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Transformer Phasor Diagram

To determine the voltage regulation of a transformer, it is necessary understand
the voltage drops within it.
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Transformer Phasor Diagram

Ignoring the excitation of the branch (since the current flow through the branch is
considered to be small), more consideration is given to the series impedances

(Req +leq).

Voltage Regulation depends on magnitude of the series impedance and the phase
angle of the current flowing through the transformer.

Phasor diagrams will determine the effects of these factors on the voltage
regulation. A phasor diagram consist of current and voltage vectors.

Assume that the reference phasor is the secondary voltage, VS. Therefore the
reference phasor will have 0 degrees in terms of angle.

Based upon the equivalent circuit, apply Kirchhoff Voltage Law,

V
szVS +R, I+ jX, I
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Transformer Phasor Diagram

UNIVERSITY Of BISHA

For lagging loads,
V/a > V; so the voltage
regulation with lagging

loads is > 0.

When the power factor is
unity, Vs is lower than V,

so VR > 0.

With a leading power
factor, V is higher than
the referred V,so VR <0
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Transformer Phasor Diagram

For lagging loads, the vertical components of Req and Xeq will partially cancel
each other. Due to that, the angle of V /a will be very small, hence we can
assume that V,/k is horizontal. Therefore the approximation will be as follows:

Reqls 008 | Xeqlysin

. — —
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Voltage Regulation of a Transformer ol

The voltage regulation (VR) of a transformer is defined as the difference
between the no-load terminal voltage (V,,;) to full load terminal voltage
(V,g) and is expressed as a percentage of full load terminal voltage. It is
therefore can be expressed as,

Vone = V-
Voltage Regulation = NL_ 2FL % 100%

2FL

Since at no load, V,= V/a, the voltage regulation can also be expressed as

41

q Vorr
X 100%

Voltage Regulation =
2FL

Usually it is a good practice to have as small a voltage regulation as possible.
For an ideal transformer, Voltage Regulation = 0 percent. It is not always a
good idea to have a low-voltage regulation, sometimes high-impedance and
high-voltage regulation transformers are deliberately used to reduce the
fault currents in a circuit.
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Approximate Expression for Voltage Re-gul\atiion

The approximate expression for the no-load secondary voltage is :
(i) Forinductive load: E,=V,+I,R, cos ¢, +1, X, sin @,

or E,-V,=LR, cos ¢,+1,X, sin ¢,
E2 - V2 r 12 R 1 . X(’S =
or E, X 100 = E, x 100 cos ¢, + E, x 100sin ¢,
LX,
where, = X 100 = percentage resistance drop and
2
LX,
= X 100 = percentage reactance drop
2
% Reg = % resistance drop X cos ¢, + % reactance drop X sin ¢,
Similarly
(i) For resistive load: % Reg = % resistance drop ...(2.64)

(iii) For capacitive load.

% Reg = % resistance drop X cos ¢, — % reactance drop X sin ¢,
Prof. Sayed Nagy 6
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Example : 4 75 kVA single phase transformer, 6600/230 V, requires 310 V across the
primary to the primary to circulate full load current on short circuit, the power absorbed
being 1-6 kW. Determine the voltage regulation and the secondary terminal voltage for half
full load, 0-8 p.f- lagging.

Transformer output = 75 kVA = 75 x 10° VA

Primary induced voltage, E, =6600V
Secondary induced voltage. E, =230V
At short circuit, primary voltage, Vigg =310V
At short circuit, power absorbed, P, =16kW=16x 10° W
Load p.f. cos ¢, = 0-8 lagging
. 75 x 10°
. = =113
Primary current at full load I 6500 11.36A
Primary current at short circuit L, =1,=1136 A
3

Equivalent resistance referred to primary, R, = 3 3
[ Isc ) (I 1.3 6)

V
Equivalent impedance referred to primary, Z - l’i = % = 27.29Q
1sc -~
Equivalent reactance referred to primary, X = J fp - pr = \/ (27-29)* - (12-39)*
=2432Q 7
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Equivalent resistance referred to secondary.

230 x 230 x 12.39
= - = S
R, K*R 5600 % 6600 0.015Q
3
Secondary current at full load, [,= ’/’jsz(l}O =326A
Secondary current at half load, L, = [22 = 236 [63A
Load p.f., cos ¢, = 0-8 lag

sin ¢, = sin cos™ 08 =06
Secondary terminal voltage at half full load.
V,=E,-L, R, cos ¢,- 1, X, sin ¢,
=230-163 x 0-015 x 0-8 - 163 x 0-0295 x 0-6

= 22516 V (Ans.)
oo oot = E2= V2 230 - 225.16
Voltage regulation = —2 E 2% 100 = 0 x 100
=21 % (Ans.) 8
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Example : 4 15 kVA. 2300/230 V, single phase transformer has 2.5 ohm resistance and 10
ohm reactance for primary and 0.02 ohm resistance and 0.09 ohm reactance for the
secondary. If the secondary terminal voltage is to be maintained at 230 V and 0.8 p.f. lagging
at full load current, what should be the primary voltage?
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Example : 4 15 kVA, 440/230 V, 50 Hz, single phase transformer gave the following test
results: Open Circuit (LV side) 250V, 1.84, 95 W.
Short Circuit Test (HV side) 80V, 12.04, 380 W.
Compute the parameters of the equivalent circuit referred to LV side?
From open circuit I, = % = 2?5% =038 A
test performed on LV side; ’
Log = VI3 — 12 = J(1.8)? — (0.38)? = 1.75943 A
itine resist: _ﬁ__zso_
Exciting resistance, R, = I, ~ 038" 658 Q
Exciting reactance, X, = V» = 250 _y1pq

Vis 80
Zy= 70 =15 = 6.667Q

1(sc) 12
From short circuit test
W, 380

performed on HV side; R, = 7 =7 =2639Q
(ll(sc)) (12)

)= 22 - R = (6.667) - (2.639) = 6.122 Q

Transformer resistance and R, =R, x K?2=2639x%(0.5227)*=07211 Q
reactance referred to LV (secondary) side, X, = Xep « K2 = 6122 x (0.52272 = 2.673 O .
Prof. Sayed Nagy
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Basic properties of 3-phase transformer bank

* When three single-phase transformers are used to transform a 3-phase
voltage, the windings can be connected in several ways. = the ratio of the 3-
phase input voltage to the 3-phase output voltage depends not only upon the
turns ratio of the transformers, but also upon how they are connected.

* A 3-phase transformer bank can also produce a phase shift between the 3-
phase input voltage and the 3-phase output voltage. The amount of phase shift
depends upon

- the turns ratio of the transformers

- how the primaries and secondaries are interconnected
*The phase shift feature enables us to change the number of
phases = a 3-phase system can be converted into a 2-phase, a 5-phase, a 6-
phase, or a 12-phase system by an appropriate choice of single-phase
transformers and interconnections.
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Polarity of Transformer Windings
The polarity of unmarked transformers can be found out by simple polarity tests

+ — + —
A Y AA,  AY AA,

L L
—888860 — —§8806008 —

a1y A 22 d Yy A 21

+ Subtractive Additive
Polarity Polarity

Transformer polarity designation
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Three-phase Transformer Connections
Group 1: With 0° phase displacement : Connections with symbolic notation Yy0, DdO, Dz0

Group 2: With 180° phase displacement : Connections with symbolic notation Yy6, Dd6, Dz6

Group 3: With 30° lag phase displacement : Connections with symbolic notation Dy1, Yd1, Yz1

Group 4: With 30° lead phase displacement : Connections with symbolic notation Dy11, Yd11, Yz11

DOr+dDg+ D=0

Three phase transformer inner circuits

Prof. Sayed Nagy
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With these phase angles,
the center points of the Y
must tie either all “-" or all
“+" winding ends together.

With these phase angles, the
winding polarities must stack
together in a complementary
manner (+ to =).
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Three Phase Transformer Connections

Group|  Phase | Symbolic Winding Connection Phasor diagram
N# Displacement | notation
HV LV HV LV
oN [N o A 3
L > By |0y o—AMW—— D,
C, Ci | C1 o—AA ¢C, [C, B, C1 b
A, A 21
5 A | a4 a,
1 0° DdO - B, |b o C A C a
1 2
L c, |c C C B
1 1 1 1
A °_| AL
“ A'1 . 4z ‘ as | % C A
Dz0 B, 5 b1o-:\M/t\)—21_1:/\b3 ffﬁ b,
C, ! 010%:Taw-.(34— ci g OB
Cy
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Three Phase Transformer Connections

Group| Phase |Symbolic Winding Connection Phasor diagram

N# | Displacement|notation HV LV HV LV

Yy6

A
a, !
Dz6 || 2 0, D2 2amne A
4

b, .
\lvﬂ
ay
A, b, b ©,
2 180° b, &
Dd6 82 2 b1w—lb2 C A
B, o & a c
b2 b a b Ccz
4
1n
a
a
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Three Phase Transformer Connections

Group | Phase | Symbolic Winding Connection Phasor diagram
N# notation
Displacement HV LV HV LV
A2 n o A1 31
M a4 ap C A
C n
Dyl BZ B1 b1 b2 B 1
C, C, c , Ci B 1 b,
oN A ay
a a C
A2 —AAN—A, | 2 N
vd1 "1 b C °
3 | 30° B2 ¢—WAA——o0B, | 2 AN
CobAA—oC, | & :
oN ] A
Az AMAA—oOA, |30 P .
YZ]. B A A A A b1 < b
2 B1 b2 b3 4 C
C
C20—’\/\/\/‘—0C1 010-'\/\/\/;;-21:73%‘-'4— 1
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Three Phase Transformer Connections

Group | = Phase = | Symbolic Winding Connection Phasor diagram
N# Displacement | notation
HV LV HV LV
A NI LE A, ay
2 1
a a
B 1
Dy11 || ’ i o, 1 .
—A——0C, . . 1 B Cy
1 2
o N 82 A-1 31
a10—T—wNV\/—0——
A, A, o N b
B b1°_T_M\'_l 2 b
4 +30° |Yd11l| B, B, . a 1
C, C, oW\ % C, B, c
C
1
o N
Yz11 B2 B1
C, C,
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Selection of Transformer Connections
Star-Star (YyO or Yy6) Connections

(a) Primary (b) Secondary

Vea
(c) Phasor diagram

Vea
(c) Phasor diagram (d) Phasor diagram (a) Primary (b) Secondary

Prof. Sayed Nagy 19
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Selection of Transformer Connections
Delta-Delta (DdO or Dd6) Connections

Vac
c
(b) Secondary
Vea
(c) Phasor diagram
Vic
(b) Secondary
Vea
(c) Phasor Diagram (c) Phasor Diagram

20
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Selection of Transformer Connections
Star-Delta (Yd1 or Yd11) Connections

Prof. Sayed Nagy (a) Primary (b) Secondary 21



University of Bisha 2 Y
College of Engineering oY
Bl ol

Electrical Engineering Dept.

uuuuu RSITY Of BISHA

Selection of Transformer Connections
Delta-Star (Dy1 or Dy11) Connections

Ia A
—>

e —— e ——

I C4 A,
B . B
B «—— B
lac
I
—>
(a) Primary

AN/
¥ Vea
(d) Phasor Diagram

(b) Secondary b
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Selection of Transformer Connections
Delta-Zigzag Connections

(a) Primary

(a) Primary

ay

(b) Secondary
a
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Selection of Transformer Connections

A

Star-Zigzag
Connections

(a) Primary

(b) Secondary 24
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