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* Fundamentals of dc machines:
— The linear dc machine,
— Linear dc machine as motor and generator,

— Electric circuit and magnetic circuit aspect of DC
machines,

— Simple rotating loop between two curves pole
faces,

— Commutation,

— problem with commutation in real dc machine,

— The internal generated voltage and induced
torque equation of real dc machine,

— The construction of real dc machine,

— Power flow and losses in a real dc machine
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* DC motors:

— Equivalent circuit,

— Type of dc motors,

— DC motor efficiency.

— Mathematical model of dc motor
* DC generators:

— Equivalent circuit,

— Magnetization curve,

— Types of dc-generators
* Special Machine:

— Reluctance Motors

— Stepper Motors,

— Hysteresis Motors.

— Examples of Industrial Applications of DC Machines
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THE MAGNETIC FIELD

As previously stated, magnetic fields are the fundamental mechanism
by which energy is converted from one form to another in motors,
generators, and transformers. Four basic principles describe how
magnetic fields are used in these devices:

1. Acurrent-carrying wire produces a magnetic field in
the area around it.

A time-changing magnetic field induces a voltage in a
coil of wire if it passes through that coil. (This is the
basis of transformer action.)

A current-carrying wire in the presence of a magnetic
field has a force induced on it. (This is the basis of
motor action.)

A moving wire in the presence of a magnetic field has
a voltage induced in it. (This is the basis of generator
action.)
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1-H = (I/27R) A/m—B=pH—>®=BxA Wb

2-eina = N(d®/dt) volt
3
4-eina=(V*B).1 Volt

-F=i(IxB) N
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THE LINEAR DC MACHINE

A linear dc machine is shown in Figure. It consists of a battery and a resistance connected
through a switch to a pair of smooth, frictionless rails. Along the bed of this "railroad track"
is a constant, uni form-density magnetic field directed into the page. A bar of conducting
metal is lying across the trac

Switch Magnetic field into page
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PRODUCTION OF INDUCED FORCE
ON A WIRE

POl Job 3 O 58 QW S9 Mg — 1 o
(Ui Olduwe &0 5 g2

1. The equation for the force on a wire in the presence of a magnetic field:

F =il XB)

(1-43)

where  F = force on wire

i = magnitude of current in wire

I = length of wire, with direction of 1 defined to be in the direction
of current flow

B = magnetic flux density vector

Switch Magaetic fiekd into page
K
¢ A B
x x x
R
- emd ]
X X - X

* A magnetic field on its surroundings induces a
force on a current-carrying wire within the

field. :
F=ilXB)
X X T O X x
X x I X X
X X X x
X X ! X X
x X _x.' X
|
A e B o ) X x

Mo g 0908 HI0 9 K Olgie ] Jobo Y IS 50
AN 4B 5 515 (Wbl 0 dxio y dg0c &) B Oluwe

F=ilB~

RHR-1

F = [/Bsin@
F L planeof I and B
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2. The equation for the voltage induced on a wire moving in a magnetic field:
€ = (VX B)el (1-45)

where  e,4 = voltage induced in wire
v = velocity of the wire
B = magnelic fux densily vector
I = length of conductor in the magnetic field

Switch R Magnetic fiel into page
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3. Kirchhoff’s voltage law for this machine. From Figure 1-19 this law gives
Vp—iR—e,=0

[Vs=e,+iR=0| (1-46)

4. Newton's law for the bar across the tracks:

Fpee = ma (1=7)
Switch Magnetic field into page
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THE LINEAR DC MACHINE

Starting the Linear dc machine
Switch Magsetic flekd inio page

L]
To start this machine, simply close the —X—‘WVL ]
switch. Now a current flows in the bar, % * "
which is given by Kirchhoff's voltage law:

T 989 35 (g y 9590 (5 DC (il Linogi b
Sl o3 031 Yoyl ol ¢ o b 46 Hlaz S

S (0 ol 4
Gk 2 Il (A

V e 3 w ||| Bl o Jilio BT ny i 1) SWitch o ! 58 1
. _ Y= Cua . .
P=—2 x ox = ox Start—it—Fina = ma—vl—eindl—1i]
Since the bar isinitially atrest ey, = 0
So i=Vg/R
F =il X B)

F,=ilB 1o the right

Therefore, the bar will accelerate to the right (by Newton's law). However, When the
velocity of the bar begins to increase, a voltage appears across the bar. The voltage is given
by Equation

o = (VX B)-l

€. = VvBI posilive upward
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THE LINEAR DC MACHINE

Starting the Linear dc machine
Switch Magsetic fiekd Into page

Vs = €in

= 3
i= ~ R X MWy \\x X x
€9 =VBI positive upward

=" ‘

The voltage now reduces the current
flowing in the bar x

! _Vl_’-.aT
ll—T

The result of this action is that eventually the bar will reach a constant steady-state speed
where the net force on the bar is zero At that time, the bar will be moving at a speed given by

Ve =€ =vBI
Va
v,_,—ﬁ

:Sllos 4ol

eindT— VB = Cing—1 =0 »Fina =0
369 9 (o) S sk SWY 45 s (o (2 4 F98 ST 0 QNI b
o3 (0 9 o (WS90 4o 93 9 o Ol g od iy (W
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Vp
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THE LINEAR DC MACHINE

The Linear DC Machine as a Motor

Linear machine is initially running at the no-load steady-state conditions

A force Fwoadis applied to the bar opposite the direction of motion

The net force on the bar in the direction opposite the direction of motion

(Fra = Fiowa = Fina)

The effect of this force will be to slow the bar

As the bar begins to slow down, the induced voltage on the bar drops

(€ins = VLB

As the induced voltage decreases, the current flow in the bar rises

= Ve — ?.-d'l'

therefore, the induced force rises too

(Fiug = iTIB)
Switch - Magsetic fiekd into page
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Si=

THE LINEAR DC MACHINE

The Linear DC Machine as a Motor

The overall result of this chain of events is that the induced force rises until
it is equal and opposite to the load force, and the bar again travels in steady
state, but at a lower speed
There is now an induced force in the direction of motion of the bar, and power
is being converted from electrical form to mechanical form to keep the bar
moving. The power being converted is

Peoay = €ingi = Fingv
An amount of electric power equal to eidi is consumed in the bar and is
replaced by mechanical power equal to Finav, Since power is converted from
electrical to mechanical form, this bar is operating as a motor.

Switch Magsetic fiekd into page
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THE LINEAR DC MACHINE

The Linear DC Machine as a Generator

The linear machine is again operating under no-load steady-state conditions.
Apply a force in the direction of motion

Now the applied force will cause the bar to accelerate in the direction of motion,

and the velocity v of the bar will increase. As the velocity increases, eind will
increase and will be larger than the battery voltage V= Now the current flown in

reverses direction

._ €~ Vp

'=7R
Fou=ilB

to the left

ind
Notice that now the battery is charging. The linear machine is now serving as a
generator, converting mechanical power Finav into electric power €indi .

Switch

X
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Magaetic fiekd into page
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Mechanical Pin= VssFapp W
Produced Electrical Power Ping = Einai
Ploss = 1212 Pload = VBi
Efficiency = (Pioad/Pin) X100%

THE LINEAR DC MACHINE

Starting Problems with the Linear Machine

B=OST,

oo directed wio the page
=0 = x X x
=20V osm
x X x
o=
Ve _250V_ 55004
st R 01Q
100 Rum
Py
1=0 x x x
- %
=20V osm
x x x

b5 DC GSlailo 33 (831051 of y i
ol YU (S31061 of 5 b >
Start »v=0—eina=0—1=(Vs/R)—>»>

o Dby pod
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A wire is shown in Figure P1-6 which is carrying 5.0 A in the presence of a magnetic field. Cakulate the :‘ DK} 0“’
magnitude and direction of the force induced on the wire. -
B=025T,
T ) — i (he right F
RHR-1
. — /
/
lelm
_— ] —_—
SR F=1iBsin6
A =
Savtnon The foree on this wire can be calculated from the equation F L planeofl and B
F=i(lxB)=ilB =(5A)(1m){0.25 T) = 1.25 N, into the page
.r .
" . N i i : y . ‘ﬁ,}&’
The wire s shown in Figure P1-7 is moving in the presence of a magnetic fiekd. With the information given
in the figure, determine the magnitude and direction of the induced voltage in the wire, l= 0 50 m
.
X X X X X \ X X —
N v=15 m/sec

X X X X T X X B=0.25T

0 = 45"

12050 m :rb?.)'é
Eind=(VxB).l

4
x
b4
x
4
b4

B=025T, o the page VJ‘B

Savmon The induced voltage on this wire can be cakulated from the equation shown helow. The voltage
an the wire i positive downward because the vector quantity vxB points downward.

€., =|vXB)l= Bl cos 45 =(5 m/s){0.25 T){0.50 m) cos 45° =042V, positive down

epeat Problem 1-10 for the wire in Figure P1-8

AR R

— Sl yho W39 s O

jrron The induced voltage on this wire can be calculated from the equation shown below. The total
ltage is zem, hecause the vector quantity v B paoints into the page, while the wire runs in the plane of
e page.

b =(vxB)1=vBl cos WP =(1 m/s){0.5 THOS m) cos W =0V

Page 1
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1=l
0sn i
' AN
B=05T
—— B
Vy= 100V D Im

SaLurmoN
(@) The cumrent in the bar at starting is
iz L% - 100V
R 0250

=400 A

Therefore, the force on the bar at starting is
F=i(lxB)=[400 A){l m){05T)=200N, to the nght
(b} The no-load steady-state speed of this har can be found from the equation
Ve =€ =vBl
v, wov

L= =200m/s
Bi (05T){(I 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

F,=F,=iB
1_4. 15N
Bl (05T)(1m)
The induced voltage in the bar will be
6 =Vy—iR=100V- (50A)(0.250)=87.5V

and the velocity of the bar will be
V, 875V

F"‘— ST m 175 m/s

The input power to the lincar machine under these conditions is
P, =V,i=(100 V)(50 A)=5000 W

The ouspur power from the lincar machine under these conditions is
P =V,i=(BT5V)(50 A)=4375 W

Therefore, the efficiency of the machine under these conditions is

P 4375 W .
= = 100% = ———x 100% = §7.5%
P 5000 W

EARR

031, A linear machine has a magnetc lux densiy of 0.5 T dircted o the page,a resisance of .25 £, bur
kngth = 1.0m, and a batiery voltage of 100V,
(o) What s the inital fore on the bar a starting!” What i the imifial current low!
(b] What isthe movload steady-stae speed of the bar’

{c) 11 the bar is foaded with a force of 25 N oppasite o the direction of mofion, whal is the new sleady-
st speed ) Whatis the efcency of the machine under thse circumstinges

Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage
of 120 V. an internal resistance of 0.3 ohm. and a maanetic flux density of 0.1 T.
B=0uT.

o3n
—AN directed into the page
=0 —l. x x x
¥
=120V €| | 10m

T x x x

(a) What is this machine's maximum starting current? What is its steady-state velocity at

no load?
0 load Vs—€ma 120V —0

I="% ~ o3 04
When the machine reaches steady state, Fiq = 0 and i = 0. Therefore,

€5na = VBI
Eind = V"Bl

€ind
Ve =gy

120V
= m

Ve = oD (om) ~ 20 /s

:O&)o}'
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Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage
of 120 V. an internal resistance of 0.3 ohm. and a magnetic flux density of 0.1 T.

B=04T.

_X AR directed into the page
=0 —i- \ x x _ x
=120V f:.. 10m
x X N x
(a) What is this machine’s maximum starting current? What is its steady-state velocity at

no load?

(b) Suppose that a 30-N force pointing to the right were applied to the bar. What would
the steady-state speed be? How much power would the bar be producing or
consuming? How much power would the battery be producing or consuming? Explain
the difference between these two figures. Is this machine acting as a motor or as a
generator

(c) Now suppose a 30-N force pointing fo the left were applied to the bar. What would
the new steady-state speed be? Is this machine a motor or a generator now?

(d) Assume that a force pointing to the left is applied to the bar. Calculate speed of the
bar as a function of the force for values from 0 N to 50 N in 10-N steps. Plot the velocity
of the bar versus the applied force.

(e) Assume that the bar is unloaded and that it suddenly runs into a region where the
magnetic field is weakened to 0.08 T. How fast will the bar go now?

Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage
of 120 V. an internal resistance of 0.3 ohm. and a maanetic flux density of 0.1 T.
B=0.T.

030
X directed into the page
r=0 —J— x x x
—— +
=10V Cud| | 10m

/x x x

(b) Suppose that a 30-N force pointing to the right were applied to the bar. What would
the steady-state speed be? How much power would the bar be producing or
consuming? How much power would the battery be producing or consuming? Explain the
difference between these two figures. Is this machine acting as a motor or as a generator

(b) Suppose that a 30-N force pointing to the right were applied to the bar.
i What would the steady-state speed be?
ii How much power would the bar be producing or consuming?
iii How much power would the battery be producing or consuming?
iv Explain the difference between these two figures. Is this machine acting as a
motor or as a generator

Page A
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Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage
of 120 V. an internal resistance of 0.3 ohm. and a maanetic flux density of 0.1 T.
B=0UT.

o33N
- ¢ directed into the page
=0 —‘- X x X
— +
- |20V L™ 10m

/x x x

(b) Suppose that a 30-N force pointing to the right were applied to the bar.
i What would the steady-state speed be?
ii How much power would the bar be producing or consuming?
i How much power would the battery be producing or consuming?
iv Explain the difference between these two figures. Is this machine acting as a
motor or as a generator

B=0.IT,

directed into the page
s * X . X

-
Ful.\ON'“ — Fgp= 0N

— Y

/x x x

Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage

of 120 V. an internal resistance of 0.3 ohm. and a magnetic flux density of 0.1 T.
030 - B=0IT,

directed into the page
ey x x x

» —
-F:-SON‘- F”INN

—

=10V

/x x ®

(b) Suppose that a 30-N force pointing to the right were applied to the bar.
ii How much power would the bar be producing or consuming?
iii How much power would the battery be producing or consuming?
iv Explain the difference between these two figures. Is this machine acting as a
motor or as a generator

€ina = 129V Vg = 120V
Direction of the current ???

P = Vi = (129)(30) = 3870W
P = Vi = (120)(30) = 3600W

Page 4
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Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage

of 120 V. an internal resistance of 0.3 ohm. and a magnetic flux density of 0.1 T.
o’n e ' =0. T.

directed into the page

M
'T\" x X

F_‘-SON'; —— p“.nn

— Y

= 1ov

/x x x

(b) Suppose that a 30-N force pointing to the right were applied to the bar.
i How much power would the bar be producing or consuming?

i How much power would the battery be producing or consuming?

Cina = 129V Vg = 120V

Direction of the current ??7?

P = Vgi = (129)(30) = 3870W
P = Vi = (120)(30) = 3600W

Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage
of 120 V. an internal resistance of 0.3 ohm. and a maanetic flux density of 0.1 T.

i B=0uT.
X A Girected iato the page
=0 —‘- \X x x
-
Cua 10m

i
g
<

/x x X

(c) Now suppose a 30-N force pointing to the left were applied to the bar. What would the new

steady-state speed be? Is this machine a motor or a generator now?

obsn LB A" I ™
directed into the page

M
— x x x

i —

— *1| — Fug=%2N

—

/X x X
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Example 1-10. The linear dc machine shown in Figure 1-27a has a battery voltage
of 120 V. an internal resistance of 0.3 ohm. and a magnetic flux density of 0.1 T.

. ¢ AAA——s directed into the page
t=0 T‘ x b x
— ‘
=120V Cua| | 10m

/x x x

(e) Assume that the bar is unloaded and that it suddenly runs into a region where the
magnetic field is weakened to 0.08 T. How fast will the bar go now?

VB = Cind — v“Bl

Vs
Ve = a

1-2 1. The linear machine shown in Figure Pl - IS has a magnetic flux density of 0.5 T
directed into the page, a resistance of 0.25Q), 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?

t=0

X 0250 i

‘ | —
Wy B=0ST
x x [ x x

a'.-lm\’_% Im

/x x Ux x
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1-2 1. The linear machine shown in Figure Pl - IS has a magnetic flux density of 0.5 T
directed into the page, a resistance of 0.250Q), 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?

=0

X (LZSQ_I-
Wy B=05T

Vp =100V =
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1-2 1. The linear machine shown in Figure PI - IS has a magnetic flux density of 0.5 T
directed into the page, a resistance of 0.25Q), a bar length / = 1.0 m, and a battery

voltage of 100 V.
(b) What is the no-load steady-state speed of the bar?

=0
X 025Q i
B=05T

W'—\x x [] x X

Vg =100V o Im

/x x | x X

When the machine reaches steady state, F, = 0 and i = 0. Therefore,

Cina — VBl

Cinag = v“Bl
.
- Bl

1-2 1. The linear machine shown in Figure Pl - IS has a magnetic flux density of 0.5 T
directed into the page, a resistance of 0.25Q), a bar length / = 1.0 m, and a battery

voltage of 100 V.
( (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?

t=0

X
W B=0ST
X % 1] x x

V= IOOVE_

X X X X
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1-22 Alincar machine has the following characteristics:

B=033T into page R=0500Q
20
I=05m V=120V

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

(b) It the bar runs off into a region where the flux density falls to 0.30 T, what happens to the bar? What
15 1ts fmal steady-state speed?

{c) Suppose V, is now decreased to B0 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 motar)?

SoLumon

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

Fyp = Fuoy =ilB
F_ 10N

Y

. . __GS5A
Bl (033T)(05m)

The induced voltage in the bar will be
e =V —iR=120V- (605 A {050 £})=89.T5V

! ¥

and the velocity of the bar will be
x 0,75 V
P Sini ; =544 m/s
Bl (033TNHOS5m)
(b) If the fhax density drops 10 (.30 T while the load on the bar remains the same, there will be a speed
tansicnt untll F, =F_ =10N again. The new stcady state current will be
F_=F_ =il8
I“u- l” \I

f=——=——a= (67T A

B8l (00T)H0S5m)
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The induced voltage in the bar will be

e, =V, —iR=120V- (667 A)(0.50 £2)= B6.65 V

and the velocity of the bar will be
V= LT L_ S5T7T ms

B {030 T)H0.5m) '

fc) It the battery wvoltage is decreased to BD V while the load on the bar remains the same, there will be a
spead transient until F = F_, =10 N again. The new steady state current will be

F, = F_. =i}

e
f . 10N
Bl (0.30 T)H0O.5 m)

66.T A

The induced voltage in the bar will be

g, =V, —iR=80V - (66.7 A)(0.50 Q)= 46.65 V

and the velocity of the bar will be
e ., 4665 V

0 ———————= 31 1 ms
B (030 T){0.5m)

{d) From the results of the two previous parts, we can see that there are two ways to control the s peed of
a lincar de machine. Reduang the flux density B of the machine increases the stcady-state speed, and

redfucing the battery voltage Vy decreases the stead-state speed of the machine. Both of these speoed control
methods work for real de machines as well as for linear machines.
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