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PREFACE

TO THE INSTRUCTOR

This Instructor’s Manual is intended to accompany the fourth edition of Electric Machinery Fundamentals. To
make this manual easier to use, it has been made self-contained. Both the original problem statement and the
problem solution are given for each problem in the book. This structure should make it easier to copy pages from
the manual for posting after problems have been assigned.

Many of the problems in Chapters 2, 5, 6, and 9 require that a student read one or more values from a
magnetization curve. The required curves are given within the textbook, but they are shown with relatively few
vertical and horizontal lines so that they will not appear too cluttered. Electronic copies of the corresponding open-
circuit characteristics, short-circuit characteristics, and magnetization curves as also supplied with the book. They
are supplied in two forms, as MATLAB MAT-files and as ASCII text files. Students can use these files for
electronic solutions to homework problems. The ASCII files are supplied so that the information can be used with
non-MATLAB software.

Please note that the file extent of the magnetization curves and open-circuit characteristics have changed in this
edition. In the Third Edition, I used the file extent * . mag for magnetization curves. Unfortunately, after the book
was published, Microsoft appropriated that extent for a new Access table type in Office 2000. That made it hard
for users to examine and modify the data in the files. In this edition, all magnetization curves, open-circuit
characteristics, short-circuit characteristics, etc. use the file extent * . dat to avoid this problem.

Each curve is given in ASCII format with comments at the beginning. For example, the magnetization curve in
Figure P9-1 is contained in file p91 mag.dat. Its contents are shown below:

o°

This is the magnetization curve shown in Figure

P9-1. The first column is the field current in

amps, and the second column is the internal

generated voltage in volts at a speed of 1200 r/min.
To use this file in MATLAB, type "load p91 mag.dat".
The data will be loaded into an N x 2 array named

"p91 mag", with the first column containing If and
the second column containing the open-circuit voltage.
MATLAB function "interpl" can be used to recover

a value from this curve.

o° o° o o° o° o o o

o\°

0 0
0.0132 6.67
0.03 13.33
0.033 16
0.067 31.30
0.1 45.46
0.133 60.26
0.167 75.06

0.2 89.74

1V



0.233 104 .4
0.267 118.86
0.3 132.86
0.333 146.46
0.367 159.78
0.4 172.18
0.433 183.98
0.467 195.04
0.5 205.18
0.533 214 .52
0.567 223.06
0.6 231.2
0.633 238
0.667 244 .14
0.7 249.74
0.733 255.08

0.767 259.2
0.8 263.74
0.833 267.6
0.867 270.8
0.9 273.6
0.933 276.14
0.966 278
1 279.74

1.033 281.48
1.067 282.94
1.1 284.28
1.133 285.48
1.167 286.54
1.2 287.3
1.233 287.86
1.267 288.36
1.3 288.82
1.333 289.2
1.367 289.375
1.4 289.567
1.433 289.689
l1.466 289.811
1.5 289.950

To use this curve in a MATLAB program, the user would include the following statements in the program:

% Get the magnetization curve. Note that this curve is
% defined for a speed of 1200 r/min.

load p91 mag.dat

if values = p91 mag(:,1);

ea values = p91 mag(:,2);

n 0 = 1200;

Unfortunately, an error occurred during the production of this book, and the values (resistances, voltages, etc.) in
some end-of-chapter artwork are not the same as the values quoted in the end-of-chapter problem text. I have
attached corrected pages showing each discrepancy in Appendix D of this manual. Please print these pages and
distribute them to your students before assigning homework problems. (Note that this error will be corrected at the
second printing, so it may not be present in your student’s books.)



The solutions in this manual have been checked carefully, but inevitably some errors will have slipped through. If
you locate errors which you would like to see corrected, please feel free to contact me at the address shown below,
or at my email address schapmanetpgi.com.au. [ greatly appreciate your input! My physical and email
addresses may change from time to time, but my contact details will always be available at the book’s Web site,
which is http://www.mhhe.com/engcs/electrical /chapman/.

I am also contemplating a homework problem refresh, with additional problems added on the book’s Web site mid-
way through the life of this edition. If that feature would be useful to you, please provide me with feedback about
which problems that you actually use, and the areas where you would like to have additional exercises. This
information can be passed to the email address given below, or alternately via you McGraw-Hill representative.

Thank you.

e gl —

Stephen J. Chapman
Melbourne, Australia
January 4, 2004

Stephen J. Chapman

278 Orrong Road
Caulfield North, VIC 3161
Australia

Phone +61-3-9527-9372

vi



Chapter 1: Introduction to Machinery Principles

1-1.

1-2.

1-3.

1-4.

A motor’s shaft is spinning at a speed of 3000 r/min. What is the shaft speed in radians per second?

Sorution The speed in radians per second is

o= (3000 r/min)( 16‘(1)““)(271 rad
r

j =314.2 rad/s
S

A flywheel with a moment of inertia of 2 kg-m’ is initially at rest. If a torque of 5 N-m
(counterclockwise) is suddenly applied to the flywheel, what will be the speed of the flywheel after 5 s?
Express that speed in both radians per second and revolutions per minute.

Sorurion The speed in radians per second is:

w=a r:(i = 2N (5 2125 radss
J 2kg-m
The speed in revolutions per minute is:

n=(12.5 rad/s)( Ir ( 00 1 _119.4 vmin
27 rad J\ 1 min

A force of 5 N is applied to a cylinder, as shown in Figure P1-1. What are the magnitude and direction of
the torque produced on the cylinder? What is the angular acceleration o of the cylinder?

r=025m
J=5kg - m?

F=10N

SorutioNn The magnitude and the direction of the torque on this cylinder is:
7,4 =1rFsing, CCW
7a =(0.25 m)(10N) sin 30°=1.25N-m, CCW

The resulting angular acceleration is:

a:i:M:OQS rad/s
J S5kg'm

A motor is supplying 60 N - m of torque to its load. If the motor’s shaft is turning at 1800 r/min, what is
the mechanical power supplied to the load in watts? In horsepower?

SorurioNn The mechanical power supplied to the load is

lmin 2xrad

P = 7= (60 N-m)(1800 r/min) =11,310 W

0 s 1r



1-5.

P=(11310 W) 7;:‘\’%]

=152 hp

A ferromagnetic core is shown in Figure P1-2. The depth of the core is 5 cm. The other dimensions of the
core are as shown in the figure. Find the value of the current that will produce a flux of 0.005 Wb. With
this current, what is the flux density at the top of the core? What is the flux density at the right side of the
core? Assume that the relative permeability of the core is 1000.

|-—IOcm I 20 cm ISch
15 cm
i [
+ —— i
1 —p
P ——
_______ P 500 turns 15 cm
1 —p
i —p
T [TTTTTT -
15 cm

Core depth 5 cm
SorutioN There are three regions in this core. The top and bottom form one region, the left side forms a
second region, and the right side forms a third region. If we assume that the mean path length of the flux is
in the center of each leg of the core, and if we ignore spreading at the corners of the core, then the path
lengths are [, = 2(27.5 cm) =55 cm, [, =30 cm, and /; =30 cm. The reluctances of these regions are:

@=t-—L _ _0m =58.36 kA - /Wb
HA A (1000)(47x107 H/m)(0.05 m)(0.15 m)

@ =t -t _ _030m = 47.75 kA -UWb
HA - pp,A (1000)(47x107 H/m)(0.05 m)(0.10 m)

R, L 030 m =95.49 kKA - /Wb

YT UA A (1000)(47x107 H/m)(0.05 m)(0.05 m)
The total reluctance is thus
Rior =R +R, + R, =58.36 +47.75+95.49 =201.6 kKA - t/Wb
and the magnetomotive force required to produce a flux of 0.003 Wb is
F=¢ R=(0.005Wb)(201.6 KA-t/Wb)=1008 A -t
and the required current is

T _ 1008 At

N 400t

The flux density on the top of the core is

_f_  000SWb _ .o
A (0.15m)(0.05m)




1-6.

The flux density on the right side of the core is

pod_  0005Wb o
A~ (0.05m)(0.05 m)

A ferromagnetic core with a relative permeability of 1500 is shown in Figure P1-3. The dimensions are as
shown 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 0.020 cm, respectively. Because of fringing effects, the effective area of the air gaps is 5
percent larger than their physical size. If there are 400" turns in the coil wrapped around the center leg of
the core and if the current in the coil is 1.0 A, what is the flux in each of the left, center, and right legs of
the core? What is the flux density in each air gap?

7 cm 30 cm 7 cm 30 cm 7 cm
t
7cm
[ —
—
P
30 cm 0.07 cm = 400 turns 0.05 cm —
—
R B
7 cm
i

Core depth =7 cm

SorutioN This core can be divided up into five regions. Let R, be the reluctance of the left-hand portion
of the core, R, be the reluctance of the left-hand air gap, R, be the reluctance of the right-hand portion of
the core, R, be the reluctance of the right-hand air gap, and R be the reluctance of the center leg of the

core. Then the total reluctance of the core is

(R+R)(R+R,)

=R
Rror =R+ RAR,+R+R,
R=—h - LIm =90.1 kKA -t/Wb
H,tyA, (2000)(47x107 H/m)(0.07 m)(0.07 m)
l, 0.0007 m
* MA, (47x107 H/m)(0.07 m)(0.07 m)(1.05)
R=—b = _Lm = 90.1 kA -t/Wb
YA (2000)(47x107 H/m)(0.07 m)(0.07 m)
l 0.0005 m
R, =—t= =773 kA-t/Wb
YA, (47x107 H/m)(0.07 m)(0.07 m)(1.05)
E— 0.37m =30.0 KA t/Wb

" U A; (2000)(47x107 H/m)(0.07 m)(0.07 m)

The total reluctance is

" In the first printing, this value was given incorrectly as 300.

3



Ry =+ (R+R)(R+R,) _ 0.0+ (90.1+108.3)(90.1+77.3) _ 190.8 KA /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:

F  (4001)(1.0 A)

= =0.0033 Wb
Ryor 1208 kA /Wb

¢cenler = ¢TOT =

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

R+ R 1477,
Ben = (®,+%,) ror = (90.1+77.3) (0.0033 Wb) =0.00193 Wb
R+ R, + R+ R, 90.1+108.3+90.1+77.3
1+108.
B (R ®,) Bron = —— 001 +108.3) (0.0033 Wb) = 0.00229 Wb

TRAR, AR AR, 90.1+108.3+90.1+77.3

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

B, 0.00193 Wb
Ay (0.07 cm)(0.07 cm)(1.05)
B, = Prgn _ 0.00229 Wb 0445 T
Ay (0.07 cm)(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 (N;) has 400 turns, and
the winding on the right (V>) 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.

}-715 cm I 50 cm I 15 cm4—|

15cm
i i
—
———————— > <——————-_
i D ——
——————— > <———-——__
= =b
——————— > <——————._
q= il >}
50cm 0000 e eee ] LA s
Q| 400 turns 300turns | _— — —=p
——————— > <———————
[ ——
——————— > <—'——————
< N, N. —b
] ———
——————— > 1 2 <———————
q= =b
———————— ) <——————_._
15 cm

Core depth = 15 cm



Sorurion The two coils on this core are would so that their magnetomotive forces are additive, so the total
magnetomotive force on this core is

Fror = Njiy + N,iy = (400 1)(0.5 A)+(300 1) (0.75 A) =425 A -t

The total reluctance in the core is
l 2.60 m
A (1000)(47%107 H/m)(0.15 m)(0.15 m)

and the flux in the core is:

g=Jror o _ABAL 660460 W
Ry 920KA-UWD

1-8. A core with three legs is shown in Figure P1-5. Its depth is 5 cm, and there are 200 turns on the leftmost
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.

|.2cm | 25 cm | 15cm | 25 cm | 9em |
| | | | | |
9cm
2
2A &3
et
[ Sy
<___>
— — :’ 200 turns e 0.04 cm 25 cm
=2
: ____ =
———— -3
9cm

Coredepth Scm

SorutioN This core can be divided up into four regions. Let R, be the reluctance of the left-hand portion
of the core, R, be the reluctance of the center leg of the core, R, be the reluctance of the center air gap,

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

R, +R,)R
Rror =R + Ep : 3) :
L+ R+ R,
R=— - L8 m — 127.3KA-UWb
Moty (1500)(47x107 H/m)(0.09 m)(0.05 m)
I, 0.34 m
= = =24.0 kA - t/Wb
© A, (1500)(47%107 H/m)(0.15 m)(0.05 m)
! 0.0004 m
P = 40.8 kKA - t/Wb
YA, (47x107 H/m)(0.15 m)(0.05 m)(1.04)
L _ 108 m —127.3 kA /Wb

4

" U toA, (1500)(47x 107 H/m)(0.09 m)(0.05 m)

The total reluctance is



o o (RAR)R, _ 1373, (240+408)1273

ToT = N = . =170.2 kA - t/Wb
R, + R, +R, 24.0+40.8+127.3

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

F  (2001)(2.0 A)

= =0.00235 Wb
Rur 1702 kA -Wb

P = Pror =

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

¢cenler = L¢TOT = 1273 (000235 Wb) = 000156 Wb
R, + R, +R, 24.0+40.8+127.3

b=ty 2804408 0235 Wh)=0.00079 Wh
TR LR R, 24.0+408+1273

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

g B O00B5Wo o
A (0.09 cm)(0.05 cm)
B B O00IS6Wb o
A (0.15 ¢cm)(0.05 cm)
gy, = da o _O00WD e,
A (0.09 cm)(0.05 cm)

1-9. A wire is shown in Figure P1-6 which is carrying 5.0 A in the presence of a magnetic field. Calculate the
magnitude and direction of the force induced on the wire.

B=025T,
I < to the right
—_— —_—
— —
— —
I=1m
—_— —_—
—_— —_—
[ i=5.0A —
1 &>

SorutioN The force on this wire can be calculated from the equation

F=i(1xB)=ilB =(5A)(1 m)(0.25 T)=1.25 N, into the page



1-10.

1-11.

1-12.

The wire is shown in Figure P1-7 is moving in the presence of a magnetic field. With the information given
in the figure, determine the magnitude and direction of the induced voltage in the wire.

X X X X X X X
X X X X
X X

X X X X
X X X

B =0.25 T, into the page

Sorurion The induced voltage on this wire can be calculated from the equation shown below. The voltage
on the wire is positive downward because the vector quantity v xB points downward.

€,q =(VXB)-1=vBI cos 45°=(5m/s)(0.25 T)(0.50 m) cos 45°=0.442 V, positive down

Repeat Problem 1-10 for the wire in Figure P1-8.

|v=1m/s
—_— :€§:>
_— — B=05T
[=05m
—_— —_—
— —
= =

Sorurion The induced voltage on this wire can be calculated from the equation shown below. The total
voltage is zero, because the vector quantity vxXB points into the page, while the wire runs in the plane of
the page.

€,q =(VXB)-1=vBIl cos 90°=(1 m/s)(0.5 T)(0.5 m) cos 90°=0V
The core shown in Figure P1-4 is made of a steel whose magnetization curve is shown in Figure P1-9.

Repeat Problem 1-7, but this time do not assume a constant value of py. How much flux is produced in the

core by the currents 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 good assumption for these
conditions? Is it a good assumption in general?



15cm
i i
—
——————— > <———————_
q= >
- ———
——————— > <——.—-____
Nl =b
——————— ) <———————
I~ l>}
R E—— |
50cm 000 | eee ] P
Q- | 400 turns 300turns | =P
——————— > <—————__
S —
—————— > <———————-
(< N. N. >}
] ——
_______ LAk 3
i =b
———————— > <-~————___
15 cm

Core depth = 15 cm

Sorurion The magnetization curve for this core is shown below:

1.25 /

1.00

=D
N

/
0.75 VA

—mn ey —

0.50

/
0.25 7
0.15

0.0

100 163 1000
Magnetizing intensity H (A - turns/m)

The two coils on this core are wound so that their magnetomotive forces are additive, so the total
magnetomotive force on this core is

Fror = Ny + Niy = (400 1)(0.5 A)+(300 1)(0.75 A) =425 A -t

Therefore, the magnetizing intensity H is



1-13.

=163 A-t/m

_ T _45A-t
I 2.60m

From the magnetization curve,
B=0.15T
and the total flux in the core is

Gror = 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:

_Fhor |
¢TOT /’lr/’lOA
Solving for u;,. yields
u - bror I _ (0.0033 Wb)(2.6 m) _ 714

Fror ly A (425 A-1)(47x107 H/m)(0.15 m)(0.15 m)

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

A core with three legs is shown in Figure P1-10. Its depth is 8 cm, and there are 400 turns on the center
leg. The remaining dimensions are shown in the figure. The core is composed of a steel having the
magnetization curve shown in Figure 1-10c. Answer the following questions about this core:

(a) What current is required to produce a flux density of 0.5 T in the central leg of the core?

(b) What current is required to produce a flux density of 1.0 T in the central leg of the core? Is it twice the
current in part (a)?

(c) What are the reluctances of the central and right legs of the core under the conditions in part (a)?
(d) What are the reluctances of the central and right legs of the core under the conditions in part (b)?

(e) What conclusion can you make about reluctances in real magnetic cores?

8cm

oi—" 1
—_— P
<"§_>
b — P

<;_"_'_:>N=400tums 16 cm
<:""‘:_>
D ip—— P
o—l————3

8cm

’-—80m I 16 cm I 8 cm i 16 cm I 8cm~—‘

Depth =8 cm



Sorurion The magnetization curve for this core is shown below:
2.8

2.6

2.4

275

2.0
1.8
1.6
14
12 e

1.0 /
0.8 /

0.6 L/

Flux density B (T)

0.4 L/

/

0.2 v
0

10 20 30 40 50 100 200 300 500 1000 2000 5000
Magnetizing intensity H, A - turns/m

(a) A flux density of 0.5 T in the central core corresponds to a total flux of

$ror = BA=(0.5 T)(0.08 m)(0.08 m) = 0.0032 Wb
By symmetry, the flux in each of the two outer legs must be ¢, = ¢, =0.0016 Wb, and the flux density in
the other legs must be

B _p —_ 00016 Wb
"% (0.08 m)(0.08 m)

=025T

The magnetizing intensity H required to produce a flux density of 0.25 T can be found from Figure 1-10c.
It is 50 A-t/m. Similarly, the magnetizing intensity H required to produce a flux density of 0.50 T is 70
A-t/m. Therefore, the total MMF needed is

%fTOT = Hcemer lcemer + H(yuler l(yuler

Fror = (70 A-t/m)(0.24 m)+(50 A-vm)(0.72 m) =52.8 A-t
and the required current is

2.8 A-
j=Jror (928 AL_ 43
N 400t

(b) A flux density of 1.0 T in the central core corresponds to a total flux of

$ror = BA=(1.0 T)(0.08 m)(0.08 m)=0.0064 Wb
By symmetry, the flux in each of the two outer legs must be ¢, = ¢, =0.0032 Wb, and the flux density in
the other legs must be

0.0032 Wb
B =B,=
"% (0.08 m)(0.08 m)

=050T

10



1-14.

The magnetizing intensity H required to produce a flux density of 0.50 T can be found from Figure 1-10c.
Itis 70 A-t/m. Similarly, the magnetizing intensity H required to produce a flux density of 1.00 T is about
160 A-t/m. Therefore, the total MMF needed is

For = Honerloner + Hopodl

center~ center outer ~ outer

Fror = (160 A-/m)(0.24 m)+(70 A-/m)(0.72 m) =88.8 A-t

and the required current is

i= Dror _ 88.8 A-t —022 A
N 400t

This current is less not twice the current in part (a).
(c) The reluctance of the central leg of the core under the conditions of part (a) is:
_ For (70 A-/m)(0.24 m)

@ =10 - =5.25KkA- /Wb
Pror 0.0032 Wb

The reluctance of the right leg of the core under the conditions of part (a) is:

Rign = Tror _ (S0 AUM0.72m) _ ) 5 yn g
Pron 0.0016 Wb

(d) The reluctance of the central leg of the core under the conditions of part (b) is:

P - Fror _ (160 A - /m)(0.24 m) 6.0 KA. UWh
Bror 0.0064 Wb

The reluctance of the right leg of the core under the conditions of part () is:

Righe = ror = (70 A t/m)(0.72 m) =15.75 kA -t/Wb
Bror 0.0032 Wb

(e) The reluctances in real magnetic cores are not constant.

A two-legged magnetic core with an air gap is shown in Figure P1-11. The depth of the core is 5 cm, the
length of the air gap in the core is 0.06 cm, and the number of turns on the coil is 1000. The magnetization
curve of the core material is shown in Figure P1-9. Assume a 5 percent increase in effective air-gap area to
account for fringing. How much current is required to produce an air-gap flux density of 0.5 T? What are
the flux densities of the four sides of the core at that current? What is the total flux present in the air gap?

11



10

<:> N=1,000 turns 0.06 cm

30

10

’——100m i 30 cm

[5cm|

Depth=5cm

Sorurion The magnetization curve for this core is shown below:

cm

cm

cm

1.25

1.00

0.75 7

Flux density, T

4
0.50 7

0.25 /

0.0

100 1000
Magnetizing intensity, A-turns/m

An air-gap flux density of 0.5 T requires a total flux of
¢=BA, =(0.5T)(0.05m)(0.05m)(1.05) =0.00131 Wb

This flux requires a flux density in the right-hand leg of

¢ 0.00131 Wb
B., == =0.524T
A (0.05 m)(0.05m)

The flux density in the other three legs of the core is

[ 0.00131 Wb
B.=B_,=B === =0.262T
top left bottom A (010 m) (005 m)

12



1-15.

The magnetizing intensity required to produce a flux density of 0.5 T in the air gap can be found from the
equation B, =u H, :

y _Bu_ 05T
“® u, 47x107 H/m

=398 kA-t/m

The magnetizing intensity required to produce a flux density of 0.524 T in the right-hand leg of the core can
be found from Figure P1-9 to be

H. =410A-t/m

right

The magnetizing intensity required to produce a flux density of 0.262 T in the top, left, and bottom legs of
the core can be found from Figure P1-9 to be

HIUP = Hlefl = anlmm = 240 A : t/m

The total MMF required to produce the flux is
Fror=H, Il +H L. +H [ +H

ag ag right “right top "top lefll +H l

Fror = (398 kA - /m)(0.0006 m)+ (410 A-t/m)(0.40 m)+3(240 A - t/m)(0.40 m)
Fror =278.6+164+288=691 A -t

left bottom “bottom

and the required current is

= Jror _OLAL_ o1 a
N 1000 t
The flux densities in the four sides of the core and the total flux present in the air gap were calculated

above.

A transformer core with an effective mean path length of 10 in has a 300-turn coil wrapped around one leg.
Its cross-sectional area is 0.25 in2, and its magnetization curve is shown in Figure 1-10c. If current of 0.25

A is flowing in the coil, what is the total flux in the core? What is the flux density?
2.8

2.6

2.4

2.2
2.0
1.8
1.6
14
12 e

1.0 /
0.8 /

0.6 L/

Flux density B (T)

0.4 L/

/

0.2 v
0

10 20 30 40 50 100 200 300 500 1000 2000 5000
Magnetizing intensity H, A - turns/m

Sorurion The magnetizing intensity applied to this core is

13



_ (300t)(025A) 505 A t/m

H="~=
(10 in)(0.0254 mv/in)

L,

_J_M
L

From the magnetization curve, the flux density in the core is
B=127T

The total flux in the core is

2

00254 m —_ 4 00205 Wb

¢=BA=(127T)(0.25in%) .
1

1-16. The core shown in Figure P1-2 has the flux ¢ shown in Figure P1-12. Sketch the voltage present at the
terminals of the coil.

}-—10cm I 20 cm Isch

15cm

_______ P 500 turns 15 cm

15 cm

Coredepth S5cm

0.010

0.005

¢ (Wb)
(=]

—0.005

-0.010

SorutioN By Lenz’ Law, an increasing flux in the direction shown on the core will produce a voltage that
tends to oppose the increase. This voltage will be the same polarity as the direction shown on the core, so it
will be positive. The induced voltage in the core is given by the equation

_n99

dt

Cnd

so the voltage in the windings will be
14



1-17.

Time do € q
dt
O0<t<?2 1 250V
S (500 t)OO 0 Wb
2s
2<t<5 -0.02 -3.33V
S (500 t) 0.020 Wb
3s
S5<t<7 . 250V
S (500t)0010Wb
S
T<t<8 .01 5.00V
S (500 t)OO 0 Wb
S
The resulting voltage is plotted below:
3}
2
“ 1 2 3 4 5 6 7 8

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 d. Assume that the cross-sectional area of each air gap is 18 cm” and that the
width of each air gap is 0.05 cm. The effective diameter of the rotor core is 4 cm.

%

—

N turns

[[]]]]

15

4cm

@zl

[N

[

4 cm

~&

Depth =4 cm

l,=4cm

= l‘g =0.05 cm

\



Sorurion The magnetization curve for this core is shown below:
2.8

2.6

2.4

275
2.0

1.8

1.6

14
12 A

1.0 /

0.8 /

0.6 L/

Flux density B (T)

0.4 L/

/

0.2 v
0

10 20 30 40 50 100 200 300 500 1000 2000 5000
Magnetizing intensity H, A - turns/m

The relative permeability of this core is shown below:
7000

6000

5000 \
4000 \

3000 \

M, . dimensionless

2000

1000

10 20 30 40 50 100 200 300 500 1000
Magnetizing intensity A, A-turns/m

Note: This is a design problem, and the answer presented here is not unique. Other
values could be selected for the flux density in part (a), and other numbers of turns
could be selected in part (¢). These other answers are also correct if the proper steps
were followed, and if the choices were reasonable.

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

(b) At a flux density of 1.2 T, the total flux in the core would be
¢=BA=(1.2T)(0.04 m)(0.04 m) = 0.00192 Wb

(c) The total reluctance of the core is:
16



1-18.

1-19.

Cp’l"OT = CQslamr + CQair gap 1 + CQ

rotor

+R

air gap 2

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

CQ%Iamr = lsmmf = 048 o = 628 kA N t/Wb
M Ugin A (3800)(477x107 H/m)(0.04 m)(0.04 m)

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

CQmmr = lmmf = 004 m = 52 kA - t/Wb
o Aor (3800) (47107 H/m )(0.04 m)(0.04 m)

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

Live, .
T 0.0005 m =221 kA t/Wb

o1 = Horew Ag (47107 H/m)(0.0018 m’)

air gap 1 CQair gap2 =

Therefore, the total reluctance of the core is
Cp’l"OT = CQslamr + CQair gap 1 + CQ + CQ

air gap 2

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

rotor

The required MMF is
Fror = PR = (0.00192 Wb)(510 kA-t/Wb) =979 A-t
Since &F = Ni, and the current is limited to 1 A, one possible choice for the number of turns is N = 1000.

Assume that the voltage applied to a load is V =2082—30° V and the current flowing through the load is
I=5/15°A.

(a) Calculate the complex power S consumed by this load.
(b) Is this load inductive or capacitive?
(c) Calculate the power factor of this load?

(d) Calculate the reactive power consumed or supplied by this load. Does the load consume reactive power
from the source or supply it to the source?

SOLUTION

(a) The complex power S consumed by this load is
S=VI'=(208£-30° V)(5£15° A) =(208£-30° V)(5£-15° A)
S=1040L-45° VA

(b) This is a capacitive load.

(c) The power factor of this load is

PF = cos(—45°) = 0.707 leading

(d) This load supplies reactive power to the source. The reactive power of the load is
Q =VIsin@=(208 V)(5 A)sin(—45°) =735 var

Figure P1-14 shows a simple single-phase ac power system with three loads. The voltage source is
V =120£0° V, and the three loads are

7, =5230°Q Z7,=5,45°Q Z,=52-90°Q
17



Answer the following questions about this power system.

(a) Assume that the switch shown in the figure is open, and calculate the current I, the power factor, and
the real, reactive, and apparent power being supplied by the source.

(b) Assume that the switch shown in the figure is closed, and calculate the current I, the power factor, and
the real, reactive, and apparent power being supplied by the source.

(c) What happened to the current flowing from the source when the switch closed? Why?
I
— 7~

VvV =120£0°V
SOLUTION

(a) With the switch open, only loads 1 and 2 are connected to the source. The current I, in Load 1 is

- 120£0° V 94/ -30° A
5£30° A
The current I, in Load 2 is
I, :%:244_450 A
5£45° A

Therefore the total current from the source is
I=1+1,=24/-30°A + 24£—-45° A=47592-375° A

The power factor supplied by the source is
PF = cos @ = cos(—-37.5°) = 0.793 lagging

The real, reactive, and apparent power supplied by the source are
P=VIcos6=(120 V)(47.59 A)cos(-37.5°)=4531 W

Q =VIcos6=(120 V)(47.59 A)sin(—37.5°) = —3477 var
S=VI=(120 V)(47.59 A)=5711 VA

(b) With the switch open, all three loads are connected to the source. The current in Loads 1 and 2 is the
same as before. The current I, in Load 3 is
5 =—12040 v =24.,/90° A
T 5/-90° A
Therefore the total current from the source is
I=1,+L+1,=242-30°A + 24/-45° A+ 24/90° A=38.08£-7.5° A

The power factor supplied by the source is
PF = cos 6§ = cos(—7.5°) = 0.991 lagging

The real, reactive, and apparent power supplied by the source are
P =VIcos®=(120 V)(38.08 A)cos(-7.5°) =4531 W

18



Q =VI cos@= (120 V)(38.08 A)sin(—7.5°) = =596 var
S =vI=(120 V)(38.08 A)=4570 VA

(c) The current flowing decreased when the switch closed, because most of the reactive power being
consumed by Loads 1 and 2 is being supplied by Load 3. Since less reactive power has to be supplied by
the source, the total current flow decreases.

1-20. Demonstrate that Equation (1-59) can be derived from Equation (1-58) using simple trigonometric
identities:

p(t)=v(t) i(t) = 2VI cos ot cos (@t — 6) (1-58)
p(t) =VIcos6(1+ cos2at)+VI sin @sin 2t (1-59)
SoLuTION
The first step is to apply the following identity:

cosacosﬁz% cos(a f) cos(e p)

The result is

p(t)=v(t) i(t) = 2VI cos wt cos (wt — 6))

p(t)=2VI % cos(ar @t 6) cos(ax wr 6)

p(t)=VI cos@ cos(2mt 6)

Now we must apply the angle addition identity to the second term:
cos(a— ) = cosarcos f+sinarsin §

The result is

p(t) =VI[cos 8+ cos 2wt cos O+ sin 21 sin

Collecting terms yields the final result:

p(t) =VIcos6(1+ cos2at)+VI sin @sin 2t

1-21. A linear machine has a magnetic flux density of 0.5 T directed into the page, a resistance of 0.25 €, a bar
length / = 1.0 m, and a battery voltage of 100 V.

(a) What is the initial force on the bar at starting? What is the initial current flow?
(b) What is the no-load steady-state speed of the bar?

(c) If the bar is loaded with a force of 25 N opposite to the direction of motion, what is the new steady-
state speed? What is the efficiency of the machine under these circumstances?

19



1-22.

YW B=05T

Vg =100V =

I
5

SOLUTION

(a) The current in the bar at starting is
V, 100V
R 025Q

=400 A

Therefore, the force on the bar at starting is
F=i(1xB)=(400 A)(1 m)(0.5 T)=200 N, to the right

(b) The no-load steady-state speed of this bar can be found from the equation

Vy=e,,=VBI
v, 100 V

=—=——"——=200m/
"B (05T)(1m) ;

(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

Fapp = End = llB
F

D\ B N
Bl (05T)(1 m)

The induced voltage in the bar will be
€, =V; —iR=100V - (50 A)(0.25Q)=87.5V

and the velocity of the bar will be
Vy 87.5V

V= B m =175 m/s

The input 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
P, =V,i=(875V)(50 A)=4375W

Therefore, the efficiency of the machine under these conditions is

77=Q><100% :mxloo% =87.5%
P 5000 W

A linear machine has the following characteristics:

B =0.33 T into page R=0.50 Q
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[=05m V, =120V

(a) If this bar has a load of 10 N attached to it opposite to the direction of motion, what is the steady-state
speed of the bar?

(b) If the bar runs off into a region where the flux density falls to 0.30 T, what happens to the bar? What
is its final steady-state speed?

(c) Suppose V, is now decreased to 80 V with everything else remaining as in part (b). What is the new
steady-state speed of the bar?

(d) From the results for parts (b) and (c), what are two methods of controlling the speed of a linear
machine (or a real dc motor)?

SoLuTION
(a) With a load of 20 N opposite to the direction of motion, the steady-state current flow in the bar will
be given by

Fapp = End = llB

F,, 10N

— __p

w9 _605A
"B T (033T)(0.5m)

The induced voltage in the bar will be
€,y =V, —iR=120V - (60.5 A)(0.50 ©2)=89.75 V

and the velocity of the bar will be

w8975V
Bl (0.33T)(0.5m)

(b) If the flux density drops to 0.30 T while the load on the bar remains the same, there will be a speed

transient until F, ~=F, =10 N again. The new steady state current will be

dep = End = llB
_F,, 10N

"B (030 T)(0.5m)

=66.7 A

The induced voltage in the bar will be
€,q =V, —iR=120V - (66.7 A)(0.50 ©2)=86.65 V

and the velocity of the bar will be
e 86.65V

~ Bl (030T)(0.5m)

=577 m/s

(c) If the battery voltage is decreased to 80 V while the load on the bar remains the same, there will be a

speed transient until F, ' =F,_, =10 N again. The new steady state current will be

dep = End = llB

F, 10N

;— __4pp

"B T (030T)(0.5m)

=66.7 A

The induced voltage in the bar will be
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e,q =V, —iR=80 V- (66.7 A)(0.50 Q)=46.65 V

and the velocity of the bar will be
p Ging 46.65V — 311 s
Bl (0.30T)(0.5m)

(d) From the results of the two previous parts, we can see that there are two ways to control the speed of
a linear dc machine. Reducing the flux density B of the machine increases the steady-state speed, and
reducing the battery voltage Vi decreases the stead-state speed of the machine. Both of these speed control
methods work for real dc machines as well as for linear machines.

22



