ECE 330
POWER CIRCUITS AND ELECTROMECHANICS

LECTURE 8
TRANSFORMERS (2)

Acknowledgment-These handouts and lecture notes given in class are based on material from Prof. Peter
Sauer’s ECE 330 lecture notes. Some slides are taken from Ali Bazi’s presentations

Disclaimer- These handouts only provide highlights and should not be used to replace the course textbook.
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POWER TRANSFORMER

The power transformer is an essential component of
the power system. It steps up the voltage at the
generating point, transmits it over long distances, and
then steps it down at the

sub-transmission and distribution
levels for use by both commercial =+ 21 &4

units and individual homes.

Source: torbosquid.com
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POWER TRANSFORMER

A physical transformer consists of two windings
mounted on a core, generally of a ferromagnetic
material of high permeability.

LV insulation

LV winding
H\ 1sulation
. __HV winding

Core type three phase transformer

Source: electronichub.org Source: electricaleasy.com
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POWER TRANSFORMER

* The construction of the core is such as to keep the
leakage flux to a minimum.

* The winding to which power is supplied is called the
“primary’” winding, and the other one 1s called the
“secondary” winding.

* In the case of power transformers, the terms high-
voltage (HV) and low-voltage (LV) windings are also
used, depending on the voltage levels.
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POWER TRANSFORMER

We assume it to be an ideal transformer. This implies:

* No leakage flux.
* Winding resistances are neglected.
 Core has Infinite permeability. Hence, reluctance of

the core is zero and negligible current is required to
set up the magnetic field.

» Magnetic core Is lossless
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POWER TRANSFORMER
» Power transformers are usually excited with
sinusoidal voltages and currents.
* Itis interesting to find the maximum flux, flux
density, and current that a transformer can handle.

Vl(t)=lecos(a)t):|\|ld_¢

dt
1 V., . _ — .
:>¢(t):N—ijlcos(a)t)dt= \ sin (wt) ﬂ@/ || RO
1 Q 1 Vl(t) Qzﬁ § i ivz(t)
> =ik =V Ci=HIL
oN, 2zf N,

ECE ILLINOIS Mirrinors



POWER TRANSFORMER

* AISO’ Vm1=272'f Nl max
le

J2

« Example: Coll 1 has 100 turns, operating at 60 Hz
and V... = 230 V. The core area is 50 cm? and the
core length is 25 cm. Find the maximum flux and

=V =27f N,g_ =4.44f N,

:V1:

1mms

MaX
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POWER TRANSFORMER

e Given that /=600 A.turns/m at B...., find the

_ max’
maximum current.

i =H—£:1.5 A
N

maXx

L.V. Insu lation

L.V. Winding

I.V. Insulation
H.V. Winding

_ Core type Shell type
Source: electricaleasy.com
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EQUIVALENT CIRCUIT MODEL

Consider the two-winding transformer. Let v, be the
voltage across R, . Let the resistances of the primary
and secondary windings be R and R, , respectively.

Viewing the two windings as coupled coils, the

differential equations are written as
1 i.- 12
¥ o o - +
V1 § g "2§ Rp
- Ni:Np -

Source: machineequipmentonline.com
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EQUIVALENT CIRCUIT MODEL

 Non-ideal:
My

R,

i;ffj

L 9VVe

i

.

V(1) ’19

' d|
v, =R/, +
let dt
0=R,i, +L, d—I—M d—|+i R
dt dt
v, =1,R,

« Add and subtract s g /gt to t
M diyat 10 the second equation:

v, = Ri + (L, -

N

0=R,I, +(L,
v, =1,R
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dt dt dt



EQUIVALENT CIRCUIT MODEL

V1:R1i1+(L1_M)3_itl+M %(il_iZ)

. di d . ., .
<O:R2|2+(L2—M)d—t2+M a(|2—|1)+|2RL
v, =i2RL R; L,-M R L-M 1,

What If (L,—-M) or(,-M) <0? There iIs something
wrong.
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EQUIVALENT CIRCUIT MODEL

* We need to refer all impedances from side 2 to side 1:

o . . .
i,=-2= 7Z,=a’Z,, M'=a M(since M either sees 7, or 7).

-2

a
( . di d (i
V. =R.i.+L —*t—aM —| %
S o | dt(aj

()
O:asz(l—zj+a2L2 4/ _aMm d|1+(|2ja2RL

a dt dt a

N

i
av, = (gz) azRL
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EQUIVALENT CIRCUIT MODEL

* The equivalent circuit becomes:

Ry Lj—aM  zR, a’L,-aM
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EQUIVALENT CIRCUIT MODEL

Losses:

Hysteresis losses due to the nonlinear multi-valued
nature of the ¢-i relationship of the actual core.

Hysteresis loss P, =K, f B, W

 B,the maximum flux density, and n (often assumed
to be 1.6) and are constants depending on the
material of the core
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EQUIVALENT CIRCUIT MODEL

 Eddy current losses occurring in the laminations,
resulting in an -type loss.

Eddy current loss P, =K_f B2 W

« K., Is a constant that depends on the resistivity of the
material of the laminations

* The sum of these two losses represents the constant
losses for the transformer and depends only on the
value of B_
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EQUIVALENT CIRCUIT MODEL
* B, depends on the applied voltageV_

Losses are represented by means of a resistance R, In
parallel with the magnetizing inductance gM .

_ 2 — '
B4 [1—aM a=R»> all,—aM Ideal 12

T

o + o+

Vi Rclg} {HM]I dVy Va g E1,

N]_ZNE
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EQUIVALENT CIRCUIT MODEL

 What does (L,—aM ) mean? (and similarly the

secondary term)?

L1i1:N1¢11’ Mi1:N2¢21
L1 _aM = N_1¢11 _aN-2¢21 :ﬁ
I

ly ly

(¢11 _¢21) = *ﬂl

* Therefore, (L,—aM) is a leakage term.
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EQUIVALENT CIRCUIT MODEL

* o(L,—aM)=X, Leakage reactance of windingl

w(@M)=X_ magnetizing reactance referred to
windingl
o (L, - 'V%) =X,, Leakage reactance of winding 2
w(@’L,-aM)=a’X, Leakage reactance of winding 2
referred to side 1 Ri xRy jeun L

o=

|
-
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