End housing
containing bearings

Figure 16.7 An electrical motor consists of a cylindrical rotor
that spins inside a stator.
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A Two Pole DC Motor

Field

Flux lines

Pole face Armature

conductors

Figure 16.10 Cross section of a two-pole dc machine.




A Four Pole DC Motor

Figure 16.11 Cross section of a four-pole dc machine.
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Operating Principle of a DC Ma

R r=0

B field directed into page
)/_ pag

A X X X X X
VVy S © R A
X X X X
+
Vi — iz X X[ I X X Rails
X X X X
o Y \/
X X \ X X X
Sliding bar

Figure 16.6 A simple dc machine consisting of a conducting bar
sliding on conducting rails.




Fleming’s Left Hand Rule Or

Motor Rule
FORE FINGER = MAGNETIC FIELD
>
909
%
& 90
N

p 900
Q \/
QE
/Qz\ MIDDLE FINGER= CURRENT

FORCE = B /,




Fleming’s Right Hand Rule Or
Generator Rule

FORE FINGER = MAGNETIC FIELD

900

MIDDLE FINGER = INDUCED
VOLTAGE

\4

VOLTAGE =B [u




Action of a Commutator

-

Figure 16.12 Commutation for a single armature winding.




Armature of a DC Motor

TExtemal armature terminal

Brush = Armature conductors

/ in slots on rotor

Commutator v ~
bars | — Z

9 H
Shaft .
Laminated
- ' iron

5

Figure 16.9 Rotor assembly of a dc machine.
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Generated Voltage in a DC Mac

Ur

t

Figure 16.13 Voltage produced by a practical dc machine. Because only a few

(out of many) conductors are commutated (switched) at a time, the voltage

fluctuations are less pronounced than in the single-loop case
illustrated in Figure 16.12.



Armature Winding in a DC Mach

\/ M }VL)Vﬁ Jvf

Winding
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Lap Winding of a DC Machine

& ogd e
Fee e g b © d e
SN A
<N SCSCNONENENONES,
NN
1 34536 %7 112
ifi] [ 1
i B e & =

f

I
I+
|

g Do il

e Used in high current
J low voltage circuits

s
——

Y
=

[1o]20]21] 1 T2 3 a]s[e[7]e]o |10|ll|12|l$|14|15|16'1; 18]19]
+ - + -

eNumber of parallel
; l paths

= s equals number of brushes
or poles

>—0
S

T Ieoiy

)

FIGURE 4.17 Lap winding. (a) Unrolled winding. (b) Equivalent coil represen-
tation. :
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Wave Winding of a DC Machin

a b c d e a“b c d e
NN
NO OO ul:ré{ls 16 17:{(/121
RN + K 4 |+ . .
HH ii{ﬁh;i‘ﬂ e Used in high voltage
I vui | 4184 Wi low current circuits
MminkLaRlisnthinnsi e
2 < «Number  of parallel
1(2)|3|4|5|6|7|8|9|10|11|12[13]|14|15|16]17 18'19 paths

TI 1 i R always equals 2
i

)

(6)

FIGURE 4.18 Wave winding. (a) Unrolled winding. (b) Equivalent coil represen-
tation.
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Magnetic circuit of a 4 pole DC M

ma = mechanical degrees or angular measure in space

beq = electrical degrees or angular measure in cycles

then, for a p-pole machine,

Ocq =§ nd (4.3)
B(6)
? Pole
pitch
N N 0
5 e /7 > Oeq
0 T s 2% 3r s x
| |
0 r = fma
(a) (b)

FIGURE 4.16 Mechanical and electrical degrees. (a) Four-pole dc machine.
(b) Flux density distribution,
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Magnetic circuit of a 2 pole DC M

(b)

FIGURE 4.21 ‘ Magnetic circuit. (a) Cross-sectional view. (b) Equiva-

lent c_ircuit.




Summary of a DC Machine

« Basically consists of

1. An electromagnetic or permanent magnetic structure called
field which is static
2. An Armature which rotates

» The Field produces a magnetic medium
« The Armature produces voltage and torque under the action
of the magnetic field




Deriving the induced voltage in a
DC Machine

S, Sy~ slip rings
Bl, B,-brushes (stationary)

(@)

B (0) |

X7 =

Flux density-distribution in air gap

A
€15

€ab , \
= B(6) 2lv ]
T 5

(b)

FIGURE 4.12 Induced voltage in a dc machine. (a)
Two-pole dc machine. (b) Induced voltage in a turn.
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Deriving the electromagnetic tor
in a
DC Machine

FIGURE 4.19 Torque production in dc machine.
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Voltage and Torque developed i
DC Machine

eInduced EMF, E, = K, ®o_, (volts)

«Developed Torque, T, = K, @I, (Newton-
meter or Nm)

where o, is the speed of the armature in
rad/sec., @ is the flux per pole in weber
(WD)

|, is the Armature current

K, is the machine constant




Interaction of Prime-mover DC Ge
and Load

Tdev
| N L
Prime-mover | O | DC GeneratorE, =
(Turbine) v \ S
Tpm —

E. is Generated voltage

V| is Load voltage
T, is the Torque generated by Prime Mover

T4y is the opposing generator torque




Interaction of the DC Motor

and Mechanical Load

N Ia \ \ Tl();d
Vi DC Motor | o, ]
" N
T T
dev

E, is Back EMF
V+ is Applied voltage

T4 1S the Torque developed by DC Motor
T,aq IS the opposing load torque

Mechanical
Load
(Pump,
Compressor)




Power Developed in a DC Mach
Neglecting Losses,

eInput mechanical power to dc
generator

- Tdev WOy~ Ka(DIa(Dm =Ea Ia
= Qutput electric power to load

eInput electrical power to dc
motor

- Ea |a= Kaq) O Ia - Tdev Om

= Qutput mechanical power to
o load




Equivalence of motor and gene

«In every generator there is a motor (T,., Opposes

In every motor there is a generator (E, opposes V




Example of winding specific moto
and generator

Worked out on greenboard
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Magnetization Curve

E, =K &

“m
2

eFlux is a non-linear

- function of field curren
-~ P FIGURE 4.23 Magnetization curve. and

hence E, is a non-linear
function of field current

Magnetization Curve at 1000 rpm

«For a given value of flux E,
is directly proportional to
a)m

F:IGURE 4.24 Test result: magne-
tization curve,



Separately Excited DC Machin

Ry

+
v, T % rmature
/ O

Field Coil
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Shunt Excited DC Machine

O
Shunt Field Coit éﬂrmature
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Series Excited DC Machine

Ry

rmature

Series Field Coile—
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Compound Excited DC Machin

Series Field Coil

Shunt Field Coit rmature

oIf the shunt and series field aid each other it is called a cumulati

excited machine
oIf the shunt and series field oppose each other it is called a dj

excited machine




Armature Reaction(AR)

YYYYY

e AR is the magnetic field produced by th
armature current
i 5@ e > e
® &)
_ T2} } (LG . +ARaids the main flux in one half of the
~ %6 o 852 — pole and opposes the main flux in the
® . other half of the pole

4 | «However due to saturation of the pole
faces the net effect of AR is demagnetizing

. (c)
FIGURE 4.30 Armature reaction effects.
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Effects of Armature Reactio

aEE 1 -

®)

, a
£
- B' + Ba B (resultant)-—b effect .Of
) saturation
\ B, ’ /

Z

(c)

v

" FIGURE 4.31 MMF and flux density distribution.

e The magnetic axis of the AR
is 900 electrical (cross) out-
of-phase with the main flux.
This causes commutation
problems as zero of the flux
axis is changed from the
interpolar position.



Minimizing Armature Reactio

Compensating
windings

o «Since AR reduces main flux, voltage

E@ .o QEQ - E'@ oo @lj@ Shunt windings generators and torque in motors reduc
e — o m with it. This is particularly objectionabl
b i -ttt in steel rolling mills that require sudden

Armature

. . torque increase.
«Compensating windings put on pole
faces can effectively negate the effec
of AR. These windings are connected
in series with armature winding.

(c)

FIGURE 4.33 Compensating winding. (a) Developed diagram. (b) Schematic dia-
gram. (c) Photograph. (Courtesy of General Electric Canada Inc.)
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Minimizing commutation probl

Coil undergoing
commutation
~ x Y
N s N
\ a .
[T T 1T Tdel T1I[1—>
Commutator :
seg':'le e Brush
(a) ®)
gy ! i +egy | :
| |
I\ | |
: 1 — ¢ >t
L\l I \|—t . |
| | | Current jumps (spark)
S - ot e
N S . N s
() @

Interpole °
winding ~ W l . T
’ 1

H o

Armature __7 A

winding

(e) (f) &,, & oppose each other, irrespective of
direction of I,. :

FIGURE 4.46 Current communication in dc machine.

They

«Smooth transfer of current durin
commutation is hampered by

a) coil inductance and

b) voltage due to AR flux in
interpolar axis. This voltage is ca
reactance voltage.

«Can be minimized using interpoles

produce an opposing field that cancels
out the AR in the interpolar region. Thus
this winding is also connected in series
with the armature winding.

Note: The UVic lab motors hav
interpoles in them. This should
connected in series with the ar
winding for experiments.



Question:

Can interpoles be
replaced by
compensating
windings and vice-
versa?’

Why or why not?

ooooooo




Separately Excited DC Genera

l¢ Ry

——» NN

Ra
v + + RLE Vi
L — / G Armatur
- Field Coil i
_ i'a
' ©

Field equation: V=Rl Armature equation: V.=E-I.R,
Vi=l,R,, E,;=K,Q0,




Shunt Generators

I‘If

Shunt Field Coit @ Armatur '

RV,

Field coil has Ry, :
Implicit field resistance

Field equation: V=R I, Armature equation: V=E,-I, R,

Ri=R¢,+Rsc Vi=(l,- k) R, E;=K, @,
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Voltage build-up of shunt gene

E‘
P
Field resistance line
IR, versus I,
Eaz e
E, |-
E |
LA ! > 1, FIGURE 4.35 Voltage buildup
o Inl in a self-excited dc generator.

FIGURE 4.36 Effe
tance,

ct of field resjs-

— I
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Example on shunt generators’ b

- For proper voltage build-up the
- e following are required:
o o Residual magnetism

e Field MMF should aid residual

magnetism

IR ——— S ———— T N

eField circuit resistance should be less
than critical
field circuit resistance

| 054 | | | |
6 62 @406 08 10 1.  ia

Iy, amps
()

FIGURE E4.3
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Separately Excited DC Motor

l¢ Ry ‘

——» NN N

+ _

Vf _+_ T
— / Armature | v,

- Field Coil

] ]

©
Field equation: V=R, Armature equation: E,=V,-I.R,

E.=K, Qo
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Separately Excited DC Motor
Torque-speed Characteristics

A
|t Armature
V¢ . ] Mechanical Load\
Field éoi |
A Vt Ra
Oy = — 5
®m Ka@ (Kaé)

———




Separately excited DC Motor-Exa

A dc motor has R, =2 Q, |.=5 A, E, = 220V, N, = 1200 rpm.
Determine i) voltage applied to the armature, developed t
developed power . ii) Repeat with N = 1500 rpm. Assume s

Solution on Greenboard



Speed Control of Separately Exc
DC Motor(2)

By Controlling Terminal Voltage V, and keeping I; or
constant at rated value .This method of speed control
for speeds below rated or base speed.

Ti<Ty< T4 Vi<Vp<V;

/ Vt Ra
WDy = - >
Ka®? (K D)
v1 v2 V3 VT
y >

O A




Speed Control of Separately Exc
DC Motor

By Controlling(reducing) Field Current /; or @ and keepin
V, at rated value. This method of speed control is applicabl
for speeds above rated speed.




Regions of operation of a Separa
Excited DC Motor
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Separately excited dc motor -Ex

A separately excited dc motor with negligible armature res
operates at 1800 rpm under no-load with V, =240V(rated\v
The rated speed of the motor is 1750 rpm.
i) Determine V, if the motor has to operate at 1200 rpm under
ii) Determine ®(flux/pole) if the motor has to operate at 2400
under no-load; given that K = 400/ .

ii1) Determine the rated flux per pole of the machine.

Solution on Greenboard



Series Excited DC Motor
Torque-Speed Characteristics

R, R R

i
-+ Armature S
Series Field Coite—
T 4 o = Vi Ry +Ry +Ry

K T K
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Losses in dc machines

' Rotational losses 3-15%
P [!' EaIa VaIa

v.I
input h ; /r i P F output — Yelectrical
= Bnechanicdl g + : : = VI,
- Py = o ‘
] ] |
Armature Shunt Series field
circuit field winding losses
losses winding 12 R,
13 R, losses 1E2°A:
2
2-4% I¢ Ry
¢! 1‘5%
(b) Generator
Protationai
VtIt! VaIt ! VaIaJl JEaIa
P . 4; i :r ; > P output = Brrechanical
input = Pelectrical + 5 : | = Pohan
' [ | l
| 1 | l |
2 2
Iy R, IR, IR,
(c) Motor
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Losses in dc machines-shunt m

example

Shunt Field Coit _

Field coil has Ry, :
Implicit field resistance

{

Re=Ren+Ryc Ea=KaDoon,

Field equation: V=R,

Armature
R

a

Armature equation: V.=E_+I, R,

—_—

Ny Mechanical Loaé{




