) (3)
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 dN;y turns at height z’ above the bottom of the voice coil (which is at
z=x).

B, =

l l
—Hdpo)(2 l—
s :dNQ/ By (27r)dz = (=Hedpo)2rro) = 2) | )
o g+ (&) (M)
MR T0o
Recognizing that dN; = (N2/h)dz’ we can now integrate over the coil to
find the total flux linkages

x+h
Ny(—H.d 2 l—x—h/2
)\2:/ dry — N2 po)( 7T7"0)(M x—h/2)
z Lo 2la
o+ (i) (3)
part (c): Note from part (a) that the magnet in this case can be replaced
by a winding of N1i; = —H.d ampere-turns along with a region of length d and

permeability pug. Making this replacement from part (a), the self inductance of
the winding can be found

2mrohNZd
/\11 = Nl(I)ll = 27T'r‘0thBg = —Tl"f‘o L 53 il
o+ (1) (%)
and thus
27T'f‘0hN12du0

Lin=—F—"—=
(2 (%)
Similar, the mutual inductance with the voice coil can be found from part
(b) as

& _ Nl)\g _ NQNQ/LQ(??TTQ)(Z—,T—h/Q)
] —H.d 21d
i o+ () ()

We can now find the coenergy (ignoring the term Lozi3/2)

Ly =

1 . ..
Waa = 3 L1143 + Lyoiyis
po(Hed)?mroh  poNa(—Hed)(27rod) (1 — 2 — %)

= 7,2
o ) (2ld ko | [ 2id
o+ (82) (%) o+ (1) (%)
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part (d):

_dWhy  poN2(=Hcd)(2mrod)
T )

Problem 3.29
part (a):

Huytm + Hyx + Heg = 0;  7(R3 — R3) B = mRIBy = 21 R1hB,

Bg = /LOHg; By = poHy; By = ,LLR(Hm - Hc)
where pg = 1.0540 and H, = —712 kA /m.

Solving gives

poR (—Hetm)

2M0R2htm

=0.562 T

and

2h
Be=(2)B,=0535T
(R1> &

part (b): We can replace the magnet by an equivalent winding of Ni =
—H ty. The flux linkages of this equivalent winding can then be found to be

2mpohR2N? ) .
A= N(2rR h)B, = Al e | = Li
2hx + gR1 + WLRE)
The force can then be found as
i2 dL —27T[L0(hR1)2(Ni)2
fra = 2 dr 2poR2htm \ 2
(2h117 + gRl + HR(Rgl_Rg))

— 2 - 2
_ 27 10(hR1)?(— Hetn) = —0.0158 N

2poR2htm
(2/’1156 + gRl + HR(Rgl_Rg))

part (c):

Xo=2z—+==4.0 mm
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Problem 3.30
part (a): If the plunger is stationary at = 0.9a, the inductance will be
constant at L = 0.1Ly. Thus

\%
i(t) = EO e U7

where 7 = L/R.
The force will thus be

faa= S = 20

.2 2
1“ dL Lo E o—2t/7
2 dx 2a

part (b):

f Ly (Vo\?
Xo=0.9a+ - = 0.9a — 20
0 5 T 9K, \ R

Problem 3.31
part (a): Since the current is fixed at i = Iy = 4 A, the force will be constant
at f = —I2Lo/()2a = —1.45 N. Thus

onO.Q*a—l—Kiozl.SG cm

part (b):

22 2z
MW =f+ Ko(0.9a — x) = OQW = 5.48 — 350z N

dL Lodzx dx
= I Ig— = I)R — —— =6-—0.182—
v=IR+ 0 oR T =v=6-0.18 7

part (¢): The equations can be linearized by letting © = X, + 2/(¢) and
v ="V +v/'(t). The result is

d*x’ ,
and
dx’
/= —-0.182 —
v dt

part (d) For € in meters,
2'(t) = € coswt m

where € = v/1750 = 41.8 rad/sec and
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v'(t) = 7.61le sinwt V

Problem 3.32

part (a): For a dc voltage of Vj = 6 V, the corresponding dc current will be
Iy = Vo/R = 4 A, the same as Problem 3.31. Hence the equilibrium position
will be the same; Xy = 1.56 cm.

part (b): For a fixed voltage, the dynamic equations become:

Vo = iR+ = (Li) = iR+ Lo (1 - _) @ <_)

a/ dt a ZE
or
di dx
1 -3(1 _ av . ax
6= 1.5i+4 x 107°(1 — 402) - — (0.182)i—
and
d2$ i2 LO
MW =f—Ko(09a —z)=— <5> <7> + K¢(0.9a — x)
or
0 2d2—$ = —0.0909:% + 6.93 — 350z
2—5 = 0. )

part (c): The equations can be linearized by letting x = Xy + 2/(t) and
i =1Ip+4(t). The result is

. Xo\ di’ Lo dz
0=iR+Lo(1——|——(— ) lo—
rh 0( a>dt <a Odt

or
di’ dx
0=15{+15x10"3— — 0.728—
v Lo dt dt
and
a2z’ IoLo )\ .
Mdt2 :_( - )z’—KO:v’
or
d2x 9 ,
O'QW = —0.727i% — 350x

Problem 3.33

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

d2
J% =Tosin«

part (c): The incremental equation of motion is

d*a
JW = TQCY

and the natural frequency is

w =4/ % = 0.62 rad/sec

corresponding to a frequency of 0.099 Hz.
Problem 3.34
As long as the plunger remains within the core, the inductance is equal to

bt (6 )

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

;2 % B podr N2i2x

i
Jaa = 2 dx ag

Analogous to Example 3.10, the equations of motor are

d’x dx podr N2i2x
ft——MW—BE—K(x—ZO)_T

The voltage equation for the electric system is

podmN? <(a)2 2) di  2updnN%z dx
HOSTIY _2) & haid

e =t ag dt ag dt

2

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, say, between the
limits —a/2 < z < a/2.
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PROBLEM SOLUTIONS: Chapter 4

Problem 4.1
part (a): wy, = 1200 x 7/30 = 407 rad/sec
part (b): 60 Hz; 1207 rad/sec
part (c): 1200 x 5/6 = 1000 r/min

Problem 4.2
The voltages in the remaining two phases can be expressed as Vj cos (wt — 27/3)
and Vp cos (wt + 27/3).

Problem 4.3
part (a): It is an induction motor.
parts (b) and (c): It sounds like an 8-pole motor supplied by 60 Hz.

Problem 4.4
part (a):

ﬁ l‘.-
o

~-Yo

part (b):
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part (¢):
F
—L Yo
; w0 - __]
::—@l—i {% bf % ‘?c?
=90
part (d):

Problem 4.5

Under this condition, the mmf wave is equivalent to that of a single-phase
motor and hence the positive- and negative-traveling mmf waves will be of equal
magnitude.

Problem 4.6
The mmf and flux waves will reverse direction. Reversing two phases is the
procedure for reversing the direction of a three-phase induction motor.

Problem 4.7

max

F1 = Fax €08 046 COS Wel = (€08 (Bae — wt) + €08 (Bae + wt))

Fmax

Fo = Fax sin O, sinwet = (cos (Bae — wt) — €08 (ae + wt))
and thus

ftotalzfl +-7:2:Fmaxcos(9ac_wt)
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Problem 4.8
For n odd
3/2
f—é/z cos (n@)do b
s ()
ffﬂ'/Q cos (nd)do
For 8 = 57/6,
nd 097 n=1
sin (7) =4 O n=3
0.26 n=5
Problem 4.9
part (a): Rated speed = 1200 r/min
part (b):
TrgBagl.,pcak(poleS)
I = =113 A
4M0krNr
part (c):

2
Dp = <§) IRBagi peak = 0.937 Wb

Problem 4.10
From the solution to Problem 4.9, ®p = 0.937 Wh.
Vs = N2 901 kv
V2
Problem 4.11
From the solution to Problem 4.9, ®p = 0.937 Wh.
‘/rms - WkWN—a(I) =104 kV
V2
Problem 4.12
The required rms line-to-line voltage is Vs = 13.0/ V3 = 7.51 kV. Thus

Na — \/5 ‘/;ms
wky®

=39 turns

Problem 4.13
part (a): The flux per pole is

® = 21RBag1 pear = 0.0159  Wh

The electrical frequency of the generated voltage will be 50 Hz. The peak voltage
will be
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Voeak = WN® = 388 V

Because the space-fundamental winding flux linkage is at is peak at time
t = 0 and because the voltage is equal to the time derivative of the flux linkage,
we can write

v(t) = £Vpeax sinwt

where the sign of the voltage depends upon the polarities defined for the flux
and the stator coil and w = 1207 rad/sec.
part (b): In this case, ® will be of the form

®(t) = dgcos® wt

where @y = 0.0159 Wb as found in part (a). The stator coil flux linkages will
thus be

1
At) = £N®(t) = N®g cos® wt = +3 N®g(1 + cos2wt)
and the generated voltage will be
v(t) = FwPq sin 2wt

This scheme will not work since the dc-component of the coil flux will produce
no voltage.

Problem 4.14

Foa = ia]lAjcosb, + Ascos36, + As cosbb,]
= I,coswt[A; cosf, + Ascos30, + As cos b5d,]

Similarly, we can write
Fv = ip[A1cos(0y —120°) + Az cos3(0, — 120°) + A5 cos 5(0, — 120°)]
= I, cos(wt —120°)[A; cos (6, — 120°) + A5 cos 30, + As cos (50, + 120°)]
and
Fe = ic[A1cos (0,4 120°) + Ascos3(0, + 120°) + A5 cos 5(0, + 120°)]
= I, cos (wt+ 120°)[A; cos (8, + 120°) + Az cos 30, + As cos (50, — 120°)]

The total mmf will be
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Frot = Fat+Fp+Fe
= g[a[Al cos (0, — wt)As cos (50, + wt)]

= g[a[Al cos (0, — wt)As cos b (93 + (%t))]

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 4.15
The turns must be modified by a factor of

18\ /1200 9
<ﬂ> (1400) =g =004

30E,
—— =6.25 Wb
N (poles)n o

Problem 4.16
o, =

Problem 4.17
part (a):

2 2
o, ( ) 2Bpearlr = (Z) x 2% 1.25 x 0.21 x (.0952/2) = 12.5 mWb

poles

Vims X poles (230/v/3) x 4
V2 7 fnekw®, V27 X 60 x 0.925 x 0.0125

Npn = = 43 turns

part (b): From Eq. B.27

I 16u0lr <kwNph

2
> =21.2mH
g poles

Problem 4.18

part (a):
‘/rl’ns
¢, = —=—— =108 mWb
\/5 7TNph
P
Bpeak = 5 = 0523 T



part (b):
B eakd

I; = —P%2 —0.65 A

E T 2ok,
part (c):

a,pea 2 rms

Lo = Dpenk _ V2Vime/w _ oo g
If If

Problem 4.19
No numerical solution required.

Problem 4.20

2DI
(I)peak = (m) Bpeak

4krNrIr,max

Fr,peak =
T X poles

1 2
et = g (p‘;es) DpearcFr peak = 4.39 x 10° N-m

Ppcak = Tpcakwm = 828 MW

Problem 4.21

2Dl
o eak — B ea
pealk < poles ) peak

4krNrIr,max

Fr,pcak =
m X poles

1 2
Tpcak - g <p0268> (I)pcakFr,pcak =16.1 N-m

Ppeax = Tpeakwm = 6.06 kW

Problem 4.22
part (a):

. dMys .. dMys
T = N .
falt d60 ‘b d90

= Mis (ip, cos 0y — i, 8in )

53
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This expression applies under all operating conditions.
part (b):

T = 2MIZ(cos fy — sinfy) = 2v/2 M2 sin (g — 7/4)

Provided there are any losses at all, the rotor will come to rest at 8y = /4 for
which T'= 0 and dt/df, < 0.

part (c):
T = V2 M1, It (sin wt cos g — coswt sin )
= V2MI,I;sin (wt — 6y) = V2 MI,I;siné
part (d):
. d . .
Va = Raia+ E (Laala + Maflf)
= V2 I.(R, coswt — wly, sinwt) — wM I sin (wt — §)
. d . .
vp = Raip + = (Laain + Mysir)

dt
= V2 L(Rasinwt + wl, coswt) + wM I cos (wt — §)

Problem 4.23

T = MI(i,cosby —i,sinfy)
= V2MI;[(I, +I'/2)siné + (I'/2) sin (2wt + 0)]

The time-averaged torque is thus
<T>=V2MI(I, + I'/2) siné
Problem 4.24

part (a):

i2 dL,, i2 dLyp dLap dM ¢ dMyg
T — ‘a a _b ~a~ a -' . a ..
2 a0y T2 doe ™ Tame T g, T Taa,

= V2ILI;{Msing + 2I2Lysin 20

part (b): Motor if ' > 0, § > 0. Generator if ' < 0, < 0.
part (c): For It = 0, there will still be a reluctance torque T' = 212 Ly sin 2§
and the machine can still operate.
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Problem 4.25
part (a):

v=%==25 m/sec

A

part (b): The synchronous rotor velocity is 25 m/sec.
part (c): For a slip of 0.045, the rotor velocity will be (1 — 0.045) x 25 =
23.9 m/sec.

Problem 4.26

Lms = B\‘Ek <50> <2> () < >

kwNp
1.45 /9.3 x 10— 2x 7
— =218 A
\/5( )()()(091x280)
Problem 4.27

part (a): Defining 8 = 27 /wavelength

2preak

/B
o, = w/ Bpeak cos frdr = =1.48 mWhb
0

part (b): Since the rotor is 5 wavelengths long, the armature winding will
link 10 poles of flux with 10 turns per pole. Thus, Apcak = 100®, = 0.148 Wh.
part (¢): w = fv and thus

W)\peak

Vims = =34.6 V,rms
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PROBLEM SOLUTIONS: Chapter 5

Problem 5.1

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

VL sin 5RF
f
P = wa 0,8 Vt sinéRF

part (a): Reduced to 31.1°
part (b): Unchanged
(¢):
(

T x

part (c): Unchanged
part (d): Increased to 39.6°

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.

Problem 5.3
1
3
Le=3 (Laa — Lal) + Loy = 7.08 mH
Problem 5.4
part (a):
2 Vi1, rms
Lt = V2Vicims _ g 4y

V3wl
part (b): Voltage = (50/60) 15.4 kV = 12.8 kV.

Problem 5.5
part (a): The magnitude of the phase current is equal to

40 x 103
I X

- _591A
* 7 0.85 x /3 460

and its phase angle is — cos~!0.85 = —31.8°. Thus
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I, = 59.1¢ 7318

Then

N A 4 01 QO
By =V, —jX., = 469 — j4.15 x 59.1e /318" =136 £ — 56.8° V
V3
The field current can be calculated from the magnitude of the generator
voltage

Iy = V2Eu _ 11.3 A
wLaf
part (b):
F.=266/—-381°V; I;=153A
part (c):

Euy=395/-278°V; [;=202A

Problem 5.6

The solution is similar to that of Problem 5.5 with the exception that the
sychronous impedance jXj is replaced by the impedance Zr 4+ jX5.

part (a):

B =106/ —66.6°V; I =12.2 A

part (b): X
E.=261/—-43.7°V; I} =163 A
part (c): R
E, =416/ —31.2°V; I} =22.0A
Problem 5.7
part (a):
Lot = M — 49.8 mH
V3wl
part (b):
3
i = 600 x 10° _ 151 A
V32300

Bt =V — jXodo =177/ —41.3° V

_ V2Ex

1
f wLaf

=160 A
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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 160 A.

Armature current [A]
3
o

L L L L L
100 120 140 160 180 200 220 240

Field current [A]
Problem 5.8
part (a):
V2 (26 x 10%)2
Zpase = D25 = o —— = 0.901
base = P e 750 x 106
X% Z as
L, = Z5pufbase 4 o8 mH
part (b):
Xa uZ ase
L, = Zabeubase g g3 i
w
part (c):

2
I— g(LS — Lal) + L, = 3.40 mH

Problem 5.9
part (a):

AFNL

SCR = AFsc

= 0.520

part (b):
Zpase = (26 x 10%)2 /(800 x 10°) = 0.845
1
Xe=——=219pu=1.85Q
>~ SCR P
part (c):

X.. AFSC

:7:1.2 :1.2Q
= AFNL,ag 1 02Pu=16
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Problem 5.10
part (a):

AFNL

SCR = AFsc

=1.14

part (b):
Zpase = 41602/(5000 x 10%) = 3.46

1
—— =1.11 pu=3.86 Q2

Xy =
SCR
part (c):
AFSC
Xs,u - m =0.88 pu = 3.05 Q

Problem 5.11
No numerical solution required.

Problem 5.12
part (a): The total power is equal to S = P/pf = 4200 kW /0.87 = 4828 kVA.
The armature current is thus

. 4828 x 103
L=—"—""—
V3 4160

Defining Z; = R, + j X5 = 0.038 + j4.81

/(cos™10.87) = 670/29.5° A

4160
|Eat| = |Va — ZsIa| = |—= — ZsI,| = 4349 V, line — to — neutral
V3
Thus
434
I; = AFNL (i> =306 A
4160//3

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 306 A
of field current on the open-circuit saturation characteristic. Interpolating the
given data shows that this corresponds to a value of around 4850 V line-to-line.
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Problem 5.13

260

250
240
230

< ozot

Field current
~ - o
o jiu) = =
[=} =] [=] o
T T T T

)
[=]
T

@
(=]

L L I I I I I L I
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Power [kWY]

o

Problem 5.14

At rated power, unity power factor, the armature current will be I, =
5000 kW /(v/34160 V) = 694 A. The power dissipated in the armature winding
will then equal Parm = 3 x 6942 x 0.011 = 15.9 kW.

The field current can be found from

4160
|Eat| = |Va — ZsI,| = | —= — ZsI.| = 3194 V, line-to-neutral
V3
and thus
194
I; = AFNL (&> ~319 A
4160//3

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

234.5+ 125

Re=0279 (2T =
! ( 234.5 + 75

) =0.324 O

and hence the field-winding power dissipation will be Pgeq = IfQRf = 21.1 kW.
The total loss will then be

Piot = Peore + Parm + Pfriction/windage + Phiela = 120 kW

Hence the output power will equal 4880 kW and the efficiency will equal 4880/5000
= 0.976 = 97.6%.
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Problem 5.15
part (a):

Open-circuit characteristic

Terminal voltage [kY]
B

NooR @ m
L e

=]

. \ . . \ . .
100 200 300 400 &00 BOD 700 &m0
If [A)

o

Short-circuit characteristic
7000 T

B000 -

000 -

4000 -

3000 -

Short-circuit current [4]

2000

1000 -

o

. \ . . \ . .
i 100 200 300 400 &00 BOD 700 &m0
If [A)

part (b): AFNL = 736 A. AFSC = 710 A.

part (c): (i) SCR = 10.4, (ii) X5 = 0.964 per unit and (iii) X5, = 1.17 per
unit.
Problem 5.16

For V, = 1.0 per unit, Eaf max = 2.4 per unit and Xy = 1.6 per unit

Ew max ~ V .
Qmax = —afmax — 78— 0.875 per unit
Xs
Problem 5.17
part (a):
V2
Z ase = base 5 29 Q
b Pbase

1 .
X = SCR 0.595 per-unit = 3.15 Q
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part (b): Using generator convention for current

part (c):
150
By = 120 0.357 per-unit
For V, = 1.0 per-unit,
7 Em — Va o . o
I, = 7&')( Ya 1 .08/90° per-unit = 1.36/90° kA
JAs

using Thase = 1255 A.
part (d): It looks like an inductor.
part (e):

700 .
E. = 120 = 1.67 per-unit

For V, = 1.0 per-unit,

7 E'1 — Va . o
I, = fTV =1.12/ — 90° per-unit = 1.41/ — 90° kA
JAs

In this case, it looks like a capacitor.
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Problem 5.18

Va [kv]
s

100 200 300 400 500 600 700
fd 4]

Problem 5.19
part (a): It was underexcited, absorbing reactive power.
part (b): It increased.
part (c): The answers are the same.

Problem 5.20
part (a):

= = U. er- n]t
s p Tr-u

part (b): P = 0.875 and S = P/0.9 = 0.972, both in per unit. The power-
factor angle is — cos™! 0.9 = —25.8° and thus I, = 0.875/ — 25.8°.

Eu=Vy+jX,I, =1.15/11.6° per-unit

The field current is Iy = AFNL|Eaf| = 958 A. The rotor angle is 11.6° and the
reactive power is

Q = \/S2 — P2 = 4.24 MVA

part (¢): Now |E,¢| = 1.0 per unit.

PX;
5 = S11171 ( V |Eaf|> = 13.60
a

and thus E,r = 1.0/13.6°.

B
I, = LV& — 0.881/6.79°
J X

Q= Imag[Vaf:] = —0.104 per-unit = —1.04 MVAR
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Problem 5.21

2 Eaf - Va . Va Eaf . .
[ =2 "2 _ ;9 sind — jcosd
a ng J )(S XS ( 1 J )
The first term is a constant and is the center of the circle. The second term is
a circle of radius Faf/Xj.

Problem 5.22
part (a):

(i)

(ii) Vi = Ve = 1.0 per unit. P = 375/650 = 0.577 per unit. Thus

PX.
8, = sin~ ! (VV > =12.6°
t Voo
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and

R Jos _
i, = Y = Voo 578/3.93° per-unit
JXoo

Thase = Poase/ (V3 Viase) = 15.64 kA and thus I, = 9.04 kA.

(iii) The generator terminal current lags the terminal voltage by d;/2 and thus
the power factor is

pf = cos ™! 6, /2 = 0.998 lagging
(iv)
|Eat] = |Vio 4 §(Xoo + Xs)Ia| = 1.50 per-unit = 36.0 kV,line-to-line

part (b):
(i) Same phasor diagram
(ii) [, = 0.928£6.32° per-unit. I, = 14.5 kA.
(iii) pf = 0.994 lagging
(iv) Ear = 2.06 per unit = 49.4 kV, line-to-line.

Problem 5.23
part (a):

2000

1800

1600 -

1400 -

1200 -

Figld current [4)]

1000 -

800 |

600

L L I L L I
u} 100 200 300 400 00 B00 700
Power [WyW]
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part (b):

=20 T T T T T T

Reactive power [MyAR]

110 L L I L L I
u} 100 200 300 400 00 B00 700
Power [WyW]

part (c):

1800

1800

1700

1600

1500

1400

Field current [4]

1300

1200

1100

1000

900

L L I L L I
o 100 200 300 400 500 600 uln]
Power [MW]

Reactive power [MWAR]

-60

L L I L L I
o 100 200 300 400 500 600 uln]
Power [MW]

Problem 5.24

part (a): From the solution to Problem 5.15, X; = 0.964 per unit. Thus,
with Vo = Ear = 1.0 per unit
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Voo E af

S

Pm ax —

= 1.04 per-unit

noindent Hence, full load can be achieved. This will occur at

X
§ =sin"! (7g> =74.6°
Eaf‘/infty

part (b): The generator base impedance is 1.31 Q. Thus, X, = 0.14/1.31
= 0.107 per unit. Now

Voo Eaf

Pmax = T . v
(Xoo + X5

= 1.04 per-unit = 0.934 per-unit = 135 MW
Problem 5.25
Follwing the calculation steps of Example 5.9, E.s = 1.35 per unit.

Problem 5.26
Now X4 = .964 per unit and Xy = 0.723 per unit. Thus

part (a):
Voo By V2 1 1 . .
P= O}d(f sind + ?’O (Yq — X_d> sin2§ = 1.037sind + 0.173 sin 26

An iterative solution with MATLAB shows that maximum power can be achieved
at § = 53.6°.
part (b): Letting Xp = Xq + Xoo and Xq = Xq + X0

Voo E V: /1 1
P = OOX af sin(5 + ?.O (X_Q — X_D> Sin25 = 0934811'15 + 0.136 Sil’l25

An iterative solution with MATLAB shows that maximum power that can be
achieved is 141 Mw, which occurs at a power angle of 75°.

Problem 5.27

o0&
/;"_‘\ -
. T .
o7 /// = N
PP \ A
0.6 s NN
= R A
5 P . RSN
05 L My
= # PR
04 = part (3) Ty
s i = part (b) W
03 J = part (c) R s
”’ = part (d) v
02r gy X
L
arEf N
0

L L L L L L L I
o 20 40 B0 a0 100 120 140 160 180
Power angle [degrees]
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Problem 5.28

Problem 5.29

Problem 5.30
For E.;; =0,

V2 [ 1 1
Rnax =t (_ — —) =0.21 = 21%

2 \ X, X,

This maximum power occurs for § = 45°.

Vi 1)
Iy = Treos0 0.786 per-unit
Xd
I, = V;s—md = 1.09 per-unit

q Xq
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and thus I, = /I3 + I2 = 1.34 per unit.

S = Vi I, = 1.34 per-unit

Hence

Q = /82 — P? = 1.32 per-unit

Problem 5.30

o Fla 2 1 1
P = VXd f Si115+ % <?q — X—d) Sill2($

The generator will remain synchronized as long as Ppa.x > P. An iterative
search with MATLAB can easily be used to find the minimum excitation that
satisfies this condition for any particular loading.

part (a): For P = 0.5, must have E,; > 0.327 per unit.

part (b): For P = 1.0, must have E,¢ > 0.827 per unit.

Problem 5.32
part (a):

part (b): We know that P = 0.95 per unit and that

Vo Vi
P="2"tgn Ot
bus
and that
=YV
J X4

It is necessary to solve these two equations simultaneously for Vi = Vi L6y so
that both the required power is achieved as well as the specified power factor
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angle with respect to the generator terminal voltage. This is most easily done
iteratively with MATLAB. Once this is done, it is straightforward to calculate

Vi = 1.02 per-unit; FE,r = 2.05 per-unit; ¢ = 46.6°

Problem 5.33
part (a): Define Xp = X4 + Xpus and Xq = Xq + Xpus-
(i)

Eaf min = Vbus — Xp = 0.04 per-unit

Eaf max = Vbus + Xp = 1.96 per-unit

o
)

o
.

Per-unit armature current
o
n

I I I I L I
o 0.z 0.4 06 08 1 12 1.4 16 18 2
Per-unit excitation

part (b):

Per-unit armature current
o o o o o o
oW R @
T

o

(=]

L L I I I I L I
0.z 0.4 0B 08 1 1.2 1.4 1.6 1.8 2
Per-unit excitation

o
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part (c):

Per-unit armature current
o o o o
m ~ W @

o o o
W ki
T

=
X

o

(=]

L L I I I I L I
0.z 0.4 0B 08 1 1.2 1.4 1.6 1.8 2
Per-unit excitation

o

Problem 5.34

n x poles 3000 x 6
120 120

f= = 150 Hz

Problem 5.35
part (a): Because the load is resistive, we know that

;P 4500
Y3V, V3192

part (b): We know that F,¢ = 208/+v/3 = 120 V. Solving

Eaf =V Va2 + (XsIa)Q

=135 A

for Xy gives
/E2 _ V2
X = %‘é =3.410Q

part (c): The easiest way to solve this is to use MATLAB to iterate to
find the required load resistance. If this is done, the solution is V, = 108 V
(line-to-neutral) = 187 V (line-to-line).

Problem 5.36

B FE, B wk,
" R.+ Ry +jwL, Ra+ Ry + jwl,

a

Thus
~ wKa Ka

|a|: =

VB + (Wl Lar/1+ (R—Zif )

Clearly, I, will remain constant with speed as long as the speed is sufficient
to insure that w >> (Ry + Rp)/La
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PROBLEM SOLUTIONS: Chapter 6

Problem 6.1
part (a): Synchronous speed is 1800 r/min. Therefore,
1800 — 1755
= ———— =0.025 = 2.
1300 0.025 5%

part (b): Rotor currents are at slip frequency, f, = s60 = 1.5 Hz.

part (c): The stator flux wave rotates at synchronous speed with respect to
the stator (1800 r/min). It rotates at slip speed ahead of the rotor (s1800 = 45
r/min).

part (d): The rotor flux wave is synchronous with that of the stator. Thus it
rotatesat synchronous speed with respect to the stator (1800 r/min). It rotates
at slip speed ahead of the rotor (s1800 = 45 r/min).

Problem 6.2
part (a): The slip is equal to s = 0.89/50 = 0.0178. The synchronous speed
for a 6-pole, 50-Hz motor is 1000 r/min. Thus the rotor speed is

n = (1—s)1000 =982 r/min

part (b): The slip of a 4-pole, 60-Hz motor operating at 1740 r/min is

1800 — 1740

1300 = 0.0333 = 3.33%

The rotor currents will therefore be at slip frequency f, = 60 x 0.0333 = 2 Hz.

Problem 6.3

part (a): The synchronous speed is clearly 1200 r/min. Therefore the motor
has 6 poles.

part (b): The full-load slip is

~ 1200 — 1112

1200 =0.0733 = 7.33%

part (c): The rotor currents will be at slip frequency f, = 60 % 0.0733 = 4.4
Hz.

part (d): The rotor field rotates at synchronous speed. Thus it rotates at
1200 r/min with respect to the stator and (1200-1112) = 88 r/min with respect
to the rotor.

Problem 6.4

part (a): The wavelenth of the fundamental flux wave is equal to the span
of two poles or A = 4.5/12 = 0.375 m. The period of the applied excitation is
T = 1/75 = 13.33 msec. Thus the synchronous speed is
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A
Us = o = 28.1 m/sec = 101.3 km/hr

part (b): Because this is an induction machine, the car in this case) will
never reach synchronous speed.

part (c):
~101.3-95

= 0.0622 = 6.22
101.3 0.06 6.22%

The induced track currents will be a slip frequency, f = s75 = 4.66 Hz.
part (d): For a slip of 6.22% and a car velocity of 75 km/hr, the synchronous
velocity must be

75
Vg = 1—_5 =80.0 km/hr

Thus the electrical frequency must be

ros0(22) =2

and the track currents will be at a frequency of sf = 3.68 Hz.

Problem 6.5
part (a): For operation at constant slip frequency f;, the applied electrical
frequency f. is related to the motor speed in r/min n as

B poles
fe_"( 120>+fr

and thus, since the slip frequency f; remains constant, we see that the applied
electrical frequency will vary linearly with the desired speed.

Neglecting the voltage drop across the armature leakage inductance and
winding resistance, the magnitude of the armature voltage is proportional to the
air-gap flux density and the frequency. Hence the magnitude of the armature
voltage must vary linearly with electrical frequency and hence the desired speed.

part (b): The electrical frequency of the rotor currents is equal to the slip
frequency and hence will remain constant. Since the rotor will be operating in
a constant flux which varies at a constant frequency, the magnitude of the rotor
currents will be unchanged.

part (c): Because the rotor air-gap flux density and the rotor currents are
unchanged, the torque will remain constant.

Problem 6.6

part (a): Since the torque is proportional to the square of the voltage, the
torque-speed characteristic will simply be reduced by a factor of 4.

part (b): Neglecting the effects of stator resistance and leakage reactance,
having both the voltage and frequency maintains constant air-gap flux. Hence
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the torque-speed characteristic looks the same as the original but the synchro-
nous speed is halved.
Problem 6.7

part (a): Four poles.

part (b): Counterclockwise
part (c): 1800 r/min
part (d): Four poles

part (e): No. There will be dc flux linking the induction-motor rotor wind-
ings but there will be no resultant voltage at the slip rings.

Problem 6.8

part (a): 1500 r/min

part (b): The induction motor rotor is rotating at 1500 r/min in the clock-
wise direction. Its stator flux wave is rotating at 3000x (2/poles) = 1000 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 1000 r/min would produce
50-Hz voltages at the slip rings, we see that in this case the rotor frequency will
be f; =50 x (2500/1000) = 125 Hz.

part (c): Now the stator flux wave will rotate at 1000 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 25 Hz.

Problem 6.9
part (a): Ry will decrease by a factor of 1.04 to 0.212 €.
part (b): X will increase by a factor of 1/.85 to 53.8 €.
part (c): Rg will decrease by a factor of 3.5/5.8 to 0.125 €.
part (d): All values will decrease by a factor of 3.

Problem 6.10

This problem can be solved by direct substitution into the equations in
chapter 6, which can in-turn be easily implemented in MATLAB. The following
table of results was obtained from a MATLAB script which implemented the
equivalent-circuit equations assuming the core-loss resistance R, is in parallel
with the magnetizing reactance. R, was calculated as

4602
<= S00 962 Q
slip [%] 1.0 20 3.0

speed [r/min] | 1782 1764 1746
Tow [Nm] | 85 165 234
Pout [kKW] 85 165 234
Po kW] | 458 89.6 128
power factor | 0.81 0.87 0.85
efficiency [%] | 93.3 94.4 93.8

Problem 6.11
part (a): 1741 r/min
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part (b): 1799 r/min
part (c):

100

80 -

60 -

40

eta [percent]

20+

o0 I L I L L
-5 u] = 10 15 20 25
Pout [kiv]

part (d):

94.5

94 -

935

93 -

925+

)
5]
T

eta [percent]

=)
i

2

=)
o
in

i)
(=]

5' 'I‘U 1‘5 QIU 25
Pout [kiv]
Problem 6.12
For a speed of 1725 r/min, Puy = 426, kW, P, = 457 kW, pf = 0.751
lagging and n = 93.3 %.

Problem 6.13

It is necessary to find find the value of Rs. This can be easily done by writing
a MATLAB script to iteratively find that value of Ry which full-load internal
torque at a slip of 3.5%. The result is Ry = 0.0953 . Once this is done, the
same MATLAB script can be used to sustitute the machine parameters into
the equations of chapter 6 to find Twax = 177 N-m at a slip of 18.2% and
Tstart =71.6 N-m.

Problem 6.14

This problem is readily solved once the value of Ry has been found as dis-
cussed in the solution to Problem 6.13. The impedance of the feeder must be
added in series with the armature resistance R; and leakage reactance X;. A
MATLAB script can then be written to find the desired operating point. The
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result is that the motor achieves rated output at a slip of 3.67% and a terminal
voltage of 221.6 V, line-to-line.

Problem 6.15
part (a): For Ry =0, Ry ¢q = 0 and thus from Eq. 6.34

R
= (X1eq + X2)
SmaxT
From Eq. 6.36,
mex _ O.5nphVﬁeq
: Ws(Xl,eq+X2)
and from Eq.6.33 with s = 1
nph‘/l%eqfi2

Tstart =

Ws[R% + (Xl,eq + X2)2]

Noting that

Thax  2.20

—— = ——=1.63

Tstart 1.35

we can take the ratio of the above equations
R 2
2

Tmax — 163 = R% + (X12,eq + X2)2 o (Xl,eq+X2) +1
Tstart . RQ (Xl,eq + X2) ﬁ

From Eq.6.34, with Req1 = 0, SmaxT = R2/(X1,eq + X2). Hence

0'5(5?naxT + 1)
SmaxT

=1.63

which can be solved to give spaxr = 0.343 = 34.3%.
part (b): From Eq. 6.33 with Req,1 = 0 and with s = syated,

T ted = nphvﬁeq(RQ/Srated)
e ws[(RQ/Srated)2 + (Xl,eq —+ X2)2]

and thus
Tmax —921 _ 0-5[(R2/5rated)2 + (Xe(bl + X2)2]
Trated . (R2/srated)(Xeq,1 + X2)
_ 05[1 + (SmaxT/Srated)Q]
SmaxT/Srated

This can be solved to give
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Srated = 0.2408maxT = 0.0824 = 8.24%

part (c):
f _ Vl,eq _ Vl,eq
2,start — . - 3
ST Ry + J(Xeg1+X2) (Xeq1 + X2)(Smaxt + 7)
L Vi, ) P
,rated — . - .
Ro/Svated + j(Xeq,l + Xo) (Xeq71 + X5)(SmaxT/Srated + J)
Thus

f ar max r j 4'16 ]
|2,st<t| _|5 aT/Sated+j|:| +]|:4.05:405%

|j2,rated| - |SmaxT + ]| |343 -+ ]|

Problem 6.16
Given Tmax = 2.37H, SmaxT = 0.55 and sg = 0.087, start by taking the ratio
of Egs. 6.36 and 6.33

T’Inax _ 0-5[(R1,eq + RQ/SH)Q + (Xl,eq + X2)2]

T (Rueq+ /R oq + (Xteq + X2)?) (Ra/sn)

Substituting Eq. 6.34 gives

oss | (2) (%) + () + ()
Tonax Oofl Sf1 Ro sf1 SmaxT

Ty Rieq 1
Ra SmaxT

Substituting given values and solving gives

Req 1
— =1.315
Ry

From Eq. 6.33 we can write

2 2
Reg,1 1 Xeq,1+X2
Tstart — ( Ry + Sﬂ) + ( Ry

Ta et | 1 2+ Xeq1+X2) 2
Ry SmaxT Ra

From Eq. 6.34,

Xiea+ X\ _ (1 \* (Rie)’
RQ SmaxT R2

and thus we can solve for
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Tstart =1. 26Tﬂ

Problem 6.17

part (a): Using MATLAB to solve the equivalent-circuit equations, from
the equivalent-circuit at a slip of 3.35%, the power applied to the shaft can be
calculated to be 503.2 kW. Thus the rotational loss is 3.2 kW. Similarly, the
input power to the equivalent circuit is 528.0 kW. Based upon an efficiency of
94%, the actual motor input power is 500 kW /0.94 = 531.9 kW. Thus, the core
losses are equal to 531.9 - 528.0 = 3.9 kW.

part (b): The equivalent circuit is solved in the normal fashion. For ease of
calculation, the core loss can be accounted for by a resistor connected at the
equivalent-circuit terminals (based upon the results of part (a), this corresponds
to a resistance of 1.47 k). The shaft input power is equal to the negative of
the shaft power calculated from the equivalent circuit plus the rotational loss
power. The electrical output power is equal to the negative of the input power
to the equivalent circuit. The result is (using MATLAB):

(i) Generator output power = 512 kW
(ii) efficiency = 91.6%
(iii) power factor = 0.89

part (c): Basically the same calculation as part (b). The impedance of the
feeder must be added to armature impedance of the induction motor. The result
is (using MATLAB):

(i) Power supplied to the bus = 498 kW
(ii) Generator output power = 508 kW

Problem 6.18

96

95 -

941

93 F

92

Efficiency [percent]

I L I L L
100 200 300 400 500 GO0
Qutput power [KVW]

Problem 6.19
part (a): Given IimaxTRg = 9.0]227HR2. Thus Is maxT = 3.0l2,5. Ignoring

Ri, Ricq =0 and we can write
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. Veq
> Rofs+ j(Xeq + X2)

and thus

f2,ﬂ o j(Xeq+X2) +R2/5maxT

f2,111axT j(Xeq + XQ) + RQ/Sﬂ

Substitution from Eq. 6.34

R
(Xl,eq + XQ) - 2
SmaxT

gives

f2,ﬂ . j+1

f2,maxT Jj+ SmaxT/Sﬂ
and thus
ba _ _ li+1 V2
IQ,maxT |j + SmaxT/5ﬂ| 1+ (SmaxT/Sﬂ)2

Finally, we can solve for spaxt

SmaxT = 4.12s5 = 0.0948 = 9.48%

part (b): Taking the ratio of Egs. 6.36 and 6.33 with Ry q = 0 and substi-
tution of Eq. 6.34 gives

T’Inax _ 05[(R2/5ﬂ)2 + (Xl,eq + X2)2] _ 05[1 + (SmaxT/sﬂ)Q] —92.18
Tﬂ (Xl,eq + XQ)(RQ/SH) (SmaxT/sﬂ> .
In other words, Tiax = 2.18 per unit.
part (¢): In a similar fashion, one can show that

TS ar 1 max 2
Tota _ o (1 maxr/s0)" _ ) 4
Tﬂ 1 + SmaxT

In other words, Titart = 0.41 per unit.
Problem 6.20
part (a): T o< I3Rs/s. Thus

Tstart (IQ start > 2
—— =sg | —+T— | =132
Ty I q

and thus Tytare = 1.32 per unit.
part (b): As in the solution to Problem 6.15, neglecting the effects of R;



80

|f2,start| _ |smaxT/58 + Jl
|I2,rated| |SmaxT + .7|

This can be solved for spaxT

1- (IQ.start/Iﬂ)Q
SmaxT = / = 0.224 = 22.4%
T A \/(SHIQ,start/Iﬁ)Q -1 ’

Again, from the solution to Problem 6.15,

Toax  0.5[1 + (Smaxr/5n)?]

=3.12
Trated SmaxT/Sﬁ

and thus Thax = 3.12 per unit.
Problem 6.21

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

Lgtary = 233 A
Tstart =79.1 N-m

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

R; =0.135Q
Ry =0.162
X, =087Q
X5 =0.84 Q
Xm =2880Q

Istart == 776 A
Tstart = 26.3 N'-m

Problem 6.22
part (a):

Prot - Pnl - 3I§1R1 =2672 W

part (b): The parameters are calculated following exactly the procedure
found in Example 6.5. The results are:

Ry =111¢Q
X7 =3.90Q
Ry =134 Q
X5 =13.90 Q

Xm =168



81

part (c): Solving the equations of chapter 6 using the equivalent-circuit
parameters of part (b)

I,=291A

P, =106 kW

power factor = 0.91 lagging
Pyt = 100 kW

efficiency = 94.5%

Problem 6.23
Because this is a blocked-rotor test, one can ignore the magnetizing reactance
Xm. As a result, the motor input impedance can be approximated as

Zin ~ R1 4+ Ra+ j (X1 + X2)

Ry can be calculated from the blocked-rotor power and current

B,

Ry = —2L
V)

- R

which gives

Motor 1: Ry = 0.174 Q
Motor 2: Ry = 0.626 2
The motor starting torque is proportional to Iﬁle and thus the torque ratio

is given by
)motorZ >
)Inotorl

Tmotor2 _ (I22)motor2(R2)motor2 _ <(R2)motor2) ((I
Tmotorl (122)motor1 (RQ)motorl (RQ)motorl (I

Thus, for the same currents, the torque will be simply proportional to the

resistance ratio and hence

N[N

Tmo or.
Zmotor2 _ ) 978

Tmotorl

From the given data, we see that for the same voltage, the current ratio will
be (12)motor2/ (12)motor1 = 99.4/74.7 = 1.39 and hence

Tmo or.
Zmotor2 _ ) 499

Tmotorl

Problem 6.24
Rotational loss = 3120 W

R =0318Q Ry =0.605
X1 =2280 X9=342Q X,,=6340Q
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Problem 6.25
Neglecting Ry and hence Rqq 1 gives from Eq. 6.35

Ry
SmaxT = &
max Xl,eq+X2

and from Eq. 6.36

2 2
0.5nphV17€q 0.5nphV17eqsmaxT
Tmax = =

ws(Xl,eq +X2) ws o

If the frequency is reduced from 60 to 50 Hz, X oq + X2 will drop by a
factor of 5/6 and hence Smaxr Will increase by a factor of 6/5 to smaxt = 18%,
corresponding to a speed of 1000(1 — 0.18) = 820 r/min.

Tmax Will increase as

(Tmax)BO (190/230)2(6/5)

= = 0.983
(Tmax)GO 5/6

or (T’Inax)50 = 283%
Problem 6.26
SmaxT X Ra. Therefore
1.1

Ro = =2.07Q
> [(smaet) Rovem1.1/ (SmazT) R —0] — 1

Problem 6.27
part (a): From the solution to Problem 6.15

Tmax o 05[1 + (SmaxT/Sﬁ)Q]

Tﬁ SmaxT/Sﬁ

Given that Thax/Ta = 2.25 and Smaxr = 0.16, this can be solved for sg =
0.0375 = 3.75%.
part (b): The rotor rotor power dissipation at rated load is given by

S
1—sp

Protor = Lrated ( ) =29 kW

part (c): From the solution to Problem 6.19

Tstart — s 1+ (SmaxT/Sﬂ)2 —0.70
Th 1+ 52 '

maxT

Rated torque is equal to 75 kW /wy, g where wy, g = 60m(1—sg) = 181.4 rad/sec.
Thus Tratea = 413 N-m and Tgiar¢ = 0.70 per unit = 290 N-m.
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 = 7.50%.
part (e): The torque will equal to full-load torque. Thus 7' = 413 N-m.
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Problem 6.28

250

200 -

Torque [N-m]
o
o

o
a

50

o

L L L L L L L I
u} 200 400 B00 800 1000 1200 1400 1800 1800
Speed [rpm]

Problem 6.29
part (a):

Protor = Prated < o > =3.63 kW
1—sp

part (b): From the solution to Problem 6.15

Tmax o 05[1 + (SmaxT/Sﬂ)Q]

Tﬂ SmaxT/Sﬂ

Given that Tiax/Ta = 3.10 and sg = (1200 — 1158)/1200 = 0035, this can be
solved for spaxr = 0.211 = 21.1%. This corresponds to a speed of 1200(1 —
0.211) = 947 r/min.

part (c): Sufficient resistance must be inserted to increase spyaxr from 0.211
to 1.0. Thus Ry or = 0.17/.211 = 0.806 2 and hence the added resistance must
be Rext = 0.806 — 0.211 = 0.635 Q.

part (d): The applied voltage must be reduced by a factor of 5/6 to 383 V,
line-to-line.

part (e): From Eq. 6.35, SmaxT = R2/(X1,eq + X2). If the frequency de-
creases by a factor of 5/6, the reactances will also decrease by a factor of 5/6 and
hence smaxt Will increase by a factor of 6/5 to 0.042. Hence, the corresponding
speed will be 1000(1 — 0.042) = 958 r/min.

Problem 6.30

If the impedance of the motor at starting is made equal to that of the motor
at a slip of 5.6% the starting current will be equal to 200% of its rated value.
This can be done by increasing the rotor resistance for 90/2 = 45 m{2 to

0.045
R = —— =804 mQ2
2t = 0,056 o

and hence the requierd added resistance will be Ryt = 804 — 45 = 759 m(Q.
The starting torque under this condition will be 190% of the full-load torque.
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Problem 6.31

The synchronous speed of this motor is 3600/8 = 450 r/min (47.12 rad/sec).
Thus its full-load speed is 450(1 — 0.041) = 431.6 r/min. The corresponding
torque will be (250 x 103)[47.12(1 — 0.041)] = 5.53 x 10°> N-m. At a speed of
400 r/min, the torque will be 5.53 x 103(400/431.6)% = 4.75 x 10> N-m.

With no external resistance, the slope of the torque-speed characteristic is
thus 5.53 x 103/431.6 = 12.81. The slope of the desired torque-speed charac-
teristic is 4.75 x 103/400 = 11.88. Since the initial slope of the torque-speed
characteristic is inversely proportional to the rotor resistance, the total rotor
resistance must be

12.81
— (=22} 245 = 26.4 mQ
Rror (11.88) 5=204m

Therefore the required added resistance is 26.4 — 24.5 = 1.9 m{2.
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PROBLEM SOLUTIONS: Chapter 7

Problem 7.1
part (a): wm x Va.
) 1
part (b): wm x i
part (c): wy will be constant.
Problem 7.2

part (a): For constant terminal voltage, the product nl; (where n is the
motor speed) is constant. Hence, since Iy o< 1/ Ry

Ry  Re+5
1180 1250

and hence Ry = 84.2 Q.
part (b): 1380 r/min

Problem 7.3
Check this
part (a): wy, halved; I, constant

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 7.4

part (a): Rated armature current = 25 kW/250-V = 100 A.

part (b): At 1200 r/min, E, can be determined directly from the magneti-
zation curve of Fig. 7.27. The armature voltage can be calculated as

Va=FE.+ LR,
and the power output as Py = Val,. With I, = 100 A

It [A] | Ea [V] Vi [V] Pou [kW]

1.0 150 164 16.4
2.0 240 254 254
2.5 270 284 28.4

part (c): The solution proceeds as in part (b) but with the generated voltage
equal to 900/1200 = 0.75 times that of part (b)

If [A] | Ea [V] Va [V] Pout [kW]
1.0 112 126 12.6
2.0 180 194 194
2.5 202 216 21.6
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Problem 7.5

part (a):
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part (b):

300

250

L L L
=) o o
=) Iy} a
o

[] aBeyj0A [EUILIBL

s0+

25

1.5

0.5

If [A]

11

30

25

L
=] w
&1

[Aot] Jamo g

10k

25

1.5

0.5

If [A]
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Problem 7.6

part (a):

V.—E.,

Ps aft = Ea
it = Bn (27
and thus
/172 —
Ea _ Va + Va 4-Pshaft-Ra

2

The motor speed n can then be found from

E. .
n = 1200 <71.67 » 1200) r/min

Here is the desired plot, produced by MATLAB

1200

[ES
180 -
"7t
£ nenp
1150 -
4ot

1130+

1120

L I I L
u} = 10 15 20 25
Power [kWY]

part (b): The solution for E, proceeds as in part (a). With the speed
constant at 1200 r/min (and hence constant wy,), solve for It as

=%

where Ky = 150D V/A. Here is the desired plot, produced by MATLAB.

Iy

165

[qn

L I I L
a i 10 15 20 25
Power [kW]
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Problem 7.7

The solution is similar to that of Problem 7.6 with the exception that the
assumed straight-line magnetization characteristic is replaced by the non-linear
characteristic of Fig. 7.27. MATLAB, with the ’spline()’ function used to
represent the non-linear characteristic of Fig. 7.27, then produces the following
plots.

part (a):

1210

1200

1190

1180 -

1170

£
=

1MED -

150 -

1140 F

1130

120 L L L L

1] ) 10 15 20 25
Power [kWY]
part (b):
225
a 10 15 20 25
Power [kW]
Problem 7.8

part (a): From the load data, the generated voltage is equal to 254 + 62.7 x
0.175 = 265 A. From the magnetizing curve (using the ’spline()’ function of
MATLAB), the corresponding field current is 1.54 A. Hence the demagnetizing
effect of this armature current is equal to (1.95 — 1.54)500 = 204 A-turns/pole.

part (b): At the desired operating point, the generator output power will be
250 V x 61.5 A = 15.4 kW. Therefore, the motor speed will be

15.4 .
n = 1195 — 55 15 = 1139 r/min

Because the machine terminal voltage at no load must equal 230 V, from
the magnetizing curve we see that the shunt field under this operating condition
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must equal 1.05 A and hence the shunt field resistance must be 219 Q. Hence,
under this loading condition, with a terminal voltage of 250 V, the armature
voltage will be 250 4+ 61.5 x 0.065 = 250.8 V, the shunt field current will equal
250.8/219 = 1.15 A and thus the armature current will equal 61.5 + 1.15 =
62.7 A.

The generated voltage can now be calculated to be 250.8 + 62.7(0.175) =
286 V. The corresponding voltage on the 1195 r/min mag curve will be E, =
286(1195/1139) = 285 V and hence the required net field ampere-turns is (using
the MATLAB ‘spline()’ function) 1042 A-turns. The shunt-field ampere-turns
is 1.15 x 500 = 575 A-turns, the demagnetizing armature amp-turns are 204 A-
turns and hence the required series turns are

1042 — (575 — 204)

N
61.5

=10.6 = 11 turns

Problem 7.9
From the given data, the generated voltage at I, = 90A and n(90) =
975 r/min is

E.(90) =V, — I,(R, + Rs) = 230 — 90(0.11 4+ 0.08) = 212.9 V
Similarly, the generated voltage at I, = 30 A is

E.(30) = 230 — 30(0.11 4 0.08) = 224.3 V

E.(30)  (n(30)Y [ ®(30)
E.(90)  \n(90) ) \ ®(90)
Making use of the fact that ®(30)/®(90) = 0.48, we can solve for n(30)

n(30) = n(90) (igg;) (288%) = 2140 r/min

Since E, x n®

Problem 7.10

1500

1450 -

1400 -

1350 - Series field adds

1300 -

Speed [rpm]

1250

1208 Series field opposes

1160 -

1100
a

L L I I I I I L I
10 20 30 40 50 [=in} 70 &80 a0 100
Power [kW]
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Problem 7.11

part (a): For constant field current, and hence constant field flux, constant
torque corresponds to constant armature current. Thus for speeds up to 1200
r/min, the armature current will remain constant. For speeds above 1200 r/min,
ignoring the voltage drop across the armature resistance, the motor speed will
be inversely proportional to the field current (and hence the field flux). Thus the
armature current will increase linearly with speed from its value at 1200 r/min.
Note that as a practical matter, the armature current should be limited to its
rated value, but that limitation is not considered in the plot below.

part (b): In this case, the torque will remain constant as the speed is in-
creased to 1200 r/min. However, as the field flux drops to increase the speed
above 1200 r/min, it is not possible to increase the armature current as the field
flux is reduced to increase the speed above 1200 r/min and hence the torque
track the field flux and will decrease in inverse proportion to the change in speed
above 1200 r/min.

Problem 7.12

part (a): With constant terminal voltage and speed variation obtained by
field current control, the field current (and hence the field flux) will be inversely
proportional to the speed. Constant power operation (motor A) will then require
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constant armature current. Constant torque (motor B) will require that the
armature current variation be proportional to the motor speed. Thus

motor A: I, =125 A
motor B: I, = 125(500/1800) = 34.7 A

part (b):

motor A: I, =125 A
motor B: I, = 125(1800/125) = 450 A

part (c): Under armature voltage control and with constant field current,
the speed will be proportional to the armature voltage. The generated voltage
will be proportional to the speed. Constant-power operation (motor A) will re-
quire aramture current that increases inversely with speed while constant torque
operation (motor B) will require constant armature current.
For the conditions of part (a):

motor A: I, = 125(1800/125) = 450 A
motor B: I, =125 A

For the conditions of part (b):

motor A: I, = 125(500/1800) = 34.7 A
motor B: I, =125 A

Problem 7.13

Y TR o, T Ky
T
I, =
’ Ka(I)d
Thus
1 TR,
m — 7> = Va— -
“m T K0y ( ° K;¢d>

The desired result can be obtained by taking the derivative of wy, with ®4

dwp, 1 2TR,
= 5 — Va
d(I)d Ka(I)d Kaq)d

1
= m (2Ia,Ra - Va)

1
- (Va-2E
7oy (Vo —2E)
From this we see that for E, > 0.5V}, dw,/d®q < 0 and for E, < 0.5V,
dw,/dDq > 0. Q.E.D.
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Problem 7.14
part (a):
Synchronous machine:

30 x 103

Ippe = —— =377TA
AT /3460

Eat = |Vaae + 1 XsTaac| = [460/V/3 + j5.13 x 37.7| = 328.4 V,1 —n
DC machine:

P = Eal,ac = 30 kW

Ea = Va,dc — Ia,cha

Thus,

Va,dc + “VaQ,dc - 4PRa
E? = =226V

2

part (b): Increase the dc-motor field excitation until E, = V, gc = 230 V,
in which case the dc motor input current will equal zero and it will produce no
shaft power. The ac machine will operate at a power angle of zero and hence
its terminal current will be

E.s —Va,ac

Lppe=————=122A
) Xs

part (c): If one further increases the dc-machine field excitation the dc
machine will act as a generator. In this case, defining the dc generator current
as positive out of the machine,

P = E,I, 40 = 30 kW

Ea = Va,dc + Ia,cha

Thus,
Vade + 1/V24e +4PR,
E? = : =226V
2
and
E,—-V,
Ia,dc _ a a,dc — 128 A
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The ac machine will now be operating as a motor. The armature current
will be the negative of that of part (a) and hence the power factor will be unity.
Its magnitude will be 37.7 A.

Problem 7.15
First find the demagnetizing mmf. At rated load,

E, =V, — IR = 600 — 250 x 0.125 = 568.8 V

Using the MATLAB ‘spline’ function, the corresponding field current on the 400
r/min magnetizing curve is

Iy =232 A

Thus, the demagnetizing mmf at a current of 250 A is equal to 250 — 232 =
18 A and in general, the effective series-field current will be equal to

L\’
Lo = I, — 18 [ ==
off 8<250>

For a starting current of 460 A, the effective series field current will thus equal
399 A. Using the MATLAB ‘spline()’ function, this corresponds to a generated
voltage of 474 V from the 400 r/min magnetization curve. The corresponding
torque (which will be the same as the starting torque due to the same flux and
armature current) can then be calculated as

_ E.I, 474 %560
© wm 400(7/30)

T =5200 N - m

Problem 7.16
At no load, Ean = 230 — 6.35 x 0.11 = 229.3 V. At full load, E,q =
230 —115%0.11 = 217.4 V. But, E, x n®, thus

Ea fl q)nl 217.4 1 .
=ny : — ] =21 — | =] =21
= finl <Ea7nl) (cbﬁ) »0 <229.3) (0.94) 68 r/min
Problem 7.17
The motor power is given by P = E,I,, where

E, = K,®qwn,
and where, from Eq. 7.3

K, — poles C, _ 4 x 666 _ 919
2mm 2 x 2

Thus, for &4 = 0.01, E, = K, ®Pqw, = 2.12wy,.

_V;;_Ea

I,
R,
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Using MATLAB and its ‘spline()’ function to represent the fan character-
istics, 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 999 r/min and an output power of 8.39 kW.

Problem 7.18

part (a): Assuming negligible voltage drop across the armature resistance
at no load, the field current can be found from the 1300 r/min magnetization
curve by setting F, = 230 V. This can be most easily done using the MATLAB
‘spline()’ function. The result is Iy = 1.67 A. This corresponds to Nl =
2500 a-turns of mmf.

part (b): At rated load, E, =V, — IR, = 230—46.5x0.17 = 222.1 V. From
the no-load, 1300 r/min magnetization curve, the corresponding field current
is 1.50 A (again obtained using the MATLAB ‘spline()’ function). Thus, the
effective armature reaction is

Armature reaction = (1.67 —1.5) A x 1500 turns/pole
251 A - turns/pole

part (c): With the series field winding, Riot = Ra + Rs = 0.208 Q. Thus,
under this condition, E, = V, — I, R, = 220.3. This corresponds to a 1300 r/min
generated voltage of 236.7 V and a corresponding field current (determined
from the magnetization curve using the MATLAB ‘spline()’ function) of 1.84 A,
corresponding to a total of 2755 A-turns. Thus, the required series field turns
will be

2755 — (2500 — 251)

N. — =10.8
s 46.5

or, rounding to the nearest integer, Ny = 11 turns/pole.
part (d): Now the effective field current will be

~ 2500 — 251 + 20 x 46.5

Ig = =212A
1500

From the 1300 r/min magnetization curve, E, = 246.1 V while the actual
E, =V, — Riotla = 220.3 V. Hence the new speed is

220.3 .
n = 1300 <f61) = 1164 r/min

Problem 7.19
part (a): At full load, 1185 r/min, with a field current of 0.554 A

Ey=Vi— LR =2214V

where R = 0.21 4+ 0.035 = 0.245 2.
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An 1825 r/min magnetization curve can be obtained by multiplying 230 V
by the ratio of 1185 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 0.527 A . Thus, the armature
reaction is (0.554 — 0.527)2000 = 53.4 A-turns/pole.

part (b): The full-load torque is

| Bul, 2214 x34.2

T =
W 1185(7/30)

=628 N-m

part (¢): The maximum field current is 230/310 = 0.742 Q. The effective
field current under this condition will therefore be
_ 2000 x 0.742 — 160
eff = 2000

=0.662 A

From the 1185 r/min magnetization curve found in part (b), this corresponds
to a generated voltage of 245 V. Thus, the corresponding torque will be

B, 245x65

T —
wm  1185(x/30)

=128N-m

part (d): With the addition of 0.05 €2, the total resistance in the armature
circuit will now be Ry = 0.295 €. The required generated voltage will thus be

E,=V,— LR =2196V

This corresponds to 219.6(1185/1050) = 247.8 V on the 1185 r/min magnetiza-
tion curve and a corresponding effective field current of 0.701 A.

As can be seen from the data table, a no-load speed of 1200 r/min corre-
sponds to a field current of 0.554 A. Thus the series-field A-turns must make up
for the difference between that required and the actual field current as reduced
by armature reaction.

Ni(It e — It) + Armature reaction
I,
2000(0.701 — 0.554) + 53.4

= 350 = 9.8 turns

Ny =

Problem 7.20

part (a): From the demagnetization curve, we see that the shunt field current
is 0.55 A since the no-load generated voltage must equal 230 V. The full-load
generated voltage is

E,=Vy,—I,R,=2194V

and the corresponding field current (from the demagnetization curve obtained
using the MATLAB ‘spline()’ function) is 0.487 A. Thus the demagnetization
is equal to 2000(0.55 — 0.487) = 127 A-turns.
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part (b): The total effective armature resistance is now Ryt = 0.154+0.028 =
0.178 Q. Thus, the full-load generated voltage will be

Ey=Vi— LR =2174V

The net effective field current is now equal to 0.487+70.8(4/2000) = 0.628 A.
The corresponding voltage at 1750 r/min (found from the magnetization curve
using the MATLAB ‘spline()’ function) is 242.7 V and hence the full-load speed
is

217.4

n = 1750 (TN) = 1567 r/min

part (c): The effective field current under this condition will be

g = 0.55 + 125(4/2000) — 230/2000 = 0.685 A

From the 1750 r/min magnetization curve (using the MATLAB ‘spline()’ func-
tion), this corresponds to a generated voltage of 249 V. Thus, the corresponding
torque will be

_ Bul, 249 x 125

T= - — 170N -
wm  1750(7/30) o

Problem 7.21

part (a): For a constant torque load, changing the armature resistance will
not change the armature current and hence I, = 60 A.

part(b):

E,=V,—R,I,

Thus, without the added 1.0€2 resistor, F, = 216 V and with it £, = 156 V.
Thus,

. 156
Speed ratio = — = 0.72
216
Problem 7.22
parts (a) and (b):
1000 T
*
800 - [+
* +
00 - ., RO
oo | @ e,
+ ©
o0 - & _
g . Oﬂc 03
o [s)
lowering + _ <
aml . Rc=08 °
N +
400 - M +
600 - : o
o s . s . L+
2000 -1000 a 1000 2000 3000 4000

Torgue [N-m]
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Operation in the fourth quadrant means that the motor torque is positive while
the speed is negative. In this case the motor is acting as a generator and
absorbing energy from the lowering load, which would otherwise accelerate due
to the effects of gravity.

part (c): -473 r/min

Problem 7.23

part (a): At rated load, E, = 230 — 122 times0.064 = 222 V. Thus, rated-
load speed is

1150 (222 = 1133 /mi
= —_— = Ir'/min
" 230

part (b): The maximum value of the starting resistance will be required at
starting.

230
Ry 4+ Rmax

and thus Ry, = 0.878 Q.
part (¢): For each value of Ryt = Ra+ Rext, the armature current will reach
its rated value when the motor reaches a speed such that

=2x122=244

E, =230 — 122Ro,014

At this point Ryot will be reduced such that the armature current again reaches
122 A. Based upon this alogrithm, the external resistance can be controlled as
shown in the following table:

Step number | Rext[Q] | Eamin [V] | %min [r/min] [V] | Eamax [V] | %max [r/min]
1 0.878 0 0 115 o87
2 0.407 115 o87 173 882
3 0.170 173 882 202 1030
4 0.051 202 1030 216 1101
5 0 216 1101 - -

Problem 7.24

part (a): At no load, E, n1 = Knwm,n = Va. Thus

Va 85
mmul — 7T — ST a7 — 4
W nl .~ 02l 05 rad/sec

Hence, the full-load speed is wp, n1(30/7) = 3865 r/min.

part (b): At zero speed, the current will be I, = V,/R, = 44.7 A and the
corresponding torque will be T'= K,I, = 9.4 N-m.

part (c):

Km(Va - Ea) Km(Va - mem)

T: KmIa == =
R, R
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Here is the desired plot, obtained using MATLAB:

Torque [N-m]
m

1 L L 1 L L L
u} 00 1000 1500 2000 2500 3000 3500 4000
rprn

Problem 7.25
part (a): At no load, wmm = 11,210(7/30) = 1174 rad/sec and Eyn =

Va — LamiRa = 4.94 V. Thus

Ea,nl

Wm,nl

Kn= =4.21 x 1072 V/(rad /sec)

part (b): The no load rotational losses are

Prot,nl - Ea,nl-[a,nl =62 mW

part (c): At zero speed, the current will be I, = V,/R, = 1.09 A and the
corresponding torque will be T'= K, I, = 4.6 mN-m.

part (d): The output power versus speed characteristic is parabolic as shown
below.

1400

1200 -

1000 -

800

Pout [rniy]

600

400

200

o

o EU‘UU 4UIUU EU‘UU EUIUU 1 UEIIUU 12000
rpm

An iterative MATLAB scripts can easily find the two desired operating points:

2761 r/min for which the efficiency is 24.3% and 8473 r/min for which the

efficiency is 72.8%.
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Problem 7.26
No numerical solution required for this problem.

Problem 7.27

Based upon the calculations of Problem 7.25, at 8750 r/min, the rotational
losses will be 29.4 mW. Thus, the total required electromechanical power will
be P = 779 mW. The generated voltage will be E, = Kwy, = 3.86 V and the
armature current will thus be I, = P/E, = 0.202 A.

Thus the desired armature voltage will be

Va=FEa+ R I, =479V
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PROBLEM SOLUTIONS: Chapter 8

Problem 8.1
part (a): In this case, § = 45° = 7/4 rad and

N2poBRD _
29

L max —

96 mH

and there is a 15° overlap region of constant inductance.

part (b):
LH]aXI2 —
Tinax,1 = 25 L —61x107212 N-m
LH]aXIQ
Tmax,1 = 2 —61x10%IZN-m

20
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part (c): i1 =iz =5 A;

(I)WZO Tnet:0
(i) w = 45° They = 0 (iii) w = 75° Thet = 1.53 N-m

Problem 8.2

When a single phase is excited, magnetic circuit analysis can show that all
the mmf drop occurs across the two air gaps associated with that phase. Thus,
there is no additional mmf available to drive flux through the second phase.

Problem 8.3
Same argument as in the solution of Problem 8.3.

Problem 8.4
part (a) and (b):

_ DRayigN? -

Lmax - 21.5 mH
29
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part (c):

part (d):

T’m ax —

102 ( LIIIELX

= —1.99N-
2 a/?) o
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part (e):
phase 1 ON:
—120° < 6 < —90°, —30° < 6 < 0°, 60° < 6 <90°, 150° < 6 < 180°

phase 2 ON:
—150° < 6 < —120°, —60° < 6 < —30°, 30° < 6 <60°, 120° < 0 < 150°

phase 3 ON:
—180° < 6 < —150°, —90° < 6 < —60°, 0° < 6 < 30°, 90° < 6 < 120°

part (f): The rotor will rotate 90° in 30 msec.

1/4
n= % = 7.14 r/sec = 429 r/min
The rotor will rotate in the clockwise direction if the phase sequence is 1 - 2 -

3-1...

Problem 8.5

When the rotor is aligned with any given pole pair, it is clearly med-way
between the other two pole pairs. Thus rotation in one direction will increase
the inductance of one set of poles and decrease the inductance of the remaining
set. Thus, depending on which of the remaining poles is excited, it is possible
to get torque in either direction.

Problem 8.6
The rotor will rotate 15° as each consecutive phase is excited. Thus, the rotor
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 15 = 120! msec.
Thus it will rotate at 1/0.12 = 8.33 r/sec = 500 r/min.

Problem 8.7

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°/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 will be ... 1-3-2-1-3-2.... The rotor will rotate ~ 4.29° /step
and hence the rotor speed will be
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360 o 1 step

. 4 3 1
1300~ 1.05 x 10* steps/min

125 r/min x

Thus the required step time is

time 1 min 60 sec
= X ——— = 5.72 msec/step
step 8400 step min

Problem 8.8
part (a): When phase 1 is energized, the rotor will be aligned as shown in
the following figure:

From the figure, we see that if phase 1 is turned off and phase 2 is energized, the
rotor will rotate 4.61° 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 4.61° degrees to the left (counterclockwise).

part (b):
360° 1 st
80 r/min X X % = 6.25 x 10? steps/min
ti 1 mi 60
e _ i x 2 96 msec/step

step  6.25 x 103 step min
The required phase sequence will thus be ... 1-3-2-1-3-2-1 ...

Problem 8.9
part (a): For time in which the current is building up

100t

oy oot
1) = 5005 1 5750
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This expression is valid until time ¢t = 2.22 msec, at which point i1 () = 1.67 A.
part (b):

i) = 0.22 — 200(t — 2.22 x 1073)

N T 0.05 4575444 x 10°3) — 7

This expression is valid until time ¢t = 3.32 msec.
part (c): Here are the desired plots

Phage current [A]

L L L L L L
a a5 1 15 2 245 3 35

time [msec]
0.z
015
o1r
_oost
£
=
a a
E
=
=
-0.05
-0
015
02 L L I L L I
u} 0s 1 15 2 25 3 35

time [msec]

The integral under the torque curve is 2.38 x 10~* N-m-sec while the positive
torque integral is 3.29 N-m-sec. Thus there is a 25.7% reduction in torque due
to negative torque production during the current-decay period.

Problem 8.10
part (a): For time in which the current is building up
100t
() = 100t
1) = 57505 1 57.5¢

This expression is valid until time ¢t = 2.22 msec, at which point i (¢) = 1.67 A.
part (b):

() = 0.22 — 250(t — 2.22 x 1073)
M T 005+ 57.5(4.44 x 10-3) — 7
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This expression is valid until time ¢t = 3.10 msec.
part (c): Here are the desired plots

Phase current [A]

L L L L L L
o o0s 1 1.5 2 25 3 35

time [msec]
0.z
015 B
0.1 q
_ oo g
£
=
@ o 4
E
=
=
0.05 4
-0 B
015 4
02 L L I L L I
u} 0s 1 15 2 25 3 35

time [msec]

The integral under the torque curve is 2.59 x 10~* N-m-sec while the positive
torque integral is 3.20 N-m-sec. Thus there is a 19.0% reduction in torque due
to negative torque production during the current-decay period.

Problem 8.11

part (a): The phase inductance looks like the plot of Problem 8.4, part (a),
with the addition of the Ljeax = 4.5 mH leakage inductance. Now Lya.x =
21.5 4+ 4.5 = 26.0 mH.
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part (b): For —30° <6 <0°

dL 215 mH

% _ 20 MB 90,5 mH/rad
d0  w/3 rad 0.5 mH/ra

d0 1750 r  27rad _ 1min

m — 3, - —1 <
. dt min x T x 60sec 83 rad/sec
dL dL
— =wm —; = 3.76 Q
dt w 7 3.76

The governing equation is

di dL
—iR+L = +i—=
v=1R+ dtJMdt

Noting that dL/dt >> R, we can approximate this equation as

d(Li)
dt

v

and thus

o Ju@)at
A T

Substituting v(t) = 75 V and L(t) = 4.5 x 1073 + 3.76t then gives

75t
4.5 x 10—3 + 3.76¢

i(t) =
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which is valid over the range 0 < ¢ < 5.71 msec, at which time i(¢) = 16.5 A.

Here is the desired plot:

A

L I
o 1 2 3
t [msec]

part (c): During this time, starting at time ¢ = 5.71 msec, v(t) = =75 V
and L(t) = 26.0 x 107% — 3.76(t — 5.71 x 10~?). Thus

, —75(t —5.71 x 1073)
t) = 16.5
i) t 260 x 103 —3.76(¢ —5.71 x 10-9)

which reaches zero at ¢ = 8.84 msec. Here is the plot of the total current

transient.

A

L L L
4 5 1
t [msec]

part (d): The torque is given by

Here is the plot:



Torque [N-m]
o
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Problem 8.12
part (a): The plot of Ly is shown below

Here, from Examples 8.1 and 8.3, Lijcax = 5 mH and Ly, = 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

100t

i(t) = ——————
0.005 + 51.2¢t
For —7.5° <0 < 7.5° (2.5 msec < t < 3.13 msec), dL/dt = 0 and thus

di di
=iR+ L— —100 =1.5:+0.133 —
v=1R+ 7 = 1+ i

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.
Following time ¢ = 3.13 msec, the solution proceeds as in Example 8.3. Thus

100 — 3.13 x 103
0.005 — 51.2(t — 5.63 x 1073)

i(t) = 1.468 —

The current reaches zero at t = 4.25 msec. Here is the corresponding plot,
produced by MATLAB
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i1Al

0.5

part (c):

0.5 1 1.8 2 25 3 3.5
t [msec]

45

0.25

0.2

[=]
=] i
- n

Torgue [N-m]
=]
)
[5i]

Problem 8.13
part (a):

L
05 1 15 2 25 3 35
t [msec]

Family of lambda-i curves as thatam waries from O to 90 degrees

45

=
o
T

e
m
T

Lambda [¥h]

o
.
T

theta, =0 degrees

theta, = 50 degrees

I
5 10 15 20 25
Current [A]

30
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part (b):

Inverter volt — ampere ratin
P & —155

Net output power

part (C>: Rnech = 2968 W.

Problem 8.14
part (a): Based upon the discussion in the text associated with Fig. 8.18,

the following table can be produced:

0,,  bit pattern i 19

0° 1000 I, O
45° 1010 Iy I
90° 0010 0 I
135° 0110 Iy, I
180° 0100 I, 0
225° 0101 Iy —I
270° 0001 0 —I
315° 1001 Iy, -1

part (b): There will be 8 pattern changes per revolution. At 1200 r/min
= 20 r/sec, there must be 160 pattern changes per second, corresponding to a
time of 6.25 msec between pattern changes.

Problem 8.15
part (a): The rotor will rotate 2° counter clockwise.
part (b): The phase excitation will look like (with 7" = 41.7 msec):
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part (c):
8r 2880° _ 48° 2°
min  min  sec  41.7 msec
The frequency will be
1
= — = H
f 1T 6 Hz

Problem 8.16

part (a): The displacement will be 360°/(3 x 14) = 8.571°.

part (b): There will be one revolution of the motor for every 14 cycles of the
phase currents. Hence

1 mi 14 1
f= 909 r min cycles\ _ 910 Hz
min 60 sec r
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PROBLEM SOLUTIONS: Chapter 9

Problem 9.1
part (a):

- \%
Imwin = ——=13.8/-564° A
’ Z

main

. v
Laux = =9.9/-49.2° A
7 = 99L-49

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

1 Im[Z,ux] — Xc T
(7 =tan l A Y g+ —
awx = TR T3
Thus X¢ = 14.5 Q and C = 183 uF.
part (c):
Lnain = — =13.8/-56.4° A
Toux = V. _ 12.6/33.6° A
Zhux
Problem 9.2

The solution is basically the same as for Problem 9.1, but now with Z i, =
4.82 4 j6.04 Q and Z,ux = 7.95+ j7.68 Q2 and w = 1007.
part (a):

Tpain = 1554 —51.4° A

Tone = 10.9/ — 44.0° A
part (b): C = 227 puF.
part (c):

Tnain = 15.5/ —51.4° A

Lo = 11.8/38.6° A

Problem 9.3
No numerical solution required.
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Problem 9.4

Imain =348 A
power factor = 0.59
Pout = 132 W
speed = 1719 r/min
Torque = 0.732 N-m
efficiency = 58.5 %

Problem 9.5
The solution follows that of Example 9.2.

Tnain = 4.38 A
power factor = 0.65
Pout = 204 W

speed = 1724 r/min
Torque = 1.13 N-m
efficiency = 63.0 %

Problem 9.6

1800

1780 -

1700 -

£ 180
1600 -
1550 -
1500 . . . . .
-100 0 100 200 300 400 500
Pout [vW]
70
B0 -
50+
_anf
=
5
=4
5 30
2
=
18
oF
ol
0 . . . . .
-100 0 100 200 300 400 500

Pout [vW]
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Problem 9.7
part (a): From Eq. 4.6, the peak amplitude, in space and time, of the mmf

waves are given by
4 (kwNpn
Fpeak = ; ( }iv)VOlepS ) Ipeak

Thus

4 (42
Fmain,peak = - (Z) (207 \/5) =391 A - turns
71'

and

4 (/68
F‘aux,peak = ; <I> (11.1 \/5) =340 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,,x
should be increased to

N
I,ux = Imain < mam) =128 A
aux
Problem 9.8
The internal torque is proportional to R, s — Ry, and thus is equal to zero
when Ry = R),. From Example 9.2,

XI%’! main 1
Ry = ’
X22 SQQ,main + 1/(SQ2,main)

and

2
m,main 1
Ry = .
X22 (2 - S)QQ,main + 1/((2 - S)Q2,main)

We see that Rf = Rb if (2 - S)QQ,main = 1/(5Q2,Inain) or

1
s=1£,/1+
QQ,main
and thus
(1—s) = dne, [14+ —
n=ng(l—8)=xng
QQ,main

where ng is the synchronous speed in r/min.
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Problem 9.9

The solution follows that of Example 9.3.

part (a): I, =34.5/—32.3° A, I3 =7.1/30.0° A

part (b): Ppech = 6700 W
Problem 9.10

part (a): Following the calculations of Example 9.3 with s = 1, Tihech =
14.8 N-m.

part (b): Setting

Vo =230V Vz=230e"°V

gives Thech = 16.4 N~{n. R
part (c): Letting V,, =V, and Vg = jVj3 gives

_VatiVs o _ Va—iVs
2 P 2

Let Z = Ry + jX1 + Z¢. Thus

Vi

LV VatiVso Vo Va—iVs
=7 2oz ' T g 27

Pgarxf — Pga}xb Rf(If2 — I}f) Ry

Ws Ws
Clearly, the same torque would be achived if the phase voltages were each equal
in magnitude to /V, V3.

Problem 9.11

The impedance Z must be added to the impedances of the motor of Problem
9.9. The solution then proceeds as in Example 9.3. The terminal voltage can
be found as

‘7t,o¢ = Va - faZ

Vig=Vs— 12
For
Vi, =235/0% Vs =212/78°
a MATLAB analysis gives
Vi =205/ —8.0% Vig=194/73°

which is clearly more balanced than the applied voltage.
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Problem 9.12
part (a): slip s = 0.035

N 1 - N
Vi =5 (Vo — jV3) = 214.82 — 12.5° V

N 1 - N
W = E(V(y +jV3) =47.6L775°V
Z¢ and Zy, can be calculated from Eqgs. 9.4 and 9.5 with s = 0.035

: i

= =299/ -64.0°
f Ri+ X1+ Z

. Wi
= —448/0.7°

T R+ X1+ 2

Pyap = 213 Ry = 784 W Pyap, = 2IER), = 65.9 W

(Per — Pap)

Ws

Tyap = —381N-m
part (b): Repeating the analysis of part (a) with s = 1 gives Tgtart = 12.0n-m.
part (¢): Now we have a two-phase machine operating under balanced two-
phase conditions. We can now apply the analysis of Section 6.5.

v ( JXm(R1 +jX1)
1 s
Ry +j(X1 + Xon)

and Rjcq + 7 X1 ,eq = jXm in parallel with Ry + jX; = 0.698 + j5.02 Q.
Thus

Vieq =

-

Ry

Smax, T = =0.348
\/Rieq + (XLGQ + X2)2

and

T _ i 0.5nphV1%eq

=20.8 N-m
“s Rl,eq + \/Rieq + (XLGQ + XQ)Q

part (d): Now we have a single-phase machine operating with V,, = 220 V
and s = 0.04
~ Vo

I, = =5.73/ - 52.3° A
C (R4 X10.5(Zs + Zy)
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Pyap = 0.512(Ry — Ry,) = 691 W

Prech = Pgap(]- - 5) =664 W

and finally
Pout = Prcch — Prot = 599 W
part (e):
Iy =1, =051, =282/ — 52.3°
Vi = (Ra+ X1+ Zo)l;; Vi = (Ri + j X1 + Zp)l,
and thus

Vs =j(Vi = V) = 0.551,(Z — Z1,) = 167/81.3° V
In other words, the open-circuit voltage across the § winding will be 167 V.

Problem 9.13

This problem can be solved using a MATLAB script similar to that written
for Example 9.5.

part (a): Tytart = 0.28 N-m.

part (b): Imain = 19.3 A; Liux = 3.2 A

part (c): I =21.3 A and the power factor is 0.99 lagging
part (d): Poyy = 22056 W

part (e): Py, = 2551 W and n = 86.4%

Problem 9.14

This problem can be solved using a MATLAB script similar to that written
for Example 9.5. An iterative search gives C = 70.4 uF and an efficiency of
87.1%.

Problem 9.15

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
80.9 uF.
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Problem 9.16

part (a):

6000

5000

4000

3000

Pout [W]

2000

1000

L L
3450 3500

L
3550 3600
speed [rmin]

parts (b) and (c):

a0

85

@
=]

eta [percent]

75 solid line: © =35 mF L
dashed line: C = 45 mF \
ok '
~ . , \
3550 3400 3450 3500

L
3550 3600
speed [rmin]
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PROBLEM SOLUTIONS: Chapter 10

Problem 10.1

part (a):

part (b):

17, 2 [T/* 14Vt \? Vo
tms = || = ) dt = | = —0) dgt=-L =367V
" \/T/o *R () \/T/o (T) NG

part (¢): < paiss >= V,2,./R =9 mW.

Problem 10.2

part (a): The diode does not turn on until the source voltage reaches 0.6 V,
which occurs at time ¢ = (0.6/4V,)T = T'/60.



part (b):

M 4X84t) dt =343V
IIIIS /60 N

part (¢): < paiss >= V2

rms

/R = 7.8 mW.
Problem 10.3

Vi = E/T/4 oty _ 32 ta)’
rms T/, T 3 43 T

Problem 10.4

W
il

5] [l w
=] i} =]
T T T

n
T

Ripple voltage [W]

-4
In(Z)
Problem 10.5
part (a): Peak Vg =310 V.
part (b): Ripple voltage = 25.7 V.
part (¢): Time-averaged power dissipated in the load resistor = 177 W.
part (d): Time-averaged power dissipated in the diode bridge = 0.41 W.

Problem 10.6
If vs(t) > 0, diode D1 is ON, diode D2 is off and the inductor current is
governed by the following differential equation:
di

Ldz—&—Rz—vq()

of vs(t) < 0, diode D1 is off and diode D2 is on and the inductor current is

governed by the differential equaion:

di
L —
dt+Rz 0

A simple integration implemented in MATLAB produces the following plot:
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I L L I L L L
u} 2 4 B 8 jlu} 12 14 16
time [msec]

Problem 10.7

DD Q‘D AID E‘D SID TDID 120
time [msec]
Problem 10.8
part (a): Letting T' = 27 /w
T/2 Vi
Vie = = Vo sinwt -9 _ 143V
T 0 s
part (b):
Va
Iy = RC =29A



part (c):

35

L L I I t : : . :
2 4 B g 10 12 14 16 18 20
time = %y [msec]

part (d):

258+ B

<5l i
-

0&F -

o L L L L L L L
a 2 4 G g 10 12 14 16 18 20

time = %y [msec]

Problem 10.9
part (a): Letting T' = 27 /w

1 [7/? Vi
Vie = T/ Vo sinwt = 2—0 (1 + coswtq)
ta T

part (b):

Ve Ve
Ty = de 70

7 =R (1 + coswtq)

123
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part (c):

251F B

05+ B

o

0o 1 2z 3 4+ 5 & 7 & s
delay time [msec]
Problem 10.10
part (a): Letting T = 27/w

2 (172 Vi
Vie = — Vosinwt = 20 (14 coswtq)
T Je, T
part (b):
Ve 1%,
Iye = % = é (1 4 coswtq)
part (c):
B
ar 4
s i
<) -
2+ i
1+ 4
- R R

delay time [msec]
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part (d):

Moo B
T

is [A]
o

v 2z 4 & 8 10 12 14 & 18
time [msec]
Problem 10.11
part (a):

(1)

0.8r

0B

0.4

0.2F

s

n2k

04t

0B

1 57\'/4
VdC:—/ Vosint9d9:E COSOQ:&
™ /4 T '/T\/ﬁ

(iii)
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part (b):

0.8

06

0.4r

02r

/4
VdC:—/ Vosint9dé?:E Cosagz—&
™ 3mw/4 ™ ™2

(iii)
vb]ac
™2

The power is negative, hence energy is being extracted from the load.

lﬁoad = vhc]ac = -

Problem 10.12
part (a) From Eq. 10.11

2V
Ioo = ——— =183 A
= TRl O
and from Eq. 10.8
1 1 QIHCQLLS
t. = — cos 1———| =3.12 msec
w ‘6
part (b): For Ly =0
2V
Ige = — =236 A
dc R

Problem 10.13
part (a): At 1650 r/min, the generated voltage of the dc motor is equal to

1650
E, = —— | =81.
85 <1725> 813V
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The motor input power will then be
Py = I(E, + I,R,) = 665 W

part (b):

2 2v2 x 11
Vac = <ﬁ) cosayg = <M> cosag = 103.5 cosag V
T

™

Thus for Voo = Ea + L.(Ra. + R1,) = 90.5 V, ag = 29.1°.

Problem 10.14
The rated current of this motor is

P, 1000
ated _ 7 _ 118 A
V;ated 85

Irated =

The controller must limit Iq. to twice Iiatea or 23.6 A. Under this condition,
Vdc - Ia(Ra + RL) = 285 V
From part (b) of the solution to Problem 10.13,

Vaec = 103.5 cosagqg V

and thus the controller must set ag = 74.0°.

Problem 10.15
The required dc voltage is V; = It Ry = 277 V. From Eq. 10.19,

Vi
3V2

Vi—l,rms = =204 \/7 rms
Problem 10.16
The required dc voltage is Vs = It Ry = 231 V. From Eq. 10.20,

\%.
agq = cos ! T )= 39.0°
3\/i Vi—l,rms

Problem 10.17
part (a): The magnet resistance is sufficiently small that its voltage drop
can be ignored while the magnet is being charged. The desired charge rate is
di

7 80 A25 sec = 3.2 A/sec

Thus the required dc voltage will be

di
c=L— =15.
Va 7 5.7V
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Thus

15.
aq = cos ™! A =cos! (ﬂ) = 39.3°
3V2 Vi Lems 3v2 x 15

part (b): Constant current simply requires a dc voltage of Vy. = Rlg. =
3.6 x 1073 x 80 = 0.29 V. Thus

Ve 15.7
agq = cos ! _ e ) _ cos™! (Wi) = 89.2°
3v2 Vi1 rms 3v/2 x 0.288

Problem 10.18
part (a):

ot g [PT/2 2t
Vi = —/ cos( )dt:f/o VOCOS(T>dt

= —sm7rD—515V
47

part (b):

Harmonic number | Peak amplitude [V]
51.5

0

6.6

—_

© 00~ O Ui Wi
—
[\
\]

—_
e
o

Problem 10.19
part (a):

3 /" 6t 4Vy
Vs = T/o v(t) cos (T) dt = S sin (37 D)

As=0for D =1/3
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part (b):
Harmonic number | Peak amplitude [V]
1 55.1
2 0
3 0.007
4 0
) 11.0
6 0
7 7.9
8 0
9 0.007
10 0
Problem 10.20
part (a):
Time period S1 S2 S3 S4
0 <wt<aq+ DT/2 ON OFF ON OFF
ag+DT/2 <wt<7m+aqg—DT/2 ON ON OFF OFF
T4+aq—DT/2<wt<m4+aq+DT/2 | OFF ON OFF ON
T+aq+DT/2<wt<2mr+aq—DT/2 | OFF OFF ON ON
2r +aq — DT/2 < wt < 27w ON OFF ON OFF
part (b): By analogy to the solution of Problem 10.18, part (a)
I
I = ﬁ sinmD
and by inspection ¢1 = agq.
part (c):
Val Val
p(t) =< iy (t)vp (t) >= L cos ¢y = 87r0 cos o
Problem 10.21
From Eq. 10.34
2D — 1|V
(iL)avg = RD=1Vo _ 1765 a
R
From Eq. 10.29
(ir) (VO> [1_264%% +67ﬂ 17.45 A
IL)min = — | &5 = .
' R (1—c )

and from Eq. 10.20

[1 9 ﬂ+ ,z}
—2e" 7 e
E) =17.84 A

(iL)IIlaX - (R T

(1—e"7)
Finally
Rlpple = (Z'L)max - (Z'L)min =039 A
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PROBLEM SOLUTIONS: Chapter 11

Problem 11.1
part (a): From the no-load data

Ean 120

K= ommIim  (7187/30) x 0.7 093
Combining
o Bl
Wm
and
Va=Ea+ LR,
gives

E. = 05 (va+ Va2—4meRa)

= 05 (120 + /1202 — 4(18007/30) x 15.2 x 0.145) = 1164V

Thus
E,
Iy = — =0.648 A
Wm A f

and, defining It max = 120/104 = 1.14 A,

I
D=—"" =0567
f,max

part (b): Ir = 0.782 A and D = 0.684.
part (c):

07

0BSF

066 -

0.64 -

062

06+

058+

5R I L I L L
1500 15850 1600 1650 1700 1750 1800
rpm
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Problem 11.2
part (a): Iy = 0.645 A and D = 0.565.
part (b): Iy = 0.784 A and D = 0.686.
part (c):

07

0BSH

066 -

0.64 -

062

06+

058+

I L I L L
1500 15850 1600 1650 1700 1750 1800
rpm

Problem 11.3
part (a): From part (a) of Problem 11.1, k¢ = 0.953. For E, = 120 V and n
= 1300 r/min (wpy, = 13007/30) and thus

E,
Irq1 = =0.925 A
£1 e

and

I
p— _1t

If,max

=0.809
where It max = 1.14 A as found in Problem 11.1.
part (b): Ir o = DI max = 0.686 A.

- LK

Wm = 183.7 r/min
and thus n = 30wy, /7.
part (c):

ir(t) = Iro + (I — Ir2)e /™ = 0.686 4 0.239¢ /7

where 7 = L/ Ry = 35.2 msec.
part (d):
dwpy,

J— = Kfif(t)Ea = Kfif(t) (

Va - Kfif(t)wm
dt

R

where i¢(¢) is as given in part (c).
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Problem 11.4
part (a):

Ea,nl = ‘/a - RaInl =239.7V

The rotational loss is given by Pt = Eanilan = 374 W.
Based upon It =V, /Ry = 1.81 A,

Eqn .
Wm,nl = o0l =312.5 I"/Inln
’ It K¢

and thus ny = 30wm ni/m™ = 2984 r/min.
part (b):

@
T

o
T

Pout [kKW]

5 I L L I L L L
28B40 2860 2880 2900 2920 2940 2960 2880 3000
rpm

part (c):

248

246

244

Va [V]
I
5

240

23+

236

Pout [kiv]
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part (d):

Va [V]
L
B8

Pout [kiv]
Problem 11.5
part (a): First convert Ky, to SI units.
\Y% 1r/min
r/min 7/30 rad/sec

Titan = 0.094 0z/cdotin = 6.64 x 107 N - m. At stall, I, stan = Tstan/Km =
0.319 A. Thus

Ky =218 x 107*

= 2.08 mV/(rad/sec)

Vo 3
T, 0319

part (b): Wmnl = Nl (;—0) = 1299 rad/sec. Thus E,n = WmnKmn =
2.70 V.

=9.410Q

Va - Ea,nl
Ra

and thus the no-load rotational loss is

Ton = = 31.5 mA

Pl"Ot = Ea7nlla7n] = 85.3 mA

part (c):

11000

10000

9000 -

8000

7000 -

rrmin

6000

5000

4000

3000,
a [V]
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Problem 11.6
part (a): wm nl = Nnl (%) = 374.9 rad/sec.

Ea,nl = V:u - Ia,ana =240V

Ea,nl

Wm,nl

Kn = = 63.9 mV/(rad/sec)

part (b): Pot = Eanilam = 11.3 W

part (c):
D | L, [A] || r/min | Pgag [W]
0.80 | 13.35 3393 293
0.75 | 12.70 3179 261
0.70 | 12.05 2964 231
0.65 | 11.40 2749 203
0.60 | 10.70 2535 176
0.55 | 10.05 2320 151
0.50 | 9.30 2107 127

Problem 11.7
The rotor acceleration is governed by the differential equation:

Converted to kg-m?, the moment of inertia is 4.52 x 102 kg-m?. Thus, to get
to the final speed wy, = 1.2 x 10* 7/30 = 1257 rad/sec,

Jom (4.5 % 107%) x 1257
t = = = 2 .
Kolo (208 x 10°3) x 0.1 203 msec

Problem 11.8
part (a):
Prated + Prot 1187

Lo = _ =812 A
arated Wm,ratede (30007—(/30) x 0.465

Trated - KmIa,rated =378 N-m

part (b): Tioad = Kmla — Trot. Here Ty = 87/(30007/30) = 0.27 N-m.
Thus Tioaqd = 2.61 N-m and Pigag = Tioadwm = 729 W.
part (c): The differential equation governing the motor speed is

dwm wJ\ dn
— —\355 | 37 — Tmec - Tro - Toa
T ( 30) dt " ¢ Hoad
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Here, n is the motor speed in r/min, Tihech = Kmla = 0.465 x 7.0 = 3.26 N-m
and, from part (b),

n

Tioad = 729 (2670

):0.273nN.m

Thus, the differential equation is

d
d—? +4.094n —1.252x10* =0

and the solution is
n = 3051 — 381e~*/7 r/min

where 7 = 0.255 sec.

Problem 11.9
From the solution to Problem 11.8, I, yatea = 8.12 A. Neglecting rotational
losses, the motor speed can be calculated from the differential equation

dwm

JW = dmech = _KmIa,rated

and thus

Km-[a,rated ) ¢

Wm = Wm,0 — ( Ni

and thus the motor will reach zero speed at time

Jomo (186 x 107%) x (3000m/30) _ .

t =
KInIaJated 0465 X 812

Problem 11.10
part (a): Rated speed = 120f /poles = 1800 r/min.
part (b):

T Prated
rated = — =,
\/5 V;"ated

part (¢): In per unit, V, = 1.0 and P = 1000/1100 = 0.909. Thus, I, = 0.909
and

=138.0 A

Eut = Vo — jXoI, = 1.55/ — 49.7° per unit

Thus Iy = 1.55 x 85 = 131 A.

part (d): The inverter frequency will equal f = 60(1300/1800) = 43.3 Hz
and the motor power input will be P = 1000(1300/1800)%*® = 443 W. If one
scales the base voltage and base power with frequency then the base impedance
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will scale with frequency. Hence, under this new operating condition, the per-
unit terminal voltage, generated voltage and synchronous reactance will be un-
changed while the per-unit power will be P = 443/(1100 x 43.3/60) = 0.558 per

unit. Thus
PX ;
§=—sin! =) = —27.9°°
sin <‘/aEaf)

and E, = 1.55/27:9°

. - E
= Yaz Bt _ ) 6e8/96.8°
JXs

Thus the power factor is cos™!(26.8°) = 0.89 leading.
part (e): Continuing with the base quantities of part (d), I, = 0.558 per
unit and

Eat = Va — j X1, = 1.20/ — 47.0° per unit

and thus Ir = 1.20 x 85 = 102 A.

Problem 11.11
part (a): No numerical calculation required.
part (b):

1500 r/min:

V=383 kV,1-1
Poox = 833 kW
;=131 A

2000 r/min:

Vi =4.60 kV, 1l
Paax = 1000 kW
I =126 A

Problem 11.12

Ls=5.23 mH
Ly =63.1 mH
Tratea =531 N-m

Problem 11.13
part (a):

\/§ Vbase

Log = Y2 hase
! \/g Whase AFNL

=63.1mH

Lg can be calculated from the per-unit value of Xj.



137

Ve 9199

base

Zbase =

and Lpase = Zbase/Whase = 5.6 mH. Thus,

X
Xi=—=1970Q
base
Xs
Ls= =5.23 mH
Lbase

Wm base = wbase(z/p()les) = 607 and Thase = Pbase/wm,base =

part (b):
531 N-m. Thus, T'= 0.5 Thase = 265 N-m.

2 2 T
io= | = =100 A
‘Q (3> <p01es> (Laflf> 00

I, = ‘Q _ 70.8 A, rms

S

part (c):
aseLa I
By = 2basealt_ 935y
V2

Because ip = 0, fa and Eaf both lie along the quadrature axis. Thus, the
terminal voltage magnitude will be given by

Vi = |Eat + jXoIo| = 274 V, In = 474 V, 111

Problem 11.14
part (a): The various machine parameters were calculated in the solution to
Problem 11.13. T'= 0.75Thase = 398 N-m and wy, = 14757/30 = 154.5 rad/sec.

Thus, P = wyT = 61.5 kW.

part (b):
2 2 T
Q= |z =145.1 A
Q <3> <p01es> (Laflf) g

'@ _102.6 A, rms

I="%
V2

part (c): fo =60(1475/1800) = 49.2 Hz.
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part (d):

WbaseLafIf

V2

Because ip = 0, fa and Eaf both lie along the quadrature axis. Thus, the
terminal voltage magnitude will be given by

Equ = =200V

Vi = | Eat + jXsIa| = 260 V, I-n = 450 V, -1

Problem 11.15
part (a): The various machine parameters were calculated in the solution to
Problem 11.13. With Ti¢f increased to 0.8T}ase = 424 N-m

. 2 2 Tret
=|z)—— =160.3 A
‘Q (3> <p01es> (Laflf> 603

I =22 — 1133 A, rms

V2

o WbaseLafIf

FEa =
! V2

Because ip = 0, fa and Eaf both lie along the quadrature axis. Thus, the
terminal voltage magnitude will be given by

=2353V

Va = |Eat + j Xsla| = 324.5 V, l-n = 562.1 V, 1-1 = 1.22 per unit

part (b): The required calculations follow those of Example 11.9.
(i) The terminal voltage will be set equal to 460 V, 1-1 (1.0 per unit).
(ii) The line-to-neutral terminal voltage is V,1_n = 460/sqrt3 = 265.6 V.
Thus
(W Tref

I, = =" =1004 A,
VA, 00 rms

(i)

L1,
5 =tan"! <wm ° a) = —26.7°
Val—n

Thus
irm@ = V2 I,sind = 113.8 A

and

irmp = V2 I, sind = —84.9 A



139

(iv)

2 2 Tro
Ii=|(- =19.7T A
! <3> <p0168> <Laficz> o

Problem 11.16

T = 4431 N-m
I; =121.7 A
ip =-784 A
iq =955 A

I, =87.4 A, rms
Va = 1993 V, rms, 1-1

Problem 11.17
part (a):

‘/iva,lrated7 ln V2 (230/v/3)

Apy = =
M Wrn rated 35007 /30

=0.512 Wb

part (b): The frequency will be 60 Hz and hence Xy = wels = 3.24 Q.

E.¢ = (3600/3500)(230/+/3) = 136.6 V. I, ratea = 2000/ (sqrt3 230) = 5.02 A.
The armature current is equal to

I (Va,rated, l-n — Eaf)
: JXs

Although the magnitude of F,; = En¢ /8 is known, its angle & (required to
give I = I rated) is not. A MATLAB script can be used to easily iterate to
find that § = —6.73 o. The motor power is then given by

p__ 3Ear Va,rated, I-n
= X

) sind = 1.96 kW

Then,

and
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Problem 11.18
As calculated in the solution to Problem 11.17, Apy = 0.512 Wh. At 4000
r/min, fo = (4000/3600)60 = 66.7 Hz and thus we = 27 fo = 418.9 rad/sec.
The rms line-to-neutral armature flux linkages under this operating condition
will be

\/_
A = V2Varated, In _ 4wy

We

and maximum torque will correspond to operating the motor at its rated arma-
ture current I, = I, rated = 5.02 A.

Solving
A3+ A
N = \/7]3 9

(L + APM (LSiQ)Q

_ \/2 2+ 2LgipApm + A2y,
N 2

for ip gives

N2 — 2(LeI,)% — A2,
ip = —= = —4.38 A.
1D 2LSAPM 38

Thus
212 — i2D =562 A

Thus, the maximimum torque will be given by

1
Thax = (g) (p02€s> ApMiQ =432 N-m

and, for a speed of 4000 r/min (wy, = 418.9 rad/sec)

Pmax - me’max = 1810 W

Problem 11.19
The rated current of this motor is

P,
Ia,rated = ated =37.7A
V3 (Va,rated, 1—1)

Apnp — V2 (Va,rated, l-n) _ V2(230/sqrt3) 0.235 Wb
PM = w0 - 7620m/30
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part (a): The torque will be maximized when iq is maximized. In this case,
this will occur when ip = 0 and thus

Z.vaax = \/ila,rated =532 A

and thus

1
T’Inax = (;) (PO2GS> APMiQ,max =188 N -m

part (b): The peak line-to-neutral flux linkages are

Aa = \/AIQ’M +AG = \/AI%M + (Lsiqumax)? = 0.257 Wh

Thus, to avoid exceeding rated terminal voltage, the electrical frequency of
the motor must be limited to

V2 (V, L
We,max = ( a’r;“ted’ ) — 731.9 rad /sec
a

and the corresponding motor speed will be
N = We max <30) = 6989 r/min
T

part (c): At 10,000 r/min, we = 100007/30 = 1047 rad/sec. In order to
maintain rated terminal voltage, the peak line-to-neutral armature flux linkages
must now be limited to

V2 (Va,rated, 1—n)

We

=0.179 Wb

)\a,max =

Thus, solving the peak line-to-neutral armature flux linkages

Aa,max = + >\2

T

I
&ﬁ

(L + ApM (LSiQ)2

2 L Ia rated + 2I/siDAPM + A]%M
2

for ip gives

Ai max 2(LsIa,mted)Q -
2L Apm

A2
ip = PM _ 373 A.

and thus
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iQ = /212 1areq — 1% = 38.0 A

The motor torque is then given by

1
T = (;) (p02es> APMiQ =134 N-m

Since this is a two-pole machine and wy, = we, the corresponding power will be
P =w,T =14.1 kW.
The motor power factor will be

P

= 0.937
V3 (Va,rated 1—1) La rated

power factor =

Problem 11.20

Proax [kiy]

L L I I I I I L I
u} 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Motor speed [rpm]

Torgue [N-m]
o

L L I I I I I L I
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Motor speed [rpm]

Problem 11.21
part (a): Following the analysis of Chapter 6
_ ij(Rl +]X1)

Zleq = Rieq+ Xieq = Rt (i + X =0.099 + j1.089
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0.5nph‘/1%eq

—————— =234 N-m
C")S(Axvl,eq'f'AX'Q)

Tm ax —
Ry

SmaxT — =0.102 = 102%
\/Rieq + (Xl,eq + X2)2

part (b): ws = 27 f(2/poles) = 607 = 188.5 rad/sec. At s = 0.029, wy, =
(1 — s)ws = 183.0 rad/sec. The torque is given by

Tph ‘/12,eq(R2/8)
(Rl,eq + (R2/S))2 + (Xl,eq + X2)?

1

T=— =126 N-m
Ws

and the power is P = w,T = 23.1 kW.

part (c): With the frequency reduced from 60 Hz to 30 Hz, ws, the terminal
voltage and each reactance must be scaled by the factor (35/60). The torque
expression can be solved for the slip. This can most easily be done iteratively
with a MATLAB script. The result is s = 0.051 = 5.1%, the speed is 997 r/min
and the output power is 13.1 kW.

Problem 11.22
part (a):

250

200 -

Torgue [N-m]
o
[=]

Q
=]

a0

i) L L I I I L I
-200 a 200 400 600 800 1000 1200 1400 1600 1800
rpm

part (b): The same MATLAB script can be used to iteratively find the drive
frequency for which syaxr = 1.0. The result is a drive frequency of 5.44 Hz and
a torque of 151 N-m.
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Problem 11.23

1200

1100 -

1000 -

900 -

800 -

rpm

700+

600 -

500 -

400

am . . . . . . .
20 25 30 35 40 45 50 55 60
flHz]

Problem 11.24
The motor torque is a function of the ratio Rs/s. The slip with Rg exy = 0
is
~ 1200 — 1157

and that with Ry ext = 0.87 2 is

1200 — 1072
S1 1200 0.1067

Thus, solving

Ry _ Ry +087
S0 a S1

for Ry gives Ry = 0.44 Q.

Problem 11.25
The motor torque is a function of the ratio Ry/s. The slip with Rg ext = 0
is
1200 — 1157

The desired operating speed corresponds to a slip of

1200 — 850

- —0.291
51 1200 0-2017

Thus substituting the value of Ry found in the solution to Problem 11.24 and
solving for Ry cxt

& _ RQ + RQ,ext
So S1
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for Ry cxt gives Ro ext = 3.14 Q.

Problem 11.26
part (a): If Ry is assumed negligible, the torque expression becomes

1

Ws

T =

Tph Vl%eq(RQ/s)
(R2/8)% + (X1,eq + X2)?

Substituting the corresponding expressions for Tiax

T _ 1 O.5nphV1%eq

e Ws Xl,eq + X2
oo om— T2
et Xl,eq + X2

gives

2
SmaxT + s

Defining the ratio of full-load torque to maximum torque as

Ta 1
= = —— =10.472
K Tmax  2.12 047
the full-load slip can then be found as

k
S :SIIIX -
7 et <1+\/1—k2

part (b): The full load rotor power dissipation is given by

) =0.0414 = 4.14%

Sl
].—Sﬁ

Protor_Pﬂ( >_3240W

part (c): At rated load, wm rated = (1 — sa)ws == 180.7 rad/sec. The rated
torque is Trated = Prated/wm,rated =415 N-m.

Setting s = 1 gives
2

+ SmaxT

Tstart = Tmax ( 1

SmaxT

>=68.1%:283N-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, 415 N-m.
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part (e): The slip will be twice the original full load slip or 8.26%.

Problem 11.27
part (a):

1200 — 1169
sq 1200 0.0258

and thus the full-load rotor power dissipation is equal to

Protor:Pﬁ< il ):928W
].—Sﬂ

part (b): Defining

Tmax
k= —— =245
Th

and using the derivation found in the solution to Problem 11.26 gives
smaxt = s (k+VE2 = 1) = 0.1211

Thus the motor speed at maximim torque is max = 1200(1—SmaxT) = 1055 r/min.
part (c): We want Smaxr to increase by a factor of 1/0.1211 = 8.26. Thus
the rotor resistance must increase by this factor. In other words

Ry + R ext = 8.26R»

which gives R oxt = 1.67 Q.

part (d): The 50-Hz voltage will be (5/6) that of 60-Hz. Thus the applied
voltage will be 367 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

"ph (kal,eq)Q(RQ/S)
(R2/5)2 + (kf(XLeq + X2))2

60

511,50 = (%) 5,60 = 0.031

The synchronous speed at 50 Hz is 1000 r/min and thus

ng,50 = 1000(1 — sq,50) = 969 r/min
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Problem 11.28
part (a): From the data given in Problem 11.23, the motor inductances are:

Ly =313 mH; Ly=350mH; L, =128 mH;
and thus
Ls= L1+ Ly =131.5 mH
and
Ly = Lo+ Ly = 131.9 mH

R, = Ry =108 mf) and R,g = Ry = 296 mf). Finally, the rated motor torque
The peak flux linkages corresponding to rated voltage line-to-neutral voltage
are given by

Y _ \/i Vbase _ \/i 2400
rated \/g Whase \/g (12071—)

The required torque can be determined from the given power and speed as

=5.19 Wb

Precn 400 x 103

- — 3327 N.
wm  11487/30 o

Tmech =

Setting Apr = Arated gives

. 2 2 LR Tmech
S ZR) (Zmech ) _ 1461 A
< <3> (PoleS) (Lm> ( ADR ) ‘

and
A
ip = Lij =405 A
part (b):
ity + i
L= 2—2=1072A
2
part (c):

poles
2

Wme = Wm

7 N

) = 360.6 rad/sec

=

We = Wme t ( aR) (Z—Q> = 368.7 rad/sec
Lr iD

and thus
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fo=22 _ 587 Hy
2T

part (d):

Ve =
= 1421V, ln=2461V, L1

¢ (Rain — we(Ls — 5)iq)? + (Raiq + weLsin)?
2

Problem 11.29
part (a): From the given data, the motor inductances are:

L1 =0915mH; Ls=0.936 mH; L,, =49.34 mH;
and thus
Ls=1Li+ Ly =50.25 mH
and
Lgr = Lo+ Ly, =50.27 mH

R, = Ry =32.2mf and R,g = Ro = 70.3 mf). Finally, the rated motor torque
The peak flux linkages corresponding to rated voltage line-to-neutral voltage
are given by

2 Vi 29
V2 Voase _ V2230 — 0.498 Wb

)\ra =
red \/5 Whase \/§ (1207T)

The motor torque is Tech = 85(1300/1800) = 61.4 N-m. Setting Apr =
Arated, We can solve for iq and ip

. 2 2 LR Tmech o
e <3> <p0168> <Lm> ( ADR > S HA

DY
ZD:Lszm.lA

and

The motor mechanical velocity in electrical rad/sec is

1
Wme = Wm <p02e5> = 272.3 rad/sec

and thus



We = Wme + (RaR> <Z—> = 278.1 rad/sec
Lr ) \ip

and
=22 443 Hy
2w
part (b):
2 + 2
L= 2—2=304A
2
. L2 . . .
vV, = \/(RazD — we(Lg — L_IF’{')ZQ)Q + (RaZQ + weLszD)Q
2
= 101.8V,ln=176.3V, 1
part (c):
Sin = V3 Val, = 9.30 kVA
part (d):

“fHz [percent of rated]

L L L L L L L I
B0 B85 =ln 95 100 105 110 115 120 125
LambdaDR [percent of rated]

Problem 11.30

The motor parameters are calculated in the solution to Problem 11.29.
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part (a): The motor torque is Tinech = 85(1450/1800) = 68.5 N-m. Setting

ADR = Arated, We can solve for iq and ip
. 2 2 LR Tmech
== — —— ) =46.7T A
@ (3) <p0168> <Lm) ( ADR >

D
ZD:%:lo.lA

m
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and

[id + i
L=1/2 9 —338A
2
part (b):

The motor mechanical velocity in electrical rad/sec is

1
Wme = Wm <p02e5> = 303.7 rad/sec

and thus

We = Wme + <RaR> <Z,—Q> — 310.1 rad/sec
Ly (55

and

fo=2 _ 494 Hy
2

part (c): iq is now increased to 51.4 A and hence, with Ipg and hence Apgr

unchanged
(3 poles Ly .
Tmech* <2> < 9 ) <LR> )\DRZQ =753 N -m

Thus the motor speed is

Tmec .
n = 1800 <Wh> = 1595 r/min
and wy, = nw/30 = 167.0 rad/sec.

Pmech - T’mechwm =114 kW

part (d): The terminal voltage is

v o_ \/(RaZD — we(Ls — %)ZQ)Q + (RaiQ + weLsiD)2
v 2
= 1256V, l-n=2175V, -1

The drive frequency can be found from

1
Wme = Wm <p02e5> = 334.1 rad/sec

We = Wme + <RaR> <Z—> = 341.2 rad/sec
Lr /J \ip
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and

fo= % — 54.3 Hz

T
part (e):

Sin = V3 Val, = 13.9 kVA
part (f): Tteration with a MATLAB script gives Apr = 95.3% of Arated-

Problem 11.31
part (a): From the given data, the motor inductances are:

L1 =496 mH; Ly=6.02mH; L, =118.3 mH;
and thus
Ls=1L;+ Ly, =123.3 mH
and
Lr =L+ Ly, =124.3 mH

R, = Ry =212 m{Q) and R,g = Ro = 348 m{2. Finally, the rated motor torque
The peak flux linkages corresponding to rated voltage line-to-neutral voltage
are given by

2 Wha 241
\/_Vb<se: \/_ 60 —9.01 Wb

)\ra =
red \/gwbase \/g (12077)

At a power output of 1050 kW and a speed of 828 r/min, w,,, = 84.3 rad/sec,
Tiech = 1.25 x 10* N-m. Setting A\pr = Arated gives

2 2 T
o= (2)(—=—)(-—)=2421A
e (3) (P0168> (APM>
ip = /202 eq T i3 = T6.2 A

i3 + 2
I, = D2 Q _179.5 A

The terminal voltage is

\/ (Ruin — we(Ls — )iq)? + (Ruiq + weLsin)?
2
— 2415V, l-n = 4183 V, L]
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The drive frequency can be found from

1
Wme = Wm (p02e5> = 337.2 rad/sec

We = Wme + <RaR> <Z,—Q> — 346.1 rad/sec
LR D

and

fo=22 _ 551 Hy
2T

part (b): The equivalent-circuit of Chapter 6 can be analyzed readily using
MATLAB as follows:

- All the reactances must be scaled from their 60-Hz values to 55.1 Hz.
- The rms input voltage must be set equal to 2415 V| line-to-neutral.
- The slip must be calculated based upon a synchronous speed of
ng = 60f(2/poles) = 826 r/min.

If this is done, the equivalent circuit will give exactly the same results as those
of part (a).
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