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Introduction
to Machinery
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Ch. 1

Dr. Feras Alasali

Introduction

1. Electric Machines 2 mechanical energy to electric energy or vice versa

Mechanical energy >  Electric energy : GENERATOR
Electric energy - mechanical energy : MOTOR

2. Almost all practical motors and generators convert energy from one form to another through the action
of a magnetic field.

3. Another related device is the transformer. A transformer is a device that converts ac electric _energy at
one voltage level to ac electric energy at another voltage level.

4. Why are electric motors and generators so common?
Electric power is

- A clean efficient energy source that is very easy to transmit over long distances and easy to control.
- Does not require constant ventilation and fuel
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Almost all of electric machines rotate about an axis called a shaft of

the machine.
* Angular position 8 an angle at which the object is oriented with respect to an arbitrary reference point.
+ve value for anticlockwise rotation
-ve value for clockwise rotation

« Angular velocity (speed) w a rate of change of the angular position.
Direction

of rotation -~
de e

w=— rad/s /
dt ! ‘/
* w, angular velocity in radians per second l\\
f,, angular velocity in revolutions per second
* n, angularvelocity in revolutions per minute
fn=om
™ 2n
N = 60fin

* Angular acceleration a a rate of change of angular velocity
dw

s 2
o rad/s

o=
* Torque (moment) T is arotating force.
T=rxF =rFsin(f) Nm

Where F is an acting force, r is the vector pointing from the axis of rotation
to the point where the force is applied, 8 is the angle between two vectors.

Direction
of rotation
* Newton's law of rotation // / \
T=Ja Nm / / .

\
J moment of inertia + | rSin(180 - &= rsing
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Magnetic fields are the fundamental mechanism by which energy is converted from one
from to another in motors, generators, and transformers. Four basic principles describe

how magnetic fields are used in these devices

1) Awire carrying a current produces a magnetic field around it.

2) Atime-changing magnetic field induces a voltage in a coil of wire if it passes through
that coil (transformer action).

3) A wire carrying a current in the presence of a magnetic field experiences a force
induced on it (motor action).

4) Awire moving in the presence of a magnetic field gets a voltage induced in it
(generator action).

Production of magnetic field

Magneto-motive force :
Product of current and number of turns of coil.

F =Ni turns - Ampares

Magnetic field intensity:
is defined as magnetomotive force per unit length

o}

]

| =
g

turns - Ampares/m =

1
—

1]
|
SANN

mean path length, I,

Ampere’s Law — the basic law governing the production of a magnetic field by a current

%Hdl = et
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Magnetic flux density:

g = BN
B=uH = ;

c

Wb/m? or Tesla(T)

where g = p,.u, is the magnetic permeability of the material
Ho= 4w x 1077 H/m is the permeability of the free space
My is the relative permeability of the material

B =% Wb/m? or Tesla(T)

where @ is the flux (Wb) and A is the cross section area (m2)

Hence, the total flux in a certain area is

®=[ B dA
Is the magnetic flux density is perpendicular to the plane of the area A then,
NiA
o=pBA="E
le
Magnetic circuits
4A, Comparing with electrical circuit
B V = F=Ni
v () R
\_.
I= &
R resistance = R relactance
Electric Circuit Analogv
Similar to ohm’s law
0 V =IR for electrical circuit
F = ®R for magnetic circuit
F=Ni (7 Reluctance, R
() . eluctance,

Magnefic Cireuit Analogy
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From these equations

B=uH = FINE Whb/m? or Tesla(T)

B = Wb/m? or Tesla(T)

> |8

Then

Le
Ni=F=b— =F=0R
HA

Therefore, the reluctance is

le
R=-S%
A

And the same for electrical resistance in series and parallel

Example

A ferromagnetic core is shown. Three sides of this core are of uniform width, while
the fourth side is somewhat thinner. The depth of the core (into the page) is 10cm,
and the other dimensions are shown in the figure. There is a 200 turn coil wrapped
around the left side of the core. Assuming relative permeability pr of 2500, how
much flux will be produced by a 1A Input current?

—13 | 30em |
] ] I 1
: 30
! = 5o isem
Ni=F=0-=F=0p 75 | =
_____,::-_E)_ M= 200 tams 0 em
Ic ;::-_-:;
R:#_A —
---------- IR T
S
: Ll om
[
_ | J
]
)

0 cm 10 cm—1
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R, = ley 130 x 1072 1569 A
17 A, ~ 2500 x 4mx10-7 x (10x15)x10=* ~ “"°° .turns

i 45 x1072
T uAy 2500 x 4mx10~7 x (10x10)x10~4

R, = 14,323.9 A.turns/Wb

Req = Ry + Ry = 27,5869 + 14,323.9 = 41,910.8 A.turns/Wb

F Ni  200x1 g
o= R =4.77x10" Wb

eq R 419108

¢
L

__-/ CS,
= BV

1

mean path length, I,
Magnetic Circuit
[ [ [ el

> 1 T ». 1 T - T e '
: i #14 i | K |
E; N i T - i I ==M i
— 1 | 1 — 1 | | \ — 1
] 1 — | 1
Rl o j ............ .J' L L !
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R < -~
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e > R
] < R
<
F o= = i
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Approximation in calculation of Magnetic Circuit

1) All flux is confined within the magnetic core but a leakage flux exists
outside the core since permeability of air is non-zero!

2) A mean path length and cross-sectional area are assumed

3) Inferromagnetic materials, the permeability varies with the flux.

4) In air gaps, the cross-sectional area is bigger due to the fringing effect.

-
Leakage effe
fluxes |
AT J
Example

Figure shows a ferromagnetic core whose mean path length is 40cm.
There is a small gap of 0.05cm in the structure of the otherwise whole
core. The csa of the core is 12cm2, the relative permeability of the core
is 4000, and the coil of wire on the core has 400 turns. Assume that
fringing in the air gap increases the effective csa of the gap by 5%. Given
this information, find

1. The total reluctance of the flux path(iron plus air gap)

2. The current required to produce a flux density of 0.5T in the air gap.

J—
LT

— T
= 400 \\ ]

0.05 em

—

I~ A= 12 cm?
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The equivalent circuit
¢

—

R, (Reluctance of core)

T (=MNi) ~
R, (Reluctance of air gap)
R, = e _ SR = 66,300  A.turns/Wb
©T WA; 4000 x 4mx10-7 107 M
Ry = o - DU U — 316,000 Aturns/Wb
@ A, dmx10-7 x 1.05x12x10-% 01 s
Req = Ry + Ry = 66,300 + 316,000 = 382,300 Aturns/Whb
F = Roo®
Ni = R,qBA
. BAR.,; _ (0.5)(0.00126)(382,300) _
i=—rt = 7100 =0.602 A
Example

Figure shows a simplified rotor and stator for a de motor. The mean path
length of the stator is 50 cm, and its cross-sectional area is 12 cm2, The
mean path length of the rotor is 5 cm, and its cross-sectional area also
may be assumed to be 12 cm2, Each air gap between the rotor and the
stator is 0.05 cm wide, and the cross sectional area of each air gap
(including fringing) is 14 cm2, The iron of the core has a relative
permeability of 2000, and there are 200 turns of wire on the core.

If the current in the wire is adjusted to be 1 A, what will the resulting flux
density in the air gaps be?
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Req = Rs + Ray + Ry + Ry = 66,300 + 316,000 = 382,300 A.turns/Whb
L 0.5
Rs = E = 2000 x 4mx10~7 x 0.0012 166,000  A.turns/Wb
R. = b = 0.05 = 16,600 Aturns/Wh
r pd,  2000x 4mx10-7 x 0.0012 ’ '
I 0.0005

R, = 284,000 A.turns/Wh

T oA, 4mx1077 x 0.0014
Req = Rs + Ray + Ry + Rgq = 166,000 + 284,000 + 16,600 + 284,000

= 751,000 A.turns/Wb
The equivalent circuit
(I)—T —Ni—ZOOX1—000266 Wh s
TReg R 751000
p_ 0 _000266 ; @
. A a 0.0014‘ - I e §T’, Rotor icluctance
gt,.z Air gap 2 reluciance
Example

A two-legged core is shown in blow Figure. The winding on the left leg of
the core (N1) has 400 turns. and the winding on the right (N2) has 300
turns. The coils are wound in the directions shown in the figure. If the
dimensions are as shown.

* what flux would be produced by currentsil =0.5Aand i2 =0.75 A?
Assume ur=1000 and constant.

Flﬁcm% wcm%ﬁls cm—-|
_l_

15cem

iy i

b
b
-3
b
-3
b

15cm

Core depth = 15 cm
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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 =Nijy + N,i, = (400 £)(05 A)+(300 1)(0.75 A) =425 A-t

The total reluctance in the core is
1 2.60 m

Reor = =

= 92,0 kA-t/Wb
#A (1000)(47x107 H/m)(0.15 m)(0.15 m)

and the flux in the core is:

_ Fhor _ 425A-t

- - =0.00462 Wb
Rpgr  92.0kA-UWD

Magnetic behavior of ferromagnetic materials

B %/, @
Magnetic permeability can be defined as: = ﬁ - Ni/ a ?
L
+ pis assumed as constant. However, for - Permeability is large and relatively
the ferromagnetic materials (for which constant in the unsaturated region
permeability can be up to 6000 times whereas it drops to low value as the
the permeability of air), permeability is core gets saturated.
not a constant,
&. Wb BT
|
L
F, A s H, A winsm

(@) (B

A saturation (magnetization) curve for a DC source

10
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7000
6000
/
_ 5000
: T
- N
: N
T o0 \\
2000 \\\
R
1000
]
10 0 30 40 %0 100 200 300 500
Magnetizing intensity K (A » rms/m}
* Generators and motors operate near the
knee of the magnetization curve
* Generators and motors depend on magnetic
flux to produce voltage and torque, so they
need as much flux as possible
* |f the resulting flux has to be proportional to
the mmf, then the core must be operated in
the unsaturated region.
b, Wh i BT
F. A *wrns M, A * erns'm
1a) {b)

11
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Example

A square magnetic core has a mean path length of 55 cm and a cross-
sectional area of 150 cm?. A 200-turn coil of wire is wrapped around one leg of the core. The
core is made of a material having the magnetization curve shown in Figure

fa) How much current is required to produce 0.012 Wb of flux in the core?
{b) What is the core’s relative permeability at that current level?

{c¢) What is its reluctance?
2.8

2.6

24

22
20

L3

1.6

14

1.2
10 Vd

0.3 /

0.6 A

Flux density B (T)

0.4 LA

0.2 -

0
10 20 30 40 50 100 200 300 500 1000 2000 5000

Magnetizing intensity H, A *turns/m

Solution
(a) The required flux density in the core is

B=>=—"""=08T

From Figure 1-10c, the required magnetizing intensity is
H =115 A+ turns/m

From Equation (1-20), the magnetomotive force needed to produce this magnetizing in-
tensity is

F=Ni=Hl
= (115 A+ turns/m)(0.55 m) = 63.25 A » tums

50 the required current is

63125 A * turns —0316A

(b) The core’s permeability at this current is

BT gy CU
FoH " 15A mmsim - m

Therefore, the relative permeability is

12
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Production of magnetic field

Magneto-motive force :
Product of current and number of turns of coil.

F =Ni turns - Ampares

Magnetic field intensity:
is defined as magnetomotive force per unit length

H=— turns + Ampares/m

1
—

L
ANNNN

N tums

7

mean path length, |,
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Magnetic flux density:

Wb/m? or Tesla(T)

le

where p = p,p, is the magnetic permeability of the material
H,= 4w x10~7 H/m is the permeability of the free space
U, is the relative permeability of the material

B =% Wb/m? or Tesla(T)

where @ is the flux (Wb) and A is the cross section area (m?)

Hence, the total flux in a certain area is

®=[ B dA
Is the magnetic flux density is perpendicular to the plane of the area A then,
NiA
©=B4A=*1
le
Magnetic circuits
A Comparing with electrical circuit
L V = F=Ni
v () "
L
I = &
R resistance = R relactance
Electric Circuit Analogy
Similar to ohm’s law
o V =IR forelectrical circuit
F = ®R for magnetic circuit
F=Ni (\ Reluctance, R
(mmf)
Magnetic Circuit Analogy
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Then

l
Ni=F=0-X =F=0R
HA

Therefore, the reluctance is

le
R=-"S
u

And the same for electrical resistance in series and parallel

Magnetic behavior of ferromagnetic materials

B %/, ®
Magnetic permeability can be defined as: 1= ﬁ = Ni/ a ?
+ pis assumed as constant. However, for IC
the ferromagnetic materials (for which * Permeability is large and relatively
permeability can be up to 6000 times constant in the unsaturated region
the permeability of air), permeability is whereas it drops to low value as the
not a constant, core gets saturated.
&, Wbt 8T
S — - 1
F, A s wrns H, A * wrns/m
qa) {b)

A saturation (magnetization) curve for a DC source

!
Ni=F=0-"5=F=0dR
UA
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7000

5000 / \

o (dimensionless)

2000 \

10 20 30 40 50 100 00 00 500 1000
Magnetizing intensity M (A » tams/m)

* Generators and motors operate near the
knee of the magnetization curve

+ Generators and motors depend on magnetic ~ * If the resulting flux has to be proportional to

flux to produce voltage and torque, so they the mmf, then the core must be operated in
need as much flux as possible the unsaturated region.
&, Wbt BT
FoA s wrns H, A = lrnsfm
@ (b)
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Example

A square magnetic core has a mean path length of 55 cm and a cross-

sectional area of 150 cm?2. A 200-turn coil of wire is wrapped around one leg of the core. The

core is made of a material having the magnetization curve shown in Figure

(a) How much current is required to produce 0.012 Wb of flux in the core?

(b) What is the core’s relative permeability at that current level?
(c) What is its rel 14 28

2.6

24
2.2

20

18

1.6

14

Flux density B (T)

1.2

1.0

08 /

0.6

04 LA

02 A
°

10 20 30 40 50 100

Magnelizing intensity H, A« turns/m

Solution
(a) The required flux density in the core is

pot_lows o

From Figure 1-10c, the required magnetizing intensity is
H =115 A+ turns/m

From Equation (1-20), the magnetomotive force needed to produce this magnetizing in-

tensity is
I=Ni=Hl,

200 300

= (115 A+ turns/m)(0.55 m) = 63.25 A * turns

50 the required current is

SNT 200wms  03I6A
(b) The core’s permeability at this current is
B 08T = 0.00696 H/m

B = H T 115 A urasim

Therefore, the relative permeability is

500

1000

2000

5000
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Energy losses in a ferromagnetic core

i

* |finstead of a DC, a sinusoidal current is b
applied to a magnetic core, a hysteresis
loop will be observed. E/\C
* If alarge mmf is applied to a core and then i \/ ‘
removed, the flux in a core does not go to
zero! A magnetic field (or flux), called the
residual field (or flux), will be left in the } ¢ (or B) b

material. To force the flux to zero, an
amount of mmf (coercive mmf) is needed.

Residual
flux
@,

s

Coercive ~
mmf °¥,

/ “Flor H)

* Ferromagnetic materials consist of small o1 e 1 e
domains, within which magnetic moments X =% =1
of atoms are aligned. However, magnetic —| =N |i
moments of domains are oriented o [ A I )
randomly E e

R A S

¢ When an external magnetic field is applied, the domains pointing in the direction of that field
grow since the atoms at their boundaries physically switch their orientation and align
themselves in the direction of magnetic field. This increases magnetic flux in the material which,
in turn, causes more atoms to change orientation. As the strength of the external field increases,
more domains change orientation until almost all atoms and domains are aligned with the field.
Further increase in mmf can cause only the same flux increase as it would be in a vacuum. This is
a saturation.

==
—
| ==
N
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+ When the external field is removed, the domains | — |~ ™ Ee==] Fﬁ e
do not completely randomize again. Re-aligning X =% =1 e o | P | =
the atoms would require energy! Initially, such —| =~ N > [x [l = |

—d— = T
energy was provided by the external field. s=Is=N 2 NAERR
B 1 ] 5
* Atoms can be realigned by an external mmfin [ i A
other direction, mechanical shock, or heating. _l MM T e B
* The hysteresis loss in the core is the energy
required to re-orient domains during each cycle of
AC applied to the core.
* Another type of energy losses is an eddy currents
loss, which will be examined later.
1.5: Faraday’s law - Induced Voltage From a Time-Changing
Magnetic Field
+ If a flux passes through a turn of a coil of wire, a voltage will be induced in that turn
which is directly proportional to the rate of change in the flux with respect to time:
e dlp i Direction of Movement
. _—— olior Leop
ind dt —
For a coil having N turns: =2
e; d — _Ivd_¢ Magnet
mn dt

€;,q — voltage induced in the coil
* N —number of turns of wire in the coil
* ¢ —flux passing through the coil

Galvanomatar

The “minus sign” in the equation is a consequence of the “Lenz’s law”.

“The direction of the induced voltage in the coil is such that if the coil
terminals were short circuited, it would produce a current that would
cause a flux opposing the original flux change.”
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Assume that the same flux is passing through each turn of the coil. If the windings

are closely coupled, this assumption almost holds.

occurs. Therefore, more accurately:

In most cases, a flux leakage

de;
e = —
! dt
For a coil having N turns:
N N N
REESEOX
e; = e; = —_— — .
ind . L / t dt / L
=1 =1 =1
dA
Where A- a flux linkage of the coil Cind = E
N
A= Z d; (Wb - turns)
i=1

The Eddy Current Losses

coil carrying an ac cufren

Voltages are generated within a ferromagnetic core by a time-
changing magnetic flux same way as they are induced in a wire.
These voltages cause currents flowing in the resistive material

(ferromagnetic core) called eddy currents. Therefore, energy is 2 N j
dissipated by these currents in the form of heat.

4 currents

™ flux
gt i
w

The amount of energy lost to eddy currents is proportional to
the size of the paths they travel within the core. Therefore,
ferromagnetic cores are laminated.

Core consists of a set of tiny isolated strips.

Eddy current losses are proportional to the square of the
lamination thickness.
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1.6: Production of induced force on a wire (Motor Action)

A second effect of a magnetic field is A T X x B
that it induces a force on a wire carrying a v @ ( l [ ”
current within the field ‘ 1 )
X X \ X X
F=i(lxB) ¥ Ll
Where: X X ~ 7 X F X
l'is a vector of current, ¥ ik ! l v
B is the magnetic flux density vector. J .
X X NN XX

F = ilB sin(68)

8 is the angle between the length and the magnetic field density

This is a basis for a motor action

1.7: Induced voltage on a conductor moving in a magnetic field
(Generator Action)

N ) ) XX+ —ryx x B
If a wire with the proper orientation moves e VxR
through a magnetic field, a voltage is induced in it. oA
% % R
Cind
-~ = X X [
Cind = (va) -1
—_—
Where x X X X
vis the velocity of the wire, _*_*_
{ is its length in the magnetic field, X X -+ XX

B - the magnetic flux density

This is a basis for a Generator action
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Example

The figure shows a conductor moving with a velocity of 5m/s to the right
in the presence of a magnetic field. The flux density is 0.5T into the
page, and the wire is 1m length, oriented as shown. What are the
magnitude and polarity of the resulting induced voltage?

€na = (VX B)-1
= (vB sin 90°) { cos 30°
= (10.0 m/s)(0.5 T)(1.0 m) cos 30°
=433V

1.8. The Linear DC Machine

Linear DC machine is the simplest form of DC machine
which is easy to understand and it operates according to
the same principles and exhibits the same behavior as
motors and generators. Consider the following:

Switch B

1. Production of Force on a F= i(fx E)
current carrying conductor

2. Vol.tage induced on a.cur.rent Cind = (17 x B) .l
carrying conductor moving in a
magnetic field

VB—!:R—EI'nd=0
3. Kirchoff's voltage law VB = iR +e: d
in

4, Newton’s Law for motion Frer = ma

10
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Starting the Linear DC Machine

1. To start the machine, the switch is closed

2. Current will flow in the circuit Vg—iR—epy =0

VB ~ Cing

i:
R

3. As the current flows down
through the bar, a force will be

F=i(lxB)

induced on the bar F = ilB sin(6)
F =ilB To the right
4. The bar starts to move, its Cina = (13 x E) .l

velocity will increase, and a
voltage appears across the bar.

Positive upward
5. Due to the presence of motion and induced potential (e;.4),

the current flowing in the bar will reduce
. Ve — €ina 1
il=——

R

6. The induced force is thus reduced Fl=illB
And eventually F=0
At that point, eind = Vg, i=0

And the bar moves at constant no load speed:
eing = Vg = vsteadystateBl
Vs
VUsteady state = E

11
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vin
Yol ‘ . ., /B
] 1. Closing the switch produces a currentflow | = E
0 1 1 L 1
” 2 Th.e current flow produces a force on the F=ilB
e (1) har given by
Vel
K 3. The har accelerates to the right, producing
2 e an induced voltage e, 4 as it speeds up.
i (b} V
— g |
%—’ 4, Thisinduced voltage reduces the current~  |= 5 hd
flow R
0 i ; ) o .
! 5. The induced force 15 thus decreased Fl=ilIB
Final®) & - until eventually F=10
A ,
R - At that poin epng =g 1=0
0 , g ‘ - and the bar moves at a Vs
@ constant no-load speed Vsteady state = ﬁ

The Linear DC Machine as a Motor

What will happen to the machine if an external load is applied to it
in the opposite direction of motion? 1t

1. Aforce F, 4 is applied opposite to the direction of motion,
which causes a net force F,., opposite to the direction of
motion,

2. The resulting acceleration a = F, /m is negative, so the bar
slows down ().

3. The voltage e, = wBIfalls, and soi= (V- e, , ¥R
increases.

4. The induced force F, 4 = i1 BI increases until IFing | = IFioaq |
ata lower speed v.

5. An amount of electric power equal to e, is now being converted
to mechanical power equal to F;,4V, and the machine is acting as a
motor.

12
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What will happen to the machine if an external load is applied to it in the same direction
of motion?

1. Aforce F__q is applied in the direction of motion, which
causes a net force F, in the direction of motion.

2, The resulting acceleration a = F__,/m is positive, so the bar
speeds up (v1).

3. The voltage e, ;= v1 Bl increases, and so i = (e, - Vz/R
increases.

4. The induced force F, , = /T BI increases until [F, | = [F,.q |
ata higher speed v

5. An amount of mechanical power equal to Fj,qV 1s now being
converted to electric power equal to e,,i , and the machine is acting
as a generator.

Example

The linear dc machine shown in Figure has a battery voltage of 120 V, an
internal resistance of 0.3Q, and a magnetic flux density of 0.1 T.

B=0IT,

. ¢ directed Into the page
=0 _l’. A X x x
i - +
—_— 120V €imd 10m
x x X
(a)
oaf B=oaT,
—IM directed into the page
- X x X
| Fg= 30N + -
=120V — | | - Fue 30N
T _ —_— ¥
X x X

(hy

13



20/07/1442

14

(a) What is this machine's maximum starting current? What is its
steady-state velocity at no load?

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

VB = ¥Cind = VS,BI
Va
Vs = g
120V
=O1TXi0m [ 20ms

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

Fop=Figa=ilB
_Fa_ 30N
B (10m)0.1T)
=30A flowing down through the bar

i

The induced voltage e,,4 on the bar must be and the final speed must be
€= Vg — iR v = nd
85
=120V - 30AX03 ) = 111V Bl v
= OITY0m) - 11ms

This machine is now acting as a motor, converting electric energy from the bat-
tery into mechanical energy of motion on the bar.
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(b) Suppose that a 30-N force pointing to the left 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?
Fopp = Fisg = ilB
Therefore, .
The induced voltage e,y on the bar must be
j_Faa___ 30N
1B~ (10m)0.1T) o= Vgt iR
=30A flowing up through the bar =120V + (30A)0.3 Q) =129V

and the final steady-state speed must be

Vs

_ Eina
"Bl
120V

“OIT0m  [Pms

The bar is producing P = (129 V)30 A) = 3870 W of power, and the battery is
consuming P = (120 V)(30 A) = 3600 W. The difference between these two num-
bers is the 270 W of losses in the resistor. This machine is acting as a generator.

(d) 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?

If the bar is initially unloaded, then e,y = Vjp. If the bar suddenly hits a region
of weaker magnetic field, a transient will occur. Once the transient is over,
though, €4 will again equal Vj.

This fact can be used to determine the final speed of the bar. The initial speed was
120 m/s. The final speed is

VB = €nd = v,,Bl’
Ve
Vs = B
_ 10V
= 008 TX10m) ~ 1P0ms

Thus, when the flux in the linear motor weakens, the bar speeds up. The same behavior oc-
curs in real dc motors; When the field flux of a dc motor weakens, it turns faster. Here,
again, the linear machine behaves in much the same way as a real dc motor.

15
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The Linear DC Machine as a Motor
What will happen to the machine if an external load is applied to it

f . . . . - X X
in the opposite direction of motion? 1t
— Fig — Gma*
x X

1. A force F,_,4 is applied opposite to the direction of motion,
which causes a net force F,., opposite to the direction of

motion.
2. The resulting acceleration a = F,/m is negative, so the bar

slows down ().
3. The voltage e, = W BIfalls, and so i = (V- e, ,¥)/R

ncreases.

4. The induced force F,,; = /T BI increases until |F, 4 | = |Fioy |

ata lower speed v.

5. An amount of electric power equal to e, is now being converted
to mechanical power equal to F; 4V, and the machine is acting as a
motor.
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What will happen to the machine if an external load is applied to it in the same direction
of motion?

1. Aforce F_,4 is applied in the direction of motion, which
causes a net force F,, in the direction of motion.

2. The resulting acceleration a = F,__/m is positive, so the bar
speeds up (v1).

3. The voltage e, = ¥ Bl increases, and s0 i = (e, - Vz/R
increases.

4. The induced force F, , = /T BI increases until F, | = F),.q |
ata higher speed v

5. An amount of mechanical power equal to Fj,qV 1s now being
converted to electric power equal to e,,i , and the machine is acting
as a generator.

Example

The linear dc machine shown in Figure has a battery voltage of 120 V, an
internal resistance of 0.3Q2, and a magnetic flux density of 0.1 T.

030 B=0IT,
—— AWMy directed Into the page
=0 - X X X
¥
—_— 120V €ind 10m
X X X
(a)
030 B=0.IT,

directed into the page
-_ X x X

Fog= 0N +
— €ind

Fw =

— Fg=30N

(b}
030 B=0.IT,
————AAR, directed into the page
_J’ X x x
— 120V -— el || — Fia=30N
- Flog=20N My
X X X

(0]
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(a) What is this machine's maximum starting current? What is its
steady-state velocity at no load?

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

VB = ¥Cind = VS,BI
Ve
Ve = 31
1oV
=Oinaam - 10ms

Closing the switch produces a current flow | = EB

I ”'L The induced force is thus decreased Fl=illB

Bl /— - until eventually F=0
0l/ P - At that point €ing = Vp, i=0

- and the bar moves at a Vs
constant no-load speed Usteady state = E

(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 Ifa 30-N force to the right is applied to the bar, the final
steady state will occur when the induced force Fy, is equal and opposite to the
applied force F,,, so that the net force on the bar is zero:

PP
Fapp = Find = ilB
Therefore,
i Fag ___ 3N The induced voltage e,y on the bar must be
8 (10m)0.1T) ey = Vgt iR
=30A flowing up through the bar =120V + (30A)0.30) = 19V
and the final steady-state speed must be
€ind
Ve = Br
___1»v_
“©IT}iom  'P2ms

The bar is producing P = (129 V)30 A) = 3870 W of power, and the battery is
consuming P = (120 V(30 A) = 3600 W. The difference between these two num-
bers is the 270 W of losses in the resistor. This machine is acting as a generator.
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(c) Now suppose a 30N 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? .y This time, the force is applied to the left, and the induced
force is to the right. At steady state,
Fop = Fua = ilB
_Fia_ 30N
B (10m)(0.1T)
=30A flowing down through the bar

i

The induced voltage ¢;,4 on the bar must be and the final speed must be
eh,d = VD - jR v = e_"'d
=120V - 30AX03 Q) = 111V Bl iy
“O1T0m  Tms

This machine is now acting as a metor, converting electric energy from the bat-
tery into mechanical energy of motion on the bar.

(d) 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?

If the bar is initially unloaded, then e,y = Vjp. If the bar suddenly hits a region
of weaker magnetic field, a transient will occur. Once the transient is over,
though, €4 will again equal Vj.

This fact can be used to determine the final speed of the bar. The initial speed was
120 m/s. The final speed is

VB = €nd = v,,Bl’
Ve
Vs = B
_ 10V
= 008 TX10m) ~ 1P0ms

Thus, when the flux in the linear motor weakens, the bar speeds up. The same behavior oc-
curs in real dc motors; When the field flux of a dc motor weakens, it turns faster. Here,
again, the linear machine behaves in much the same way as a real dc motor.
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wan o0 2 ¥

¥

A transformer is a device that converts one AC voltage to another AC voltage at the same

frequency.

« It consists of one or more coil(s) of wire wrapped around a common ferromagnetic core.

« These coils are usually not connected electrically together.

* However, they are connected through the common magnetic flux confined to the core.
Assuming that the ~ \
transformer has at least two co | | wo
windings, one of them — g ™ —
(primary) is connected to a
source of AC power; the C—tw, N
other (secondary) is \

connected to the loads. Y
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#, Power transformers
i Core form Shell form

. — - )
[

f 71 mf%\i

|
vpll Np Ny s (1)

L TLL/’

Windings are wrapped around two
sides of a laminated square core.

Windings are wrapped around the
center leg of a laminated core.

Usually, windings are wrapped on top of each other to decrease flux leakage
and, therefore, increase efficiency.

Lamination types

Laminated steel cores

Toroidal steel cores

Efficiency of transformers with toroidal cores is usually higher.



25/07/1442

* Overview of Electrical Power Grid.

Power transformers used in power
distribution systems are sometimes
referred as follows:

1.Unit transformer: a power
transformer connected to the output of
a generator and used to step its voltage
up to the transmission level (110 kV
and higher).

2.Substation transformer: a
transformer used at a substation to
step the voltage from the transmission
level down to the distribution level (2.3
-34.5 kV).

3.Distribution transformer: a
transformer converting the distribution
voltage down to the final level (110 V,
220 V).

|deal transformer

We consider a lossless transformer
with an input (primary) winding
having N, turns and a secondary
winding of N, turns.

vp(t) B N,

v(t) N
In the phasor notation:

Y

v

—

4

I, a

The phase angles of primary and secondary voltages
are the same. The phase angles of primary and
secondary currents are the same also. The ideal

15KV 400KV

AL

Generation Station 400 KV

11kV

MKy

33 kY

11 kY]
Distribution network E%H
SLD

GQI’Eramr Txd Bus 1 Bus 2 Tx2 Bus 3 Tx3 Bus 4
(N 7NN | TransmissionLine | /7N ./F\"\
NN () {()
N NS VRNV
8
E
g - Commarcial
£
s

Consumars
- Domestic
Consumars.

S

Industrial - Other
Custtomars Distributions

The relationship between the voltage
applied to the primary winding v,(#
and the voltage produced on the
secondary winding v(4) is

Here ais the turn ratio of the transformer.

The relationship between the primary /(#) and secondary /(f) currents is

B _1
is(t) a
/ c_.—’ r' L- .0\'
| o Ny g 5 h )
b Ny ¥ e "

transformer changes magnitudes of voltages and

currents but not their angles.
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One winding’s terminal is usually
marked by a dot used to determine

the polarity of voltages and
currents.

Polarity in electrical terms refers to the positive
or negative conductors within a dc circuit, or to
the Line and Neutral conductor within an
ac circuit. Electrical polarity (positive and
negative) is the direction of current flow in
an electrical circuit.

If the voltage is positive at the
dotted end of the primary winding
at some moment of time, the
voltage at the dotted end of the
secondary winding will also be
positive at the same time instance.

If the primary current flows into
the dotted end of the primary
winding, the secondary current will
flow out of the dotted end of the
secondary winding.

vpll)

ip(f) Np Ny ipll)

Power in an ideal transformer

Assuming that &, and &; are the angles between voltages and currents on the
primary and secondary windings respectively, the power supplied to the

transformer by the primary circuit is:

The power supplied to the output circuits is

Pin = VI, cos b,

Poue = Vels cos 0

Since ideal transformers do not affect angles between voltages and currents:

6,=6,= 6

Both windings of an ideal transformer have the same power factor.

Since for an ideal transformer the following holds: Vs = — Is = al

Therefore: P+ = Vil cos O,

Y

W
Em’p cos B, = P;
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The output power of an ideal transformer equals to its input power — to be
expected since assumed no loss. Similarly, for reactive and apparent powers:

1%
Qoue = Velgsinby = Epafp sin, = Qs

Sour = Vels = Epalp =5m

Impedance transformation

VL Ip Ig
The impedance is defined as a ZL = — I
following ratio of phasors: IL % N
Atransformer changes voltages and Vi 7, - :"’ Ly, { vy 7,
currents and, therefore, an apparent ZL =— '
impedance of the load that is given I? )
by _ -
The apparent impedance of the . VP
primary circuit is: ZL = —
Ip
which is
N Ve  alj o Vs 5
L === = a*—=aqa ZL
Ip Is/a Is

It is possible to match magnitudes of impedances (load and a transmission line) by
selecting a transformer with the proper turn ratio.
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Analysis of circuits containing ideal transformers

+ A simple method to analyze a circuit containing an ideal transformer is by
replacing the portion of the circuit on one side of the transformer by an
equivalent circuit with the same terminal characteristics.

 Next, we exclude the transformer from the circuit and solve it for voltages and
currents.

* The solutions obtained for the portion of the circuit that was not replaced will be
the correct values of voltages and currents of the original circuit.

« Finally, the voltages and currents on the other side of the transformer (in the
original circuit) can be found by considering the transformer s turn ratio.

This process is called referring of transformer s sides.

Example

Example 4.1: A single-phase power L 0BO 040
system consists of a 480-V 60-Hz — A
generator that is connected to the load | “T —W
Zpag =4 13 Q through the transmission

ine with Z,,, =0.18 +10.24 . +> o I,

44130

a) Whatis the voltage at the load? What
are the transmission line losses? -

h) Ifa1:10 step up transformer and a
10:1 step down transformer are placed
at the generator and the load ends of
the transmission line respectively, what
are the new load voltage and the new
transmission line losses?

10
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2
44730

v I, 0188 j0.240)
a) l.=h,=L =— —— A
G line load Zline n Z[aad I/m )\M 7. .
0 +
__ 480207 V=d5020° v Y oud
0.8 +j0.24 + 413
48020° -

T 529,37.8°
=9082-378° 4

The load voltage:

Vioad = TioadZ10ad = (90.82 —37.8%)(4 + j3) = (90.82 —37.8%)(5£ —36.9°) = 4542 —-0.9°

The line losses are:

Pioss = I2noRiine = 90.8% - 0.18 = 1484 W

T 0.18 0 j0.24 Q)

b) We will

1) eliminate transformer T,
by referring the load
over to the transmission
line’s voltage level.

s fine

2) Eliminate transformer T, [ S— L
by referring the V =480/ 0°V
transmission line’s

The load impedance when referred

S L0 T AR

1

4+j30)

10
. B .
to the transmission line (while the Z10ad = A2"Zi0ad = (T) (4 +73)

transformer T, is eliminated) is: =400 + ;300

The total impedance on the
transmission line level is

= 500.3236.88°

Zoqu = Ziine + Zipaa = 400.18 + j300.24

The total impedance is now referred across T, to the source’s voltage level:

2
Zequ = 12 Z10qa = (ﬁ) 500.3236.88° = 5.003236.88°

11
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The generator’s current is l MW—r
I e
I 4 480207 95.947 — 36.88° ™\ Zy
f=5—=— =95 — 36. = .
Zequ 5.0032 \l\v/|\ =480 £ 0°V

Knowing transformers’ turn ratios, we

can determine line and load currents:

Equivalent circuit

Line = a11; = 0.1(95.942 — 36.88°) = 9.594~ — 36.88° A ‘
Toga = Asline = 10(9.5942 — 36.88°) = 95.942 — 36.88° A

Therefore, the load voltage is:
Vioad = loadZioaa = (95.944 — 36.88%)(52 — 36.7°) = 479.72 — 0.01° V t

The losses in the line are:
Pioss = IoRiine = 9.594% - 0.18 = 167 W ‘

Note: transmission line losses are reduced by a factor nearly 90, the load voltage
is much closer to the generator’s voltage — effects of increasing the line's voltage.

0180 j0.24 ) n

V=48020"V

12
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Transformers

Example

Example 4.1: A single-phase power
system consists of a 480-V 60-Hz
generator that is connected to the load
Zpag =4 13 Q through the transmission
line with Zj;,, =0.18 +j0.24 Q.

a) Whatis the voltage at the load? What
are the transmission line losses?

h) Ifa1:10 step up transformer and a
10:1 step down transformer are placed
at the generator and the load ends of
the transmission line respectively, what
are the new load voltage and the new
transmission line losses?

Ch. 2

Dr. Feras Alasali

J

I line

+
V=48020°V

0.180

ZM

ne

j0.24Q)

y Toad

Lt

z load
44730
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2
44730

v I, 0188 j0.240)
a) l.=h,=L =— —— A
G line load Zline n Z[aad I/m )\M 7. .
0 +
__ 480207 V=d5020° v Y oud
0.8 +j0.24 + 413
48020° -

T 529,37.8°
=9082-378° 4

The load voltage:

Vioad = TioadZ10ad = (90.82 —37.8%)(4 + j3) = (90.82 —37.8%)(5£ —36.9°) = 4542 —-0.9°

The line losses are:

Pioss = I2noRiine = 90.8% - 0.18 = 1484 W

T 0.18 0 j0.24 Q)

b) We will

1) eliminate transformer T,
by referring the load
over to the transmission
line’s voltage level.

s fine

2) Eliminate transformer T, [ S— L
by referring the V =480/ 0°V
transmission line’s

The load impedance when referred

S L0 T AR

1

4+j30)

10
. B .
to the transmission line (while the Z10ad = A2"Zi0ad = (T) (4 +73)

transformer T, is eliminated) is: =400 + ;300

The total impedance on the
transmission line level is

= 500.3236.88°

Zoqu = Ziine + Zipaa = 400.18 + j300.24

The total impedance is now referred across T, to the source’s voltage level:

2
Zequ = 12 Z10qa = (ﬁ) 500.3236.88° = 5.003236.88°
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The generator’s current is l AA—
I —_—
o= = 480207 _ 95.94s — 36.88° e P
&= Zequ B 5.0032 - ’ ’ | : |v=as0c0v T
. , . \/
Knowing transformers’ turn ratios, we
can determine line and load currents:
Equivalent circuit

Line = a11; = 0.1(95.942 — 36.88°) = 9.594~ — 36.88° A ‘
Toga = Asline = 10(9.5942 — 36.88°) = 95.942 — 36.88° A

Therefore, the load voltage is:
Vioad = loadZioaa = (95.944 — 36.88%)(52 — 36.7°) = 479.72 — 0.01° V t

The losses in the line are:
Pioss = IoRiine = 9.594% - 0.18 = 167 W ‘

Note: transmission line losses are reduced by a factor nearly 90, the load voltage

is much closer to the generator’s voltage — effects of increasing the line's voltage.

T T 0180 0240
101
I

1 I(). ______ _I\M.. B — [ ..... - 7,
2 e o o 41 |aepn
|

V=48020"V

Theory of operation of real single phase transformers

Real transformers approximate ideal ones to some degree.

The basis transformer operation can

be derived from Faraday's law: di
Cind = ¢
Here 1 is the flux linkage in the coil N
across which the voltage is induced: = Z s o -
= i
i=1

where ¢,is the flux passing through the #7turn in a coil — slightly different for different
turns. However, we may use an average flux per turn in the coil having NVturns: $=2A/N

Therefore:
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If the source voltage v,(f) is
applied to the primary

winding, the average flux in
the primary winding will be:

A portion of the flux produced in
the primary coil passes through

the seco_ndar\_.' coil (mutual flux); ¢p = ¢, + d)Lp
the rest is lost (leakage flux):
dﬁ\\ﬂ. \Q‘)‘F &\\S"
v@,«\'a G 5L
o° i
NS
?

Similarly, for the secondary coil:

Average secondary flux E = m + Pis

From the Faraday's law, the primary coil's voltage is:

The secondary coil's voltage is:
The primary and secondary voltages due to the
mutual flux are:

Combining the last two equations:

Therefore:

_ 1

¢ = N_;, f vp(t)dt
P
el R

P ) ! 1 !

dgyp dé,

dd’Lp
Noge =N

P odt

Up(t) =

dgs
dt

dipm
=N *

dgys

N,
S dt

vg(t) = Ng

dgy,
dt

ep(t) = Np

dgy,
es(t) = Ns%
eo(t) _ ddm _elt)

N, dt N,

N,

ep®) N,

es(t)  Ns
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That is, the ratio of the primary voltage
to the secondary voltage both caused
by the mutual flux is equal to the turns

ratio of the transformer.

For well-designed transformers:

Dy > @pp and Oy > O

Therefore, the following approximation normally helds:

(1) Ny

vs(t)  Nq

The magnetization current in a real transformer

Even when no load is
connected to the
secondary coil of the
transformer, a current will
flow in the primary coil.
This current consists of:

1. The magnetization
current /,, needed to
produce the flux in the
core;

2. The core-loss current
Iy hysteresis and
eddy current losses.

@iy and

vplt) i1y
5/ l/
.

T
Q)= ‘—l“\_. N wi

~a

'
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* If the values of current are comparable to the flux they produce in the core, it is possible to
sketch a magnetization current. We observe:

1.Magnetization current is not sinusoidal: there are high frequency components;

2. Once saturation is reached, a small increase in flux requires a large increase in

magnetization current;
Core-loss current is:

1. Nonlinear due to nonlinear effects of hysteresis;
2. In phase with the voltage.

The total no-load current in the core is called the excitation current of the

transformer:

lex =l t e

The current ratio on a transformer

* If aload is connected to
the secondary coil, there
will be a current flowing
through it.

* A current flowing into the
dotted end of a winding
produces a positive
magnetomotive force F

* The net magnetomotive
force in the core

* where (R) is the
reluctance of the
transformer core. For well
designed transformer
cores, the reluctance is
very small if the core is
not saturated. Therefore:

s

/ [ ‘w’ .,,(—J
~— —1
~— —1

= N.i - —

Fp = prp Vi Ny _:_—: :._—) A

F; = Nsi \ - :’_J.

|
|

¢
o

Fret = Npip — Ngig &
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The transformers equivalent circuit & Transformer losses

To model a real transformer accurately, we need to account for the
following losses:

1. Copper losses resistive heating in the windings: I?R

2. Eddy current losses resistive heating in the core: proportional to the
square of voltage applied to the transformer.

3. Hysteresis losses energy needed to rearrange magnetic domains in
the core: nonlinear function of the voltage applied to the transformer.

4. Leakage flux that escapes from the core and flux that passes
through one winding only.

The exact equivalent circuit of a real transformer

I

—0 +

Tdeal
transformer

Copper losses are modeled
by the resistors &, and R,.

The leakage flux can be modeled by primary and secondary inductors.

The magnetization current can be modeled by a reactance X), connected across
the primary voltage source.

The core-loss current can be modeled by a resistance R, connected across the
primary voltage source.

Both currents are nonlinear; therefore, X}, and R are just approximations.
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Since much of the leakage flux pass Leakage flux in a primary

through air, and air has a constant winding produces the

reluctance that is much higher than voltage: ad,p
the core reluctance, the primary ep(t) = Ny—

coil's leakage flux is:

Brp = PNyiyp

Where P permeance of flux path
diy

d
; 2
eup(t) = Np - (PNpip) = Np*P—-

Recognizing that the self-inductance of the primary coil is

L=N,”P
The induced voltages are: di
lp
Primary coil: () = Lpo—
: dig
Secondary coil: eps(t) =L a

Ideal
transformer

The exact equivalent circuit of a real transformer

Ip ) 2 Iy
— B Xp Ry X

‘o +

— Ry iX; aRy it Xy — Ry Y
o 'VV\I* . VY N alp 2 a Ry Xy

v, R, Xy oy, v R, X

.

Equivalent circuit of the transformer
referred to its primary side.

Equivalent circuit of the transformer
referred to its secondary side.
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Approximate equivalent circuit of a transformer

I

—_ R Xp R jatXy —

‘o ‘VVV

v,

o . o
lf' R X !tf-
Lo R Moy 2o
+ *
Reap? v Reas?
\J P aV, pid Vs
r Xeqp? $ a Xegs?

Without an excitation branch
referred to the secondary side.

Without an excitation branch
referred to the primary side.
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equivalent circuit of a transformer

1, I
— R Xp Rg X —
+

v.T

-
Tdeal
transformer

e, Rap  Kep . e Ras gy .
+0 o+ +o AMAN— Yo+
\ R, Xin
A\ R X, v ’ \%
P c Xy avV, 2 Z f;f s
-0 0 — -0 R O —
(@ Regp =R, + a’R, (b) Rgo= ;” +R,
Xegp = Xp + %X, X,
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.

l!
I
IP R°‘IP jxﬂu’ l Llp. Req: .lxeql — .
+0 o+ +0 W\'_IVW\_Q.,,
R, X,
Vp Re Xu av, % ;f' f?"- \A
N 2 h RF
@y Reqp'Rp+a R, (b) Raq: Pl +R,
Xegp = X, + %X, X _}&”(
°0qs = 2 ]
2Ry Ay, i I 1
ro—AN— s L Ry Kegy 2o
+ oA — 5
v
\ aVy i" v,

Without an excitation branch
referred to the primary side.

Without an excitation branch
referred to the secondary side.

Determining the values of Tr. components

Full line voltage is applied to the primary

side of the transformer. The input

voltage, current, and power are vin
measured.

Wattmeter iptn

+ . .
A H‘

HV

—

From this information, the power factor of
the input current and the magnitude and
the angle of the excitation impedance can
be determined.

To evaluate R and X}, we determine the Gc = R

conductance of the core-loss resistor is: c

The susceptance of the magnetizing inductor is

By, =—
M~™x

1

M

Transformer
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+ Since both elements are in parallel, their
admittances add. Therefore, the total 1 o1
excitation admittance is: R. Xt

+ The magnitude of the excitation loc

admittance in the open-circuit test is: ‘YEI = Voc

+ The angle of the admittance in the open Poc
circuit test can be found from the circuit cos(@) = PF =
power factor (PF):

VOCIOC

« In real transformers, the power factor is I
always lagging, so the angle of the Y| = ﬁﬁ -0
current always lags the angle of the Voc
voltage by &degrees. The admittance is:

+ Therefore, it is possible to determine I
values of R and X, in the open-circuit = 0¢ / —cos LPF
test. VOC

O.C Test

* Vo= rated voltage Wattmeter ()

¢ lo=small value o

* Wo = core losses (small value) ° ep () m
- H

LV

* From O.C test (Vo, lo, Wo) Transformer
* Where Wo= (Vo) (I0) (cosGo) mmp ©0s80= Wo/(Vo)(lo)
* Bois no load PF angle

0 VO
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Vo
lc lo
e
lc=lo cosBo o
lu=lo sinBo
&
Rc=Ro=Vo/lc o
Xm =Xo =Vo/lu
The short circuit test. Wateer i, 1

Fairly low input voltage is applied to the

primary side of the transformer. This voltage

is adjusted until the current in the secondary w0 e o
winding equals to its rated value.

The input voltage, current, and power are again

measured.
Since the input voltage is low, the current flowing V.
through the excitation branch is negligible; therefore, |ZSE| =3¢
all the voltage drop in the transformer is due to the Isc
series elements in the circuit. The magnitude of the
series impedance referred to the primary side of the
transformer is:

Th f is gi - O
. e power factor of the current is given by: COS(Q) = PF =

Vsclsc

Transformer
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« Therefore:
Vsc

L, Rap  Rwp .

+ Since the serial impedance Z;-is — ;
equal to Zsp = Req +JXeq

+ it is possible to determine the total series impedance
referred to the primary side of the transformer. Zep = (RP+GZRS) + j(Xp+a2X5)
However, there is no easy way to split the series
impedance into primary and secondary components.

+ The same tests can be performed on the
secondary side of the transformer. The results will

yield the equivalent circuit impedances referred to the
secondary side of the transformer.

S.C Test

* Vsc= short circuit voltage (small value)

* |sc= short circuit current

* Wsc = copper losses (short circuit pow Wattmeter 7, 1) o
O =, =

* From S.C test (Vsc, Isc, Wsc) -

, @ )
* Where Wsc= (Isc)“Req S
W.
Repg = —< HV Lv
sed (ISC)Z Transformer

V.
"Zsea =i, mmml Zse = (RytalR) +j(X,+a’X,)

* Xseq = \/ (Zseq)z - (Rseq)z
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Example

Example: We need to determine the equivalent circuit impedances of a 20
kVA, 8000/240 V, 60 Hz transformer. The open-circuit and short-circuit

tests led to the following data:

Vo= 240 V| Vs.=489V
IOC:7'133A ISC:2A5A
Poe =400 W Poo =240 W

The power factor during the - — - :
open-circuit test is cos(8) = PF Vocloc 0234 lagging
L . . _ loc -1 _ -1
The excitation admittance is Y = V—/— —cos™ PF =0.02974£ — cos™0.234
oc

= 0.00693— j0. 0288
1 1

Ye=——j—
E R, ]XM

1 1
=———=144 () Xy =—"—"""=34630

R
¢ 0.00693 0.0288
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i Psc 240 )
The power factor during the — — £ — _ i
short-circuit test is cos(0) = PF Veclse  (489)(2.5) 0.196 lagging
Vsc 1 489 . 7
The Series impedance is Zsp = I_LCOS PF = 55 £ —cos ~0.196
SC .
=384 —j192
R.q = 3840 Xoq = 1920
I R X I
£ eq JReq 4
*e MA— ™ o+
I 3840 j19280
]h-l-r l ]m
iX,
v § R, 3 Sim aV
P 4 s
159kQ j384kQ
— o o

Rc,p = a? Re,s = 33.3% (144) = 159 k ohm
Xm,p = a? Xm,s = 33.3% (34.63) = 38.4 k ohm
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O.C Test

* Vo= rated voltage Wattmeter i,
~ e
* |o=small value R
*  Wo = core losses (small value) ,, (=< » o) HI
- HV
LV
*  From O.C test (Vo, lo, Wo) Transformer

* Where Wo= (Vo) (I0) (cos€0) mm) cos8o = Wo/(Vo)(lo)
* Bois no load PF angle

Vo

u

lc=lo cosBo

lu=lo sinGo

¥

Rc=Ro=Vo/lc

Xm =Xo = Vo/lu
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.

.

.

The short circuit test.

Wattmeter ip(f)
Fairly low input voltage is applied to the o
primary side of the transformer. This voltage
is adjusted until the current in the secondary

winding equals to its rated value. W) @ o

The input voltage, current, and power are again Transformer
measured.

Since the input voltage is low, the current flowing Vec
through the excitation branch is negligible; therefore, |ZSE| =
all the voltage drop in the transformer is due to the Isc
series elements in the circuit. The magnitude of the

series impedance referred to the primary side of the

transformer is:

P.
* The power factor of the current is given by:  cos(8) = PF = SC

VS’CISC

+ Therefore: V. .
_ Vs
Isg = <0 v, R X
ISC r f W
Since the serial impedance Z i ’ )
ince the serial impedance Zis — :
equal to Zsg = Req +jXeq L
q T
M_AM_MV\_M
v, Vs

Without an excitation branch
referred to the primary side.
it is possible to determine the total series impedance
referred to the primary side of the transformer. Lep = (Rp+a2Rs) +j(Xp+a2Xs)
However, there is no easy way to split the series
impedance into primary and secondary components.

+ The same tests can be performed on the
secondary side of the transformer. The results will
yield the equivalent circuit impedances referred to the
secondary side of the transformer.
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S.C Test

e Vsc= short circuit voltage (small value)
* Isc=short circuit current
*  Wsc = copper losses (short circuit power)

*  From S.C test (Vsc, Isc, Wsc)
* Where Wsc= (I;)?Req

. = Wsc
Seqd T (Ise)?
V. .
* Zseq = ﬁ ‘ Zsg = (Rp+a?R;) + j(Xp+a’X;)

2 2
. X.S‘eq =\/(Zseq) — (Rseq) Wattimeter iplh) is(0)

“® ©

HV

Transformer

Example

Example: We need to determine the equivalent circuit impedances of a 20
kVA, 8000/240 V, 60 Hz transformer. The open-circuit and short-circuit
tests led to the following data:

VOC = 240 V VSC :489 l/ 1 Req WXey ﬁlﬁ_
/oc =7.133A ISC =25A
Poe =400 W Poo =240 W
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The power factor during the = = = P
open-circuit test is COS(Q) PF Vocloc 0.234 Iaggmg
loc -1 -1
The excitation admittance is Ye =——24 —cos™PF =0.02974£ — cos~-0.234
oc

= 0.00693 — j0. 0288

v = 1 1
- Rc J?XM
R 1 144 Q) X - 34.631)
¢~ 000693 M= e oh
; Psc 240 -
Th factor d th _ _ k _ _
PRSI o) = PF = = gy = DS gty
Vse -1 489 e
The Series impedance is Zsg = ELCOS PF = o5 £—cos™70.196
=384 —j192
Req = 38.40) Xeqg = 1920
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Quiz

O+

IP Req fxeq
v o Ay —
I 3840 j1920

1“.1 l""

Xy
384k Q0

aV

* Rc,p = a? Re,s = 33.32 (144) = 159 k ohm
* Xm,p = a® Xm,s = 33.3% (34.63) = 38.4 k ohm
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The per unit system

+ Another approach to solve circuits containing
transformers is the per-unit system. Impedance and
voltage-level conversions are avoided. Also, machine
and transformer impedances fall within fairly narrow
ranges for each type and construction of device while
the per-unit system is employed.

+ The voltages, currents, powers, impedances, and
other electrical quantities are measured as fractions
of some base level instead of conventional units.

Quantity per unit = actual value Pbase: Qbasel or Sbase = Vbase“base
base value quantity
+ Usually, two base quantities are selected to define a
given per-unit system. Often, such quantities are
voltage and power (or apparent power). In a 1-phase

svstem:
2
Zb — Vbase - Vbase o Ibase
ase =
Ipase Sbase base Voase

* Ones the base values of P (or S ) and V are selected, all other base
values can be computed form the above equations.

* In a power system, a base apparent power and voltage are
selected at the specific point in the system . Note that a
transformer has no effect on the apparent power of the system,
since the apparent power into a transformer equals the apparent
power out of a transformer. As a result, the base apparent power
remains constant everywhere in the power system.

¢ On the other hand, voltage (and, therefore, a base voltage)
changes when it goes through a transformer according to its turn
ratio. Therefore, the process of referring quantities to a common
voltage level is done automatically in the per unit system.
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Example

A'simple power system is given by the circuit L w0 0o b i =10230°0
0

e

I; 1:10 20:1
The generator is rated at 480 V and 10 kVA. ([ 't e ' /

a) Find the base voltage, current, impedance, ‘o\_ J#0<""Y

and apparent power at every points in the system;

-

b) Convert the system o its per-unit equivalent circuit, ¢! Region2 Region 3

¢) Find the power supplied to the load in this system;

e) Find the power lost in the transmission line (Region 2).

Line 200 60 0 Lot Zrond = !”ré-‘“"‘ Q
I 1:10 AN 20:1 /
=t zIm\: c
Vo 480£0° V
|
Region 1 Region 2 Region 3
a. In the generator region: Vs, ; =480 Vand S, = 10 kVA
Spaser _ 10000 v 480
I, = =———=120.834 _ ‘basel TPV _
basel =y cer 480 Zpaser = Toueey 2083~ 23.040

The tumns ratio of the transformer 7, is a, = 0. 7; therefore, the voltage in the
transmission line region is

V 480
Voasez = b;iﬂ =01 48001 Spasez = 10000 VA
Spasez 10000 v 4800
Ibase2 = = ana = 2.0834 _ Voasez _
e Vbusez 4800 Zbasez [basez 2.083 23040
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The turns ratio of the transformer 7 is a, = 20 therefore, the voltage in the

load region is
V; 4800 _
Vpases = bﬂL:z = 0 = 240V Spases = 10000 VA
Sba,sea 10000 V. 240
Thases = ==~ =41674A _ Voases _ _
Based Ty ces 240 Znases =T ~ 167 ~ 5760

b. To convert a power system to a per-unit system, each component must be
divided by its base value in its region. The generator’s per-unit voltage is

v _ Ve _48020°
BT Vogser 480

The transmission line’s per-unit impedancs is Zime 20+ j60

Zimepu = 7o 7308 0.0087 + j0.026pu
Line 2002 60 € Ligg  Zron =10£30°Q
I, 1:10 o) —
G S M- o/ /
Zijne
Vi 480.20° V
|
Region | Region 2 Region 3
Zioaa  10230° i
The load’s per-unit impedance is Zioadpu = Tonsas  5AR 1736430
Ly Line  0.0087 pu j0.0260 pu Lioad

u

—_——)————y == — ===

I
|
I
I
I
|
V= 120° I Zyoaa = 1.736£30°
I
I
I
I
1
I
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c. The current flowing in this per-unit power system is

I ou 10° 0.569230.6°
P Frtatpn | 0.0087 +0.026 + 1.736230° L
Liu 1 hige 00087 pu j0.0260 pu I‘ Joad
T 1 T AAA YL
| |
]u] | |
| |
| |
V= 1£0° I Zyoaq = 1.736.£30° pu
| |
| |
| |
| |
| I
| |
Therefore, the per-unit power on the load is Proaapu = Ipqupu = 0.5697 - 1.503 =0.487pu
The actual power on the load is Proad = Proaa.puSvase = 0487 - 10000 =487W
d. The per-unit power lost in the transmission line is Piinepu = Tou" Riime pu = 0.569% - 0.0087 =0.00282pu
The actual power lost in the transmission line Prine = PiinepuSpase = 0.00282 - 10000 =28.2W

Problem 2-23 in the book

3
3

‘e aaal
1]

o

Generator [ 1
40V Line
480/14.400 V Zp= L5+ 106 14,400/480 V Load 1 Load 2
1000 kVA S00kVA
R=0.010pu R=000pn  Fow1= Zica2®
X =0.040 pu X=008Spu  045.3687°Q 080

Y-connected Y=connected
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10

Notes

When only one device (transformer or motor) is analyzed, its own ratings
are used as the basis for per unit system. When considering a transformer
in a per unit system, transformer s characteristics will not vary much over
a wide range of voltages and powers.

For example, the series resistance is usually from 0.02 to 0.1 pu ; the
magnetizing reactance is usually from 10 to 40 pu ; the core loss resistance
is usually from 50 to 200 pu . Also, the per unit impedances of
synchronous and induction machines fall within relatively narrow ranges
over quite large size ranges.

If more than one transformer is present in a system, the system base
voltage and power can be chosen arbitrary. However, the entire system
must have the same base power, and the base voltages at various points
in the system must be related by the voltage ratios of the transformers.

System base quantities are commonly chosen to the base of the largest
component in the system.

Notes

Per-unit values given to another base can be converted to the new base
either through an intermediate step (converting them to the actual
values) or directly as follows:

Sbasez Vbasez
(P, Q; S)pu,basez = (P- Q- S)pu,bﬂsels Vi-‘u,basez = Vpu,basel v
basel basel
2
Zbasez Vbaspzsbasez
(R; X, Z)pu,ba592: (R, X, Z)pu,baselzi = (R, Xaz)pu,baselgi
basel Vbasg15husel



23/03/1442

Example 2

Sketch the appropriate per-unit equivalent circuit for the 8000/240 V, 60 Hz, 20 kVA
transformer with R, =159 kQ, X, = 38.4 kQ, R,,=38.3 0, X, =192 Q.

To convert the transformer to per-unit system, the primary circuit base impedance needs to be found.

Shaser = 20000 VA zZ, _ Vb2a5e1
g =
ase Shase1
Viaser = 8000V 8000
= ——= 132000
20000
159000 49.7 38400
=———=497pu
Repw = T3500 P Zywu = g = 120
383 +/192
Eqpu — 3200 Ip Req iXeq I

= 0.012 + j0.06pu

Ve pu

Voltage regulation and efficiency

Since a real transformer contains series impedances, the transformer’s output
voltage varies with the load even if the input voltage is constant. To compare
transformers in this respect, the quantity called a full-load voltage regulation (VR)
is defined as follows:

Ve — V. W/a—V.
vR = Ver g0, 2 WO Vort 00,
Vst Vsri
. V, -V,
In a per-unit system: VR = _BPY T TSFLPU 4600
Vs.fl,pu

Where V;,,and V; ;are the secondary no load and full load voltages.

Note, the VR of an ideal transformer is zero.

11
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The transformer phasor diagram

* To determine the VR of a transformer, it is necessary to understand the voltage drops
within it . Usually, the effects of the excitation branch on transformer VR can be
ignored and, therefore, only the series impedances need to be considered. The VR
depends on the magnitude of the impedances and on the current phase angle.

A phasor diagram is often used in the VR determinations. The phasor voltage V;is assumed to be at 0° and
all other voltages and currents are compared to it.

Considering the diagram and by applying the Kirchhoff’s voltage
law, the primary voltage is:
P )
" = Vo + Regls + jXeqls

Atransformer phasor diagram is a graphical representation of this
equation.

VP .
; =W+ Reqls +lequ

A transformer operating at a lagging power factor:

Itis seen that Ija >V, VR >0 \4’///\’7J

A transformer operating at a unity power factor:

Itis seen that VR >0

A transformer operating at a leading power factor:

If the secondary current is leading, the I
secondary voltage can be higher than
the referred primary voltage; VR < 0.

12
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The transformer efficiency

. . . R _ Pout _ Pout
The efficiency of a transformer is defined as: n= +100% = ———— - 100%
Pin Puuc + Plass

Note: the same equation describes the efficiency of motors and generators.
Considering the transformer equivalent circuit, we notice three types of losses:
1. Copper (£R) losses — are accounted for by the series resistance

2. Hysteresis losses — are accounted for by the resistor /.

3. Eddy current losses — are accounted for by the resistor /..

Since the output power is Pour = Vslgcost
. . _ Vil;cos@ 100%
The transformer efficiency is n= P + Proye + Viloc058 (]

13
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Transformers

Ch. 2

Dr. Feras Alasali

The transformer efficiency

P
The efficiency of a transformer is defined as: n= Ut L 100% =
in

Note: the same equation describes the efficiency of motors and gengerators.
Considering the transformer equivalent circuit, we notice three typgs of losses:
1. Copper (£R) losses — are accounted for by the series resistajice

2. Hysteresis losses — are accounted for by the resistor /.

3. Eddy current losses — are accounted for by the resistor R,

Since the output power is Poue = Vilscos

Vil;cos6

i i = - 100%
The transformer efficiency is n Pow + Pooye + Vil,c058 o

The copper losses are: Fo= IzsReq

The core losses are: (Vp/a)2
Frore = R
C
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Example

A 15 kVA, 2300/230 V transformer was tested to by open-circuit and closed-circuit tests. The
following data was obtained:

Vge=230 V|V, =47V
a. Find the equivalent circuit of this transformer referred to the high-voltage side. | 1,,= 21A |l =6.0A

h. Find the equivalent circuit of this transformer referred to the low-voltage side. | Poc=50W | Py =160 W

¢. Calculate the full-load voltage regulation at 0.8 lagging power factor, at 1.0 power factor, and at 0.8 leading
power factor.

d. Plot the voltage regulation as load is increased from no load to full load at power factors of 0.8 lagging, 1.0,
and 0.8 leading.

e. What is the efficiency of the transformer at full load with a power factor of 0.8 lagging?

a. The excitation branch values of the equivalent circuit can be determined as:

Poc 50
8 =cos ! =c0s ' ——=84°
Vocloc (1 230)( 2.1)
le =lpe cos 84° Rc,s = Voc/lc =1050 £
lu=Ioc sin g4° Xm=Voc/lu =110 £

From the test result , we know that the OC test is done on secondary side (so result
referred to secondary)

From the short-circuit test data, the short-circuit imIgedance angle is

160
_ SC _
B5c = cos™! =cos”!————="554°
Vsclsc (47)(6)
The equivalent series Vsc 47 ° .
impedance is thus Zsp = E/—GSC = F455-4 =445+j6.450
Something
The series elements referred to wrong with lag
the pri indi : 4
e primary winding are Req — 4450 angle need to

Xy = 6450 be negative
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In (a) we need to find equivalent circuit referred to HV
2 1
I qu,, p\ﬂ‘p —ui
o M/\( ~Y Y\ o+
4450 j6.45 0
Rep = a* R = 105k ohm e ll,,,
Xpp = a2Xms = 11k ohm Vi o e aVs
mp = ms = 105 kO jlkQ :
- o
Rm JX "
b) Referred to LV Pl -
g IVW Y'Y o+
0.0445 QO 00645 Q
1050 Q0 Jj11o o
— O i

c. The full-load current on the secondary side of the transformer is

+JXeqls

I _ Sratea _ 15000
Srated = V‘;,‘mted - 230 B

IS Jrate

At PF = 0.8 lagging, current
Ve .
== 2302£0° + 0.0445(65.2£ - 36.9°) +

=234.8520.40°V

A3 -
o = IHAZ04Y

Vy/a| - V.
_hlal =¥ o0,
Vs.fl

Bgs-230
= —— (]

. 230 Ryyly=294-369°V
=41

Io= 6524~ 4.0 A

VR
M lym 42125000V

The voltage regulation is
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AtPF = 1’ current [S,v‘atea' =65.24— C'C'S_1 (1) =6524-0°

v
FP = 230£0° + 0.0445(65.2£0°) + j0.0645(65.2£0°)

= 232.94,1.04° Y ey
421290V
The voltage regulationis VR = | p/ - Vor +100% / ‘
Ve 1=6520° A WAV
23294230 100%
I 0 eals + X,
= 128% Jhea
AtPF = 0.8 leading, current  [sratea = 65.22c0s(0.8) = 65.2£36.9°
£ - 230200+ 0.0445(65.2236.9°) + j0.0645(65.2£36.9%)
=229.8521.27°V
The voltage regulation is . [=2082107V
IV,/al v 420 2169V
U S NG
Vsﬂ s
229.85-230 100% 30 £68N
= T ' 0 20 £
= —0.062% ;P =k + Req"s +j qus
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e. To find the efficiency of the transformer, first calculate its losses.

The efficiency of the transformer is

Vil cos@

R ———— T
Py + Pegre + Vl;cos8 %

n

The output power of the transformer at the given Power Factor is:

Poye = Velscos® = 230 - 65.2 - cos(36.9%) = 12000W

The copper losses are: Py = I*R,q = 65.2% — 0.0445 = 189W
The core losses are: V,/a)? 234852
core = ¢ p/ ) = =52.5W
R 1050

The efficiency of the transformer is

V.lscos@

=———————-100% = 98.03%
Py + Pegre + Vilscos8 % %o

n

Transformer taps and voltage regulation

* The transformer turns ratio is a fixed (constant) for the given transformer.
However, distribution transformers have a series of taps in the windings to permit

small changes in their turns ratio. Typically, transformers may have 4 taps in
addition to the nominal setting with spacing of 2.5 % of full load voltage.

Therefore, adjustments up to 5 % above or below the nominal voltage rating of

the transformer are possible

Example: A 500 kVA, 13 200/480 V transformer has four 2.5 % taps on its primary winding.

What are the transformer’s voltage ratios at each tap setting?

+5.0% tap 13 860/480 V
+2.5% tap 13530/480 V
Nominal rating 13 200/480 V
- 2.5% tap 12 870/480 V
-5.0% tap 12 540/480 V
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Transformer taps and voltage regulation

* Taps allow adjustment of the transformer in the field to accommodate for local
voltage variations.

* Sometimes, transformers are used on a power line, whose voltage varies widely
with the load (due to high line impedance, for instance). Normal loads need fairly
constant input voltage though.

* One possible solution to this problem is to use a special transformer called a tap

changing under load (TCUL) transformer or voltage regulator . TCUL is a transformer
with the ability to change taps while power is connected to it. A voltage regulator is

a TCUL with build in voltage sensing circuitry that automatically changes taps to
keep the system voltage constant.

* These self adjusting transformers are very common in modern power systems.

The autotransformer

It is desirable to change the voltage by a small amount (for instance, when the consumer is far away from
the generator and it is needed to raise the voltage to compensate for voltage drops).

In such situations, it would be expensive to wind a transformer with two windings of approximately equal
number of turns. An autotransformer (a transformer with only one winding) is used instead.

Diagrams of step-up and step-down autotransformers:

. Iy =g
Series * ) I =T+ 1
winding | . Series
— SE winding
+ 0—

L

Commony,

o I I v, Common v,
winding

Swinding
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Since the autotransformer’s coils are physically connected, a different terminology is used for

autotransformers:

The voltage across the common winding is called a common voltage I/, and the current through this coil is
called a common current /.. The voltage across the series winding is called a series voltage /g and the
current through that coil is called a series current /g

The voltage and current on the low-voltage side are called I, and /;; the voltage and current on the high-

voltage side are called V/,;and /.
For the autotransformers:

Series
winding |,

+ o

Commony,
winding

V. N
Vsg  Nsg

Nele = Neglse

Vo=V IL=1Ic+1sg
Vi = Ve+Vsg Iy = Isg
1y
— +
Series
winding L
+ o:—.-w
\
Commony,
winding

Iy=1lse
I =1+ 1

Series
5E winding

Vi
'c‘]  Common Vi
winding
o )
Nse Nsg
Vg =Ve +—Ve =V, + —V,
H C NG € LV N
Vi Ng
Vg Ne+ Ngg
Nsg Nse
I =ILg+—Isg = Iy +——1,
L sE+ N e #t N
I _ Ne+ Nep
Iy N¢
lH
— ly=lse
* I =1+ 1
Series
Iy ] Nse winding

;
\H

v, Common

v
Swinding L
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The apparent power advantage

Not all the power traveling from the primary to the secondary
winding of the autotransformer goes through the windings. As
a result, an autotransformer can handle much power than the
conventional transformer (with the same windings).

Considering a step-up autotransformer, the Sin = Vi1,
apparent input and output powers are: Sout = Varly

It is easy to show that _ _
Sr‘n — Yout — S{O

where 5,,is the input and output apparent powers of the

autotransformer. S = Vol =Verl
; , w = Velc=VseisE
However, the apparent power in the autotransformer’s
winding is Sw =V (I — Ig)=V I, = ViIy
_ _ C _ Nsg VH:VC+¥VC:VL+¥VL
Sw=VI, - VI, Ne+Nsg Sro No+Nsg ‘ ‘

Vi Ne

Vi N+ Neg

Nse
Ne

Nsg
Iy = Isg + 5~ Isg = In + I
Ne

I
I

Therefore, the ratio of the apparent power in the primary and
secondary of the autotransformer to the apparent power S0 Ngg + N¢
actually traveling through its windings is S = N

w SE

The last equation described the apparent power
rating advantage of an autotransformer over a

conventional transformer. 5, is the apparent power actually passing through the

windings. The rest passes from primary to secondary parts
without being coupled through the windings.

Note that the smaller the series winding, the greater the
advantage!
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example

a 5 MVA autotransformer that connects a 110 kV system to a 138 kV
system would have a turns ratio (common to series) 110:28. Such an
autotransformer would actually have windings rated at:
Ngg 28
Sw=So0—— =5.—=1.015MVA4
W T I0 N 4+ N 28+ 110

Therefore, the autotransformer would have windings rated at slightly over 1 MVA
instead of 5 MVA, which makes is 5 times smaller and, therefore, considerably less

expensive.

However, the construction of autotransformers is usually slightly different. In
particular, the insulation on the smaller coil (the series winding) of the
autotransformer is made as strong as the insulation on the larger coil to withstand

the full output voltage.

The primary disadvantage of an autotransformer is that there is a direct
physical connection between its primary and secondary circuits. Therefore,

the electrical isolation of two sides is lost.

Example

autotransformer with the primary voltage of 120 V.
a. What will be the secondary voltage? L ]
b. What will be the maximum power rating? f

A 100 VA, 120112 V transformer will be connected to form a step-up E \

c. What will be the power rating advantage? Yom ‘[ E 1 i
\
Th dary volt vy = et Ney g0 120% 120y
a. € secondaary voltage: = = —
" N, 120

S 100

b. The max series winding current:  Isg 40 = = =182334
Vs 12
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c. The power rating advantage:

The secondary apparent power:

Sout = Vsls=Vyly = 132-8.33 = 1100VA

S 1100
20 11
S, 100

S0 Nsp+Ne 120412

Sw Neg 12
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3 phase transformers

* The majority of the power generation/distribution systems in the world are 3 phase
systems. The transformers for such circuits can be constructed either as a systems:

* asa 3 phase bank of independent identical transformers (can be replaced
independently) or as a single transformer wound on a single 3 legged core (lighter,
cheaper, more efficient).

* We assume that any single transformer in a 3 phase transformer (bank) behaves
exactly as a single phase transformer. The impedance, voltage regulation, efficiency,
and other calculations for 3 phase transformers are done on a per phase basis, using
the techniques studied previously for single phase transformers.

o—1 |
G
o
" N |
Vi S -
q
& o— b
o
N
Ny Ny o
q ]
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Three-phase transformer connections

Y-Y A-Y A-A
(Wye-Wye) (Wye-Delta) (Delta-Wye) (Delta-Delta)

1. Y-Y connection:

The primary voltage on each phase of
the transformer is

The secondary phase voltage is | j <
v s e et ;
y \,.( \‘.; g\p U\ ¥,
|
The overall voltage ratio is | L |
Ve V3V . i E
= =q 1 Na |
Vis V3V




11/08/1442

| Advantages | IDisadvantagesl

Cross section of winding is large ie.
stronger to bear stress during short
circuit [

Line current is equal fo p]ms(j

2. Y-A connection:

The primary voltage on each phase of

the transformer is

VLP

Vop :ﬁ

The secondary phase voltage is

Vis

= Vos

The overall voltage ratio is

Vip _V3Vgp _

Vis

Vos

V3a
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* The Y-Delta connection has no problem with third harmonic components due to
circulating currents in Delta . It is also more stable to unbalanced loads since the
Delta partially redistributes any imbalance that occurs.

* One problem associated with this connection is that the secondary voltage is
shifted by 30 with respect to the primary voltage. This can cause problems when
paralleling 3 phase transformers since transformers secondary voltages must be in
phase to be paralleled. Therefore, we must pay attention to these shifts.

Advantages | Disadvantages |

Effrﬁﬁﬁ’ side is star

fewer number of’
comnected, B ired. This makes

3. A-Y connection: Wt v

The primary voltage on each phase of e —
the transformer is

Vop = Vip

The secondary phase voltage is

Vis = ‘/§V@5

The overall voltage ratio is

VLP7 me B a

s Vs B \El

The same advantages and the same phase shift as the Y-A connection.
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4. A-A connection:

The primary voltage on each phase of
the transformer is

Vop = Vip
The secondary phase voltage is

Vi = sz

The overall voltage ratio is

VLE V@S

No phase shift, no problems with unbalanced loads or harmonics.

Advantages H Disadvantages \ i

S
Absence of star point ie fault may
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Where are these transformers used?

Delta-Delta is generally used in systems where it need to be carry large
currents on low voltages and especially when continuity of service is to be
maintained even though one of the phases develops fault

Delta-Wye connected transformers are widely used in low power
distribution with the primary windings providing a three-wire balanced load
to the utility company while the secondary windings provide the required
4th-wire neutral or earth connection.

Wye- Wye

Wye-Delta

3 phase transformer: per unit system

The per-unit system applies to the 3-phase transformers as well as to single-
phase transformers. If the total base VA value of the transformer bank is S,
the base VA value of one of the transformers will be

Sbase

Sl@.base - 3

Therefore, the base phase current and impedance of the transformer are

_ S‘l@.base _ Shase
Iﬁ,bﬂse =

Vﬂlbase 3V®.base

2

_ (V@,bHSE)Z _ 3(Vﬂ,bﬂsr9)

Zbase - -
Sl@,base Sbase
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The line quantities on 3-phase transformer banks can also be represented in per-
unit system. If the windings are in A:

V.l'_,base = I"b,base

If the windings are in Y:
VL,bﬂse = ﬁv@,bﬂse

And the base line current in a 3-phase transformer bank is

Sl@,base _ Shase Iy _ ﬂ
- = Lbase =
V@,base 3V&base \/gvl.lbase

ll'(Zf'Jm.';e =

The application of the per-unit system to 3-phase transformer problems is similar
to its application in single-phase situations. The voltage regulation of the
transformer bank is the same.

example

A 50 kVA, 13 800/208 V A-Y transformer has a resistance of 1% and

a reactance of 7% per unit.

a. What is the transformer’s phase impedance referred to the high voltage side?

b. What is the transformer’s voltage regulation at full load and 0.8 PF lagging,
using the calculated high-side impedance?

¢. What is the transformer’s voltage regulation under the same conditions, using
the per-unit system?

a. The high-voltage side of the transformer has the base voltage 13 800V and a
hase apparent power of 50 kVA. Since the primary side is A-connected, its phase
voltage and the line voltage are the same. The base impedance is:

_ S(Vw,base)z B 3(13800)2

Zpase = = = 114226 Q
base Shase 50000

Zeq =0.01+;0.07 pu
Zeq = Zpase X Zpu = 114.2 +j800 ohm
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b)
208
The rated phase voltage on the secondary of the Vos = E =120V
transformer is
When referred to the primary (high-voltage) side, this Vgs' = aVgs = 13800V

voltage becomes

Assuming that the transformer secondary winding is )
working at the rated voltage and current, the resulting Vop = aVgs + Reqly + Xeqly
primary phase voltage is

Vgp = 1380020° + 114.2 - 1.2082c0s~1(—0.8) + 800 - 1.2082cos ~1(—0.8)=14506£2.73°

The voltage regulation, therefore, is
[Veor| — aVps 14506 — 13800
=———100% =———————-100% = 5.1%

VR
Vs 13800

Therefore, the base phase current and impedance of the transformer are

Sl&ba:se o Sbase

I@,bﬂse =

V@..’Jase 3V®Jbase

c. In the per-unit system, the output voltage is 1.20°,
and the current is 1.Zcos™' (-0.8). Therefore, the input
voltage is

Vpp = 120° + 0.01 - 1£c0os1(0.8) + j0.07 - 1£cos2(0.8)=1.05122.73°

Thus, the voltage regulation in per-unit system will be

1.051 -1
= 100% = 5.1%

The voltage regulation in per-unit system is the same
as computed in volts...
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Transformer ratings

Transformers have the following major ratings:
1. Apparent power;

2. Voltage;

3. Current;

4. Frequency.

LS  p77500-56 DISSIPATION
ssmnwom BTU/HR

CUSTOMER PART NO.

VOLTS

REFF!G[HANTW’E—‘

DESIGN PRESSURE  LOW SIC

HIGH S!

The voltage rating is a) used to protect the winding
insulation from breakdown; b) related to the
magnetization current of the transformer (more
important)

An increase in voltage will lead to a proportional
increase in flux. However, after some point (in a
saturation region), such increase in flux would require
an unacceptable increase in magnetization current!

Therefore, the maximum applied voltage (and thus the rated voltage) is set by the
maximum acceptable magnetization current in the core.

The apparent power rating sets (together with the voltage rating) the
current through the windings. The current determines the ZR losses and,
therefore, the heating of the coils. Remember, overheating shortens the
life of transformer’s insulation!

In addition to apparent power rating for the transformer itself, additional
(higher) rating(s) may be specified if a forced cooling is used. Under any
circumstances, the temperature of the windings must be limited.

Note, that if the transformer’s voltage is reduced (for instance, the
transformer is working at a lower frequency), the apparent power rating
must be reduced by an equal amount to maintain the constant current.
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Transformer ratings: Current inrush

* Inrush current is the instantaneous high input current drawn by a power supply or
electrical equipment at turn-on. This arises due to the high initial currents required to
charge the capacitors and inductors or transformers.

¢ The maximum flux reached on the first half cycle depends on the phase of the voltage
at the instant the voltage is applied.

ip (= i)

Rated
current

Normal
range of |
I

vin =V, sinar

10
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DC Machinery
Fundamentals
Ch. 7 (Edition 5)
Ch. 8 (Edition 4)

Dr. Feras Alasali

¢ 1.6: Production of induced force on a wire (Motor Action)

* 1.7: Induced voltage on a conductor moving in a magnetic field
(Generator Action) .

¢ 1.8. The Linear DC Machine
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DC Machine

* DC power systems are not very common in the engineering practice.
However, DC motors still have many practical applications, such as
aircraft, and portable electronics, in speed control application

* An advantage of DC motors is that it is easy to control their speed.
* DC generators are quite rare.

* Most DC machines are similar to AC machines: i.e. they have AC
voltages and current within them. DC machines have DC outputs just
because they have a mechanism converting AC voltages to DC voltages
at their terminals. This mechanism is called a commutator; therefore,
DC machines are also called commutating machines.

* The simplest DC rotating machine consists of a single loop of
wire rotating about/a fixed axis. The magnetic field is
supplied by the North and South poles of the magnet.

* Rotor is the rotating part;
* Stator is the stationary part.
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* We notice that there is an air gap between the rotor and
stator.

* The reluctance of air is much larger than the reluctance of
core. Therefore, the magnetic flux must take the shortest
path through the air gap.

N S

LETEETET

1. Voltage induced in a rotating loop

If a rotor of a DC machine is rotated, a voltage will be induced...
The total voltage will be a sum of voltages induced on each segment of the loop.

Voltage on each segment is:

’
0

Coc i

eina = VxB).1 ‘

[ d | a
< [
A |
{

+6

€ot
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The total induced voltage on the loop is: €rot = €pat €cp T €4c T €ad

Segment ab: velocity v is perpendicular to the magnetic field B, and the vector
product vV x B points into the page. Therefore, the voltage is

-~ _ (vBl —into page under the pole face
eba = (VXB).I = { 0 — beyond the pole edges

Segment bc: In this segment, vector product v x B is perpendicular to /.
Therefore, the voltage is zero

Segment cd: velocity v is perpendicular to the magnetic field B, and the vector
product vV x B points out of the page. Therefore, the voltage is

vBl —outof page under the pole face
0

eqc = (VxB).1 = [ — beyond the pole edges

Segment da: In this segment, vector product v x B is perpendicular to /.
Therefore, the voltage is zero

_ | 2vBl under the pole faces
ot =10  beyond the pole edges

* When the loop rotates through 180 degree, segment ab is under the
north pole fac instead of the south pole face. Therefore, the direction

of the voltage on the segment reverses but its magnitude remains
constant, leading to the total induced voltage to be
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* 2. Getting DC voltage out of a rotating loop

* A voltage out of the loop is alternatively a constant positive value and
a constant negative value.

* One possible way to convert an alternating voltage to a constant
voltage is by adding a Commutator segment/brush circuitry to the
end of the loop.

* Every time the volta
switch connectionx

www.LearnEngineering.org

Video
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Commutator Carbon brushes
segments

All DC machines have five principal components,
1. Field system (Stator)

2. Armature core

3. Armature winding

4. Commutator

5. Brushes

1- Field system

* The function of the field system is to produce uniform magnetic field
within which the armature rotates.

* It consists of a number of poles bolted to the inside of circular frame
(generally called yoke).

2- Armature core ----- Rotor (Armature Core)

Armature core is a part of rotor on which conductors (Armature Winding)
are wound. It consists of thin laminations.

The main parts of an armature Core are;
Slots :
Tooth:
Shaft:

The purpose of this desgine is to
reduce the eddy current loss.
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3- Armature winding

* The armature conductors are connected in series-parallel; the
conductors being connected in series so as to increase the voltage
and in parallel paths so as to increase the current.

5- Brushes
* The purpose of brushes is to ensure electrical connections between the
rotating commutator and stationary external load circuit.

* The brushes are made of carbon and rest on the commutator.
* imperfect contact with the commutator may produce sparking.

* Multipole machines have as many brushes as they have poles. For
example, a 4-pole machine has 4 brushes.

* The successive brushes have positive and negative polarities. Brushes
having the same polarity are connected together so that we have two
terminals viz., the +ve terminal and the -ve terminal.

SEator Magnets

Cammutator + K “_
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Example

e Figure shows a simple rotating loop
between curved pole faces connected to
a battery and a resistor through a switch.
The resistor shown models the total
resistance of the battery and the wire in
the machine. The physical dimensions
and characteristics of this machine are:

*r=0.5m /=1.0m R=0.30hm
* B=0.25T VB = 120V

a) What happens when the switch is closed

Start up

TR

+ | This current produces a torque

Untill Tind = 0

torque produces an angular acceleration
induced voltage is produced

NOLOAD SPEED constant w
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* b) What is the machine’s max. starting current?
* What is its steady state angular velocity at no load?

120V

®m = Z(0.5m)(1.0m)(0.257)

=480rad/s

c) Suppose a load is attached to the loop, and the resulting load
torque is 10N.m.

* What would the new steady state speed be?

* How much power is supplied to the shaft of the machine?
* How much power is being supplied by the battery?

* Is this machine a motor or a generator?

If a load torque of 10 Nm is applied to
the shaft of the machine, it will begin
to slow down

Umitl
Itindl = Irlazadl
at lower w
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* What would the new steady state speed be?

_ Tind _ 10 _
1= = ————- =404
2riB 2(0.5)(1.0)(0.25)

@ing = 120 — (40)(0.3) = 108V

* How much power is being supplied by the battery?
* How much power is supplied to the shaft of the machine?
* Is this machine a motor or a generator?

P = Tw, — (10)(432) — 4320 W

p = Vgi = (120)(40) = 4800 W

This machine is operating as a motor, converting electric power to mechanical power.

10
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11

d) Suppose the machine is again unloaded, and a torque of 7.5 N.m is
applied to the shaft in the direction of rotation.

* What is the new steady state speed? Is this machine now a motor
or a generator?

 If atorque is applied in the direction of motion, the rotor accelerates

* As the speed increases, the internal voltage eind increases and
exceeds VB.

* so the current flows out into the battery . This machine is now a
generator

_ Tind _ 7.5 _
| = =————=304
2riB ~ 2(0.5)(1.0)(0.25)

€ina = 120 + (30)(0.3) = 129V

Vg 129V

® = 2riB ~ 2(0.5m)(1.0m)(0. 25T)

=516rad/s

e) Suppose the machine is running unloaded.

What would the final steady state speed of the rotor be if the flux
density were reduced to 0.20 T?

Vg 120V
— =600rad/s

“ =27~ 2(0.5m)(1.0m)(0.20T)
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DC Machinery
Fundamentals

Dr. Feras Alasali

* These slides cover by the book from section 8.2 to section 8.8
at edition 4 (for edition 5 will be 7.2-7.8).
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7

Commutation in Four-Loop DC Machine |

w
HBMB",

Electrical angle =P\2 (mechanical angle).
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Connections to the commutator segments:

* Once the windings are installed in the rotor slots, they must be
connected to the commutator.

* There is mainly two ways to connect the conductors with the
Commutator:

* 1- Lap winding

Finishing end of
one coil

Starting end of
one next coil

* 2- Wave winding c
Lap Winding
| s | IN| [s]
."v.
/o \ -
End of Coil 1 € "~ Start of Coil 2 ]4---cm 2

[ R

Wava Windinn

DC machine winding terms and design

» Z = the number conductors
» P =number of poles

» Yy = Back pitch

» Y = Front pitch

» Y. = Commutator pitch
» Y, = Average pole pitch
» Y, = Pole pitch A0 G
» Y = Resultant pitch / \/
< YC >
Commutator
Wave Winding
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Back pitch (Yg): |It's the gap measured in terms of
armature winding amongst the 2 sides of a coil at the back of the
armature shown in the fig. It’s represented by Y. For instance, if a coil
is made by connecting conductor one (higher conductor in a slot) to
conductor twelve (bottom conductor in another slot) at the back of the
coil, then back pitch is Y;=12-1=11 conductors.

Front pitch (Y;): It is the gap measured in terms of armature winding
between the coil sides hooked up to anyone commutator segment
shown in the fig. it's denoted by Y.. For instance, if coil side twelve and
coil side three are connected to an equivalent commutator segments,
then front pitch is Y;=12-3=9 conductors.

Resultant pitch (Y): It is distance (i.e. measured in terms of armature
conductors) between one conductor and the opening of successive
conductor to that it's connected shown in fig. It is denoted by Yg.
Therefore, the resultant pitch is that the pure mathematics add of the
back and front pitches.

» Commutator pitch (Y.): It's the quantity of commutator segments
spanned by every coil of the armature winding.

* For lap winding, Y.=1

* For wave winding, Y=Y+,

* Pole Pitch Y, : The pole pitch is defined as peripheral distance
between center of two adjacent poles in DC machine. This distance is
measured in term of armature slots or armature conductor come
between two adjacent pole centers.
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LAP Winding Wave Winding

Y,=Z/P Yo=Ye
Ye=Y, -1 Yo=Ye
Y=1 Y=Yp+ Y
Number of poles = number of Number of poles = 2 (number of
brushes brushes)
Ya= (Yg+Ye)/2 Ya= (Yg+Ye)/2
High current and low voltage . H|gh Voltage and low current
Number of current path (a )=P
Number of brushes = P * Number of current path (a) =2
Is usually have even number of slots * Number of brushes =2
¢ Is usually have odd number of
slots

Simple lap winding Generator with 4-poles and 16 slots, Find the
pole pitch (armature pitch) and front pitch?

Y,=2/P =16/4 = 4 slots

Y=Y, -1 =4-1=3slots
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Power flow and Losses in DC machine

Unfortunately, not all electrical power is converted to mechanical power by a
motor and not all mechanical power is converted to electrical power by a

generator...

The efficiency of a DC machine is: n= %% . 100%
Pin
or
P —
_tin loss 100%
Pin

There are five categories of losses occurring in DC machines.

1. Electrical or copper losses — the resistive losses in the armature
and field windings of the machine.

Armature loss: Py =1%,R,

Field loss: Pr = I?:Rr

Where I, and I, are armature and field currents and R, and R, are armature
and field (winding) resistances usually measured at normal operating
temperature.

2. Brush (drop) losses — the power lost across the contact

potential at the brushes of the machine.

Pgp =Vpply

Where [, is the armature current and Vg, is the brush voltage drop.
The voltage drop across the set of brushes is approximately constant
over a large range of armature currents and it is usually assumed to
be about 2 V.



18/08/1442

3. Core losses - hysteresis losses and eddy current losses.

4. Mechanical losses - losses associated with mechanical effects: friction (friction
of the bearings) and windage (friction between the moving parts of the machine and
the air inside the casing). These losses vary as the cube of rotation speed n’.

5. Stray (Miscellaneous) losses - losses that cannot be classified in any of the
previous categories. They are usually due to inaccuracies in modeling. For many
machines, stray losses are assumed as 1% of full load.

The Power-Flow Diagram

On of the most convenient technigue to account for power losses in a

machine is the power-flow diagram.
P
\

i \
E \

) Poat™ Tgp W0m
For a DC motor: PusVil o L /
“A'A | ind Wm
’ 1
: Mechanical

_] Stray
. losses
Core losses

17 R losses Josses

Electrical power is input to the machine, and the electrical and brush losses must be
subtracted. The remaining power is ideally converted from electrical to mechanical form
at the point labeled as P,

nv*
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Pwnv
N\
Teoa W, Foul
i ind
ForaDC fr ) "
generator: i
8 1R losses
Friction 1 (copperlosses)
ISIIay and losses
58 yindage
losses
The electrical power that is converted is
Peonv = Ealy

And the resulting mechanical power is
Peonv = TinaWm

After the power is converted to mechanical form, the stray losses,
mechanical losses, and core losses are subtracted, and the remaining
mechanical power is output to the load.
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Generated (induced) voltage and torque in DC machine

* Area of armature (A) =2 rL

* Area of face one pole (Ap) =2 rL/P /‘\_‘
Where P is the number of poles. P& /
/ ~,
rL=Ap.P/2m N l/ r : §
N

€ind=VBL forsingle conductor

EA : Voltage out of the armature of real machine =N.B.L.V/a
Where N is the number of conductor
a is the number of current paths.

V (linear speed) = w.r where w is angular speed
w = 2nn /60
Where n is the speed in Revolution per minute [RPM]

*EA=N.L.w.r/a But rL=Ap.P/2m
*EA=N.B.Ap.Pw/2ma But B.Ap=0

*EA=KQP w
* Where K is constant K=N.P/2m a

* Torque induced in Armature
* F (induced force) =N. I.. L. B

. I
* Where I, is the conductor current and I, = ;A

* [, is the armature current and a is the number of current
paths.
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* Torque (Tgm) =7.F =N. B.L.r.%‘
*Tom =1.F =N.B.Ap.P.Iy/ 21

But PB.Ap=0
* Tem=K0O Iy
Where

K is constant factor = N.P/ 2 a

I, is armature current=a I,

In DC machine, the flux per pole is 3 m wb, and the speed of the
machine is 1800 RPM, it has a Lap winding armature with 12 coils (10
turns conductor per coil) . If it has 4 poles and armature draws I, =
12.5 A. Find the following:

1. EA,Tem and Py,

2. If the winding redesigned as wave winding find the EA, 7,,,
and P,,, and compare it with lap winding connection

10
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11

For 1:
* a=4 (lap winding a=P)
*ly=al.=4(125)=50A

2nn

N.P
EA=KQ w = EQE—IO.SV
* Tom =KO 1y =30 al, = 2.866 N.m
* P, =E,4 1, =50 (21.6) = 540 Watt
* For 2:

* a=2(wave winding)

el =al,=2(12.5)=25A @

N.P 2nn

e EA=KQw= m@E—ZI.GV ﬁ
* Tem=KO L =5 —~Pal =2.866N.m
e P = E4 I, = 25 (43.2) = 540 Watt

* Note: when we change from Lap To Wave Current and volatge will be effected
but power and torque will not be effected.
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DC Motors and
Generators

Ch. 9 -4th edition

Ch.8- 5t edition

Dr. Feras Alasali

* DC motors are driven from DC power supply, there are five
major types of DC motors in general use:

1- The separately excited dc motor.

2- The shunt dc motor.

3- The permanent -magnet DC motor
4- The series DC motor.

5- The compounded dc motor
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machine.

The Equivalent Circuit of a DC Motor

The armature circuit (the entire rotor
structure) is represented by an ideal
voltage source E4 and a resistor Ry.
A battery Vpnsh in the opposite to a
current flow in the machine direction
indicates brush voltage drop.

The field coils producing the
magnetic flux are represented by
inductor Lr and resistor Rg. The
resistor R, represents an external
variable resistor (sometimes lumped
together with the field coil resistance)
used to control the amount of
current in the field circuit.

The internal generated voltage in the machine is

£y = K)o

The induced torque developed by the machine is
lina = K@IA

Here K is the constant depending on the design of a particular DC machine
(number and commutation of rotor coils, etc.) and ¢is the total flux inside the

Note that for a single rotating loop K = #/2.
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. s s el
* Separately DC motor: is a motor whose filed circuit is supplied from a
separate constant voltage power supply.

* Shunt DC motor: is a motor whose filed circuit gets its power directly
across the armature terminals of motor.

* When the supply voltage to a motor is assumed constant, there is no
practical difference in behviour between these two motors.

. Shunt DC motor:
Separately excited DC motor: afield circuit gets its power from the
afield circuit is supplied from a separate armature terminals of the motor.
constant voltage power source.
b A':*A K] X
— M+ Wy g
I
Sometimes Lumped ' Ry
Tumped logether and
{ogether and called R,
called Ry L Ky v
E, vy A T
L
' For the armature circuit gl
Vr=Ey+ iy of these motors: !
; Vr=Ey+ IRy
L=l
_ Izl
Vi =E4+ 1Ry
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The terminal characteristic of a Shunt motor:

Aterminal characteristic of a machine is a plot of the machine’s output
quantities vs. each other.

For a motor, the output quantities are shaft torque and speed. Therefore, the
terminal characteristic of a motor is its output torque vs. speed.

If the load on the shaft increases, the load torque 7,,q Will exceed the induced This is linked to Ch.
torque g, and the motor will slow down. Slowing down the motor will decrease | simple DC machine
its internal generated voltage (since E, = Kgw), so the armature current and also to Ch 8
increases (I = (V- Ex)/Ra). (Section 1).

As the armature current increases, the induced torque in the motor

increases (since 7,q = Kdla), and the induced torque will equal the load torque

atalower speed o.
Vr Ry
w = K@ (K@)Z de

Recall From Ch. 8 :

If a load torque of 10 Nm is applied to

the shaft of the machine, it will begin

to slow down. i= Vg —eina _Vs 1
R R

Umitl
Irindl — IT!ozadI
at lower w
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* The terminal characteristic of a Shunt motor
Vi Ry
= — T

This equation is just a straight line

with a negative slope. @

Ko \
The resulting torque —speed
characteristic of a shunt DC motor.

Tind

In order for motor speed to vary linearly with the torque, the other
terms in the equation must be constant , otherwise the shape of the
curve will be effected. So, the curve can be effected by

1- terminal voltage 2- Armature reaction
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* The terminal characteristic of a Shunt motor

Assuming that the terminal voltage and other terms are constant, the motor’s speed vary linearly with torque.

o, o,

W b

Ko \ ko \’*_—_—_- wih AR armature reaction

- NoAR

| SRR RS
w= T oTaRg
! Ko o ks

Tind Ting

However, if a motor has an armature reaction, flux-weakening reduces the flux when forque increases.
Therefore, the motor’s speed will increase.

If a shunt DC motor or separately excited has compensating winding so that its flux
is constant regardless of load, so there will be no flux-weakening problem in the

machine .
A compensation winding in a DC shunt motor is a winding in the field pole face plate that

carries armature current to reduce stator field distortion. Its purpose is to reduce brush
arcing and erosion in DC motors that are operated with weak fields, variable heavy loads.

1- Separately Excited DC Motor ‘ Ir Iy I
i+ ! M5
IA = IL I‘II RF%’ + RA I'|
Vi E V;
Vr =Eq+1aRy lgF Lr 3 - lr|
VF == IF RF \ - [ - 'II
Where
Ey= kq)mm I is the armature current

I;: is the load current

E : is the internal generated voltage
¥ is the terminal voltage

I is the field current

T is the field voltage

R;: is the armature winding resistance
R is the field winding resistance

2- Shunt DC Motor

I =I4+1 &: is the flux
L ¥ 7 @, is the rotor angular speed
VT:EA+IA RA IA IL
Vi =Ir R W R ++
+ Ry IF |
EA = kq)wm _Ei‘11 JIF VT |
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Shunt motor: terminal characteristic — Example

Example : A50 hp = (60 x 745.699872 W), 250 V, 1200 rpm DC shunt motor with compensating windings has
an armature resistance (including the brushes, compensating windings, and interpoles) of 0.06 Q. Its field circuit
has a total resistance R, + R of 50 Q, which produces a no-load speed of 1200 rpm. The shunt field winding
has 1200 turns per pole.

a) Find the motor speed when its input current is 100 A.
b) Find the motor speed when its input current is 200 A.
¢) Find the motor speed when its input current is 300 A.
d) Plot the motor torque-speed characteristic.

Ry
MWV *

0.06 Q2 Ry, l Tg

I

50 2

R,
@ Ex ! Vy=250V

Np=
Ly Q 1200 wrns

The internal generated voltage of a DC machine (with its speed expressed in rpm):
EA — K@ w

Since the field current is constant (both field resistance and V7 are constant) and
since there are no armature reaction (due to compensating windings), we
conclude that the flux in the motor is constant. The speed and the internal
generated voltages at different loads are related as

Bz _ KO0, _ 1y
Eyy KOw; ny

Therefore: . wAz n
2 1
Ex
At no load, the armature current is zero and therefore E4; = V=250 V.
L=Ii+1f
Vr=Es+ IRy
Vg = Ip Rp
Ep = kdw,,
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L=Ii+I;
Vi =Eg+1I4Ry I, I
Ve =IrRp

Es = kdpw,,

a) Since the input current is 100 A, the armature current is

IA=IL—IF=IL—E= 100—250=95A
Rp 50
Therefore: Eq =Vy — 4R, = 250 — (95)(0.06) = 244.3V
and the resulting motor speed is:
E4 2443
n, = Enl = ﬁxlzoo = 1173rpm

b) Similar computations for the input current of 200 A lead to n, = 1144 rpm.
c) Similar computations for the input current of 300 A lead to n, = 1115 rpm.

)
d) To plot the output characteristic of the motor, we need to find the torque
corresponding to each speed. At no load, the torque is zero.

sreetebcstomesmionisiaito oy = Exly = Ting®
Ealy

The induced torque is: Tina = ——
2443 x 95

For the input current of 100 A: Tind = m =190N.m
2383 x 195

For the input current of 200 A: find = m =388 N.m
232.3x 295

For the input current of 300 A: Ting = m =587 N.m
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The torque-speed characteristic of the motor is:

1200

n,, (v/min)

200

700

] 200 400 600 800

Nonlinear Analysis of a Shunt motor:

The flux gand, therefore the internal generated voltage E, of a DC machine are nonlinear
functions of its mmf and must be determined based on the magnetization curve

Two main contributors fo the mmf are its field current and the armature reaction (if present).

Since the magnefization curve is a plot of the generated voltage vs. field current, the effect of
changing the field current can be determined diractly from the magnetization curve.

If a machine has armature reaction, its flux will reduce with increase in load. The total mmfin this
case will be

Fret = Nelp = Eig

Itis customary to define an equivalent field current that would produce the same output voltage as
the net (total) mmf in the machine:

-circuit terminal voltage (V)

g 100

Tind
(N-m)

300

250

200

50

0
00 10

30 404350 60 70 80 90 100
Field current (A)
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10

Conducting a nonlinear analysis to determine the internal generated voltage in a
DC motor, we may need to account for the fact that a motor can be running at a
speed other than the rated one.

The voltage induced in a DC machine is

EA = K@(I)

For a given effective field current, the flux in the machine is constant and the
internal generated voltage is directly proportional to speed:

E, n

Eqo 1o
Where Ejpp and ny represent the reference (rated) values of voltage and speed,

respectively. Therefore, if the reference conditions are known from the magnetization
curve and the actual E, is computed, the actual speed can be determined.

Example

Example: A 50 hp, 250 V, 1200 rpm DC shunt motor without compensating windings has an armature
resistance (including the brushes and interpoles) of 0.06 €. Its field circuit has a total resistance R,q; + Rr of
50 Q, which produces a no-load speed of 1200 rpm. The shunt field winding has 1200 turns per pole. The
armature reaction produces a demagnetizing mmf of 840 A-turns at a load current of 200A. The
magnetization curve is shown.

|
|

L

a) Find the motor speed when its input
current is 200 A.

b) How does the motor speed compare
to the speed of the motor from
previous Example (same motor but
with compensating windings) with an
input current of 200 A?

¢) Plot the motor torque-speed
characteristic.

250 + 1 t T —
233

200 - . l

100

Open-circuit terminal voltage (V)
2
2

| |
0 1 |

00 10 20 30 404350 60 70 80 90 100
Field current (A)
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a) Since the input current is 200 A, the armature current is
b=l =l = I — oL =200 - 22 = 1954
A— L F—IL RF - t0 -

Ey = Vp — LRy = 250 — (195)(0.06) = 238.3V

Therefore:

At the given current, the demagnetizing mmf due to armature reaction is 840 A-
turns, so the effective shunt field current of the motor is
Far 840
Ii=lp—-—=5-——=434
N 1200

From the magnetization curve, this effective field current will produce an internal
voltage of E4p=238.3 V at a speed of 1200 rpm. For the actual voltage, the speed

) _ by, 2383 1200 = 1227
n=——n, = >33 X = rpm B o

300 e

Open-circuit terminal voltage (V;

00 10 20 30 404350 60 70 80 90 100
Ficld current (A

b) A speed of a motor with compensating windings was
1144 rpm when the input current was 200 A. We notice
that the speed of the motor with armature reactance is
higher than the speed of the motor without armature
reactance. This increase is due to the flux weakening.

1300 —
1280
1260
1240

1220

n,

¢) Assuming that the mmf due to the armature 1180

reaction varies linearly with the increase in current, 1160
and repeating the same computations for many 1140
different load currents, the motor’s torque-speed
characteristic can be plotted.

120

1100

0 100 200 300 400 500 600
Tigg (N-m)

11
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Speed Control of Shunt DC motor:

»How can the speed of a shunt DC motor be controlled?

There are two common methods to control the speed of a
shunt DC motor:

1. Adjusting the field resistance RF (and thus the field flux)
2. Adjusting the terminal voltage applied to the armature

1.Adjusting the field resistance

* Firstly, to understand what happens when the filed resistance of a DC
motor is changed, assume that filed resistor increases and observe
the response.

1) Increasing field resistance Ry decreases the field current (/- = V{/Rg);

2) Decreasing field current /- decreases the flux ¢

3) Decreasing flux decreases the internal generated voltage (E, = K¢o);

4) Decreasing E, increases the armature current (I, = (Vr— E4)/R,);

5) Changes in armature current dominate over changes in flux; therefore,
increasing /, increases the induced torque (7, = Kdl,);

6) Increased induced torque is now larger th}an the load torque 7,4 and,
therefore, the speed wincreases;

7) Increasing speed increases the internal generated voltage E,;

8) Increasing E, decreases the armature current /,...

9) Decreasing [, decreases the induced torque until 7, = 7., at a higher
speed .



01/09/1442

The effect of increasing the

field resistance within a
normal load range: from no Rps
load to full load.

Rpy > Ry

=
A

Increase in the field
resistance increases the
motor speed. Observe also
that the slope of the speed-
torque curve becomes
steeper when field resistance
increases. T Tod

The effect of increasing the field resistance with
over an entire load range: from no-load to stall.

At very slow speeds (overloaded motor), an increase in the
field resistance decreases the speed. In this region, the
increase in armature current is no longer large enough to
compensate for the decrease in flux.

Some small DC motors used in control circuits may operate at
speeds close to stall conditions. For such motors, an increase in
field resistance may have no effect (or opposite to the expected
effect) on the motor speed. The result of speed control by field
resistance is not predictable and, thus, this type of control is not
very common.

T

ind

Note: as the flux in the machine decreases, the no load speed of the motor
increases, while the slope of the torque-speed curve becomes steeper.
Naturally, decreasing RF would reverse the whole process and the speed of
the motor would drop.

13
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2. Changing the armature voltage

2. Changing the armature voltage

This method implies changing the voltage

applied to the armature of the motor R | Variable Iy

without changing the voltage applied to its M voltage o+

field. Therefore, the motor must be SRR Ji

separately excited to use armature voltage @ Ry
i\

control.

Armature
voltage speed

Vris constant
control V1 is variable

1) Increasing the armature voltage Vj increases the Wy
armature current Iy = (Vy - Ea)/Ra);

2) Increasing armature current [, increases the induced
torque zing (7ing = Kela);

3) Increased induced torque z,4is now larger than the
load torque 7,49 and, therefore, the speed o,

4) Increasing speed increases the internal generated
voltage (E4 = Kdo);

5) Increasing E, decreases the armature current /...

6) Decreasing I, decreases the induced torque until 7,4 =
Tioag &1 @ higher speed o.

V> Vy

Tind

Increasing the armature voltage of a
separately excited DC motor does not

change the slope of its forque-speed
characteristic.

Note: the no load speed of the motor is shifted by method of speed
control but the slope of the curve remains constant.

14
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Speed control of separately excited and shunt DC motors

+ Increasing R;p causes
Ir = Vi /Ry to decrease.

* Decreasing I-decreases ¢.

* Decreasing ¢, lowers E =k

o -

* Decreasing E, increases
Iy = (V1 — E4)/Ry.

+ Increasing I, increases
T ~#¢I, ., with the
change in I, dominant
over the change in flux.

+ Increasing T,; makes
T,+°T;q and the speed @
= INCTEASES,

+ Increasing @, increases
E =kéw,,.

+ Increasing E, decreases
1.

* Decreasing I, decreases
I,y wtil T, =T, , at a
higher speed w,,.

*An  increase in T
increases Iy = (Vr — Eq)/Ra.

* Increasing I; increases
L #¢l,

* Increasing  T,; makes
17 Tpsa and the speed @
o INCTeases.

+» Increasing @, increases
E =kdaw,,.

* Increasing E,; decreases
I, = (Vr —E4)/R,.

* Decreasing I, decreases
I, wtil T, =T, . at a
higher speed w,,

* resistor is inserted in series
with the armature circuit,
the effect is to drastically
increase the slope of the
motor's  torque-  speed
characteristic, making it
operate more slowly if
loaded.

* The insertion of a resistor is
a very wasteful method of
speed control, since the
losses in the inserted
resistor are very large. For
this reason, it is rarely
used. It will be found only
in applications in which the
motor spends almost all its
time operating at full speed
or in applications too
inexpensive to justify a
better form of speed
control.

For the armature voltage control, the flux in the motor is constant. Therefore, the maximum torque in the

motor will be constant too regardless the motor speed:
Tnax = K WA,max

Since the maximum power of the motor is

Prax = Tnax®

The maximum power out of the motor is directly proportional to its speed.

For the field resistance control, the maximum power out of a DC motor is constant, while the maximum
torque is reciprocal to the motor speed.

15
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Maximum

torque T,

T nay CONStant

1
\ P hax constant
l
|
V, control !

field control

I
I
I
I
L

Maximum
power P,

Tnay CONStant so

||||||

V, control

Py cOnstant

field control

Mhase

Mhase

Torque and power limits as functions of motor speed for a shunt (or separately excited) DC motor.

Note: the maximum power out of a DC motor under filed current control
is constant , while the maximum torque varies a the reciprocal of motor
speed.

If a motor is operated at its rated terminal voltage, power, and field current, it will be running at the
rated speed also called a base speed.

Field resistance control can be used for speeds above the base speed but not below it. Trying to
achieve speeds slower than the base speed by the field circuit control, requires large field currents
that may damage the field winding.

Since the armature voltage is limited to its rated value, no speeds exceeding the base speed can
be achieved safely while using the armature voltage control.

Therefore, armature voltage control can be used to achieve speeds helow the hase speed, while
the field resistance control can be used to achieve speeds above the base speed.

Shunt and separately excited DC motors have excellent speed control characteristic.
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Example

Example: A 100 hp, 250 V, 1200 rpm DC shunt motor with an armature resistance of 0.03 Q and a field
resistance of 41.67 Q. The motor has compensating windings, so armature reactance can be ignored.
Mechanical and core losses may be ignored also. The motor is driving a load with a line current of 126 A
and an initial speed of 1103 rpm. Assuming that the armature current is constant and the magnetization
curve is

a) What is the motor speed if the field
resistance is increased to 50 Q7

b) Calculate the motor speed as a function
of the field resistance, assuming a
constant-current load.

¢) Assuming that the motor is connected as
a separately excited and is initially
running with V4, =250V, [, =120 Aand at
n = 1103 rpm while supplying a constant-
torque load, estimate the motor speed if
Vy is reduced to 200 V.

|
1
|

Fiehd curmend (A)

Ry=003Q I, i ,ﬁ .ﬁ
AM—— i) + AN ¢
”‘l Ry =003Q
Ry + Ryg; Re + Ry
@ Ey B0V V=250V @ E, v,
L Ly
shunt separately-excited

For the given initial line current of 126 A, the initial armature current will be

0
——=1204

In=la-lg =126~

Therefore, the initial generated voltage for the shunt motor will be
Egy =Vp — IRy = 250 — 120 - 0.03 = 246.44

17
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After the field resistance is increased to 50 Q, the new field current will be

The ratio of the two internal generated voltages is

Ep _ KOywy _ Oymy

By Koy Oy

The values of E, on the magnetization curve are directly proportional to the flux. Therefore, the ratio of
internal generated voltages equals to the ratio of the fluxes within the machine. From the magnetization
curve, at [r = 5A, Exy = 250V, and at I = 6A, E»y = 268V. Thus:

n Epng 268
n2:®1 Ot 1:—1103:1187rpm

®2 EAl 250 Speed vs Ry for a shunt DC motor
1400
1200 /
1000
b) A speed vs. Rr characteristic is shown below: &

E

600

1
400 -
200

|

0
40 45 50 55 60 65 70
Field resistance (£2)

18
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c) For a separately excited motor, the initial generated voltage is
Eqp =V — LuRa

Eyy  KOGywy 0oy
Esi~ K@yw;  Oyny

_ Epng

and since the flux ¢ is constant n, =
EAI

Since both the torque and the flux are constants, the armature current /, is also
constant. Then

Epny  Vio — LipRa 200 — 120 0.03
nz = = =

Esi  Vei—LgRs 250 —120-0.03

1103 = 879rpm

19
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DC Motors and
Generators
Ch. 9 -4t edition

Ch.8- 5th edition

Dr. Feras Alasali

Speed Control of Shunt DC motor:

»How can the speed of a shunt DC motor be controlled?

There are two common methods to control the speed of a
shunt DC motor:

1. Adjusting the field resistance RF (and thus the field flux)
2. Adjusting the terminal voltage applied to the armature
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1.Adjusting the field resistance

* Firstly, to understand what happens when the filed resistance of a DC
motor is changed, assume that filed resistor increases and observe
the response.

Increasing field resistance R decreases the field current (/- = V/Rg);
Decreasing field current /- decreases the flux ¢;

Decreasing flux decreases the internal generated voltage (E, = K¢o);
Decreasing E, increases the armature current (I, = (V= E;)/Ry);
Changes in armature current dominate over changes in flux; therefore,
increasing /, increases the induced torque (7;,; = K¢l,);

Increased induced torque is now larger th}an the load torque 7,4 and,
therefore, the speed wincreases;

Increasing speed increases the internal generated voltage E,;
Increasing E, decreases the armature current /...

Decreasing /, decreases the induced torque until z,; = 7,4 at a higher
speed @.

The effect of increasing the
field resistance within a
normal load range: from no
load to full load.

Rp2> Ry

=
!

Increase in the field
resistance increases the
motor speed. Observe also
that the slope of the speed-
torque curve becomes
steeper when field resistance
increases.

TFL Tind
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The effect of increasing the field resistance with
over an entire load range: from no-load to stall.

At very slow speeds (overloaded motor), an increase in the
field resistance decreases the speed. In this region, the
increase in armature current is no longer large enough to
compensate for the decrease in flux.

Some small DC motors used in control circuits may operate at
speeds close to stall conditions. For such motors, an increase in
field resistance may have no effect (or opposite to the expected
effect) on the motor speed. The result of speed control by field
resistance is not predictable and, thus, this type of control is not
very common.

T

ind

Note: as the flux in the machine decreases, the no load speed of the motor
increases, while the slope of the torque-speed curve becomes steeper.
Naturally, decreasing RF would reverse the whole process and the speed of
the motor would drop.

2. Changing the armature voltage

2. Changing the armature voltage

This method implies changing the voltage

applied to the armature of the motor B B | Variable
without changing the voltage applied to its MV voltage
field. Therefore, the motor must be Gontroles

separately excited to use armature voltage
control. @ .
A

Armature
voltage speed

Vo is constant
control V! s varable
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1)
2)
3
4)

9)
6)

Increasing the armature voltage Vj increases the
armature current Iy = (Vs - E)J/Ra);

Increasing armature current | increases the induced
torque zipg (7ing = Kéla);

Increased induced torque 7,4 is now larger than the
load torque 7,9 and, therefore, the speed o;
Increasing speed increases the internal generated
voltage (E, = Kio);

Increasing E, decreases the armature current ...
Decreasing I, decreases the induced torgue until 7,4 =
Tioag At @ higher speed o.

Increasing the armature voltage of a
separately excited DC motor does not
change the slope of its torque-speed
characteristic.

V> ¥y

Tind

Note: the no load speed of the motor is shifted by method of speed
control but the slope of the curve remains constant.

Speed control of separately excited and shunt DC motors

+ Increasing R; causes
Iz = Vg /Rp to decrease.

+ Decreasing Ir-decreases ¢.

+* Decreasing ¢, lowers E,=k

* Decreasing E, increases
Iy=(Vr—E4)/Ry.

+ Increasing I, increases
T, ~%¢I, . with the
change m I, dominant
over the change in flux.

* Increasing T,; makes
I,.~T,,; and the speed @
o INCTEASES,

+ Increasing @, increases
E =kéw,,.

+ Increasing E,; decreases
I,

+* Decreasing I, decreases
Tpg wtil T =T, . at a
higher speed w,.

*An  increase m T}
increases Iy = (Vr — Eq)/Ra.

* Increasing [; increases
L 491,

* Increasing T, makes
Ti=Tpsq and the speed &
o IICTEASES.

*» Increasing &), increases
E,=kdw,,.

* Increasing E, decreases
1, = (Vr — E5)/R,.

* Decreasing I, decreases
I, until T, =T, . at a

in

higher speed w,,

* resistor is inserted in series
with the armature circuit,
the effect is to drastically
increase the slope of the
motor's  torque-  speed
characteristic, making it
operate more slowly if
loaded.

* The insertion of a resistor is
a very wasteful method of
speed control. since the
losses in the inserted
resistor are very large. For
this reasom, it is rarely
used. It will be found only
in applications in which the
motor spends almost all its
time operating at full speed
or in applications too
inexpensive to justify a
better form of speed
control.
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For the armature voltage control, the flux in the motor is constant. Therefore, the maximum torque in the
motor will be constant too regardless the motor speed:

Tinar = K Q)]A,max

Since the maximum power of the motor is

Poax = Tnax®

The maximum power out of the motor is directly proportional to its speed.

For the field resistance control, the maximum power out of a DC motor is constant, while the maximum
torque is reciprocal to the motor speed.

Maximum Maximum
torque T, power Py,
Ty CONStant T nax CONSLANt SO
> S
P ax constant
! P constant Prax = Tyay @
H max_constan !
i \ !
! |
f s | ;
V, control | : field control
: field control !
| V, control :
1
n,, n,,
Mhase Mhase

Torque and power limits as functions of motor speed for a shunt (or separately excited) DC motor.

Note: the maximum power out of a DC motor under filed current control
is constant , while the maximum torque varies a the reciprocal of motor
speed.
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If a motor is operated at its rated terminal voltage, power, and field current, it will be running at the
rated speed also called a base speed.

Field resistance control can be used for speeds above the base speed but not below it. Trying to
achieve speeds slower than the base speed by the field circuit control, requires large field currents

that may damage the field winding.

Since the armature voltage is limited to its rated value, no speeds exceeding the base speed can
be achieved safely while using the armature voltage control.

Therefore, armature voltage control can be used to achieve speeds below the base speed, while
the field resistance control can be used to achieve speeds above the base speed.

Shunt and separately excited DC motors have excellent speed control characteristic.

Example

Example: A100 hp, 250 V, 1200 rpm DC shunt motor with an armature resistance of 0.03 Q and a field
resistance of 41.67 Q. The motor has compensating windings, so armature reactance can be ignored.
Mechanical and core losses may be ignored also. The motor is driving a load with a line current of 126 A
and an initial speed of 1103 rpm. Assuming that the armature current is constant and the magnetization
curve is

a) What is the motor speed if the field
resistance is increased to 50 Q7
b) Calculate the motor speed as a function
of the field resistance, assuming a
constant-current load.
Assuming that the motor is connected as
a separately excited and is initially
running with V4 =250V, [, =120 Aand at
n = 1103 rpm while supplying a constant-
torque load, estimate the motor speed if
Vy is reduced to 200 V.

(2]
—
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Ry=003Q Iy
— iy — n -—
AN + + WV +

Iy l Ry =0030

adj
@ E, 20V Vp=250V E, v,
Ly Ly

shunt separately-excited

For the given initial line current of 126 A, the initial armature current will be

Iy =1y —1,=126 250—120/4
a1 =l g = 0= =

Therefore, the initial generated voltage for the shunt motor will be
Eyy = Vp — LyuRy = 250 — 120 -0.03 = 246.44

After the field resistance is increased to 50 Q, the new field current will be

The ratio of the two internal generated voltages is

@ K0y, Oomy

Ey Ko Oy

The values of E4 on the magnetization curve are directly proportional to the flux. Therefore, the ratio of
internal generated voltages equals to the ratio of the fluxes within the machine. From the magnetization
curve, at [r = 5A, Exy = 250V, and at I = 6A, E4; = 268V. Thus:
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(Z)lnl EAan 268
=—=—=—1103 = 1187
M= TR, 250 b

Speed vs Ry for a shunt DC motor
1400

1000

b) A speed vs. Rg: characteristic is shown below: -

(r/min)

£ 600

n

400 -

200

L

1200 /

0
40 45 50 55 60 65
Field resistance (Q)

c) For a separately excited motor, the initial generated voltage is
Ear =Vr1 —InRa

Ep2 _ KO@yw; _ 02mp
Epq~ KOiwq 01y

_Epomy

and since the flux ¢ is constant n, =
EAl

Since hoth the torque and the flux are constants, the armature current /, is also
constant. Then

o _Ewm _Vr—loRs 200120 0.03
27 "Eyy  Vpi—1IgRa ' 250—120-0.03

1103 = 879rpm

70
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DC Motors and
Generators
Ch.9

Dr. Feras Alasali

* DC motors are driven from DC power supply, there are five
major types of DC motors in general use:

1- The separately excited dc motor.

2- The shunt dc motor.

3- The permanent -magnet DC motor
4- The series DC motor.

5- The compounded dc motor
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1- Separately Excited DC Motor ‘

L=1
Ve =Eq4+1I4Ry
Ve =Ir R

Ejy = kodw,,

2- Shunt DC Motor

IL=I+I
Vi =Es+ 4Ry
Vp =Ir R
Ex = kdw,,
L H
Ko

Ir L T

- ] A
If TR + Ry +‘|
(Vr E, Vr |
| Lg - |

| v

Where

1 is the armature current

I;: is the load current

E: is the internal generated voltage
¥7: is the terminal voltage

I is the field current

17 is the field voltage

R,: is the armature winding resistance
R is the field winding resistance
¢ is the flux

@, is the rotor angular speed

Lo Z
+ Ry Rr \
E, Ir Vr i
. I J
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Speed control of separately excited and shunt DC motors

+ Increasing  Rp
Ir = Vi /Ry to decrease.

* Decreasing I-decreases ¢.

* Decreasing ¢, lowers E =k

causes

o -

* Decreasing E, increases
Iy = (V1 — E4)/Ry.

+ Increasing I, increases
j}xﬂ#{l z with  the
change in I, dominant
over the change in flux.

+ Increasing T,; makes
T,+°T;q and the speed @
o INCTEASES.

+ Increasing @, increases
E;=kbw,,.

+ Increasing E, decreases
1.

* Decreasing I, decreases
Ty wntil T=Tp,,, at a
higher speed w,,.

8.5-

Adjusting the
terminal voltage
applied to the
armature
*An  increase in T
increases Iy = (Vr — Eq)/Ra.
* Increasing I; increases
Lol

* Increasing  T,; makes
I, T,q and the speed @
o INCTeases.

+» Increasing @, Increases
E =kéw,,.

* Increasing E,; decreases
I, = (Vr —E4)/R,.

* Decreasing I, decreases
Ty wntl T, =T, at a
higher speed w,,

Inserting a resistor
in series with the
armature circuit

resistor is inserted in series
with the armature circuit,
the effect is to drastically
increase the slope of the
motor's  torque-  speed
characteristic, making it
operate more slowly if
loaded.

The insertion of a resistor is
a very wasteful method of
speed control, since the
losses in the inserted
resistor are very large. For
this reason, it is rarely
used. It will be found only
in applications in which the
motor spends almost all its
time operating at full speed
or in applications too
inexpensive to justify a
better form of speed
control.

The Permanent Magnet DC Motor |

A permanent-magnet DC (PMDC) motor is a DC motor whose poles are made of permanent

| magnets. Permanent-magnet dc motors offer a number of benefits compared with shunt dc motors

. the field circuit copper losses associated with shunt dc motors.

in some applications. Since these motors do not require an external field circuit, they do not have

Because no field windings are required, they can be smaller than corresponding shunt DC motors.

 they are especially common in smaller fractional- and sub fractional-horsepower sizes.

' PMIDC motors are generally less expensive, smaller in size, simpler, and higher efficiency than

 stator, and the losses in the field circuits.

corresponding DC motors with separate electromagnetic fields. This makes them a good choice in
many DC motor applications. The armatures of PMDC mators are essentially identical to the
armatures of motors with separate field circuits, so their costs are similar too. However, the
elimination of separate electromagnets on the stator reduces the size of the stator, the cost of the

<

‘\ PMDC motors run the risk of demagnetization.

PMDC motors also have disadvantages. Permanent magnets cannot produce as high a flux density
as an externally supplied shunt field, so a PMIDC motor will have a lower induced torque 7, , per
ampere of armature current 7, than a shunt motor of the same size and construction. In addition,

/

A permanent-magnet DC motor is basically the same machine as a shunt dc motor; except that the
flux of a PMDC motor is fived. Therefore, it is not possible to control the speed of a PMIDC mator
by varying the field current or flux. The only methods of speed control available for a PMIDC
motor are armature voltage control and armature resistance control.

The techniques to analyze a PNIDC motor are basically the same as the techniques to analyze a
shunt dc motor with the field current held constant.
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8.6 The series DC motors

* A series Dc motor is a dc motor whose field windings consists of a
relatively few turns connected in series with armature circuit.

this motor has field coil connected in series to the . For this reason relatively higher

flows through the field coils, and its designed accordingly as mentioned below.

1. The field coils of DC series motor are wound with relatively fewer turns as the
current through the field is its armature current and hence for required mmf less

numbers of turns are required.

2. The wire is heavier, as the diameter is considerable increased to provide minimum

to the flow of full armature current.

3. In spite of the above mentioned differences, about having fewer coil turns the running

of this remains unaffected, as the current through the field is reasonably

high to produce a field strong enouch for generating the required amount of torque.

Iy I I

Since the entire supply current flows through both the armature and field conductor.

Therefore, DLy = I, = I,

Where, I, is the series current in the field coil and I is the armature current.

Iy=Is=1

VT = EA + IA(RA + Rg)

EA = k¢wm

Tina = KQly
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This is the basic voltage equation of a series wound DC motor.

Another interesting fact about the DC series motor worth noting is that, the field flux like in

the case of any other is proportional to field
I, o ¢ Butsince here I, =1, = Lital

oo I, o I
i.e. the field flux is proportional to the entire armature current or the total supply current.
And for this reason, the produced in this motor is strong enough to produce sufficient
torque, even with the bare minimum number of turns it has in the field coil.
Therefore, the flux in the machine can be given by
o =cl,

Where c is constant of propotionality. The induced torque in machine is thus given by

Tina = KO[; = K« IA2

* In other words, the torque in this motor is proportional to the square
of armature current.

2
Tina = Kely

* Asresult, it is easy to see that the series motor gives more torque
per ampere than any other dc motor.

* Therefore, is used in application requiring very high torques such as
starter motors in cars and elevator.
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The terminal characteristic if a Series DC motor
Speed and Torque of Series DC Motor

1- A series wound motors has relationship existing between the field
current and the amount of torque produced. As in this case relatively
higher current flows through the heavy series field winding with
thicker diameter.

2- The electromagnetic torque produced here is much higher than
normal. This high electromagnetic torque produces motor speed,
strong enough to lift heavy load overcoming its initial inertial of rest.

3- Series motors are generally operated for a very small duration,
about only a few seconds, just for the purpose of starting. Because if
its run for too long, the high series current might burn out the series
field coils thus leaving the motor useless.

The resulting torque- speed relationship is

Vr 1 Ry+ R,

w= L L _
Y/ V Ting Ke

Speed

Torque ———»
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Speed control of series DC motor

Speed control of series DC motors

1) Change the terminal voltage of the motor.

2) Insertion of a series resistor into the motor circuit, but this
technique is very wasteful of power and is used only for
intermittent periods during the start-up of some motors.

A 250 V series dc motor with compensating winding , the total series (RA+RS) of
0.08 ohm. The series field consists of 25 turns per pole , with the magnetization
curve shown in the following figure.

1- Find the speed and induced torque of this motor for when its armature current is
50A.

2- Calculate and plot the torque speed characteristic for this motor
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Ey = Vy — I{Ry + R = 250 V — (50A)0.08()) = 246V
Since I, = Iz = 50 A, the magnetomotive force is
F = NI = (25 urns)50 A) = 1250 A » turns

From the magnetization curve at % = 1250 A « turns, E,q = 80 V. To get the
correct speed of the motor, remember that,

E,
n= E_AO ﬂu
= ";";)L\\,’ 1200 ©min = 3690 /min
300
1|
/
250 /
= 1200 rémin
% o /|
bl /
E 150 /
/
|
{. //
50
1]

o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000

To find the induced torque supplied by the motor at that speed, recall that
Prey = Euly = 70qw. Therefore,

_EJ,

T
ind P

& (246 V(50 A) i F
= (3690 r/min)(1 min/60 s)2wr radfr) 31.8Ne*m

(b} To calculate the complete torque—speed characteristic, we must repeat the steps
ina for many values of armature current.

5000 T T T

4500 I

3500 \

2000 : : :

1000

500 g

1

00 100 200 300 400 S00 600 700
Tinge N -m

n ,, I/min
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DC Motors and
Generators

Dr. Feras Alasali

* DC motors are driven from DC power supply, there are five
major types of DC motors in general use:

1- The separately excited dc motor.

2- The shunt DC motor.

3- The permanent -magnet DC motor
4- The series DC motor.

5- The compounded dc motor
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The Compounded DC motor

» A compound wound motor is self excitation motor and has both series and shunt windings
which can be connected as short-shunt or long shunt with armature winding

Briefly, we can say that Dc compound motor is a combination of both a shunt wound De

motor and series wound De motor which means that compound motor has the advantage of
high starting torque and efficient speed regulation so it can be used in industrial

applicationsinclude: « Mixers. « Drivers.
Compound Motors

Advantages of Compound Motors

= Quick start and stop of the motor can do.

= Reversing and acceleration of the mator can do fast

Disadvantages of Compound Mators

= Operation and maintenance cost of DC motors are expensiva.

* In generally Every DC mator using brushes so the lifetime of such motors is less compared with AC motors.

Applications of Compound Motors

= Compound motors are widely used in applications such as elevators fair compressors,

This type of Motor can be connected in two
ways:

1- For Long Shunt Compound DC Motor

In the long shunt motor, we connect the shunt field winding parallel across the series

combination of both the series field winding and the armature.
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2- For Short Shunt Compound DC Motor

In short shunt motor, we connect the shunt field winding parallel across only the armature

winding and we connect the series field winding to the supply current.

1 I;
—\Wy 'VV\I—"""‘"—‘T
. Ry Rp R, L
E, Ir I'r

] Ly

e Sub classification:

* Depending on the polarity of connections of shunt filed winding, field
series winding and armature

These motors have both series and

shunt windings. If series excitation helps \
the shunt excitation 7.e. series flux is in the
same direction : then the motor is said
to be cummulatively com pounded.

If on the other hand. series field
opposes the shunt field, then the motor is
said to be differentially compounded.

Compound Motors
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NN
—AMA— A .
’Fl Rug
E, Rr Vr
( ) ‘A
[ ]
* * Cumulatively
Le compounded
8 Differentially
- compounded
(a)
_ﬁ Ry Rg . Ls .
MWy MA— +
Ir hr
o L
Rp
-l
Lp

For Long Shunt Cumulatively Compound DC Motor
IL = IA + IF
VT = EA + IA(RA+RS)

* Cumulatively
—_ <compounded
Vr = I Rp « ey
compounded
EA = k(bmm

For Short Shunt Cumulatively Compound DC Motor
IL = IA + 1}:’

Ve = Eqg + 4Ry +1I1 R,
EA = k(bmm

The net magnetomotive force and the effective shunt field current in the com-
pounded motor are given by

oot = Fr 2 Fg —Fp

and
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e Torque-speed characteristic a cumulatively
compounded DC motor

A,
rfmin

Cumulatively
compounded

Tind
(a)

* The torque —speed characteristic of
Differentially compounded DC motor

"m ‘ gllﬂ = §.F * gSE - gAR
. Nog , _ Far

= + -
=tpx L -

The torque—speed characteristic of a
differentially compounded d¢ motor,
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The nonlinear Analysis of compounded DC motors

Example A 100-hp, 250-V compounded dc motor with compensating wind-
ings has an internal resistance, including the series winding, of 0.04 (2. There are 1000
turns per pole on the shunt field and 3 turns per pole on the series winding. The machine is
shown in Figure 9-27, and its magnetization curve is shown in Figure 9-9. At no load, the
field resistor has been adjusted to make the motor run at 1200 r/min. The core, mechanical,
and stray losses may be neglected.

Ry Rs [] Ls ] !L
-— .
[\M m VYL o+ + Cumulatively
-— compounded
8 Differentially
004Q Ir 1 compounded
E, Vr=250V
Ng= 1000 wrns per pole
o —
The compounded dc motor in Example
300
L]
L~
250
233
>
g //
E /
g 150
: /
5
: /
2 100
8 /
50 /
%0 10 20 30 404350 60 70 80 90 100
Field current, A
FIGURE 9-9

‘The magnetization curve of a typical 250-V dc motor, taken at a speed of 1200 r/min.
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{a) What is the shunt field current in this machine at no load?
{b) If the motor is cumulatively compounded, find its speed when I, = 200 A.
(¢) If the motor is differentially compounded, find its speed when I, = 200 A.

Solution

(a) Atno load, the armature current is Zero, so the internal generated voltage of the
motor must equal Vy, which means that it must be 250 V. From the magnetiza-
tion curve, a field current of 5 A will produce a voltage E; of 250 V at 1200
r/min. Therefore, the shunt field current must be 5 A.

E, =V — I(R, + Ry

{b) When an armature current of 200 A flows in the motor, the machine’s internal
generated voltage is

E,=Vr— LRy + Ry
=250V — (200 A)(0.04 (}) = 242V

The effective field current of this cumulatively compounded motor is

. Mg Far
=lp R -
_ 3 _
—5A+1000200A 56A

From the magnetization curve, E;; = 262 V at speed ny = 1200 r/min. There-
fore, the motor’s speed will be

n=—r n
0
Eq

242V

=562V 1200 r/min = 1108 r/min
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(c) If the machine is differentially compounded, the effective field current is

- _ NSE gAR
IF—I,,- NF [A NF
—5A —ﬁzocm —44A

From the magnetization curve, E,;, = 236 V at speed ny, = 1200 t/min. There-
fore, the motor’s speed will be

N
n=-A
E.mno

_ 242V L .
=536V 1200 /min = 1230 ¢/min

Notice that the speed of the cumulatively compounded motor decreases with load, while
the speed of the differentially compounded motor increases with load.

e Speed control in the Cumulatively
compounded DC motor

The techniques available for the control of speed in a cumulatively compounded
de motor are the same as those available for a shunt motor:

1. Change the field resistance Rp.
2. Change the armature voltage V.
3. Change the armature resistance R,

The arguments describing the effects of changing Ry or V, are very similar to the
arguments given earlier for the shunt motor,

Theoretically, the differentially compounded dc motor could be controlled
in a similar manner. Since the differentially compounded motor is almost never
used. that fact hardly matters.
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8.8 DC motor starters/ Protection

In order for a dc motor to function properly on the job, it must have some special
control and protection equipment associated with it. The purposes of this equip-
ment are

1. To protect the motor against damage due Lo short circuits in the equipment

2. To protect the molor against damage from long-term overloads

3. To protect the motor against damage from excessive starting currents

4. To provide a convenient manner in which Lo control the operating speed of
the motor

The protection circuit section combines several different devices which together
ensure the safe operation of the motor. Some typical safety devices included in
this type of drive are

1. Current-limiting fuses, to disconnect the motor quickly and safely from the
power line in the event of a short circuit within the motor, Current-limiting
fuses can interrupt currents of up 1o several hundred thousand amperes.

2. An instantaneous static trip, which shuts down the motor if the armature cur-
rent exceeds 300 percent of its rated value. If the armaturc current exceeds
the maximum allowed value, the trip circuit activates the fault relay, which
deenergizes the run relay, opening the main contactors and disconnecting the
motor from the line.

3. An inverse-time overload trip, which guards against sustained overcurrent
conditions not great enough to trigger the instantaneous static trip but large
enough o damage the motor if allowed to continue indefinitely. The term in-
verse time implies that the higher the overcurrent flowing in the molor, the
taster the overload acts . For example, an inverse-time trip
might take a full minute to trip it the current flow were 150 percent of the
rated current of the motor, but take 10 seconds to trip if the current flow were
200 percent of the rated current of the motor.
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4. An undervoltage trip, which shuts down the motor if the line voltage supply-
ing the motor drops by more than 20 percent.

5. A field loss trip, which shuts down the motor il the field circuil is lost.

6. An overtemperature trip. which shuts down the motor if it is in danger of
overhealing.

8.10 DC motors efficiency calculation

Driving
Motor Power in
ot > Q>
Losses

= VI Watt

Motor

Iron and
1::> Friction :{>O”‘p“‘
Armature Losses
=Ep1, Watt

To calculate the efficiency of a dc motor, the following losses must be determined:

1. Copper losses

2. Brush drop losses
3. Mechanical losses
4. Core losses

5. Stray losses

10
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11

Example

Example A 50-hp, 250-V, 1200 r/min shunt dc motor has a rated armature
current of 170 A and a rated field current of 5 A. When its rotor is blocked, an armature
voltage of 10.2 V (exclusive of brushes) produces 170 A of current flow, and a field volt-
age of 250 V produces a field current flow of 5 A. The brush voltage drop is assumed to be
2 V. At no load with the terminal vollage equal to 240 V, the armature current is equal to
13.2 A, the field current is 4.8 A, and the motor’s speed is 1150 r/min.

(a) How much power is output from this motor at rated conditions?
(b) What is the motor’s efficiency?

Solution
The armature resistance of this machine is approximately

_ 102V _
Ry=T70a = 00602
and the field resistance is
R =22 — 500

Therefore, at full load the armature /2R losses are

P, = (170 A)YX0.06 £2) = 1734 W
and the field circuit /2R losses are

P = (5 AY(504)) = 1250 W
The brush losses at full load are given by
Bosn = Vepla = 2 V)170A) = 340W
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The rotational losses at full load are essentially equivalent to the rotational losses at no
load, since the no-load and full-load speeds of the motor do not differ too greatly. These
losses may be ascertained by determining the input power to the armature circuit at no load
and assuming that the armature copper and brush drop losses are negligible, meaning that
the no-load armature input power is equal to the rotational losses:

Py = Poe + Py = (40VY(132A) = 3168 W

(a) The input power of this motor at the rated load is given by
Py, = Vplp = (250 VX175 A) = 43,750 W
Its output power is given by
Pou = Pin_Pbmsh_Pm_Pm_Pmech_Psmg/r/
43,750 W — 3d0W — 1734 W — 1250'W — 3168 W — (0.01X43,750 W)
= 36820 W )

where the stray losses are taken to be 1 percent of the input power.

(b) The efficiency of this motor at full load is

P
n= f:: x 100%
36820 W
T 43750 W

% 100% = 84.2%

12
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DC Motors and
Generators
Ch.9/8

Dr. Feras Alasali

¢ 1.8 linear DC machine



17/04/1442

* A single turn rectangular
copper ABCD rotating about its
own axis in a magnetic field
provided by either permanent
magnet or electromagnet. The
two ends of the coil are joined
to slip ring ‘a’ and ‘b’ which are
insulated from each other and
from the central shaft. Two
collecting brushes press against
the slip rings; their function is
to collect the current induced
in the coil and to convey it to
external load resistance.

———— L——

Genergtors are usually classified according to the way in which their fields are
excite

USeparately Excited Generators: are those whose field magnets are energized
from an independent external source of DC current.

OSelf Excited Generators: are those whose field magnets are energized Q[\%
current produced by the generators themselves. There are three types of se
excited generators named according to the manner in which their field coils
are connected to the armature.

v'Shunt Wound: the field windings are connected across or in parallel with the
akr;mature conductors and have the full voltage of the generator applied across
them.

v'Series Wound: the field windings are joined in series with the armature
conductors

v'Compound Wound: it is a combination of a few series and a few shunt
windings and can be either short-shunt or long-shunt.
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9.12 Separately Excited DC Generator

1
IA = IL ul
s R
VT = EA - IA RA ‘ F
Ve
VF = IF RF LF
E4 = kdw,, v
Where
Ia: is the armature current (A —
IL: is the load current A

Ea: is the internal generated voltage
V: is the terminal voltage

Ie: is the field current

VE: is the field voltage

1
Field wdg
0000 -

)
Load
[ |
L |

Ra: is the armature winding resistance R =
Re: is the field winding resistance ANAA
¢: is the flux

wm: is the rotor angular speed

Control of terminal voltage.
* The terminal voltage (V) can be controlled by:

1.Change the speed of rotation: If w increases, then Ea=k@wn
increases, so I/'7=E4-14 R4 increases as well.

2.Change the field current. If Rr is decreased, then the field current
increases (Vr=Ir Rr). Therefore, the flux in the machine increases. As
the flux rises, EA=k@wm must rise too, so Vr=E1-I1 Ra increases.

=1 Fun ]—F [—A AN {L R
Vr=Es—IaRy | Rr LR, ""‘,‘
Vp = Iy Ry IVF I E, Ir |
Ea=kbo, . ] )
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Vid
E 1a Ra drop
AR drop
(without compensating
winding)
Vr=Ea-Ia Ra
y
Ea
!’11 >N2
n2 -

Separately Excited DC Generator works with speed = 1200 rpm and Voltage out of
armature is 120 V. if we decrease the speed to 1000 rpm , what is the new EA?

E_=n

Ep m

* EA =120 * (1000/1200) = 100 V
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Separately Excited DC Generator with speed = 1200 rpm connected to load with
current 200 A and 125 V. If the armature resistance Ra equal to 0.04 ohm , find

1- load resistance and voltage out of the armature?

2- the voltage and current out of armature if the speed is decreased to 1000 rpm,
where the load does not change.

1 L 1
IA :_IL F A L
f‘F +
VT = EA - IA RA + RA
V E |4
Ve = Ip R d Lr 4 g
EA = k(bwm & _ _
E, =V, + IR, =125+(200%0.04) =133v E_=n
a E no
R, B g6sn 40
I 200 Ea=133 * (1000/1200) = 111 V

rp=—Ca M5y
R,+R, 0.04+0.625
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Nonlinear Analysis

The internal generated voltage has nonlinear relationship with magnet force
due to AR reaction.

From previous examples (in motors), we can notice that the only way to

accurately determine the output voltage is by using graphical analysis
magnetization curve) .

The total force is effected by the AR reaction

Example A separately excited dc generator is rated at 172 kW, 430V, 400 A,
and 1800 r/min. magnetization curve is shown in Fig- This machine has the following characteristics:

R, =005 Ve=430V
RF=2010 Ng = 1000 turns per pole
Ry = 0103000 ’
/"——-—_—
. /
Ed
o
!
g
&
o

0.0 10 20 30 40 50 60 70 80 9.0 100
475 52 615
Field current, A
Note: When the field current is zero. E is about 3 V.
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(@) If the variable resistor R,y; in this generator’s field circuit is adjusted to 63 ) and
the generator’s prime mover is driving it at 1600 r/min, what is this generator’s
no-load terminal voltage?

(b) What would its voltage be if a 360-A load were connected to its terminals? As-
sume that the generator has compensating windings.

(¢) What would its voltage be if a 360-A load were connected to its terminals but
the generator does not have compensating windings? Assume that its armature
reaction at this load is 450 A « turns.

{d) What adjustment could be made to the generator (o restore its terminal voltage
to the value found in part a?

(e} How much field current would be needed to restore the terminal voltage to its
no-load value? (Assume that the machine has compensating windings.) What is
the required value for the resistor R, to accomplish this?

(a) If the generator’s total field circuit resistance is R + Ry, = 83 {}

then the field current in the machine is L=2= 40V _ 52 A

From the machine’s magnetization curve, this much current would produce a
voltage E;y = 430V at a speed of 1800 r/min. Since this generator is actually
turning at n,, = 1600 r/min, its internal generated voltage E; will be

Ei_n

Eyp mp

_ 1600 t/min

Ex= 1800 r/min

430V =382V

Since V; = E, at no-load conditions, the output voltage of the generator is Vy =
382V
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(b) If a 360-A load were connected to this generator’s terminals, the terminal volt-
age of the generator would be

Vr = Ey — LRy = 382V — (360 A)0.05(}) =364 V

{c) If a 360-A load were connected to this generator’s terminals and the generator
had 450 A « urns of armature reaction, the effective field current would be

¥ .
1;=1F—N—?=5.2A—%=4.75A

From the magnetization curve, E;y = 410V, so the internal generated voltage at

1600 r/min would be
Es_n
Ew no
E, = 1900UmIN 415y = 364V

Therefore, the terminal voltage of the generator would be
Vi = E4 — LR, = 364V — (360A)0.05 () =346 V

It is lower than before due to the armature reaction.

(d) The voltage at the terminals of the generator has fallen, so to restore it to its
original value, the voltage of the generator must be increased. This requires an
increase in E,, which implies that R,y must be decreased to increase the field
current of the generator.

{e} For the terminal voltage to go back up to 382V, the required value of E is
E, = Vy + LR, = 382V + (360A)0.05 () = 400 V
To get a voltage E, of 400 V at n,, = 1600 r/min, the equivalent voltage at

1800 ¢/min would be
Ei_n
Eyp 1y
_ 1800 ¢/min _
Ep = 1600 v/min 400V =450V

From the magnetization curvea, this voltage would raquire a field current of I =
6.15 A, The field circuit resistance would have to be

VF
200 + Ry = ey = 6090

Ry = 4990 ~ 500
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Notice:

Notice tha, for the same field current and load current, the generator with
armature reaction had a lower output voltage than the generator without armature
reaction. The armature reaction in this gemerator is exaggerated to illustrate its ef-
fects—it is a good deal smaller in well-designed modern machines.



17/09/1442

DC Motors and
Generators

Dr. Feras Alasali

. o s o i o
Genergtors are usually classified according to the way in which their fields are
excite

USeparately Excited Generators: are those whose field magnets are energized
from an independent external source of DC current.

USelf Excited Generators: are those whose field magnets are energized by
current produced by the senerators themselves. There are three types of self
excited generators named according to the manner in which their field coils
are connected to the armature.

v'Shunt Wound: the field windings are connected across or in parallel with the
armature conductors and have the full voltage of the generator applied
across them.

v'Series Wound: the field windings are joined in series with the armature
conductors

v'Compound Wound: it is a combination of a few series and a few shunt
windings and can be either short-shunt or long-shunt.
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Ia=Ir+ 1L
Vr=FEa—I1aRa
VF=IFRF= VT
Ea= k(pwm

The terminal voltage can be controlled by: - j
1. Change the speed of rotation: If w increases, then

Es=k@wm increases, so V1 = Ea — [a Ra increases as

well.

2. Change the field current. If RF is decreased. then

the field current increases (I/r = Ir Rr ). Therefore, the

flux in the machine increases. As the flux rises,

E a=k@wm must rise too, so /T increases.

Example: A shunt DC generator delivers 450A at 230V and the resistance of
the shunt field and armature are 50Q and 0.3 Q respectively. Calculate emf.

1, I;=4504
+
+ R, Er =
E, IF b
- Le =
~

IF=230/50 = 4.6A
Ia=1Ir+11=4.6 + 450 = 454.6A4
Ea=Vr+ I4Ra= 230 + 454.6 X 0.3 = 243.6V
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Example: A shunt DC generator, if EA =Vt =140V, rated speed is 1500
rpm, what is the Ea if the speed decrease to 1200 rpm. Assume the filed
current is constant.

Es=k@wmn
E\ _
Eqo

Sls

Ea = 140 * (1200/1500) = 112 V

Example: A shunt DC generator, if Ea =Vt =140V, the filed current is 5
A, what is the Ea if the filed current decrease BY 1 A.

Es=k@wmn
E_®
Eyo o

EA =140 * (4/5) = 112V
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Voltage building in a shunt Generator

E, (and V), V

Vrversus Ig E, versus Ig

Via b

Magnetization
curve

Ey = K

N

Ep res

Ip A
Voltage buildup on starting in a shunt dc generator.

What if a shunt generator is started and no voltage builds up? What could be
wrong? There are several possible causes for the voltage to fail to build up during

starting.
E,(and Vp, V %, Ry
Yo
¥

£]

Vs Ip, A

The effect of shunt field resistance on no-load terminal voltage in a dc generator. If Rp > R; (the
critical resistance), then the generator’s voltage will never build up.
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_Determing _ Ke. . ™
- nBANNT SR

IV 5

-

The terminal characteristic of a shunt DC Generator

T ———

T

Field weakening
effect

The terminal characteristic of a shunt d¢ generator.
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Analysis of Shunt DC generators

Vr versus I
Vr E, reduction Epversus Iy
Vg - ——- -
_______________ i
I L=L+5L7
Vi~ } "A‘TAdroP AT
]
! Vi=E, - LR,
I
] —
: Ey — Vr=LR, |
i
i
]
]
]
]
]
I
. I
Trn F

Graphical analysis of a shunt dc generator with compensating windings.

E, {and V)

Graphical derivation of the terminal characteristic of a shunt dc generator.

VT.K\ VT = EA - IARA
14 Ry drop S
'/ . Bia | Ex = Vr = LR,
! L/ m N
L/ AN
[/ )
| 4"'///
4 e
/ e
/ ’// : j/
F ILa L
(a) (b)



17/09/1442
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Sheyp cuviowt

e v &
I PRI TR N—
KA

. Petermine. T

o R

E, and Vr Vi versus fr

£, =Vratno load

IR, drop AEA versus I
£, with load w

vy with load

Demagnetizing mmf
(converted to an equivalent field current)

Ir
Graphical analysis of a shunt dc generator with armature reaction.
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Ia=Is=1.
Vr=Ea-Ia(Ra+Rs)
EA=k(p(l)m

* At no load, there is no field current, so Vr is reduced to a small level given
by the residual flux in the machine.

* As the load increases, the field current rises, so EA rises rapidly. The

la(Ra+ Rs) drop goes up too, but at first the increase in EA goes up more
rapidly than the Ia(Ra+ Rs) drop rises, so V1 increases. After a while, the
machine approaches saturation, and Ea becomes almost constant. At that
point, the resistive drop is the predominant effect, and Vr starts to fall.

The terminal characteristic of a series Generator.

EAandVT,V
£y
——— -

-~ l}umnks)drop

!L (= }5= !A]

Derivation of the terminal characteristic for a series dc generator.
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I4Ry drop

Armalure
reaction

I

A series generator lerminal characteristic with large armature reaction effecls, suitable for electric
welders.
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DC Motors and
Generators

Dr. Feras Alasali

Generators are usually classified according to the way in which their fields are excited

USeparately Excited Generators: are those whose field magnets are energized from an
independent external source of DC current.

USelf Excited Generators: are those whose field magnets are energized by current
produced by the generators themselves. There are three types of self excited generators
named according to the manner in which their field coils are connected to the
armature.

v'Shunt Wound: the field windings are connected across or in parallel with the armature
conductors and have the full voltage of the generator applied across them.

v'Series Wound: the field windings are joined in series with the armature conductors

v'Compound Wound: it is a combination of a few series and a few shunt windings and can
be either short-shunt or long-shunt.
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: o e S :
For Long Shunt Cumulatively Compound DC Generator

Lh=Ir+1I

Vr = Eq — I4(Ra+Rs)

Vr =IrRg

Es = kdw,,

For Short Shunt Cumulatively Compound DC Generator
]A = I;: + IL

VT = EA - !ARA _!LRS

EA = k(bwm

A long shunt compound DC generator delivers a load current of 50A at 500V and
has armature, series field and shunt field resistances of 0.05Q, 0.03Q and 250Q
respectively. Calculate the generated voltage and the armature current. Allow 1V
per brush for contact drop. L =304

A008=tA

Ir =500/250 = 24
Ia=1r+1.=2+50=524
Voltage drop across series winding=IaRs=52x0.03=1.56V

Armature voltage drop=IaRa=52x0.05=2.6V

Drop at brushes=2x1=2V

Ea=Vr+14aRa + series drop + brushes drop =500 + 2.6 + 1.56 + 2 = 506.16V
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I, ;=304
—AN AN—2rrn—
+ RA RF Rs Ls
E A 1 F e
_ Ip

A short shunt compound DC generator delivers a load current of 30A at 220V and
has armature, series field and shunt field resistances of 0.05Q, 0.3Q and 200Q
respectively. Calculate the induced emf and the armature current. Allow 1V per
brush for contact drop

Voltage drop across series winding=ILRs =30x0.3=9V
Voltage across shunt winding=220+9=229V

1r=229/200=1.145A

Armature voltage drop=I4R4A =31.145x0.05=1.56V

Drop at brushes=2x1=2V

Ea=Vr+laRa+series drop+brushe drop=220+9+1.56+2=232.56V

Example: A long shunt compound DC generator delivers a load current of 150A
at 230V and has armature, series field and shunt field resistances of 0.032Q,
0.015Q and 92Q respectively. Calculate (i) induced emf (ii) total power
generated and (iii) distribution of this power.

I I,=1504

|

A08¢
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(i) Ir=230/92=2.54
Li=Ir+1.=2.5+150=152.54

Voltage drop across series winding= [aRs=152.5 x0.015=2.2875V
Armature voltage drop=/aRa=152.5 x0.032=4.88V

Ea=Vr+[4Ra+ IaRs =230+ 2.2875 + 4.88 = 237.1675V

(i) Total power generated by the armature= Eala=
237.1675x152.5=36168.04375W

(iii) Power lost in armature=I4R4=152.52x0.032=744.2W
Power dissipated in shunt winding=Vr [r=230%x2.5=575W

Power dissipated in series winding=14Rs=152.52x0.015=348.84375W
Power delivered to the load=Vr [.=230x150=34500W

Total power generated by the armature=744.2 + 575 + 348.843 +
34500=36168.04375W

The Terminal Characteristic of Cumulatively
Compound DC Generator

Vr = Ex — Io(Ra+Ry) | T = T+ T — Fpg |
Vi = Eg — 4Ry —I1R; . Nsg Far
!.F = IF + TFI"‘ - N_F

The terminal voltage Cumulatively Compound DC Generator can be
controlled by:

* 1. Change the speed of rotation: If w increases, then Es=k@wn
increases, so VVr = E4 - I Raincreases as well.

* 2. Change the field current. If Rr is decreased. then the field current
increases (Vr = Ir Rr). Therefore, the flux in the machine increases. As
the flux rises, Ea=k@ wn must rise too, so Vr increases.
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Vr = Ey — I4(Ra+Ry)

Vp = Ey —IjRy —11R;

Vr

Foa = Fp+ Ty — Fpp
NSE gAR

r=I+—==1 -2
F F NF A NF

|

| Overcompounded

: Flat compounded

l Undercompounded

: Shunt

[

|

|

1

[

[

[

1

1

[

|

1 -’L

Terminal characteristics of cumulatively compounded dc generators.

Analysis of cumulatively compounded DC

Generator

N, Fa
lo=NEh =3

F=I+1,
(Re = V3IRp)

E4 and Vy Magnetization curve (Ey versus I5)
E 4, loaded /
E, and V. no load } IR drop
V7. loaded —
Lq
V.
Rp= 7FI

Ir

Graphical analysis of a cumulatively compounded dc generator.
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Eyand Vr

iF

Graphical derivation of the terminal characteristic of a cumulatively compounded dc generator.

8.16 The Differentially compounded DC

generator

| For = Fr— Fg — g.ut‘
|g;ne1=NFIr"NSEIA" 37Anl
. N, ¥,
I, = —se; _ Faw Fele=J Ny
T Ne A ANp

¥=IF+I¢|1

Iy
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Eqand Vy
Vr Epq and Vi
IR drop
E,. loaded
V7. loaded
leg
Differentially
compounded
I
The terminal characteristic of a differentially compounded de g
Graphical analysis of a differentially compounded dc generator.
E4and Vyp Vr

Iy (Ry+ Rg) N
b, o
Differenially

1, compounded

Ir I

Graphical derivation of the terminal characteristic of a differentially compounded dc generator.

Ir
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Power Stages and Efficiency

Mech. Power {—‘ Elect Power I—l Electric

Input = Iron & Developed . Power
Output of i“c“o" in Armature Lamams Output
. . OSSCS _
Driving =Egl, watt = VI Watt

Engine

A shunt generator delivers 195A at terminal voltage of 250V. The armature
resistance and shunt field resistance are 0.02Q and 50Q respectively. The iron and
friction losses equal 950W. Find (a) emf generated (b) Cu losses (c) output of the
prime motor (d) commercial, mechanical and electrical efficiencies.

(a) Ir=250/50=54

I4=Ir+11=5+195=200A

Ea=Vr+1aR4=250+200x0.02=254V

(b) Armature Cu loss=IA? R4=2002x0.02=800W

Shunt Cu loss= IF? Re=52x50=1250W

Total Cu loss=800+1250=2050W

(c) Stray losses=950W --------- Total losses=950+2050=3000W
Generator output=V111=250x195=48750W

Output of the prime motor=Generator input
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Generator input=Generator output+total losses=
48750+3000=51750W Output of the prime motor=51750W

(¢) Generated electrical power(E4ly) = Generator input — stray loss

Generated electrical power(Egly) = 51750 — 950 = 50800W

E,l, 0
= X 100% = ——=—x 100% = 98.29
hn Qutput of driving engine % 51750 % %
Vb _ 870 009 = 95.9%
e =E,I, 50800 DT
VI, 50
T 00% x 100% = 94.2%

= X =
Output of driving engine 51750
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AC Machinery
Fundamentals
Ch. 3 / Fifth Edition

Dr. Feras Alasali

AC machines are AC motors and AC generators and There are two
types of AC machines:

* Synchronous machines : the magnetic field current is supplied by a
separate DC power source;

* Induction machines: the magnetic field current is supplied by
magnetic induction (transformer action) into their field windings.

* The field circuits of most AC machines are located on their rotors.

* Every AC (or DC) motor or generator has two parts: rotating part
(rotor) and a stationary part (stator).
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/ .

Induction Machines

Synchronous
Machines

AC Machines

l

Magnetic field current is
supplied by a separate dc
power source

T

Field current is supplied
by magnetic induction
(transformer action) into
their field windings.

The field circuits are located
on their rotors.

/

A simple loop in a uniform magnetic field

* The figure below shows a simple rotating loop in a uniform magnetic field. (a) is
the front view and (b) is the view of the coil. The rotating part is called the rotor,

and the stationary part is called the stator.

* This case in not representative of real ac machines (flux in real ac machines is not
constant in either magnitude or direction). However, the factors that control the

voltage and torque on the loop are the same as the factors that control the
voltage and torque in real ac machines.

B is 2 waiform magnstic
field, aligned as shown.

e

(a)

+

g
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« If the rotor (loop) is rotated, a voltage will be induced in the wire
loop. To determine the magnitude and shape, examine the phasors

below:
V{m

I
—,
B
I W
N B B
Veu P L

ic)
ia) (b} \Y

i

* To determine the total voltage induced €tot on the loop, examine
each segment of the loop separately and sum all the resulting
voltages. The voltage on each segment is given by equation

gind = (vx B) ./ i = Do @ sin of

* The Torque Induced in a Current-Carrying Loop

The force on each segment of the loop 15 given by:

F=i(IxB)

r=rFsmé

The basic idea of an electric motor is to generate two magnetic fields:
rotor magnetic field and stator magnetic field , then torque will be
induced in the rotor which will cause the rotor to turn and align itself
with stator

The fundamental principle of AC machine operation is to make a 3-
phase set of currents, each of equal magnitude and with a phase
difference of 120°, to flow in a 3-phase winding. In this situation, a
constant magnitude rotating field will be generated.

The 3-phase winding consists of 3 separate windings spaced 120°
apart around the surface of the machine.
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The rotating magnetic field

Consider a simple 3-phase stator containing
three coils, each 120° apart. Such a winding will
produce only one north and one south magnetic
pole; therefore, this motor would be called a two-
pole motor.

Assume that the currents in three coils are:

o (t) =1, Sin ot
iy () = 1 sin (0t —120°)

iy (t) = 1, sin (@t —240°)
The directions of currents are indicated.
Therefore, the current through the coil aa’ produces the magnetic field intensity

H_.(t)=H,, sinot£0°

The rotating magnetic field

where the magnitude of the magnetic field intensity is
changing over time, while 0° is the spatial angle of the
magnetic field intensity vector. The direction of the field
can be determined by the right-hand rule.

Note, that while the magnitude of the magnetic field
intensity H,,- varies sinusoidally over time, its direction
is always constant. Similarly, the magnetic fields
through two other coils are

Hy, (t) = H,, sin (ot —120°) £120°

He (t) = Hy, sin (ot —240°) £240°

The magnetic flux densities resulting from these magnetic field intensities can be

found from

Into the page
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The rotating magnetic field

B,..(t) = uH,, sin wt£0°
By (t) = 1H,, sin (ot —120°) £120°

B...(t) = uH,, sin (ot —240°) £240°
Atthe timet=0 (wt=0):
B,.(t)=0
B, (t) = uH,, sin (—120")4120O
B.. (t) = uH,, sin(—240°)4240°
The total magnetic field from all three coils added together will be

B G

=B, +B, +B, = O+[2/1HM ]4120°+[2,UHM J42400 —15uH,, £ —90°

B

net
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https://www.youtube.com/watch?v=8XF-11MQGQ0

Relationship between electrical frequency and
speed of field rotation

The relationship
between the electrical
angle @, (current’s
phase change) and
the mechanical angle
6, (at which the
magnetic field rotates)
in this situation is:

Therefore, for a four-pole stator:

f[H=2f,[rps] |

w,[rad / s]=2a, [rad /]|



https://www.youtube.com/watch?v=8XF-11MQGQ0
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Relationship between electrical frequency and
speed of field rotation

For an AC machine with P poles in its stator:
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AC Machinery
Fundamentals

Ch. 3 / Fifth Edition

Dr. Feras Alasali

3.3 Magnetomotive force and flux

distribution on an AC machine

— B W Ty ——
| Y

* In the previous discussion, we assumed that the flux produced by a
stator inside an AC machine. However, in real machines, there is a

ferromagnetic rotor in the center with a small gap between a rotor
and a stator.

A rotor can be cylindrical
(such machines are said to
have non-salient poles), or
it may have pole faces
projecting out from it
(salient poles). We will
restrict our discussion to
non-salient pole machines
only (cylindrical rotors).
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Magnetomotive force and flux distribution

on an AC machine

The reluctance of the air gap is much higher than
the reluctance of either the rotor or the stator;
therefore, the flux density vector B takes the
shortest path across the air gap: it will be
perpendicular to both surfaces of rotor and stator.

To produce a sinusoidal voltage in this machine,
the magnitude of the flux density vector B must
vary sinusoidally along the surface of the air gap.
Therefore, the magnetic field intensity (and the
mmf) will vary sinusoidally along the air gap
surface.

3 '
or ()

g

Magnetomotive force and flux distribution

on an AC machine

One obvious way to achieve a sinusoidal variation
of mmf along the air gap surface would be to
distribute the turns of the winding that
produces the mmf in closely spaced slots
along the air gap surface and vary the number
of conductors in each slot sinusoidally,
according to:

n, =N, cosa

where N, is the number of conductors at the angle
of 0% and « is the angle along the surface.

However, in practice, only a finite number of slots
and integer numbers of conductors are possible.
As a result, real mmf will approximate the ideal
mmf if this approach is taken.

14 '\\\\ .
(O] ™~ fv\
AN\
[lf(.";/ V’/,_,—\I‘ : :m
| -~ Ve |
| i
'“\?’\ 1o
\ y /
7 S . ) /”LV
TT— &
Assume N, = 10 P Mo
R
% Ideal mmf

10

L — 7 «
60 120 180% 240 300 7 360
\ /

10 - - 7
mmf resulting
20 from the winding
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Induced voltage in AC machines

Just as a 3-phase set of currents in a stator can produce a
rotating magnetic field, a rotating magnetic field can
produce a 3-phase set of voltages in the coils a AC
machine.

The induced voltage in a single coil on a two-
pole stator

Assume that a rotor with a sinusoidally distributed /
magnetic field rotates in the center of a stationary coil. -
We further assume that the magnitude of the flux density B P

in the air gap between the rotor and the stator varies .~ stator ‘
sinusoidally with mechanical angle, while its direction is

coil
always radially outward. s o i_. it . % /
Stator | Vel - : e

Note, that this is an ideal flux e
H‘\

distribution.
‘ W 360°

Flux density in a gap

a

The magnitude of the flux

density vector at a point
around the rotor is

Where « is the angle from the
direction of peak flux intensity.
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The induced voltage in a single coil on a two-
pole stator

Since the rotor is rotating within the stator at an angular velocity a,, the
magnitude of the flux density vector at any angle « around the stator is

B=B, Cos(a)t—a)‘

The voltage induced in a wire is
€ =(vxB)-I

Here  visthe velocity of the wire relative to the magnetic field
B is the magnetic flux density vector
| is the length of conductor in the magnetic field

However, this equation was derived for a moving wire in a stationary magnetic
field. In our situation, the wire is stationary and the magnetic field rotates.
Therefore, the equation needs to be modified: we need to change reference such
way that the field appears as stationary.

The induced voltage in a single coil on a two-
pole stator

The total voltage induced in the coil is a sum of the voltages induced in each of its
four sides. These voltages are:

1. Segment ab: « = 180°; assuming that B is radially outward from the rotor, the
angle between v and B is 90°, so

€, =(VxB)-1 =—vB,l cos(m,t —180°)

2. Segment bc: the voltage will be zero since the vectors (v x B) and | are
perpendicular.
e, =(vxB)-1=0

3. Segment cd: a = 0%; assuming that B is radially outward from the rotor, the
angle between v and B is 90°, so

e =(VxB)- 1 =VvB,lcos(a,t)
4. Segment da: the voltage will be zero since the vectors (v x B) and | are

perpendicular.
ey =(vxB)-1=0
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The induced voltage in a single coil on a two-
pole stator

Therefore, the total voltage on the coil is:

€

=e,, +e, =-VB,,lcos(m,t-180°)+VB,,|cosm,t

ind

={cos@ =—cos(6)} = 2vB,, I cos m, t

Since the velocity of the end conductor is
Then: e.q =2riB,m, coso, t
The flux passing through a coil is

Therefore:

Finally, if the stator coil has N turns of wire, the total induced voltage in the coil:

eina = Ncpwn Wyt

In three coils, each of N turns, placed around the rotor magnetic field, the
induced in each coil will have the same magnitude and phases differing by 120°:

eqar(t) = Nepwyy, sin w, t
epp: (t) = Nepwy, sin(wmt — 120°)
ecer(t) = Nepwy, sin(wy,t — 240°)

A 3-phase set of currents can generate
a uniform rotating magnetic field in a
machine stator, and a uniform rotating
magnetic field can generate a 3-phase
set of voltages in such stator.




02/05/1442

The rms voltage in a 3-phase stator

The peak voltage in any phase of a 3-phase stator is:

For a 2-pole stator:
Thus: Emax = 27[Nc¢f

The rms voltage in any phase of a 2-pole 3-phase stator is:

E, :2—7; Nogf =27N g f

NG

The rms voltage at the terminals will depend on the type of stator connection: if
the stator is Y-connected, the terminal voltage will be \/§E . For the delta
connection, it will be just E,. A

Induced voltage: Example

Example 6.1: The peak flux density of the rotor magnetic field in a simple 2-pole
3-phase generator is 0.2 T; the mechanical speed of rotation is 3600 rpm; the
stator diameter is 0.5 m; the length of its coil is 0.3 m and each coil consists of 15
turns of wire. The machine is Y-connected.

a) What are the 3-phase voltages of the generator as a function of time?
b) What is the rms phase voltage of the generator?
¢) Whatis the rms terminal voltage of the generator?

The flux in this machine is given by
¢=2rIB=dIB=0.5-0.3-0.2=0.03Wb

The rotor speed is

_3600-27 _ . rad
S

@
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Induced voltage: Example

a) The magnitude of the peak phase voltage is
E ex = N =15-0.03-377=169.7 V

and the three phase voltages are:
e,..(t) =169.7sin (377t)
€y, (t) =169.7sin (377t —120°)

e, (t) =169.7sin (377t — 240°)

b) The rms voltage of the generator is

¢) For a Y-connected generator, its terminal voltage is

V; =+/3-120=208 V

Induced torque in an AC machine

In an AC machine under normal operating conditions two magnetic fields are
present: a field from the rotor and a field from the stator circuits. The interaction of
these magnetic fields produces the torque in the machine.

Assuming a sinusoidal stator flux distribution o
peaking in the upward direction mj

(where Bg is the magnitude of the peak flux
density) and a single coil of wire mounted on
the rotor, the induced force on the first
conductor (on the right)

F=i(IxB)=ilB;sina

The torque on this conductor is (counter- _
clockwise) - Qj_‘ﬂij.//

Tind1 = rxF= riIBS sina w;hn\:ma
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Induced torque in an AC machine

The induced force on the second conductor (on the left) is
F=i(IxB)=ilBgsina

The torque on this conductor is (counter-clockwise)

Ting o = XF=rilBgsina

Therefore, the torque on the rotor loop is

T, = 2rIBg sina

Winding insulation in AC machines

Winding insulation is of critical importance. If insulation of a
motor or generator breaks down, the machine shorts out and
the repair is expensive and sometimes even impossible.
Most insulation failures are due to overheating.

To limit windings temperature, the maximum power that can
be supplied by the machine must be limited in addition to the
proper ventilation.

The life expectancy of a motor with a given type of insulation
is halved for each 10°C rise above the rated winding
temperature.
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AC machine power flows and losses

The efficiency of an AC machine is defined as

UZE&OO%

in

Since the difference between the input and output powers of a machine is due
to the losses occurring inside it, the efficiency is

n= I:)in I_Dploss 100%

in

AC machine power losses

Losses occurring in an AC machine can be divided into four categories:

1. Electrical or Copper losses

These losses are resistive heating losses that occur in the stator (armature)
winding and in the rotor (field) winding of the machine. For a 3-phase machine, the
stator copper losses and synchronous rotor copper losses are:

Where |, and I are currents flowing in each armature phase and in the field
winding respectively. R, and R are resistances of each armature phase and of
the field winding respectively. These resistances are usually measured at normal
operating temperature.
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10

AC machine power losses

2 -Core losses are the hysteresis losses and eddy current losses. They vary as
B2 (flux density) and as n'° (speed of rotation of the magnetic field).

3 -mechanical losses: friction (friction of the bearings) and windage (friction
between the moving parts of the machine and the air inside the casing). These
losses are often lumped together and called the no-load rotational loss of the
machine. They vary as the cube of rotation speed n3.

4- Stray losses that cannot be classified in any of the previous categories. They
are usually due to inaccuracies in modeling. For many machines, stray losses are

assumed as 1% of full load.

The power-flow diagram

On of the most convenient technique to account for power
losses in a machine is the power-flow diagram.

AC generator:

The mechanical power is input,
and then all losses but cupper
are subtracted. The remaining
power P, is ideally converted
to electricity:

F)conv = Tind a)m
AC motor:

Power-flow diagram is simply
reversed.

Pt:\nr
i

Stray
losses

Tind @Win 1 Py =3Vl cos Bor

V3V, cos B

g IR losses
Core
Mechanical

losses
losses

P=3Vyl, cos 6

=/3VI cos

|

IR losses

Powt = Tioad @

Core Mechanical Stray

Iy .
losses losses osses
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Voltage regulation

Voltage regulation (VR) is a commonly used figure of merit for generators:

Here V,, and V; are the no-load full-load terminal voltages of the
generator. VR is a rough measure of the generator’s voltage-current
characteristic. A small VR (desirable) implies that the generator’s output
voltage is more constant for various loads.

Speed regulation

Speed regulation (SR) is a commonly used figure of merit for motors:

Here n, and n; are the no-load full-load speeds of the motor. SR is a
rough measure of the motor’s torque-speed characteristic. A positive SR
implies that a motor’s speed drops with increasing load. The magnitude of
SR reflects a steepness of the motor’s speed-torque curve.

11
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Suggestion problems from our Book

1.  The simple loop is rotating in a uniform magnetic field shown in Figure has the following

characteristics:
B =05 T to the right
[=05m

(a) Calculate the voltage e, (f)induced in this rotating loop.

(b) Suppose that a 5 Q resistor is connected as a load across the terminals of the loop. Calculate the

current that would flow through the resistor.

(c) Calculate the magnitude and direction of the induced torque on the loop for the conditions in (b).

3. A three-phase four-pole winding is installed in 12 slots on a stator. There are 40 turns of wire in each slot
of the windings. All coils in each phase are connected in series, and the three phases are connected in A.
The flux per pole in the machine is 0.060 Wb, and the speed of rotation of the magnetic field is 1800 r/min.

(a) What is the frequency of the voltage produced in this winding?

(b) What are the resulting phase and terminal voltages of this stator?

4, Athree-phase Y-comested 50-Hz two-pole synchronous machine has a stator with 2000 turns of wire per
phase. What rotor flux would be required to produce a terminal (Ime-to-lne) voliage of 6 KV

12
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Induction Motors |
Ch. 6 / Fifth .
Edition

Dr. Feras Alasali

Introduction

st < s
» Conversion of eIectrlcaI power |nto mechanical power takes p ace in
rotating part of an electrical motor.

» Machines are called induction machines because the rotor voltage (which
produces the rotor current and the rotor magnetic field) is induced in the rotor
windings rather than being physically connected by wires.

* In AC motors, the rotor does not receive electrical power but conduction by
induction in the same way as the secondary of 2-winding transformer receives
its power from the primary winding.
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Advantages of 3 phase induction motor

* Generally easy to build and cheaper than corresponding dc or
synchronous motors

* Induction motor is robust

* The motor is driven by the rotational magnetic field produced by 3
phase currents, hence no commutator or blush is required

* Maintenance is relatively easy and at low cost

* Satisfactory efficiency and reasonable power factor

* A manageable torque-speed curve

* Stable operation under load

* Range in size from few Watts to several MW

Disadvantages of 3 phase induction motor

* Induction motor has low inherent starting torque

* Draw large starting currents, typically 6-8 x their full load values
* Speeds not easily controlled as DC motors

* Operate with a poor lagging power factor when lightly loaded

+
An induction motor has two main parts:
« A stator — consisting of a steel frame that supports a hollow, cylindrical core

of stacked laminations. Slots on the internal circumference of the stator
house the stator winding.

» Arotor — also composed of punched laminations, with rotor slots for the
rotor winding.
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Stator

* The stator of induction motor is made up of a number of stampings,
which are slotted to receive the windings.

* The stator carries 3-phase winding and is fed from a 3-phase supply.

¢ It is wound for definite number of poles, the exact number of poles
being determined by the requirements of speed.

* When the stator winding supplied with 3-phase current, produce
magnetic flux, which is of constant magnitude but which revolves (or
rotates) at synchronous speed. This revolving magnetic flux induces
an emf in the rotor by mutual induction.

* Spreading the coil in this manner creates a sinusoidal flux distribution
per pole, which improves performance and makes the motor less
noisy (sound and electrically).

Rotors

* There are two different types of
induction motor rotors which can
be placed inside the stator. One is
called a cage rotor, while the other
is called a wound rotor. Py ———

* Squirrel-cage windings, which
produce a squirrel-cage induction
motor (most common). Almost
90% of the three-phase AC e
Induction motors are of this type. SQUIRREL -CAGE ROTOR

* Conventional 3-phase windings e
made of insulated wire, which
produce a wound-rotor induction
motor .

LAMINATED
CORE

WOUND ROTOR
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Squirrel-cage Rotor

~ Most of the induction motors are squirrel cage type, because this type of
rotor has the simplest and most rugged construction imaginable and is

almost indestructible.

The rotor comsists of cylindrical laminated core with parallel slots for
carrying the rotor conductors which are not wires but consist of heavy
bars of copper, aluminums or alloys. One bar is placed in each slot. The
rotor bars are brazed or electrically welded or bolted to two heavy and

stout short circuiting end ring.

Skewed
Rotor Slots

Phase-wound Rotor

3

v

A wound rotor has a complete set of three-phase
windings that are similar to the windings on the stator.
The three phases of the rotor windings are usually Y-
connected, and the ends of the three rotor wires are
tied to slip rings on the rotor's shaft. The rotor
windings are shorted through brushes riding on the
slip rings. These three brushes are further connected
externally to 3-phase star conmnected rheostat. This
make possible the introduction of additional resistance
in the rotor circuit during starting period for
increasing the starting torque of the motor.
Wound-rotor induction motors are more expensive
than cage induction motors, and they require much
more maintenance because of the wear associated with
their brushes and slip rings. As a result, wound-rotor
induction motors are rarely used.

_
PR W S E—
Stator Ay
— Slp
Rings
Rotor— - — —L——— L1 1L
Stamng,r’g 2 P
Resistance
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i Squirrel cag
I. Construction uirrel cage
[ End Rings
(Stator slots: House three set of insulated S

 electrical windings to achieve a 3-phase stator) Rotor
Stator Siot Shaft

— Stator Laminations ROtOI Types
- Shaft 3 ; !
Wound-rotor induction motors are more expensive
Al Gap they require much more maintenance because of the Conducting Bars Forming
wear associated with their brushes and slip rings. the Squirrel Cage |
Rotor Laminations : 8
(Copper or aluminum bars embedded

Rotor Slot into the slots, which are connected fo

shorting rings at the end of the rotor)

b, vk ., Laminated Core

Wound
AN - |
Stator : B KD B Y B S
N R 'S e
X
sl Extemal star
connected rheostal
Laminated Core Rokor
Colls Tamse
Rotor currents are accessible at the brushes,
;r where extra resistance can be inserted fo

modify the motor torque-speed charactenistic

Wound Rotor

i - il ot
(a) When the motor is excited with three-phase supply, three-phase stator winding produce a rotating magnetic field at
synchronous speed.

(b) The stator's magnetic field is therefore changing or rotating relative to the rotor. Hence, according to the principle of
Faraday’s laws of electromagnetic induction, a voltage is induced at the rotor. Thus, when the rotor is short-circuited or
closed through an external impedance, a current is induced in the induction motor's rotor.

(c) Finally, a flux will be produced in rotor due to induced rotor current forcing the rotor to rotate in the same direction
of the stator rotating magnetic field.
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Production of Rotating Field

~ When stationary coils wound for three phase are supplied by three phase
supply., a uniformly rotating (or revolving) magnetic flux of constant

value is produced.

~ When three phase winding displaced in space by 120° are fed by three
phase current displaced in time by 120° they produce a resultant
magnetic flux which rotates in space as if actual magnetic poles were

being rotated mechanically.

3. Supply - / I E‘h:a.wc-;/— Phase-3 Il
. L - ¥ = ~
Newtral [ I /f\ /‘\
. . . \ f \ f
T g / ®a A [ A
5, I\ / ! \ ,'f \ I+
F, % o ]". 23 ,"I 4 I'n\ ,"‘
/ . \ ,"'l X /
\\/ ' \/ \
5, 7 b pN NS
1m
— b
The flux due to three phase windings Positive direction of fluxes

3-phase, 2-poles stator having three
identical windings places 120 space
degree

Why Does the Rotor Rotate

* When 3-phase stator windings are fed by 3-phase supply, a magnetic flux of
constant magnitude, but rotating at synchronous speed, is set up.

* The flux passes through the air gap, sweeps past the rotor surface and so
cuts the rotor conductors which, as yet, are stationary.

* Due to relative speed between the rotating flux and the stationary
conductors an e.m.f. is induced in the conductors According to faraday’s law.

* The frequency of the induced e.m.f. is the same as the supply frequency.

* The e.m.f. magnitude is proportional to the relative velocity between the
flux and the conductors, and its direction is given by Fleming’ right hand
rule.

* Since the rotor bars or conductors form a closed circuit, rotor current is
produced whose direction, as given by Lenz’s law, is such as to oppose the
very cause producing it.

* The cause which produces the rotor current is the relative velocity between
the rotating flux of the stator and the stationary rotor conductors.

* To reduce the relative speed, the rotor starts running in the same direction
as that of the flux and tries to catch up with the rotating flux.
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Relationship between electrical frequency and
speed of field rotation

For an AC machine with P poles in its stator:

Relating the electrical frequency to the motors speed in rpm:

= i N,
120

The speed of the magnetic field’s rotation is given by

_ 120,
ﬂm— P

where f, is the system frequency in hertz and P is the number of poles in the ma-
chine. This rotating magnetic field By passes over the rotor bars and induces a
voltage in them.

The voltage induced in a given rotor bar is given by the equation
epa = (VX B)el

where v = velocily of the bar relative to the magnetic freld
B = magnetic flux density vector
| = length of conductor in the magnetic field
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The Concept of Rotor Slip

* The voltage induced in a rotor bar of an induction motor depends on
the speed of the rotor relative to the magnetic fields. Since the
behavior of an induction motor depends on the rotor's voltage and
current, it is often more logical to talk about this relative speed. Two
terms are commonly used to de fine the relative motion of the rotor
and the magnetic field s. One is slip speed, de fined as the difference
between synchronous speed and rotor speed:

120 f * So, the induction motor will always run at a
Msme P speed lower than the synchronous speed

* The difference between the motor speed and
the synchronous speed is called the slip speed

n n

stip — "syne n,

Where n

ny,= speed of the magnetic field

= slip speed

slip

n_ = mechanical shaft speed of the motor

m

n —n n
§=—__ 7 s=—5“|1(x 100%)
n nsync

Where s is the slip
Notice that : if the rotor runs at synchronous speed
s=0
if the rotor is stationary
s=1

Slip may be expressed as a percentage by multiplying the
above by 100. Notice that the slip is a ratio and doesn’t
have units.
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This equation can also be expressed in terms of angular velocity o (radians per
second) as

Wopne — @p
§ = ——(x 100%)
Oeyne

| n, =(1— SMMyne |

@y = (1 — Sy

These equations are useful in the derivation ol induction motor torque and power
relationships,

The Electrical Frequency on the Rotor

* An induction motor works by inducing voltages and currents in the rotor of
the machine, and for that reason it has sometimes been called a rotating
transformer. Like a transformer, the primary (stator) induces a voltage in
the secondary (rotor), but unlike a transfomer, the secondary frequency is
not necessarily the same as the primary frequency.

If the rotor of a motor is locked so that it cannot move, then the rotor will have the same frequency as the stator. On
the other hand, if the rotor turns at synchronous speed, the frequency on the rotor will be zero.

Atn,, = 0 t/min, the rotor frequency f,, = f,., and the slip s = L. Atn,, = ny,,
the rotor frequency f,, = 0 Hz, and the slip s = 0. For any speed in between, the ro-
tor frequency is directly proportional to the difference between the speed of the mag-
netic field r,y,, and the speed of the rotor .

the rotor frequency can be expressed as

where. f,, and f;, are the rotor and stator electrical frequencies respectively

. Rivne = 5 P
Since, s =—"—= and Ay = 120f,/P  Hemee, | 7 = 120 (Pisyne = M)

syne
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Example

A 6-pole induction motor is excited by a 3-phase,
60 Hz source. If the full-load speed is 1140 r/min,
calculate the slip.

Solution:
The synchronous speed of the motor is:
ng= 120 f/p = 120 x 60/6
= 1200 r/min
The difference between the synchronous speed
and rotor speed is the slip speed:
ng-n = 1200- 1140 = 60 r/min
$ = (ng-n)/ng = 60/1200
= 0.05 or 5%

Example

A 208-V, 10-hp, four-pole, 60-Hz, Y-connected induction motor has a
full-load slip of 5 percent.

(a) What is the synchronous speed of this motor?

(b) What is the rotor speed of this motor at the rated load?

(c) What is the rotor frequency of this motor at the rated load?
(d) What is the shaft torque of this motor at the rated load?

10
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Solution
(a) The synchronous speed of this motor is

_ 1304,

nsym P

_ 120(60 Hz) _ .
= “4poles - 1800 r/min

(b} The rotor speed of the motor is given by
a, =(1— 5)";,.r
=( - (}%)(ISOO r/min) = 1710 t/min

(c) The rotor frequency of this motor is given by
S =sf, = (0.05X60 Hz) = 3 Hz

Alternatively, the frequency can be found from Equation 3

P
Fr = 120 Peyne — M)

-4 in — i) =
—]20(I8(}0n'mm 1710 r/min) = 3 Hz

(d) The shaft load torque is given by
Pom

@y,

Thoad

_ (10 hp)(746 W/hp)
= (1710 r/min)27 rad/r)(1 min/60 s)

=4|7N+*m
The shaft load torque in English units is given by

_ 3252p
Tlond = 7 5

where 7is in pound-feet, P is in horsepower, and n,, is in revolutions per minute.
Therefore,

_ 5252(10 hp)

Tiosd = 710 r/min 20~ 10+ ft

11
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6.3 The equivalent circuit of an induction ~ § |

R v

» An induction motor relies for its operation on the induction of
voltages and currents in its rotor circuit from the stator circuit
(transformer action). Hence, the equivalent circuit of an induction
motor will out to be very similar to the equivalent circuit of a
transformer.

» An induction motor is called a singly excited machine since power is
supplied to only the stator circuit. Because an induction motor does
not have an independent field circuit, its mode | will not contain an
internal voltage source such as the internal generated voltage E in a
synchronous machine
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The Transformer Model of an Induction Motor

The transformer model or an induction motor. with rotor and stator connected by
an ideal transformer of turns ratio

I Ry JX I % I Xe
- A N\f Fa'a'a Fa'a'a'al
Iy

>
Ve Re Pyy B 3 E Ep g Re

Transformer —|

Induction
motor

#, Arturns

The magnetization curve of an induction motor compared to that of a transformer.



09/05/1442

The Rotor Circuit Model

* In an induction motor, when the voltage is applied to the stator
windings, a voltage is induced in the rotor windings of the machine.

* In general, the greater the relative motion between the rotor and the
stator magnetic fields, the greater the resulting rotor voltage and
rotor frequency.

* The largest relative motion occurs when the rotor is stationary, called
the locked-rotor or blocked-rotor condition, so the largest voltage and
rotor frequency arc induced in the rotor at that condition.

* The smallest voltage (0 V) and frequency (0 Hz) occur when the rotor
moves at the same speed as the stator magnetic field, resulting in no
relative motion.

* The magnitude and frequency of the voltage induced in the rotor at
any speed between these extremes is directly proportional to the slip
of the rotor, Therefore, if the magnitude of the induced rotor voltage
at locked-rotor conditions is called Ero.

The magnitude of the induced voltage at any slip will be given by the

equation £, = sk * Then, we can draw the rotor equivalent circuit
Ir = s as follows
ko =it
XR = (l)rLR = 21rf,.LR - Y'Y\
L=9. |
Xp = 2wsf,Lg C)ER”ER" §RR
= sQ2wxf,Lg)
= 5Xpo
Eg
e =R+ jx,  Where Xgis the blocked-rolor rotor reactance.
Lo B
R™ Rp + jsXp,
I, = #
R RRIS +ij0
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* Notice that it is possible to treat all of the rotor effects due to varying rotor speed
as being caused by a varying impedance supplied with power from a constant-
voltage source ERO. The equivalent rotor impedance from this point of view is

Zpeq = Rpls + jXp

AN

Rotor current

0 25 50 75 100 125
Ty, percentage of synchronous speed

The Final Equivalent Circuit

* To produce the final per-phase equivalent circuit for an induction motor,
it is necessary to refer the rotor part of the model over to the stator side.
The rotor circuit model that will be referred to the stator side is the
model shown in

Vp=Vi=aV; E, =E% = auEp
ok
I,=1%= r L = Iz
2 Aogy
Z; = a*Zg

R, = alsRy X, = GEHXRO
L Ry iXy I, At Ig JXp
°_-_W A raas
+ +

.
A R¢ Xyd E % E Er an
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Per-phase equivalent circuit

* Motor Slip P ™
nS

R, and R,: stator and rotor winding resistances

X, and X,: stator and rotor winding leakage reactances
* X, magnetizing reactance

R.: core loss resistance
* Rotor winding parameters are referred to the stator side

Looon X L x
4 °—W\I—m e aaa
1 [+
Ly |
|
v, &? Xud B § &

|

— O =

Motor input in stator, P,

| |}
stator Cu and iron rotor input 2,
losses (Pes & P) (via air - gap)
T ! 1
rotor Cu loss mechanical power
P.) developed. P,
or
gross rotor output, 7,

Windage and rotor output or
friction loss (P,.) motor output P,
Windage &
gla(ur Pe = P Fl’lCllOr\ Loss
L:u Iron Sx Gross Shaft
o == Loss Rotor ﬁ Mechanical P, PQ“ er

Active S RN Cu Power
Power / <\ 2y Loss E:>
Input ‘ A\ ) */
w o)L= > {( (
i =, = \
\ ?/ / Active e
A ~>—" Power
= > Input to
Rotor
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— 2 v
Pso=3I1 Ry l,=Z—¢
pcore_3El /RC |
2 where Zo=R +jX +
P, =3I2(R,/S) . 1
AG 2NEETD) Ge — jBy + -
, Vo/s + jX,
Py =31,R,
- _ar2 -
‘Pconv_IDAG_PRCL_3I?_[R2(1 S)/ 8]
Pug Peony
| 1
il L
|
Air-gap power H Pou = Tioad®m
- :qu‘”m
P;,=~3 Vpl, cos B !
! N i ] P]
R A sty
?ﬁ'\_{——)\} L PRl gvinde (Pise)
P Frore (Rotor
SCE {core copper
(Stator  Josses) 10s8) I, R,
copper o AAN
loss)
A/ Ry

Pawer transferred to T
the rotor across the R B =30 R:(—>
Pg=3R=2 E
air gap hetween the | ©ac — 212
stator and rotor

" §  Developed Power

Fag Hiey
|

S

Pow = Troad@m
Output Mechanical Power

!

Air-gapI power :
!

1

Pn=3V 1 cos 0

Input Electrical Power

(hysteresis
and eddy
currents T

losses) By =3 Rz(T)

o . (1“9 _ Bg
dv (1 = D Yoync
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« The supply power is:

Pin = wﬁVLI,_ cos

« The motor efficiency:

’7 — PDlll
P‘lll
+ Motor torque:
P P
_ out _ T conv
T ot T conv
w w

« Rotor cu losses, gap power and developed power:

PC'HZ =sPan PT:am-=PGup _PC'HZ =(1_S)PGap
Fag Pocaw

Pour = Tload®Wm
Pia= 3Vl cos @

Fro Pslny

PreL ln‘;l?l:xsa (Prnisc.
PscL oo {Rotor

copper
(Stator losses) Joss)
copper
loss)

The power-flow diagram of an induction motor.
Example

A 3-phase induction motor having a synchronous

speed of 1200 r/min draws 80 kW from a 3-phase

feeder. The copper losses and iron losses in the
stator amount to 5 kW. If the motor runs at

1152 r/min, calculate:

a. the active power transmitted to the rotor;

b. the rotor /2R losses;

c. the mechanical power developed;

d. the mechanical power delivered to the load,
knowing that the windage and friction losses
are equal to 2 kW;

e. the efficiency of the motor.
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Solution:
a. Active power to the rotor is:
P = P - Pjs - Ps
= 80-5 = 75 kW
b.1 Theslipis: x
s = (ng-n)/ng = (1200 - 1152)/1200
= 48/1200 = 0.04
b. 2 Rotor /2R losses are:
Pj,= sP, = 0.04 x75 = 3 kW

c. The-mechanical power developed is:
Prn= P,-7°R losses in rotor
= 75-3 = 72 kW
d. The mechanical poyer P delivered to the

load is slightly less than P, owing to the
friction and windage losses.
P = Pn-P, = 72-2 = 70 kW
e. n = P /Pe = 70/80
= 0.875 0or 87.5%

Example:

A 480-V, 60-Hz, 50-hp, three-phase induction motor is drawing

60 A at 0.85 PF lagging. The stator copper losses are 2 kW, and the rotor copper losses are
700 W. The friction and windage losses are 600 W, the core losses are 1800 W, and the
stray losses are negligible. Find the following quantities:

{a) The air-gap power Pyg

(b) The power converted P,
(¢} The output power P, ,

(d) The efficiency of the motor

Pag Pooav
]
L

Air- gap} power

Pour = Ticad®m
Pi= 3 Vplpcos 8

P . Pslny
p PRCL  ungindage (Punisc.)
Pscy core (Rotor
(Core copper
(Stator Josses) loss)
copper
loss)

The power-flow diagram of an induction motor.
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@ P, = V3Vyi cos 0
= V(480 V)(60 A)(0.85) = 42.4 kW
From the power-flow diagram, the air-gap power is given by
Pag = Pn— PscL — Roe
=424 kW — 2kW — 18 kW = 386 kW
(b} From the power-flow diagram, the power converted from electrical to mechan-
ical form is
Peony = Pag — PrcL
= 38.6 kW — 700 W = 37.9 kW
(¢) From the power-flow diagram, the output power is given by
Po = Poony ~ Praw — Bue

=379kW — 600 W — 0OW = 373 kW

{d) Therefore, the induction motor’s efficiency is
F,
n= éil x 100%
mn

_313kW

=AW * 100% = 88%

Separating the Rotor Copper Losses and the Power Converted
in an Induction Motor 's Equivalent Circuit

* Part of the power coming across the air gap in an induction motor is
consumed in the rotor copper losses, and part of it is converted to
mechanical power to drive the motor's shaft. It is possible to
separate the two uses of the air-gap power and to indicate them
separately on the motor equivalent circuit.

L I Xy 2 h Ry conv = g 2 = Aol
bo— A
(SCL) || * (RCL) | — s
Roonv Rz s
¥, (Core loss) < Re e B g Rz(%]
(Peony)

-0

The per-phase equivalent circuit with rotor losses and P, separated.
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Example

A460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has
the following impedances in ohms per phase referred to the stator circuit:

, = 06410 R,=03320
X, = 1106Q X,=0464Q X, =2630

The total rotational losses are 1100 W and are assumed to be constant. The core loss is
lumped in with the rotational losses. For a rotor slip of 2.2 percent at the rated voltage and
rated frequency, find the motor’s

(a) Speed

(k) Stator current
{c) Power factor
(d) Py and Py,

(e) Tugand Tiou

(f) Efficiency

(a) The synchronous speed is

_120f, _ 120(60 Hz) _ .
"sym: = P = 4PO|ES = 1800 r/min

The rotor’s mechanical shaft speed is
My = (1 =
= (1 = 0.022)(1800 r/min) = 1760 r/min
(b) R, .
L= tiX

_0332 .
=002 + j0.464

= 1509 + j0.464 2 = 15.10£1.76° Q

The combined magnetization plus rotor impedance is given by

_ 1
5= Ky + 172,

_ 1
~ —j0.038 + 0.06622—1.76°

——1
= 0073 3L T 1294431100
Therefore, the total impedance is

Ziot = Zoa + Z_{
= 0.641 + j1.106 + 1294,31.1° Q)
= 1172 + j7.79 = 14.07233.6° )

10
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The resulting stator current is

__26600°V  _ ~
= T1a07.336° ~ 18884-336°A

(c) The power motor power factor is

PF = cos33.6° = 0.833 lagging

(d) The input power to this motor is
B, = V3Vl cos 0
= V(460 V)(18.88 AX0.833) = 12,530 W

The stator copper losses in this machine are

Pser = 3I3R,
= 3(18.88 A)%(0.641 {)) = 685 W
The air-gap power is given by

Pag = Py — PscL = 12530 W — 685 W = 11,845 W

Pow = (1 = )Py = (1 — 0.022)(11,845 W) = 11,585 W
The power P,,, is given by

P.=P,, —P,=11585W — [100W = 10485 W
_ &) _
= 10,485 W(.}%w = 14.1hp

{e) The induced torque is given by

o=
ind wsym

__11845W .
= 1885radss ~ S28N*m
and the output torque is given by
L
Tioad = @,
_ _10485W _
= T844radss ~ S0ON*m

(f) The motor’s efficiency at this operating condition is

_PW
n= g = 100%

_10485W

=T2530wW * 100% = 83.7%

11
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6.3 The equivalent circuit of an induction ~ § |

R v

» An induction motor relies for its operation on the induction of
voltages and currents in its rotor circuit from the stator circuit
(transformer action). Hence, the equivalent circuit of an induction
motor will out to be very similar to the equivalent circuit of a
transformer.

» An induction motor is called a singly excited machine since power is
supplied to only the stator circuit. Because an induction motor does
not have an independent field circuit, its mode | will not contain an
internal voltage source such as the internal generated voltage E in a
synchronous machine
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The Transformer Model of an Induction Motor

The transformer model or an induction motor. with rotor and stator connected by
an ideal transformer of turns ratio

I Ry JX I % I Xe
- A N\f Fa'a'a Fa'a'a'al
Iy

>
Ve Re Pyy B 3 E Ep g Re

Transformer —|

Induction
motor

#, Arturns

The magnetization curve of an induction motor compared to that of a transformer.
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The Rotor Circuit Model

* In an induction motor, when the voltage is applied to the stator
windings, a voltage is induced in the rotor windings of the machine.

* In general, the greater the relative motion between the rotor and the
stator magnetic fields, the greater the resulting rotor voltage and
rotor frequency.

* The largest relative motion occurs when the rotor is stationary, called
the locked-rotor or blocked-rotor condition, so the largest voltage and
rotor frequency arc induced in the rotor at that condition.

* The smallest voltage (0 V) and frequency (0 Hz) occur when the rotor
moves at the same speed as the stator magnetic field, resulting in no
relative motion.

* The magnitude and frequency of the voltage induced in the rotor at
any speed between these extremes is directly proportional to the slip
of the rotor, Therefore, if the magnitude of the induced rotor voltage
at locked-rotor conditions is called Ero.

The magnitude of the induced voltage at any slip will be given by the

equation £, = sk * Then, we can draw the rotor equivalent circuit
Ir = s as follows
ko =it
XR = (l)rLR = 21rf,.LR - Y'Y\
L=9. |
Xp = 2wsf,Lg C)ER”ER" §RR
= sQ2wxf,Lg)
= 5Xpo
Eg
e =R+ jx,  Where Xgis the blocked-rolor rotor reactance.
Lo B
R™ Rp + jsXp,
I, = #
R RRIS +ij0
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* Notice that it is possible to treat all of the rotor effects due to varying rotor speed
as being caused by a varying impedance supplied with power from a constant-
voltage source ERO. The equivalent rotor impedance from this point of view is

Zpeq = Rpls + jXp

AN

Rotor current

0 25 50 75 100 125
Ty, percentage of synchronous speed

The Final Equivalent Circuit

* To produce the final per-phase equivalent circuit for an induction motor,
it is necessary to refer the rotor part of the model over to the stator side.
The rotor circuit model that will be referred to the stator side is the
model shown in

Vp=Vi=aV; E, =E% = auEp
ok
I,=1%= r L = Iz
2 Aogy
Z; = a*Zg

R, = alsRy X, = GEHXRO
L Ry iXy I, At Ig JXp
°_-_W A raas
+ +

.
A R¢ Xyd E % E Er an
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Per-phase equivalent circuit

* Motor Slip P ™
nS

R, and R,: stator and rotor winding resistances

X, and X,: stator and rotor winding leakage reactances
* X, magnetizing reactance

R.: core loss resistance
* Rotor winding parameters are referred to the stator side

Looon X L x
4 °—W\I—m e aaa
1 [+
Ly |
|
v, &? Xud B § &

|

— O =

Motor input in stator, P,

| |}
stator Cu and iron rotor input 2,
losses (Pes & P) (via air - gap)
T ! 1
rotor Cu loss mechanical power
P.) developed. P,
or
gross rotor output, 7,

Windage and rotor output or
friction loss (P,.) motor output P,
Windage &
gla(ur Pe = P Fl’lCllOr\ Loss
L:u Iron Sx Gross Shaft
o == Loss Rotor ﬁ Mechanical P, PQ“ er

Active S RN Cu Power
Power / <\ 2y Loss E:>
Input ‘ A\ ) */
w o)L= > {( (
i =, = \
\ ?/ / Active e
A ~>—" Power
= > Input to
Rotor
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— 2 v
Pso=3I1 Ry l,=Z—¢
pcore_3El /RC |
2 where Zo=R +jX +
P, =3I2(R,/S) . 1
AG 2NEETD) Ge — jBy + -
, Vo/s + jX,
Py =31,R,
- _ar2 -
‘Pconv_IDAG_PRCL_3I?_[R2(1 S)/ 8]
Pug Peony
| 1
il L
|
Air-gap power H Pou = Tioad®m
- :qu‘”m
P;,=~3 Vpl, cos B !
! N i ] P]
R A sty
?ﬁ'\_{——)\} L PRl gvinde (Pise)
P Frore (Rotor
SCE {core copper
(Stator  Josses) 10s8) I, R,
copper o AAN
loss)
A/ Ry

Pawer transferred to T
the rotor across the R B =30 R:(—>
Pg=3R=2 E
air gap hetween the | ©ac — 212
stator and rotor

" §  Developed Power

Fag Hiey
|

S

Pow = Troad@m
Output Mechanical Power

!

Air-gapI power :
!

1

Pn=3V 1 cos 0

Input Electrical Power

(hysteresis
and eddy
currents T

losses) By =3 Rz(T)

o . (1“9 _ Bg
dv (1 = D Yoync
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« The supply power is:

Pin = wﬁVLI,_ cos

« The motor efficiency:

’7 — PDlll
P‘lll
+ Motor torque:
P P
_ out _ T conv
T ot T conv
w w

« Rotor cu losses, gap power and developed power:

PC'HZ =sPan PT:am-=PGup _PC'HZ =(1_S)PGap
Fag Pocaw

Pour = Tload®Wm
Pia= 3Vl cos @

Fro Pslny

PreL ln‘;l?l:xsa (Prnisc.
PscL oo {Rotor

copper
(Stator losses) Joss)
copper
loss)

The power-flow diagram of an induction motor.
Example

A 3-phase induction motor having a synchronous

speed of 1200 r/min draws 80 kW from a 3-phase

feeder. The copper losses and iron losses in the
stator amount to 5 kW. If the motor runs at

1152 r/min, calculate:

a. the active power transmitted to the rotor;

b. the rotor /2R losses;

c. the mechanical power developed;

d. the mechanical power delivered to the load,
knowing that the windage and friction losses
are equal to 2 kW;

e. the efficiency of the motor.
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Solution:
a. Active power to the rotor is:
P = P - Pjs - Ps
= 80-5 = 75 kW
b.1 Theslipis: x
s = (ng-n)/ng = (1200 - 1152)/1200
= 48/1200 = 0.04
b. 2 Rotor /2R losses are:
Pj,= sP, = 0.04 x75 = 3 kW

c. The-mechanical power developed is:
Prn= P,-7°R losses in rotor
= 75-3 = 72 kW
d. The mechanical poyer P delivered to the

load is slightly less than P, owing to the
friction and windage losses.
P = Pn-P, = 72-2 = 70 kW
e. n = P /Pe = 70/80
= 0.875 0or 87.5%

Example:

A 480-V, 60-Hz, 50-hp, three-phase induction motor is drawing

60 A at 0.85 PF lagging. The stator copper losses are 2 kW, and the rotor copper losses are
700 W. The friction and windage losses are 600 W, the core losses are 1800 W, and the
stray losses are negligible. Find the following quantities:

{a) The air-gap power Pyg

(b) The power converted P,
(¢} The output power P, ,

(d) The efficiency of the motor

Pag Pooav
]
L

Air- gap} power

Pour = Ticad®m
Pi= 3 Vplpcos 8

P . Pslny
p PRCL  ungindage (Punisc.)
Pscy core (Rotor
(Core copper
(Stator Josses) loss)
copper
loss)

The power-flow diagram of an induction motor.
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@ P, = V3Vyi cos 0
= V(480 V)(60 A)(0.85) = 42.4 kW
From the power-flow diagram, the air-gap power is given by
Pag = Pn— PscL — Roe
=424 kW — 2kW — 18 kW = 386 kW
(b} From the power-flow diagram, the power converted from electrical to mechan-
ical form is
Peony = Pag — PrcL
= 38.6 kW — 700 W = 37.9 kW
(¢) From the power-flow diagram, the output power is given by
Po = Poony ~ Praw — Bue

=379kW — 600 W — 0OW = 373 kW

{d) Therefore, the induction motor’s efficiency is
F,
n= éil x 100%
mn

_313kW

=AW * 100% = 88%

Separating the Rotor Copper Losses and the Power Converted
in an Induction Motor 's Equivalent Circuit

* Part of the power coming across the air gap in an induction motor is
consumed in the rotor copper losses, and part of it is converted to
mechanical power to drive the motor's shaft. It is possible to
separate the two uses of the air-gap power and to indicate them
separately on the motor equivalent circuit.

L I Xy 2 h Ry conv = g 2 = Aol
bo— A
(SCL) || * (RCL) | — s
Roonv Rz s
¥, (Core loss) < Re e B g Rz(%]
(Peony)

-0

The per-phase equivalent circuit with rotor losses and P, separated.
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Example

A460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has
the following impedances in ohms per phase referred to the stator circuit:

, = 06410 R,=03320
X, = 1106Q X,=0464Q X, =2630

The total rotational losses are 1100 W and are assumed to be constant. The core loss is
lumped in with the rotational losses. For a rotor slip of 2.2 percent at the rated voltage and
rated frequency, find the motor’s

(a) Speed

(k) Stator current
{c) Power factor
(d) Py and Py,

(e) Tugand Tiou

(f) Efficiency

(a) The synchronous speed is

_120f, _ 120(60 Hz) _ .
"sym: = P = 4PO|ES = 1800 r/min

The rotor’s mechanical shaft speed is
My = (1 =
= (1 = 0.022)(1800 r/min) = 1760 r/min
(b) R, .
L= tiX

_0332 .
=002 + j0.464

= 1509 + j0.464 2 = 15.10£1.76° Q

The combined magnetization plus rotor impedance is given by

_ 1
5= Ky + 172,

_ 1
~ —j0.038 + 0.06622—1.76°

——1
= 0073 3L T 1294431100
Therefore, the total impedance is

Ziot = Zoa + Z_{
= 0.641 + j1.106 + 1294,31.1° Q)
= 1172 + j7.79 = 14.07233.6° )

10
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The resulting stator current is

__26600°V  _ ~
= T1a07.336° ~ 18884-336°A

(c) The power motor power factor is

PF = cos33.6° = 0.833 lagging

(d) The input power to this motor is
B, = V3Vl cos 0
= V(460 V)(18.88 AX0.833) = 12,530 W

The stator copper losses in this machine are

Pser = 3I3R,
= 3(18.88 A)%(0.641 {)) = 685 W
The air-gap power is given by

Pag = Py — PscL = 12530 W — 685 W = 11,845 W

Pow = (1 = )Py = (1 — 0.022)(11,845 W) = 11,585 W
The power P,,, is given by

P.=P,, —P,=11585W — [100W = 10485 W
_ &) _
= 10,485 W(.}%w = 14.1hp

{e) The induced torque is given by

o=
ind wsym

__11845W .
= 1885radss ~ S28N*m
and the output torque is given by
L
Tioad = @,
_ _10485W _
= T844radss ~ S0ON*m

(f) The motor’s efficiency at this operating condition is

_PW
n= g = 100%

_10485W

=T2530wW * 100% = 83.7%

11
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Induction Motors |
Ch. 6/ Fifth o

Edition

Dr. Feras Alasali

6.5 Induction motor Torque —speed 3
characteristics

: ? e ,,«M’JM* "
How does the torque of an induction motor change as the load
changes?

How much does the speed of an induction motor drop as its shaft
load increases?

To find out the answers to these and similar questions, it is
necessary to clearly understand the relationships among the
motor's torque, speed, and power.

The torque- speed relationship will be examined from the physical
viewpoint of the motor's magnetic field behavior. Then, a general
equation for torque as a function of slip will be derived from the
induction motor equivalent circuit.
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Induced Torque from a Physical Standpoint

(a) The magnetic fields in an induction motor under light loads. (b) The magnetic fields in an
induction motor under heavy loads.

I Ry iX I, iXs

o MN— N : 1o ‘aaaa
. .- M
The induced torque, which keeps the rolor lurning, is given by the equation !
Tos = KB x B,
Its magnitude is given by Vs R § Xy E,
Ty = kBgB, sind
o “
if cos g
1Bl s
L | n
(a) fepee ° Meyoe "
B {c)
net 'jnd
n L im n
sync n, "
(h) @ syne

Graphical development of an induction
motor torque—speed characteristic.

() Plot of rotor current {and thus IBgl)
versus speed for an induction motor;
(b} plot of net magnetic field versus
speed for the motor; (¢) plot of rotor
power factor versus speed for the
motor; (d) the resulting torque—speed
characteristic.
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1. Bg. The rotor magnetic field is directly proportional to the current flowing in
the rolor, as long as the rotor is unsaturated. The current {low in the rotor in-
creases with increasing slip (decreasing speed):

This current flow was plotted in Figure a

2. B,.. The net magnetic field in the motor is proportional to E; and therefore is
approximalely constant {(E, actually decreases with increasing current flow,
but this effect is small compared to the other two, and it will be ignored in
this graphical development). The curve for B, versus speed is shown in b

3. sin 8. The angle 8 between the net and rotor magnetic fields can be expressed
in a very useful way. Look at Figure b. In this figure, it is clear that the
angle 8 is just equal to the power-factor angle of the roior plus 90°:

5= 0, +90°

Therefore, sin 8 = sin (8 + 90°) = cos 8. This term is the power factor of
the rotor. The rotor power-factor angle can be calculated from the equation

X sX
= tap-1 AR = -1 3280
8 = lan Re lan Rx

The resulting rotor power faclor is given by

PFp = cos 0,

_5X,
PFp = cos (lan '—Rfl)

A plot of rotor power factor versus speed is shown in Figure c.

This characteristic curve can be di vided roughly into three regions.

* The first region is the low-slip region of the curve. In the low-slip
region, the motor slip increases approximately linearly with increased
load, and the rotor mechanical speed decreases approximately linearly
with load. In this region of operation, the rotor reactance is negligible,
so the rotor power factor is approximately unity. In normal operation,
an induction motor has a linear speed droop.

The second region on the induction motor's curve can be called the
moderate-slip region . In the moderate-slip region, the rotor frequency
is higher than before, and the rotor reactance is on the same order of
magnitude as the rotor resistance. In this region, the rotor current no
longer increases as rapidly as before, and the power factor starts to
drop. The peak torque (the pullout torque) of the motor occurs at the
point where, for an incremental increase in load, the increase in the
rotor current is exactly balanced by the decrease in the rotor power
factor.

The third region on the induction motor's curve is called the high-slip
region. In the high-slip region, the induced torque actually decreases
with increased load, since the increase in rotor current is completely
overshadowed by the decrease in rotor power factor.



15/10/1442

The Derivation of the Induction Motor
Induced-Torque Equation

* It is possible to use the equivalent circuit of an induction motor and
the power flow diagram for the motor to derive a general expression
for induced torque as a function of speed. The induced torque in an
induction motor is given by Equation:

—_ PCOIW
Tind = ©
am
T = F, AG
ind —
wsym

Simplified per-phase equivalent circuit

Core loss is embedded with friction, windage and stray-load loss
P,=3I'R,
Frep =3LR,
P, =3I;(R,/S) =1,

¥ sync

Py =P =Py =3LR,(1-8)/S =17,,0,

conv

— D
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X X
Vg #V,— 2 X__ ~ X, *R(—M )
TH ¢X1+XM TH 1 RTH 1(X1+XM)
. P _ V2R, /S
- a)sym: a)syncl(RTH +‘R2 /S)Z +(XTH +X2 )2J
Ry JXty JX;

YL ____YYY

e .o

bl

Torque-Speed Curve

for an induction mo gives
us the information about the
variation of torque with the
slip.

Torque

When the rotor stationary (at
standstill) % = 0 rpm, the
rotor frequency f£=f, and the
slip s=1. At 0 =1 the rotor
frequency f,= 0 Hz, and the
slip s=0. Slip %

» At full load, the motor runs at speed of n,. When mechanical load
increases, motor speed decreases tell the motor torque again becomes
equal to the load torque.

# As long as the two torques are in balance, the motor will run at constant
(but lower) speed.

~ If the load torque exceeds the induction motor maximum torque, the
motor will suddenly stop.
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Notes: the Induction Motor Torque- Speed Curve

1. The induced torque of the motor is zero at synchronous speed.

2. The torque- speed curve is nearly linear between no load and
full load. In this range, the rotor resistance is much larger
than the rotor reactance, so the rotor current, the rotor
magnetic field, and the induced torque increase linearly with
increasing slip. y,

3. There is a maximum possible torque that cannot be exceeded.
This torque, called the pullout torque or breakdown forque, is
2 to 3 times the rated full load torque of the motor.

4. The starting torque on the motor is slightly larger than its
full-load torque. So this motor will start carrving any load
that it can supply at full power.

5. The torque on the motor for a given slip varies as the square
of the applied voltage. This fact is useful in ome form of
induction motor speed control.

6. If the rotor of the induction motor is driven faster than
synchronous speed, then the direction of the induced torque
in the machine reverses and the machine becomes a
generator, converting mechanical power to electric power.

/7. If the motor is turning backward relative to the direction of
the magnetic fields, the induced torque in the machine will
stop the machine very rapidly and will try to rotate it in the
other direction. Since reversing the direction of magnetic
field rotation is simply a matter of switching any two stator
phases, this fact can be used as a way to very rapidly stop an
induction motor. The act of switching two phases in order to

\__ stop the motor very rapidly is called plugging. 4
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400 +

200

Braking Motor region
region

rm\ / Pullout torque

My,

=200 1

Induced torque, % of full load

400 +

-800 +

Generator region

oo =1 Mechanical speed e

Induction motor torque-speed characteristic curve, showing the extended operating ranges (braking

region and generator region),

Maximum Torque in Induction Motor

* Since the induced torque is equal to PAG/w the maximum possible
torque occurs when the air-gap power is maximum.

* Since the air-gap power is equal to the power consumed in the resistor
R2 /s, the maximum induced torque will occur when the power

consumed by that resistor is maximum.

* the maximum power transfer theorem states that maximum power
transfer to the load resistor R2/ s will occur when the magnitude of that
impedance is equal to the magnitude of the source impedance

Z e = Ry + 1¥ + 7%,
50 Lhe maximum power transfer occurs when

R
2= VRE, + Xy + X

s
we see that the slip ar pullout torque is given by

RZ
s e
VR, + (Xpy + X

3V,

o=
™ 2[Ry + VRE, + (Xpy + X1
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Effect of varying rotor resistance (by adding
external resistance to wound rotor)

Ry<Ry<Ry<R <Rs<Rg

Rs Ry Ry R, R,

Induced torque. N+ m

0 | | 1 | 1 Il 1
1] 250 500 750 1000 1250 1500 1750 2000

Mechanical speed. r/min

Example

A two-pole, 50-Hz induction motor supplies 15 kW to a load at a speed of
2950 r/min. Neglecting the rotational losses.

(a) What is the motor's slip?

(b) What is the induced torque in the motor in Nom under these
conditions?

(c) What will the operating speed of the motor be if its torque is doubled?

(d) How much power will be supplied by the motor when the torque is
doubled?
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(a) The synchronous speed of this motor is
120, _ 12(50 Hz) ;
My ="p = 2 poles = 3000 r/ min

Therefore, the motor’s slip is

N —
5= M(X 100%)
Ay
_ 3000 r/min — 2950 r/ min
- 3000 r/ min
= 0.0167 or 1.67%

(b) The induced torque in the motor must be assumed equal to the load torque, and
P ooy must be assumed equal to P4, since no value was given for mechanical
losses. The torque is thus

P

T, = —Sonv
nd =
[ w,

(x 100%)

_ 15 kW
(2950 r/min}{ 27 rad/r}1 min/60 s)

(c) In the low-slip region, the torque—speed curve is linear, and the induced torque
is direclly proportional to slip. Therefore, if the lorque doubles, then the new
slip will be 3.33 percent. The operating speed of the motor is thus

— (1 — 0.0333)3000 r/min) = 2900 r/min
(d) The power supplied by the motor is given by

n, = (1 =35)n

Fotw = TudWm = (97.2 N+ m)}2900 r/min)2wrad/r)(l min/60s) = 20.5kW

Example

A 460-V, 25-hp, 60-Hz, four-pole, Y-connected wound-rotor induction
motor has the following impedances in ohms per phase referred to the
stator circuit:

R1=0.641Q X1=1.106 Q R2=0.332Q X2=0.464Q Xm=26.3Q

(a) What is the maxim run torque of this motor? At what speed and slip
does itoccur?

(b) What is the starting torque of this motor?

(c) When the rotor resistance is doubled. what is the speed at which the
maximum torque now occurs? What is the new starting torque of the
motor?
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The Thevenin voltage of this motor is
Xy

V=V —
BNRE O, X
- (266VIe63) 2552V
V(0.641 ()2 + (1,106 0 + 26,3 Q¥
The Thevenin resistance is
Xy )2
oy "l(x, X,
2630 )2 _
~ (0641 “‘(1.1069 +2630) - 0800
The Thevenin reactance is
XTH ad Xl = 1.106 ﬂ
(a) The slip at which maximum torque occurs is given by
s = Ry
MR VRE F Xy T X2
03320 = 0.198

V(0,590 Q) + (1.106 © + 0.464 Q)
This corresponds to a mechanical speed of

n, =(1 - Mgy, = (1 — 0.198)(1800 r/min) = 1444 r/ min

The torque at this speed is
B v,
T Rt + VR + (g + X2
_ 3(255.2 V)2
2(188.5 rad/s)[0.590 £ + V(0.500 ()2 + (1.106 © + 0.464 Q)]
=229Nem

10
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(b) The starting torque of this motor is found by setting s = 1
- Wiy Ry
Tt = o Ry + RoY + gy + X7
_ 3(255.2 V)%0.332 1)
~ (188.5 rad/s)[(0.590 ) + 0.332 1) + (1.106 {2 + 0.464 ()]
=104 Nem

(c) If the rotor resistance is doubled, then the slip at maximum torque doubles, too.
Therefore,

Sman = 0.396
and the speed at maximum lorque is
1, = (1 = s)ng,, = (1 — 0.396)(1800 r/min) = 1087 r/min
The maximum torque is still
Toax = 229N em
The starting torque is now

_ 3(255.2 V)*(0.664 )
Tstan = (188.5 rad/s)[(0.590 ) + 0.664 Q) + (1.106 © + 0.464 )]

=170N+*m

"6.6 Variations in Induction Motor

Torque Speed Characteristics
+

- = - %,

» Section '6.5 contained the derivation of the torque-speed
characteristic for an induction motor. In fact, several characteristic
curves were shown, depending on the rotor resistance.

« If a rotor is designed with high resistance, then the motor 's starting
torque is quite high, but the slip is also quite high at normal
operating conditions. Recall that P conv= (I - S)PAG, so the higher
the slip, the smaller the fraction of air-gap power actually converted
to mechanical form, and thus the lower the motor's efficiency.

* A motor with high rotor resistance has a good starting torque but
poor efficiency at normal operating conditions.

* On the other hand, a motor with low rotor resistance has a low

starting torque and high starting current, but its efficiency at normal
operating conditions is quite high.

11
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Torque-speed characteristics for the motor of

Example 6- 5. =0 ‘
200 - ' // \'
b * \
g 150 /,/ \
i, " \
B | " g
100 A
\
— Original R, \
50 + = + Doubled &, |
0

0 200 400 600 800 1000 1200 1400 1600 1800
n,, rimin

An induction motor designer is forced to compromise between the conflicting
requirements of high starting torque and good efficiency

* One possible solution to this difficulty is using a wound-rotor induction motor and
insert extra resistance into the rotor during starting.

* The extra resistance could be completely removed for better efficiency during normal
operation. Unfortunately, wound-rotor motors are more expensive, need more

maintenance, and require a more complex automatic control circuit than cage rotor
motors.

* It would be nice to figure out some way to add extra rotor resistance at starting and to

remove it during normal running without slip rings and without operator or control
circuit intervention.

Tind

High R, -~ Low Ry
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Control of Motor Characteristics
by Cage Rotor Design

* Recall that leakage reactance is the reactance due to the rotor flux
lines that do not also couple with the stator windings

Laminations from typical cage induction motor rotors. shbwing the cross section of the rotor
bars: (a) class A- large bars near the surface; (b) class B- large, deep rotor bars.
(c) class C--double-cage rotor design; (d) class D-small bars near the surface.

Typical torque-speed curves for different rotor designs

Percentage of full-leon wnyun

L L
0 20 40 60 80 100

Percentage of synchronous speed

0 1 1

13
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14

Several techniques are used to improve the el Cy Of 1
traditional standard-efficiency designs.
I. More copper is used in the stator windings to reduce copper losses.

2. The rotor and stator core length is increased to reduce the magnetic flux density in
the air gap of the machine.

3. More steel is used in the stator of the machine, al lowing a greater amount of heat
transfer out of the motor and reducing its operating temperature. The rotor’s an is then
redesigned to reduce windage losses.

4. The steel used in the stator is a special high-grade electrical steel with low hysteresis
losses.

5. The steel is made of an especially thin gauge (i.e. , the laminations are very close
together), and the steel has a very high internal resistivity. Both effects tend to reduce
the eddy current losses in the motor.

6. The rotor is carefully machined to produce a uniform air gap, reducing the stray load
losses in the motor.

« Induction motors do not present the types of starting problems that
synchronous motors do. In many cases, induction motors can be
started by simply connecting them to the power line. However, there
are sometimes good reasons for not doing this. For example, the
starting current required may cause such a dip in the power system
voltage that across-the-line starting is not acceptable.

* For wound-rotor induction motors, starting can be achieved at
relatively low currents by inserting extra resistance in the rotor circuit
during starting.

* For cage induction motors, the starting current can vary widely
depending primarily on the motor's rated power and on the effective
rotor resistance at starting conditions.
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* To estimate the rotor current at starting, the cage rotor motors have a
code letter to limits the amount of this current .These limits are
expressed in terms of the starting apparent power of the motor as a
function of its horsepower rating.

* Sstart= (rated horse power)(code letter factor)

* A table containing the starting kilo voltamperes per horsepower for
each code letter.

Nominal code Locked rotor, Nominal code Locked rotor,
letter kVA/hp letter k¥YA/hp
A 0-3.15 L 9.00-10.00
B 3.15-3.55 M 10.00-11.00
C 3.55-4.00 N 11.20-12.50
D 4.00-4.50 P 12.50-14.00

* To determine the starting current for an induction motor, read the
rated voltage, horsepower, and code letter from its nameplate. Then

the starting apparent power for the motor will be g
stan

L= Ay,

Example:

* What is the starting Current of a 15-hp, 208-V, code-letter-F, three phase
induction motor?

Sstart= (15 hp)(5.6) = 84 kVA

Sslﬂ.ﬂ

L=y,

__B4KVA _ ..

T V3(208V)

15
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* A magnetic motor starter circuit of this sort has several but It -in
protective features:

I. Short-circuit protection
2. Overload protection
3. Undervoltage protection

* There are really only two technigues by which the speed of an
induction motor can be controlled.

* One is to vary the synchronous speed, which is the speed of the
stator and rotor magnetic field, since the rotor speed always remains
near Nsync.

* The other technique is to vary the slip of the motor for a give n load.

1201
nsync = P €

16
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Induction Motor Speed Control by Pole Changing

There are two major approaches to changing the number of poles in an
induction motor:

* |. The method of consequent poles: is quite an old method for speed
control , having been originally developed in 1897. It relies on the fact that the
number of poles in the stator windings of an induction motor can easily be
changed by a factor of 2: | with only simple changes in coil connections. When
the motor is reconnected from two-pole to four-pole operation, the resulting
maximum torque of the induction motor can be the same as before. The major
disadvantage of the consequent-pole method of changing speed is that the
speeds must be in a ratio of 2: .

2. Multiple stator windings: For example, a motor might be wound with a
four-pole and a six-pole set of stator windings, and its synchronous speed on a 60-
Hz system could be switched from 1800 to 1200 r/min simply by supplying power
to the other set of windings. Unfortunately, multiple stator winding increase the
expense of the motor and are therefore used only when absolutel necessary.

Speed Control by Changing the Line Frequency

* | f the electrical frequency applied to the stator of an induction motor
is changed, the rate of rotation of its magnetic fields will change in
direct proportion to the change in electrical frequency, and the no-
load point on the torque-speed characteristic curve will change with
it.

* The synchronous speed of the motor at rated conditions is known as
the base speed. By using variable frequency control, it is possible to
adjust the speed of the motor either above or below base speed.

* A properly designed variable-frequency induction motor drive can be
very flexible. It can control the speed of an induction motor over a
range from as little as 5 percent of base speed up to about twice base
speed.

* However, it is important to maintain certain voltage and torque limits
on the motor as the frequency is varied, to ensure safe operation.

* When running at speeds below the base speed of the motor, it is
necessary to reduce the terminal voltage applied to the stator for
proper operation
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Speed Control by Changing the Line Voltage

800

700

600

500

400

300

Induced torque, N - m

1 1 1 1
0 250 500 750 1000 1250 1500 1750 2000
Mechanical speed, r/min

Speed Control by Changing the Rotor resistance

800

700

600

500

Induced torque, N - m

R;=2Ry
200 RZ=3R~O
R3=4Ry
Ry=5Ry
100 Rs=6Ry

0 1 1 I 1 I 1 1
0 250 500 750 1000 1250 1500 1750 2000

Mechanical speed. r/min
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*» The equivalent circuit of an induction motor is a very useful tool
for determining the motor's response to changes in load.

* However, if a model is to be used for a real machine, it is
necessary to determine what the element values are that go
into the model.

* How can R1, R2, X1, X2, and XM be determined for a real
motor?

Determining motor circuit parameters

Current-
In iting
resistor

* DC Test (or use Ohm-meter) h=1, e
Measuring V, | - R1 B Q % ‘_

* Locked-rotor Test f !

V,¢ fa? i Xy é#z’“
Measuring Vy, 11, P, Q \ i o
\ | c>> IR+ JA)
- R1+R2, X1+X2 ) — | Soneglect R-and Xy

* No-load Test

Measuring Vo, 11, P, Q
- R1, X1+Xm

19
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The No-Load test

* The no-load test of an induction motor measures the rotational losses of
the motor and provides information about its magnetization current.

I, =0

Initial
equivalent

1-5
Ry )
circuit: s

Since
Ry il
and i
R, (%) >>X. Yo Rc ] Rpg w=Ry 155
this circuit

reduces to: -

)>> Ry

Combining
Bpawand v Xy Ritriction, windage.
Rcyields: &core 2> Xy

* In this motor at no- load conditions, the input power measured by the
meters must equal the losses in the motor. The rotor copper losses are
negligible .

Pse = 3{R,
50 the input power must equal
Py = Psop + Pe + Praw + Frisc
=33k + P,
where P, is the rotational losses of the molor:

Pro( =Poor=+ PF&W+ Pmiﬂl;

20



15/10/1442

21

The DC test for stator resistance

* The rotor resistance R2 plays an extremely critical role in the
operation of an in duction motor. Among other things, R1 determines
the shape of the torque-speed curve, determining the speed at which
the pullout torque occurs.

* To find the rotor resistance R2 accurately, it is necessary to know R1 so
that it can be subtracted from the total.

* This test for R1 independent of R1, X1 and X2. This test is called the dc
test. Basically, a dc volt age is applied to the stator windings of an
induction motor. Because the current is dc, there is no induced voltage in
the rotor circuit and no resulting rotor current now. Also, the reactance of
the motor is zero at direct current.

* Therefore, the only quantity limiting current n ow in the motor is the
stator resistance, and that resistance can be determined.

Current-
limiting
resistor

O
5 () ® @

(variable)

Vi
2R, =
1 IDC
VDC
R ZIDC
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The Locked-Rotor Test

* The third test that can be performed on an induction motor to determine
its circuit parameters is called the locked-rotor test, or sometimes the
blocked-rotor test.

* This test corresponds to the short-circuit test on a transformer. In this test,
the rotor is locked or blocked so that it cannot move, a voltage is applied
to the motor, and the resulting voltage, current, and power are measured

Adjustable-
voltage,
adjustable-
frequency,
three-phase
power source

Locked
rotor

r=fe=tiest

(@) I= 'A_H'Sﬂ = I red

]

Ricw,
5
Xpg >> |Ry + jX5l
Re >> IRy + jX3l
So neglect R and Xy

(b)

P =3Vl cos 8

s0 the locked-rotor power factor can be found as

PF=cos @ = i
V3V,

and the impedance angle @ is just equal to cos™ PF.
The magnitude of the total impedance in the motor circuit at this time is

V, V;
——¢__T
IZLR| - I, - \ﬁ;‘f_
X, and X; as functions of X
and the angle of the total impedance is @. Therefore,
-, Rotor Design X, X;
Zig = Rig +jXig
‘Wound rotor 0.5 X 0.5 X,
= |Zia|cos 8 + j|Z,gsin 6 = &
) ' Design A 05X 0.5 Xip
The locked-rotor resistance R,  is equal to Design B 04X 0.6 X0
Design € 03k | 07X
while Lhe locked-rotor reaclance X {5 is equal to Design D 0.5 X 0.5 Xix

Xig =X+ X5
where X, and X; are the stator and rotor reactances af the fest frequency.
respectively.  The rotor resistance R, can now be found as

R, =FRip — R

Jiuea

XLR = Xi_R = X] + Xz
Srest
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Example:

The following test data were taken on a 7.5-hp, four-pole, 203-V,
60-Hz. design A, Y-connected induction motor having a rated current of 28 A.

DC test:
Vpe=136V Ipc=280A
No-load test:
Vr=208V f=60Hz
IL=8I12A P,=420W
Ig=820A
Ic=8.18A
Locked-rotor test:
Vr=25V f=15Hz
L, =281A Pa=920W
Ip=280A
Ic=276A

(a) Sketch the per-phase equivalent circuit for this motor.
{b) Find the slip at the pullout torque, and find the value of the pullout torque itself.

(a) From the dc test,

R =525 =5 = 02430

From the no-load test,

- B2ZATBNALBIBA g7,
Vom =%= 120V
Therefore,
2] = 2205 = 1470 = X, + X,

When X, is known, Xy, can be found, The stator copper losses are
Picr = 313 R, = 3(8.17 A(0.243 ) = 487 W
Therefore, the no-load rotational losses are
Fot = Bon ~ FscLn
=420W — 48.7W = 3713 W
From the locked-rotor test,

279A

v

; _281A+280A+276A _
La 3

The locked-rotor impedance is

|Zm| _kh_ W 25V
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and the impedance angle @ is

1P

VAV,

_ 920 W
= | QL SE—
€S TA(25 VRZTI A

cos™!0.762 = 40.4°

Therefore, Rz = 0.517 cos 40.4° = 0.394 {} = R, + R, Since R, = 0.243 0,
R, must be 0.151 £). The reactance at 15 Hz is

Xig =05175in404° =0.335Q

@ = cos™

The equivalent reactance at 60 Hz is

X = %‘"x;_R - (%) 03350 = 1340

For design class A induction motors, this reactance is assumed to be divided
equally between the rotor and stator, so

X, =X,=0670
Xy=|Zd - X, = 1470 -0670 = 14030
The final per-phase equivalent circuit is shown in Figure

R ol Xy =j06702
Y YL

024301 jo.e710)

Re
(unknown)

;i’(n=ﬁ4-03ﬂ § R _o1510
5

b-————AAA ————

Molor per-phase equivalent circuit

(b) For this ec-:lui\«r.alent ci1:cuil, the Thevenin equivalenl; are
Vg = 1146V Ry=02210 Xyu=10.670
Therefore, the slip at the pullout torque is given by
mx " \RE, + Xqy + Xo)

_ 0.151 0
V(0.243 ) + (0.67 Q2 + 0.67 Q)

The maximum torque of this motor is given by
3Viy,
Tmu =
ZogyRy + VREy + Xy + X0)

_ 3(114.6 V)
2(188.5 rad/5)[0.221 © + V(0.221 Q) + (0.67 1 + 0.67 {2)]

=662N=*m

=011 =11.1%

24
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» The torque-speed characteristic curve
shows that if an induction motor is dri
at a speed greater than nsync by an
external prime mover, the direction of
inducted torque will reverse and it will
act as a generator. As the torque appl
to its shaft by the prime mover
increases, the amount of power
produced by the induction generator
increases.

* There is a maximum possible inducec
torque in the generator mode of
operation. This torque is known as the
pushover torque of the generator. If a
prime mover applies a torque greater
than the pushover torque to the shaft
an induction generator, the generator
will overspeed.

Motor Specifications

Induced torque, N+ m

T T
500 -
et Motor
region
0
0
Generator
region
500}
1000
Pushover
—1500}- torque -
1 |
0 2000 3000

Mechanical speed, r/min

Specifications: EFM4104T

208V AMPS: 76
BEARING-DRIVE-END: 6311
BEARING-OPP-DRIVE-END: 5309
CUSTOMER-PART-NUMBER :

DESIGN CODE: B
DOE-CODE: 010A

FL EFFICIENCY: 93.6
ENCLOSURE: TEFC
FRAME; 286T
GREASE: POLYREX EM
HERTZ: &0
CATALOG NUMBER: EFM4104T
SPEC. NUMBER : 10C156Y758G1
INSULATION-CLASS: F
KWVA-CODE: G

MAX. SPACE HEATER TEMP.:

SPEED [rpm]: 1770
OUTRUT [hpl: 20

PHASE: 3
POWER-FACTOR: a3

RATING: 40C AMB-CONT
SERIAL-NUMEBER.:

SERVICE FACTOR.: 1.15
SPACE-HEATER-AMPS:

SPACE-HEATER-VOLTS:

VOLTAGE: 230/460

FL AMPS: 72/36
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Suggestion Problems

*6.4

*6.5
*6.7,6.8,6.10
*6.14,6.15
*6.18
*6.19,6.28



