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

frequency.

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

* These coils are usually not connected electrically together.

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

connected to the loads. Y
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#, Power transformers
i Core form Shell form
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Windings are wrapped around two
sides of a laminated square core.

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

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

Lamination types

Laminated steel cores

Toroidal steel cores

Efficiency of transformers with toroidal cores is usually higher.
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* Overview of Electrical Power Grid.

15KV 400KV

Power transformers used in power Generation Station > 2 00Ky
R

distribution systems are sometimes =€
referred as follows:

1.Unit transformer: a power kv
transformer connected to the output
of a generator and used to step its

voltage up to the transmission level kv

(110 kV and higher).

2.Substation transformer: a e

transformer used at a substation to ‘EE%;IE;

step the voltage from the pistribution network

transmission level down to the SLD

distribution level (2.3 -34.5 kV). conerstr Tt Buas Bz Txz  Busa s Busa

3.Distribution transformer: a (AN TN Tmsmissontins | 77NN
transformer converting the /AN, A%
distribution voltage down to the final

level (110 V, 220 V).

O

- Commercial
Consumars

- Domestic
Consumars.

ubtransmission

S

Industrial - Other
Custtomars Distributions

|deal transformer

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

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

Here ais the turn ratio of the transformer.
vy (t) B & 4
Ve (t) - Nq - The relationship between the primary /(#) and secondary /(f) currents is
In the phasor notation: ip(t) _ 1
I’EJ —a is(t) a
I_p - 1 [ = . Z_H= |

The phase angles of primary and secondary voltages
are the same. The phase angles of primary and
secondary currents are the same also. The ideal N S
transformer changes magnitudes of voltages and

currents but not their angles.

I a \‘ 75‘ i‘_o"
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One winding's terminal is usually
marked by a dot used to determine

the polarity of voltages and — “ —
currents. +

If the voltage is positive at the
dotted end of the primary winding
at some moment of time, the
voltage at the dotted end of the Bonew, B B
secondary winding will also be ¢ %. .

positive at the same time instance.

If the primary current flows into
the dotted end of the primary
winding, the secondary current will W R B hONaN, B
flow out of the dotted end of the . ' v & .
secondary winding.

Power in an ideal transformer

Assuming that &, and &; are the angles between voltages and currents on the
primary and secondary windings respectively, the power supplied to the
transformer by the primary circuit is:
Pin = VI, cos b,
The power supplied to the output circuits is

Poue = Vels cos 0

Since ideal transformers do not affect angles between voltages and currents:
6,=0,=0
Both windings of an ideal transformer have the same power factor.
Y

Since for an ideal transformer the following holds: Vs = — Is = a[_p

v,
Therefore: P, = V.l cos O = —pm’p cos B, = P;
a
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The output power of an ideal transformer equals to its input power — to be
expected since assumed no loss. Similarly, for reactive and apparent powers:

1%
Qoue = Velgsinby = Epafp sin, = Qs

Sour = Vels = Epalp =5m

Impedance transformation

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

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

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

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

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

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

This process is called referring of transformer s sides.

Example

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

ine with Z,,, =0.18 +10.24 . -DVHWW I,

4430

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

h) Ifa1:10 step up transformer and a
10:1 step down transformer are placed
at the generator and the load ends of
the transmission line respectively, what
are the new load voltage and the new
transmission line losses?
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2
44730

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

T 529,37.8°
=9082-378° 4

The load voltage:

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

The line losses are:

Pioss = I2noRiine = 90.8% - 0.18 = 1484 W

T 0.18 0 j0.24 Q)

b) We will

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

s fine

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

The load impedance when referred

S L0 T AR

1

4+j30)

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

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

The total impedance on the
transmission line level is

= 500.3236.88°

Zoqu = Ziine + Zipaa = 400.18 + j300.24

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

2
Zequ = 12 Z10qa = (ﬁ) 500.3236.88° = 5.003236.88°
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M |
l!.‘
?"lmr
V=480 2 07V Ztona
The generator's current is Eauivalent circuit
I v 480207 95.94 36.88° Vi
=——=————=95947 — 36.
€ Zogu 50032

Knowing transformers’ turn ratios, we

can determine line and load currents:
Line = @11z = 0.1(95.942 — 36.88°) = 9.5942 — 36.88° A ‘
Lipad = @2ljme = 10(9.5942 — 36.88°) = 95,94~ — 36.88° A

Therefore, the load voltage is:
Vioad = hoadZioad = (95.942 — 36.88°)(52 — 36.7°) = 479.72 — 0.01° V t

The losses in the line are:
Pioss = IneRiime = 9-594% - 018 = 16.7 W 4

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

is much closer to the generator’s voltage — effects of increasing the line's voltage.
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Theory of operation of real single phase transformers

Real transformers approximate ideal ones to some degree.

The basis transformer operation can T
be derived from Faraday's law: di @
Cind = ¢ T
Here 1 is the flux linkage in the coil N
across which the voltage is induced: 1= Z "
= i
i=1

where ¢, is the flux passing through the #7turn in a coil — slightly different for different

turns. However, we may use an average flux per turn in the coil having A turns: ¢=1/N
d¢
Therefore: eing = N—-
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If the source voltage v,(#) is

applied to the primary ¢= Nif vp(t)dt

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

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

the seco.ndary coil (mutual flux); ¢p =+ ¢Lp
the rest is lost (leakage flux):
b gt o
ey ) o
o« « N
o e?
o N -
? e -
Similarly, for the secondary coil: Lo "/",/ :

Average secondary flux E =+ Qs

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

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

Combining the last two equations:

Therefore:

_ dqu _ dd’m dd’Lp
e T
dgedgw diy
vs(t) = Ng dt N; dr + Ng dt
d¢
ep(t) = N, dt’“
d¢
es(t) = NsTtm
ep(t) _ A, es(t)

N, dt N,

ep () N

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

ratio of the transformer.

For well-designed transformers:

Dy > @pp and Oy > O

Therefore, the following approximation normally helds:

(1) Ny

vs(t)  Nq

The magnetization current in a real transformer

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

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

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

@iy and

vplt) i1y
5/ l/
.

T
Q)= ‘—l“\_. N wi

~a

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

1.Magnetization current is not sinusoidal: there are high frequency components;
2. Once saturation is reached, a small increase in flux requires a large increase in
magnetization current; lex

Core-loss current is:

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

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

lex =l t e

The current ratio on a transformer
* If a load is connected to N

the secondary coil, there o —
will be a current flowing / — —
through it. o B =Nyiy = =

* A current flowing into the - —
dotted end of a winding F; = Ngig \ — —
produces a positive ~ — o i
magnetomotive force F o

* The net magnetomotive Fret = Nyiyy — Nyis = &R

force in the core

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

¢
o
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The transformers equivalent circuit & Transformer losses

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

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

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

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

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

The exact equivalent circuit of a real transformer

1p I

—0 +

Tdeal
transformer  Leakage flux in a primary

Copper losses are modeled winding produces the

by the resistors R, and R..

voltage: dd
ep(t) =N, —
Since mut_:h ofihe: leakage flux pass Byp = PN,y
through air, and air has a constant
reluctance that is much higher than Where P permeance of flux path

the core reluctance, the primary d di
coil's leakage flux is: . 2p Mp
erp(t) = NpE(PNpr) - N*P—-

Therefore:



17/03/1442

Recognizing that the self-inductance of the primary coil is

L=N,2P
The induced voltages are: di
lp
Primary coil: ep(t) = Ly
. dig
Secondary coil: es(t) = LSE
I
Ry X -

g .
Tdeal
transformer

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

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

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

Both currents are nonlinear; therefore, X, and R are just approximations.

The exact equivalent circuit of a real transformer

I , i ok
— B Xp Ry X

to

Ideal
1 transformer
s

v, R, Xy ay v, R, X

* B ’I'

o— . . )
Equivalent circuit of the transformer

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

I

—_ R Xp R jatXy —

‘o ‘VVV

v,

o . o
lf' R X !&f-
Lo R Koy 2o
+ *

)
) Ve Reqgs? v,

Ve Reqp? s a Xeqgs?

Xeqp?

Without an excitation branch
referred to the secondary side.

Without an excitation branch
referred to the primary side.
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Rp Xp
N

equivalent circuit of a transformer
Iy

Ry
v,

I
Xy

d
Tdeal
1 transformer
— Ap X, Ry i
‘o —N s AMA—T o+
\
¥ R % } Xy s
\ =
1,
2 e
¥

Without an excitation branch
referred to the primary side.

Without an excitation branch
referred to the secondary side.
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Determining the values of Tr. components

Wattmeter intn)

side of the transformer. The input vin v
voltage, current, and power are
measured.

HV

P
« Full line voltage is applied to the primary m
vp if)

—

Transformer

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

1
+ To evaluate R-and X, we determine the GC =—
conductance of the core-loss resistor is: R

+ The susceptance of the magnetizing inductor is: By =—

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

» The magnitude of the excitation _ Ipe
admittance in the open-circuit test is: ‘YEI = Voc

+ The angle of the admittance in the open- _ _ Poc
circuit test can be found from the circuit COS(H) =PF = Vocloc
power factor (PF):

* Inreal transformers, the power factor is I
; oc
always lagging, so the angle of the |YE| =—/s -0
current always lags the angle of the Voc
voltage by #degrees. The admittance is:

+ Therefore, it is possible to determine I
values of R and X, in the open-circuit L /4 —cos 1PF
test. VOC
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O.C Test
* Vo= rated voltage Wattmter 0

- i
¢ lo=small value e
* Wo = core losses (small value) 0 » p(f) HI

- HV
LV

* From O.C test (Vo, lo, Wo) Transformer

* Where Wo= (Vo) (o) (cos€o) mmp ©050°= Wo/(Vo)(lo)
* B0 is no load PF angle

Vﬂ

lc= lo cosBo

lu=lo sinBo

)

Rc=Ro=Vo/Ic

Xm =Xo =Vo/lu
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The short circuit test. _ Vatmeer () it

+ Fairly low input voltage is applied to the o
primary side of the transformer. This voltage -
is adjusted until the current in the secondary v @ o
winding equals to its rated value. -

« The input voltage, current, and power are again

measured.

+ Since the input voltage is low, the current flowing V.
through the excitation branch is negligible; therefore, |ZSE| = sc
all the voltage drop in the transformer is due to the Isc

series elements in the circuit. The magnitude of the
series impedance referred to the primary side of the
transformer is:

P

* The power factor of the current is given by:  cos(f) = PF = s¢
VSC‘TSC

+ Therefore: Vsc L ,‘ ‘ -

Lsg = 6 —MA— M
Isc [ . \
\ % % )
bog, o 2
« Since the serial impedance Z;is - : ;W_,Li\:
equal to Zse = Req +/Xeq

Without an excitation branch
referred to the primary side.

+ it is possible to determine the total series impedance
referred to the primary side of the transformer. Zep = (Rp+a2Rs) +j(Xp+a2Xs)
However, there is no easy way to split the series
impedance into primary and secondary components.

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

* Vsc= short circuit voltage (small value)
* Isc= short circuit current

* Wsc = copper losses (short circuit pow Wattmeter

ip () ig (1)

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

* Where Wsc= (Isc)*Req " e o
. = Wsc_ Lv
Rseq Usc)? Transformer
ez =Y
seq — . ‘ Zep = (Rp+a2Rs) +j(Xp+a2Xs)
2 2
* Xseq = \/ (Zseq) - (Rseq)
Example
Example: We need to determine the equivalent circuit impedances of a 20
kVA, 8000/240 V, 60 Hz transformer. The open-circuit and short-circuit
tests led to the following data:
VOC = 240 V VSC =489 V L Req Xeq "Ii’
”OC =7.133A4 "SC =25A ' l 840 120 ’
U™ I,
Poe =400 W Pse =240 W 1 |
A gls';rm ijfgnkn a¥s
A ] :
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The power factor during the = = = P
open-circuit test is COS(Q) PF Vocloc 0.234 Iaggmg
loc -1 -1
The excitation admittance is Ye =——24 —cos™PF =0.02974£ — cos~-0.234
oc

= 0.00693 — j0. 0288

v = 1 1
- Rc J?XM
R 1 144 Q) X - 34.631)
¢~ 000693 M= e oh
; Psc 240 -
Th factor d th _ _ k _ _
PRSI o) = PF = = gy = DS gty
Vse -1 489 e
The Series impedance is Zsg = ELCOS PF = o5 £—cos™70.196
=384 —j192
Req = 38.40) Xeqg = 1920
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. I
I, Req JXeq &
+ o W\, Y'Yy o +
I 3840 j1928)
]h-l-rl l]m
X
V § RI_. 3 j m av
P 4 5
159 k2 j384kQ
- O o—

Rc,p = a? Re,s = 33.32 (144) = 159 k ohm
Xm,p = a? Xm,s = 33.32% (34.63) = 38.4 k ohm



23/03/1442

O.C Test

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

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

Vo

u

lc=lo cosBo

lu=lo sinGo

¥

Rc=Ro=Vo/lc

Xm =Xo = Vo/lu
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.

.

.

The short circuit test.

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

winding equals to its rated value. W) @ o

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

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

series impedance referred to the primary side of the

transformer is:

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

VS’CISC

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

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

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

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

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

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

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

“® ©

HV

Transformer

Example

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

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

= 0.00693 — j0. 0288

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

O+

IP Req fxeq
v o Ay —
I 3840 j1920

1“.1 l""

Xy
384k Q0

aV

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

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

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

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

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

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

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

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

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

e

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

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

and apparent power at every points in the system;

-

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

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

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

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

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

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

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

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

v _ Ve _48020°
BT Vogser 480

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

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

u

—_——)————y == — ===

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

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

Problem 2-23 in the book

3
3

‘e aaal
1]

o

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

Y-connected Y=connected



23/03/1442

10

Notes

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

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

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

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

Notes

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

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

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

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

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

= 0.012 + j0.06pu

Ve pu

Voltage regulation and efficiency

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

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

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

Note, the VR of an ideal transformer is zero.

11
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The transformer phasor diagram

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

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

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

Atransformer phasor diagram is a graphical representation of this
equation.

VP .
; =W+ Reqls +lequ

A transformer operating at a lagging power factor:

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

A transformer operating at a unity power factor:

Itis seen that VR >0

A transformer operating at a leading power factor:

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

12
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The transformer efficiency

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

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

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

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

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

13
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Transformers

Ch. 2

Dr. Feras Alasali

The transformer efficiency

. . . R _ Pout _ out
The efficiency of a transformer is defined as: n=—r100% = —— - 100%

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

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

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

Since the output power is Poue = Vilscosf

Vil;cos6

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

The copper losses are: Py = I%R.q
The core losses are: _ (Vp/::z)2 )
core RL‘ h
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Example

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

V=230 V|V =47V

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

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

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

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

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

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

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

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

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

160
Bp = cos™ 1 —2% = cos™l—— = 55.4°
* Vsclsc (47)(6)
The equivalent series Vsc 47 ° .
impedance is thus ZSE = E/_GSC = FL554 =445 +]645 0
The series elements referred to
the primary winding are:
Roq = 4450

Xy = 6.45Q
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In (a) we need to find equivalent circuit referred to HV

2 I
I, Req, Xeq, v
+ o AN YN 0+
4450 j6.45 Q)
— 42 _
Rep = a* R.s = 105k ohm Li.e ll,.,
2 IR ix
_ 42 _ YV, .o° JXin v
Xmp = a°Xms = 11k ohm ” 105 kQ ikQ “rs
- o
Rw JX. q
b) Referred to LV o &
2 IVW A~ o+
0.0445 0 J0.0645 O
1050 O

J110Q

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

Ve .
; =+ Req“: +JXeq[s

S
rated — 15000 — 65.24
V‘;,mred 230

Isratea =
At PF = 0.8 lagging, current s ratea = 65.2£ — cos™*(0.8) = 65.2£ — 36.9°

FP = 230£0° + 0.0445(65.2£ — 36.9°) + j0.0645(65.2£ — 36.9%)
=234.8520.40°V

V/a| -V,
The voltage regulationis VR = w—s‘ﬂ
Vs.fl

248520 Vo= 20V
=g 100%

=21%

- 100%

Ryyly=294-369°V
L= 6332365 A

A .
o = IHAZ04Y

AKelg= 42128500
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AtPF = 1’ current Ig rated — =65.24— COS_I(l) 65.22 - (°

v,
—" = 230£0° + 0.0445(65.2£0°) + j0.0645(65.2£0°)

=232.9421.04°V Faomus1 04
al 4.21.290° vV
The voltage requlationis VR = e Vo | Von -100% //‘
o= 63,220 A wa -
B 232. 94 230 100%
IE !

Ve .
=128% E =K+ Raq"s +}Xeq‘[s

AtPF = 0.8 leading, current  [sratea = 65.2£c0s71(0.8) = 65.2£36.9°

£~ 23040° +0.0445(65.2236.9%) +70.0645(65.2£36.9)

=1229.852127°V v
The voltage regulation is i 7 =BTV
I;=6522369° A
VR |V ,/a‘ Vet - 100% 420 L1269V
Vs‘fl M/ >>
229.85-230 29 2368V
:T' 100% Boz0rV
= —0.0629 Ve .
0.062% == Vi + Regls + iXeqls



26/03/1442

e. To find the efficiency of the transformer, first calculate its losses.

The efficiency of the transformer is

Vil cos@

R ———— T
Py + Pegre + Vl;cos8 %

n

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

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

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

The efficiency of the transformer is

V.lscos@

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

n

Transformer taps and voltage regulation

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

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

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

the transformer are possible

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

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

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

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

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

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

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

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

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

The autotransformer

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

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

Diagrams of step-up and step-down autotransformers:

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

L

Commony,

o I I v, Common v,
winding

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

autotransformers:

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

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

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

Series
winding |,

+ o

Commony,
winding

V. N
Vsg  Nsg

Nele = Neglse

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

Iy=1lse
I =1+ 1

Series
5E winding

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

;
\H

v, Common

v
Swinding L
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The apparent power advantage

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

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

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

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

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

Vi Ne

Vi N+ Neg

Nse
Ne

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

I
I

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

w SE

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

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

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

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

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

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

expensive.

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

the full output voltage.

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

the electrical isolation of two sides is lost.

Example

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

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

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

S 100

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

The secondary apparent power: S, . = Velg=Vyly = 132 - 8.33 = 1100VA

S0 1100

20 11

Sw 100

Sio Nsg+Ng 120412
Sw  Nep 12

3 phase transformers

* The majority of the power generation/distribution systems in the world are 3 phase

systems. The transformers for such circuits can be constructed either as a systems.

* The transformers for such circuits can be constructed either as a 3 phase bank of

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

*  We assume that any single transformer in a 3 phase transformer (bank) behaves

exactly as a single phase transformer. The impedance, voltage regulation, efficiency,
and other calculations for 3 phase transformers are done on a per phase basis, using
the techniques studied previously for single phase transformers.

I,

p
-
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Three-phase transformer connections

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

A-A

(Delta-Wye) (Delta-Delta)

1. Y-Y connection:

The primary voltage on each phase of
the transformer is

v, A [ l" L 1
‘ 5
The overall voltage ratio is | |
Vie V3V i E
L —a o Vg
Vis V3V
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Advantages Disadvantages |

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

Line current is equal to plmsel

2. Y-A connection:

The primary voltage on each phase of
the transformer is

Vi
Vap =
oP \/§
The secondary phase voltage is

Vis = Vs

The overall voltage ratio is

Vip V3V
Vis  Vos

~Via

12
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* The Y-Delta connection has no problem with third harmonic components due to
circulating currents in Delta . It is also more stable to unbalanced loads since the
Delta partially redistributes any imbalance that occurs.

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

I Advantages I Disadvantages |

he ——5ide 15 _ Star
o ecreﬁgee fewer number ofi
i uired. ‘makes the

3. A-Y connection: Wt v

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

Vop = Vip

The secondary phase voltage is

Vis = ‘/§V@5

The overall voltage ratio is

VLP7 me B a

s Vs B \El

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

13
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4. A-A connection:

The primary voltage on each phase of
the transformer is

Vop = Vip
The secondary phase voltage is

Vi = sz

The overall voltage ratio is

VLE V@S

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

Advantages H Disadvantages \

Absence of star point ie fault may

14
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3 phase transformer: per unit system

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

Sbase

Sl @,base — 3

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

I _ Slﬁ),base _ Sbase
@,base — -
VﬂJhase 3V@,base

7 _ (V@,base)z — 3(Vm,base)2
base S:L@,base Sbase

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

VL,base = V(Djbase

If the windings are in Y:
VL,base = ﬁvﬁ),base

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

Slﬁj,basei Sbase _ Shase
‘/gvhbase

1Pl?).base -

= IL base —
Vﬁ.’l,base 3Vﬂbase

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

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

a reactance of 7% per unit.

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

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

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

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

2
3(Vppase) 3(13800)2
Zpase = Spee 50000 114226 0

Zeq =0.01+,0.07 pu
Zeq = Zpase X Zpu = 114.2 +j800 ohm

b)
208
The rated phase voltage on the secondary of the ¢s ﬁ = 120v

transformer is

When referred to the primary (high-voltage) side, this V¢S, = aVps = 13800V

voltage becomes

Assuming that the transformer secondary winding is
working at the rated voltage and current, the resulting
primary phase voltage is

V‘bp = aV¢_q + Rqud) +fXEqI¢,

Vgp = 1380020° + 114.2 - 1.2082cos~1(—0.8) + 800 - 1.208cos~(—0.8)=14506,2.73°

The voltage regulation, therefore, is
[Vor| — aVgs 14506 — 13800
=———100% = ———-——"-100% = 5.1%

VR
Vs 13800

16
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c. In the per-unit system, the output voltage is 1200,
and the current is 1Zcos™ (-0.8). Therefore, the input
voltage is

Vpp = 1£0°+0.01 - 12c0s™(0.8) + j0.07 - 12cos~*(0.8)=1.051,2.73°

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

1.051 -1
=7 100% = 5.1%

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

Transformer ratings

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

2. Voltage;

3. Current;
4. Frequency.

o [ o5
UL 0i500-56 DISSIPATION
szmnwom BTU/HR

ORE OPERATING READ NSTRUC TIONS GEl-16028 ': 49

_ | w L TR

HIGH 51

17
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The voltage rating is a) used to protect the winding
insulation from breakdown; b) related to the
magnetization current of the transformer (more
important)

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

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

The apparent power rating sets (together with the voltage rating) the
current through the windings. The current determines the 2R losses and,
therefore, the heating of the coils. Remember, overheating shortens the
life of transformer’s insulation!

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

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

Transformer ratings: Current inrush

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

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

{,, (=i,

Rated
current

Normal
range of |
i

m

vin =V, sinar

18
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The Equivalent Circuit of a DC Motor

V

IFN'II\H R‘| f{

| -— 'Jtl

The armature circulit (the entire rotor
structure) is represented by an ideal
voltage source E, and a resistor Rj.
A battery Vynush in the opposite to a
current flow in the machine direction
indicates brush voltage drop.

The field coils producing the ’
magnetic flux are represented by uh Ry Iy

inductor Lg and resistor Rg. The 0 EI M

resistor R,q; represents an external .
variable resistor (sometimes lumped J

together with the field coil resistance)
used to control the amount of
current in the field circuit.




The internal generated voltage in the machine is
EA — K@(U

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

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



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

1- The separately excited dc motor.

2- The shunt dc motor.

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

5- The compounded dc motor



.
LR

Wi 3 ot m iR

* Separately DC motor: is a motor whose filed circuit is supplied from a
separate constant voltage power supply.

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




Shunt DC motor:

Separately excited DC motor: afield circuit gets its power from the
a field circuit is supplied from a separate armature terminals of the motor.
constant voltage power source.
I R, ol K -i i
A" W
- *';l \
Sometimes Lumped Ry
lumped together and
together and called R
called R . Ry .
£y Y ! !
Ly
l"; # d-
=g o . v,
_* For the armature circuit fym!
Vr= bt ks of these motors: _’
= | re f—| + th
=,
V, =E, +1,R,




The terminal characteristic of a Shunt motor:

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

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

If the load on the shaft increases, the load torque 7,5 Will exceed the induced This is linked to Ch.
torque 7, and the motor will slow down. Slowing down the motor will decrease | simple DC machine
its internal generated voltage (since E, = K¢w), so the armature current and also to Ch 8
increases (I = (Vr= Ex)IRy). (Section 1).

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

increases (since 7,qg = K¢ly), and the induced torque will equal the load torque

at a lower speed o.

VR
“Ko (Koy

W



R,
- K_G (Ko)z de

_53 P 1;&_4._&42@::?;4 7/’3;

Tia l?ﬂ

~ RS ks




e The terminal characteristic of a Shunt motor

This equation is just a straight line VT RA
with a negative slope. wW==—- Tind
KO (K0)>

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

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

So, the curve can be effected by

1- terminal voltage 2- Armature reaction



e The terminal characteristic of a Shunt motor

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

VT VT

X0 \ ke \"%—— with AR armature reaction

T~ = NoAR

Tind Tind

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

If a shunt (or separately excited) motor has compensating windings, and the motor’s speed and armature
current are known for any value of load, it's possible to calculate the speed for any other value of load.

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

A compensation winding in a DC shunt motor is a winding in the field pole face plate that
carries armature current to reduce stator field distortion. Its purpose is to reduce brush
arcing and erosion in DC motors that are operated with weak fields, variable heavy loads
or reversing operation such as steel-mill motors.



Speed Control of Shunt DC+ Shunt DC motor.

tel ited tor: a field circuit gets its power from the
S€parately excited motor. armature terminals of the motor.

»How can the speed of a shunt DC motor be A - -—
controlled? MWV ' 0+

- l
Lumped | R,

There are two common methods to control the together and |

speed of a shunt DC motor: L clkdR, i "
1. Ad%ustlng the field resistance RF (and thus the Ex | V
field flux)

2. Adjusting the terminal voltage applied to the L,
armature }

Tiaa )?,:) J |:J1/\ Toe. = Kb Ig = 14 = 7/2“;)

N il




1.Adjusting the field resistance

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

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

Decreasing flux decreases the internal generated voltage (E, = K¢w);
Decreasing E, increases the armature current (/, = (V= E,)/Ry);
Changes in armature current dominate over changes in flux; therefore,
increasing /, increases the induced torque (7,4 = K¢l,);

Increased induced torque is now larger thkm the load torque 7,4, and,
therefore, the speed w increases;

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

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



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

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

m

Rpy > Rp

T

1

nd



2. Changing the armature voltage

2. Changing the armature voltage

This method implies changing the voltage

applied to the armature of the motor B I ] variable o
without changing the voltage applied to its o voltage ' 0 +
field. Tt [g g” i J pl pl m +\ controller l.-*, \
separately excited to use armature voltage Ry
control. E, V. v
L,
Armature ) ) /

voltage speed '
control

Vi constant
V4 1s vanable



Increasing the armature voltage V; increases the
armature current (/5 = (Vg - Ea)/Ry);

Increasing armature current /4 increases the induced
torque 7ipg (7ing = Kel);

Increased induced torque 7,qis now larger than the

load torque 7,44 and, therefore, the speed o;
Increasing speed increases the internal generated

voltage (E = Kdo),

Increasing E, decreases the armature current /...
Decreasing /5 decreases the induced torque until 7,4 =
Toag @t @ higher speed a.

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

m

Vin> Vy

Note: the no load speed of the motor is shifted by method of speed

control but the slope of the curve remains constant.

» Tind



The series DC motors

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

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

flows through the field coils, and its designed accordingly as mentioned below.

L I; Ir
. Ry R L
EA VT ‘

' iy

1. The field coils of DC series motor are wound with relatively fewer turns as the Q

current through the field is its armature current and hence for required mmf less

numbers of turns are required.

2. The wire is heavier, as the diameter is considerable increased to provide minimum

to the flow of full armature current.

3. In spite of the above mentioned differences, about having fewer coil turns the running
of this remains unaffected, as the current through the field is reasonably

high to produce a field strong enough for generating the required amount of torque.



Since the entire supply current flows through both the armature and field conductor.

Therefore, Ly = I, = I,

Where, I, is the series current in the field coil and I is the armature current.

1, I Ir
Iy=Is=1 l—l— R, R; Ly —H'ul
Vr = Eg + I4(Ry + Rg) ‘?A T ||
E, = kbw, "Z

Tina = KOly



The terminal characteristic if a Series DC motor
Speed and Torque of Series DC Motor

1- A series wound motors has relationship existing between the field
current and the amount of torque produced. As in this case relatively
higher current flows through the heavy series field winding with
thicker diameter.

2- The electromagnetic torque produced here is much higher than
normal. This high electromagnetic torque produces motor speed,
strong enough to lift heavy load overcoming its initial inertial of rest.

3- Series motors are generally operated for a very small duration,
about only a few seconds, just for the purpose of starting. Because if
its run for too long, the high series current might burn out the series
field coils thus leaving the motor useless.



The resulting torque- speed relationship is

Speed

Torque ——»



Ia=1IF+ IL

Vr=FEa—IaRaA
VE=IrFrRr= VT
Ea=kowmn

The terminal voltage can be controlled by:

1. Change the speed of rotation: If w increases, then
EA=k@wm increases, so V7 = EA - A RA increases as
well.

2. Change the field current. If RF is decreased. then
the field current increases (IV'F = IF RF ). Therefore,
the flux in the machine increases. As the flux rises,
EA=k@wm must rise too, so VT increases.




Example: A shunt DC generator delivers 450A at 230V and the resistance of
the shunt field and armature are 50Q and 0.3 Q respectively. Calculate emf.

1, I;=4504
> ATAVAY I-'+
+ R, Rr A
A A6
o=

Ir=230/50 = 4.64
Ia=Ir+ L= 4.6 + 450 = 454.6A
Ea=V7T+ IaRa= 230 + 454.6 X 0.3 = 243.6V



Example: A shunt DC generator, if EA=VT1 =140V, rated speed is 1500
rom, what is the Ea if the speed decrease to 1200 rpm. Assume the filed

current is constant.

EA =140 * (1200/1500) = 112V



Example: A shunt DC generator, if EA=VT1 =140V, the filed current is 5
A, what is the EA if the filed current decrease BY 1 A.

E, &

EAO _q)'ﬂ

EA =140 * (4/5) =112 V



Voltage building in a shunt Generator

‘ Vrversus Ig E, versus Ig
Veab—— o ——————
" | \
: Magnetization
| curve .
| E, = K0
t |
I
I
I
|
|
V I
. Re= 1 |
Ie |
|
I
|
N |
EJL res |

- IF-'A

Voltage buildup on starting in a shunt dc generator.



What if a shunt generator s started and no voltage builds up? What could be
wrong? There are several possible causes for the voltage to fail to build up during
starting.

E,(and V),V Ry
A T ‘ Rz R]

Vi

~Ir, A

The effect of shunt field resistance on no-load terminal voltage in a dc generator, If R > R, (the
critical resistance), then the generator’s voltage will never build up.



The terminal characteristic of a shunt DC Generator

-----
—— e o
-
-

—
e S
T e

=

Field weakening
effect

The terminal characteristic of a shunt dc generator.



Analysis of Shunt DC generators

Vr versus I

VT ) EAI‘Bd][C[ n - EA Versus IF
Yigp——————————————- /—
--------------- Iy =1Ip + 1,1
Vrh‘d __________ IA’RAd’rOP
Vr=E4 — LR,
EA - VT = IHRA

Ir

Graphical analysis of a shunt dc generator with compensating windings.



E4 (and V)

(a) (b)

Graphical derivation of the terminal characteristic of a shunt dc generator.
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E4and V7 Vr versus I

£, = Vr at no load
IARACIID]D\ EA VEersus a'p

E, with load

Demagnetizing mmf
(converted to an equivalent field current)

I
Graphical analysis of a shunt d¢ generator with armature reaction.
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. Conver3|on of eIectrlcaI power mto mechanical power takes pace
rotating part of an electrical motor.

» Machines are called induction machines because the rotor voltage (which
produces the rotor current and the rotor magnetic field) is induced in the rotor
windings rather than being physically connected by wires.

* In AC motors, the rotor does not receive electrical power but conduction by
induction in the same way as the secondary of 2-winding transformer receives
its power from the primary winding.




Advantages of 3 phase induction motor

* Generally easy to build and cheaper than corresponding dc or
synchronous motors

e Induction motor is robust

* The motor is driven by the rotational magnetic field produced by 3
phase currents, hence no commutator or blush is required

* Maintenance is relatively easy and at low cost

e Satisfactory efficiency and reasonable power factor

* A manageable torque-speed curve

* Stable operation under load

* Range in size from few Watts to several MW

Disadvantages of 3 phase induction motor

* Induction motor has low inherent starting torque

e Draw large starting currents, typically 6-8 x their full load values
* Speeds not easily controlled as DC motors

* Operate with a poor lagging power factor when lightly loaded



An induction motor has two main parts:
A stator — consisting of a steel frame that supports a hollow, cylindrical core
of stacked laminations. Slots on the internal circumference of the stator

house the stator winding.

* Arotor — also composed of punched laminations, with rotor slots for the
rotor winding.




(@) When the motor is excited with three-phase supply, three-phase stator winding produce a rotating magnetic field at
synchronous speed.

(b) The stator's magnetic field is therefore changing or rotating relative to the rotor. Hence, according to the principle of
Faraday's laws of electromagnetic induction, a voltage is induced at the rotor. Thus, when the rotor is short-circuited or
closed through an external impedance, a current is induced in the induction motor's rotor.

(c) Finally, a flux will be produced in rotor due to induced rotor current forcing the rotor to rotate in the same direction
of the stator rotating magnetic field.




The Transformer Model of an Induction Motor

The transformer model or an induction motor. with rotor and stator connected by
an ideal transformer of turns ratio

I R,

.

o=

The per-phase equivalent circuit with rotor losses and P, separated.



Determining motor circuit parameters

Current-
l[imiting
* DC Test (or use Ohm-meter) i ol b= 1), ted
Measuring V, | - R1 Voe
(variaoie)
=
l. R, Xy l. %
O__JW\,__fWY\__A,__M_
S
* Locked-rotor Test — i
V, R, § 3 Xy RT =R
Measuring V,, 11, P, Q | Xyy>> Ry + 1)
| Re>> |Ra+ X
9 R1+R2, X1+X2 o ' So neglect R~ and X,
fk] .a'-"»[
* No-load Test Fo—AMWV— ?
. A% .-‘{‘r.‘i'! R!rmimx winday
Measuring Vo, 11, P, Q 0 5 Xy,
- R1, X1+Xm




The efficiency of small motors can be determined by directly loading
them and by measuring the input and output powers. But in the case of
large motors, it is difficult to arrange that much load for them. The
power loss will be large if we directly test the load. Therefore indirect

methods are used to determine the efficiency of 3-phase induction
motors.

We can perform the following test on the motor to find the efficiency:
* No-Load test.

* Locked Rotor test.

* DC Test



No-Load test

The no-load test of an induction motor is similar to the open-circuit test
of a transformer.

* The motor is not connected from its load, and the rated voltage at the
rated frequency is applied to the stator to run the motor without a load.

* The voltmeter measures the standard-rated supply voltage and an
ammeter measures the no-load current.

* Since the motor is running at no-load, total power is equal to the
constant iron loss, friction and winding losses of the motor.

* The no-load test of an induction motor measures the rotational losses of
the motor and provides information about its magnetization current.

3-Phase

Supply
at rated
Voltage

and \
Frequency /r«.w..-\
w No load
P2

induction
motor




* In this motor at no- load conditions, the input power measured by the
meters must equal the losses in the motor. The rotor copper losses are
negligible .

Pgep = 31?1?[

so the input power must equal
Pa = PscL + Rxe + Praw + Foisc
= 3/1R, + P,
where P, is the rotational losses of the motor:

Pn:r{=‘P

core

+ Praw + Phisc

V
|Z.| =ﬁmx, + Xy




The DC test for stator resistance

* The rotor resistance R2 plays an extremely critical role in the
operation of an in duction motor. Among other things, R1 determines
the shape of the torque-speed curve, determining the speed at which
the pullout torque occurs.

* To find the rotor resistance R2 accurately, it is necessary to know R1 so
that it can be subtracted from the total.

* This test for R1 independent of R1, X1 and X2. This test is called the dc
test. Basically, a dc volt age is applied to the stator windings of an
induction motor. Because the current is dc, there is no induced voltage in
the rotor circuit and no resulting rotor current now. Also, the reactance of
the motor is zero at direct current.

* Therefore, the only quantity limiting current n ow in the motor is the
stator resistance, and that resistance can be determined.



Current-

I = 1greq

limiting
resistor
Vbe
{variable)

Vi
2R = —L2C
1 'IDC
Voc
R 2




The Locked-Rotor Test

* The third test that can be performed on an induction motor to determine
its circuit parameters is called the locked-rotor test, or sometimes the

blocked-rotor test.

* This test corresponds to the short-circuit test on a transformer. In this test,
the rotor is locked or blocked so that it cannot move, a voltage is applied
to the motor, and the resulting voltage, current, and power are measured

Adjustable-
voltage,
adjustable-
frequency,
three-phase
power source

<}

|-

®

x>

I
-0

®

n

s

D—‘
R

®

(b)

Se=Se=frent

Xy >> IRy + jXo
Re =2 1Ry + jX5l
So neglect R-and Xy

Locked
rotor
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The power-flow diagram of an induction motor.



Torque-Speed Curve

The torque speed (slip) curve
for an induction motor gives
us the information about the v
variation of torque with the
slip. =

When the rotor stationary (at
standstill) % = 0 rpm, the
rotor frequency f=f and the
slip s=1. At n_= n_ the rotor
frequency £= 0 Hz, and the

slip s=0.

2.5T,
_______ LA -
Maximum
j_irﬂ - I_____JIL_____ TGI'q'I.'IE‘ vy -
I ! | |
e PERTE L
: : | Full Load
VT 11T Torque
0 ! l ! l 1
0 20 40 60 80 100
Speed % n,
0
100 8O0 60 40 20 0

~ At full load, the motor runs at speed of n,. When mechanical load
increases, motor speed decreases tell the motor torque again becomes

equal to the load torque.

~ As long as the two torques are in balance, the motor will run at constant

(but lower) speed.

~ If the load torque exceeds the induction motor maximum torque, the

motor will suddenly stop.



Notes: the Induction Motor Torque- Speed Curve

1. The induced torque of the motor is zero at synchronous speed.

2. The torque- speed curve is nearly linear between no load and
full load. In this range, the rotor resistance is much larger
than the rotor reactance, so the rotor current, the rotor
magnetic field, and the induced torque increase linearly with
increasing slip. ,

3. There is a maximum possible torque that cannot be exceeded.
This torque, called the pullout torque or breakdown forque, is
2 to 3 times the rated full load torque of the motor.

4. The starting torque on the motor is slightly larger than its
full-load torque. So this motor will start carrying any load
that it can supply at full power.




3. The torque on the motor for a given slip varies as the square
of the applied voltage. This fact is useful in one form of
induction motor speed control.

6. If the rotor of the induction motor is driven faster than
synchronous speed, then the direction of the induced torque
in the machine reverses and the machine becomes a
generator, converting mechanical power to electric power.

/7. If the motor is turning backward relative to the direction of
the magnetic fields, the induced torque in the machine will
stop the machine very rapidly and will try to rotate it in the
other direction. Since reversing the direction of magnetic
field rotation is simply a matter of switching any two stator
phases, this fact can be used as a way to very rapidly stop an
induction motor. The act of switching two phases in order to
stop the motor very rapidly is called plugging.




'rm-\ /- Pullout torque

200
Braking Motor region
region |

s l
Peync _/| Mechanical speed 2y

=200

Induced torque, % of full load

Generator region
—400 +

-800 +

Induction motor torque-speed characteristic curve, showing the extended operating ranges (braking
region and generator region).



» The torque-speed characteristic curve
shows that if an induction motor is driven at
a speed greater than nsync by an external
prime mover, the direction of its inducted
torque will reverse and it will act as a
generator. As the torque applied to its shaft
by the prime mover increases, the amount of
power produced by the induction generator
increases.

There is a maximum possible induced
torque in the generator mode of operation.
This torque is known as the pushover torque
of the generator. If a prime mover applies a
torque greater than the pushover torque to
the shaft of an induction generator, the
generator will overspeed.
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