Spr.
2018

Electrical Machines

EE 2408
Lectuwre Notes

Battery Recharge Plug
(Not to Scale) —~

Electric
Battery Pack

Electric Motor

D M. Abu-Khazarar

Electrical and Computer Engineering Department- BZU

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Page 2 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Table of Contents

Part I: Introduction to Machinery Principles.......c.cuuoieditisinninssnssnnns snssn sane 5
Part II: Electrical Transformers.......ccco i cessitboinins snnenssns nsn snssn san sensnnnnd 1
Part III: AC Machinery Fundamentals.......ci o s snssnssnssenss snssnnannans 10 1
Part IV: Synchronous Generators ......cusis s snsnssnssssssnssnssnsssssssnssnssans 1 2 1
Part V: Synchronous Motors..... s s ss s s sns s sssssssns s ssnen e 161
Part VI: Induction (Asynchronous) Motors........ccomnsersensanssnssnssnssnnannnn 177
Part VII: DC Machinery Fundamentals...........ccoci s iinisvnn s cvnssnsensssnnnnnnnn 2211
Part VIII: DCMotors and Generators..........uu e rseramses snsses s sns svssssns snsnnss 239
Part IX: Single Phase and Special Purpose Motors..........coecvmnmsannenn e 26 1

| 2 () =) 1 LS TR o fo

Page 3 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Page 4 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

PART I
Introduction to Machinery Principles

Electric Machines: are a device that can convert either mechanical energy to electrical energy, or

mechanical energy to electrical energy, through the action of magnetic fields; generators and motors.

. Electrical Machine .
Mechanical Energy &< Electrical Energy

A Generator: a device that converts mechanical energy to electrical energy (generates power). The sources

for the mechanical energy could be gas, diesel, steam,\wind, coal, nuclear,...

A Motor: a device that converts electrical energy to mechanical energy, examples of its applications are:

refrigerators, freezers, vacuum cleaners, air.conditioners, fans,...

The electric energy is clean and can be easily transmitted from one place to another, over wires or in

underground cables.

A Transformer: is a device that converts AC electric energy at one voltage level to AC electric energy at
another voltage level. It reduces the energy loss between the point of generation and the point of

consumption:
Systems of Units:

1. System International (Sl): it is a metric system adopted as an international standard throughout
most of the world; it uses centimeter, meter, second, kg, Volt, Ampere, Ohms, Watt,...

2. English System: uses inches, feet, slug, pounds, horse power, etc...

The conversion between the two systems can be achieved using tables.

Examples: 1slug = 14kg, 1kg = 2.205Pound mass, 1hp = 746W
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Rotational Motion, Newton’s Law and Power Relationships

Almost, the rotor in all electrical machines rotates about an axis
called the shaft, which is normally mounted via bearings. The

bearings are held on stands.

® The counterclockwise rotation is assumed to be positive.

Angular Position (0): it is measured in radians or degrees, and it

corresponds to the linear distance (r).

Angular Velocity (w), or speed; is the rate of change of the angular

position with respect to time, it corresponds to velocity (v).

. . o dr . .
For a linear motion, the velocity is, v = o and is measured in [m/s].

. . L do
For a rotational motion, the angular velocity is, w = o

The angular velocity has the following symbols according to its units.
O  wp: angular velocity expressed in radians per second [rad/s]
O fm: angular velocity expressed in revolutions per second [rps]

O My, angular velocity expressed in revolutions per minute [rpm]

Thelsubscript m stands for mechanical quantity.
= Ym
where, f, = -

and

n, = 60f,
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Angular Acceleration («): is the rate of change in angular velocity with respect to time, and it corresponds

to acceleration in the linear motion. It is measured in [rad/s?].

. . . . dv
e For linear motion, the accelerationis a = Pl

. . . . dw
e For rotational motion, the angular acceleration is = k.

Torque (7):
It is also called the Twisting Force. The torque on an
object is defined as the product of the force applied to the

object and the smallest distance between the line of

rsin(180° - @) =rsing

——,

action of the force and the object’s axis of rotation.

]
1
T= i
]
Force applied X Perpendicular distance :
|
T=Frsin@ '

T = rF sin 0; Counter Clockwise ) \

T = (perpendicular distance) (force) 4

F \
Its units are Newton-meter or Pound-feet 7 = (r 5in §)F, counterclockwise

Newton’s Law:
For objects moving-along a straight line,
F =ma
where,
F: is the net force applied to the object measured in pound or Newton.
m: is the mass of the object measured in kg or Slug.

a: is the resulting acceleration measured in m/s? or feet/s2.
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Newton’s Law for Rotational Motion

T=J]a
where,
T: is the torque measured in Newton-meter or pound-feet.
a: is the resulting angular acceleration measured in rad/s?.
J: is the moment of inertia measured in kg-meter? or slug-feet?.
Work (W):

For a linear motion,
W = [F.dr ,theforce is collinear with the direction of motion.
It is measured in Joules or foot-pounds
For a rotational motion, the work is the application of torque through an angle;
W= [tdo
If the torque, T, is constant, then:

W= 10
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Power (P):

It is the rate of doing work;

dw
p=%
dt

It is measured in joules per second (watts) or foot-pounds per second or in house-power

_ dw _ d(Fr)

p dt dt

For a constant force, F, which is collinear with the direction of motion,
dr
P = FE
P=Fv

Assuming a constant torque, for a rotational motion, the power is:

_ W _ dee) __do
T odt  dt | dt

P=1tw
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Magnetic Fields

Magnetic fields are the fundamental mechanism by which energy is converted from one form to another in

electric machines and transformers.
Basic Principles:

1) Acurrent — carrying wire produces a magnetic field around it.

Secondary windjngs
2) A time-changing magnetic field induces a voltage in a coil of wire if'it

passes through that coil (transformer action).

\
3) A current-carrying wire in the|presence of a magnetic field

has a force induced on it (motor action).

Turning Effect of a Coil in a Magnetic Field

Magnetic Poles

.

Magnetic Flux

4) A moving wire in the presence of a magnetic field has a

voltage induced in it (generator action).

Brushes

Rotation
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Production of a Magnetic Field
Ampere’s Law:
¢H dl = Inet

where,
H: is the magnetic field intensity produced by the net current, and is measured in Ampere-
turn/meter.
L: is the magnetic field path length, and is measured in meters.

L,¢¢: is the net current producing the magnetic field, and is measured in Amperes.
Example:

Consider the simple magnetic core, shown in the Figure below, and made from a ferromagnetic material, to

find the magnetic field intensity within the core.

Recall Ampere’s Law, i \
SBH-dl = Inet
\\\

[}
[ Q
H.l. = Ni iy N
H = % E Turns
‘:\\ /T-Ei Cross
sectional !
\\\J Area, A

Mean Path Length, [,
where,

N: is'the )number of turns in the coil.
i: is the current in the coil.
H: is a measure of the effort that the current is putting into the establishment of a magnetic field.

l.: is the mean path length in the core.

Page 11 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Magnetic Flux Density (B) is produced within a material, and is measured in Tesla (T) or Webbers per

square meter. It is related to the magnetic field intensity by:
B = uH

W is the magnetic permeability of material, and it represents the relative ease of establishing a magnetic

field in a given material (measured in Henrys per meter); [H/m].
Permeability of free space is , = 4mX10~7 H/m

The Relative Permeability:

—
U i
Note: u, for steel ranges from 2000 to 6000 or more. Thus, most of thermagnetic field essentially stays

within the core!

For the previous Figure,

B =uH

The Magnetic Flux:
The total flux is defined as:
¢ =[B.dA
where, A is the cross sectional’area of the core, measured in meter square.

The flux is measured in Webbers or Tesla.m?.

If B L dA and Bis constant through the area, then:
¢ = BA

For the previous Figure, the flux is:

NiA

¢>=#T
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Magnetic Circuits:

A current in a coil of wire wrapped

b

around a core produces a magnetic flux in i |
the core. This is analogous to a voltage

e ey
source in an electric circuit producing a B N | -
current. This analogy simplifies the —1

e
design of magnetic circuits.

Electric Circuit Magnetic Circuit
—- —
I L

Y -Z
=2 ¢ *
{a) {b}
V =RI F=Ni=R¢p
The relationship between the magnetomotive force (mmf) and the flux is:

F =Ni=R¢p
where,
F: is the magnetomotive force in the circuit; F = Ni. It is measured in Ampere. turns.
¢: is flux of the circuit, and is measured in Webbers (Wb).

R: is the reluctance of the flux path in the circuit, and is measured in Ampere. turn/Wb.
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The analogy between the magnetic and electric circuits is summarized in the table below.

Electric Circuit Magnetic Circuit
Electromotive Force (V) Magnetomotive Force (F)
Current (I) Flux (¢p)
Resistance (R) Reluctance (R)
Conductance (G) Permeance ()

. . 1
The permeance is the reciprocal of the reluctance; = 7

Thus, p=FFP

For the previous Magnetic circuit,

NiA
¢=nT
Rearranging yields,
¢ =Nl
le
ie.,
A
=F&
1
¢=F5
Therefore,
R=2
HA
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Reluctances in Series:
Reluctances are connected in series when they have the same flux. Reluctances in series are added
together;

Req=R1+Ry+ ...+ Ry

Reluctances in Parallel:
Reluctances are connected in parallel when they have the same magnetomotive force. Reluctances in

parallel have the equivalent reluctance as:

1 1 1 1
fReq Rl fRZ RN

Or (feff#fﬁ..wﬁv

Calculations of Flux

Calculations of flux in a core are approximations, and at the best they are accurate within about 5% for a
number of reasons.

1) Assuming all the flux is confined within a magnetic core is not quite true; a small fraction of the flux

escapes into the surrounding air, which.is called a leakage flux.
2) Assuming a mean path length and a cross sectional area is not accurate especially at the corners.
3) In ferromagnetic materials, the permeability varies with the amount of flux already in the material.

4) If there are air gaps in the flux path, the effective cross-sectional area of the

airgap will be larger than the cross-sectional area of the iron core on either N

side. The extra effective area is caused by the “fringing effect” of the (({ D)

magnetic field at the air gap.

Exact calculations may be found by Maxwell’s equations.

Page 15 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Example 1-1. A ferromagnetic core is shown in Figure 1-7a. 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 10 cm, 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 u, of
2500, how much flux will be produced by a 1-A input current?

30 cm 10 cm

i

_____ ) *
= 7o)
) N = 200 s i 30 em -

———————————— e - ib)

i |

I

30 em e Iﬁcm—ﬂl
1

Depth = 10cm

Solution
We will solve this problem twice, once by hand and once by a MATLAB program, and
shoow that both approaches yield the same answer,

Three sides of the core have the same cross-sectional areas, while the fourth side has
a different area. Thus, the core can be divided into two regions: (1) the single thinner side
and (2) the other three sides taken together. The magnetic circuil comesponding Lo this core
is shown in Figure 1-7b.
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The mean path length of region 1 is 45 ¢m, and the cross-sectional area is 10 > 10
cm = 100 ¢’ Therefore, the reluctance in the first region is

o
pA ey

_ 045 m
(2500M4 = 1070001 m?)

= 14,300 A » lurns/Wh

The mean path length of region 2 is 130 cm, and the cross-sectional area is 15 > 10
cm = 150 cn’. Therefore, the reluctance in the second region is

bk
= A ppeds
_ 1.3m
(250004 = 10°"H0.015 m?)

= 27,600 A = turmsWh
Therefore, the total reluctance in the core is
R =Wy + Ry
= 14,300 A » wrneWhb + 27,600 A * tums™WVb
= 41,900 A * wmns/Wb
The total magnetomotive force is
=F = Ni = {200 turnz)(1.0 A) = 200 A * turns

The total flux in the core is given by

= {1-32)

{1-32}

é_g_ 200 A = tums
@ " 41900 A « ums/ Wb

= Q.08 Wh
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Example 1-2. Figure 1-8a shows a ferromagnetic core whose mean path length is
40 cm. There is a small gap of 0.05 cm in the structure of the otherwise whole core. The
cross-sectional area of the core is 12 cm?, the relative permeability of the core is 4000, and
the coil of wire on the core has 400 tums. Assume that fringing in Lhe air gap increases the
effective cross-sectional area of the air gap by 5 percent. Given this information, find

{a) the wial reluctance of the Mux path (iren plus air gap) and (b) the current required Lo
produce a flux density of 0.5 T in the air gap.

R, (Reluctance of core)

4 e ()
0.05 em T

T
™ A =12cm?

Ry, (Reluctance of air gap)

(LT

i

Solution
The magnetic circuil corresponding to this core is shown in Figure 1-8b,
fa) The reluctance of the core is

R -.I:;r-ﬂ-r::OAc (=33
- 0.4 m
(4000} 45 = 10-"H0.0012m?)
= 66,300 A = turns™Wb
The eftective area of the air gap is 1.05 % 12 cm? = 12,6 cm?, so the reluctance of the air
gapis

A
R ok, (=3

_ 0,0005 m
{4 > 10-TH0.00126 m?)

= 316,000 A ¢ wrns/Whb
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Therefore, the total reluctance of the flux path is
Rg = R + Ry
= 66,300 A« iurns/Wh + 316,000 A = turns™Wb
= 382300 A » ums/Wh

Mote that the air gap contributes most of the reluctance even though it is 800 times shorter
than the core.

b} Equation {1-28) states that
T = 0 (1-28)
Since the flux ¢ = BA and 7F = NY, (his equation becomes
Ni = BAD

0

N

(0.5 THD.00126 m?)(383,200 A = turns/ Wb)
- 400 torns

=0.602A

Wotice thal, since the eir-gap flux was required, the effective air-gap area was used in the
above equation.
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Magnetic Behavior of Ferromagnetic Materials

# The permeability (1) was defined as:

B
=7

# |n other words, the permeability was assumed to be constant regardless of the magnetomotive force
applied to the material. Although, this is true for free space, it is certainly untrue for iron and other

ferromagnetic materials.

Saturation Curve or Magnetization Curve of a Ferromagnetic Core

# The magnetization curve for a typical piece of steel is shown in the Figure below.

2.8
2.6
2.4
2.2
20
e 18 Knee of the curve .
D 6 — ___..-—--;_ 10%
d wlll increase
g 4 = ﬂ_ .
ERE v 50% increase in F — in Flux
1.0 e
08 //
b
X 1
0.4 A
0.2 /“/
(1]
10 20 30 40 50 100 200 300 500 1000 2000 5000
Magnetizing intensity M, A+ turns/m
T000 T T T — T
Relative Permeability, p,-
G000
/
. S000
g T
E s000 N
: N
“:_I'
2 00 \\
2000 S
'\.\\
\"h
1000
1]
10 20 30 40 50 10} 200 300 SO0 1000

Magnetizing intensity H (A = turns/im)
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# If the resulting flux has to be proportional, or nearly so, to the applied magnetomotive force (i.e.

current) then the core must be operated in the unsaturated region.

#  Since real generators and motors depend on the magnetic flux to produce voltage and torque, they are
designed to produce as much flux as possible, as a result most real machines operate near the knee of

magnetization curve.

Energy Losses in a Ferromagnetic Core

e Assuming that, an AC current is applied to a coil wrapped around a leg of a Ferromagnetic core, then

the resulting flux versus the magnetomotive force is shown in the Figure below.

¢ (or B)

e - -

Residual

/\ Flux,@res --:7
_ “ F (or H)
. Coercive
Force,F,

e The flux presentin the core depends not only on the current applied to the winding, but also on the
previous.history of the flux.

Hysteresis: is the dependence on the preceding flux history and the resulting failure to retrace the flux path.

Hysteresis Loop: is the path ‘bcdeb’.

Residual Flux (¢g.s): is the flux left in the core when the magnetomotive force is removed.

Coercive Magnetomotive Force (F): is the amount of mmf that has to be applied in the opposite direction

to force the flux to fall to zero.
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Ferromagnetic Materials Structure

The atoms of iron and similar metals (Cobalt, Nickel and
some of their alloys) tend to have their magnetic fields
closely aligned with each other.

Within the metal, there are many small region called
“domains”.

In each domain, all the atoms are aligned with their
magnetic fields pointing in the same direction, each
domain acts a tiny permanent magnet.

These domains are oriented randomly = No Flux!

When a block of iron is placed in an external magnetic
field, the domains, which point in the direction of the
external magnetic field increase, increasing the
magnetic flux in the iron (positive feedback) causing
more and more domains oriented in the direction of
the external magnetic field. That’s why the iron has a
higher permeability than air.

Once all the domains are aligned,.any increase in the
magnetic field can cause only the same flux increase
that it would in the free space. At this point the iron is
saturated with flux.

When the external'magnetic field is removed, the
domains do not completely randomize, because

turning the atoms in them requires energy.

Hysteresis Loss in a Core: is the energy required

— | 1]\ ==
PIX =X =1
—| =]~ NN X

— |~ | |—=

— N\ |~

g I
T

/ .
N

— i | | e || — -
..-r"; —

— e ’f’
S I e N

to accomplish reorientation of domains during
each cycle of alternating current applied to the
core. It is proportional to the hysteresis loop area.

This loss causes heating of the core.
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Faraday’s Law
% It is the basis for a transformer operation.
% If aflux passes through a turn of a coil of wire, a voltage will be induced in the turn of wire that is directly

proportional to the rate of change in the flux with respect to time.

a¢
€ind = ~ 4/

where,
eina: is the induced voltage in the turn of coil [V].

¢: is the flux passing through that turn [Webbers].

For N turns,

a¢

% The minus sign is an expression of Lenz’ law!

Lenz’ Law: the direction of the voltage build up in a.coil is such that, if the coil ends were short-circuited,

it would produce a current that.would cause a flux opposing the original flux charge.

The direction of i required

[

]
€ind | o
-
=]

——The direction of
opposing flux ()

‘|

¢ Increasing

—
<

However, the sign in Faraday’s law is often left out as the polarity of the voltage can be determined from

the physical considerations.
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¢

If there was a flux leakage out of the core, then each turn might have a slightly different flux.
% Therefore, the voltage in the it" turn is:

_ do;
€= e

% For N turns,
_ VN _ vN 49
Cind = Ni=1€i = Zi:l_dt

_ Az, ¢0)
€inda = — 4

Define the Flux Linkage as the total flux linking all turns, and is measured in Webber. turns;
A= Ziv=1 bi
% Thus, Faraday’s Law becomes,

_da
€ind = a

% Eddy Currents:
The time changing flux also induces voltages within the ,ferromagnetic core, in the same manner as it
would in a wire wrapped around that core. These voltages cause eddy currents to flow within the core.
These currents pass through the resistive core causing energy loss called eddy current loss.

LAMINATED CORE
Core Losses = Eddy Current Loss + Hysteresis Loss \

% The eddy current paths can be broken by designing the core to have

laminations with insulating materials between them.

“% Laminations: are thin sheets of a magnetic material of a good

permeability and low conductivity.

% The insulator between the sheets is iron oxide, Silicon oxide, or special
coating. Silicon-steel laminations may be used with insulator of iron

oxide, Silicon oxide, or special coating.
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Example 1-6. Figure 1-15 shows a coil of wire wrapped around an iron core. If
the flux in the core is given by the equation

¢ = 0.05 sin 3771 Wb

If there are 100 turms on the core, what voltage is produced at the terminals of the coil?
Of what polarity is the voltage during the time when flux is increasing in the reference

direction shown in the figure? Assume that all the magnetic flux stays within the core (i.e.,
assume that the flux leakage is zero).

Required direction of /
+ ¢l

N = 100 turns
€ind

T
I L]

Opposiog 91}
j—

¢ = 0.05 sin 377t Wh

Solution
By the same reasoning as in the discussion on pages 29-30, the direction of the voltage

while the flux is increasing in the reference direction must be positive to negative, as shown
in Figure 1-15. The magnitude of the vollage is given by

dd
N dt

Eind =

= (100 lumsl%m.ﬂ!‘- sin 3771)

= |883 cos 37Tt
or alternatively,
e.q = 1885 gin(377r + 90°) ¥
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Production of Induced Force in a Wire

®» A major effect of the magnetic field is that is induces x " T v x | B

a force on a current-carrying wire (motor action). . .
E ®
. . . XX XX
® The Force (F) induced in a conductor is:
_ - l
F=i(IxB) X XX
- *
F = ilBsin6 oA g w F)x
where, «  x 1 % x
i:is the conductor current [A]
X X 4 T X X

l: is the length of conductor [m]

B: is a uniform magnetic flux density [T]

Direction of Force:

The direction of the force is found by the right hand rule;.the index finger is in the direction [ (or i) the
middle finger is in the direction of B, then the thumb points’in the direction of the resultant force in the
wire. Or rotate from [ (or i) to B and then the thumb points in the direction of the resultant force.

The direction of F in the previous Figure is to the'right!

Induced Voltage in a Conductor Moving.in'a Magnetic Field

R/

< A moving conductor in the presence of a magnetic field has an induced voltage in it (generator action).

R/

+ The induced voltage (ej,4) in'a conductor moving in a

_— B

uniform magnetic field is: XX O X X
— Ht vXRB

eina = (WX B).1l A
bt X X x

where,
€ind

v: is the conductor velocity [m/s] X x l x %
l: is the length of conductor [m] —
B: is a uniform magnetic flux density [T] X X X X

% Assume that I makes the smallest angle with the -
& X (Lo x x

vector ¥ X B.

®

% The voltage in the conductor will be built up so that the positive end is in the direction ¥ X B; in the

previous Figure, ¥ X B is upwards.
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Example 1-9.  Figure 1-18 shows a conductor moving with a velocity of 10 m/s
to the right in a magnetic field. The flux density is 0.5 T, out of the page, and the wire is
1.0 m in length, oriented as shown. What are the magnitude and polarity of the resulting
induced voltage?

Solution
The direction of the quantity v % B is down. The wire is not oriented on an up-down line,
so choose the direction of 1 as shown to make the smallest possible angle with the direction

of v X B. The voliage is positive at the bottom of the wire with respect 1o the top of the
wire. The magnitude of the voltage is
eog = (VX B)+1 (1-45)
= {vB sin 90 [ cos 30°
= (10,0 mfsN0.5 TH 1.0 m) cos 30°
=433V

The induction of voltages in a wire moving in a magnetic field is funda-
menial to the operation of all types of generators. For this reason, it is called gen-
erator action.
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Linear DC Machinery Fundamentals

DC Electrical Energy m Mechanical Energy

B  Most DC machines are like AC machines in that they have AC voltages and currents within them.

®» However, DC machines have a DC output voltage because of the commutator and brushes mechanism.

A Linear DC Machine

Switch Magnetic Field into page
S an
X X X
E 3
= Vs Cuna !
X X - X
A Bar of Conducting Smooth and
Material Frictionless Rails

The operation principle of the Linear DC machine can be determined from the application of four basic

equations:

1- The force on a wire in the presence of a magnetic field is:
F=i(lxB)
F = ilBsin@
where,
i:is the conductor (bar) current [A]

[: is the length of conductor (bar) with direction of [ as the direction of i [m]

B: is a uniform magnetic flux density [T]
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2- The Voltage induced in a wire (bar) moving in a magnetic field is:

eing = WX B).1l
where,
v: is the conductor (bar) velocity [m/s]
l: is the length of conductor (bar) [m]
B: is the uniform magnetic flux density [T]

Assuming that I makes the smallest angle with ¥ x B

3- Kirchhoff’s Voltage Law:

VB—iR—eind=0

where,
i:is the machine’s current [A]
Vg: is the battery voltage [V]
R: is the machine’s equivalent resistance; including battery internal resistance, wiring, rails

and bar resistances [Q)]

Thus, the current in the bar is:

i = Ve—eina
R

4- Newton’s Law
The net force on-the bar is:

Frpet = ma

where,
m: is the mass of the bar [kg]

a: is the acceleration of the bar [m/s?]
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Starting The Linear DC Machine

% Closing the switch starts the Linear DC machine.

SzX AVOI:N .

s _.\x X X
i(t) =

(A Cind i

% The current that flows in the bar is:

i — VB—e€ind
R

% |Initially, the machine (bar) is at rest, and e;,q = 0 (= (w % E’).D. Thus, the starting current is:
=V
R
% Therefore, the net force on the bar.is:
Fia=i(IXB); to the right
Fiq ='ilB; to the right

Consequently, the bar.accelerates to the right!

% As the velocity of the bar increases, a voltage will be induced in the bar and is given by:
€ind = (1_7 X E)i
eina = VB, positive upwards

% The induced voltage reduces the current flowing in the bar because,

. Ve—einal
l~L= B~ Cind
R
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% The result of this action is that, the induced force decreases, and so does the acceleration. The bar
speed continues increasing (since the acceleration is still positive) until reaching a constant steady state
speed (noload speed) at a zero acceleration, where the net force on the bar is zero.

% In other words, the current becomes zero when:

Vg = eing = V5Bl

v(t
Therefore, the steady state speed is: (v)
B |-
v Br
Vss = B_l:
% The waveforms of various parameters 0 L 4 L t
. . (1)
are shown in the Figure next.
wn i igu X em(®)
Ve L
ﬂ L i 1
t
i(t) (L]
Vs
R
0 . ,
t
Fina(t) ter
Viﬂ
R \k
0 . , ;
(dy

®» To summarize, at starting, the linear DC machine behaves as follows:
1- Closing the switch'produces a current; i = %B
2- The current flow produces a force on the bar; F;,,; = ilB; to the right!
3- The bar accelerates to the right producing an induced voltage, e;,4(= vBl), upwards, as it speeds
up.
4- This induced voltage reduces the current flow.

5- The induced force is thus decreased (F;,,4 = i { IB), until eventually, F;,; = 0. At this point, Vg =

VB

eind, L = 0, and the bar moves at a constant (steady state) noload speed; vg, = B

This is precisely the behavior of a Shunt DC motor at starting!
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The Linear DC Machine as a Motor
B Assuming that, the machine (bar) is running at a steady state (noload) speed to the right with a zero
initial induced force, F;,; = 0, before an external force F,,, is applied to it in the opposite direction

of motion, as illustrated in the Figure below.

R
M B
— X H _ *
it
+ 1 F.;
— — d
—_— Ve «—Foad €ina o
= -
X, x x,
® Therefore, the net force on the bar is:
Fnet = Fipg — Fload ;
Thus, Frot = —Fioaa; to the left
® This results in decelerating the bar;
a= _Fload
m
®» Therefore, the.barslows down and its speed decreases.
® Consequently, the induced voltage in the bar decreases as well, because,
eina =V { Bl; still positive upwards

®» Ase;,, decreases, the current flow in the bar increases;

. Ve—einad
i T: B ind
R
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® The increase in the current results in an increase in the induced force in the bar;
Fi,q = ilB
Until it equals the load force, where the bar reaches a steady state speed (the deceleration becomes
zero);
Find = I_:load

Y A Fioad

=1
IB

®» The induced voltage must equal:
ei,nd = VB - l,R
= v! Bl =V — ‘load p

IB

B And the new steady state speed can be found as:

Fload
e Vg B R

SS IB
® This new steady state speed is certainly less than the previous steady state (noload) speed, which was

Y
Vgs = B_l

®» Now, there is an induced force in the direction of motion of the bar, and the electrical power converted
to mechanical power, to keep the bar moving, is:

— &l S 12
Pconv = €jnal = Findvss
® Hence, the machine is acting as a motor.

® The efficiency of the machine is:

n = 22 X100%

mn

— ei’ndi, 0,
n =4 X100%

n =24 X100%
VB
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v(t)

¥o __ |
E \\M—
u L i A t
®» The waveforms for various parameters for -
a
the motor case are shown in the Figure | €ina(t) 4
Vg —
next. \\_
u L 1 | t
i(t) {h)
£
B
ﬂ L 1 | t
Fina(t) (<}
FLoad B
0 I 1 ] t
id)

®  To summarize the motor operation:
1- Aforce F,,,q is applied opposite to the direction of motion of the bar, which results in a net force
in the opposite direction of motion.

Fret

2- The resulting acceleration a = is negative so the bar slows down.

. . i —eial
3- The voltage inducedfalls; e;,4 { (= v | Bl), so the current increases; i T= VB%

4- The induced force F;,,4 T (=i T IB) increases in the direction of motion, until F;,; = F},q4 at a
lower speed.
5- An amount of electric power (€j,4i") is being converted to mechanical power (FipqVss) and the

machine is acting as a motor.
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The Linear DC Machine as a Generator

+ Assuming the machine is operating under no-load steady state speed, where e;,; = Vg and i = 0, prior

to applying a force F‘app in the direction of motion, as shown in the Figure below.

R
W a
D x
i(0) x B X
— + —> F
— Vp Fing s €ind l il
- > v
/ * - X

+ The applied force causes the bar to accelerate in the direction of motion and the velocity (v) of the bar
increases causing the induced voltage, e;,; = v T Bl,t0 increase and to become larger than Vg (the

battery is being charged).

+ With ej;,; > V5, the current reverses direction, and is given by:

n
eind~VB
R

I =

+ Since the current flows upiin the bar, the induced force in the bar is:
Fia=i(lxB); to the left
Finq = ilB; to the left

+ This inducedforce opposes the applied force to the bar.

+ The bar continues accelerating and its speed increases. Hence, the induced voltage and current
continue increasing and so does the induced force, until the induced force equals the applied force. At
this point, the bar’s acceleration becomes zero, and the bar reaches a new steady state speed, which is

higher than before;

5!
|
%!

ind —

= ! = @p
B
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no_ 217
eing =Vg+i"R

F
1 _ app
> el = Vg +—22R
LB
Fapp
w o Vp+ 15 R
ss — IB

+ Note that, vis > vg!

#+ The battery is being charged and the machine is converting mechanical power (Fapp vs';) to electric

n

power (ejnqi'"); hence it is a generator.

# The efficiency of the machine is:

n = 22 X100%
Pin
n =2 x100%
€indl
_ Vs
n=—-7X100%
€ind

To Summarize:

1

Aforce Fypp is applied in the direction of motion. Consequently, Fy,,; is in the same direction of motion.

Fret

2- The acceleration, a = n is positive so the bar speeds up (v 1).

n
. . . e, TV .
3- The voltage induced;.ejn4(= v T Bl), increases, and so does the current,i = %B, but in the
reverse direction.

4- The induced force Fip (=i 11 B) increases, until [Fing| = |Fapp

, but at a higher speed.

5- The power converted: Fapp Vss | Generator einal’’
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Starting Problems with The Linear DC Machines

R/

% 'R’ in the Figure below models the machine’s internal resistance (0.1Q is reasonable for medium size

DC motor; e.g. 63kW).

B = 0.5T
X 0.10 Q directed into the page
i(t) M
—|Vz =250V 0.5m

X
X[
X

. o . 5
« At starting, when the switch is closed, ¢;;,4 = 0, and.i'= %B = 20—10 = 25004!

% This is a very high current and is almost 10 times the rated current. Such a current can cause damage

to the motor.

« This problem can be overcome by inserting an extra resistor Rg;q,+ into the circuit during starting, as

shown in the Figure below, to limit the current flow until the induced voltage builds up enough to limit

it.
X 0'10 n Vstart B - 0 5T
_ X X X
t=0 R N
i(t)
X X X
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Example 1-10. The linear dc machine shown in Figure 1-27a has a baltery volt-
age of 120V, an internal resistance of 0.3 £1, and a magnetic flux density of 0.1 T.

fa) What is this machine’s maximum starting current? What is ils steady-state
velocity at no load?

{b) Suppose that a 30-N force pointing to the right were applied to the bar. What
would the steady-stale 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?

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

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

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

B=0.1T,

0,301
Py AN, directed into the page
=0 _.I" \){ x x
. +
— 120V €id| | 10m
/x X X
(a}
['JD H‘=0rl Tu
W directed into the page
—_ X X X
1 Fa=30N + || —& =
— 120V —_ €ind :"’" HON
/x X X
_ (b)
Solution

fa) Al starting conditions, Lthe velocity of the bar is 0, so &,y = 0. Therefore,

. Ve—fws 120V-0V
=% -"o3n =400 A
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When the machine reaches sieady state, F, = 0 and i = 0. Therefore,

VB = g = v, il
Ve
Vg = E
120V
=©iTYi0m  120ms

{b) Refer to Figure 1-27b. If a 30-N force to the right is applied to the bar, the final
steady state will occur when the induced force F, is equal and opposite to the
applied force F,, so that the net force on the bar is zero:

Fipp = Fua = ilB
Therefore,
Fins 30N

B (10m)O0.1 T)
=30A flowing up through the bar
The induced vollage e,y on the bar must be
Eind = VF + IIR
=120V + (30AK0.3 L) =120V
and the final steady-state speed must be
_ Find
Va = Bl
- 120V
(0.1 THIO m)

The bar is producing P = (129 V30 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 generafor.

= |29 mis

030 B=0IT,
directed into the page

W\'_“\X * X

*
i — e F..=30N
— v e ind
=120 Fiogq=30N | — v

/x P b

<)
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(¢) Refer 1o Figure 1-25¢. This time, the force is applied to the left, and the induced
force is 1o the right. Al steady state,
= Foa=ilB
_Fm_ 30N
B~ (10m)0.1T)
= 30A flowing down through the bar

The induced voltage e,y on the bar must be

Foge

i

&= Vg — iR
=120V - (30 AX03I) =111V
and the final speed must be
€ind
V“ =E
_ 11V
(0.1 TH10 m)

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

= 111 mfs

The resulting plot is shown in Figure 1-28. Nole that the bar slows down more
and more as load increases.

() If the bar is initially unloaded. then e;.g = V. 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 V.

This fact can be used to determine the final speed of the bar. The initial speed was

120 mfs. The final speed is
VB = €ad = 'VM.BllI
_Ys
YT B
120V -
= 00RTYI0m) ~ 150 M

Thus, when the flux in the linear motor weakens, the bar speeds up. The same behavior oc-
curs in real de 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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PART I1
Electrical Transformers

®» A Transformers is advice that converts AC electric energy at one voltage level to AC electric energy at
another voltage level through the action of a magneticfield. It consists of two or more coils of wire

wrapped around a common ferromagnetic core.

® Transformers are important to reduce losses«in power systems by transmitting energy at high voltage

levels (low current levels) over long distances.

® One of the transformer windings is.connected to a source of AC electric power, and is called the -

® The second winding is'at the load side or connected to the load, and is called the _

® If there is'athird winding, it is called the Tertiary winding.

®» There are many types of Transformers: Power Transformers, Voltage or Potential Transformers (PT),

Current Transformers (CT), or Impedance Transformers.

Page 41 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Types of Construction of Transformers:

1- Core Form to——~ 04
r~ ™
The core is constructed of thin laminations l I I \ H

electrically isolated to minimize eddy currents. It
. . vp (0 N, Ny v (B
has the shape shown in the Figure next.

2- Shell F %
ell Form /’/ \

It has the shape shown in the Figure next.
Its core is also laminated.
Np
—0
3
—o
A
. J

|

\
Note: In a physical transformer, the primary and secondary
windings are wrapped one on top of the other with the low
voltage winding innermost, such arrangement serves two

purposes:

1- It simplifies the problem of insulating the high Voltage

windings from the core.

2- It results in much less leakage flux than would be the

case if the two windings were separated by a distance

on the core.
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Power Transformers:

Power transformers are given a variety of different names:

a) Unit Transformers: They are connected to the output of the generator (or power plant), at the
sending end, to step up its voltage (to above 110kV). The generated voltage is in the range of 0.4kV
to 25kV.

b) Substation Transformers: They step down the voltage at the other end of the transmission line to
distribution levels (2.3kV to 34.5kV).

c) Distribution Transformers: they take the distribution voltage, at the receiving end, and steps it

down to the final voltage at which the power is actually consumed (110V,.208V, 220V, or 380V).

Special (Instrument) Transformers:
These are other types of transformers used with electrical machines and power systems such as:
%y  Potential Transformer (PT):
It has a high voltage primary and a low voltage secondary. It provides samples of the power system
voltages to the instruments monitaringit, producing a low secondary voltage directly proportional
to the power system voltages.It'handles a very small current, and has a very low power rating, as
its apparent power rating isiin-the range 50VA to 500VA. It must be accurate so as not to distort the

true voltage badly:

%  Current Transformer (CT):
> It provides a secondary current, which is much smaller, but directly proportional to the primary
(transmission line) current; it samples the line current and reduces it to a safe and a measurable
level; 100: 5, 200: 5, 400: 5, 600: 5, 800: 5, 1000: 5,...

> 5A is a standard value on the secondary of the CT.
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> The secondary windings are loosely coupled, and thus the mutual flux is smaller than the leakage

flux. Therefore, the voltage and current relationships do not apply!

el
Interlock

from fractions to few Ohms
_ Thus, a CT has a shorting interlock, which must be shut before the

instrument’s relay can be moved for inspection or adjustment.
\
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Ideal Transformers

- ™

ip (1) i, (N

The voltage relationship: . z N\ «

° b q o +
up(® _ Np _ [ \
vet)  Ns vp(n Ny N, { v, ()

\ —
S b ———o =
_ N Y
The turns’ ratio:
- N J
a=-—
Ng

The current relationship:

ip® _ Ns _ 1
is(t) N, a

In phasors:

1%
P
==a and
vV

s

Bl] e
Il
QR

4+ In an ideal transformer, the primary voltage and current are in phase with the secondary’s, so the

transformer’s turns’ ratio affects the magnitude only, but not their angles.

The Dot Convention:

ip (1) N, N, fg (1)
% If the primary voltage is positive at the dotted — . —
+ +
end, then the secondary voltage is positive at
vp (1) Vs (F)

the dotted end.

% If the primary current is entering the dotted end of the primary winding, then the secondary current

flows out of the dotted end of the secondary winding.

Page 45 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Power in an Ideal Transformer

The input real power:
Py =Vl cos 6,

The output real power:
Poyt = Vsl cos b

But, since the ideal transformer does not affect the voltage and current angles, then 6, = 6, = 6; i.e., the

primary and secondary windings have the same power factor.

To find the relationship between the input and output powers,
P,y = Vil;cos
v,
Pyt = 7” al, cos 0
Poyt = Vplpcos @ = P;

The output power of an ideal transformer is equal to its input power.
The same relationship applies to the reactive power (Q) and-the apparent power (S);

Qin = Wl sin@ = Vil sin 0 = Qpy¢

and
Sm=Vplp =Vl =Sou
. IL
Impedance Transformation Through a Transformer . —
% The impedance of a device is defined as:
_ v v
Zp = Q ’ | ns I
I
% The load impedance is: I, Is
N —
A !
Z, = I, (-
v
Z'= ]—P < Vp Vs Zy
P
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% Because the transformer changes voltage and current levels, it changes the apparent impedance (Z,,)

seen by the source;

v,
ZL’::p
IP
But, 7 = al, and [, = =
1 Vp — BVs P
Then,
,_aV; _ ZE
Z;, = =@ .
a
Thus,
ZL,=aZZL

% Itis possible to match the load impedance with the source impedance by picking up the proper turns’

ratio; for example, maximum power transfer!

% To analyze a circuit containing an ideal transformer, the load impedance can be reflected to the

primary side, and then the primary quantities will be calculated. The secondary quantities can be found

from the turns’ ratio relationships.

Example 2-1. A single-phase power system consists of a 480-V 60-Hz gen-
erator supplying a load Z;,,q = 4 + j3 () through a transmission line of impedance
Ziine = 0.18 + j0.24 £). Answer the following questions about this system.

(a) If the power system is exactly as described above (Figure 2-6a), what will the
voltage at the load be? What will the transmission line losses be?

(b) Suppose a 1:10 step-up transformer is placed at the generator end of the trans-
mission line and a 10:1 step-down transformer is placed at the load end of the

line (Figure 2-6b). What will the load voltage be now? What will the transmis-
sion line losses be now?
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+ z
V=48020°V V ioud load
- 4+f30)

{a)

Solution
(a) Figure 2-6a shows the power system without transformers. Here I, = 1. =
I,.q- The line current in this system is given by

Vv

hoe = 7o+ 7o

_ 480 £0°V
(0.184) + j0.2440) + (40 + j3 (D)

_ _480/0°  _ _4B0L0°
418 + 324 5.29/378°

=008~2—-378°A

Therefore the load voltage is
Viead = liineZiona
= (90.8 £—37.8° A)4 ) + j3 (})
= (90.8 £—37.8° A)(5 £36.9° £}
=454 £-09°V

and the line losses are

P = (fl'me}z Ryine
= (90.8 AF¥ (0.18 Q) = 1484 W
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1y, 0130 j024Q T2 L
M YW 10:1

I 1 . Z joad
G . o Z tine . » 44430

V=48020°V
(h)

(b) Figure 2-6b shows the power systermn with the transformers. To analyze this sys-
tem, it is necessary to convert it to a common voltage level. This is done in two

steps:

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

2. Eliminate transformer T by referring the transmission line's elements and
the equivalent load at the transmission line’s voltage over to the source side.

The value of the load's impedance when reflected to the transmission system’s
voltage is

Zigug = 2y
~ (9 ua
=(F)ua+p3e
= 40042 + j300 £}
The total impedance at the transmission line level is now

Zo =Ly t Zy

linee

= 400.18 + j300.24 2 = 500.3 £ 36.88° ()

, |
V=480 0°V 1 jine 0.18 {2 j0.24 0] I
I 1:10 MW CYYYA—0
s . . g ) I
Zﬁm I
Z'1ad = |
400+ 300 )
|
L
&
|
(@) | Equivalent circuit
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This equivalent circuit is shown in Figure 2-7a. The total impedance at the transmission
line level (Z;,, + Z),.q) is now reflected across 7 to the source’s voltage level:

z:, = a7,
= (e T Zogd)
2
- (ﬁ) (0.180 + j0.24 0 + 400 Q + j300 Q)

= (0.0018 Q1 + j0.0024 ) + 40 + j3 Q)
= 5.003 £36.88°

Notice that Zi,q = 4 + j3 {d and Z;,. = 0.0018 + j0.0024 (). The resulting equivalent cir-
cuit is shown in Figure 2-7b. The generator ’s current is

[ ___480£0°V
G =~ 5.003 £36.88°

= 0594 /-36.88° A
Knowing the current 1, we can now work back and find I, and I, Working back

through T, we get

NFIIE = NSllline

0.0018 £ j0.0024 )

1M Y

=]

Z' line

+
C)‘e'=4so.¢o°v 2 ad =4+ 3802

-

[+]

Equivalent circuit
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Working back through 7, gives

Neplige = Neoligaa
N
I]w = N_;z lh’ne
10

= T{9.594 £—36.88° A) = 95.94 £—36.88° A

It is now possible to answer the questions originally asked. The load voltage is given by

Viood = licad Z1oad
= (95.94 /—36.88° A)(5 £36.87° ()

= 479.7 Z-0.01° V
and the line losses are given by

Pross = (yine) Ryjpe
= (9.594 A2 (0.18()) = 16.7TW

Notice that raising the transmission voltage of the power system reduced
transmission losses by a factor of nearly 90! Also, the voltage at the load dropped
much less in the system with transformers compared (o the system without trans-
formers. This simple example dramatically illustrates the advantages of using
higher-voltage transmission lines as well as the extreme importance of transform-
ers in modern power systems.
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Theory of Operation of Real Transformers

o ¥
) D
D
I

Ng C 5 Vg (£)

t__._——'
._-—-—"*:

¢ — _

ip(l)

M P
+.
L/ I—
~ D
®» The induced voltage is:
_dA
€ina =

where, A4 is the flux linkage, and it is the sum of flux passing through each turn in the coil added over all

the turns of the coil, such that:

A= Z?’:1¢i

®» Note that, A does not equal to N¢; because the flux passing through each turn is slightly different from

the flux in the other turns depending on the position of the turn within the coil.

®» However, the average flux is:

- A
¢=3
Thus,

dé
eina = N—
ind dt

®» If vp(t) isapplied across the primary coil, then the average flux is related to number of turns and applied

voltage by:
¢
vp(t) = Np—-
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Solving the latter equation for the average flux yields:

=>¢7=Nipfvp(t)dt

/"F”H#Fﬁ:“:‘ﬁ‘_—‘“
o 1
U AEEEEEEER
—
R I o
f’ _—_h_—_g

g lLLLLLLLLLL
\.\ 1

~a -

“-‘..________l-;_“__g__.___f

®»  Not all the flux produced in the primary coil passes through the secondary coil; there is a leakage flux.

The Leakage Flux is the portion of the flux that goes through one of the transformer coils but not the
other one.
®  Thus, the primary flux has two components; a leakage flux and a mutual flux. The latter remains in the
core and links both windings; i.e.,
bp. = by + Prp
where, ¢ is the total average primary flux.
¢ris the flux component linking both primary and secondary coils; mutual flux.
¢1p is the primary leakage flux.
®»  Similarly, for the secondary coil,
bs = by + Pus
where, ¢ is the total average secondary flux.
¢ is the flux component linking both primary and secondary coils; mutual flux.

¢ s is the secondary leakage flux.
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® Applying Faraday’s Law, for the primary coil, yields:

f
vp(0) = Np

d d

= vp(t) = ep(t) + e p(t)
B  The primary voltage due to the mutual flux is:

d
ep(t) = Np “02

®  Similarly, the voltage on the secondary coil of the transformer can be expressed is terms of Faraday’s

Law as:
do
Us(t) = Ng _dts
do d

= vs(t) = es(t) + e15(t)

®» The secondary voltage due to the mutual fluxiis:

d
es(t) = Ng %

® Equating egs. (1) and (2) yields:

ep(t) _ dom _ es(t)

Np dt Ng

®» |n well designed transformers, ¢y, > ¢,p and ¢y > ¢, therefore,

vp(t) _ Np _

vs(t) — Ns —
® Note that, the smaller the leakage fluxes of the transformer are, the closer the total transformer
voltages approximate that of an ideal transformer (the leakage voltages e;p(t) and e s(t) are

negligible).
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The Magnetization Current in a Real Transformer
% When an AC power source is connected to a transformer primary, a current flows in the primary circuit
even when the secondary terminals are open circuited. This current is required to produce the flux in a
real ferromagnetic core and it consists of two components:
1- The Magnetization Current (i,,); It produces the flux in the core.
2- The Core Loss Current (ij,.): The current required to make up for Hysteresis and Eddy current
losses.

% Ignoring the effect of leakage flux, the average flux in the core is:
- 1
$(0) =4[ vp(®) dt
% Ifvp(t) = Vy coswt, then:
TN VMo
o) = Moo SR wt
% The magnetization curve of a transformer is known. Therefore, comparing the values of current to the

flux produced, a sketch of the magnetization current (i,,) can.be obtained.

enadt vy g ¢
vpl1) P -
<~ :
' % -
i
Y
P = — sinwr
wNP
iﬁl’
% Note that, the higher frequency components, mainly the :/
third harmonic, in i, are due to saturation.

¢

The magnetization current lags the voltage by 90°. -

¢

Once the peak flux reaches the saturation point, a small

increase in the flux requires a very large increase in the peak

magnetization current. -
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% The other component of the noload current is the core loss current (ip.e)-
. . . . , d . .
% Assuming asinusoidal flux, the eddy current is proportional to d—d: and the eddy current has its maximum

value when the flux in the core is passing through zero Wb (the peak of the cosine, which is the

derivative of the sine, is at the zero crossing of a sine).

The Hysteresis 10ss is nonlinear, and has its maximum when the flux passes through zero.

% Hence, the total current required to make up for core loss is shown in the Figure below.

¢

II1P|+t

% The Core loss current (ipse) is nonlinear and its fundamental component is in phase with the applied

voltage to the core.
% The total noload current is called the EXcitation current;
Excitation Current = Magnetization Current + Core loss Current
lex = lmHlnie
[0y is depicted in the Figure below.

[-EX
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The Current Ratio on a Transformer and Dot Convention

4« Consider a loaded transformer as shown in the Figure below,

Ip / \ Is

— L] L] —

* (/ \\’f W\
e L
M| j—

—— — Vs
S [—
(- =LIEY

|
N p—
[~—] ”___,.4
M| L
- [e——l -
o— \_ /"-_‘ o

+ As in an ideal transformer, the dots help in determining the polarity of voltages and currents in the
windings without having physically to examine the windings.

+ The physical significance of the dot convention is that, a current flowing into the dotted end of a winding
produces a positive magneto-motive force, F,‘whilst a current flowing into the undotted end of a
winding produces a negative magneto-motive force.

+ Therefore, two currents flowing into the dotted ends of their respective windings produce magneto-
motive forces that add.

+ If one current flows into a dotted-end of a winding and one current flows out of a dotted end of the
other, then the magneto-motive forces will subtract from each other.

+ For the Figure above, the magneto-motive force for the primary is:

Fp = Nplp
and the magnheto-motive force for the secondary is:
Fs = —Ngls
%+ The net magneto-motive force on the core must be:
Fret = Nplp—Nsls = R
where ¢ is the net flux in the core, and R is the Reluctance of the flux path!
+ For a well designed transformer, the Reluctance (R) is very small (nearly zero), until the core is

saturated.
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+ Hence, Fp ot = Nplp—Ngls = 0, as long as the core is unsaturated!

= Nplp = Nglg
Ip o Ns _ 1

Is~ Np a
% For the net magneto-motive force to be zero, the current must flow into one dotted end and out of the
other dotted end.
+ The voltages must be built up in the same way with respect to the dots on each winding in order to

drive the currents in the direction required (the polarity can be determined from Lenz’Law).

Assumptions to Convert a Real Transformer into an Ideal Transformer:

1. The core must have no Hysteresis or Eddy current losses!

2. The magnetization curve must have the shape shown in 9. Wb
the Figure next.
For unsaturated core, F . = 0, implying that,

NPIP = Nsls

1 .
Note that, for the curve, the slope = _; ¥, A« turas

i.e., R = 0, when the core is unsaturated

R = oo, when the core is saturated

3. The leakage flux in the coreimust be zero, implying that all the flux in the core couples both windings.

4. The resistance ofithe transformer windings must be zero.
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The Equivalent Circuit of a Transformer
The losses in a real transformer have to be accounted for in any accurate model. These losses are:
1. Copper Losses (IZR): They are the resistive heating losses in the windings.
2. Eddy Current Losses: They are the resistive heating losses in the core of a transformer. They are
proportional to the square of the voltage applied to the transformer.
3. Hysteresis Losses: They are associated with the rearrangement of the magnetic domains during each
half cycle. They are a complex nonlinear function of the voltage applied to the transformer.
4. Leakage Flux: The fluxes ¢;p & ¢;s which escape the core and pass through only one of the
transformer windings are leakage fluxes. They produce a self inductance in the primary and secondary

coils.

The Exact Equivalent Circuit of a Real Transformer:
1) Copper losses are represented by Rp resistor in the primary circuit, and a resistor R in the secondary

circuit.

2) The Core loss current (i, )is proportional tothe applied voltage to the core and is in phase with the
applied voltage.
Therefore, it can be modeled by a resistor R connected across the primary voltage source.

However, iy, is nonlinear, so R is'an approximation.

3) The Magnetization current (i,, ) is proportional to the voltage applied to the core and lagging the
applied voltage by 90° (for the unsaturated region).
Therefore, it can-be modeled by a reactance X, also connected across the primary voltage source.

Again, ipisinonlinear, so X, is also an approximation.

4) The leakage flux produces a voltage;

In the primary:  egp = Np dﬁip
d
In the secondary: eps = Ns Zfs
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But, the leakage flux passes in the air, which has a constant reluctance;
¢ ===NiP
where, 7 is the permeance of the flux path.
Consequently, the leakage fluxes of the primary and secondary windings, respectively, are:
bLp = g)’NPiP
and ¢Ls = P Ngig
where, ip and ig are primary and secondary currents, respectively!
The voltage e;p and e, s are:

d . di
erp = Np E(ggNPlP) = 56N1§£

dt
eLp = LP%

and ers = No 2P Nsis) = PNZ S
eLs = Ls%

where, Lp = ﬂjNﬁ is the self inductance of the primary coil,
and Lg = P’N& is the self inductance of the secondary coil.

Thus, the leakage fluxes are modeled by inductors.

Therefore, the Equivalent Circuit Model of a Transformer is:

I I
— R Xp Rg JXs —
+o W{ Y YY"\ ‘\M YN 5,
IEI e o
Ve R¢ Xu Np N Vs

o \ J o
——

— ' Ideal
Excitation! Branch transformer

» The excitation branch is placed inside the primary resistance and inductance, because the actual voltage
applied to the core is less than the input voltage by the internal voltage drop in the primary winding; a

voltage drop in the primary winding’s resistance and another voltage drop responsible for establishing
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the primary leakage flux. The core loss and magnetization currents are related to mutual flux not the
total flux; related to ep, neither to vp nortoe;p.

» To be able to analyze practical circuits containing transformers, the transformer circuit should be
converted to a single circuit, either referred to primary or secondary side.

> The Exact Equivalent Circuit of a Transformer Referred to Primary Side

|
|
— Rp JXp a'R, ja* X, i"

ro—A

Ve

-0
» The Exact Equivalent Circuit of a Transformer Referred to Secondary Side
R, J X,
alp 72 & R

— ] }XJ —

+
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Approximate Equivalent Circuits of a Transformer

B Usually, the excitation branch has a very small current compared to the load current of the transformer

(R; & Xy are very large compared to Rp & Xp).

® Therefore, the excitation branch can be moved to the front end of the transformer, and the primary
and secondary impedances are left in series, as illustrated in the Figures below.
l l" ﬂlp I
P Reqp Kep A _ale, Reqs Kegs —5e
+0 AMA— o +0 MAN—TM—o+
Vv § R, X
r . 7 P Vv
Vp §RC Xy aVv, -z ) I—= s
a) Referred to Primary side b) Referred to Secondary side
R
ReqP = Rp + aZRS Reqs = a_z + RS
X
XeqP :Xp +a2X5 Xeqs =a_2+X5
In some applications and very large transformers, the excitation branch can be neglected as shown in
the Figures below.
1 !" I 1
. a .
4+ 0O m Y Yy o+ + o M YYY o+
Ve av, Y» v,
a
-0 0-— -0 00—
c) Referred to Primary side d) Referred to Secondary side
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Determining the Values of Components in the Transformer Model
The following tests are conducted to find the values of the parameters of the model:
I.  Open Circuit Test

v’ This test is conducted at full (rated) voltage.

v" The transformer and the meters are connected as shown in the Figure below.

Wattmeter

(4

Transformer

v During this test, the input current (I,), the input voltage (V,), and
Amimeler
the input power (Py) are measured. The subscript ‘OC’ stands for the

values of parameters during the Open Circuit test, but not in the Open
P g P P @ Voltmeter
circuit itself!

v" Mind you that, the Voltmeter and' Ammeter measure the magnitude and rms values.
v’ From this test, the magnitude of the excitation branch can be found (Rp and X, are small compared
to the excitation branch impedance; R and X, ).

v" The conductance of the core-loss resistance is:

Ge =—
€~ ke

v' The susceptance of the magnetizing inductance is:
1
BM —_ E
v" The admittance of the excitation branch is:

1 1

Yex ==——j— 3
EX = 7o J Xn (3)
v" The magnitude of the excitation branch admittance referred to primary is:
Ioc
Yex| = —
Vex| = 72
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v' The angle of the admittance is found from the power factor as:

P
pf = cos =—2¢
Vocloc
_ P
= 6 = cos 1 —2
Vocloc

v Since the power factor in a transformer is always lagging,

I
YEX:VLOC;A—Q ......................... (4)

v Comparing equations (3) and (4) yields the values of R and X,,!

Il. Short Circuit Test
o Before conducting this test, the voltage source is set to zero.
o This test is conducted at a very low voltage and full (rated) Current.

o The transformer and the meters are connected as shown in the Figure below.

Wattmeter ip (1) is (1)

O, =
+ L
V() C"i_.) CID vp (D) ‘ |

Transformer

o The voltage source’is adjusted until the current in the short circuited winding is equal to its rated
value.

o During this.test, a negligible current flows in the excitation branch, and hence the branch can be
ignored!

o During this test, the input current (I5c), the input voltage (Vsc), and the input power (Pg.) are
measured. The subscript ‘SC’ stands for the values of parameters during the Short Circuit test, but
not in the short circuit itself!!

o The magnitude of the series impedances referred to the primary side are:

v
|ZSEP| = ?Ss
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o The power factor of the current is:

pf = cos@ = _Psc_ (lagging)

Vsclsc
o Therefore,

14

Zogp =754 6 N )

o  But, the series impedance is equal to:
Zsgp = Regp +jXeqp ST ()]
= Zsgp = (Rp + a®Rg) + j(Xp + a®Xy)
o Comparing equations (5) and (6) yields the values of Reqp and X, gp!
o It is not easy to split the equivalent resistance and reactance into, primary and secondary
components!
o Sometimes, it is convenient to conduct these test (measurements) on the secondary side (because

of the voltage levels), then the impedances obtained will be referred to the secondary!

Example 2-2. The equivalent circuit impedances of a 20-kVA, 8000/240-V, 60-Hz
transformer are to be determined. The open-circuit test and the short-circuit test were
performed on the primary side of the transformer, and the following data were taken:

Open-circuit test Short-circuit test
(on primary) (on primary)
Voc = 8000V Vee = 489V

Ioc = 0214A Iec =25A
-= 400 W Poe =240W

Find the impedances of the approximate equivalent circuit referred to the primary side, and
sketch that circuit.

Solution
The power factor during the open-circuit test is
PF = cos 0 = 2-45
=cosf =g (2-45)
_ P 400 W
~ %% 7 (8000 V)0.214 A)
= 0.234 lagging
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The excitation admittance is given by

I
Yg =3 - £—cos™ PF (2-47)
ocC
=22 cos 10234

= 0.0000268 £ —76.5° {}
1 1

= (.0000063 — j0.0000261 = Re _jx_u
Therefore,
- 1 -
Rc = 50000083 = 199k
- _
Xu = 50000261 ~ 384K
The power factor during the short-circuit test is
PF p = s (2-49)
= cos == —_—
Yselsc
=cos@ = 240 W = 0.196 lagging

(489 V(2.5 A)

The series impedance is given by

V.
Zsg = I—SC£+ cos”! PF
sc

_ 480V
= 195.6 £78.7° = 384 + 192
Therefore, the equivalent resistance and reactance are
R, = 3844 Xg=19202

The resulting simplified equivalent circuit is shown in Figure 2-21.

. I
lF‘ Raq .’Xaq Tf'
+ AM_MV\_O +
I 3840 j1920

"‘*’l ll,..
iX,

v § R, 3 S a¥

4 4 4

159 kO jakQ

FIGURE 2-21
The equivalent circuit of Example 2-2,
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The Per-Unit System of Measurements
®» |n such a system, no need to worry about converting quantities from primary to secondary side and

vice versa, as the per-unit system handles the conversions automatically.

® |na per-unit system, each electrical quantity (voltage, current, impedance, and power) is not measured

is their usual ‘S/” unit, but is measured as a decimal fraction of some base level.

Actual Quantity
Base Value of Quantity

Quantity Per — Unit =

®» Two base quantities are selected, usually apparent power (S1ppase) and voltage (Vigpase), and the

other base quantities are related to them by the usual electrical laws.

® |n asingle phase system,

Pigbase Qld)baset or Sld)base = Vigpasel1ppase

I _ Sld)base
1¢pbase — Vigbase
V1¢>base
Zbase e
1¢base
2
7 _ V1¢base
base Sld)base
_ 11¢base
base V1¢base

® In a power system, a base apparent power (S1ppase) and voltage (Vygpase) are selected at a specific

point of the system.

®» The transformer has no effect on the base apparent power of the system, since the apparent power

into a transformer equals the apparent power out of it.

®  On the other hand, the voltage changes when it goes through a transformer, so the value of Vigbase

changes at every transformer in the system according to its turns’ ratio.
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® If more than one machine and one transformer are included in the system, but each is represented in
per-unit based on its base quantities, then a unified base system should be adopted, such that the

Sipbase is the greatest, while the base voltages are related to transformers turns’ ratios.

® Then the conversion of per-unit quantities from one base to another is as follows:

Slqbbasel
(P, Q,or S)pu on base2 = (P; Q,or S)pu on base1X S1pbasez
_ V1¢basel
Vpu on base2 — Vpu on baSElX V1¢basez
_ V12¢basel 51¢basez
(R, X,or Z)pu onbasez = (R, X, or Z)pu on base1X vz XS
1¢base2 1¢basel
1479
Because, Zpgse = =222
51¢base
®  Notes:
Py = Vpylpy cos 0
Qpu = Vpulpy sin6
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Example 2-3. A simple power system is shown in Figure 2-22. This system con-
tains a 480-V generator connected to an ideal 1:10 step-up transformer, a transmission line,
an ideal 20:1 step-down transformer, and a load. The impedance of the transmission line is
20 + j60 (2, and the impedance of the load is 10230°(). The base values for this system are
chosen to be 480 V and 10 kVA at the generator.

(a) Find the base voltage, current, impedance, and apparent power at every point in
the power system.

(b) Convert this system (o its per-unit equivalent circuit.

(c) Find the power supplied to the load in this system.

(d) Find the power lost in the transmission line.

lie 200 joo Q Lot Ziowt = 10 £30°Q
| 1:10 20:1
G[ L] L] M Z . [ ]
line
+
VG _ 480 2£0°V
g o T —
Region 1 Region 2 Region 3

Solution
(a) In the generator region, Vy,, = 480V and §, . = 10 kVA, so

Ihmel_m_w=20'g3A
_ Viese1 _ 480V _
Zose1 =7, ~2083A _ 23040

The turns ratio of transformer 7, is @ = 1/10 = 0.1, so the base voltage in the
fransmission line region 1s

Y,
Vpues = et = 48UY — 4500 v

The other base quantities are

Semes = 10 KVA
_ 10,000 VA _
_ 4800V _

Zowse2 =033 4 ~ 2040
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The turns ratio of transformer 75 is @ = 20/1 = 20, so the base voltage in the

load region is
W 800 V
—base2 _ -
Vises = q = 20 240V
The other base quantities are
Spees = 10KVA
10,000 VA
hoses = _ZIWO_V = 4167 A
_ 20V _
Zopes = 1167 A= 576 )

(&) To convert a power sysiem to a per-unit system, each component must be di-
vided by its base value in its region of the system. The generator s per-unit volt-
age is its actual value divided by its base value:

e
v, = 480L0°V

The transmission line s per-unit impedance is its actual value divided by its base
value:

20 + j60 02 .
Linepn = 33050~ ©0-0087 +,0.0260 pu

The load s per-unit impedance is also given by actual value divided by base value:
10 £30° 0
Liondpu = 5760 1.736 £30° pu

The per-unit equivalent circuit of the power system is shown in Figure 2-23.

lou
]

| I

| |

| |

| |
+ | ! ‘ \

VG=1£0°<) | Zioaq = 1.736 £ 30° per unit

- [ |

| |

| |

| I

| I

| |

hoad

—

Lie  0.0087 pu j0.0260 pu

M!‘Y‘Y‘V’\
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{c) The current flowing in this per-unit power system is

I =_v&

P Zpn

_ 1.£0°
(0.0087 + j0.0260) + (1.736 £30°)

_ 1.£0°
= (0.0087 + j0.0260) + (1.503 + j0.868)

N V2 P4
1512 + j0.8%4  1.757 Z30.6°

= 0.569 £—30.6° pu
Therefore, the per-unit power of the load is
Pioggpn = IRy, = (0.569)%(1.503) = 0.487
and the actual power supplied to the load is
Road = PloadpuSoase = (0-487X(10,000 VA)
= 4870 W
(d) The per-unit power lost in the transmission line 1s
= (0.569)2(0.0087) = 0.00282

Pline.pu = I;QuJRline.pn

and the actual power lost in the transmission line is
Fine = Bino.pu Soase = (0.00282)(10,000 VA)
=282W
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Transformer Voltage Regulation

The Voltage Regulation is defined as:

Vsni—Vsri 0
Ve X100%

Sf

VR =

where Vs,,; is the magnitude of the output voltage at noload.

Vsr1 is the magnitude of the output voltage at full load.

14
At noload, Vg, = f, therefore,

Ve _y
VR =<+ x100%
Vsri
In per-unit,
Vp,. —V
VR = P””—Sﬂ?”‘XlOO%
Vszpu

Usually, it is a good practice to have a small voltage regulation, a low series impedance, (ideal transformers
have VR = 0%). However, high seriesimpedance and high voltage regulation transformers are deliberately

used to reduce the fault currents in power systems.

Transformer Phasor Diagram
+ It can be utilized to calculate the voltage regulation of a transformer.
+ The voltage regulation depends on the series impedance, the magnitude and the phase angle of the

current flowing through a transformer (ignoring the effect of the excitation branch).

LIP- Req.r onqs l—-
+0 I m YNYY o4
Ve

a

\

L |

Page 72 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

% Assuming that Vs is at an angle 0° and is known (rated voltage), the phasor diagrams for the three
cases of load power factor are:
1- Lagging Power Factor

By applying KVL,

Vo~ - —
£ = Vs + Regsls + j Xegsls

a

The phasor diagram for this case is as shown below,

h-

: E e Vv, JXegls

I, Regls

Vel
a

In this case (a lagging pf), > |Vs] andVR >0

2- Unity Power Factor

By applying KVL,

Ve o AND, -
L = Vs + Regsls + j Xeqsls

a

The phasor diagram for this case is as shown below,

1,

_‘—"‘/_ h

1
s V, R,

In this case (a unity pf), @ > |Vs| and VR > 0. However, the voltage regulation is smaller than

that is for a lagging current.
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3- Leading Power Factor

By applying KVL,

Vr o T
£ = Vs + Regsls + j Xeqsls

a

The phasor diagram for this case is as shown below,

In this case (a leading pf), @ < |Vs| and VR < 0.

Transformer Efficiency

The efficiency is defined as:

N = 2% X100%

mn

n=—"o"_ X100%

Pout+Pioss

These equations apply to motors, generators as well as to transformers.

For a transformer, the output power is:
Pyyp-= Vil cos @
The power losses are:
Pioss = Peu + Peore
where,
Peore = PHyst + PEddy
such that:
P.,: are the copper losses I2R in the windings resistance
Pyt is the Hysteresis power loss

Pgqay: is the eddy current power loss

n= VsIg cos @ X100%

Vsls oS 0+Pcore+pPey
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Example 2-5. A 15-kVA, 2300/230-V transformer is to be tested to determine its
excitation branch components, its series impedances, and its voltage regulation. The fol-
lowing test data have been taken from the primary side of the transformer:

Open-circuit test Short-circuit test
Ioc =021 A Isc=60A
Poc = SOW Psc = 160W

The data have been taken by using the connections shown in Figures 2—19 and 2-20.

(@) Find the equivalent circuit of this transformer referred to the high-voltage side.
(b) Find the equivalent circuit of this transformer referred to the low-voltage side.
{c) Calculate the full-load voltage regulation at 0.8 lagging power factor, 1.0 power
factor, and at 0.8 leading power factor.
{d) Plot the vollage 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?
Solution
(a) The excitation branch values of the transformer equivalent circuit can be calcu-
lated from the open-circuit test data, and the series elements can be calculated
from the sheort-circuit test data. From the open-circuit test data, the open-circuit
impedance angle is
Foc
Vocloc

B = cos™!

, 50W _
(2300 VX0.21 A)

= o8~ 34°

The excitation admittance is thus
I
Yp =1 £-84°
oC
_021A
2300V
= 0.13 x 10-35 £-84°() = 0.0000095 — 70.0000908 {}
The elements of the excitation branch referred 1o the primary are

_ 1
~ 0.0000095

£ —84°

Rc = 105 k2
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From the short-circuit test data, the short-circuit impedance angle is

1160 W

= COs @7 V(6 A) = 554°

The equivalent series impedance is thus

V.
Zgg = ;—Scﬁﬂsc
sC

_47v
6A

= 7.833 £55.4° = 445 + j6.45
The series elements referred to the primary are
R, =445 0 Xy = 645 0

£554° )

This equivalent circuit is shown in Figure 2-29a,

{b) To find the equivalent circuit referred to the low-voltage side, it is simply neces-
sary to divide the impedance by . Since @ = Np/Ns = 10, the resulting values are

R, = 0.0445 O R- = 1050 )
Xoq = 0.0645 (2 Xy = 1100
1, Req, e L
F oo AN 50 g S—— g
4450 j6.454)
Lite l llm
;o Re X
Y% loskq § 3{:11 kQ avs
- O o —
(a)
ﬂ'P Req; fqu |!
o AN 'S g W—
' 00445 1 JO.0645 ()
aly . l lalm
M - msong i v,
%-'" =j110 5
- O o —
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(¢) The full-load current on the secondary side of this transformer is

o) 15,000 VA
— Smted _ —

To calculate Vp/a, use Equation (2-64):

I.i.mnd

Y :
- = Vs + Ryls + jX I (2-64)
At PF = 0.8 lagging, current I; = 65.2 Z-36.9° A. Therefore,

Vv
ng = 230£0°V + (0.0445 QN65.2 £ —36.9° A) + j(0.0645 2)(65.2 £ —36.9° A)

=230£0°V + 290£-369°V + 421 £53.1°V
=230 + 2.32 — j1.74 + 2.52 + j3.36
= 234.84 + j1.62 = 234.85 £040° V
The resulting voltage regulation is
Vpla — Vi
Vsn

_ 23485V — 230V
230V

At PF = 1.0, current I = 65.2 £ 0° A, Therefore,

x 100% (2-62)

X 100% = 2.1%

v,
?P = 230 £0°V + (0.0445 )N65.2 £0° A) + j(0.0645 £2)(65.2 £0° A)

=230.£0°V + 2.90 £0°V + 421 £90°V
= 230 + 2.90 + j4.21

=2320 + 421 = 23294 21.4° V
The resulting voltage regulation is

232.942;'0; 230V « 100% = 1.28%

VR =

At PF = 0.8 leading, current Iy = 65.2 £36.9° A. Therefore,

Vv
?P = 230 Z0° V + (0.0445 {2)(65.2 £36.9° A) + j(0.0645 (1)(65.2 £36.9° A)
=23020°V +290.369°V + 421 £1269°V
=230 + 232 + j1.74 — 2.52 + j3.36
= 22080 + j5.10 = 229852127°V
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The resulting voltage regulation is

220.85V — 230 V
VR = 230V

Each of these three phasor diagrams is shown in Figure 2-30.

x 100% = —0.062%

VP
o =2349 £04°V

V,=23020°V Xogly=4.21 £53.1°V

\ Regly =2.9 £ -369°V

I,=6522-369°A

(a)

A4

-+ =2329Z 1.04°V

421 L990°V

I,=65220°A 230 £0°V ——
2920°V

(b)

Y

| =652 2 36,90 fp=119.s.,:1.21°v
=652 2 36.9°A

" /guamw

20 £0°V

(c)
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(e} To find the efficiency of the transformer, first calculate its losses. The copper
losses are

Pe, = {IS)ERW = (65.2 A)(0.0445 (1) = 189 W

The core losses are given by

_ (Vp/ap _ (23485 V)?

Poore . = 10500

=525W

The output power of the transformer at this power factor is
P, = Vilgcos 0
= (230 V)(65.2 A) cos 36.9° = 12,000 W

Therefore, the efficiency of the transformer at this condition is

_ Volgcos 0
M= P, + P, + Vilscos 0

_ 12,000 W
180W + 525 W + 12,000 W

= 98.03%

x 100% (2-68)

x 100%
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Transformer Taps and Voltage Regulators

% The voltage variation at the output of a transformer is due to the high impedance between the

generators and loads, and due to variation of loads.

% Distribution transformers have a series of taps in the windings to permit small changes in the turns’

ratio of the transformer.

% Typically, transformers have four taps in addition to the nominal setting with spacing-of 2.5% of full

load voltage between them.
% Such arrangement provides adjustments up to 5% above or below the nominal voltage rating of the
transformer.

% However, these taps normally cannot be adjusted while power is being applied to the transformer.

% One solution to this problem is a special transformer called Tap Changing Under Load (TCUL)

transformer or voltage regulator.
% The taps are connected at the high voltage (low current) side of the transformer.

% A TCUL transformer has a built-in-voltage sensing circuitry that changes taps automatically to keep the

voltage almost constant.

% TCUL transformers operate while power is connected to the transformer, and they are very common in

modern powersystems.
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Autotransformers

4 They are used to change the voltage levels by a small

amount.

4+ An example of autotransformer is the variable
autotransformer for AC (VARIAC), which is used to provide

an adjustable AC voltage.

#+ The autotransformer consists of two windings; a Common winding, which is common to input and
output ports and has N turns. The other winding is called_the Series winding, which is connected in

series with the Common winding and is smaller than the Common winding, and has Ngg turns.

4 The autotransformer can be configured as astep-up transformer as depicted in the Figure below.

Iy
o+
L ]
I Ise
YSE NS'E—
I
+o .
Vu
N¢
Vi Ve
| e
-0 o _
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% The other configuration is the step-down autotransformer, which is depicted in the Figure below.

Iy

o Iy =lse

o lf. = ISE + lc
e | M
I
Yy > o

| ]

o o

4« The voltages in the Common and Series windings are related according to:

Vel _ Nc
IVsgl  Nsg

# The currents are related according to:

el _ Nsg
[Isg | N¢

# The terminal voltages are:
v, =V,
Vy=Vc+Vsg
+ And the terminal currents are:

TL = TC + TSE

I = Igg

% Rearranging the above equations yields the terminal voltages relationship as:

and the terminal currents relationship as:

[Tl _ Nc¢+Nsg
[Thl N¢

Page 82 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Three-Phase Transformers

®  Almost all major power generation and distribution systems

in the world today are three-phase AC power systems.

® Three-phase transformers can be constructed either by
connecting three single phase transformers in a three-phase
bank, or by wrapping three sets of windings on a common

core and connecting them in a three-phase bank.

~ N

- o QA__d,

q o
Npy N5y Ne Nsz d o P
d

4 o
o Nor ] Np Mey T
—y
: =
o—] o— o— b

o—j o—

q q q C
Ngi g Ny o Ny q [

d d
o— o— o— d

Np3 Ng3 J J

older approach newer approach

® The older approach is to'.connect three independent transformers to compose a three-phase
transformer as shown.in.the Figure above. This approach has the advantage that each unit could be

replaced individually in the event of trouble. However, the combined three-phase transformer is

preferred.
Dg
D
—-._._"-'-:.:-;__ ==
®» The newer approach is to construct a three-phase- —
o— N
transformer on a single core as it is lighter, smaller in size, ] Usg
Up r ,_/O
cheaper, and slightly more efficient. These advantages 4
—
overweigh the advantage of the older approach.
®» Note that, the middle leg of the core can be removed as it
O+ D+ D= Ur

has zero flux.
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Three-Phase Transformers’ Connections
The primaries and secondaries can be independently connected in a WYE (Y) or Delta (A). Hence, four
combinations are possible:

1) WYE - WYE (Y —Y)

2) WYE - Delta (Y — A)

3) Delta—WYE (A —Y)

4) Delta-Delta (A — A)

1) WYE - WYE (Y — Y) Connection

e The windings are connected as shown in the Figure below.

e The primary voltage on each phase is related to the primary line voltage by:
Vip = \/§V¢P
e The primary phase voltage'is related to the secondary phase voltage by the turns’ ratio (a):

_Ver _ Np
Ves Ns

e The secondary voltage on each phase is related to the secondary line voltage by:

Vis = \/§V¢s
e The overall voltage ratio on the transformer is:
Vip _ Y3Ver _
Vis  V3Vgs
Vir _
Vis
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e Note that, the magnetization current of a transformer is non-sinusoidal and contains a very large third
harmonic current, which is necessary to overcome saturation in order to produce a sinusoidal flux.
e WYE - WYE connection has two serious problems, and therefore it is rarely used:
a) An unbalanced load can cause the phase voltages to be severely unbalanced.
b) A Third Harmonic problem due to non linearity of the core:
#+ The magnetization current for each phase has a fundamental component and a third harmonic
component. In other words, for phase ‘a’:
iq(t) = Izq sinw gt + I3 sin3(w4t) +...
= i,(t) = I, sinw t + I3 sin[(w3k) +...
where, w3z = 3w, is the third harmonic frequency.
For Phase ‘b’:
ip(t) = Iy sin( w1t —120) + I3 sin 3(w,t— 120)+...
= ip(t) = I sin(w;,t — 120) +I5sin (w3t — 360)+...

For Phase ‘c’:
i.(t) = I, sin(wqt + 120)+ 1.3 sin3 (w,t + 120)+...
i.(t) = I sin(wyt + 120) + I3 sin (w3t + 360)+...

+ The fundamental components ‘of the three-phase currents are 120° apart. However, the 3™

harmonic currents of the three phases are 360° out of phase; i.e. in phase.

+ Because all the third harmonic currents are in phase with each other in the three windings, and
they mustadd'up to zero at the Neutral (when the Neutral is ungrounded), they are all zero;
Iz + Iz +15=1Iy=0
I32£0 + 32— 360 + 132360 = 0
1320+ 1320+ 1320 =0
31520=0
Thus, the third harmonic component itself, of any of the three phases, is zero;
=13=0
In other words, no tripplen harmonic currents can flow in a Y-Y connection if there is no connection

from the transformer windings’ Neutral back to the sources’ Neutral.
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% As a result, the magnetization currents will be sinusoidal, without the third harmonic component

flowing, resulting in a flat-topped flux, which does not vary sinusoidally.

= Since, the induced voltage is proportional to the flux amplitude and its frequency, then the induced

voltages will be also flat-topped, which have a large third harmonic component (as large as the

fundamental component); thelindiiced Voltagesiin the secondaries are ot sinusoidal.

Solutionsto Y — Y Problems:

1) Solidly Grounding the Neutrals of the Transformers, especially the Primary, Transformers’ Neutral

%

This permits the additive _ to cause a current _ instead of

building up large third harmonic voltages. The neutral also provides a return path for any current

imbalances in the load.

1) Adding a Third (or Tertiary) Winding Connected in Delta

Thus, the third harmonic voltages in the Delta will add up, _
_ to supply the needed\ component of the magnetizing current, hence restoring the
flux to a near sinusoidal waveform. This suppresses the third harmonic components of voltages in a

similar manner to grounding the Nedutral.

The Tertiary winding is'often used to supply lights, motors and other applications in the substation.

The rated power.of the Tertiary winding is about 3% that of the main windings, to be able to handle the

large circulating (third harmonic) currents.

The Delta connected Tertiaries also couple the three phases together. Any fundamental voltage

imbalance between the phases, due to secondary line imbalance, _

_. This tends to equalize the phase voltages and distribute the secondary load

unbalance more evenly among the primary phases.
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2) WYE-Delta (Y — A) Connection

™ The windings are connected as shown in the Figure below.

[ The primary voltage on each phase is related to the primary line voltage by:
Vip = \/§V¢P

The primary phase voltage is related to the secondary phase voltage by the turns’ ratio (a):

_Yer _ Np
Ves Ns

The secondary voltage on each phase is related to the secondary line voltage by:
Vis = V¢s
The overall voltage ratio on the transformer is:

Vie _ V3er L 3,
Vis Ves

This connection has fioproblem with the third harmonic components in itsVoltages, since they are

consumed in.a circulating current is the Delta side.

This connection is more stable with respect to unbalanced loads, since the _

any imbalance that occurs.

A feature might be considered as a disadvantage for this connection is that, the secondary voltage

al

f

[

al

[

is shifted . with respect to primary voltage for abc sequence; the secondary line voltage lags the

primary line voltage by 30°.
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3) Delta— WYE (A — Y) Connection

v' The windings are connected as shown in the Figure below.

Vis

)
BN Em

v The primary voltage on each phase is equal to the primary line voltage;
Vip = V¢P
v' The primary phase voltage is related to the secondary phase voltage by the turns’ ratio (a):

_Vep _ Np

Ves Ns
v' The secondary voltage on each phase is related'to-the secondary line voltage by:
VLS = \/§V¢S
v The overall voltage ratio on the transformer is:

VLP_ V¢P \ a

Vis  V3Vgs V3

v" It has the same advantages as the Y — A connection, but it causes the _
the primary line Voltage by 308 for ‘abc’ sequence.

Page 88 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

4) Delta-Delta (A — A) Connection

v' The windings are connected as shown in the Figure below.

a e " o+ d
+ + 9
V,p Np3 ]"Ls
Vip Np) o
_ _ NH L]
bo * " A AT
Co : o

v" The primary voltage on each phase is equal to the primary line voltage;
Vip = V¢P
v" The primary phase voltage is related to the secondary phase voltage by the turns’ ratio (a):

_Ver _ Np
Ves Ns

v" The secondary voltage on each phase is related to:the secondary line voltage by:

Vis= V¢s
v" The overall voltage ratio on the transformer-is:
Vie _Vep _
Vis Vgs
Vir _
Vis

v’ This transformer has no phase shift associated with it, no problem with harmonics, or unbalanced loads.
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Three-Phase Transformation Using Two Transformers
1- Open—A (V — V) Connection
2- Open—Y Open—A Connection
3- Scott-T Connection

1. Open—A (V — V) Connection

®» Assuming that the winding of one phase of the A — A connected transformer is damaged, and has been

/'.‘\

removed for repair, as shown in the Figure below,

ao Y Yy
N, -
A 52
L]
o Phase ___ | )\ N N o d
Npy removed
Yo .
N
P2 + )
bo < A - a b
L ]

Co ) Q¢
® |If the secondary voltages are:
Vy=V20°V (
and \
Vg = VA—120°\V
Then, the voltage across the gap; where the third winding is removed, is:
Ve=<V,—7p
Ve=-V20°—-V2-120°
V¢e=-V—(-0.5V —;0.866V)
Ve =—0.5V +j0.866V
Ve=V2120° V
® This (V) is the exact voltage that would be if the third winding still exists; V is called a8 Ghost phase!

® Thus, balanced three-phase voltages can be obtained at the output of a transformer with only two
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Real Power of Two-Winding Transformer

m Consider a two-winding transformer supplying a three-phase A —connected resistive load, as shown in

the Figure below,

Iy £0° A
Ghost Phase Ney "’_é‘_mp A I:
({ v 5

- +
Vp £30°V i
. \ (4 Ng, .
Npy (
Vg £150°V i
¥
. e
Iy Z120° A

. ' /:. Z12004 00 |
Npy o

- o
lp £-120° A o
d

m The load phase voltage is the same as the load line voltage and it equals the transformer secondary

voltage; for phase A, V3 £150°.

[ Because the load is resistive, then the load phase current is at the same angle as the load phase voltage;
Irp£150°.

® The line current lags the load phase currentby 30°; I2120°.

[ Since one winding is missing, .the line currents are the same as the phase current in the secondary
windings.

@ Because the current and voltage angles differ in each winding, the real power of each is examined
individually.

@ For winding 1 of the transformer secondaries, its phase current lags its voltage by 30°.

The real’)power of winding 1 is:
P; = Vylg cos(150 — 120)
P; = Vyls cos(30)

V3

P1 = 7V@I@
m For winding 2 of the transformer secondaries, the phase voltage is at angle of 30° and the current
must be leaving the dotted end of winding 2 to be able to deliver a real power; i.e., —(I3£—120°),

which can be written as: I;260°.
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Thus, the current angle is 60°. The real power of winding 2 is:
P, = Vgly cos(30 — 60)
P, = Vyly cos(—30)

Pz_ﬁ

al

The total maximum real power of the open—A transformer is:

The ratio between the real power of the open—A and the available real power of normal three-phase

[

f

bank is:

Popen—A _ \/§V®I®
P3phase 3Valg

Popen—A _ i _
P VB 0.577

al

The available real power out of an open—A bank is only 57.7% of the.original bank’s rating.

[

® Note, the real power of the open—A bank is not% or 66.7% of original bank’s rating, as could be
anticipated!

@ Note also, the real power output of the open—A bank is only 86.6% of the two remaining windings’ real
power; 0.866X > Pypase = 0.577Pyppase!

Tl

The reactive power of winding 1 is:

[

Q1 = Vplp sin(150-— 120)
Ql = V@I@ Sll’l(30)
1
Qv.=3VYolo
®  The reactive power of winding 2 is:
QZ = V@I@ Sln(30 - 60)
Q, = Vplysin(—30)
1
Q2= =5 Vsly
Thus, one transformer is producing reactive power which the other one is consuming (though the load

is purely resistive). That’s why the real power with two windings is limited to 57.7% of the original bank’s

[

rating.
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2. Open—Y Open—A Connection

It is very similar to the Open—A connection except that the primary voltages are derived from two

phases and a Neutral, as shown below.

By this connection, a three-phase service can be obtained from two'lines only. However, a very large

current flows in the Neutral of the primary circuit.

3. Scott- T Connection
#* [t is used to derive two phases 90° apart from three-phase power supply.
# Scott-T consists of two single phase transformers with identical ratings.
#+ One transformer has taps on its primary and secondary windings at 86.6 percent of the full load
voltage.
+ The other transformer has acenter tap on its primary winding.

#+ Scott-T connection is shown.in the Figure below.

T,
, ¥ o +
[ ]
Ng Vsi
Vb
Ve
o'_
- Ns
+ —M.—"’ +
Vie Va2
+ - * JR-
T
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#+ The equivalent phasor diagrams and voltages are:

Vp=VZL120°
Vpe=VLO V.
Vm =V -120°
‘:"
ab v}ﬁ=0.3’ﬁﬁi”£9{f
Vic
Ve V=V =VeL0°

v(‘d

#* The resulting secondary voltages are:

vV N,
‘rﬂ=TLm" =FP
5

v‘ﬂ-%f_ﬂu
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The Per-Unit System for Three-phase Transformers

®» The single phase base equations apply to three-phase systems on a per phase basis.

®» The base Volt-Ampere value of a single (one) transformer is related to three-phase base by:

Shase
3

Slqbbase -

where, Spqse is the three-phase Volt-Ampere.

_ Sld)base
Also, Ilqbbase = Vipbase
— Shase
Thus, Ilqbbase = 3V1gbase
2
_ V1¢base
base S1¢>base
2
/4 _ 3Vl(])base
base Shase

The relationship between the base line voltage and the base phase voltage of the transformer depends

on the connection of the windings.
For A —Connection,

Vibase = V1¢base

For Y —Connection,

Vibase = \/§Vl¢base

® The base line current in a three-phase transformer bank is:

\ Sbase

I =
Lbase \/ngase

Transformer Name Plate:

Information on a name plate includes rated voltage, rated kilo Volt-Ampere, rated frequency, and

transformer per-unit series impedance. Also, the voltage rating of each tap on the transformer and wiring

schematic of the transformer are shown.
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Transformer Ratings and Related Problems

Voltage and Frequency Ratings

The voltage rating of a transformer serves two functions:
1- Protecting the winding insulation from breakdown due to an excessive voltage applied to it!
2- Setting the maximum acceptable magnetizing current (i,,) in the core.
Assuming that the steady state voltage applied to the primary winding is:
v(t) =V sinwt

Then, the flux in the core of the transformer is:
$(0) =5 v(0) dt
b(t) = Nipf Vi sin wt dt
o) = —I\Z—chos wt

Considering the magnetization curve of a transformer core for 3 different values of flux,

¢. Wb

F (=N, A+turns

im

® OO
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In the unsaturated region of the magnetizing curve, an increase in v(t) by 10% results in a 10% increase
in the flux. However, in the saturated region, an increase in v(t) by 10% results in a 10% increase in the
flux, but results in a large increase in the magnetizing current (i,,), as in case 3, which was illustrated in

the previous Figure.

Therefore, the maximum applied voltage (therefore, the rated voltage) is set by the maximum

acceptable magnetization current in the core.

. 1% LV . . . )
Also, since ¢y = ﬁ, the ratio i must be kept constant to avoid excessive magnetizing currents.
P

In other words, if the frequency is reduced, then the rated voltage must be reduced accordingly (this is
called Derating of the transformer), and vice versa; if the frequency\is increased, the rated voltage of

the transformer can be increased if this does not cause insulation-problems.

Apparent Power Rating of a Transformer
m  The apparent power rating and voltage. rating set the maximum current flowing in the windings.
®  The rated currentis:

I \J Srated
rated \—

Vrated

W The rated current sets the copper losses (I2R), which results in heating the windings. Overheating of
windings results in shortening the life time of insulation.

®  Forced cooling of transformers may allow operation at a higher Volt-Ampere rating.

I If the transformer voltage is reduced, then the apparent power rating must be reduced by an equal

amount.
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The Problem of Current Inrush

» Theinrush current at starting is dependent on the voltage level of the transformer.
» Assuming that, a voltage whose phase shift 6,
v(t) = Vy sin(wt + 6)

is applied to the transformer at the moment of connection to a power line.

» Then, the flux in the core is:
(D) =5 v(0) dt
$(t) = = [ Vy sin(wt + )dt
P

P(t) = —NVP—chos(wt +0) + ¢ B )

where, ¢ is the constant of integration and is a transient flux that quickly decays as a result of excess

eddy current and primary copper losses (I?R).

> After few cycles, the flux becomes:
- _Vm
o) = oo cos(wt + 0)

Such that, the maximum flux in steady stateis:

Vm

Pmax = Np_a)

» If the residual flux in the core is ¢, then ¢ can be found by substituting t = 0 in the general flux

equation (eq.(7));
= ¢p(t=0%) = —V—Mcos(H) + @ = Op
Np(l.)
Therefore,
= Ym
¢c = Yoo cos(9) + Dg
» |If the residual flux is zero (@g = 0), then:
— M
$c = 3L cos(6)
» Thus, the core flux (in eq. (7)) becomes:
= _m VM
o) = s cos(wt + 0) + T cos(6)
If 8 =90°, then:
= _m Ym
o(t) = oo cos(wt +90) + Now cos(90)
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= ¢(t) = —%cos(wt +90)

_ VM
= ¢(t) = oo sin(wt)
This does not cause any problem, as the flux does not exceed its maximum value!
» However, if 8 = 0°, then the flux becomes:
__Vum 478
o) = Yoo cos(wt + 0) + Yoo cos(0)

d(t) = —Pmax cos(wt) + Grmax
Atwt =0, ¢ = 0, no problem in that!

But, at -, after the first half cycle, the flux is:

¢ = —Pmax c0S(T) + Grmax

> Note that, the maximum flux is twice as high as the normal steady state flux.

> Doubling the maximum flux results in an enormous increase in the magnetizing current, as the

transformer is designed to operate at the knee of the magnetization curve.

» For part of a cycle, the transformer _ and a very large starting current flows;
» An example of the inrush current waveform is shown in the Figure below. It has a second harmonic

%

component! {

ip(® i)

Rated
current

Normal " k
1 |

range of «{ - p——
m
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» The maximum flux height reached depends on the phase angle of the voltage at the moment it is
applied.
» Zero phase shift is the worst moment to connect the transformer to the power line!

» Normally, the angle (phase shift) is not controlled, and the transformer and the power system must be

able to withstand these huge starting currents.
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PART III
AC Machinery Fundamentals

® AC Machines are either generators that convert mechanical energy to AC electrical energy, or motors

that convert AC electrical energy to mechanical energy.

. AC Electrical Machine :
Mechanical Energy < > AC Electric Energy

®» Types of AC Machines:
1- Synchronous Machines: They are motors or generators, whose magnetic field current is supplied by
a separate DC power source.
2- Induction (Asynchronous) Machines: They are motors or generators, whose field current is supplied

by magnetic induction (transformer action) into their filed winding.

® Constructionof AC Machines:
The AC machine has two main parts:
a) Rotor: the rotating part of the machine,

b) Stator: the stationary part of the machine, and handles the high current!

B The field circuits of most AC machines are located on their rotor.
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A Simple Rotating Loop between Flat Pole Faces

% Consider a simple loop placed between flat pole faces of a uniform magnetic field, as shown in Figure

(a) below. The top view of the loop is shown in Figure (b) below.

o

I
|
[0 l | €ha
)
|

B+
A—
A —

=1

B is a uniform magnetic oo
field. aligned as shown. eor
{b)
{a)

® The loop is rotated at an angular velocity (w) in the counter clockwise rotation.

® The magnetic flux density (B) is uniform between the pole faces.

Voltage Induced in the Simple Loop

w ‘Fﬂb
N
Bab
ﬂN\j -
b B B
¥
(a) (b) (c)

'l

[ When the loop is turned at an angular velocity (w) around the axis 0 — o', a voltage will be induced at

its terminals, which is the sum of individual voltages induced in each segment of the loop.

5

I The tangential velocity is:
v =wr
where 7’ is the radius of the loop; from the axis of rotation to the edge of the loop.
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T Each segment of the loop will have an induced voltage in it; T
€ind = (5 X E)i N‘ Vaﬁr
® The total induced voltage in the loop (e;,;) is the summation of the v b
CJ i

induced voltages in individual segments. The individual segments are:

1. Segment ‘ba’

- Vab
€pa = (1_7 X B)l
. Oab
epq = VBlsin0,,;
It is positive into the page as shown in the Figure next. B
2. Segment ‘cb’ p
(¥ x B) is either into the page or out of the page, whilst Lis in |
— . | b
the plane of the page; i.e., (@ X B) | L. Therefore, i . I[—r- +
I
@xB).[=0 |
Thus, e =0 Cdc ! | €ba
3. Segment ‘dc’ |
_ +|1 1 -
eqc = (WX B).1 d | a
eqc = VBlsin8.4; I | l
It is positive out of the page, as shown'in the Figure next. ro-
1ot
4. Segment ‘ad’
(¥ x B) is either into the page or out of the page, whilst Lis in the A B
ed
plane of the page. Therefore,
W) - Ved
(wxB).l = 0.
€ad = 0

The total induced voltage, therefore, is:
€tot = €pa T €ch t €ac t €aq
etor = VBlsinBO,, + 0+ vBlsinf.4 + 0
€tor = VBlsinO,, + vBlsin O,
But,
O,y =180 — 0,4
Recall the triangular identity,

sinf,, = sin(180 — 6,;) = sinf
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Consequently,
eror = VBlsin(180 — 8.4) + vBlsin 6.4
€0t = 2VBlsin 0

@ The total voltage is maxima when 8 = 90?; i.e. the loop in the horizontal position.

€tot

g, radians

& r
2

rof= -
H

il

[ If the loop is rotated at an angular velocity (w), thenthe angle (6) will increase linearly with time;
0 = wt

and the tangential velocity is:
v =r

where, ‘v’ is the radius of thedoop; from the axis of rotation to the edge of the loop.

il

m Then, eqy: can be expressed.in terms of the angular velocity as:
€tor =2wrBlsin wt
But, the area of the loop is:

A = 2rl
Then, etor = ABw sin wt
The maximum flux through the loop (¢) occurs when the area is perpendicular to the magnetic flux density,

and is:

¢ = AB
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Thus,
= €ior = Pw sin wt
For number of loop (turns), the maximum voltage is:
= €0t = €max SIN WL
where, emax = kpw
Therefore, the induced voltage depends on the flux in the machine, speed of rotation, and a constant (k)

representing the construction of the machine such as shape, and number of turns,...

Induced Torque in a Current-Carrying Loop
Assume that, the rotor loop is at some arbitrary angle (6) with respect to-the magnetic flux density (B),
and that a DC current is flowing in the loop as shown in the Figure below. The magnetic flux density (B) is

uniform, and is pointing from left to right.

-

e o — 'Q‘.
ﬂT

B d

D —

5 —_—

P —
—_—
-
=

Note:
® Means that the current is flowing into the page
© Means that the current is flowing out of the page
The force on each segment of the loop is:
F=i(lxB)
The torque induced on each segment of the loop is:
T = The Perpendicular Distance X force applied
T =T7XF
T =7rFsin@

where, 6 is the angle between the line of action of F and 7.
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The torque induced on the loop is the net torque of individual torques on each loop segment;

1- Segment ‘ab’

The force on the segment is: | into page
F=i(IxB) B
F = ilB; Downwards! ¥ 8ap r

The resulting torque is:
Tap = TF sin Gy (2)
Tap = TilBsin O,p; Clockwise!
2- Segment ‘bc’

The force on the segment is:

_ e X
F=iIxB) 1\(;

F = ilBsin x; Into the page! r.Fintopage B
. . . . T.=0
Since the force is parallel to the axis of rotation 0 — o', the torque be
(h)

Tpc is zero!
3- Segment ‘cd’
The force on the segment is:
F=i(lxB)
F = ilB; Upwards!

loutof page B

The resulting torque is:

Teq = TFSin O¢q

Teq = TIlB sin O.4; Clockwise! ©
4- Segment ‘da’
The force on the segment is: )
F=iixB) r, ¥ out of page
F = ilBsiny; Out of the page! w
Again, since the force is parallel to the axis of rotation o — o', the Tge=10 1
torque T4, is zero! )
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The net torque induced on the loop (z;,,4) is the sum of torques on individual loop segments; i.e.,
Tind = Tab+ Toc T Ted T Tda
Ting = TilBsin O, + 0 + 1ilBsin 6.4 + 0
But, 84p = 0.0 =0,
. Ting = 2rlBisin6; Clockwise
Note that, the area of the loop is:
A=2rl
Tina = ABising; Clockwise L. (8)
And the maximum flux in the loop is:
¢ =AB
Therefore, the net induced torque is:
Ting = Pising; Clockwise
For number of turns in the loop, then the induced torque is:

Tind = k@ising; Clockwise

@,

%+ Note that, the torque is maximum when the loop is in the horizontal position (6 = 90°), and the torque

is zero when the loop is in the vertical position. (6-=10° or 180°), as shown in the Figure below.

T-,m,N-m

8, radians

P in 2

SEE
o

% The torque depends on the flux in the machine, the current in the machine loop, and on the

construction of the machine; shape and number of turns...
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Alternative Way to Express The Torque
®» Assume that, the loop is subject to a stator magnetic flux density (Bj), which is pointing to the right.
® The current in the loop generates a magnetic flux density (l_?l,,op), whose direction is perpendicular to

the loop surface, as shown in the Figure below.

® The loop magnet flux density is proportional to its current (i) and can be found from Biot-Savart Law;

.y
Bloop - E

where G is a factor depending on the loop geometry; for example-it is 2r for a circle!

® Thus, the loop current, i,

i — GBloop
7
B Substituting 'i’ in the torque equation (eq. (8)) yields:

GBloop

Ting = 4 Bgsin 0

B letK = %, then:
Tind = KBjopBs Sing; Clockwise

® 0§ is also the angle between B),p, and B!

® Therefore, the induced torque can be expressed as:
Ting = kBioopXBs
k is a constant, which depends on the construction of the machine and its geometry.
®  The torque produced is into the page implying that the torque is clockwise (rotate from l_iloop to Bg to
find the torque direction).

®»  The magnetic fields tend to align (lineup) themselves with each other.
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®» The Torque Induced in any Real Machine depends on:
a) The strength of the rotor magnetic field,
b) The strength of the external (stator) magnetic field,
c) The sine of the angle between the two magnetic fields,

d) A constant 'k’ which depends on the construction of the machine (geometry).

Rotating Magnetic Field

# It was shown that, the torque tends to turn the rotor (loop) and align itself with the stator magnetic
field.

@  If the stator magnetic field was rotating, then the rotor will chase it and rotate.

&

Consider a three-phase windings spaced 120° electrical degrees (also. 120° mechanical degrees for two-

pole machine) apart around the surface of the stator of the. machine.

# The current is assumed to be positive when entering the unprimed end, and vice versa.
# Assuming that, the three-phase currents applied to the coils are:
lga’ () = Ipsinwt A
ipp (t) = L, sin(wt — 120) A
iqo'(t) = Iy sin(wt + 120) A
# The currentin coil (aa’) flows into a — end of the coil, and out of the a’ — end of the coil, and so forth

for the other coils...
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Phase a Phase b Phase ¢
™~

# The currents produce magnetic field intensities:
H,, (t) = H, sinwt £0° A.turns/m
Hp, (t) = Hp, sin(wt — 120) £120% A.turns/m
H_.(t) = Hy, sin(wt + 120) 2—120° A.turns/m
# The directions of magnetic field intensities can be found by the right hand rule and are shown in the
Figure next.
4 But,
B =uH
Therefore, the magnetic flux densities are:
B 1 (t) = By sinwt £0° T
By, (t) = B, sin(wt — 120) £120° T
B..(t) = By sin(wt + 120) 2—120° T

where, B, = uH,,!

# The net magnetic flux density is:
Bt = Eaa’+§bb’ + Ecc’
# Within a cycle, the direction of B,,,; depends on the instantaneous values of individual magnetic flux

densities, which in turn depend on the instantaneous currents.
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# For example, at wt = 0°,
B, (t) =020°T
B, (t) = By, sin(—120) 2£120° T
B,./(t) = By, sin(+120) 2—120° T

Thus,
-3

2

V3

Buee = 0+ By (2°) £120° + By, () 2-120°

Bper = 1.5 Bpz—90°

# But, at wt = 90°,

B, (t) = Bp20° T

B,, (t) = By, sin(90 — 120) £120%.T

B, (t) = By, sin(90 + 120) 2—120° T
Thus,

Bet = By + By (—0.5)2120° + B,,(=0.5)2—-120°

Enet = 15 BmLOO

#® A similar procedure’can be followed to find out the

magnitude and direction of the magnetic flux density at
other angles.

@ The resulting magnetic flux density (B,.;) has a constant magnitude (1.5 B,,), but rotating counter
clockwise at an angular velocity (w).

# Balanced three-phase currents (equal magnitudes, 120° apart in phase angle, and have the same
frequency) produce a rotating magnetic field of a constant magnitude if they were allowed to flow in

three-phase windings spaced 120° electrical degrees apart around the surface of the machine.

@ The direction of rotation of the magnetic field may be reversed by swapping the phase currents in two
coils!
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Relationship between Electrical Frequency and Speed of Magnetic Field Rotation

4% The order of stator windings sequence, a — ¢’ —b —a’ — ¢ — b’, produces one north and one south
poles, which complete one mechanical rotation around the
stator surface for each electrical cycle of the applied
current.

+ The Figure next shows the location of poles at wt = 90°!

% Therefore, the mechanical speed of rotation of the
magnetic field in revolutions per second is equal to the
electric frequency in Hertz.

#* Therefore, for a two pole machine,

fe = fm

We = Wm

where, f, is measured in Hz, f, is measured in revolution/s, w, and w,, are both measured inrad/s.

%+ |If the pattern of stator windings sequence was repeatedtwice; —¢'—b—a'—c—b'—a—¢c"— b —

a’'— ¢ — b’, then a four-pole machine results as'shown in the Figure below.

: © Counterclockwise © ’
a € ] c — a b

+ Three-phase currents applied to the latter stator windings produce two north and two south poles.
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% In this winding sequence, four-pole windings, the pole moves only half way around the stator surface

in one electrical cycle; i.e., 360°electrical degrees produce 180° mechanical degrees, then:

0, =20,
fe = 2fm
We = 2wy,

. . . . P o
% In general, if the number of poles in an AC machine stator is P, then there are B repetitions of the

winding sequencea — ¢’ — b — a’ — ¢ — b’ around its inner surface, and

P
0. = ;em
_ P
We E(l)m
P
fe= Efm
Since, f, = 6’3, then
Png,
fe 2 60
Pny,
fe 120
120 f . . .
o Te; imRevolution Per Minute [rpm]

Reversing the Direction of Magnetic Field Rotation
If the current in any two of the three coils is swapped, the direction of the magnetic field’s rotation will be

reversed; i.e., the direction of rotation of an AC motor can be reversed by switching (swapping) the

connections of any of two of the three coils.
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Induced Voltage in a Three-Phase Set of Coils
m Assuming that, the rotor is rotated at an angular
velocity (w) and has a uniform and a constant

magnetic flux density (B), then the flux density in the

airgap varies sinusoidally with the mechanical angle,
as shown in the Figure next; i.e.,

B = By sina

il

® |If the reference of a was selected as in the second
Figure below, then:
B =By cosa

B = B, cos wt

il

® If three coils each of N, turns are placed around the rotor
magnetic field, as before, then the voltage induced in
each of them will be the same in magnitude, but will

differ in phase by 120°!

il

®  The resulting voltages in the three coils are:
eqa’ () = Nopw sinwt V

epp (t) = N.gpw sin(wt — 120) V
e’ (t) = N.¢pw sin(wt + 120) V

(!

Therefore, a three-phase set of currents can generate a uniform magnetic field in a machine stator, and

a uniform rotating magnetic field can generate a three-phase set of voltages in such a stator.

il

®  The maximum voltage in-each phase is:
Emax = Ncopw
Epnax = Nep(27f)

[ The rms value of any phase voltage is:
E, =\2nfN.¢ or Ey = kopw
@ The terminal voltage depends on the stator windings’ connection;
e ForY: Vy=+3E,
e ForA: Vy=E,
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Induced Torque in an AC Machine

% The interaction between the stator magnetic field and the rotor magnetic field produces a torque in
the machine (both magnetic fields tend to line up with each
other).

% Assuming that, the stator flux has a sinusoidal distribution
and peaks upwards as shown in the Figure next.

B, = B;sina

% Assuming also that, a single coil of wire is mounted on the
rotor.

% The force induced on the right coil segment is:

Fina1 = i(lxB)
Fina1 = ilBssina; Upwards!
The resulting torque is:
Tind1 = TilBssina; CCW
Similarly, the torque induced on the other segmentis:
Tindz = TilBssina; CCcwW
% The net torque induced is:
Tind = 27ilB, sin &; CCcwW
% The torque can be derived also.by finding the rotor
magnetic field, which is proportional to the rotor
current (i); i.e.,
Hp = kyi

where, k, is a constant.

% Note that, the angles are related by:
y =180 -«

¢

Hence, siny = sin(180 — a) = sina

¢

Therefore,

Tina = K, HpBgsiny

Tind = KyHRXES
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% Since, By = uHp, then the torque can be re-expressed as:
Ting = kBRXBg

% But, the net magnetic field is,
Bpet = Bg + By

< Tind = kERX(Enet - ER)

Tind = kERX (Enet) - kERX (ER)

Note that, the cross product of a vector by itself is zero!

Tind = kERXEnet

Tind = kKBgrBpe: Sin 6

where, § is called the torque angle, and it is the angle between By and B ;!
% Note:
When the torque induced is opposite to the direction of rotation of the rotor, the machine operates as

a generator. Whilst, when both the torque induced and speed are in the same direction then the

machine is operating as a motor.
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Winding Insulation in an AC Machine

e Winding insulation breakdown due to overheating can be partially prevented by providing a cooling air

circulation over them.

o Arule of thumb, the life expectancy of a motor with a given type of insulation is halved for each 10%

rise in temperature above the rated temperature of windings.

e Insulation System Classes according to the National Electrical Manufacturers Association (NEMA) in

USA, for a continuous operation, are:

Insulation System Temperature Limit in
Class Degree Celsius
Class A 60
Class B 80
Class F 105
Class H 125

e There are other standards'defined by International Electromechanical Commission (IEC).
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AC Machine Efficiency and Losses

The efficiency is defined as:

= out ¥100%

mn

— Pin_‘Ploss X].OO%

mn

or n=—tou_ x100%

PouttPioss

Types of Losses in AC Machines:
1. Electrical or Copper Losses (I2R):
They are losses occurring in the resistance of the windings of the machine;
For a three-phase machine, the stator (armature) copper losses are:
Psc, = 3I2Ry; Ry: The armature(stator) winding resistance
The rotor (field) copper losses:

Prcr = 12Rp; Rpy: The field(rotor) winding resistance

2. Core Losses: They are Hysteresis and Eddy Current losses occurring in the metal of the machine. They

are dependent of B? and n'>; n is the speed-of rotation of magnetic fields.
3. Mechanical Losses: they are friction losses caused by bearings and windage losses caused by the friction
between moving parts and the air. They vary as a cube of rotational speed (n3).

No Load Rotational Losses = Core Losses + Mechanical Losses

4. Stray (Miscellaneous) Losses: They are losses which are not accounted for. They represent 1% of full

load power.
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Power Flow in an AC Machine
The power that is converted from mechanical power to electrical power, or vice versa, is:
Peonv = Tind®mi

For a generator, the power flow diagram is shown in the Figure below.

'Pcunv
\
‘P'Il:l= Twpmﬂ Tind @ Pm=31'$"3 cos for
ﬁV;_f,_ COs ﬂ
5D U o
2R losses
Stray” Mechanical CO®
losses losses s
(a)
For a motor, the power flow diagram is shown. in the Figure below.
Pml]‘l"
Pin = 3";{-1 cos 6 Time Pnut = Tioad Om

|

Mechanical Stray
2R losses ESD:S losses losses

(b)
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Voltage Regulation (for generators)

e The Voltage Regulation is a measure of the ability of a generator to keep a constant voltage at its

terminals as the load varies. It is a measure of the output voltage—current characteristic.

e The Voltage Regulation is defined as:

VR = " x100%
Vi

e Ideally, VR = 0%!
e |f VR > 0, then the voltage drops as the load increases. On the other hand, if VR < 0, then the

terminal voltage increases as the load increases.

Speed Regulation (for motors)

e The Speed Regulation is a measure of the ability of a motor to keep a constant speed as the load torque

varies. It is a measure of the torque—speed characteristic.

e The Speed Regulation is defined as:

SR ="' x100%

nﬂ

SR = 222 x100%
wﬂ

e |deally, SR = 0%); e.g. Synchronous motors!
e IfSR >0, thenthe motor speed drops as the load torque increases (as is the case in most motors). On

the other hand, if SR < 0, then the motor speed increases as the load torque increases, which is the

case in unstable motors (e.g. a Differentially Compounded DC motor).
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Part 1V
Synchronous Generators

Introduction:
Synchronous Generators or Alternators are Synchronous Machines used to convert mechanical power to
AC electric power.
Synchronous Generator Construction:
It consists of a stationary part called a stator and a rotating part called a rotor.

® DC current is applied to the rotor winding to produce.a rotor magnetic field,

® The rotor is turned by a Prime Mover producing a rotating magnetic field within the machine.

® The rotating magnetic field induces three phase voltages in the stator windings.

®»  Windings:

1. Field Winding (Rotor Winding): produces the main magnetic field

2. Armature Winding (Stator Winding): where the main voltages are induced

Types of Rotors:

1. Salient Pole Rotor: The Magnetic poles are striking out from the surface of the rotor (machines with

a number of poles greater than 4).

Salient
Rotor
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2. Cylindrical (Nonsalient) Pole rotor: the magnetic poles are constructed flush with the surface of the

rotor (machines with number of poles 4 or 2).

Notes:
# The rotor is subject to changing magnetic fields, thus it is constructed from laminations to reduce
eddy currents!

# The number of rotor poles equals the number of stator.poles to interlock with each other.

Methods for Supplying a DC Current to the Rotor Windings:

1. External DC Power Supply by means of Slip Rings and Brushes
Slip Rings: are metal rings completely encircling the shaft of the machine but insulated from it.
Brushes: Blocks of Graphite-like'Carbon Compound that conduct electricity freely, but have very

low friction.
Brushes

Slip

Rings (- (Q

However, this arrangement has two main problems:
a. Brushes need regular maintenance and must be checked for wear.

b. Brushes’ voltage drop causes losses especially with very large currents.
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2. Brushless Exciter

e Itis usedin Large AC Machines

e Itis a small AC generator with its field mounted on the stator and the armature mounted on
the rotor.

e The layout of a Brushless Exciter is shown in the Figure below.

e The three phase out of the exciter generator is rectified by a three-phase rectifier, also
mounted on the shaft of the generator, and then is fed in the main DC field circuit.

e The exciter field itself is fed from an external three phase supply of a low-power.

! Exciter : Three-phase | Synchronous
| I recthfler I msachine
| i I
| Excler amature | ‘1}. Maln Field
i | |
, AL i
| | i

= I I
I I I
[ B W ’ |
a ——""T1

I e —— B — B

I Exclier : Three-phase
SR T | ps
i I i
| | | I
I I I

3 | |

0y I I
| | |
i : : Main armabane
T i |
: i “'I.I'“-phlﬁl‘ : :
] ingut (low currenl) | |
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3. Brushless Exciter with a Pilot Exciter

A small Pilot Exciter is added to the Brushless exciter to make the excitation of the generator

completely independent of any external circuit, as shown in the Figure below.

The Pilot Exciter is a small AC generator with Permanent Magnets mounted on the rotor and three
phase windings on the stator. It produces the power for the field circuit of the exciter, which in turn

controls the field circuit of the main machine, as illustrated in the Figure.

Rotor
| Pilot exciter | i Exclier | | Symchrosous
I I I I | Benerator
i [ i i [
I Pilotexciter | [ [ [
| fleld : | Exciler armature | —= Maia field
Ei : : i |
g I I | |
| | Permanent : : || Theee- ||
| magmes i i —  phase i
| | | | recilifier |
i [ [ i [
| | i | |
i i | i i
| I | | |
I I l I !
——fm————————— Po————————— e L b
: | | | | “"*'*’““*ﬂf
I I - I i
| I I I I
i | i i
| i i i
e | e [ |  Lvees
-l | phesae Rg i i
g I rectifier | I I
8 I I I I
i | ; i [ L
| [ | | |
| Pllotexciter | ! Exciter | | Main armarure
| armatare ! ! hewd ! !
| I I i I
| I I Stator I I
| i i i i
| i i i i
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Speed of Rotation of a Synchronous Generator
The electrical frequency produced is locked or synchronized to the mechanical speed of rotation of a

Synchronous generator and related by:

P 1207,
120 m p

where f.= electrical frequency in Hz
P = number of poles

nm = mechanical speed of the rotor in r/min
Examples: For 2 poles and 50Hz, the speed of rotation is 3000rpm
For 4 poles and 50Hz, the speed of rotation is 1500rpm

For 2 poles and 60Hz, the speed of rotation is 3600rpm

For 4 poles and 60Hz, the speed of rotation is 1800rpm
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Internally Generated Voltage of a Synchronous Generator

The magnitude of the voltage induced in a given stator phase is:
E, = kdw
k is a constant representing the machine construction; geometry, number of turns,...
w is the angular speed in rad/s
¢ is the magnetic flux in Tesla

E, is directly proportional to the flux, and the flux is related to the field current (If); i.e. E, is directly
proportional to the field current. Hence, ¢ versus Ir, magnetization characteristics can be scaled (by kw) to

produce a plot of E4 versus I¢, as shown in the Figures next.

F. Eﬂ WS by [-ConE A

ia) il
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Equivalent Circuit of a Synchronous Generator

The terminal phase voltage (V) is different from the internally generated voltage (E,), except when the

generator is unloaded. This is due to four factors:

1. Armature Reaction Effect: the distortion of the airgap magnetic field by the current flowing in the
stator

2. The Self Inductance of the Armature (stator) coils

3. The Resistance of the Armature (stator) coils

4. The effect of salient pole rotor shape; saliency effect will be ignored in the analysis. Saliency

produces Xq and X,

1. Armature Reaction Effect:
The load current flowing in the stator windings produces a magnetic field, which distorts the original
rotor magnetic field, and this is called Armature Reaction Effect. Hence, the distortion will change the

resulting voltage.

EA.m: |'

Vrelative

(a) (b)
> The peak of the voltage (E 4 max) ®» The voltage E4 produces a lagging
coincides with the direction of Bp. current when connected to a load with a
lagging power factor.
> Note: ejng = (VyetatweXBRr)-L ® The peak current (I g ;nqy) Will occur at an

angle behind the peak voltage (E 4 mqx)-
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e The stator current I, produces its own &

magnetic field B, which produces a voltage
(Egtqe) in the stator windings.
o Eg 4 is the armature reaction voltage.

e The peak of the voltage (E¢4¢) coOincides with
the direction of Bg.

The total terminal phase voltage (V) is the sum of voltages:

V_(D = E_A * Estat
And the net magnetic field is:

Bnet=P;+B_S

5

5
— Jﬂ+'ﬂ’m
Bmt= BR"' ns

The field' B adds to Bp distorting it
into B et

The voltage Eg;q¢ adds to the voltage
E 4 producing V.

Estat Iags IA,max by 90°

Modeling the Armature Reaction Effect is based on the following facts:

Egtar 1385 I max by 90°, and E g4, is directly proportional to I 4. Therefore, Eg,¢ can be expressed as:

Egtar = _jXE
The total terminal phase voltage (V) becomes:

=V =E4 —jXI4

The Armature Reaction Effect is modeled by an inductor
connected in series with the internally generated voltage E4

as shown in the Figure next.
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2. & 3. The Self Inductance and Resistance of Stator Windings

® The stator coil has a self inductance L, and a resistance R,.

® The total difference in voltage between E4and Vg is then:

Vo=Es —jXI, —jXaIy — Ryly

® The Armature Reaction Effect and the self inductance are combined together in the synchronous

reactance of the machine (X;);

X, =X+X,

Therefore, the terminal phase voltage becomes:

Vo =E; —jXIy — Ryl

® The full equivalent circuit of the Synchronous generator is:

s

%2
(0C)
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X5 Ry
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Ly -
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Xs Ry
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The stator windings may be connected as Y or A.

The terminal line voltage depends on the connection of stator windings;

For Y-connection: Vi = V3 V5 £30°

+$ 4 ¥

For A-connection: Vy = V

{h)

®  For a balanced load, analyzing the per-phase equivalent circuit is sufficient.

Ir Iy
— Yy .!M _ o+
S5 Ry
Re
Ve ({Dﬁﬂ v,
Lg
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The Phasor Diagram of a Synchronous Generator

Recall, the per-phase equivalent circuit:

f}" IA
YL J\M o+
JXs Ry
Rg
+
Vg G‘u) E, Vq

Ly

o =

Applying KVL for stator in the per-phase equivalent circuit yields:

Vo =E, —jXsIg — Rply
Assuming V_¢is the reference and is kept at zero angle, the phasor-diagram representing the above
equation for various power factors is as follows:

1. Unity Power Factor

JXsly

2. Lagging Power Factor

3. Leading Power Factor
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Comments:
4 For a given Ve and 1, , a larger E4 is needed for a lagging power factor; a larger field current is
needed because E4 = kpw = k'l fw.
# Inother words, for a given field current (i.e. E ;) and magnitude of Armature current (I 4), the terminal
voltage (V¢) is lower for a lagging power factor and is higher for a leading power factor.

@ Usually R, is neglected in studying voltage variation because R, < Xg.

Power and Torque in a Synchronous Generator
The input power to the generator from the Prime Mover (Diesel Engine, Steam Turbine, Gas Turbine,
Hydraulic Turbine, ...) is:
Py = TappPm
The power converted from mechanical to electrical form is:
Pconv = Tind®Wm
Peony = 3 Exl, cosy

where yis the angle between E4 and 14

The Power Flow Diagram in a Synchronous Generator is:

E“h

£
B S

=ﬁ Vi I cosél
P,= T upp

Core IR losses
i [ r losses)
Stray ::;tmu losses COppe
losses windage
losses
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The Real Output Power is:
P,y =3Vl cos@
or Py =3Vgl, cosO
The Reactive Output Power is:
Qout = V3V7I, sin6
or Qout =3Vyl, sinf

A Simplified Power Formula:
If R4 < X and can beignored, then

the phasor diagram becomes as
E,sind

shown next. =Xl cos8

From the Figure,
X1, cosO =E, sind
or

EA siné

I =
4 COSO X

Substituting for I4 cos 8 in the Real output power equation yields;

E, siné

Poye =3V

s

3V4E
2 Pout = — 2 sing

S

where § is the torque angle and is typically between 15° and 20°.

When the torque angle § = 902, the maximum Real power a generator can supply occurs,

3VpE4
Py = 2
Xs

which is called the Static Stability Limit of the generator.
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A Simplified Torque Formula:
It was shown earlier that,

Tina = kBrX B;
or

Tind = kB_RX Boet

The magnitude of the torque is:
Tind = kKBR Byt SIS

where § is the angle between the rotor magnetic field and the net magnetic field.

Since By produces E 4, and By produces Vg, the angle & between E,4 and Vy is the same as the angle

6 between By and B,,,; .

Because Ry is assumed zero; no copper losses, then:

Peony = Pous

IVLE, .
74 sin &

TindWm =

s

3V4Ea

Tind sind

mes
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Measuring the Synchronous Generator Model Parameters

1. Open Circuit Test

® |t is conducted at rated speed and at noload.

—
AMA— o +

O

B |nitially, set the field current (If) to zero, then increase it in steps'and measure the terminal voltage
(Vg), which equals E 4 at noload
% Plot E,4 (or Vg or Vi) versus If; the Open—Circuit Characteristic of the generator (OCC)

® The Open-Circuit Characteristic (OCC) of the generator is shown in the Figure below:

Air-gap line
V. V ' L -

/ Open-circuit characteristic
! (OCC)

I. A
(@) s
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2. Short Circuit Test
# |Initially, adjust the field current (I5) to zero

#  Short circuit the generator terminals

through Ammeters A~ m
# When the terminals are shorted, the —

Armature current is: "

Ey
"EVRER R

(a)

# Increase the field current (I) and measure the Armature current (I4)

@ Plot I 4 versus I¢; the Short Circuit Characteristic of the generator (SCC) is as shown below
Iy A

Sheort-circuit characteristic
(SCC)

I, A
(b) 4

# Note that the SCC is linear and the Machine does not saturate due to small B;,.;

V,: ov EA

Ly

I4Ry

Phasor Diagram during Short Circuit Magnetic Fields during Short Circuit
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# Note also that, the internal impedance of the machine is:

EA
Z= VR X =1

# Since X; » R, then,

@

For any particular value of I, E 4 and I sare known, therefore X, can be found.

# APlot of X, versus I is shown below.

ViV

X5, )
Iy A
s Air-gap line

sCC

0

0 Iy
@ The unsaturated X (Xsunsat) is greater than the saturated X (Xs54¢)-
3. DCTest

R, can/be found by applying a DC voltage (at rated current, to heat the windings to operating
Temperature ) to the armature circuit, while the machine is stationary, and measuring the DC

current. Neglecting the skin effect:

Current
Limiting
v Resistor I.=1
A — frated
R, = =4 P
A= 2 T4 WA—(4)
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The Synchronous Generator Operating Alone

The effect of load changes on a Synchronous Generator operating alone, which has a constant field current
(constant flux, &) and a constant Prime Mover speed (w), and hence constant frequency; i.e. constant
E,4 (= kgpw), will be explored.

If the load is increased at the same power factor, then |I4 | increases. Consequently, the voltage jX;l  is
larger than before, but at the same angle.

Neglecting R4 , KVL equation describing the per-phase equivalent circuit of the machine stator becomes:

Vo=E; —jXsIy

The effect of load changes is explored for the 3 cases of load power factor:
1. Lagging Power Factor

®» As the load increases, the voltage Vg

decreases sharply.

® The voltage regulation:

VR = V1 x100%
Vsl

is rather large and positive.

{a)
2. Unity Power Factor
o As the load increases, the voltage Vg

decreases slightly.

o VR issmall.and positive.

3. Leading Power Factor
= Asthe load increases, the voltage
Vg increases.

= VR is negative.
iXs Iy

5 8 v, V,
ic)
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Notes:
It is desirable to keep the load voltage constant even with varying the load. The obvious approach is to vary

the magnitude of the internally generated voltage E4 to compensate for load changes.

Since the Prime Mover speed is constant (w = contant), and because E;, = k¢w, ¢ should be changed

accordingly.
as:Re 1o I, T2 T EyToo Vi T
or
as:Ry 1= Il plo Eyjlo Vgl
Thus, by adjusting the field current (If), the terminal voltage can be regulated. Thisican be achieved by the

Automatic Voltage Regulator (AVR) in real Synchronous Generators.

Study Examples in Text Book!

Parallel Operation of AC Generators

In power plants and large power systems, more than.one generator is connected in parallel. Parallel

operation has may advantages, some of these are:

I Several generators can — than one Summer_

\

\

Winter
Il.  Several smaller generators allow _ ,
and thus more efficiently. When one generator is not

operating near full load, it will be relatively inefficient.

machine can do by itself.

Some units can be shut down when the load is low causing

the remaining ones to operate near full load. Examples of Residential Load

daily.load variation are shown in the Figures next.

lll.  Having many generators connected in parallel -
the reliability of the power system; the failure of any one

of them does not cause a total power loss to the load.

IV.  Parallel operation allows one or more of the generators to

be removed for shut down and maintenance.

Industrial Load
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Conditions Required for Paralleling Generators

The closing time of a switch (S4)

connecting two generators together

cannot be selected arbitrarily, C'E"Em'“'} g P Loud
otherwise the generators may be s, 1

damaged due to huge currents and -

power transients! C"’"""“‘“ﬂ} j

To avoid such a risk, each of the three phases must have exactly the same .voltage magnitude and
phase angle as the conductor to which it will be connected. To achiéve this, the following conditions
must be satisfied:
I.  The rms line voltages of the two generators must.be equal
Il.  The phase angles of the two “a”-phases must be equal
lll.  The two generators must have the same phase sequence (‘abc’ or ‘acb’ sequence!)
IV.  The frequency of the new generator, Generator 2, (called the Oncoming Generator)

must be slightly higher than the frequency of the running system (or generator)

Comments:
B Conditions ‘I and-“II’ assures that the voltages are identical (in magnitude and angle) in
both systems.
® |f the phase sequence is different, there would be no problem in one phase, but the other

two phases would have a huge current flow. Swap any two phases!

Ve Vp

Vg Ve
abe phase sequence ach phase sequence
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® |f the frequencies of the two generators are not very nearly equal when they are connected
together, large power transients will occur until the two generators stabilize at a common

frequency.

® The frequencies of the two generators must differ by a small amount, so that the phase
angles of the oncoming generator will change slowly with respect to the phase angles of

the running system. When the systems are in phase the switch can be closed.

General Procedure for Paralleling Generators

1. Adjusting the field current of the oncoming generator to equate its terminalvoltage with the system

voltage. A Voltmeter can be used to measure the voltages.

2. Checking the phase sequence either by:
a) A Small Induction Motor connected to each system; the motor must have the same direction
of rotation in each case.

b) A Three-Light Bulb Method

As the phase changes between the

Generator | } 5

ATy

two systems, the light bulbs first get

bright (a large phase difference) and

8

th t di I ph A
en ge im (a.. small phase ~

difference).
£

e

5

Generator 2 -
If all the-light bulbs get bright and /
Switch $,

dark together, then the systems have

the same phase sequence.

If the bulbs brighten in succession, then the systems have opposite phase sequences.
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3. Observing the Frequency by a Frequency Meter

Adjust the frequency of the oncoming generator to be slightly higher than the system frequency.

Higher frequency of the oncoming generator’s so that the oncoming generator comes on line

supplying power as a generator, instead of consuming it as a motor.

Slightly higher to make the change in phase slow, and to be able to react in appropriate time.

4. Observing the Phase Changes in the Two Systems
The small difference in frequency, between the two systems, will cause the voltages in the two
systems to change phase with respect to each other very slowly.

When the phases’ angles are equal, the switch connecting the two systems together can be closed.

The two systems are in phase can be determined by:
I.  Observing Three-Light Bulbs:

When the three-light bulbs all go out (are off), thevoltage difference across them is zero and the
systems are in phase. m
Il. Employing a Synchroscope:

A Synchroscope is a meter that measures the difference in phase angle

between the ‘a’ phases of the two systems. The Figure next shows the

front view of a Synchroscope.

Synchroscope

# When the dial (needle) is‘pointing at the top, the phase difference 5

is zero, and when'it/is pointing at the bottom it is 180°.

#  Since the frequencies of the two systems are slightly different, the

phase angle on the meter changes slowly.

#  |f the oncoming generator is faster (has higher frequency) than the running system, the phase
angle advances and Syncroscope needle rotates clockwise.

#  If the oncoming generator is slower, the needle rotates counterclockwise.

#  When the Synchroscope needle is pointing upwards in the vertical position, the voltages are
in phase and the switch can be closed to connect both systems together.

# In large generators and power systems, the whole process is automated or computerized.
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Frequency-Real Power Characteristic of a Synchronous Generator
4« The Prime Mover (Diesel Engine, Steam Turbine, Gas Turbine, Hydraulic Turbine, ...) is the source of
input mechanical power to the generator.
4+ As the power drawn from the Prime Mover increases, the speed at which it turns decreases
nonlinearly. But, the Governor mechanism, which is included in the Prime Mover, tends to make the
decrease in speed linear with an increase in load Real Power demand from the generator.
+ The Governor is adjusted to provide a slight drooping characteristic with increasing load power.

+ The Speed Droop (SD) is expressed as:
SD =" x100%

ngy
where n,,; is the Prime Mover noload speed
ngy is the Prime Mover full load speed
+ Typically, Speed Droop is in the range: 2% to 4%
+ Governors have some type of set-point adjustment to allow the noload speed of the turbine (Prime
Mover) to be varied.
#+ The frequency versus Real Power of a generator is ascaled plot of the speed versus Real Power of the

Prime Mover, as illustrated in the Figures below.

Mechanical speed. r/min

Power,

Power, kW

kW ih)

(a}

+ The Relationship between frequency and Real Power can be described quantitatively by:
P = Sp(fu —fﬂ)
where P is the Real Power output of the generator.
Sp is 1/slope of the curve measured in kW/Hz or MW/Hz.
fn1 is the noload frequency of the generator.
fr1is the full load frequency of the generator, and it equals the frequency of the system, f;,s.
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Reactive Power and Terminal Voltage Characteristic of a Synchronous Generator
®»  When a lagging load is added to a Synchronous generator, its terminal voltage drops. Likewise, when

a leading load is added to the Synchronous generator, its terminal voltage increases.

® This voltage variation is not intrinsically linear. But, generators have Voltage Regulators, which make

the characteristic linear.

® |t is possible to plot the terminal voltage versus the Reactive Power. The plot has a drooping

characteristic, as shown in the Figure below.

Ve, V]

- 0 U O (reactive power),
KVAR consumed kVAR supplied

® The characteristic curve'can be moved up or down by changing the noload terminal voltage’s set-point

on the Voltage Regulator.

® For a singleé generator operating alone, the Real and Reactive Powers (P and Q) supplied by the

generator will be the amount demanded by the load attached to the generator.

®  For a given Real Power (P), the Governor’s set-point controls the generator’s operating frequency, and
for a given Reactive Power (Q), the field current controls the generator’s terminal voltage (the Voltage

Regulator’s set-point controls the terminal voltage).
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Operation of Generators in Parallel with a Large Power System

#® When a generator is connected to a large power system, which has an infinite bus, the generator has

no effect on the system’s voltage or frequency.

# Infinite Bus: is a power system so large that its voltage and frequency do not vary regardless of how

much Real Power and/or Reactive Power are drawn from or supplied to it.

# The Frequency-Real Power characteristic and the Terminal Voltage- Reactive Power characteristic of an

Infinite Bus are shown below in Figures (a) and (b), respectively.

Je

-F 0 P,
Consumed kW
supplied
(a)

Vr
-g 0 Q.
Consumed EVAR
supplied

(b

4 When a generator is connected in parallel with another generator, or a large system, the frequency

and the terminal voltage of all machines must be the same, since their output conductors are tied

together.

T

Infinite bus

Generator

i

(a)
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# Frequency-Real Power characteristic of an infinite Bus and a generator are drawn back to back in a

sketch called House Diagram, shown in the Figure below.

fnl\

/
fos

o e s e e e e e

Fif s KW Pt bus P Pe kW

Pioad
# |f the generator, had been paralleled, is at a slightly higher frequency (f,,; > fsys), then the generator
Real Power (P;) is positive; the generator supplies power, as illustrated in the Figure above.
# If the oncoming generator’s frequency was slightly less than the system frequency, the generator Real
Power (P;) is negative, and it actually consumes Real Power, from the Infinite Bus, and runs as a motor.

The Figure below illustrates this situation.

J. HZ

T~

w
P kW Po<0 Pk

[consuming)

# Note that many generators have a Reverse-Power Trip connected to them, so that it is imperative that
they be paralleled with their frequency higher than that of the running system, i.e. if such a generator

ever starts to consume Real Power, it will be automatically disconnected from the line.
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# Once the generator is connected with the Infinite Bus, if the Governor’s set-point was increased, the
noload frequency is shifted upwards and the Real Power supplied by the generator increases, as

illustrated in the Figure below.

A

Pint bus Py Ppy P Par Py P P kW
-

Pm= constanl = F3+P|;

# The effect of increasing the Governor’s set-point on the phasor diagram is shown in the following

Figure.

#® E, (E, = k¢w) is constant because it is connected to an Infinite Bus (frequency is constant), and ¢ is
constant (no change in the field current), V4 is also constant, but E4 sin§ has increased.

# In the aforementioned Figure, the generator is operating at a leading power factor, supplying a
negative Reactive Power; consuming Reactive Power from the Infinite Bus.

# If the generator’s Real Power is increased to exceed that of the load, the extra Real Power generated

flows back to the Infinite Bus.
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Adjustment of the Reactive Power of the Oncoming Generator
B Once the generator Real Power has been adjusted to the desired value via the Governor’s set-point

then E4 sin & and I 4 cos 8 must remain constant.

® Since the generator is tied to the Infinite Bus, then w is also constant.

®» |f the field current (If) is increased, the flux ¢ increases, therefore, E, (= k¢w) increases and slides
along the line of constant Real Power. Since V is constant (because connected to.Infinite Bus), the

angle of jX; I, changes. Thus, the angle and magnitude of I4 change.

Constant Real Power Line
E, Ey E]

P

w P

® For a lagging power factor, the distance proportional to generator’s Reactive Power (Q), I4sin @,

increases, with increasing If.

®» In other words, increasing the field current of a Synchronous generator, operating in parallel with an
Infinite Bus, increases the Reactive Power output of the generator when the power factor is lagging,

and reduces the consumed Reactive Power when the power factor is leading.
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Operation of Generators in Parallel with Other Generators of the Same Size

R/

< When a single generator operated alone, P and Q supplied by the generator were constrained to be
equal to those demanded by the load. The frequency and the voltage were varied by the Governor’s

and Voltage Regulator’s set-points, respectively.

< When a generator is operated in parallel with an Infinite Bus, the frequency and the terminal voltage
were constrained to be constant by the Infinite Bus, and P and Q were varied by the-Governor’s set-
point and field current, respectively.
++ Parallel Operation of Generators of the Same Size
v" The basic constraint is that the sum of Real and

Reactive Powers supplied by the two generators F - |} 3‘ 4 Loads |

must equal P and Q demanded by the load; i.e.,

Piot = P, = Pg1 + Pg
and Qiot = QL = Qg1+ Q¢2

v" The system frequency is not constant and\neither

is the Real Power of a given generator constrained to be constant.

Generator | fe Generator 2

v Increasing the Governor’s set-point of one
generator
1. Increases the system frequency

2. Increases the Real Power supplied by

I
|
|
|
|
|
I
|

that generator while reducing the -
kW P P, Pz P kW
Real Power supplied by the other ol <l e

generator.

v" A change in the Governor’s set-point of one of the generators, changes both the system frequency

and the Real Power sharing.
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v" To adjust the Real Power sharing without changing the system frequency, the Governor’s set-point

of one of them is increased and simultaneously the Governor’s set-point of the other is decreased.

J Hz
Generator | Generalor 7

|
f= constam

1
|
|
|
|
|
1

kW ; kW

v" Similarly, to adjust the system frequency without changing the Real Power sharing, the Governors’

set-points of the two generators are increased or decreased, simultaneously.

EW Py Py kW

If the generators have flat drooping 1
€

frequency-Real ‘Power characteristic,

then the“Real Power sharing can vary
widely with small changes in the
noload speed. Therefore, to ensure a
good control of power sharing
between generators, they should have

speed droops in the range of 2% to 4%.

F
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Effect of Field Current:
v" The sum of Reactive Power supplied by the two generators must equal to Q demanded by the load;
Qior = QL = Q61+ Qg2
v Increasing the field current’s set-point of one generator,
a. Increases the system terminal voltage
b. Increases the Reactive Power supplied by that generator, while reducing the Reactive Power

supplied by the other generator.

Generator | Ve Vo Generator 2

KVAR

v To shift the Reactive Power sharing without changing the terminal voltage (Vr), the field current of
one generator is-‘increased, and simultaneously the field current of the other generator is

decreased.

k VT
Generator 1 Generator 2

|

S S
=

kVAR Q 0; kVAR
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v" To change the system’s terminal voltage without changing the Reactive Power sharing, the filed

currents’ set-points of the two generators are increased or decreased, simultaneously.

4 Vo

Generator 1 Generator 2

kVAR Q, ] L) kVAR
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Example 5-3. A 480-V, 50-Hz, Y-connected, six-pole synchronous genera-
tor has a per-phase synchronous reactance of 1.0 £). [ts full-load armature current is
60 A a1 0.8 PF lagging. This generator has friction and windage losses of 1.5 KW and
core losses of 1.O kW at SO0HZ g full load, Since the armature resistance is being ig-
nored, assume that the 'R losses are negligible. The field current has been adjusted
s0 that the terminal voltage is 480 V at no load.

{@} What is the speed of rotation of this generator?
{2} What is the terminal vollage of this generator if the following are true?

1. Ivis loaded with the rated current at 0.8 PF lagging.
2. Itis loaded with the rated current at 1.0 PF.
3. Itis loaded with the rated current at (.8 PF leading.

fe) What is the efficiency of this generator (ignoring the unknown electrical losses)
when it is operating at the rated current and 0.8 PF lagging?

{d) How much shaft torque must be applied by the prime mover at full load? How
large is the induced countertonque?

{e} What is the voltage regulation of this generator at 0.8 PF lagging? At 1.0 PF? At
0.8 PF leading?

Salution

This generator is Y-connected, so its phase vollage is given by V3 = V¢/+/3 . That means
that when Vr is adjusted to 480 V, V = 277 V. The field current has been adjusted so that
Ve = 480V, 50 Vi = 277 V. At so load, the armature current is zero, so the armature re-
action voltage and the [ R, drops are zero. Since I, = 0, the internal generated voltage
E, =V, = 277 V. The internal generated voltage Ey(= Kdw) varies only when the field
current changes. Since the problem siates that the field current is adjusied initially and then
left alone, the magnitude of the internal generated voltage is E; = 277 V and will not
change in this example.

fer) The speed of rolation of a syachronous generator in revolulions per minuie is

given by Equation (4-34):
f,=tat (4-34)
Therefore,
- 120
= " p
- IE;E:::: = 1000 r/min

Altematively, the speed expressed in radians per second is

2rrrad

w, = (1000 rfmin){%)( Ir

= (4.7 rad/s
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{i) 1. If the generator is loaded down with rated current at 0.8 PF lagging, the re-
sulting phasor diagram looks like the one shown in Figure 5-24a. [n this
phasor diagram. we know that ¥, is at an angle of 07, that the magnitude of
E,is 277 V, and that the quantity jX.I, is

Xply = HLO X602 —36.87° A) = 60 £53.13" V

The two quantities not known on the voltage diagram are the magnitude of
V, and the angle § of E4. To find these values, the easiest approach is o con-
struct a right triangle on the phasor diagram, as shown in the figure. From
Figure 5-24a, the right triangle gives

E} = (Vg + X;l, sin )2 + (Xl cos )2
Therefore, the phase voltage at the rated load and 0.8 PF lagging is
(27T VP = [V, + (L.O£2N60 A) sin 36.87°] + [( 1.0 02K 60 A) cos 36.87°)°
76,729 = (V, + 36¢ + 2304
74425 = (V, + 36)°
2728 =V, + 36
1"" = 236-3 W
Since the generator is Y-connected, Vy = VIV, =410V,

60 £ 53,13°

iXsly E,
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2. If the generator is loaded with the rated current at unity power factor, then
the phasor diagram will look like Figure 5-24b. To find ¥ here the right tn-

angle is

E} = Vi+ (XY
(277 VY = V + [(1.0 Q)60 A))?
76,729 = V# + 3600
Vi=13129
V, = 2704V

Therefore, Vr = V3V, = 468.4 V.

3. When the generalor is loaded with the rated current at 0.8 PF leading, the re-
sulting phasor diagram is the one shown in Figure 5-24¢. To find Vy in this
situation, we construct the triangle OAB shown in the figure. The resulting

equation is
E; = (Vg4 — X5l sin 6)2 + (Xl cos 6)2
Therefore, the phase voltage at the rated load and 0.8 PF leading is
(27T VP = [Vg — (1.0 2X60 A) sin 36.87°] + [(1.0 N60 A) cos 36.87°]
76,729 = (V, — 36¢ + 2304
74,425 = (V, — 367
2728 = V, — 36
Vo=3088YV

Since the generator is Y-connected, Vy = v3V, = 535V,

~ A
Fl“ I_,"'-f \\
-~ Y o
o e
A jx_;]_a =fﬂ£9ﬂ° I__."' 111*'; [
iy, jxg0
5 L~ Xl cosBi Hsla
. - (o) a 1—...—--_"' #
-“r' Isl*ﬂl]ﬂ

il
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) The output power of this generator at 60 A and 0.8 PF lagging is

P_ = 3“;# J.I. 0S8 ﬂ
= 32368 V60 ANO.B) = 34.1 kW

The mechanical input power is given by

Fo = Bou t Facis T Foomions T Fmechiion
= 3L EW + 0+ LLOEW + 1L.5kW = 36.6 kW

The efficiency of the generator is thus

Fou 34.1 kW
n=px 100% = 3oe gy * 100% = 93.2%

{d] The input torque to this generator is given by the equation
P'l:l - Tlpp'”rn.

_ P, 36600
WP @, 104.7
The induced countertorque is given by

P

w0 T = 349.57N.m.

conv = Tind®@m

Peoonv Pouwr 34100
0, @, 104.7

je} The voltage regulation of a generator is defined as

= 325.69N.m.

&0 Tind =

Vv, -V
VR = % x 100% (4-67)
n
By this definition. the voltage regulation for the lagging. unity, and leading
power-faclor cases are

. . _ 480V — 410V _
1. Lagging case: VR = 20V “ 100% = I7.1%
. , _ 480V — 468 V _
2. Unity case: VR = TR x 100% = 2.6%
Leadi _L,,E_d-ﬂﬂ?—ﬂﬁv _

In Example 5-3, lagging loads resulted in a drop in terminal voliage, unity-
power-factor loads caused little effect on Vg, and leading loads resulied in an in-
crease in lerminal vollage.
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Example 5-6. Figure 5-38a shows (wo generators supplying a load. Generator |
has a no-load frequency of 61.5 Hz and a slope sp, of | MW/Hz. Generator 2 has a no-load
frequency of 61.0 Hz and a slope 5p, of 1| MW/Hz. The two generators are supplying a real
load totaling 2.5 MW at 0.8 PF lagging. The resulting system power-frequency or houose
diagram is shown in Figure 5-39.

fa) At what frequency is this system operating, and how much power is supplied by
each of the two generators?

() Suppose an additional 1-MW load were artached o this power system. What
would the new system frequency be. and how much power would G, and G,
supply now?

fc}) Wilh the system in the configuration described in pant b, what will the sysiem
frequency and generator powers be if the governor sel points on &, are in-

creased by 0.5 Hz?
Cenerator | } :']r J' Loads |
]
Cenerator 2
[ap
Generator | Je Generator 2

8.5 Hz
61Hz

Slope = | MW/Hz

Slope = | MW/Hz

0

Py=1.5 MW Py= 1OMW kW

i
:
i
\

kW
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Solution

The power produced by a synchronous generator with a given slope and no-load frequency
ie given by Equation (5-28):

Py = spf(fas = Faps)

Py = spl fuz = o)
Since the total power supplied by the generators must equal the power consumed by the
loads,
Fm = FI + F1

These equations can be used Lo answer all the questions asked.

fa} In the first case, both generators have a slope of | MW/Hz, and &, has a no-load
frequency of 61.5 Hz, while G, has a no-load frequency of 61.0 Hz. The otal

load is 2.5 MW, Therefore, the system frequency can be found as follows:
Pows = Py + P,
= sp(fan — L) + Sl faz — L)
25MW = (1 MW/Hz){61.5 Hz — f_) + (1 MW/Hz)}61 Hz — £ )
=61.5 MW — (I MW/Hz)f, + 61 MW — (I MW/Hz)f,
= 1225 MW — (2 MW/Hz)J,,,

1225 MW — 2.5 MW
{(ZMW/Hz)

therefore Jon = = §0.0Hz

The resulting powers supplied by the two generators are

Py = sp(fug = fo)

= {] MW/HzN61.5Hz — 60.0Hz) = 1.5 MW
FI = F.P!{I;:Il _-fljl!}

= {1 MW/Hz¥61.0Hz — 60.0Hz) = | MW
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(b} When the load is increased by | MW, the total load becomes 3.5 MW, The new
system frequency is now given by
Prosa = #mfan1 _fm]' + spal fuz _f;p}
3S5MW = (1 MW/Hz)(61.5 Hz — f,0 + (1 MW/HzK61 Hz — £}
= 61.5 MW — (1 MW/Hz)f,,, + 61 MW — (1 MW/Hz)f,,,
= 122.5 MW — (2 MW/Hz)f,,

1225 MW — 35 MW
- (2MW/Hz) = 393 He

therefore f#,

The resulting powers are

Fyo= splfuy = foyd

= (I MW/Hz)61.5 Hz = 595 Hz) = 20 MW
Py = $pol fuz = fo)

= {1 MW/Hz)}61.0Hz — 39.5Hz) = 1.5 MW

{c) If the no-load governor sel points of G are incréased by 0.5 Hz, the new syslem
frequency becomes
Piosa = Spilfuii — fo) + Spdlfaz — fps
3.3 MW = (1 MW/Hz)6l.5 Hz — ) + (1 MW/Hz)61.5Hz — £}
=122MW — (2 hﬂh’ﬂ-l:].f,r.

jo= 123 MW — 3.5 MW
Kb {2MW/Hz)

The resulting powers are
Py =Py = spifus — fip)
= {1 MW/HzN61.5 Hz — 39.73Hz) = .75 MW

= 3375 He

MNotice that the sysiem frequency rose, the power supplied by G; rose, and the power
supplied by &, fell.
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PART V
Synchronous Motors

Basic Principle of Operation
® The field current produces the rotor magnetic
field, By.
® The 3-phase currents applied to stator
(Armature) windings produce a uniform rotating

magnetic field; B;.

® The rotor has the same number of poles (P) as
the stator and carries the field circuit.

®» The magnetic fields in a two-pole machine(are

shown in the Figure next.
®» The rotor magnetic field (and hence the rotor

attached to it) chases the stator.magnetic field

around a circle and never quite catches up with it.
® The induced torque is:
Tina = kBgX By ; counter clockwise
It was also shown in previous parts that:
Tind = kB_RX Bt
The magnitude of the torque is:

Tind = kBR Bt Sin 8 ; counter clockwise

where § is the angle between the rotor magnetic field and the net magnetic field.
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The Equivalent Circuit of a Synchronous Motor

The per-phase equivalent circuit of a Synchronous motor is shown below:

Ir Rp Iy
o — N —AMW—
JXs R,
+
Ve Ly ) E, \C
= o

Applying KVL to the stator circuit yields:
Vo=Ex+ Rals + XI5
E = Vy— Rl —jX;Iy
The direction of power flow, and therefore the Armature current,.is reversed in a Synchronous

motor compared to that in a Synchronous generator.

Synchronous Motor from a Magnetic Field Perspective
The phasor diagram of a Synchronous generator operating
with a large field current and in parallel with an Infinite bus is
shown in Figure (a) next.

It was shown in previous chapters that:

By corresponds to E 4

B,,.; corresponds to Vg

and B corresponds to Eg4¢ (—jX14 ); the Armature Reaction voltage
Hence, the corresponding magnetic fields diagram is shown in Figure (b) next.
The torque induced is:
Tina = KBRX Bpe; Br
The magnitude of the torque is:
Tind = KBR Bpet Siné ; w

The direction of the induced torque is clockwise, which is B

net
opposite to the speed and the applied torque of the Prime

Mover in the counter clockwise direction. Hence, the

machine is a generator. Bs (b)
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If the Prime Mover suddenly losses power, the rotor slows down and the rotor itself (and its magnetic field)
falls behind the net magnet field. Consequently, the induced torque (Tj,q = kBgX B,¢;) Will be in the
counter clockwise direction, and the machine acts as a motor. The corresponding voltage and magnetic

field diagrams describing the new situation are shown in the Figures (a) and (b) below, respectively.

B
ﬁ
- """‘L‘-\
lA '_J_.-"" \\
a \
/ \\r Bm
’ Weyne F; il
JXsly
E, B
(a) (b) R

The
increasing torque angle (8) results in a larger and larger torque in the direction of rotation, until eventually
the motor’s induced torque equals the load torque on the shaft. At this point, the machine reaches steady

state and synchronous speed operating as'a Synchronous motor.

Note that, for a given field current (E4) and a lagging power factor operation in a generator, results in a
leading power factor in the mator operation for the same E4 (field current). But, in both cases above, the

Reactive power is supplied by the machine.

In a generator: ‘E4 lies ahead of Vi or By lies ahead of By,

In a motor: E, lies behind Vi or By lies behind B,
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Steady State Operation of a Synchronous Motor

Synchronous Motor Torque-Speed characteristic Curves

e Synchronous motors are usually connected to large power systems; the terminal voltage and the
frequency are constant regardless of the amount of power drawn by the motor.

e The speed of rotation is constant regardless of the motor load torque.

e The Speed Regulation is:

SR =221 % 100% = 0%
Tlﬂ

where ny; is the noload speed in rpm (= ny)
ng is the full load speed in rpm (= ny)

e The torque induced is the resultant of the cross product between rotor and the net magnetic fields;
Tind = kB_RX Bt
Hence, the magnitude of the torque is:

Tind = KBR Byet Sin g ;

siné

or Tind=wx
ms

e Pull-out Torque: is the maximum torque that a motor can supply. It is about 2.5 to 3 times the full load
(rated) torque.

e The Pull-out (maximum) torque-occurs
when 8 =90 °,

3V EA Toullout F———=—=—————————— — ——
Hence, Tipnax = . &8 ot
WmXs

e The torque-speed characteristic of a sa=%mm%
Synchronous Motor is shown in the SR = 0%
Figure next. Toted F—————————————————
e C(Clearly increasing the field current

(hence E,) increases the Pull-out

torque. Therefore, there is a stability Agyne

advantage in operating the motor with large field currents (a large E 4 ).
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e When the torque on the shaft exceeds the Pull-out torque, the rotor (and its magnetic field) is no
longer locked to stator or net magnetic field. It slips behind them. As the rotor slows down, the stator
magnetic field laps it repeatedly, and the direction of induced torque on the rotor reverses with each

pass.

e This causes huge torque surges and severe vibrations.

o Slipping Poles Phenomenon is the loss of synchronization after the Pull-out torque is exceeded.

e C(Clearly the rotor rotates at synchronous speed as long as the load torque isless than the Pull-out torque,

beyond which the motor loses synchronism and encounters the Slipping Poles Phenomenon.
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The Effect of Load Changes on a Synchronous Motor

# If the load on the shaft increases, the rotor will initially slow down. As it does so, the torque angle (8)
becomes larger, and the torque induced increases.

# The Increase in the induced torque eventually speeds up the rotor backup, and the rotor again runs at
synchronous speed with a larger torque angle (68).

# In summary:

3S T} pad T w, =6 T2 1,4 T w, T (until reaching synchronous speed but-at larger §)

# Assuming that w (frequency is constant) and If are constants during load changes, then |E4] is also

constant.
# As the load increases, E4sind and I4 cos 0 increase!
# The phasor diagram representing load increases for an initially leading power factor operation, case

“1”, is shown in the Figure below.

1 rxPz
] 1P;

# As the load increases, E, swings down, while |jX,I,| increases; i.e. the Armature current (I,)
increases, also the power factor angle decreases, becomes zero (at unity power factor) and then
becomes lagging, and more and more lagging.

# Note that the motor was supplying Reactive Power to the Infinite Bus during case “1” and “2”, has zero

Reactive Power in case “3”, and consumes Reactive Power during case “4”.

Page 166 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

The Effect of Field Current Changes on a Synchronous Motor

» A change in the field current does not affect the shaft speed, and since the load attached to the shaft
is unchanged, the Real Power supplied to the load is unchanged, too. But, the magnitude of E4 will
change by changing the field current, and hence the flux. However, E 4sin § and I 4 cos 0 should remain
constant, because the power is constant.

» The phasor diagram for an initially lagging power factor operation, case “1”, of a Synchronous motor,

whose filed current is being increased, is shown in the Figure below.

o P{= constant) "~ \

= (= constant)

> As the field current is increased, the power factor become unity in case “2”, and then the power
factor becomes leading.in case “3”, and more and more leading in case “4”.

» As E 4 increases, I decreases and then increases again.

> Notes:
1../ At low values of Ey4, I, is lagging and the motor is considered as an inductive load
consuming Reactive Power.
2. As E,increases, E lines up with V—¢, and has its minimum value, where the motor is acting
as a resistive load; of unity power factor.
3. Increasing E 4 further, causes I 4 to become leading and the motor to behave as a capacitive

load supplying Reactive Power to the system.
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Synchronous Motor V-Curves

4% It was shown that the minimum Armature current occurs at a unity power factor.

4% At a constant motor Real power, controlling the field current controls the Reactive Power consumed or
supplied by the motor.

4+ The relationship between the Armature current (I 4) versus the field current (I¢) at different values of

Real Power is characterized by the plots shown in the Figure below. These plots are called V-curves of

the Synchronous motor. Note that, P3 > P, > Py.

/s

Q is positive

(consumed by the P=P,
motor) { Q is negative (supplied
— = o DY themotor) L
Lagging Leading

power
factor

+ Figure (a) next shows a lagging power factor operation,

where the Reactive Power is consumed by the motor, and

the motoris.described as under excited;

E cos 8 <V,

#* Figure (b) next shows a leading power factor operation,

where the Reactive Power is supplied by the motor, and

the motor is described as overexcited;

E cosd >V,
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The Synchronous Motor and Power Factor Correction

=  When the Synchronous motor is overexcited, it operates at a leading power factor supplying Reactive
Power to nearby loads improving the overall (combined) power factor of the system.

= |mproving the power factor, reduces the power losses in transmission lines, and hence improves the
efficiency of the system, and consequently reducing the system cost; transmission lines of smaller cross-
sectional areas are needed for the same transmitted Real power.

= Also, when overexcited, the Pull-out torque of the Synchronous motor is increased, reducing the
chances of exceeding it; the stability is improved!

= However, over excitation needs larger field currents, which causes significant rotor-heating.

Synchronous Condenser or Synchronous Capacitor

A Synchronous Condenser (Capacitor) is a Synchronous motor operated at noload and overexcited to
supply Reactive Power. It has no shaft that comes out of the frame and hence no load can be connected to

it. It was used historically for Power Factor Correction.

Since the Real power is zero; E 4sin § = I 4 cos 6 = 0. Indicating that, for any given value of Eg o1 I4, 6 =

0 and @ = F90°. Therefore, the phasor diagram for the Synchronous Condenser is shown below.

Applying KVL for the Synchronous-Condenser yields: 14

Vo =Es+jX,I,

The above phasor diagram of a Synchronous Condenser at noload is similar to the phasor diagram of a

passive capacitor, where I, leads V; the motor looks like a large capacitor.
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The V-curve of a Synchronous Condenser is shown in the Figure below.

Lagging
PF
{+ & consumed) / L+Qs,upplledj
g F
PF=1,r
Q=0

The corresponding phasor diagram for different values of Reactive’Power supplied is shown below.

L3
tLlaa
tLg, _
JXslay  JXslaz  jXslas
i ‘-‘.‘_ "_l L .

Vo Eu Ep Eg
Notes:
1. Ata unity power factor and noload, I, =0,P=Q =0, andVy=E,
In case “3”, the largest amount of Reactive Power is supplied to the power system!
At a/leading power factor, I4 has a value and 8 = +90°

At a lagging power factor, I4 has a value and 8 = —90°

woR oW

Power Factor Improvement (Correction) can be achieved by:
a. Synchronous Condensers; Historical approach
b. Conventional Static Capacitors, which are more economical to buy than Synchronous
Condensers

c. Power Electronic Converters; Wide-spreading recently!
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Starting Synchronous Motors

B Assume that a power of 60Hz is applied to a two-pole Synchronous motor, which is stationary at

t = 0s.

® Recall, the induced torque is:
Tina = kBgX B;
®» The magnetic fields, induced torque and its direction during parts of a cycle of the AC current are

shown in the Figures below.

B B
Be B, B, d R
N >
Bg .
[
B E—i | . 3_,,3 N
1=1/2405% 3
B = -
s w \.___/r:]leOs 4 1=3/240s t=1/60s
Ting =0 T;,4 = Counterclockwise ,9=0 Ting = Clockwise Typg=0
Bs
N4 < < -/ N
(a) (h) () «d) (e)

®» During one electrical cycle (6—105; 16.667ms), the torque was initially zero, then has a value in the

o 1, . . 1 .
counter clockwise direction when.(0 < t < ﬁ), it becomes zero againatt = P while it has a value

. S : . 1 1 . 1
in the clockwise direction-during the period (ﬁ <t< 5), thenitis zeroatt = Py the average torque

over a complete cycle’is zero.

® Therefore, the motor vibrates heavily with each electrical cycle and finally overheats.

® The Synchronous motor (as it is, without modifications) has no starting torque, because the rotor field

is stationary and the stator field moves very fast; the average torque over one complete cycle is zero.
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Approaches Used for Starting a Synchronous Motor
1) Reducing the frequency of electric power, and thus the speed of the stator magnetic field (Bj), to
allow the rotor to accelerate and By to lockup with the stator during one half cycle of magnetic field

rotation.

By reducing the electrical frequency (f,), the stator magnetic field rotates at a low enough speed
allowing the rotor to accelerate and lock in with the stator magnetic field. The speed can then be

increased to operating speed by gradually increasing f, up to its normal value.

But, E4 = k¢w, so at low speeds, E, is small. Thus, the input voltage V4 should be also reduced

accordingly to keep the Armature current to safe levels.

This can be achieved by employing a Variable Voltage Variable ‘Frequency (VVVF) drive, which varies
the voltage linearly with frequency; a Voltage Boost at low frequencies to compensate for R4I 4 voltage

drop is needed! For example, Cycloconverter, Inverters,...

2) Using an external Prime Mover to accelerate the'Synchronous motor up to synchronous speed, going
through paralleling procedure and bringing the machine on the line as a Synchronous generator, then

turning-off or disconnecting the Prime Maver will make the Synchronous machine a motor.

3) Using Damper Windings or Amortisseur Windings = It starts like a 3¢ Induction Motor.

» Amortisseur Windings: are special bars laid into notches carved in the face of a Synchronous
motor’s rotor and.then shorted out on each end by a large shorting ring (bar).

» As B sweeps the rotor bars, it induces voltages in the rotor,
these voltages allow a current flow from top/bottom bars to
bottom/top bars, which produces B,. that interacts with B¢ and
produces a torque. This torque will be in the same direction

during a complete cycle, so the motor will speed up.

Shorting
bars

» The torque developed by Amortisseur Windings speeds up slow

machines and slows down fast machines; dampen load

variations; hence Damper Windings!
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Example 6-1. A 208-V, 45-kVA, 0.8-PF-leading, A-connected, 60-Hz synchro-
nous machine has a synchronous reactance of 2.5 {} and a negligible armature resistance.
Its friction and windage losses are 1.5 kW, and its core losses are 1.0 kW, Initially, the shaft
is supplying a 15-hp load, and the motor’s power factor is 0.80 leading.

(a) Sketch the phasor diagram of this motor, and find the values of 1, [;, and E,.

(b) Assume that the shaft load is now increased to 30 hp. Sketch the behavior of the
phasor diagram in response to this change.

(c) Find I, I}, and E, after the load change. What is the new motor power factor?

Solution
(a) Imtially, the motor’s output power is 15 hp. This corresponds to an output of

P,, = (15 hp)0.746 KW/hp) = 11.19 kW
Therefore, the electric power supplied to the machine is
Po= P+ Potiioss T Proreloss T Petec loss
=[L1I9kW + 1.5KkW + 1.OKW + 0 kW = 13.69 kW

Since the motor’s power factor is 0.80 leading, the resulting line current flow is
P.

=% V-cos @
___1369kW
= V3208 V0.80) ~ 472 A
and the armature current is /;/V3 , with 0.8 leading power factor, which gives

the result
I, =274 £3687°A
To find E,. apply Kirchhoff’s voltage law [Equation {(6-2)]:
Ey = V4 — JXsly
=208 £0°V — (2.5 (2)(27.4 £ 36.87° A)
=20820°V—-685212687°V
=249.1 —j548V =255 2 —124°V
The resulting phasor diagram is shown in Figure 6-7a,
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V, =208 Z0°V

fxsla =68.5 2 126,87°
Ey=2552£-124°V
ia)

(b) As the power on the shaft 1s increased to 30 hp, the shaft slows momentarily, and
the internal generated voltage E, swings out to a larger angle & while maintain-
ing a constant magnitude. The resulting phasor diagram is shown in Figure 6-7b.

E,=255Z-124°V

Ey=2552-23°V
(h)

(c) After the load changes, the electric input power of the machine becomes

o= R t Foachioss T Feoretoss T Fetectoss
= (30 hpX0.746 kW/p) + 1.5 kW + 1.OKW + 0 kW
= 24 88 kW
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From the equation for power in terms of torque angle [ Equation (5-20)], it is pos-
sible to find the magnitude of the angle & (remember that the magnitude of E, is

constant):
3V,E,sin &
p—2lg=aSINO (5-20)
Xs
X.FP
= gin~ ! —2
80 & = sin 3V¢EA
. 1 (2.5 ))%24.88 kW)

= SI0 730208 V)(255 V)

= s5in~10.391 = 23°
The internal generated voltage thus becomes E; = 255 2 -23° V. Therefore, 1,

will be given by
[ =e_Fa
A JXs
_208£0°V — 255 £-23°V
j250Q
_103.1.£105°V o
= 250 =412715°A
and {; will become

L =V3l, =714 A
The final power factor will be cos (— 15°) or 0.966 leading.
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PART VI
Induction (Asynchronous) Motors

® |n Induction machines, the rotor voltages, which produce rotor currents, and hence the rotor

magnetic field, are induced in the rotor windings rather than being physically connected by wires.

4

No DC field current is required to run the machine.
® Induction motors have Amortisseur windings only!

® Induction motors are singly excited machine.

Induction Motor’s Construction

A) Stator
It is the stationary part and is composed of three sets of windings

distributed in the stator slots and displaced 120° (electrical).in space.
Its stator is the same as that of a Synchronous machine. However, the

rotor is different.

B) Rotor .
It is the rotating part and consists of\a stack of insulated laminations. There are two types of Induction
motors according to rotor’s construction:
1. Squirrel-Cage Induction Motor:
It consists of a series'of . conducting bars laid into slots carved in the face of the rotor and shorted at

either end by-large shorting rings.

The conductors are carved in an iron core, as illustrated in the Figure below.

Iron Core
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2. Wound Rotor Induction Motor:

It has three sets of three phase windings that are mirror images of stator windings. The rotor windings

are usually Y-connected, with their terminals tied to Slip Rings on the rotor shaft, and shorted via

Brushes.

Slip Rings

Hence, the rotor currents can be examined and three-phase external resistance can be inserted into the

rotor circuit, as shown in the Figure below, to modify the torque-speed characteristic.
\

Rotor circuit
resistance

3-phase —
rotor winding

Sliprings
and brushes

This type of motors is more expensive than Squirrel-Cage Motors, and requires maintenance. Therefore, it
is rarely used.
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Basic Induction Motor Concepts

A4

Considering the Squirrel-Cage rotor, and assuming that the stator
windings are connected to three-phase voltages, which produce
three-phase currents. As a result, a uniform rotating magnetic field
(By) is produced, as shown in Figure (a) next.

The speed of rotation of the stator magnetic field (By) is:

120f,
Nsyne = T

where, f, is electrical frequency in Hz, P is number of poles, and

L4

L4

L4

Ngync is synchronous speed in rpm.
The relative velocity of the upper rotor bars to the stator magnetic
field (By) is to the right, and of the lower rotor bars is to left.
The rotor conductors, whose relative velocity is | to B will have
a maximum induced voltage;

eina = VretatweXBs)- L

The induced voltage in the upper bars is out of the page and in
the lower bars is into the page.
Since the rotor conductors are shorted via two shorting rings at
either end of the conductors, currents flow in the rotor bars.
Because the rotor is of inductive assembly, the maximum induced
rotor current (I;) lags the maximum voltage, as shown in Figure
(b) next.
Rotor currents produce a rotor magnetic field (Bg) lagging the
maximum induced rotor current by 909, as shown in Figure (c).
The rotor magnetic field itself is also rotating at the same speed
of the stator magnetic field, and induces a voltage in the rotor
bars.
The net voltage in the rotor conductors is Ep, and the net
magnetic field in the airgap is: B,,o; = Bg + By
Since, Ting = KkBRX B, the resulting torque is counter

clockwise, and the rotor accelerates in that direction.
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# I the rotor were turning at synchronous speed, then the rotor bars would be stationary relative to the
stator magnetic field (Bg), and there would be no induced voltage. Consequently, no rotor current and
hence no Bp.

# With no By, the torque induced is zero and the rotor slows down as a result of friction. Induction motor
speeds up to near synchronous speed, but never reaches it.

# The magnetic fields B and By (also B,,,;) rotate together at synchronous speed (Nsync), whilst the

rotor itself does not!

The Concept of Rotor Slip

The induced voltages and currents in the rotor of an induction motor, therefore the performance, depends
on the speed of the rotor relative to the magnetic fields.

To define the relative motion of the motor, the “slip” is defined.

Slip Speed: is the difference between the synchronous speed‘and the rotor mechanical speed.
Nslip = Nsync — N

where, g, is the slip speed of the machine

\120f,

Ngync is the synchronous speed (nsync iR ); the speed of magnetic fields.

n,, is the mechanical speed of the'motor shaft (rotor)

The Slip (s): is the relative speed expressed in per unit or as a percentage of synchronous speed.

s = —22(X100%)

Nsyne

s = =2mTm (%1 00%)

Nsync

or in angular velocity;

s = 22m0m (¥100%)

Wsync
If s = 0, then the rotor turns at synchronous speed

If s =1, then the rotor is stationary or blocked; stall condition!

Then, the mechanical speed can be expressed in terms of the synchronous speed and the slip as:
Ny = (11— S)nsync

or Wy = (1 = $)wgyne
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Electrical Frequency on The Rotor

®» An Induction motor works by inducing voltages and currents in the machine; thus it is sometimes called
a rotating transformer.

® Like a transformer, the primary (stator) induces a voltage in the secondary (rotor), but unlike a
transformer, the secondary (rotor) voltages’ and currents’ frequency is not necessarily the same as the

primary’s (stator’s) frequency.

4

If the rotor is locked (blocked) = f,. = foands =1

® | the rotor turns at synchronous speed = f,, = 0and s = 0

¥

For any other speed, the rotor frequency is directly proportional to the difference between the speed
of the magnetic fields (n5yn.) and the rotor speed (n,,); i.e.,

fr=sfe

f _ Ngync—Mim
L =—2r 7
Ngync

Ngync—N
fr= s}lef)fe = fe
P

P
fr=1 (nsync —Ny)
120

Example 7-1. A 208-V, 10-hp, four-pole, 60-Hz, Y-connected induction motor has
a full-load slip of 5 percent.

(@) What is the synchronous speed of this motor?

() 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?

Solution
(a) The synchronous speed of this motor is

_ 120/,
Moy = —p

_ 120(60 Hz) _ .
= 4 poles = 1800 r/min

Page 181 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

(b) The rotor speed of the motor is given by
My = (1 = $hny, (7-6)
= (1-0.05)(1800 r/min) = 1710 r/min

{c) The rotor frequency of this motor is given by
f. = sf, = (00560 Hz) = 3 Hz (7-8)

Alternatively, the frequency can be found from Equation (7-9):

P
Jr = 720 Playne — M) (7-9)

- %(murzmin — 1710 r/min) = 3 Hz

{d} The shaft load torque is given by
Pow

@y

Tioad

B (10 hp)(746 W/hp)
(1710 r/min)(27 rad/r)(1 min/60 5)

=41.7TN+*m

The shaft load torque in English units is given by Equation (1-17):

_ 3252P
Tioad =~ o

where ris in pound-feet, P is in horsepower, and 11, is in revolutions per minute.
Therefore,

 5252(10 hp)

fm—m—ﬂl.?lh'ﬂ
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The Equivalent Circuit of an Induction Motor

The per-phase equivalent circuit of the Induction motor is shown in the Figure below. It is very similar to
that of a transformer, but with its secondary terminals short circuited. Hence, an Induction motor is called

a rotating transformer.

LA X L
o M AAAA "
Iex l
Ih+e IM
Stator R ) . . Rotor
Ve Circuit ¢ Xu§ E R Circuit Rz
\ _ _

where,

Vp: is the rms value of the phase voltage applied to stator windings (vp(t) = V2 Vpsin wt)
R;: the stator windings resistance

Rp: the rotor bars (windings) resistance

R the core losses resistance (a resistance accounting for eddy current and hysteresis losses)
Xy : the magnetizing inductance

X, : the stator leakage reactance

Xg: the rotor leakage reactance

=>» The airgap greatly increases the reluctance of the flux path, reducing the coupling between the primary

(stator) and the secondary (rotor) windings.

=>» The higher the reluctance caused by the airgap is, the higher the magnetization current (i,,) needed to

obtain a given flux will be; F = R¢ or Niy; = Rep

= X, has a much smaller value than it would be in an ordinary transformer, to allow such a large

magnetization current to flow.
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= A comparison between the magnetization curves of an Induction motor and an ordinary transformer is

shown in the Figure below.

¢, Wb
Transformer —
Note, that the Induction
1 moto
slope = 2 r

F, Arturns

> a.jy is the effective turns’ ratio, which couples the voltages E1 and E on the ideal transformer. It can

be easily determined in a Wound-Rotor Induction motor.

=>» The rotor frequency effect must be included in the circuit model!
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Rotor Circuit Model
T |ngeneral, the greater the relative motion between the rotor and the magnetic fields is, the greater the

resulting rotor voltages (Eg) and frequency of rotor currents and voltages (f,.) will be.

(!

When the rotor is locked (blocked) or stationary, the slip, s = 1, the largest magnitude of the rotor

voltage (Egg) occurs, and the frequency of rotor currents and voltages f,. equals f.

il

®m  When the rotor is moving at synchronous speed; s = 0, the smallest rotor voltage is induced (0V) and
the smallest frequency of rotor currents and voltages occur (OHz).
m At any other slip, the rotor induced voltage is:
Er = sEp
and the frequency of rotor currents and voltages is:
fr =sfe

m |n other words, the magnitude and frequency of the voltage induced in the rotor are directly

il

proportional to the slip of the rotor.

m  The rotor resistance (Rg) is constant (neglecting skin effect) and is independent of the slip.
@ The rotor reactance reactance (Xg) depends on the inductance of the rotor windings (bars) and the
frequency of the currents and voltages in the rotor, and is given by:

Xp = w,Lg =27f, Ly

Xp =2msfylg
Xp = s2xf.Lg)
XR = SXRO

where Xg, is the blocked rotor reactance

_ | Y o
® Recall the equivalent rotor circuit, shown in the J... JXp=JsXpo
Y Y Y1
Figure next, to calculate the rotor current;
S SERO
Ip=——7"77-H—
RR +]SXR0 + F u R
- =s =]
Dividing numerator and denominator by s - R 70 R
yields:
_ E
Ie =%, R?
< TJXro
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m Therefore, the equivalent rotor impedance is:

Rg | .
Zpeq = TR + jXro

N I
® Thus, with all the effects of rotor slip R FXro

(frequency) concentrated in the rotor

resistance, the equivalent rotor circuit can

be redrawn as shown in the Figure next. + .
l'dm
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The Rotor Current Plot

. R . . .
@® Atasmallslip, TR > Xpo, the rotor current varies linearly with s;

7 _ Ero

Ip =T

S

7 _ Ero

r Ip =—
(o} R RRS

@ Note that at s = 0, the rotor current is zero and the motor is operating at noload; P gy = 0.

. R
@ Atalargeslip(s = 1), Xpo > TR, the rotor current approaches a steady statevalue;
7 Epro
I, =
R ™ Rp+iXro

@ A plot of the rotor current as a function of rotor speed, or percentage of synchronous speed, is shown

in the Figure below.

Rotor curent

50 75 100 125
iy, percentage of synchronous speed
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The Final Equivalent Circuit of an Induction Motor
The referred rotor voltage, Eq = ER', is:
E; = aeffE—RO

The referred rotor current is:

I, =
2 Qeff

The referred rotor impedance is:

Z = agpf” (% +jXR0)
Let

Ry = a.s/*Rp
and Xy = agrp Xpo

Then, the final per-phase equivalent circuit of an Induction motor is:

g R Xy I iX;
+ 8 AN P Y

r IExl *

It is very similar to the transformer’s equivalent circuit, but its “secondary” is short circuited and the

secondary resistance is dependent on the slip!
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Power and Torque in Induction Motors

Power Losses and Power-Flow Diagram

As mentioned before, an Induction motor can be described as a rotating transformer, whose secondary
winding is short circuited. Therefore, no electrical output power exists; instead the output power is

mechanical. The power flow diagram of an Induction motor is:

FAG 'le'r
1

.Fw = fh“d{hl!
T indithm

|
I
I
Py=3 Vi cos @ i

indage  (Fimisc.)
Py, = {Rotor "
(Core copper
koss)

The core losses come partially from the stator and rotor circuits, but most of it comes from the stator circuit.

If the core power losses are given by a value (X Watts), then they are added to, or lumped with, the

mechanical losses.

The rotational losses include Friction, Windage and stray losses.
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Power and Torque in an Induction Motor

Recall the per-phase equivalent circuit of an Induction motor shown in the Figure below,

L R, X, L:r_ JXs
e AMN YL Y
IEX l *
Iy
V, R g Xy E, § %
— _

The input current is:

— Ve
Il = ¢
Zeq

where, the input impedance (Z,,) is:

1
Z == Rl +]X1 + 1
€q Ge=jBu+a;
< tiX2

1.
where, G, = i the conductance
(o

1 .
By = —is the susceptance
Xm

The input power is:
Pin = 3V¢11 cos O
or P;,,=\3V;I, cos@

where, § is the angle between the stator input current (I7) and input phase voltage (V)

The stator copper power loss is:
_ 2

Pscp = 31;"Ry

The core power losses are:
_ 2

PCore - 3El GC
The airgap power is the power crossing the airgap from the stator to the rotor, and it is:

Pac = Pin — PscL — Peore
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R
also, P, =352
S

The actual rotor copper power loss is:
Pper = 31}%RR
This power loss should not change when the rotor is referred to stator side; i.e.,
— 272
Prcr = 31I5R,

where, R, = aeffZRR

Therefore, the rotor copper power loss can be related to the airgap power by:
Prcr = SPy¢

Note that the rotor power loss is directly proportional to the slip!

The converted power or developed mechanical power is:
Pcony = Pag — PrcL
Peony = 3132 — 3I2R,
PConv = 3I%R2 (% - 1)

The converted power can be rewritten as:

Peonv = Pag — Pret

Peonv = Pag. = SPag

Peony = (1 - S)PAG

Note also that, the larger the.rotor slip is, the smaller the converted power will be!

The rotor power loss'can be separated from the converted power, recalling:
Pconv = Pac — PreL

R
Peonv = 3122 ?2 - 3IZZRZ
313Rcony = 3132 — 3I2R,
R
Reony = ?2 —R;

Hence, the converted resistor, which represents the converted power, can be written as:
1-s
Reony = R, (T)
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Thus, the per-phase equivalent circuit of an Induction motor can be redrawn as shown in the Figure below.

L %

+ (SCL) Iex
Vg

-1 (Core loss)

The output power is:

Powt = Pconv — Praw — Pstray

The induced (developed) torque is:

— Pcony
Tinda = “Om
1o = 1=9Pac
ind (1-5)Wsyne
Pag
Tina = %
sync
The load torque is:
Pout
Tioad = ®
m

The actual torque available at the terminals (shaft) of the motor differs from the induced torque by an

amount equivalent to Friction, Windage and stray torques losses on the machine.

Thus, the loss torque, which accounts for the aforementioned mechanical losses, is:

Ti0ss = Tind — Tioad
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Example 7-2. 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:

fa) The air-gap power Pig

{b) The power converted F. .
{c} The output power 2,

fd) The efficiency of the motor

Solution
To answer these questions, refer to the power-flow diagram for an induction motor (Fig-
ure 7-13).

fa) The air-gap power is jusl the input power minus the stator I’R losses. The inpul
power is given by

P, = VIVl cos 9
= V480 VX60 A)(0.85) = 42.4 kKW
From the power-flow diagram, the air-gap power is given by
Fug = By — Pser — Feoe
=424 kW — 2kW — LBKW = 386 kW

{b) From the power-flow diagram, the power converted from electrical to mechan-
ical form is
Poswe ™ FPag = Fpar
=36 kW = TIOW = 3TOkW
{c} From the power-flow diagram, the oulput power is given by
Fe = Foer = Praw — F,

mise

=37T9kW - 600 W - 0OW = 373 kW
or, in horsepower,

I hp
0.746 kW

{d} Therefore. the induction motor s efficiency is

F
q=?‘_ux 100%

_ 313kW
124kW

P, = (37.3 kW) = 50 hp

% 100% = BRE
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Example 7-3. A 460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has
the following impedances in ohms per phase referred 1o the stator circuit:

R, =064l R,=03320
X, = 110600 X, =04640 X, = 2630

The total rotational losses are 1100 W and are assumed to be constani. The core loss is
lumped in with the rolational losses, For a rotor slip of 2.2 percent al the rated voltage and
rated frequency. find the motor™s

(a) Speed

fi) Stalor current
fe) Power factor
fd) Poo and Fy,

f€) Tugand T

{fi Efficiency

Solution
The per-phase equivalent circuit of this motor is shown in Figure 7-12, and the power-flow
diagram is shown in Figure 7-13. Since the core losses are luomped together with the fric-
tion and windage losses and the stray losses, they will be treated like the mechanical losses
and be subtracted after £, in the power-flow diagram.

fa) The synchronous speed is
_.12 12060 Ha) _ \eng o

Aame = 4 poles

‘Z-rrmd 1 min

or —(I&Dﬂrrmu 60 s

) 188.5 rad/s

The rolor’s mechanical shalt speed is
Ay = (1 — sk,
= (1 = 0.022) 1800 r/min) = 1760 r/min
or iy = (1 = Shevyn,
= (1 = 0.022) 188.5 rad/s) = 184.4 rad/s
(b} To find the stator current, get the equivalent impedance of the circuil. The first

siep is to combine the referred rotor impedance in parallel with the magneiiza-
tion branch, and then to add the slator impedance to thal combination in series.

The referred rotor impedance is

R
Z, = 2+ X,

_ 0332
- 0022

= |5.09 + j0.464 1 = 15.10£1.76° 02

+ f0.464
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The combined magnetization plus rotor impedance is given by

I S
=K, + 1z,
1

= Zj0.038 + 006622 —1.76°

1
- 00773 300"

Therefore, the total impedance is
Loy = Ly + %
= 0641 + 1106 + 1294.31.1° ()
= 11.72 4+ j7.79 = 14.07£33.6° 0}

= 12943117 [}

The resulting stator current is

ot

'l

VA S -
14.07733.6° 11 16.887 —33.6% A

{c) The power motor power faclor is
PF = cos33.6° = 0.833 lagging
{d} The input power to this motor is
B, = VIVel; cos @
= V{460 V)(18.88 AN0.833) = 12530 W
The stator copper losses in this machine are
Peq = 3R, {7-25)
= }18.88 AY(0.64]1 ) = 685 W
The air-gap power is given by
B =Fp— P, = 12530 W — 685 W = 1,845 W
Therefore, the power converted is

Fony =1 = 51F g = (1 = 0.022W11.845 W) = 11 585 W
The power F,, is given by

P.=P . —B,=11585W— 1100W = 10485 W
lhp)
10,485 Ta0 W 14.1 hp
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fe) The induced torque is given by

11 B4s W .
= 188.5radss ~ 0-8N+m
and the output torque is given by
PIH..H

_ 10485 W
184.4 rad/s

= 5ON*m

{In English units, these torques are 46.3 and 41.9 1b-ft, respectively.)
if} The motor's efficiency al this operating condition is

Pt
11=P_MH 1005%

_ 10485 W

= 1530w " 100% = §3.7%
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Induction Motor Torque-Speed Characteristics

Recall the per-phase equivalent circuit of an Induction motor, shown in the Figure below,

L R, Xy 11_ X
+8 AN e aaa e o o W
Igx 1 *
Iy
v, ch Xy K, §%
— & _

Xy corresponds to the mutual flux linking the stator and rotor windings.
The net magnetic field (B,.¢) is proportional to the magnetizing current (I,,), which is directly
proportional to E;.
If the voltage drop in the stator circuit is very small, E; may be assumed constant, as V is. Hence, Iy
and B,,.; are constants.
At noload, the slip is very small, the relative motion is also very small. Therefore, the rotor induced
voltage (Eg) and the resulting rotor current (Ig) and rotor frequency (f;.) are all small.
Because f,. is small, the rotor reactance is small, almost zero, and the maximum rotor current (Ig) is
almost in phase with the rotor voltage (ER).
The rotor current produces.a small rotor magnetic field (Bg),
at an angle just slightly greater than 90° behind B,,¢.
The magnetic fields, the rotor currents and voltages are
shown in.the Figure next.
Since Bp is'small, the stator current (I;) must supply most of
Bet, SO 14 is large even at noload.
The induced torque is:
Tina = KBRX Bpe;
Tind = KkBgrB,e; Sind; C.CW.

Note that, at noload Bpg is small and so is the torque; the

torque is just large enough to overcome the motor’s rotational losses.
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Loaded Motor:

v"  As the load torque on the motor shaft increases, the slip increases. Therefore, the rotor mechanical
speed decreases, increasing the relative motion between the rotor and the magnetic fields.
Consequently, the rotor induced voltage (Eg) and the resulting rotor current (Iz) and rotor frequency

(f-) all increase. The result is a larger rotor magnetic field (Bg). In brief,
as Tipad 1= S T= w,y, 1= Relative motion T= Ex Tand f,. T= I T= B T

v" The rotor circuit becomes more inductive, because the increase in slip resultsiin\an increase in rotor

frequency, thus an increase in rotor reactance; i.e.,
ass T f T Xp T

v' Consequently, the rotor current (Ig) lags the rotor
voltage (Eg) by a larger angle (6y), as seen in the Figure

next.
v' Also, the angle between B,,.; ( orEg) and I increases.

v' The torque angle (8) between Bg.and B, increases

too!

v" Recall, the induced torque,

Tind = KBRrBpe: Sind;  C.C.W.

v" Note thatthe increase in By tends to increase the induced torque, and an increase in the torque angle
(6 > 90° )-tends to decrease the torque induced. However, the overall effect is an increase in induced

torque to supply the load torque.

v The peak or Pullout torque is reached when sin § deceases as much as By increases with increasing
load torque. At this point, a further increase in load torque decreases the induced torque and the motor
stops. The current drawn during halt condition will as much as the starting current; very dangerous on

the motor!
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Torque-Speed Characteristic Plot of an Induction Motor

To plot the torque, the effect of varying the slip on each term on the plot will be examined. Recall,

Tind = KBRB,o; SIN S

1. The rotor current, and hence rotor magnetic

field (Bg), are linearly proportional to the slip (S)

at low slip values, and they are almost constant

at large slip values.

At low slip values,as § T=> I, T=> B T

2. The net magnetic field (B,e¢) is proportional to

the applied voltage (E1). Since, Eqis constant, the

net magnetic field (Bjet)

is also constant

regardless of the slip (s).

3. To explore the effect of the sine term (sin é),

recall that,

5=0z+90

Ig
ar
I Bl

A
(hy e

where, Oy is the power factor angle ofithe rotor, and it is the angle between Iy and Ej.

Thus,

But,

Dﬁﬂﬂg

siné = sin(6p +90) = cos O

21X _18X
Op =tan ' 2 =tan"1=K0
Rp Rp

The rotor power factor, therefore, is:

_158X
cos 0y = cos (tan 1 R—R”)
R

1

(ch

cos Oy, is almost unity at low slip values and decreases as s increases, as shown in Figure (c) above.

The overall effects of varying the slip on all terms are

combined to produce a plot of the induced torque versus

speed as shown in Figure (d) next.
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Characteristics of Torque-Speed Curves of an Induction Motor

The characteristic curve can be divided into 3 regions:

L. Low Slip Region

a. The motor slip SO0%%:
Pullout torque -
increases linearly with . .
11
load. 5005 - Q\
b. The motor speed g High Slip Moderate \; >
= Slip .
decreases linearly with £ >
L=
load. ®
-]
c. Rotor current increases g
linearly with slip. § .
. . 2 I
d. Xpis negligible. Fujl-load torque _
e. CosOp ~1 T pmmmmmmaaly
. =1 ]
f. Itis the normal steady S !
s |
state operating region. <€ Y I 1 T Y T
0
Il.  Moderate Slip Region Mechanical speed

i. Xpgisof the same order of magnitude'as Rp.
ii. Ig does notincrease as rapidly as.before.
iii. The rotor power factor starts to drop.
iv. The peak (Pullout) torque occurs at the point where, for an incremental increase in the load, the

increase in the rotor.current is exactly balanced by the decrease in the rotor power factor.

M. High Slip Region

The induced torque decreases with increasing the load (increasing the slip), because the increase
in rotor current is overshadowed by the decrease in the rotor power factor.

e This is unstable region.

o Typically, Pullout torque is 200% to 300% of full (rated) load torque.

e The starting torque is 150% to 200%. Therefore, the Induction motor can start with full load

attached to its shaft.
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Derivation of The Induction Motor Induced Torque Equation

The induced (developed) torque is:

2Ry
. _ Pconw _ PAG — 3IZT
Tind = - -

Wm Wsync Wsync

and can be expressed in terms of motor parameters, by finding the Thevenin’s Equivalent circuit (Figure (c))
below, and then deriving the rotor current.

L ¢ Ry

ro YL AN, e e

[[4]

Assuming that X, » X; and X, + X; > R, then,

Rry =Ry (X—M)2

Xy+X,
Xrg = Xq
Xm
V. =
TH ™ xy+x;" @

_ 3I5R, /s
ind — Wsync
_ 3|Vrul? Ry/s
Tina = Ry 2
Wsync (RTH+ T) +(XTH+X2)2]

Exercise:

Use Matlab/Simulink Environment to plot the induced torque versus speed/slip for a slip in the range [-

1.001 to 2.001]; avoid division by a slip of 0; use a small step change; e.g. As = 0.005!
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A plot of the torque equation as a function of speed (or slip) is shown in the Figure below.

1 Torque

Pull-out Torque

Plugging (Braking) STABLE REGION

Motoring

‘/_/-/’y
slip 2 1 -1
—r|1S 0 2nlS i Speed

Generating

Pull-over Torque — 3

Comments on The Induction Motor Torque-Speed Curves

1. 73,4 = 0atsynchronous speed, also E, Iz and By are all zero.

2. Torque—speed characteristic is nearly linear between noload and full load. In this region, the rotor
resistance is much/larger than the rotor reactance. Therefore, Iy, Bp and t;,4 increase linearly with

increasing slip.

3. The maximum possible torque (Pullout torque) is 2 to 3 times the full (rated) load torque.
4. The starting torque is slightly higher than its full load torque.

5. By inspecting the torque equation, the torque (for a given slip) varies as the square of the applied

voltage. This is a useful fact for speed control.

Page 202 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

6. |If the rotor is driven faster than the synchronous speed, then the direction of ;,4 reverses and the

machine operates as an Induction (asynchronous) generator.

7. If the motor is turning backward relative to the direction of magnetic fields, t;,4 will stop the

machine very rapidly and will try to rotate it in the other direction.

This can be achieved by switching (swapping) any two stator phases. Stopping the-motor rapidly is

called Plugging.

8. The peak converted power occurs at different speed of that where the peak torque occurs as shown

in the Figure below.

B0 120
Pow
700 |- * Jios
Torque Poony
Tind
00 - — 90
F 500 - - 75
i
i Z
E 400 460 3
3 :
E 300 4%
200 |- -1 30
100 - 415
0 1 1 I 1 I I I

0 250 500 750 1000 1250 1500 1750 2000
Mechanical speed, o'min
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The Maximum (Pullout) Torque in an Induction Motor

. _ PAG
» Since, Ting = —

sync

, Tmax occurs when Py is maximum.

® But, the P, is consumed in %, so from the Maximum Power Transfer Theorem, the magnitude of the

source impedance should equal %, (because the angle of the load impedance is fixed).

® The source impedance is,

Zsource = Rru +j(XTH +X2)

® Therefore, the Maximum Power Transfer is satisfied when,

R
?Z = \/RTHZ + Xy + X3)?

®  Solving for the slip at maximum torque yields:

R;

Smax -

\/RTHZ+(XTH+X2)Z
W Smax is directly proportional to the referred rotor resistance (R5).

® Inserting the expression for S;,4x-in the torque equation yields:

3|Vru|*

tmax -

2Wgync [RTH + JRTHZ + X7y + X3)?

®  Tax is directly proportional to |VTH|2 and is inversely proportional to the stator impedance and the

rotor reactance.

®  T,,.. is independent of the referred rotor resistance (R3).
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B The effect of increasing the rotor resistance is demonstrated in the Figure below.

RI<Ry<Ry<Ry<Rs<Rg

Induced torque. N »m

0 1 1 1 1 1 1
0 250 500 750 1000 1250 1500 1750 2000

Mechanical speed. r/min
® In a Wound-Rotor Induction Motor, the starting torque may be increased, to start up heavy loads, by
\
inserting WYE-connected three-phase resistors in series with the Brushes and Slip Rings. Once the

motor has started, the external resistors can be removed off the rotor circuit (by shorting them out).

% Note that, the starting torque increases with increasing the rotor resistance up to a particular value of
rotor resistance (Rg), greater than which, the starting torque starts decreasing again as is the case with
Ry, which is greater than R!

® Increasing the rotor resistance (or addition of the external rotor resistors) increases the motor slip,

reduces the motor efficiency, decreases the motor speed, and increases the speed regulation.
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Trends in Induction Motor Design

#® The fundamental ideas behind the Induction motor were developed during the late 1880’s by Nicola
Tesla.

# However, Induction motors were not commercially available until 1896, after the development of two
and three phase power systems and rotating magnetic fields.

# Between then and 1970’s, efforts were concerted on improving the quality of steels, casting techniques,
insulation and construction features of Induction motors. These trends resulted in a_smaller size and

reduction in construction costs. For example, a modern 100hp is of the same size as'7.5-hp of 1897.

@

However, these efforts did not lead to improvements in the motor efficiency.
#  Since 1973, after the climb in oil prices and electricity, the efficiency and the life time operating cost of

the machine have become more and more important than the initial installation cost.

Techniques Used to Improve Induction Motor’s Efficiency.

1. Reducing the stator copper losses by using more copper.in the stator windings.

2. Increasing the rotor and stator core length to reduce the magnetic flux density in the airgap of the
machine. This reduces magnetic saturation of,the machine and decreases core losses.

3. Using more steel in the stator to allow a great amount of heat transfer out of the motor, which reduces
the operating temperature. The rotor’s fans are redesigned to reduce Windage losses. Finnies at the
motor body also improve the-heat transfer.

4. Using a special high-grade electrical steel with low Hysteresis losses in the stator.

5. Using steel that has a‘high internal resistivity and which is made of thin lamination to reduce eddy
current losses.

6. Designing the rotor carefully to produce a uniform airgap, and hence to reduce the stray losses.
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Starting Induction Motors

m They do not have starting problems like Synchronous motors. However, their starting current is high.

m |n Wound-Rotor Induction motors, inserting external rotor resistors can reduce the starting current.
By doing so, the starting torque may be increased.

@ |n Squirrel-Cage Induction motors, the starting current depends on the motor’s power and the
effective rotor resistance at starting conditions.

I All Squirrel-Cage motors have a Starting Code Letter on the name plate that sets the limits on the
amount of starting current drawn by the motor. National Electrical Manufacturers Association (NEMA)

Starting Code Letters are shown in the Table below.

Nominal code Locked rotor, Nominal code Locked rotor,

letter kVA/hp letter kVA/hp
A 0-3.15 L 9.00-10.00
B 3.15-3.55 M 10.00-11.00
C 3,554.00 N 11.20-12.50
D 4.00—4.50 P 12.50-14.00
E 4.50-5.00 R 14.00-16.00
F 5.00-5.60 s 16.00—-18.00
G 5.60-6.30 T 18.00-20.00
H 6.30-7.10 u 20.00-22.40
J 7.7-8.00 v 22,40 and up
K 8.00-9.00

[ The apparent power at starting'can'be expressed as:
Ssiart = Rated Motor's Horse Power X Code Letter Factor
@ Then, the starting current'can be estimated from the equation:

I —_ SStart
LStart — \/§VL

Example 7=7. What is the starting current of a 15-hp, 208-V, code-letter-F, three-
phase induction motor?

Salution
According to Figure 7-34, the maximum kilovoltamperes per horsepower is 5.6, Therefore,
the maximum starting kilovoltamperes of this motor is

Suan = (15 hp}5.6) = 84 kVA

The starting current is thus
5.

san

W3V,

B4 KWV A
= VI(208 V) 233 A

I =
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Reducing The Starting Current
1) Inserting extra inductors or resistors in the power line (old fashion and rarely used). To be explained
later!

2) Star-Delta or WYE-Delta (Y/A) Starter
® This method is appropriate for Induction motors designed to operate normally with “Delta”

connection; in other words, for 400V supply, motors assigned Y /A and rated as 692/400V are

appropriate for this method, whilst motors whose rated voltage 400/230V are not appropriate for

this method.
®  Connecting the motor as a “Star” during starting-up, will reduce the stator phase voltage and current

by %; the supply (line) current will be reduced byg .

®  Also, by this method, the starting (and full load) torque is reduced by 33, because T;,q a V2.

B Note that, both connections have the same Ampere/torque rating.
®» The power and control circuits for a Y /A Starter, employing ‘contactors, are shown in the Figure
below.

Power Crrout Control Circuit

1

]
=
—
|
—/I—

® |Initially, contactors C; and C, are closed, when motor is up to speed and after a preset time, C, is

opened and Cj is closed (Cj is still closed).
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3) Auto-Transformer
Reducing the motor terminal voltage by using Auto-Transformers to step down the voltage (note that

torque decreases with |Vrg|?).

Recall, the Auto-Transformer voltage relationship,

A
VN5 .
Vp N Np T Input Vs Mo f
? Ns v Output
{
& &

A schematic of an Auto-Transformer starter is shown in the Figure below.

# The contactors in the Figure are normally open contacts.

@

The sequence of switching the contactors in a “closed transition fashion” is summarized as:

t t t t
Clon)=> C:(on) = C:(off) = C; fon) => C, (off)

# The secondary to primary turns ratio is: a; = %,such that ar < 1.
P

The motor’s phase voltage and stator phase current are reduced by ar (= %), about 65%. However,
P

the starting torque is reduced by a?.
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4) Rotor Resistance Starters

Wound Rotor
Three-phase External Resistors are connected in series
Brush
with the rotor windings of a Wound-Rotor Induction motor N\
via the Slip Rings and Brushes, as shown next.
e ®
& ; ; ; X External Rotor
E The effective rotor resistance increases, and consequently SIpRing  Resistance

the starting current decreases.

The resistor is removed gradually or in steps as the motor has started, following t%torque-speed

trajectory shown in the Figure below. Q’\'

Torque
[Per Unit]
Speed [rpm]
5) Variable Voltage—Variable Frequency (VVVF) Drive
+Vpe
@ The output voltage %\ﬁ:uency of a three-
T T T :
phase Current Souk: Inverter (CSI), Voltage | o " o, !
. AC ==
Source Inverte ), which is shown in the Figure = Mains |
T, Ts T,
next, o Z&Jeonverter can be adjusted to control ! Dy ! D; . D,
the starting characteristics. ~Vic
@ Atstarting, the voltage and frequency are reduced e 5 :r:
5 51
in proportionality (_), and €2 w >k
e—> M =5 M
=1
then increased gradually as the motor starts. o
%

Hence, it is called Variable-Voltage Variable-

Frequency (VVVF) Drive.
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Induction Motor Starting Circuits
I. Basic Magnetic Induction Motor Starter Circuit

A typical Across-the-Line Magnetic Induction Motor Starter Circuit is shown in the Figure below.

Overload
F M, . heaters
— 11 —
Fa
| motor
D—/ F3 M3
O+
Disconnect
switch
Start
Stop OL
—0 H_@%
Il
]
M,
/ Disconnect switch
a o Push button: push to close
QJ_Q Push button: push to open
{1 F
o—@—o Relay coil: comacts change state
when the coil energizes
” MNormally open Contact open when coil deenergized
’Hr MNormally shut Contact shut when coil deenergized
F Xr Owerload heater
oL
{H’ Owerload contact; opens when the heater
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Notes:
e Normally closed (shut) overload contacts, open when heaters get too hot.
e M, shorts the start-button allowing the operator to release it without disconnecting power

from the M coil.

The Basic Starter Circuit Built-in Protective Features are:
1. Short Circuit Protection
It is achieved by the Fuses which blow up when very high currents occur (greater'than the full load

current; the fuse operating current equals the full load current multiplied by a Fusing Factor).

2. Overload Protection
When the temperature of the heater rises far enough, the OL contacts open de-energizing the M relay,

which in turn opens the normally open M contacts and removing power from the motor.
3. Under Voltage Protection
If the line voltage applied to the motor falls below a certain value, the voltage applied to the M relay

will also fall and the relay will be de-energized. The M contacts then open removing power from the

motor terminals.
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Il. A Modified Magnetic Induction Motor Starter Circuit

To reduce the starting current, the basic magnetic circuit is modified by adding a series resistor in each line.

Each resistor will be shorted out in steps controlled by time delay relays (1TD, 2TD, and 3TD).

Start
Stop |
—cJ_n—E‘ o @ ,-H/
i
My ]

1TD, 2TD, and 3TD are time delay relay; when their coil is energized, there is a preset time delay before

their contacts close: The starting resistors are shorted out in 3 steps.

This modified starter circuit has the following Protective features:
1. Short Circuit Protection
2. Overload Protection
3. Under Voltage Protection
4. Reducing the starting current by inserting three-phase resistors in series with each line during the

starting, and then removing parts of each resistor in steps (3 steps for resistors overall removal).
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Speed Control Induction Motor

Recall, the synchronous speed is:

_120f,
sync — " p

and the mechanical speed is:
Ny = (1 = )Ny,
Speed is controlled by:
1) Pole Changing
a- The Method of Consequent Poles
e This method changes the number of poles by a ratio of 2:1 via a simple switching operation.
e It is simple to implement in Squirrel-Cage, but in a Wound-Rotor (the rotor windings must be
rearranged.
e By this method, the speed can be changed by a factor 2:1.
b- Multiple Stator Windings Method
It employs multiple stator windings with different'number of poles. One set only is energized at a
time. It increases cost and weight of the motor:
2) Changing the Rotor Resistance
® Historically, added rotor resistance method was used widely for Induction motors’ speed control.
® Inserting external resistors to the rotor circuit changes torque-speed characteristic, reduces the
starting current, may increase the starting torque, but reduces the efficiency (increasing slip; since

Prcr = SP 4, the rotor losses are increased!).

® The Figure next, shows the torque-speed curves

for an Induction motor with different values of

added-rotor resistance, such that:
200
R)' >Ry >R, >R,
% RATED
TORQUE 100

®» As the rotor resistance increases, the motor

speed decreases.

®» At no-load the motor still runs at the

synchronous speed.
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3) Changing the Line Voltage
® This method is used for small motor driving fans.

®» The method relies on the fact that, decreasing the applied voltage reduces the induced torque

(‘L’ind aVTHZ). Consequently, the speed decreases.

100%—
100% 1

O 75%— Vi fan

= reduced

BO 509~ Motor torque 50% V peed

&~

Fsr VR RSTITITTIG:, oo SRR B Hoist
l |

100 80 B0 40 20 0 %slip
D 20 40 B0 B0 100 9% Ns

B The difficulty is loss of torque at reduced voltages.

®  This method is suitable for high slip motors. On the other hand, it is not suitable for low resistance

rotors (low slip motors).

B The Figures below show that the speed control range by this method is restricted in a low slip motor
(Figure (a)) compared to that in a high slip motor (Figure (b)). Note that the stator voltages are

related as:
Vi>V,>Vs

Low-Slip Motor High-Slip Motor

Torque Torque

B However, the efficiency is reduced by this method to ~(1 — s).
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4) Changing The Line Frequency

The frequency may be varied by employing a Cycloconverters, Inverters,...

o By changing the electrical frequency, the noload speed on the torque-speed characteristic curve

changes. The speed may be changed in the range: 0.051n,44, to 2Ny 460

o Above the rated frequency, the voltage is held at rated 4

value, resulting in a flux weakened machine. The 700

:

Figure next shows the characteristics for 3000rpm

g
T

motor.

Induced torque, Nem
w F
g8 8
T

8
T
A

o Below the rated frequency, if the terminal voltage -\

g
\

-

= === =7 ] ) 1 1 1

500 1000 1500 2000 2500 3000 3500
Mechanical speed, r/min

o

o

stays at its rated value, excessive magnetization
current flows, because the machine may become over
fluxed. The machine flux (¢ (t)) is related to the stator voltage and the angular speed (frequency)

by:
o) = % cos wt

where, N, is the number of stator'windings’ turns.
o This may cause saturation to the Induction motor core!

o Hence, V; should'be reduced with f, “derating”! = The motor power should also be decreased

to avoid overheating the stator windings.
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5) Variable Voltage Variable Frequency Drives (VVVF)
e Itis clear that the most efficient and robust speed control is based on adjusting the supply voltage
and frequency using a Power Electronic AC-to-AC Controller or DC-to-AC Inverter.
e In a Variable-Voltage Variable-Frequency (VVVF) Induction Motor Drive, employ constant V/f
control below rated speed. make V; « w;i.e.,
Vi =kw

rated

\%
where, the constant k =
Wrated

e But, atlow frequencies (below 10Hz), the controller should control for R, loss'somehow! A Voltage
Boost is needed to compensate for the voltage drop across R, at low frequencies.

Vi = kw + constant Vv,

e The magnitude of the Voltage Boost is Vilrated)

—r

Vy/f = constant= V,(rated)/f,atea

V; at rated torque -

dependent on the motor load (current) and the
stator resistance, as seen in the Figure next.
Therefore,

Vl = k(l) + (12 + Im)R1

L fiHz)

e Above rated frequency, the voltage is'held at its rated value.

Constant Power Region
(Tinqwy = constant)

}‘7 Constant Torque Region " ] h’& High Speed A»‘

(Ting = constant) Region

Maching limi
=

1.0 oy = -

s |
Inverter Short

Time Limit
Per Unit
Torque / ,‘.r Inverter Steady
State Limit
( Tind ) L1 imi
e // -

1.0 25

Per Unit speed (:))—Z)
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Determining Induction Motor Equivalent Circuit Parameters

i. No Load Test = analogous to open circuit test in a transformer

A) Connect the meters as shown in the Figure below

15

—

Variable L1 e
voliage,
variable
frequency, .
three-phase

power
source 1,

No load

B) Measure noload (rotational) losses
C) Measure the 3 line currents and find their average value

D) The rotational power losses, and also the excitation branch impedance can be found;

|z, |——===x,+x,,,

ii. DC Test for Stator Resistance
e This test is used to measure the statorresistance (R;). The effect of inductance is cancelled here.
e Adjust the DC voltage until rated current flows in the stator windings

e Measure the DC voltage and current, by connecting the meters as shown in the Figure below,

Current-

limiting

rasistor I=1
N 1= f1rated

AN ) .

Ve +
(variable) -

e Then, the stator resistance (R;) can be found as:

VDC
Ve
Rl 2IDC
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iii) Locked (Blocked) Rotor Test = analogous to short circuit test in a transformer

ndition,

v Since the rotor normal operating frequency is low, and it differs from that at locked rotor co
and as a compromise the test source frequency is set to be 25% or less of the rated frequency.
v' The meters during this test are connected as shown in the Figure below.
Iy
a —
® =
Adijustable-
voltage, Ig (#
adjustable- b ( ) - Locked
frgquency. A - rotor
three-phase
power source IC
L oy Y ju it
@ P

Jr=fe=feat
(@) = Lio+lg+1c e
v" The excitation branch is neglected during this test.
v" Adjust the AC test voltage until the rated line current flows

v" The equivalent circuit during this test is shown in the Figure below.

L mo b
° M Y . YN
|
I
V, Rc§ Xy §%=R2
| x" >> |R2 +jX2l
! RC > |R2+jX2|
© So neglect Roand Xy
v" Then calculate:
P_
PF = cos § = —=2—
V3Vpl,
v, v
7l =5 = 54
R 1, T V3L

Zig =R +jXig
= |Z.g|cos 6 + j|Z,g|sin 6

Xie =X + X}
RLR= ‘Rl + Rz
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PART VII
DC Machinery Fundamentals

B  Most of DC machines are like AC machines in that they have AC voltages and currents within them.

®» A DC machine has a DC output only because it has a _, which convert the

internal AC voltage into a DC voltage.

A Simple Rotating Loop between Curved Pole Faces
A simple loop was placed between curved pole faces as shown in Figure (a) below.. The top view and front

view of the loop are shown in Figure (c) and Figure (d), respectively.

o
' | b
- f—i— . +
| S
Cac ! ‘ Cha
|
+ ‘ -
d |ﬁ a
| N
+ ﬂ -
Coon (d)

®» To minimize the réluctance of the flux path through the machine,
the magnetic flux must take the shortest path through the airgap ﬁ
between the pole face and the rotor surface.

® Thus, the magnetic flux is perpendicular to the rotor surface, as ﬁ

shown in the Figure next.

® The airgap is uniform = The reluctance is the same under the pole faces = The magnetic flux
density (B) is the same (constant) everywhere under the pole faces.

® The loop is turned at an angular velocity (w) around the axis 0-0'.

4

The tangential speed is: v = w r, where 'r" is the radius of the loop.
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®» Each segment of the loop will have an induced voltage in it;

€ind = (E X E)i

®» The total induced voltage in the loop (e.,¢) is the summation of the

induced voltages in individual segments. The individual segments are:

5. Segment ‘ba’:

_ {vBl positive into the page, under pole face
®ba beyond pole edges

(0]
6. Segment ‘cb’:

(¥ x B) is either into the page or out of the page, whilst L is in

the plane of the page; i.e., (W x B) | I. Therefore,

¥ x B).l = 0.
“ecp =0

7. Segment ‘dc’:

_ {vBl positive out of the page, under pole face
Cac = beyond pole edges

0
8. Segment ‘ad’:

o
e | b
- —i— . +
|
e ! ‘ Cba
|
+ ‘ -
d |ﬁa
+ o —
ot

(¥ x B) is either into the page or out of the'page, whilst L is in the plane of the page. Therefore,

(¥ x B).l = 0.
€ad = 0
® The total induced voltage, therefore, is:

€tot = €pa T €cp T €gqc T €gq

= ot = {0

®» When the loop rotates 180°, the
direction of voltage reverses, but the
magnitude remains constant.

® The resulting voltage as a function of time

is shown in the Figure next.
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2vBI

vBl

—vBl

-2vBi

2vBl under pole face, with the polarity shown in the Figure above
beyond pole edges
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Since, the tangential velocity is related to the angular velocity by:

v=wr
Then, e, can be expressed in terms of the angular velocity as: Pole surfaca area
o = {- under the pole face
tot =10 beyond pole edges

But, the area of the rotor surface, which is a cylinder, is:

A= 2nrl

And the area under each pole of the two poles is:

A Ronor surface area

A,=mrl > rl="= A=
T

Then,

o = {% ApBw under pole face, with the same polarity
tot =

0  beyond the pole edges
The flux under each pole is:
¢ =A,B
Thus,

o A= {% ¢w under pole face, with the same polarity
tot.—

0  beyond pole edges

N _ {k¢w under pole face, with the same polarity
€t =1 o beyond pole edges

where, k is a constant representing the construction of the machine such as shape, and number of turns,...
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Getting DC Voltage out of The Rotating Loop

® This can be achieved by commutator
segments and brushes, which act as a
mechanical rectifier.

®» Commutator Segments: are two (or more)
semicircular conducting segments
encircling the shaft and insulated from it.
Each segment is connected to an end of
the loop, and these segments are

insulated from each other, as shown in the

Figure next.

» - are blocks of Graphite-like Carbon-Compounds with good.conductivity and low friction.
® Every time the voltage switches direction, the contacts (brushes) also switch connections, and the

output voltage at the terminals of the brushes is built up in the same way as shown in the Figure below.

Ton b

®  When the voltage is zero, the brushes short circuit two commutator segments.

® If the machine.has four loops, as shown in the Figures below, then the output voltage will be as

illustrated.

Y

I _L | L _L L _L_ Lo
¥4 0 13F 00 150 1907 315 3e0®
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The Induced Torque in The Rotating Loop
Now, if the loop was supplied by a DC current, as
shown in the Figure next, then it can be shown

that the torque induced on the loop is:

_ {. under pole face
Tind =

0 beyond pole edges
or

_ {kq)i under pole face
Tind = (9 beyond pole edges

e Ting = kepi

Current into

P page
Pt
- Current out of page
Fotina ﬂh""-.‘}”
N - ~ Fas. ina 5
T
r

e

-

The torque depends on the flux in the machine, the current in the machine’s loop and on the construction

of the machine.
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Problems with Commutation in Real Machines

The commutation process is not as simple in practice as it seems in theory, because two major effects occur

in the real world to disturb it:

1) Armature Reaction
2) L S—i Voltages

1) Armature Reaction

A) Arcing and Sparking
# Define, the _ as, the plane within the
machine where the velocity of the rotor conductors
(wires) is exactly parallel to the magnetic flux lines,
SO €inq in the conductors in the Neutral Plane is

exactly zero. As illustrated in the Figures next.

#® When a load is connected to the terminals of the
armature (rotor) windings of the machine, a current will
flow in the armature windings. The_[current flow
produces a magnetic field of its own; which distorts the

original magnetic field from the machine’s poles.

4 Armature Reaction is the distortion of the original
magnetic field (flux)’ in the machine as the load

increases.

# For the generator, shown in the Figure next, the Neutral
Plane has shifted in the direction of motion.

# The amount of shift depends on the amount of rotor
current, hence on the load of the machine.

# In general, the Neutral Plane shifts in the direction of
motion for a generator and opposite to the direction of

motion for a motor.

Magnedic nemral plane

New neutral plane | , | Old neutral plane

@ The brushes must short out commutator segments when the voltage across them is zero.
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# If the brushes are set to short out conductors in the vertical plane, the voltage between the segments
is zero unless the machine is loaded.

# When the machine is loaded, the Neutral Plane shifts, and the brushes short out commutator
segments with a finite voltage across them.

# This results in a circulating current flowing between the shorted segments and large sparks at the
brushes when the current path is interrupted as the brush leaves a segment. Arcing and Sparking at
the brushes occur.

@ This reduces the life time of brushes and increases the machine’s cost.

# Note that, under heavy loads, it is possible to induce voltages in the coils experiencing the increased

flux density to break down the ionized air between commutator segments: An arc may be established

between the brushes, which is called Flash Over.

Flux Weakening

@ A second major problem caused by ¢.Wb
’
Armature Reaction is Flux Weakening. Aé ,"
i /
- . oy 7
® Most machines operate at flux densities A¢a /)

near the saturation point.

wl

®l At locations on the pole, where the rotor
magnetomotive force adds to the ‘pole
magnetomotive force, only . .a small
increase in the flux occurs.

@ But, at locations on'.the pole surface,

——e e e

. F, A * turns
where the rotor magnetomotive force Pole mmf ~~ N
— armature  Pole mmf  Pole mmf + armature mmf
subtracts from the pole magnetomotive mmf

Ad¢p; = flux increase under reinforced sections of poles

fOI"CE, thereis a Iarger decrease in flux. A, = flux decrease under subtracting sections of poles

® The net result is the total average flux under the entire pole face is decreased.

@ |n generators, the effect of flux weakening is reducing the voltage applied across the load.

[ In motors, the effect of flux weakening is more serious. When the flux is decreased, the speed
increases (a) = e}i’(;d). And increasing the speed of the motor can increase its load, resulting in more

and more flux weakening. Therefore, as a result of flux weakening, the machine may reach a run-

away condition and may destroy itself.
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2) L % Voltages

Assuming that initially the currents in the brushes and the coils are as shown in the Figure below.

Direction of 400A
commutator motion
L\_ulu.rl LuulouaLui-uJbL\A.lnu"tL\ALu'ldLuLAfl
200 A 200A 200 A 200 A 200 A 200A
{a)
# When the commutator segment is i r=00015s

e A e

|
shorted out, the current through that 54, 4

segment must reverse.

#+ The time for current reversal depends | Spark at trailing

edge of brush

on w and number of commutator

segments. I‘\
Brush reaches Brush clears
beginning of end of
segment b segment a
4+ A tiny inductance in the loop will _____ = Ideal commutation
. ) . . diy . — = Actual commutation with inductance taken into account
induce a large inductive kick (L E) in N
(b)

the shorted commutator segment.

di

4+ This large induced voltage (L T,

) causes sparking at the brushes of the machine.
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Solutions to Problems with Commutation
1)  Brush Shifting
I) Commutating Poles or Inter-Poles

III) Compensating Windings

1) Brush Shifting

4 Shifting the brushes with the Neutral Plane shift to stop sparking, but there are several problems
associated with it.
a. The Neutral Plane moves with every change in the load.
b. The Neutral Plane shift changes direction when the machine goes\from motor operation to

generator operation or vice versa.
c. It aggravates the flux weakening effect of the armature reaction of the machine because:
1. The rotor magnetomotive force after brush shifting has-a vector component that opposes the

magnetomotive force from the poles, as illustrated-in the Figures below.

New neutral plane Brushes

New neutral plane

Old neutral plane  «— Old neutral plane

N S
Net m: " New net Original net
et magnetomotive magnetomotive magnetomotive
force F,q force L foree
1
Rotor magnetomotive F et Pt 1
force g = I Fp
I
F P g;.P
(a) (b)

2. The change in the armature current distribution causes the flux to bunch up even more at the

saturated parts of the pole faces.

However, sparks will occur at noload, unless one keeps shifting brushes with every load change!
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Il) Commutating Poles or Inter-Poles
® They are small poles placed midway between the main poles. They are located directly over the
conductors being commutated. They provide a flux such that the voltage induced in the coils
undergoing commutation is cancelled; No sparking on the brushes.
B These poles are so small such that the armature reaction under the main poles, and, therefore the
flux weakening, are not affected.
®» The Inter-Pole windings are connected in series with the windings on the rotor, as shown in the

Figure below; i.e., the load (rotor) current, I4, passes also in the Inter-Poles’ windings.

Vg

—

1,
® As the load increases, the rotor current increases, the magnitude of the Neutral Plane shift and the

di
size of the LE effects increase. Both of these effects increase the voltage in the conductors

undergoing commutation.

®» On the other.hand, the Inter-Poles flux increases too, producing a larger voltage, than before, that
di
opposes the voltage due to the Neutral Plane shift and the L o effect.

®» However, the Flux Weakening effect still exists!
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Polarity of Inter-Poles’ Flux
a) In a generator, the Inter-Poles must be of the _,
because the Neutral Plane shifts in the direction of motion; i.e., conductors undergoing
commutation have the same polarity of voltage as that of the conductors under the main pole they

just left.

%
V. (G;'uhage due
dl-:l;ge \ o neutral
] M
interpole plane SI'E:lft and
v di
ot
(h)

b) In a motor, the Inter-Poles must be of the SaMEIDOIATIYIASItNEIDICVIOUSIMAINIPOIE, because the

Neutral Plane shifts opposite to the direction of rotation; i.e., conductors undergoing commutation
have the same polarity of voltage as that of the conductors under the main pole they are

approaching.

®» Inter-Poles _problem, but they fix the problem due to the Neutral

-
Plane shift and the L d_:: effect.
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Ill) Compensating Windings

e This method completely cancels the armature reaction effect and thus eliminates both Neutral
Plane shift and Flux Weakening effect.

e The Compensating windings are placed in slots carved in the faces of the stator poles parallel to the
rotor conductors, and are connected in series with the rotor windings, so whenever the load on the
rotor changes, the current in the Compensating windings changes too.

e The Compensating windings are designed such that their flux equals and opposes the rotor flux, as
shown in the Figure below. So they cancel each other and no Neutral Plane shift with load. i.e., No

Neutral Plane shift and no Flux Weakening problem.

Rotor (armature) flux = = = Flux from compensating windings

ia) ]

o The effect of Compensating windings s
tator

and rotor windings on magnetomotive
forces is shown in the Figure next. f,'.";f'm—- g s E % N @
e Compensating windings do not cancel

L% effect, so the machine must have

F. A+ turms L Pole magnetomotive force ﬁ:ﬂelmmrr
Inter-Poles. Compensating Mation o
£ winding -7 T~ T
e A disadvantage is that the e —S—es 1
o ) = Rotor -\ 7
Compensating windings are expensive. [ magnetomotive force

5rnt =$puk +5R +$m
. Fou =F
e Tocancel all commutation effects, large met = Tk
F, A urns
machines have both Inter-Poles and

Compensating windings. ; } '
Meutral
plane \ }
o

shifted
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In Summary:

The Internally Generated voltage is:

EA = k¢(l)

The induced torque is:

where, 1, is the armature current.
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PART VIII
DC Motors and Generators

DC motors were very common for many reasons:
B DC power systems are still common in cars, vehicles, aircrafts...
B Before the widespread of power electronics, DC motors were appropriate for speed control

applications.
Speed Regulation: is a measure of the shape of torque-speed characteristics of a motor. The Speed
Regulation (SR) is defined as:

SR =221 x100%
wﬂ

or SR = 2 %100%
nﬂ

where, wy,; is the noload speed in rad/s
wgy is the full load speed in rad/s
n,; is the noload speed in revolutions per minute [rpm]

ng; is the full load speed in revolutions per minute [rpm]

Notes:
a. Ifthe SR is positive, the'speed drops with increasing the mechanical load.
b. Ifthe SR is negative, the speed increases with increasing the mechanical load.
c. DC motorsare compared to each other by their Speed Regulation.

Construction of DC Motors
®» A DC machine consists mainly of a stator, a rotor, a commutator and brushes, as illustrated in the

Stator
/n)ugnClS

————————— Rotor

winding

Figure below.

Brushes

Commutator
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® The field flux is established at the stator either by means of a permanent magnet (Figure (a) below)
such that the magnetic field flux (¢y) is constant, or by means of field windings (Figure (b) below),

where the magnetic field flux, neglecting saturation, is directly proportional to the field current; i.e.,

br = K¢l

Permanent
magnets

® The stator is designed to have curved pole faces, such. that the magnetic field flux lines are

perpendicular to the airgap and to the rotor surface, as shown in the Figure below.

®  The rotor carries the armature windings in its slots, and it handles the electrical power. Samples of

rotors are shown in‘the Figures below.
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®» When the rotor conductors have a DC current in the

presence of a magnetic field, an induced torque will be

developed, as illustrated in the Figure next.

® The induced torque developed is bidirectional and has a quasi-square wave shape.

® However, the rotor is connected to the DC source by the commutator and brushes, as shown in the
Figure below, which reverse the direction of armature current for every half cycle. The commutator

and brushes also unify the induced torque direction in the DC motor:

Back-end

® The Figure below shows the unified torque due to the effect of commutator and brushes.

Tina (1)

N i
o " '

E i T (average)
0° 90° 180° 270° 360°

® The induced toque of the DC motor consists of an average value and a ripple, as was illustrated in the

above Figure.
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® The torque ripple may be reduced by increasing the number of commutator segments; for 4

commutator segments, the induced torque of a DC motor is shown in the Figure below. Note that the

frequency of the ripple is also increased.

* Tem \
4T<'0ml :

1

ARV AN BV A Y
2T('()II([ i Tcm

! (average)

0i } i I t } } f | 0
0° 45° 90° 135° 180° 2050 270° 315° 360°
Types of DC Motors

1) Separately Excited DC Motor

N

Shunt DC Motor

A W

)

)

) Series DC Motor
) Compounded DC Motor
)

5) Permanent Magnet DC (PMDC) Motor

Equivalent Circuit of a'-DC Motor

The equivalent circuit of a'DC motor is shown in Figure (a) below, whilst a simplified equivalent circuit is

shown in Figure (b).

—h— —w——

Ey

{a)

Fy

Field |Rrp
(Stator)
circuit
Le

Ry n

MWN——S

Armature (Rotor)

circuit
Ey

Z

{b)
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# The armature circuit is represented by a voltage source (E,) and a resistor (R4), which represent the
Thevenin’s equivalent circuit of the rotor structure; including rotor windings, Inter-Poles, and/or

Compensating windings.

@

Vyrusn: is the brushes’ voltage drop and is opposite to the current flow.
#® L & Rp: represent the field coil’s inductance and resistance, respectively, which produces flux in the

machine.

&

Rgqqj:is an external variable resistor used to control the amount of field current (flux) of the field circuit.

@

In a DC motor, the filed flux is:
¢ = Kl
where, K is the field constant of proportionality, neglecting flux saturation
Ir: is the field current.
» The internally generated voltage is:
E, =kdw
» Acurrent-carrying conductor in the presence of a magneticfield has a torque induced onit. The induced

torque developed on the armature conductors is:

Tina = kply

I,: is the armature current.
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The Magnetization Curve of a DC Machine
The field current produces a field magnetomotive force; F = N¢Ip. This force produces a flux in the machine

in accordance with its magnetization curve, shown in the Figure below.

é. Wb

F A - turns

Since I is directly proportional to F, and E, is directly proportional to flux (¢b), it is customary to present

the magnetization curve as a plot of E, versus I for a given speed w,, as shown in the Figure below.

Eyl = Kpu]

w-‘l‘u
A = ng (constant)

To get the maximum possible power/weight out of the machine, most motors and generators are designed

to operate near the knee of the saturation curve (saturation point).
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1 & 2) Separately Excited DC Motor and Shunt DC Motor

The Equivalent circuit of a Separately Excited DC motor is shown in the Figure below.

®  Applying KVL to the armature circuit of a

Sometimes
Separately Excited DC motor yields: ]tau:efr:r and
called Rp
VT:EA+RAIA Ey Vr
® The field current is:
VF
Ir = -
F RF+Radj
® The line current equals armature current; [}, = I,.
The Equivalent Circuit of a Shunt DC motor is shown in the Figure below.
o Applying KVL to the armature circuit of a DC motor
. . Ry fy L
yields: AAN o+
Ve =Eq+ Ryl I
T A + ATA Lumped Fl Ruj
: . logether and
e The field current is: called Ry .
IF = Vr Ey ' Vr
RF+Radj
. . L
e The line current is the total current; F
IL = IA + IF ” °-

Terminal Characteristic of.a Shunt DC Motor

B Terminal characteristic'is a plot of the machine’s output quantities versus each other. For a motor, it is

a plot of torque versus speed.

P as Tigaq 1= @ L= Ey(= kpw) L= I, (= "TI;AEA) T Tia(= kply) T

and finally the induced torque equals the load torque, but at a lower mechanical speed.
» Applying KVL,
Ve = E4+ Ryly
» But, the internally generated voltage is:
Ej =kdw
Therefore, Vi =kow + Ryl,
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» Recall, the induced torque equation;

Tina = kdly
=, = T}i’(;d

Bk Substituting for the armature current in the voltage equation yields:

Tin,
Vr = koo + RAk—(:
B Rearranging for the mechanical speed yields:

Vr Ry

© = o gt Tind

* Note that, if a Shunt (or a Separately Excited) DC motor was running and suddenly its field flux falls

to zero, _condition is reached, and the motor may damage itself.

» Note that, the speed varies linearly with torque if

other terms are constants, as depicted in the Figure _\

next.

Tind
(@)
» If the motor has armature reaction effect, then as  w,

the load increases, the Flux Weakening effects
reduce its average flux, which will increase the speed \"‘ﬁt__—h._‘___.— With AR
at any given load over the speed it would run at T Noar
without armature reaction. This phenomenon is
illustrated in'the Figure next.

Tind

h)
P If the motor has Compensating windings, there will be no Flux Weakening problem, and the flux stays

constant.

B Since Tjq = kly, the _ is reversed by switching the terminals either of the field or

the armature windings.
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Speed Control of a Shunt DC Motor (or a Separately Excited DC Motor)

Recall, the speed equation:

_Yr __Ra _
ke (kg2 tind

By inspecting the above equation, one can deduce that the speed can be controlled by:
I.  Adjusting the field flux via the field resistance (Rp)
Il. Adjusting the terminal voltage applied to the armature windings

Il. Inserting a resistor in series with the armature winding, but this method is less commonly used.

I.  Changing the Field Resistance

Ve
RF+Radj

Ry

®» But,
Ting = kply, where p Land Iy T

®» However, over the motor's normal operating torque range, the increase in armature current
predominates over the decrease in the flux, andhence the induced torque rises; i.e.,
Tina = ko L1, T
®  Andsince the induced torque becomes'greater than the load torque (T;,q > T;044), the motor speeds
up; o T.
B As w2 E (= kpw) T2 0, (= VTR;AEA) = 1,0(= kI ,) 1, until it equals the load torque, but
at a higher speed than.the original speed.

®» This method is used for speed control above the rated o,

speed, and is called Flux Weakening method.

® The effect of varying the field resistance on the torque-
speed characteristic of a Shunt DC motor is illustrated

in the Figure next.

Tind

ihy

B Note that, in a Separately Excited DC motor, the field flux may be varied by applying a variable voltage

source to the field circuit instead of adding an adjustable resistor to the field circuit.
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.
>

Varying the Armature Voltage

B I | variabe i
This method is used for speed control AN o— voltage o+
* 4 | controller IJ,.-
below rated speed. R
The field voltage (current) is kept ©£
A Va ¥r

constant, but the armature voltage Ly
(V4) is varied as illustrated in the -
Figure next. Vi is constant

V, is variable

AsVy le I, (: %) le Tind(:
A

kpl,) L

The induced torque decreases and becomes less than the load toque (Tj,5 < Tipqq), thus the motor

slows down; w .

But, as wl= Ejle I T 1,47, and
becomes equal to the load torque, but at a lower
speed than the original speed.

The effect of varying the armature voltage (V 4)

on the torque-speed characteristic of a Shunt DC

Var > Vay

v"z\
V),

Al

motor is illustrated in the Figure next.

Inserting a Resistor in Series with the Armature Circuit

*

Inserting a series resistor with the armature windings,

characteristic. Therefore, the speed
regulation becomes worse!

The effect of increasing the armature resistor
on the‘motor’s torque-speed characteristic is
illustrated in the Figure next.

The added resistor increases the losses, so

this method is rarely used.

increases the slope of motor’s torque-speed

Ryp< By < Rya<Ryq

Tind

This method is used for applications, where the motor spends almost most of its time operating

at full load speed, or in applications too inexpensive to justify a better form of speed control.
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Example 9-1. A 50-hp, 250-V, 1200 r/min dc shunt motor with compensating
windings has an armature resistance (including the brushes, compensating windings, and
interpoles) of 0,06 €. Its field circuit has a total resistance R,4; + Rr of 50 €}, which pro-
duces a no-load speed of 1200 t/min. There are 1200 turns per pole on the shunt field wind-
ing (see Figure 9-7).

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

Solution
The internal generated voltage of a dc machine with its speed expressed in revolutions per
minute is given by

Es,=K'¢n (8-41)

Since the field current in the machine is constant (because Vy and the field resistance are
both constant), and since there are no armature reaction effects, the flux in this motor is
constant. The relationship between the speeds and internal generated voltages of the motor
at two different load conditions is thus

Eyp K'én

E, ~ Kén O-%)

The constant K’ cancels, since it is a constant for any given machine, and the flux ¢ can-
cels as described above. Therefore,

EAZ
Hy = mn (9-9)
EAI
4w A
MW o+
0.06 £ ‘ y
The equivalent circuit of the motor is Rug l F
500
shown in the Figure next. R
£, F Vr=250V
N =
Le l{mluns

At no load, the armature current is zero, so E,; = Vr = 250 V, while the speed n, =
1200 r/min. If we can calculate the internal generated voltage at any other load, it will be
possible to determine the motor speed at that load ,
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(a) If I; = 100 A, then the armature current in the motor is

o=l — Iy =1, — oI
AT FT T R
_ _ 250V _
= 100A - Z5g =954

Therefore, Ej; at this load will be
E, = Vr — iRy
= 250V — (95 A)(0.06 0}) = 2443V
The resulting speed of the motor is

E
ny = E—:?n, = %1200 r/min = 1173 t/min
(b) If I; = 200 A, then the armature current in the motor is

- _230V _
b =200A-555 =195A

Therefore, E, at this load will be
Ey = Vr — iRy
= 250V = (195 A)(0.06()) = 2383V
The resulting speed of the motor is

Ep _ 2383V , .
n, = E, n = "55qy 1200 t/min = 1144 r/min

(c) If I; = 300 A, then the armature current in the motor is
Vr
’A =IL_IF=IL_R_F
_ _ 250V _
=300A 300 - 205 A

Therefore, E, at this load will be

Ey = Vi — LRy
= 250V — (295 A)(0.06 {}) = 2323V
The resulting speed of the motor is
_Eyu 2323V . .
n, = E, " =50y 1200 r/min = 1115 r/min
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{d} To plot the output characteristic of this motor, it is necessary to find the torque
corresponding to each value of speed. At no load, the induced torque 7,4 is
clearly zero. The induced torque for any other load can be found from the fact
that power converted in a dc motor is

Ronv = Eqly = Tq@
From this equation, the induced torque in a motor is
Ejdy
Tt = gy

Therefore, the induced torque when f; = 100 A is
(244.3 V)(95 A)

Tind = (1173 /min)(1 min60s)2ar radir) ~ 100 * M
The induced torque when I; = 200 Ais
_ (238.3 V)(195 A) _
Tind = (1144 tmin)(| min/60s)2m radir)  ~o0 v ° M
The induced torque when /; = 300 Ais
(232.3 VY295 A) — 587 Nem

Tind = (1115 r/min)(1 min/60s) 27 rad/r)
The resulting torque—speed characteristic for this motor is plotted

[

1200
I]m_\\\

= 1000}

E

&

= o900}
800 |-
700 |-

200 400 600 800 Tind-
N-m
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3) The Series DC Motor

m The field winding consists of a few turns

N Ry Ry Ly s I
connected in series with the armature AN AN T o o W
circuit, as shown in the Figure next.
W At steady state, applying KVL to the @ E, Vr
equivalent circuit yields:
VT=EA+ IA(RA+RS) 0 -
— IA lfs = IL
@ Notethat, I, = I, =1,
Induced Torque in a Series DC Motor \

e The flux is directly proportional to the armature current, at least until saturation is reached; i.e.,

¢ =Cly

where, C is a constant of proportionality.

e Astheload on the motor increases, the flux increases.too. An increase in the flux causes a decrease in

speed; the Series DC Motor has a sharply drooping torque-speed characteristic.

)

e The induced torque is: (
Ting = kdly )

e Substituting for the flux yields:
Ting = kCI,*

where, C is a constant of proportionality.
o Note that, the torque is proportional to the square of the armature current.

*  Thus, the Series DC Motor gives more torque/Ampere than any other type of DC motors.

e Therefore, it is used in applications requiring very high torques; e.g., starter motors in cars, elevator

motors, trains and tractor motors in locomotives, ...
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The Terminal Characteristic of a Series DC Motor
Assuming a linear magnetizing curve, the flux is related to armature current by: ¢ = Cly
Applying KVL to the equivalent circuit yields:

Vr = Eg+ [j(Ry + Ry)

But, the induced torque was derived as:

Tina = kCI2 > Iy = /’kicd
Thus, the flux can be expressed as:
in c
p=ClL=> ¢=C[m 3 ¢=\/;\/rmd

Also, the internally generated voltage is: E; = k¢w

Substituting for the armature current and internally generated voltage in the KVL equation yields:

Vp = kdw + |"2L(R, +Ry)

Substituting for the flux results in:

C 1
Vr = k\/% Ting® + ke Tina(Ra +Ry)

® = Vr _ Ry + Ry
" JkC [Tina kC O

o For unsaturated Series DC motor, the speed of

Solving for w yields:

the motor varies as the reciprocal of the square
root of torque induced.
o The torque-speed characteristic can be drawn as

shown in the Figure next.

kcvy?
(Ra + Ry)*

o The starting torque is: Tgqre =

o One disadvantage of the Series DC motor is that, when the torque on the motor goes to zero, its speed
goes to infinity (theoretically!).

o In practice, the torque on the shaft never goes to zero, because there are mechanical, core and stray
losses that must be overcome.

o If no other load is connected to the motor, the motor may turn fast enough to seriously damage itself.
So, the Series DC motor must never be completely unloaded on never be connected to a load by a belt

or any other mechanism that could break.
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Methods for Speed Control of a Series DC Motor

Vr _ Ry + Rg
VKC \/Tind kC

Changing the Terminal Voltage

Recall, @w =

Varying the terminal voltage controls the speed of the Series DC motor. As the terminal voltage is
increased, the speed of the motor increases for any given torque, as shown in the Figures below.
Examples of the effect of the terminal voltage control are also illustrated. This can be achieved by SCR-

based control circuit.

Torque

Vrincreases

Tind 0

Inserting a Resistor in the Motor Circuit
Inserting a resistor in series with the motor may be used for decreasing the speed, but it wastes power.

It is used only for intermittent periods during start ups of some motors. However, it and is rarely used.

Using a Field Divert Resistor
Torque

Without field divert
With field divert

A resistor can be connected in parallel with the field
winding to increase (the Jarmature current. Hence, the
induced torque increases for the same speed (the flux will boad
be reduced, but not as much as the increase in the armature

current). In'other words, the speed increases for the same

. . . . 7 0 Speed
induced torque, as illustrated in the Figure next. = Field P

Weakening!

This method is inefficient (but as much as method Il) because the power is wasted in the resistor, but it

is simple and cheap to implement.

The direction of rotation is reversed by switching the terminals of the field or armature windings.
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Example 9-5. Figure 9-20 shows a 250-V series dc motor with compensating
windings, and a total series resistance R, + Rgof 0,08 {}. The series field consists of 25
turns per pole, with the magnetization curve shown in Figure 9-22.

{a) Find the speed and induced torque of this motor for when its armature current
isS0A.

) L I ]
et
+

Ey Vr
o —

IAIISIIL

-

/ fly = 1200 r/min

Internal generated voltage £,. V
3

Y

0

0 1000 2000 3000 4000 5000 6000 TOOO 8000 000 10,000
Field magnetomotive force F, A - turns

FIGURE 9-22
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Solution
fa) To analyze the behavior of a series motor with saturation, pick points along the
operating curve and find the torque and speed for each point. Notice that the
magnetization curve is given in units of magnetomotive force (ampere-lums)
versus £, for a speed of 1200 r/min, so calculated E, values must be compared
to the equivalent values at 1200 r/min to determine the actual motor speed.
For I, = S0 A,

Ey = Vr = LR, + Rg) = 250 V — (S50AX0.08{}) = 246V
Since [, = I = 50 A, the magnetomotive force is
F = = (25 turns)}50 A) = 1250 A * turns

From the magnetization curve at % = 1250 A » turns, E,;, = 80 V. To get the
correct speed of the motor, remember that, from Equation (9-13),

Ex
_E_"'"'

zgﬂ :r 1200rpm = 3690 r/min

To find the induced torque supplied by the motor at that speed, recall that
Foge = Egdy = T59tw. Therefore,

= Euly
i £

(246 V50 A)
~ (3690 /minX | min/60 s} 27 radf)

=31 EN*m

Page 252 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

4) The Compounded DC Motor

# A Compounded DC motor has both shunt (parallel) and series field windings.

#® Two possible connections of the equivalent circuits of a Compounded DC motor, based on the

configuration of these field windings, are shown in the Figures below:

A) Long-Shunt Connection

Iy Ry Rs . Lg . Iy
MA—WAN— o+
I l Rugy
R
.. * Cumulatively
Lg compounded
® Differentially
+ o - compounded
(a)
B) Short-Shunt Connection
2 Ra Rs s Ls
Wy M e o+
Ie )
Rog; l L
R
E, F Vr
[} |
Lp
- 0 —
()

# If the current flows in the dotted end, it produces a positive magnetomotive force (as in a Transformer),

and vice versa.

#  If the currents flow into the dotted end in both field coils, then the resulting magnetomotive forces add

to produce a larger total magnetomotive force, hence producing a Cumulatively Compounded DC

motor.

# If one current flows into the dotted end of one field coil, and the other current out of the dotted end

of the other field coil, then the resulting magnetomotive forces subtract to produce a smaller

magnetomotive force. Hence, producing a Differentially Compounded DC motor.
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#  For a long shunt Compounded DC motor, the KVL yields:
VT = EA + IA(RA + RS)

# The currents are related by:

Iy=1—1If
But, the field current is:
Vr
I, =
F RF+Radj

#® The net magnetomotive force in a Compounded DC motor is given by:
Fret =Fr +Fsg — Far
where, Fris the shunt field magnetomotive force
Fsg is the series field magnetomotive force
F,r is the armature reaction magnetomotive force, as the machine flux will be reduced with
each increase in load.
Positive sign is associated with Cumulatively Compounded DC motor.

Negative sign is associated with Differentially Compounded DC motor.

# The effective shunt field current in a;Compounded DC motor is obtained by dividing the previous
equation by N as:

— Nsgla  Far
S e
F F

# A Cumulatively Compounded DC motor combines the best features of both the Shunt and the Series DC
motors; like a Series DC motor, it has extra torque for starting. And like a Shunt DC motor, it does not

over speed at noload. It is manufactured based on a compromise between both types of DC motors.
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# The torque-speed characteristic of a Cumulatively Compounded DC motor, compared to a Series and a

Shunt DC motors of the same full load ratings, is shown in the Figure (a) below.

A,
rfmin

Cumulatively
compounded

Serles

Tind
{a)

@ Figure (b) below shows the torque-speed characteristic of a Cumulatively Compounded DC motor,

compared to a Shunt DC motor of the same noload speed.

Shunt

Cumulatively

compounded
Tind
{b)

&

are unsuitable for any application! The Figure below illustrates the torque-speed characteristic of a

Differentially Compounded DC motor.

e
Tind
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DC Motor Control Circuits
Control circuits of a DC motor must have the following features:

i. Protecting the motor against damage from high starting current
ii. Protecting the motor against damage from long term overloads
iii. Protecting the motor against damage due to short circuits

iv. Providing a convenient manner for controlling speed

DC Motor Starting Problems

» At starting, E4 is zero and R, is very low (~3-6% per unit), resulting in a very high starting current (~20
times the rated (full) load current).

» This starting current can be reduced by inserting a starting resistor in series with the armature winding
to limit the current flow, until E4 builds up to do the limiting.

» The starting resistor is removed gradually, in order to limit the current, but not to reduce it to a too low

value, which may prevent the fast acceleration (resulting in_.not enough accelerating torque).

Types of DC Motor Starters:
a. Manual DC Motor Starter
+ It is an old DC Motor Starter using a
continuous starting resistor, \which is

Run
gradually cut out of the circuit by a I

person moving its handle, as shown in

the Figure next.
el :
Ly

+ The starting depends on the person

moving the handle.

+ The handle should not be moved too quickly to prevent the resulting current from being too large.

+ The handle should not be moved too slowly to prevent burning up the resistor.
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b. Automated DC Motor Starter

%+ The equivalent circuit of an Automated DC Motor Starter is shown in the Figure below.

I
o+
|
Ry v
S
o —

% In this method, parts of the resistor are removed sequentially, within appropriate times.

< The contactors; “1A, 2A, and 3A” are closed at properand preset times.

« Initially, the number and size of resistors should be chosen properly. Then, the timing for resistors’

removal is set and adjusted.
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c. Practical DC Motor Starters
i. DC Motor Starter with Time-Delay Relays

e The circuit, shown in the Figure next,

+ -
provides _, which i i

is achieved by overload (OL) heater

and contact, and provides - ;
_, which is achieved

- L
by Fuses; F1, F2, F3, and Fa. :!"“C F
y Fu 1, F2, F3 4 _@ A —~———

e ‘Start’ and ‘Stop” are push buttons, _I

which are normally open and closed,

respectively. Fy

e Note that, “M” is a contactor with 4 4
normally open contacts. ’_L
M

Fy

;a
=
S
Tz

®

=
e

| (m)—
e The Field Loss relay (FL) prevents the M
motor from running away if the field | @
was suddenly lost while the motor is 1P
running. It de-energizes -the ‘M’ I} @
2TD

contactor.

*  The Starting resistors are cut in 3 steps, and afe controlled by the fime-delay relays “170, 27D and

3TD”.

e Since, the starting time and acceleration of the motor depend on the motor loading and inertia, the
time-delay relays has to be adjusted, with every change in load, so that the speed of resistors’

removal is consistent with the motor gained speed and acceleration.
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iii.
The starting circuit, shown in the
Figure next, has a series of voltage
sensing relays (1AR, 2AR and 3AR),
which sense the value of the

armature voltage (E,) in the motor

and cut out a part of the starting

when the motor speeds up.

In this circuit, e Starting resistor is

_'

1AR, 2AR and 3AR.

Note that, “1A, 2A and 3A” are

contactors with normally open
contacts.

\
Here, the starting time and resistor’s

removal are both dependent on the

loading of the motor; which is better!

\

DC Motor Starter with Armature-Voltage Sensing Relays

Ly
s o T |
M

._|M Yry -EGJ—_SE’_"_
F —@ Eﬁ.
1A 2A £ . . ‘

S
| T
—E"J“J—‘ \M/ | p—

11 @

I &)

g N

&

Also, this circuit provides overload protection, which is achieved by overload (OL) heater and

contact, and provides short circuit protection, which is achieved by Fuses; F1, F3, F3, and Fa.
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PART IX
Single Phase and Special Purpose
Motors

In most homes and small businesses, motors must be run from a single phase power source.
Types of Single Phase and Special Purpose Motors:

1) Universal Motors = Extension to a Series DC Motor

N

Single Phase Induction Motors

A W

Hysteresis Motors

Ul

)

)

) Reluctance Motors
)

) Stepper Motors

)

6) Brushless DC Motors

1) Universal Motor

R/
0.0

It is the simplest way to design an AC motor.

R/
0.0

Recall, the induced torque of a DC motor is:

Ting = kol Positive half-cycle

7
L4

If the polarity of the voltage applied to a Shunt or a Series DC motor is  Load current
reversed, both the direction of the field flux and the direction of the
armature current reverse, and, therefore, the resulting induced torque

continues in the same direction as before. Torque Time

7
L4

Therefore;.it should be possible to achieve a pulsating, but unidirectional

torque from a DC motor connected to an AC power source.

Such 2 design s PraGHGHIyIGREIBIEIGN FOTSEAESIDCIRRBISY, since the Time

armature current and the field current must reverse at the same time; Negative half-cycle

R/
0.0

because, ¢ = CI, and Tj,q = kCI,>. Load current

For a Shunt DC motor, the very filghifieldinduictance tends to delay the
reversal of the field current, compared to the armature current, and thus

to unacceptably reduce the average induced torque of the motor.

K/
0.0

Time
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‘0

e To reduce the core losses, the field poles and the stator frames of a Series DC motor are laminated.

If so, the motor is called Universal motor, since _
‘0

e Therefore, a Universal motor is, basically, a Series DC motor run from an AC source, with its core

laminated! The armature and field circuits are connected in series with each other, as illustrated in

the Figures below.

Armature Circuit diagram

Series ficld Viscor Va:;*

o T /

Field Winding

.0

The equivalent circuit of a Universal motor is shown in the Figure below.

Lg Ra
to Yy
Vy E,
—

When the motor is running from an AC source, the commutation will be much poorer than it would
\

R/
0.0

be with a DC source.

The Extra sparking at the brushes is caused by the transformer action inducing voltages in the coils

undergoing commutation.

R/
0.0

7
L4

These sparks significantly shorten the brushes’ life and can be a source of radio-frequency

interference in certain environments.
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Torque-Speed Characteristic of a Universal Motor

A comparison of the torque-speed characteristic of a Universal motor when operated from either AC or DC

power supplies is depicted in the Figure below.

My

Series DC motor

Universal motor
(AC supply)

The Universal motor torque-speed characteristic is different from that of the same motor operating from
a DC source, because:

a. At 50 or 60Hz, the armature and the field reactances are large causing a significant voltage drop

across them, and reducing E4 for a given input voltage, during AC operation, than it is during DC

operation.

Since, E4 = k¢w, the.motor is slower for a given armature current and induced torque on an AC
. Poue )
current than it would be on a DC current; P,,; = (E, | I4 ) becomes smaller = w = :i
ind
b. For AC operation, the peak voltage; Vyeqr = V2V, s
So the magnetic saturation could occur near the peak current in the machine. This saturation could
significantly lower the rms flux of the motor for a given current level, tending to reduce the

machine’s induced torque.

But, a decrease in flux increases the speed of a DC machine, so this effect may partially offset the

speed decrease caused by the first effect (or part (a)).
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Applications of a Universal Motor

® |t has a sharply drooping torque-speed characteristic. Therefore, it is not suitable for constant speed

applications.

® Itis compact and gives _ than any other single phase motor.

B |t is used where light weight applications and high torque are

important.

® Typical Applications: vacuum cleaners, drills, hand held and

similar portable tools and kitchen appliances.

®» The speed control of a Universal motor can be
achieved by varying the rms terminal voltage
of the motor. The Figure next shows the
torque-speed characteristics for different

values of input voltage.

V> Vy> ¥y

¥z
Vy
\ -

® Typical half wave (Figure(a)) and full wave (Figure (b)) control circuits are shown below.

+ O -
le-r-r
Re
4D,
v D, E,
-/! SCR
L % fplac
I whd
[Ei1]
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2) Single Phase Induction Motors

Construction and Operation:

@ |t has a stator and a (Squirrel Cage) rotor.

al

The rotor is a squirrel cage type, as illustrated in the Figure

[

next, and is the same as that of a three-phase Induction

motor.

The stator has a single phase (main) winding fed from a

f

single phase AC source.

al

Applying a single phase current to the stator main winding

produces a stator magnetic field, which pulsates on the

Since the stator magnetic field does not rotate, there is no relative motion between the stator field and

[

f

rotor bars. Therefore, no induced voltage in the rotor bars due to relative motion = No induced

currents due to relative motion = No induced torque.

[ However, the stator magnetic field (Bg) induces, by

. . . d !
induction (Transformer action; d—‘f), voltages,in-the rotor

bars. Since, these bars are shorted from either end, rotor
currents flow, which in turn produce,a rotor magnetic field
(B;) opposing (lined up with)\the original magnetic field
which produced it in the first'place (Lenz’ Law), as depicted

in the Figure next.

al

[

Thus, the induced torque is:

Ting = kBXBg
Tina = kB,Bgsin 180°

Ting =0
Therefore, the Single Phase Induction motor, without modifications on its construction, has no rotating

magnetic fields, ad hence o starting toraUe.

At stall condition, the motor looks like a transformer with a short circuit on its secondary winding.

@ However, once the rotor begins to turn, an induced torque will be induced on it.
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Double-Revolving Field Theory

A stationary pulsating magnetic field can be resolved into two rotating magnetic fields, each of equal
magnitude, but rotating in opposite direction, as illustrated in the Figures below. At any time, the vector

sum of the two magnetic fields lies on the vertical axis.

4 B
Bs
By B,
la) (h) c)
Becw Bee Bow » "~ B
B;
Bs
id) {e) if)
The induction motor responds to each Tind Forward
Curve
magnetic field separately, and the net gf"‘\‘
£
torque in the machine is the sum of r.r’ W
&
torques due to each of the two magnetic ,r'
F
_‘?
fields, as depicted in the Figure next. - ommmmmmm === L -
]
~ Alyyne N DR —mm———————— J”mc "
a"”l’
The solid line in the Figure represents the s
#
F
actual torque in the machine. /
) (H‘f
\\- N
~ Reverse
If the rotor was turning, there are torque curve

pulsations at twice the electric frequency. = It is a noisy motor.
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Starting Single Phase Induction Motors

Starting techniques differ in cost and amount of starting torque.

The common starting techniques are:

Split Phase Winding
Capacitor Type Winding
Shaded Stator Poles

Split-Phase (Separate) Winding Induction Motor

To generate a rotating magnetic field, and therefore a starting torque, an Auxiliary (Start) winding is
added to stator, whose current is shifted from the current in the Main.(Run) winding by an angle;
typically 90°, but in this type of motor it is in the range: 30° to 45°!

The motor has two stator windings; a Main “M” (Run) stator winding-and an Auxiliary “A” (Start) stator

winding. These windings are set 90° electrical apart along'the stator.

—

The Auxiliary winding is designed to be e |”l ! |
switched out of the circuit at some Rig Centrifugal
E switch
preset speed by a centrifugal switch, Vie z
connected as illustrated in the Figure X % Ra . Ru
k] Iﬂ XH
next. Auxiliary winding
—o

Jy Re 14

The Auxiliary winding is designed to have a higher resistance/reactance ratio than that of the Main

winding; i—A > i—M. This can be accomplished by using smaller wires for the Auxiliary winding.
A M

Consequently, the current in the Auxiliary winding leads the current in the Main winding by some angle

as shown in the Figures below.

Line
[...'mlmge
- L -
\ PR R
I 4 ,
A !.r -~ b .."'r - %
1 ] Y Ly [ Y| I
rd N !.r I
Iy [ d LN S
AN
n &
".‘-_._f
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The Function of the Auxiliary Winding
% Since the current in the Auxiliary winding leads By

the current in the Main winding, the Auxiliary’s

magnetic field (B,) peaks before the Main’s
magnetic field (Bg). The axis of action of each Main winding

magnetic field is illustrated in the Figure next.

4+ Therefore, there is a net counter-clockwise B,
rotation in the magnetic field.

+ The Auxiliary winding makes one of the
oppositely rotating stator magnetic fields
larger than the other one, and therefore a net
stator rotating magnetic field results. Hence, there is a relative motion between the rotor bars and net

stator rotating magnetic field.

+ Consequently, a starting torque results.

Torque-Speed Characteristic

+ The torque-speed characteristic of a Split-phase motor is shown in the Figure below.

Tind

Main plus
starting winding

Centrifugal swilch

3005
200
1 i
n
i H L

Main R

winding

alone

+ The Split-phase motor has a moderate starting torque, because the angle between I, and I, is small;
30° to 45°, with a fairly low starting current!

# Split-phase motors are used in applications, which do not require very high starting torques such as;
fans, blowers, centrifugal pumps,...

+ They are inexpensive and available in the fractional horse power range.

+ The direction of rotation of the motor can be reversed by switching the connections of either the

Auxiliary or Main winding, while leaving the other winding’s connections unchanged.
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Il. Capacitor Type Winding Induction Motor

i. Capacitor-Start Induction Motor
= |n this motor, a capacitor is connected in series with the
Auxiliary winding, as shown in the Figure below. '

= |t is more expensive than a Split Phase motor; it has a

capacitor!
I
+0 — '
e l Centrifugal
/ switch
Ry §
s" —
VJ\C é_ = C
-:E'
Xy
Auxiliary winding
-0 y LAAAL W\f —
JX4 Ry 1,

= The capacitor size is selected such that:
a. The magnetomotive force of thestarting current in the Auxiliary winding is EQAUL to the
magnetomotive force of the starting current in the Main winding.
b. The phase angle of the current in the Auxiliary winding can be made to LEAD the current in
the Main winding.by 90°.

In summary: mmf, = mmfy, and I, Leads I by 90°

= Since the two windings are physically
separated by 90°, 90° phase difference

in currents will yield a single uniform v

rotating stator magnetic field. The
Capacitor-Start motor will behave as if it
were started from three phase power
source.
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Torque-Speed Characteristic of a Capacitor-Start Motor:

The starting torque of the Capacitor-Start motor is very high and may exceed 300% of the rated torque, as

illustrated in the Figure below.

} Tind
Main and auxiliary winding
400% / \/
300% -
200%
100% -
Main winding only

Applications:

They are used in compressors, pumps, air conditioners, and other pieces of equipment that must start under
load.
Reversing the Direction. of Rotation:

The direction of rotation of the motor can be reversed by switching the connections of either the Auxiliary

or Main winding, while leaving the other winding’s connections unchanged.
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ii. Permanent Split-Capacitor Motor

v lItis also called a Capacitor-Start-and-Run motor.

v" A capacitor, of small size, is chosen such that the motor has a uniform rotating magnetic field at

some specific load, and it will behave like a three-phase Induction motor at that point.

v" The capacitor stays in
series with the Auxiliary
winding all the time, as

shown in the Figure next.

&

(T o o e e M

Suipuim ute

Auxiliary winding

Il
I
)

MAN——

RA h

v' At normal loads, it is more efficient, has a higher power factor, and has a smoother torque than an

ordinary single phase Induction motor.

v It has less starting torque than a Capacitor-Start motor, because the capacitor is sized to balance

the currents in the Main and the Auxiliary windings at normal conditions only.

v’ Since the starting current is much greater than the normal (rated) current, a capacitor that balances

the phases (magnetomotive-forces) under normal loads leaves them very unbalanced under

starting conditions:

v' The ' _torque-speed
characteristic of a
Permanent Split-
Capacitor motor is
shown in the Figure

next.
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iii. Capacitor-Start, Capacitor-Run Motor

Two-Value-Capacitor Motor; it has two capacitors, as shown in the Figure below.
# It has the largest possible starting torque and the best running conditions amongst other single

phase motors.

durpuim urey
11
I

iXu

° — A

Xy R4
# A large capacitance (Csqrt + Crun) is present in/the circuit during starting, which balances the
currents in the Main and the Auxiliary windings during starting, yielding a very high starting torque.
# When the motor speeds up, the centrifugal switch disconnects the starting capacitor (Cgart),
leaving the main capacitor (C,.,;;,) in the circuit only.
# The permanent capacitor (C,,,,) is large enough to balance the currents at normal load conditions,
so the motor operates efficiently with high starting torque and power factor.

#® Note that, Cpyn~ 10 t0 20% of Crare

Tind
# The Torque-Speed Characteristic
is shown in the Figure next. Starting and running caacitors
300% N
~
-~
200% O BN
- ] \
’1’ ] \
- I \\
100% A '
_ —~="___Running : K\
-7 capacitors | \
|
Tim
Switch Agyne

# The direction of rotation of the motor can be reversed by switching the connections of either the

Auxiliary or Main winding, while leaving the other winding’s connection unchanged.
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lll. Shaded Pole Motor
@ A Shaded Pole motor has a Main (stator) winding only.
@ Instead of having an Auxiliary winding, the motor has salient poles, such that one portion of each pole
is surrounded by a short circuited coil (a copper ring or conductor) called a Shading Ring (Cail), as

illustrated in the Figures below.

Shaded Portion of Shading
the Pole ®, Ring

(Stator) Shading o
Windings C . Copper Rings w /

Unshaded Portion
of the Pole

Main

Y P W e W W s}

Main
Winding
Stator winding

'.15' (a)

@ If an AC voltage/current is applied to/the
main (stator) coil, it produces a flux.in the
core which is also sinusoidal as shown in the

Figure next.

@ Because the pole’s flux varies, it induces a
voltage«and a current in the Shading Coils,

which produces a flux that opposes the

original flux (Lenz’ Law!).

{a)
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@ This opposition retards the flux changes under the shaded portions of the coils, and therefore
produces a slight imbalance between the two oppositely rotating magnetic fields, as illustrated in the

Figures below.

Squirrel cage

Laminated rotor /Shadmg coil
core

- B

~ P
g : ~
I \ Excit'ing L 2
+] coil

- —
l {4}
(3)
@ The net rotation is in the direction from the 1 4
unshaded portion to the shaded portion of the ;
poleface, as illustrated in the Figures above and -7
summarized in the Figure next. 2 3

@ This produces a weak non uniform rotating magnetic field in the airgap.
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@ The non uniform rotating magnetic field passes in the rotor, producing a weak Induction motor action.
The torque-speed characteristic of the Shaded Pole motor is shown in the Figure below. It has less

starting torque than any other type of Induction motor.

300%

200%

100% [~

- Ny

Myyre

@ Thus, the Shaded pole motor is a small motor (~1/20 hp) with low starting torque and moderate rated

torques.

@ Shaded pole motor is much less efficient and has amuch higher slip than any other type of single phase

Induction motor.

@ Itis the simplest and cheapest motor available.
Applications: small fans, hair dryers, and washing machines pumps,...

Reversing the Direction of Rotation:

The motor must be designed with two sets of Shading Rings (coils); one set is closed and the other set is

opened. Otherwise, it may be reversed permanently by inverting the core.

Comparison-between Single Phase Induction Motors
They can be ranked from the best to the worst in terms of the starting torque and the running
characteristics:
a) Capacitor-Start, Capacitor-Run Motor (Best but most expensive)
b) Capacitor Start Motor
¢) Permanent Split Capacitor Motor
d) Split Phase Motor
e) Shaded Pole Motor (cheapest)
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Speed Control of Single Phase Induction Motors

As in three-phase Induction motors, the synchronous speed is, also, given by:

_120f,
sync — " p

and the mechanical speed is:

ny, =(1- S)nsync

Thus, the speed can be controlled in the same manner as the speed of a three-phase Induction motor.
However, the methods used for speed control are:
i. Varying the Frequency of the Voltage Applied to Main Stator Winding
Varying the supply frequency is a rarely used method for speed control.in such motors, as it is

expensive!

ii. Changing the Number of Stator Poles

It is not practical in small motors!

iii. Varying the Magnitude of the Applied Voltage across the Terminals of Stator Winding
For high slip motors, varying the effective'voltage applied to the Main stator windings is a very
appropriate method for speed control. This can be achieved by:
a- Inserting a resistor in series with the stator Main winding. It is the cheapest method, but it

increases losses and reduces. the efficiency of the motor.

b- An SCR or a TRIAC.may be used to chop the AC voltage, but it increases harmonics, noise, and

vibrations.

c- An Autotransformer may be used to continually adjust the line voltage. It gives very smooth speed

control, but it is expensive.

Page 276 of 285

STUDENTS-HUB.com Uploaded By: anonymous


https://students-hub.com

Speed Control of a Shaded Pole Motor

— Tap 1
®  The stator (Main) winding may be used as an + ® S
+ (
Autotransformer to vary the effective applied voltage; (ﬁﬁh‘h")
. . v [
Taps are designed to be along the stator winding, as C—ﬂ_________)
Tap2 ¢
shown in the Figure next. - )
- 2v + o—(______________)
® If a voltage (V) is applied across the entire winding (“Tap C_________)
(
1” with respect to the Common Tap), the Shaded Pole 4 C_“““)
D
motor operates normally. _ q
- D
® |f the voltage (V) is applied to “Tap 2” at the center, with Voltage - 7\
applied

I _ Fe .
respect to the Common Tap, an identical voltage will be rromagnetic core

induced in the upper half by transformer action, and the total effective voltage, across the winding,
will be twice the applied voltage (2V).
™ More than two Taps can be added to the stator winding, so that the motor can have more than two

speeds, as it is the case in motors driving small fans.

@ Therefore, the smaller the fraction of

ind

the total Main winding (coil) that the

line voltage is applied across, the

300% -

greater the total induced voltage will n Vn>Vp>Vn

be across the whole winding, and the 200% [~ Vr,
higher the speed will be for a given | Ve,

load, as illustrated in.the Figure next. >

=l This approach is used to control speed of a single-phase Induction motor driving fan or blower

applications; it is very inexpensive, and what needed are Taps only on the Main winding.
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The Circuit Model of a Single Phase Induction Motor
®» The equivalent circuit may be examined based on Double Revolving Field Theory.
®» The equivalent circuit of the Main winding of a single phase Induction motor when operating alone

will be developed.

® At a stall condition, the motor appears as +c£- A A~ E-
a single phase transformer with its R X + X
secondary circuit shorted out. Its v E, < Xy Ry
equivalent circuit is shown in the Figure o _
next. @)

where,
R;: is the stator Main winding’s resistance
X;:is the stator Main winding’s leakage reactance
Xy is the magnetizing inductance
R,: is the referred rotor bar’s (windings) resistance

X,:is the referred rotor bar’s (windings) leakage reactance

® |t is possible to split the rotor equivalent circuit into two sections, as illustrated in the Figure below;
each one corresponds to the effects of one of the two oppositely revolving fields (Forward and

Backward (Reverse)).

L 70.5X,
—
+o MW
Ry
¢ Forward
v .
7O.5X,
Eip < /05Xy § 0.5R; | Reverse
— _ - o

(h)

B Here, the core losses are added to the mechanical losses.
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B Assuming that the motor has started to turn with the help of the Auxiliary winding, which was
disconnected again after the motor has come up to a particular speed

® The effective rotor resistance depends on the relative motion, which varies depending on the magnetic
fields (Forward or Backward).

® The Forward Magnetic Field rotates at ngyp,.

A 4

The Backward (Reverse) Magnetic Field rotates at =fgync.
® For a Forward Magnetic Field, the per unit difference between the rotor speed and the speed of the

magnetic field is "s".

® Therefore, the rotor resistance associated with the Forward Magnetic Field is:

0.5R,
S

® Thus, the total per unit difference in speed (on a base of Ngync) between the Forward and the Reverse
Magnetic Fields is “2”; i.e.,

Nsync—(—Nsync) =2

Nsync

® But, the rotor is turning at a speed slower than the Forward Magnetic Field by a per unit speed “s".

B Hence, the total per unit difference in speed between the rotor and the Reverse Magnetic Field is:

“MNsync™Nm _ —MNsync—(1—S)Nsync _ —1-(1-s) _ 2_—5

—Nsync —Nsync -1
® The effective rotor resistance'in the part associated with the Reverse Magnetic Field is:

0.5R,
2=s
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The Final Equivalent Circuit of the Main Winding of a Single-Phase Induction Motor is:

Power and Torque in a Single-Phase Induction Motor:

¢ Forward

¢ Reverse

The net power and torque of the machine are the difference between Forward and Backward components.

The net Airgap Power is:
Py = PAGF - PAGB

The Forward Airgap Power is:

Prgp = 1,%(0:5Rg); Ry is the resistive part of the Forward impedance

The Backward Airgap Power is:

Prop = [;%(0.5Rp) ; Ry is the resistive part of the Backward impedance

Therefore, the torque induced:

The rotor copper losses are:
Prer, = Prerp + Prerg
where, Ppep . = SPyg
PRCLB = SPAGB
The converted power is:
Peonvy = Tina(1 — S)wsync

= Poony = (1 = 5)Pyg
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Example 10-1. A %-hp, 110-V, 60-Hz, six-pole, split-phase induction motor has

the following impedances:
R =1524Q X, =210Q Xy=382Q
R,=313Q X3 = 15640

The core losses of this motor are 35 W, and the friction, windage, and stray losses are 16 W,
The motor is operating at the rated voltage and frequency with its starting winding open, and
the motor’s slip is 5 percent. Find the following quantities in the motor at these conditions:

(a) Speed in revolulions per minute
(b) Stator current in amperes

(c) Stator power factor

(d) P,

(e) Pyg

() P

(8) Tind

th) Poy

(i) Ticad

(j} Efficiency

Solution
The forward and reverse impedances of this motor at a slip of 5 percent are

_ w  (Ryfs + XN jXy)
Zr = Re  JXe = (Rys + %) + Xy (10-3)

__(3.130/0.05 + j1.56 ()(j58.2())
T (3130005 + j1.568) + j58.20

(62.6£1.43° Q)(j58.2 Q)
T (6260 +1.560) + /5820

= 39.9450.5° Q) = 254 + j30.7Q

[RA2Z — 8) + i X5](JXye)
[RA2 — 5) + JX,] + jXy
__(3.13Q/1.95 + j1.56 0)(j58.2 Q)

S @BI3V195 + j1.560) + /5820

C(224,44.2° Q) j58.2 Q)
(1618 +1.568)) + j58.2 )

= 2.182459°Q = 1.51 +j1.56 Q

These values will be used to determine the motor current, power, and torque.

Zy = Ry + jXp = (10-6)

(a) The synchronous speed of this motor is

120f, _ 120(60 Hz) .
[ - S— —_
e ="p = 6 pole 1200 r/min

Since the motor is operating at 5 percent slip, its mechanical speed is
ny, = (1 = A,
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n, = (1 — 0.05) 1200 r/min) = 1140 r/min
{b) The stator current in this motor is

\
“ R, +jX, +05Z, + 057, (10-7)

_ 110£0° V
T1520 + 2100 + 05254 Q + j30.7 Q) + 0.5(1.51 Q@ + j1.56 02)

= 110£0°V __110£0°V_ _ en <o
T 14980 + 18230 23.6450.6° () 466,-30.6°A

I

(¢} The stator power factor of this motor is
PF = cos (—50.6°) = 0.635 lagging
(d) The input power to this motor is
Py, = Vicos @
= (110 V)4.66 A)0.635) = 325 W
(e} The forward-wave air-gap power is
Pacr=T1(0.5 Rp) (10-8)
= (4.66 A){12.78)) = 2758 W
and the reverse-wave air-gap power is
Pags = 13(0.5 Rp) (10-9)
= (4.66 A)2(0.755V) =164 W
Therefore, the total air-gap power of this motor is
Pac = Pacr — Pacs (10-10)
=2758W — 164 W =2504W
(f) The power converted from electrical to mechanical form is
Froae = (1 = 5¥ Pyg (10-17)
= {1 —0.05)(2594 W) =246 W
(g) The induced torque in the motor is given by

fac

Tig = o (10-11)

_ 2594 W
(1200 r/min)(1 min/60 s)(27r rad/r)

=206N*m

(h) The output power is given by

Puul=Pcm_Pm=Pcmv_Pcur._Pntch_Pmty
=246 W —-35W — 16 W=195W
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(i) The load torque of the motor is given by
P

ol

Thoad — @,,

195 W

= (1140 /minX(1 min/60 )2 racdr) ~ 00 N * ™

(j) Finally, the efficiency of the motor at these conditions is

Fout 195 W
= 5 % 100% = 3o X 100% = 60%
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