1-6.

A faromagnetic core with a relative permeability of 1500 is shown in Figare P1-3. The dimensicns arc as
thown in the diagram, and the depth of the core is 7 cm. The air gaps on the left and right sides of the core
are 0.070 and D.020 cm, respectively. Because of fringing effects, the effective area of the air gaps is 3
percent larger than their physical size. If there are 400! turns in the coil wrapped arourd the center leg of
the care and if the cirrent in the cail is 1.0 A, whar is the flnx in each of the left, center, and right legs of
the core? Whar is the flux density in each air gap?
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SuLrien This core can be divided up into live regions. Let 99 be the reluctance of lhe leli-hard porlion
of the core, 2. be the reluctance of the left-hand air gap, R, be the reluctance of the right-hand partion of

the core, K, be the reluctance of the right-hand air gap, and & be the reluctarce of the center leg of the
care. Then the total reluctance of the core is

o (RTR)R R

Frr =R Tt R,
! .11 m
R =—t = = 90.1 KA- /Wb
Vo, (2000)(47 %107 Him)(0.07 m)(0.07 m)
b 0.0007 m
% Hohy  (47X107 Hm)(0.07 m)(0.07 m)(1.05)
@b Lllm ‘ = 90.1 kA~ t/Wh
A, (2000) (4;r><10'? H/m )(0.07 m }(0.07 m)
ST 00005 m —773 kA t/Wh
tody  (47x107 I/m )(0.07 m}(0.07 m )(1.05)
@, b 037 m _30.0 KA- /Wb

A (2000)(47 x107 H/m)(0.07 m)(0.07 m)

The total reluctance is



(R + R )R+ R,) (90.1+108.3)(90.1+77.3)
Rror = R + =300+ =1208 kA t/Wb
R+ R, + R+ R, 90.1+108.3+90.1+77.3

The total flux in the core is equal to the flux in the center leg:

g (400t)(1.0A)
Postee = fhror = Ry 1208 kA-t/Wb 00033 Wb

The fluxes in the left and right legs can be found by the “flux divider rule”, which is analogous to the
current divider rule.

bt R) L (O1TT3) (6 s ) 20.00193 Wh
RAR,+ R, + R, 90.1+108.3+90.177.3
(R+Ry) , _ (0I41083) o onas vy 0.00220 Wh

P TR IR, R, R, 90.1+108.3+90.1+773

The flux density in the air gaps can be determined from the equation ¢= BA:

B 0.00193 Wb
=t = =0375T
B A, (007 cm)(0.07 cm){1.05)

g S _ 0.00229 Wb

== =0445T
Ay (007 em){0.07 cm)(1.05)

1-7. A two-legged core is shown in Figure P1-4. The winding on the left leg of the core (¥1) has 400 turns, and
the winding on the right (¥:) has 300 turns. The coils are wound in the directions shown in the figure. If
the dimensions are as shown, then what flux would be produced by currents i; = 0.5 A and i; = 0.75 A?

Assume 4 = 1000 and constant.
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Sorution The twao coils on this core are would so that their magnetomaotive forces are additive, so the tofal
magnetomotive force on this core is

S = Njy + Ny, =(400 £)(0.5 A)+(300t)(0.75 A) =425 A-t

T
The tetal reluctance in the core is

- 1 _ 2.60 m
7 upA (1000)(47x107 Hm)(0.15 m)(0.15 m)

=920 KA -t'Wb

and the flux in the core is:

p=Sro = _ABAL 600460 wh

Ry 920kA Wb

1-8. A core with three legs is shown in Figure P1-5. Its depth iz 5 ¢cm, and there are 200 mms on the lettmost
leg. The relative permeability of the core can be assumed to be 1500 and constant. What flux exists in
each of the three legs of the core? What is the flux density in each of the legs? Assume a 4% increase in
the effective area of the air gap due to fringing effects.
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Sorumion This core can be divided up into four regions. Let "W be the reluctance of the left-hand portion
of the core, 2, be the relnctance of the cenfer leg of the core, R, he the relictance of the center air gap,

and “R, be the reluctance of the right-hand portion of the core. Then the total reluctance of the cora is

o
CDTC)” — 3, +M

; TR R, TR,
®o—1 L8 m : ~ 1273 kA t/WE

1A (1500)(42% 10 7 B/m)(0.09 m)(C.05 m)
I 034 m
ooz _=24.0KA- /Wb
* #itd, (1500){47>107 H/m)(0.15 m)(0.05 m)
i 0.C004 m
R =—tt = : = 403 KkA-UWD
P A (47107 Hm)(C.15 m)(D.05 m)(1.04)

R, LO% m —127.3 KA-t/Wb

4

A (1500) (47310 T Him)(0.09 m)(0.0S m)

The tctal reluctance is



Rror = R +w7127 3+W

) =127, =170.2 KA - t/'Wb
R, +R,+R, 240+408+1273

The total flux in the core is equal to the flux in the left leg:

¥ (200t)(20A)

= =0.00235 Wb
Reor 1702 KA /Wb

et = ror =

The fluxes in the center and right legs can be found by the “flux divider rule”, which is analogous to the
current divider rule.

bo— 4 1273 (0.00235 Wb) = 0.00156 Wb
Rt R, +R, 24.0+408+1273
R+ R, 24.0+408

G = or = (0.00235 Wb} =0.00079 Wb
R, +R,+ R, 24.0+40.8+1273

The flux density in the legs can be determined from the equation ¢ = BA :

B 0.00235 Wb
= LRt =0522T
Ba="y (0.09 cm)(0.05 cm)

B e OOOISSWH oo
A (015¢m)(0.05cm)

By, o 0QOTOWL
A {009 c¢m)(0.05 cm)

1-12. The core shown in Figure P1-4 is made of a steel whose magpetization curve is shown in Figure P1-6.

Repeat Problem 1-7, bt this time do not assnme a constant vase of g, How mich g iz procincad in the
core by the carrents specified? What is the relative permeability of this core under these conditions? Was
the assumption in Problem 1-7 that the relative permeability was equal to 1000 a gocd assumption for these
conditinns? Ts if a good assnmption in general?
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SoLuTioN The magnelization our ve for Lhis core is shown below:
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et
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100 163 1000
Magnetizing intensity H (A - turns/m)

The two coils on (his core are wourid so thal heir magnelomalive fuces are addilive, so e Lotal
magnelomolive furce on this core is
o = N, + N,i, = (400 t)(O_S A)+ (300 t)[:O_TS A) =425 At

Therefare, the magnetizing intensity H iz
YFO425 At
H=-—"—="="""

I 2.60 m

c

=163 A-t/m

From the magnetization curve,
B=015T
and the lotal Nux in e core s

ror = BA =(0.15 T)(0.15 m}(0.15 m) = 0.0033 Wb

The relative permeability of the core can be found from the reluctance as follows:

Py HHA
Solving for ps; yields
2 (0.0033 Wb){2.6 m) 114

Tor to A (425 A-(){42 <107 H/m )(0.15 m}{0.15 m)

The assumption that ¢ = 1000 is not very good here. It is not very good in general.



1-17. Figure P1-13 shows the core of a simple dc motor.  The magnetization curve for the metal in this core is
given by Figure 1-10c and 4. Assume that the cross-sectional area of each air gap is 18 em” and that the
width of each air gap is 0.05 cm. The effective diameter of the rotor core is 4 cm.
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The relative permeability of this core is shown below:
00

€000 1 /"""\
5000 /

/
é 400}
Z LY
N
1000
IjH] 20 30 40 50 1000 200 300 500 1000

Magnetizing intensity H, A-mirns/m

Note: This iz a design problem, and the answer presented here iz not wique. Other
vahues could be selected tor the thix density n part (@), and other mimbers of turns
could be selected in part (¢}, These othar answers are also comrect if the proper steps
were followed, and if the choices were reasonable.




(e} From Figure 1-10¢, a reasonable maximum flux density would be about 1.2 T. Notice that the
saturation effects become significant for higher flux densities.

(&) At aflux density of 1.2 T, the total flux in the core would be
p=BA=(1.2 TH0.04 m)y0.04 m) = 0.00192Wb

{e)  The total reluctance of the core is:

qg’TOT = Qslahor + cQai.r zap 1 + thm' + Qair mpl

At a flux density of 1.2 T, the relative permeability &, of the stator is about 3800, so the stator reluctance
is

L. 048 m
_ c =62.8 kA t/Wb
Bser Hoorfor (3800)(4x107 H/m }{0.04 m)(0.04 m) ‘

At aflux density of 1.2 T, the relative permeability £ of the rotor is 3800, so the rotor reluctance is

L. 004 m
_ mhor =5.2 kA - t/'Wb
Reor Howorhpoe  (3800){47 107 H/m }(0.04 m)(0.04 m)

The reluctance of both air gap 1 and air gap 2 is

I R 0.0005 m
L Ay (47X107 H/m }(0.0018 m?)

R,

al;

=221 kA -t/Wb

Therefore, the total reluctance of the core is

QFOT = Qstahor + CQai.r zap 1 + @rotm' + @air mpl

Rpop = 62.8+221+5.2+ 221 =510 kA - /Wb

The required MMF is
Foor = §Rror =(0.00192 Wb)(510 kA - UWb) =979 A -t

Since ¥ = Ni, and the current is limited to 1 A, one possible choice for the number of turns is N = 1000.



1-21. A linear machine has a magnetic fhix density of 0.5 T directed into the page, a resisrance of (.25 £, a bar
length I = 1.0 m, and a hattery voltage of 100 V.

() What is the initial force on the bar at startmg? What is the initial current flow?
{#2) What is the no-load steady-state speed of the bar?

{c} If the bar is loaded with a force of 25 N apposite to the direction of motion, what is the new steady-
state speed? What is the efficiency of the machine under these circumstances?
t=0s

0252 i
Ry

B=05T

Vg=100V = 1m

SOLUTION

{a} The carrent in the bar at starting is
Vs _ 100V

‘"R 030

Therefore, the force on the bar at starting is
F=i(1xB)=(400 A}(1 m){0.5 T) =200 N, to the right
{2} The no-load steady-state speed of this bar can be found from the equation
V,=e, =vBl
v 100V

Lo MY 00w
"B (05T m) )

{c)  With a load of 25 N opposite to the direction of motion, the steady-state current flow in the bar will

be given by
Fopo=¥,=iB
. Fyp 25N

SR s A

The induced voltage in the bar will be
eon =Vy —iR=100V - (50 A}{(0.25 02) =875V

and the velocity of the bar will be

v, 815V
LN N e T
YT B (03T 1 m) ;

The inpist power to the linear machine under these conditions is
B, =V,i=(100 V){50 A)=5000 W
The output power from the linear machine under these conditions is

B,=V,i=(875V)(50A)=4375W

out
Therefcre, the efficiency of the machine under these conditions is

E 4375 W

=29 % 100% = x100% =87.5%
P, 5000 W




A-2 Hgre PA-1 shows a three-phase power system with two loads. The A-conrected gererator iz producing a
line voltage of 180 V, and the line impedance is 0.09 + j0.16 £1. Load 1 is Y cormected, with a phase
impedance of 2.5/36.87° £ and load 2 is A-connected, with a phase impedance of 5.7-20° ().

L 1
L0090 jo16Q et

ca

L
\ 1-»-_"' /_ N Ay,
S e

/1 \

>( V. =480£-240°V

AN

¢

V,, =480/-120° V J o0 joleQ

®

0or 016 QO

Generator Load 1 Load 2

Zg =25236.87°0
Lpr =52-20°

{zr) What is the line voltage of the two load:?

(&2} What 15 the voltage drop on the transmission lines?

{z)} Find the real and reactive powers supplied to each load.

(e} T'ind the real and reactive power losses in the ransmission line,

{e) Find the real power, reactive power, and power factor supplied by the gererator.

Sonamion To solve this problem, first convert the two deltas to equivalent wyes, and get the per-phase
equivalert circuit.

00800 0760
=== |
——— A Y Y Y
L _ ] +
Tine
m100v () zZ, Zo | Vi

Za=254368T0
2y =161L=200 0

{a) The phage voltage of the equivalent Y-loads can be found by nodal analysis.

Vorua =720V Vyu Vs
009+ /016 Q2 25/3687°Q 1.67/-20°Q

(5432 -60.6°) (V,,,, ~27720°V)+(042-3687°)V,,, +(0.6220°)V, =0
(5.9552-53.34°) V, .,y = 15082 - 60.6°
Vo =253.24-7.3°V

Therefore, the line voltage at the loads is VL\E V¢. =430V .



(#) The voltage drop in the transmission lines is
AV =V, o Vo = T7740°V — 2532/.73° = 413452°V

(c) The real and reactive power of each load is

2 2
b= 3 cos@= BMCDS 30.87°=06l1.0 kW
Z 250
V2 2532 VY
0 =3t sing= 3Qsm 36.87° =462 kvar
Z 250
LV (es3avy N
P =3t cos§=3""—"cos (-20°) =108 4 kW
A 1.67C
V2 253.2 VY
0, =3—Ltsing= SQSin (-20°)=—39.5 kvar
A 1.67 &
{d) The line current is
- AV | AL3LS2V oo ooy

2. 009+ ;016 Q)
Therefare, the loses in the ttansmission line are

B_=3I_"R_=3(225A) (009 Q)=137kW

O = 30, 7%, =3 (225 A)(0.16 Q) = 24.3 kvar
(e} The real and reactive power supplied by the generator 1s

P =0, +E+E=13T7TkW+6L6 kW + 108.4kW =183.7 kW
Qe = Qe O+ 0, =243 kvar +46.2 kvar — 39.5 kvar =31 kvar

The power factor of the generator is

31k
PF=cos tan’ =% =cos tan” ——— —— = (0.986 lagging
Jr':"Hl 183.7kW

A-3.  Figire PA-2 shows a one-line diagram of a simple power svstem containing a single 430 V generator and
three loads. Assume that the transmizsion lines n this power system are lossless, and answer the tollowing
piestions.

fa) Assume that Load | 1 Y-connected. What are the phase voltage and currents m that load?
&) Agsume that Load 2 1s A-connected. What are the phase voltage and cirrents m that load?
fe; What real, reactive, and apparent power does the generator supply when the switch 1 open?
fd) What is the total line current I, when the switch is open?

fe; What real, reactive, and apparent power docs the generator supply when the switch iz closed?
ff} What is the total line current I, when the switch is closed?

fg) How does the total line current I, compare to the sum of the three individual currentz I +1, +1.7 If
they are not equal, why not?



Bus |

fy
— Load 1 | 100kW
0.9 PF lagging
I
Gl
I
480V Load 2 80 kVA )
Y connected 0.8 PF lagging

LT s | soxw
i 0.85 PF leading

SoLUTION  Since the transmission lines are lossless in this power system, the full voltage generated by
will be present at each of the loads.

fer}  Since this load is Y-connected, the phase voltage is

Vo= % =277V
The phase current can be derived from the equation P =3V, 1 cos & as follows:
P 100 kW

=133.7 A

I = =
" 3,cos8 3(277 V){(0.9)

tb)  Since this load is A-connected, the phase voltage is
Vg,2 =480V

The phase current can be derived from the equation S =3V, I, as follows:

5 _ 80kVA

= =—— " =35356 A
#3V, 3(480V)

fc) The real and reactive power supplied by the generator when the switch is open is just the sum of the
real and reactive powers of Loads 1 and 2.
F =100 kW

Q, = Ptan@= Ptan{cos™ PF) = (100 kW )(tan 25.84°) = 48.4 kvar
P, = Scos 8= (80 kVA){0.8)= 64 kW

0, =Ssiné=(80kVA)(0.6)= 48 kvar

P, =P +P, =100 kW +64 KW =164 kW

Q=0 +0, =48 4 kvar + 48 kvar = 96.4 kvar

. o . P e
{d)  The line current when the switch is o isgivenby I, = ————, where &= tan™ =% .
pel s & v \/g V. cosé E.
&= tan~ 9o _ tan”! 964 kvar _ 30.45°
E, 164 kW
F 164 kW

i =2288A

LT3V, cos® 3480 V)cos(3045°)



{e)  The real and reactive power supplied by the generator when the switch is ¢losed is just the sum of the
real and reactive powers of Loads 1, 2, and 3. The powers of Loads 1 and 2 have already been calculated,
The real and reactive power of Load 3 are:

P =80kW

Q, - Ftan®— Ptan(cos™ PT) — (80KW) tan( 31.7% )  49.6 kvar

P,=F+P+F=100kW+064 kW + 80 kW = 244 kW

Q. =0,+0,+0, =484 kvar+ 48 kvar —49.6 kvar = 46.8 kvar

{f}  The line current when the switch is closed is givenby I, = L, where &=tan™! % .
V3 V,cos8 E,
0= tan" 22 = pan A0S Kvar 6 e
y o 244 kW
P 244 kW

=2088 A

I =—— =
FO3 Y cose  3(480 V)cos(10.36°)

{g) The total line current from the generator is 298.8 A. The line currents to each individual load are:

I E 100 kW 1336 A
_ - -1,
BB, coss, 3(480 V){0.9)
s 80 KVA
I,=—2 = —962 A
2BV, 3(480V)
k SORW __ _jjaza

Jr = = =
B3V, cms, J3(480V)(085)

The sum of the three individual line currents is 343 A, while the current supplied by the generator is 298.8
A, These values are itof the same, because the three loads have different impedance angles. Essentially,
Load 3 is supplving some of the reactive power being consumed by Loads 1 and 2, so that it does not have
to come fr om the generatar,

A-4,  Prove that the line voltage of a Y-connected generator with an ach phase sequence lags the corresponding
phase voltage by 30°. Draw a phasor diagram showing the phase and line voltages for this generator.

SoLurion I the generator has an aek phase sequence, then the three phase voltages will be
V,, =V, 20
v, =V, £-20°
V, =V £ -120°

The relationship between line voltage and phase voltage is derived below. By Kirchhoff's voltage law, the
line-to-line voltage V,, is given by

Y,=V.- ¥,
Y, = V207 = V2 - 240°
1 3 3 3
Vo=Vym =3V iV, =m0,
NERE|
V, =3V, —— =
ab J_aj 2 J2

v, = Jivﬁ,z —30°

Thus the line voltage iggs the corresponding phase voltage by 30°. The phasor diagram for this commection
is shown below.







