SKEE 4443
POWER SYSTEM ANALYSIS

CHAPTER 1

Power System Representation and Per Unit System



Introduction

It is clear that a detailed representation of each of
the three phases in the system is cumbersome and
can also obscure information about the system.

A balanced three-phase system is solved as a
single-phase circuit made of one line and the
neutral return; thus a simpler representation.

Further simplification by omitting the neutral.



Introduction

The simplified diagram is called the single-line diagram
or one-line diagram.

The one-line diagram summarizes the relevant
information about the system for the particular problem
studied.

For example, relays and circuit breakers are not
important when dealing with a normal state problem.
However, when fault conditions are considered, the
location of relays and circuit breakers is important and
is thus included in the single-line diagram.



Introduction

The International Electrotechnical Commission (IEC),
the American National Standards Institute (ANSI),
and the Institute of Electrical and Electronics
Engineers (IEEE) have published a set of standard
symbols for electrical diagrams.

The main component of a one-line (or single line)
diagram are : Buses, Branches, Loads, Machines, 2
winding Transformers, Switched Shunts, Reactor and
Capacitor Banks.



One Line Diagram - Symbols

two-winding
% % N current transformer
{Q% two-winding % % voltage transformer
transformer
Q generator % capacitor
—I— bus = circuit breaker

transmission line

circuit breaker

/N

delta connection

fuse

A

wye connection

e e

surge arrestor

|-

static load

-

disconnect

Symbols used in one line diagram (from ANSI and IEEE)




Single-line diagram

It is important to know the location of points where
a system is connected to ground in order to
calculate the amount of current flow when an
unsymmetrical fault involving ground occurs. The
standard symbol to designate a three-phase Y with
the neutral solidly grounded is shown in Figure
below.

W@D T1 To
e St foON
?f@@ A, Ll Load B

Load A <+ |




One-line diagram

S
o1 IEEE 30bus system



Impedance and Reactance Diagrams

The impedance (Z = R + jX) diagram is converted
from one-line diagram showing the equivalent circuit
of each component of the system.

It is needed in order to calculate the performance
of a system under load conditions (Load flow
studies) or upon the occurrence of a short circuit
(fault analysis studies).



Impedance and Reactance Diagrams

5 (O)C (Or- |
fT ﬁ ﬁ > - 0> Load B

2 %)

° ° ° ° ° °
Generators Load Transformer Transmission Transformer Load Gen.
land 2 A T1 Line T2 B 3

Impedance Diagram Corresponding to the One-Line Diagram above



Impedance and Reactance Diagrams

Reactance (jX) diagram is further simplified from
impedance diagram by omitting

all static loads,

all resistances,

the magnetizing current of each transformer, and
the capacitance of the transmission line.

ol ol =F
L 4 @ @ L 4
A R
Generators Transformer Transmission Transformer Gen.
1and?2 T1 Line T2 3

Reactance Diagram Corresponding to the One-Line Diagram of Example



Per Unit System

In power systems large amounts of power being
transmitted in the range of kilowatts to megawatts,
at different voltage levels.

As a result, in analysis, it is useful to scale, or
normalize quantities with large physical values and
this is commonly called per unit system in power
system analysis.



Per Unit System

The per unit system is widely used in the power
system industry to express values of voltages,
currents, powers, and impedances of various power
equipment.

It is mainly used for transformers and AC machines

Per unit system used extensively along with one-line
diagram to further simplify the process.



Per Unit Calculations

All base values are only magnitude. They are not associated with any
angle.

The per unit values, however, are phasors.

The phase angles of the currents and voltages and the power factor of the
circuit are not affected by the conversion to per unit values.

In general, the per unit value is the ratio of the actual value and the base
value of the same quantity.

actual value
base value

per unit value =

The per unit system values can also be expressed as per cent values.



Base value

Specify the base values of current and voltage,
base impedance, kilovoltamperes can be
determined

Quantities and base value selected
, base value in kilovolts, kV

, base value in ampere, A



Base values

Generally the following two base values are chosen :
= nominal power of the equipment

= nominal voltage of the
equipment

and are determined by
the natural laws of electrical circuits



Base values

Usually, the nominal apparent power (S) and
nominal voltage (V) are taken as the base values
) and voltage (V,

ase)'

for power (S

base

bcse) and
) can be calculated based on the

The base values for the current (I
impedance (Z
first two base values.

base



Per-unit System for 1- ¢ Circuits




Base value

For single phase system

(base voltage, KV, )

Baseimpedance, Q=
MVA,,

Base power, kW, = base kVA,,
Base power, MW,, =base MVA,,



Per-Unit System

Per-unit system:

V — Vactual
p.U. VB
Sac ua

Sp.u. — St I
B

Z%=2,

U

— actual
p.u |
B
Z — Zactual
P.U. 7
B

x100%

Percent of base Z




Per-unit System for 1- ¢ Circuits

-
For actual quantity that has complex number, . L/ 0
= z,20=22

Per unit can be expressed as:
B

Zpu = Rpu + leOu
Spu = RIou + jqu

Per unit can be expressed in rectangular
form:

Power: # .
Spu =




exercise

A generator has an impedance of 2.65 ohms. What

is its impedance in per-unit, using bases 500MVA
and 22kV


Presenter
Presentation Notes
Zb = Vb*Vb / Sb = 22*22/500 = 0.968
Zp.u = Z/Zb = 2.65/0.968 = 2.74


Per Unit system for 3- ¢ Circuits

Have the same per unit values for line to line and line
to neutral quantities.

Make everything look like a single phase circuit.

Balanced three phase circuits can be solved in per
unit on a per phase basis after converting delta load
impedance to equivalent Y impedance.

Base value can be selected on a per phase basis or
on a three phase basis.



Per Unit system for 3- ¢ Circuits (Voltage)
1

71 In a three phase system, we have:

pu _\/ pU

71 Consider Y connected: V, = \/§VLN
o So: VU =y Vi — Vin
LL LN V V
B,LL B,LN

— VB,LL = \/g\/B,LN




Per Unit system for 3- ¢ Circuits (Power)
1

71 In a three phase system, we have:

pu _ g pu
SS¢ B Sl¢

S, =3S
7 We know: e a
S S
Sy =S o —L=—
0 So: o3 Vs
— SB’3¢:3SB’1¢




Per Unit system for 3- ¢ Circuits (Current)
1

o0 In a three phase system, we have:

S3¢ =3\/LNIEN :\/§VLLILL

0 We know:

o So: Spu :Vpulpu

S
SH=VHI" & — =
SB,3¢ VB,LL IB

VLL I LL

SB,3¢

\/ng,LL

= g




Per Unit system for 3- ¢ Circuits (Impedance)




Example 1

Given base kVA for 3 phase systems is 30 O0O0kVA and
voltage base line to line 120kV. Find:

Sg,

Vi
Ve.n
Vin

Given actual line to line voltage is 108kV.



Example 1

Base kVA,;;, = 30,000 kVA
and Base kV,, = 120 kVA

therefore  Base kVA ;, = 30,000 /3 = 10,000 kVA

and Base kV , = 120 / V3 = 69.2 kVA

actual value of the quantity
based value

per unit value of any quantity =

For actual line-to-line voltage 108 kV, the line-to-neutral voltage, V| is 108/ V3 =62.3



Per unit value - example

actual valueof the quantity

per unit valueof any quantity =

based value
and
Per-unit voltage = 108/120 (3¢) OR
= 62.3/69.2 (10)
= 0.9

For three-phase power of 18,000 kW,

Per-unit power = 18,000/30,000 (3¢ ) OR
= 6,000/10,000(1¢)
= 0.6



Change of Base
N

0 The impedance of individual generators &
transformer, are generally in terms of percent/per
unit based on their own ratings.

0 Impedance of transmission line in ohmic value

1 When pieces of equipment with various different
ratings are connected to a system, it is necessary to
convert their impedances to a per unit value
expressed on the same base.



Change of Base
=

7 In other word, since all impedances in any one part of the a
system must be expressed on the same impedance base
when making computations, it is necessary to have a means
of converting per-unit impedances from one based to

another.
=ZPMMZ

_ pu
Zactual new“—B,new ~ ZoIdZB,oId

ZB,old

=z =20
Z

new
B,new

pu pu
Z T Zold

new




Change of Base

e
O lfV

B,new

= Vs oid

- So

Z pu __ Z rig B,new
o]

new

SB,old



Example 2

The reactance of a generator designated X” is given as 0.25

per unit based on the generator’s nameplate rating of 18 kV,
500 MVA. The base for calculations is 20kV, 100 MVA. Find
X" on the new base

2
S new V old
new old
Z pu - Z pu ( Sild j[viewj
B B

Z0 =025 Vg9=18kv S’ =500 MVA

Vg =20kv  Sg" =100 MVA



Example 2

Zoy =025 vgd-18kv  S2¢=500 MVA

Vg =20kVv  Sg™ =100 MVA

2
1 .
Zoy =X"= OZS(%}(%) = 0.0405 per unit



Exercise 2

Generator rated at TOMVA, 20kV
Xs = 0.9pu on the basis of the generator rating
Given S =100MVA and V =20kV

B,new
Find:

B,new
new
X S

Solution:



Exercise 3

Transformer rated at 10MVA, 33/11kV
Z=10% andR=1%
Given §; ., =200MVA and V

B,new
Find:i. Z___(HV and LV sides)

ii. actual Z and R referred to primary and secondary

=22kV (HV side transformer)

base

iii. Transformer losses in kW, if 0.033 p.u (selected base) of current
flow through R

Solution:



Procedure for Per Unit Analysis

Pick|Sy.| for the system.
PickVg,,, according to line-to-line voltage.

Calculate 7_ for different zones.

Express all quantities in p.u.

Draw impedance diagram and solve for p.u.
quantities.

Convert back to actual quantities if needed.



- How to solve problems containing multiple
transformer?



Transformer Voltage Base




How to Choose Base Values ¢

Divide circuit into zones by transformers.

Specify two base values out of  1,,V;,Z,,S; ; for
example, \SBase\ and V.

Specify voltage base in the ratio of zone line to line

voltage.
V.1V, V,:V, V1V,
o+ —HE—
Zone 1 Zone 2 Zone 3 Zone 4
VBasel VBase2 VBase3 VBase4
| _ ‘SBase‘ 7 _ VBase




Example 5

Given a one line diagram,

V, =13.2kV
I Z. . =10+ j100Q
(~ ="t Bz -m
5 MVA 10 MVA
13.2A-132Y kV 138Y -69 AkV
X, =0.1p.u. X, =0.08p.u.

Choosing a base apparent power of TOMVA and a base line
voltage L1 of 69 kV ; find
| | I Vv

g t-line

I:)Ioad

load load



B,

S’rep 1, 2, and 3: Base Values

V, =13.2kV
] Z,. =10+ j100Q
_ 3 g 3 g |z, =3000
5 MVA 10 MVA

13.2A-132YkV 138Y -69 AkV

X, =0.1p.u. X, =0.08p.u.
Sg new =1OMVA| Vg ., = 69KV
S T T _
Vg =13.8kV | | Vg, =138kV § Vg, =69kV
13.2kV i 138KV

x138KV =13.8kV V, == x69kV =138KV
132kV | 2 69kV

—> Calculate the base voltage in each zone



S’rep 1, 2, and 3: Base Values

V, =13.2kV
. Z,.. =10+ j100Q
_ 3 g 3 g |z, =3000
5 MVA 10 MVA
13.2A-132YkV 138Y - 69 AkV
X, =0.1p.u. X, =0.08p.u.
St rey =10MVA| |V ., = 69KV
S i _
Vg, =13.8kV Vg, =138kV Vg, =69kV
’V ‘ . 8k —19.040 ' Ze :’VBZ‘ :(138k) =1904Q Zy :’\/83‘ —(69k) =476Q
S, 10M | © Sy 10M ° S, 10M
SB(D SSCD S3CI)
SEIIETIY S IETY _ sl 1om _as67

IBl_\/_yV\ NEETY

A B e e



S’rep 4: All in Per Unit Quantities

V, =13.2kV
g Z, =10+ j100Q
_ 3 g 3 g 1z —3000
5 MVA 10 MVA
13.2A-132YkV 138Y -69 AkV
X, =0.1p.u. X, =0.08p.u.
| | | |
- | | — | l

= Calculate V in per unit
—>Calculate the new reactance for X, and X, in per unit

—>Calculate the impedance in per unit
— Draw the impedance diagram




Step 4: All in Per Unit Quantities

new

pu pu
Z - Zold

X, =0.08p.U.
| |
L | L] | l
S, new [VB,old J Z.., 3000
SB,old VB,new loadp.u. ZB B 4760 -
2
13.2k _ 0183
13.8k

X,.. =0. 1(1OMVA}(
| 5MVA

g,p.u.

V, 13.2kV

Vo, 13.8kV

=0.96£0°

line,p.u. —

10+ 1000 _ 5 o5, 103(1+ j10)

Z, 1904




Step 5: One Phase Diagram & Solve

1

X1pu = J0.183| |Z 0, =5.25x10°(1+ j10) | X, ,, = j0.08
| | |
| — | | — | l
V,,, =0.9620°

— ZIoad,p.u. = 063

Vv 0.9620°
_ . g.pu : _
I |Oad,p.u. -_ -_ 1.354 - 26.40

Zuips  0.709226.4°
Vload,p.u. = IIoad,p.u.ZIoad,p.u. =0.8505£-26.4°

SIoad,p.u. :Vload,p.u.llt)ad,p.u. :1148
I = |

g,p.u.

t-line,p.u. — I load, p.u. — 1354 — 2640



Step 6: Convert back to actual quantities

]
—13 2kV
g Z.. =10+ j100Q
! 3 g 3 g 1z =3000
5 MVA 10 MVA Vioadpu. = 0.85052 —26.4°
13.2A-132YkV 138Y - 69 AkV
X, =0.1p.u. X, =0.08p.u. Sicad,pu. =1-148
Ig pu. It-Iinepu = IIoad,p.u =1.35£-26.4°
Zone 1 Zone 2 E Zone 3
_ _ i |, =1 g,
Ig = Ig,p.u.IBl It—line = It—line,p.u.|82 | load = " load,p.u.
Vload :Vload,p.u.V83
SIoad — SIoad,p.u.SB

HFAW'09



Advantages of P.U. system

Transformer equivalent circuit can be simplified by
properly specifying base quantities.
Give a clear idea of relative magnitudes of various

quantities such as voltage, current, power and
impedance.

Avoid possibility of making serious calculation error
when referring quantities from one side of transformer
to the other.



Advantages of P.U. system

Per-unit impedances of electrical equipment of
similar type usually lie within a narrow numerical

range when the equipment ratings are used as base

values.

Manufacturers usually specify the impedances of
machines and transformers in per-unit or percent in

nameplate rating.



Advantages of P.U. system

The circuit laws are valid in per unit systems, and
the power and voltage equation are simplified since
the factor V3 and 3 are eliminates in the per-unit
systems.

|deal for the computerized analysis and simulation
of complex power system problems.



Advantages

Why Use the Per Unit System Instead of the
Standard Sl Units?

Here are the main reasons for using the per unit
system:

When values are expressed in pu, the comparison of
electrical quantities with their "normal” values is
straightforward.

For example, a transient voltage reaching o
maximum of 1.42 pu indicates immediately that this
voltage exceeds the nominal value by 42%.



Advantages

The values of impedances expressed in pu stay fairly
constant whatever the power and voltage ratings.

For example, for all transformers in the 3 kVA to 300
kVA power range, the leakage reactance varies
approximately between 0.01 pu and 0.03 pu, whereas
the winding resistances vary between 0.01 pu and
0.005 pu, whatever the nominal voltage. For
transformers in the 300 kVA to 300 MVA range, the
leakage reactance varies approximately between 0.03

pu and 0.12 pu, whereas the winding resistances vary
between 0.005 pu and 0.002 pu.



Advantages

Similarly, for salient pole synchronous machines, the
synchronous reactance Xd is generally between
0.60 and 1.50 pu, whereas the subtransient
reactance X'd is generally between 0.20 and 0.50
pu.

It means that if you do not know the parameters for
a 10 kVA transformer, you are not making a major
error by assuming an average value of 0.02 pu for

leakage reactances and 0.0075 pu for winding
resistances.



Advantages

The calculations using the per unit system are
simplified. When all impedances in a multivoltage
power system are expressed on a common power
base and on the nominal voltages of the different
subnetworks, the total impedance in pu seen at one
bus is obtained by simply adding all impedances in
pu, without taking into consideration the transformer
ratios.



In a balanced 3-® system, the magnitude of voltages and
currents in every phase, is the same and is displaced by

120e.
Therefore in a balanced condition, any 3-® system can be
represented by one of the phases and the neutral

connection.

To simplify further we can remove the neutral connection,
thus leaving only the live connection as a single line.

This kind of diagram is called, the single line diagram.



Synchronous Generator Iz Busbar and

Connection/load

Electric Machme
(Synchronous/Induction)

Transmission line/ cable

Transformer Circuit breaker

5 00

K I

Symbol for common components in power system



The parameters supplied with each component in the one
line diagram are:

i. rated voltage,

ii. rated power,

iii. phase impedance,

iv. type of connection (either Wye or Delta connection).

For 3-® system, — V Pior L7 (in pu or percentage)

line 7

Types of connection should be stated for the three phase
generators, motors, transformers, and loads. Typically,
the connection is assumed in wye.



XLtp

AN —
byl
3
Ll

Three phase generator G1
Wye connected
10 KW, 100 MWA

Three phase transmission line TP
20 kW, 200 MWA

Three phase transformer T1

Wyeldelta connected
10/20 KWV, 150 MVA

Three phase load Bl

Wye connected
10 kKW, 50 MWA

Three phase transformer T2

(a)

Delta’ wye connected

10720 KW, 150 MWV A

Three phase system




Transmission line TP

20 kV
Busbar 1 200 MVA Busbar 2
" Y, Lrp=Rrp+]XL1p
Smm®) (O o
Generator G Tra!"lsiinrmer T1 Transformer T2 50 MVA
10 KV 10/20 kV 20/10 kY Ze1=Rg1+) XLz
100 MVA 150 MVA 150 MVA Y
Zz17Re1*jXLes Zr1=Rritj XLy Z+2=Rro#+iXLra
Y (£ Is referred 1o either (Zt2 is referred to either
primary or secondary side) pimary or secondary side)
Yia A IY
(b)

Single line diagram



The one line diagram for a power system can be converted
intfo per phase equivalent circuit which is used to analyse
the performance of the system.

The equivalent circuit is known as ‘Impedance Diagram’.

The impedance diagram is an equivalent single phase
circuit with neutral line taken as the return path.

The analysis on the impedance diagram is similar to that on
the alternating current circuit.



Example, of one line diagram has to be converted into
the impedance diagram.

Transmission line

20 kV
@ @ 200 MVA @
Z1=0.542.0 Q .
Y Y- A A-Y X
Generator Transformer | - Load
10 KV l(lla;[? E_I\ITHEI Transformer 2 10 KV
100 MVA 150 MVA 20/10 kv Z1wi=0.243.0 O
7 enerns=0.14]0.8 © 7 095100 150 MVA |
qansformer] — .2 T]1.U 32 Zn'nn-'_-fc:rmfr_‘-zo-z—l__ll 00

(referred to 10 kV side) (referred to 10 KV side)

One line diagram



Zt:'nﬂsformerlzo-z—l_‘j l 0 Q Ztraﬂsfc]mer_j:o-z-l—-il U Q
(referred to 10 kV side) Zin=0.51)2.0 Q (referred to 10 kV side)

(Fenerator
10 kV

Zo=0.2+i3.0 O

denerntor:[] . l —I_‘].£]-8 Q

Reference bus, or neutral

Impedance diagram



For most components of power system, the value of
resistance is very small compared to that of inductive
reactance.

Thus, by neglecting resistance in the impedance diagram
we can construct reactance diagram representation for
simpler analysis of the system.



Atransformer] — ]-'[} Q Niine 20 Q Atransformer2 1 '[} Q

(referred to 10 kV side) (referred to 10 kV side)
Generator
10 kV
X].;.ad: 3.00

Xgeueratc:': 08 Q

Reference bus

Reactance diagram




Q1. Obtain impedance and reactance diagram for power
system in Figure shown below.

Transmission line TP
20 kV

Busbar 1 200 MVA Busbar 2
lff: ™ | Zp=Rp+jXLtp ‘ TN
\_/ 1 [

Cam) Omem®

Generator G1 Transformer T1 Transformer T2 Generator G2
10 kV 10/20 kV 10/20 KV 10 KV
100 MVA 150 MVA 150 MVA 100 MVA
Zs1=Ra1+jXLaq Z11=R11+jXL+q Z1o=Ra+jXLt2 Zo=Rgo+iXLg2
Y (Z711 is referred to (Zt12 is referred to primary %
secondary winding) winding)

Y/A ATY



Question 1.

Reference bus
| — _\"‘I G1 G2 e “\'u
. Eei=10 kV Ec=10 kv "/
Zc1=Ra1+jX Lsq TP ZLZoz2=Rgza+jXLaz
Zrp=Rrp+jXLrp
[ ] 1 I ]
L L L
1 T2
ZT1=R11+jXLT14 Zrz2=Ry2+]jXLtz
(referred to secondary side)

(referred to primary side)

Impedance diagram for Question 1

Reference bus
../’L\

™ G

.,

o2
Ec=10 kKW S
| .
>-.
é YI—G'1 TP YLGQ i
‘] Y-TP ]
. A T T T T U S T
L | o
- Y—T‘I
(referred to secondary side)

NLT2
(referred to primary side)

Admittance diagram for Question 1



Per unit (p.u.) value for a quantity is defined as a ratio of
the actual value over the base value.

Actual value

p-u. value =
Base value

The p.u. value is commonly given either in fractional or
percentage forms.



Four main parameters in power system analysis:

i. Voltage : Line voltage (V|) or phase voltage (V;)
ii. Power : 3 apparent power (VA;) or T @ (VA, )
iii. Current : Line current (I ) or phase current (I;).

iv. Impedance : Phase impedance (Z,).



By taking two parameters as the base parameters, the
other base parameters can be obtained.

VP-base and VAlcb-base’

I _ VA 1g—base
P-base -
' P-base
;
7 — (\“ P-base )
P-base - y
VA

< *lg—base



Relationship between base current and base impedance.

Base parameters 1 phase system 3 phase system
Base current (Ip....) VA e VA3, s
\'?P-h ase 1"'3 “"?L-h ase
Base impedance (Zp.s..) (Vpopase)” (Vo)
VA sase VA3 sse

When all base parameters are obtained, any
parameter in the system can be converted into p.u. using
the above equations.



Exercises

2.5.1 Calculate base parameters for the following single phase system:
(a) Base immpedance and base voltage are 10 Q and 400 V. respectively.
Calculate the values of base power and base current.
[16 KVA, 40 A]
(b) Base current and voltage are 3000 A and 300 kV. respectively. Calculate
the values of base power and base impedance.



The following items are to be noted when there is
transformer connected in the system:

i. The base parameter for power is applicable for both
sides of the transformer since the transformer ratio
does not affect the power through it.

ii. The base parameter for voltage changes according to
the transformer ratio.
eg: for a 10/20 kV transformer, if the base voltage
at 10 kV is taken as 10 kV, then the base voltage at
the 20 kV side should be 20 kV.



Transformer impedance in Ohm, referred to the primary
winding is not equal to that referred to the secondary
winding.

As a result, the analysis involving transformer s
complicated since it has to be done by referring all
parameters to either side of the transformer.

However, in per unit representation, the equivalent
impedance values are the same at both sides of the
transformer.



To simplify the analysis, assume that the resistance of the
transformer can be neglected.

Primary winding Secondary winding
N primary = 1 €2 N eecondny = 2 2

1020 WV 100 VA Transformer

Figure 2.7
10 20

10 W 20 W
Rating 100 VA



The reactance referred to the primary side is

10 \ 2
Xrefé-rred-l:ﬂmar}' — ‘Kpnma.f-r + X secondary-referred- pru:mn " J =
LY &
F . 1
(10"
. 12| —| Q
1162 20 )

_J"I

10V 20V



The final equivalent is circuit is as shown below

J1.5Q

10V 20V
100 VA



If the impedance is referred to the secondary :

. L. (2007
Xrefened--‘;ec ondary l-‘.-e::nﬂ-:iar}-' + Xprimar:-;—ref-ewed-secn:uﬂdﬂ.t}' o 2 + ‘ T ]- o 6 Q
.10/
20 v 2
il = ao .
10/ 2
0
O O

10V 20V



The final equivalent is circuit is as shown below

6 Q

10V 20V
100 VA



with base voltage of 10 V and 20 V respectively at the
primary and secondary windings and base power of 100
VA, thus the base reactance at the primary side is

10°
Xbﬂ*:e-primar}' — 100 — l Q

and base reactance at the secondary side is

207
Xbﬂae—aeccudm'}' — — “I' Q
100




The reactance referred to the primary side in per unit is

1.5 i
Xi'eféﬂed-pnmar}' — —1 — l:" p.u.
15 pu
O
o 0
10V 20V

100 VA



And the reactance referred to the secondary side is

6 _
Xretéired-aec cndary - T = ]- LD p-u-
4
J1.5 pu
0
0 0V 20V 0

100 VA



Thus the equivalent circuit in pu is:

Base Voltage 10V Base voltage 20V
1puV TpuV
0 AAAR 0
j1.5 pu



Example 5.1: A single phase two-winding transformer 1s rated 25 RVA, 1100/ 440 volts, 50 Hz.
The equivalent leakage impedance of the transformer referred to the low voltage side is 0.06|78°

2 Using transformer rating as base values, determine the per-unit leakage impedance referred
to low voltage winding and referred to high voltage winding.

Solution: Let us assume high voltage side 1s primary and low voltage side 1s secondary
windings.
Transformer rating = 25 kVA = 0.025 MVA

V, = 1100 volt = 1.1 kV; Vg = 440 volt = 0.44 kV
(MVA)p = 0.025, V) = 1.1 kV, Vg = 0.44 kV.
Base impedance on the 440 volt side of the transformer 1s

;o Vig _ (0.44)°
SBO(MVA),  (0.025)

= 7.744 ohm

Per-unit leakage impedance referred to the low voltage side 1s

— Zq eq _ 0.08] ;8':‘:
=

— 7.74x 1077 | 78° pu.
ZESE (.74




If Z . referred to primarv winding (HV side),

D, e

/ 2 { Y2
2 N 1.1
Zy =02 o= | = |  Zg g =|—| x006|78°
P, e =, (] LNE J =, eq Lﬂ44 )

Z o = 0375 78° ohm.

o e

Base impedance on the 1.1 KV =side 1s

V2
ZpE - B _ (11) = 48.4 €
(MBA)g  0.025
Z 0.375| 78° .
7 (pu) = =21 = = 7.74 x 10°°| 78° pu
p(Pr) Z. 48.4 [T p

Therefore, per-unit leakage impedance remains unchanged



Example : Find the per unit value for each component and
draw the impedance diagram.

Transmission line

20kV
@ @ 200 MVA @
Zm=0.5+2.0 Q -
Y Y- A A-Y Y
Generator Transformer 1 - Load
10 KV Tansiormet Transformer 2 10 KV
i 10/20 kV 10/20 kV .
100 MVA 150 MVA = Z1,,=0.2113.0 Q

150 MVA
Ztran-‘.-fc:rmer_‘-:O 2+] ]- 0 Q
(referred to 10 kV side)

deuera'rcr:[] ) l +]0 8 Q Ztrau&fmmerlzo 2+.] ]' U Q

(referred to 10 kV side)



The base parameters taken for the system, both at the
generator, are:

VL-base = 10 kV.
VA3D-base = 100 MVA.

The base impedance values at components 1 the system are:
T 2 X7 2
_ (Vi) _ (10KV)"
VA, 100 MVA

Ig—hase

(Generator: Lvase-enerator 1 Q.

10 kV)*
Transformer 1: L pase-tansformer] — ( )
100 MVA

=1 Q.



Transmission line:

Transformer 2:

[Load:

_(20kV)*

Z ase-line = - ‘-1' Q
=100 MVA
Zbaae-t:‘aﬂsfmme:'l — (1 0 k\;) — l Q
100 MVA
10 kV)?
Zbﬁ-‘f-lﬂﬂd: ( ) — 1 Q

100 MVA



Thus, the impedance m per unit for each component 1s:

7 Lo
geperator  _ 0.1 -]08 =01 —|—J08 p.u.

02 +il.0

=02+31.0pu.

=0.125+05p.u.

02 +j10

Generator: Z o conerator =
L base-generator
T . f . 1 ; Z — Ztrausf-:-ﬂnerl
ransirormer 1. pu-transformer] — Z
base-transformer]
. Z. 0.5 +12.0
Line: Lpiine = — 2 —= J
Z’h:{ae-line 4
T ; f . 2 Z — Z’trausfﬁﬂnfrl
rans1ormer .. pu-transformer?
base-transformer?
7 0.2 +13.0
L—Dﬁd: Zpu-lcad _ load — .]

=02+31.0pu.

=02+;3.0p.u.

1

base-load



The impedance diagram :

Z ppenginam=0.2T11.0 pU. Zpainn=0.1251105 pu. Zupenzueaw=0.2171.0 p.u.

Penjana

Z puveran=0.21713.0 p.u.

Z penjana—0.1770.8 p.u.

Reference bus




Example :

Find the load current, actual current in every component
and voltage drop in every component if the load voltage
is 1pu.

-

V .
Ipu-]uad — pu-load — 1 U — 033 4'86 .Ev p.u.
0.2+33.0

pu-load

The load current value in per unit is the same throughout
the system.



The base current value at each component is

VA, .. 100MVA

IbﬁSE-]Gﬂd o — - — - 5??3 5 1’%.
V3V, ...  N310kV
100 MVA
Ibase-]ine = — = 28868 ;"EL
v320kV
100 MVA
Ibase-generamr = — 5??3 5 fjs.

J310kV



The actual current value at each component is

Liad = Liwsetoad X Lioas = 3773.5 % 0.33£-86.2 =19053 £-86.2° A
Line = Linsne X Lyteas = 2886.8 X 0.33£-86.2°=952.6 £-86.2" A.
Lpenenter = Lonse-semrner X Lypind = 5 773.9 X 0.33£-86.2°=1905.3 £-86.2" A,



The voltage drop at every component is:

Transtormer 2:

[ine:

Transtormer 1:

(Generator:

= L toad Zpotramstomens = (0.33£-86.27)(0.2 +71.0)
=0.34/-75 pu.

= Lvtons Zptine = (0.33£-86.27)(0.125 +30.5)
=0.17£-102" p.u.

= L toad Zpurenstormert = (0.332-86.27)(0.2 +1.0)

=0.34£-75 pa.

= T st Zo e = (0.33./-86.2°)(0.1 + 0.8)
=0.27/-33 pu.



The generated voltage is :

1\‘;‘rpﬂu,-gvz-:*:uarﬂ'r:'u' :R'?puﬁlaad + KT\FPU-TTHE-‘.-fC-ﬂHEI‘E + Kx\;pu-]me + K"'?pu-ﬁau-:-f:urmm'l + Kvpu-genemt:r
=1+03424-754+0.17£-102"+034£-75+027£-3.3°
=2.12-70.13=2.122-35 p.u.

The actual value of the generated voltage is

1\"?rg&:l.mi"a_'nzuf — ‘\“'Tpu-gEﬂeratm' X ‘\‘.?bHEE'-gEﬂEi'ﬂtﬂf — (2 12430': -3 5:)31 10 k‘\“r
=21.2/26.5"kV (line-to-line voltage).

it can be observed that the generated voltage is far
beyond the nominal voltage. This occurs due to the excessive
voltage drop in the components of the system.



Question 2.

Repeat the previous by replacing the load with a new value

of 50 +j 100 Q.



Base impedances are similar to those given in the example:
Generator and 10 kV side of Transformer 1: Zi. gpeater = 1 Q.

Transmission line: Lineine — 4 Q.
Transformer 2: Lo teanstormery — 1 C2.
Load: Lineroad — 1 Q.

The impedance value in per unit for each component, except load 1s similar to that from the

example:
Generator: Z s generare = 0.1 + 0.8 p.u.
Transformer 1: Z oussanstormers = 0.2 771.0 pu.
Line: Zoniie = 0.125 +30.5 pou.

Transformer 2: Z gy sanstormerz = 0.2 +11.0 p.u.



The new value for load impedance 1s
Z uioaa = (50+3100) /1 =50 + ;100 p.u.

Lntad = 1/(50+7100) = 0.009 £-63.4° p.u.

Base current 1s similar to that from the example:
lhaeetcas = 3773 .5 A
[hsetine — 2886.8 A.
Lase-generator = 2 7 13.3 A

Thus. the current flowing into each component in Ampere 1s
Tioad = Tnasetond X Lowioas = 3773.5 X 0.009.£-63.4"=52.0 £-63.4" A
Tine = Toasertine X Lnias = 2886.8 x 0.009 £-63.4"=26.0 £-63.4" A
Lenerator = base-senerater X Lpptoas = 3773.5 X 0.009£-63.4" =52.0 £-63.4" A.



Thevoltage drops in the components of the system are:

Transformer 2: KV sanstormers = (0.009 £-63 4 (0.2 +71.0) =9.2x10°2153" p.u.
Line: KV, e = (0.009 £-63.47)(0.125 +j0.5) = 4.?}1103412.6 p.u.
Transformer 1: KV, sanstormens = (0.009 £-63 4 (0.2 +71.0)=9.2x10°/153" p.u.
Generator: KV generater = (0.009 £-63 .43)(0.1 +10.8) = 7.3x10°219.5° p.u.

Generated voltage 1s
"’Tpuagenframi "’ pu-load + K"’Tpu transformer? + K\* pu-line + K"’Tpu trans former] + K\" pu-generator

=1+92x10°£153"+4.7x10°£12.6°+ 9.2x10°215.3°+ 7.3x10° 219 .5°
=1.029 +0.008 = 1.03.20.5" p.u.

In actual unit, the generated voltage 1s
ETEE’!IJ.E’I"‘[TDI' — ‘\'I pu—generatn: ‘{ 1" IJHEE' EE‘[I.E'i"'lTﬂf (]- 0%420 +0 q )3’-— 10 k‘\"

=10.3230.5"kV.



List of advantages of per unit compared to normal unit :

Manufacturers of  power  system  components
conveniently provide impedance data for the
components in per unit based on the voltage and power
ratings of the components.

The calculation for system parameters such as current
and voltage is relatively simple and straightforward
using per unit system in the impedance

The impedance of a transformer in per unit is the same
for both side.



iv. per unit are scaling mechanisms, useful to power
system engineers because it can easily help indicate
overvoltage, over current and overloading.

v. Simplify the relationship involves the multiplication of
current and voltage.



In certain situation, conversion of impedance in per unit
from a given base to another need to be done.

For instance, the impedance for an individual component is
initially based on the ratings of the component.

However, if the base values used for the whole system
differ from the component’s ratings, then the per unit value
of the impedance has to be corrected to the new system
base.



A three phase generator has the following voltage and
power ratings:

Vbase =10 kV
VAbase = 50 MVVA

Given the impedance of the generator

Xpu=0.1pu.

In Ohm, the impedance is

(KITL-'DHSE:)E =0 1 {:10 k\;);‘- —

| 020
VA 50 MVA

XD]JJIL — Xpu

3g—base



if the following new bases are used,

Vbase-new = 20 kV
VAbase-new = 10 MVA,
Then

— (‘UL-base-uew )j — (20 kET) 2 —
VA, 10 MVA

3g—base—new

40 Q

Z base-new

Thus, the impedance value in the new bases

0.2
X,= — =0.005pauu..
p 10 P



Given the old base values for voltage and power and the
impedance based on these values,

R‘ base-cld

‘\"?fqhase-c:ld

Zpu-hase—c:ld
The new base values

T“.'-"
base-new

“‘ “.1-‘13-3.5&-11?-.‘{



Therefore, the impedance value in the new base is :

N -
7 =7 V base-old VA base-new
pu-base-new pu-base-old ] . ]

\’ *'él base-old

Y base-new



Question 3

A generator has reactance of 0.25 p.u. based on 18 kV
500 MVA. The generator is connected to a power system
that uses base values of 20 kV 100 MVA. Calculate

i. reactance of the generator in Ohm.
ii. the reactance in per unit based on 20 kV 100 MVA

base values.



(1)

(11)

With base values of 18 kV 500 MVA,
_ (18kV)?

Xhase -
500 MV A
Thus,, Xgenerator = 0.25 x 0.65 = 0.16 Q.

=0.65 Q.

By base conversion method.

< =0’?*=~|f18kvf 100 MVA _ o0
Seenemor =0 20kv) so0Mva P




Example :

A
DI Liei
DO T 20k
| & Line2
(! Hoky |

S

‘l Load




. 90 MVA 22 kV

I, S0 MVA 22220 kV
T5 40 MVA 220011 KV
Ty 40 MVA 2210 kY
Ta: 40 MVA TEOVLE kW
M B6.5S MVA 1045 kV

A =18%
A =10%
X =60%
X =604%
N =50 %
X=135%

Find the new per-unit impedance for each component by
taking 11 kV at the motor side and 100MVA as the new

base.



The new per unit impedance

100

G K’--[}lﬁ( BJD-J 20 pu

T X —ﬂm(lj:j j ~ 20 o
U:lL )

T, -‘{—D{JE{ — ) e0s py
100

Th XK -—DDE~+[ : .- = {16 pe

il

T X = EIDEL\E-;f | = 0.2 pu
C100N 7 L0

.:’l.!: _1';.. = D -I'-'!-El Ir\ r:l:_:}—l%:ﬁ '.: --.I-.il!. I| — i '_.



Exercises

2.5.3 A three phase power system has two generator connected in parallel to a
transformer and subsequently to a 230 kV transmission line. The ratings for the
components are given as below:

Generator 1 : 10 MVA. reactance of 12%.
Generator 2 : 5 MVA. reactance of 8%,
Transformer: 15 MVA. reactance of 6%
Transmission line: impedance of 4 + 160 Q,

tor which the reactances in percentage are based on the ratings of the respective
components. Obtain the reactance and impedance values of the components i the
system 1n percentage, based on 15 MVA and rated voltage of the components.

[Xc1 =18%, X:=24%, X1=6% . X1p=(0.113+j1.7)%]



A 3 phase Wye connected load consists of three
impedances, each with a value of 20430° (). The line
voltage at the load terminal is 4.4 kV. The line impedance

is 1.4 £ 75°C). Obtain the line voltage at the source end.

" j | h_

Line |
L Load
Source

. Terminal
Terminal



Impedance diagram for the system

Zr=14 /75 Q.

[ —=




Using base values of 4.4 kV (line voltage) and 127 A (phase current),

V=120 pu
7o = 44kV /3 —200.
127 A
20./30° o
/g = =130 pu.
20 P
59 o
Zr= La27> 007275 pu.

20



Phase voltage at the source end 1s

vV
Vp=IgZr+ V= —2Zr+ V3
Zp

1 0
= 0.07£75+1
1/30°
1.0522.7 pu. (@ 1.05 x44kV =4.62kV line-to-line).




Example :

This figure shows a sample of power system network. Find
the current supplied by the generator, the transmission
line current, the load current, the load voltage and the
power consumed by the load. Choose base 100MVA and
138kV at the line.

@ T @ T(, ©
@ A J’E ; Zyo= (10 + J10)Q ﬁ‘l B ‘L
» A
11.2 KV AY 7 <30
5 MVA 10 MVA
11.21132 KV 138/69 KV

¥t = 0.10 pu X1z = 0.10 pu



Choose

(MVA), = 100
(KV)p = 138

132
Vi, = 138 kV

{
138
v, = L W x11.2=11.71 kV



_ (138)°

- = 190.44 Q
27 7100
T = 69" _ 17610
100
oo 104710 _10+j10 _ Qe
Line = 7 19044  o0=2 B TJU P
Zow 30 __30_ _ 65

Zy, 4761



o

. _ Xpyq X (BV)R g y (MVA)p Lew
1, new 7

o (MVA)p a4 (EV)T new

AT1, old = 0.10 pu, (KV)E oa = 11.2 KV,
{KV)E, rew = 1171 KV, Wﬂ)[{, ad = 5, (MVA)g, ... = 100

(11.2)2 100
:GTI, new — 0.10 x E A {1 1.?1)2 pu = 1.83 P

100
5> =0.10x——=1 pu
2 10 P



Finally the source voltage in per-unit,
1.2

E.| = —— = 0.956 pu.
|Es| =197 0 P

Figure 5.20 shows the impedance diagram of example 5.7.

A j1.83 B C D
o — G060 —e——A N — D 7 U ——9
— J(pu) 0.0525  j.0525 £
§D£3 pu

() 0.956(00




0.956 | 0°

I(pu) = - . . pu
7183+ 0.0525 + j0.0525 + j1+0.63
0.956| 0° 0.956
I(pu) = 0 pu

(0.6825 + j2.8825) B 2.962] 76.68"

I(pu) = 0.3227 | —76.68° pu

Load voltage V7.4 (pu) =0.63 x 0.3227| =76.68° = 0.203| —=76.68° pu.

P aapu) = Ziaalpu) | {(pu) |::“r = 0.63 x (0.3227)* = 0.0656 pu
= 0.0656 x 100 = 6.56 MW load



_ 100x10°

3

Nt

; = 4934.6 Amp
3 1]_.r x 10°

112

132

_ 138

69 = 837.4 Amp.



Generator current
I,= [I(pu)| x Iy, = 0.3227 X 4934.6 = 1592.4 Amp
Transmission line current
| L, = 0.3227 x 4187 Amp = 135.11 Amp
Load current
| I,| =0.3227 x 837.4 = 270.23 Amp
Load voltage,

Vi (pw) = I(pu) % Z; (pu) = 0.3227| -76.68° x 0.63 pu

Vi (pu) = 0.2033] ~76.68° pu
1V | = 0.2033 x 69 KV = 14.02 KV (Line-to-line)




This figure shows a single line diagram of a network.
Select a common base of TOOMVA and 13.8kV on the

generator side. Draw the per unit impedance diagram.

220KV
' Line=1 |

L —
s
"'-...-'-.-"u‘--{
Sy

T 5 . T
YR Ling-2 iﬁ v
P | 132 kW | 2 C




90 MVA, 13.8 kV, x, = 18%

50 MVA, 13.8/220 kV, xp, = 10%

50 MVA, 220/11 kV, xps = 10%

50 MVA, 13.8/132 kV, xp, = 10%

50 MVA, 132/11 kV, xp, = 10%

80 MVA, 10.45 kV, x, = 20%

Load : 57 MVA, 0.8 pt (lagging) at 10.45 kV.

Lo

E:ﬂ;]'ﬁ_"ﬂﬁ

Ilinel = 5l €2

X =70 Q



100

= (.18 x —— = 0.20 pu
90
{
100
Xpy = n.mL ) = 0.20 pu
50 )
100
Xpo = O. 1{1( W 0.20 pu
nl) J
100
Xpg = n.mt W = 0.20 pu
(100
Xy = n.mtﬁw = 0.20 pu

]TI T W

100 {10.45
(pu)—[]ﬁ}{—}{t ﬂ = 0.2256 pu.



Base impedance for lines

z . = Ve (20

= = 484 Q
23T (MVA), 100

(Viyo)* _ (132)°

Ty oo = = 174.24 Q.
B.56T (MVA), 100

50
Xjipe.1(pu) = 191 PU= 0.1033 pu

70
Xjipeolpu) = T7a94 PUT 0.4017 pu.




The load 1s at 0.8 pf lagging 1s given by
Si(3¢) = 57| 36.87°
Load impedance 1s given by

(Vo) (1045)°

ZL + -
¥ =7 ag aTo
‘E’LEHM o7 o087

Z; = (1.532 + j1.1495)Q.

Base impedance for the load is

(11)*
0 = (2 =1.210Q
B. load 100
1.532 + 111495 :
Zi(pu) = (15 / ) pu = (1.266 + j 0.95) pu

121



The per-unit equivalent circuit diagram

1 2 01033 0.2 4

N2 Q4017 .2
I

1.288

jo.85




The figure shows a single line diagram of a single phase
circuit.

Using the base value of 3 kVA and 230V.

Draw the per unit circuit diagram.

Also calculate the load current both in per unit and amperes.

Sec -3

H'C Y'c |
BRAS Xy.q = 3C2 A

S—43 |

|

Sac-1 ! Sec -2
I
I

L

f Z =(0.8+0.3) ohm
Ty : 3 kVA, 230/433 volts, x,q = 0.10 pu D
Ty 2 kVA, 440/120 volts, x,, = 0.10 pu ‘%7




for transformer-T,

For transformer, 75,

For generator

For Line

X1 old = Xeq = 0.10 pu

‘A4 Ak
. T — I::I l ) [?

Imew 11733 ) = (1.1548 pu

.'-J— IH-

1220

g1 = ﬁ) — 0.956 pu

_.-T E ) E
= (MVA)q 0.003

X (PU) = — = =0.048 pu



i

120

Forload V7, = LMJ x 433 volts = 118.09 volts = 0.11809 kV.
J

(Vgs)®  (011809)

(MVA)g 0003

Z, (ohm) (0.8 + j0.3)
Zns 4.64

= (0.1724 + j 0.0646) pu.

ZL(IJU) —




Per-umt circuit

010 jo-048 J0-1548




Vi
IL'[I:“—I) — _

Z(pu) =j 0.10 + j0.048 + j0.1548
+0.1724 + j0.0646

= [].4[]58| 64.86°

Base current in Section-3 1s

(MVA 0.003
Iy = )5 _ kA = 25.4 Amp
(Vis) 0.11809

0.956 | 0°

0.4058 | 64.86"

I, (Amp) = I, (pu) X Iy, = 2.355| —64.86°x 25 4

Ii(pu) =

= 09.83| —64.86° Amp.




Favult calculation

Per unit calculation is used extensively in fault
calculation. The idea is to convert all quantities to per

unit.

The normal circuit analysis is used to calculate current
and voltage under short-circuit condition.

Xpu= Base MVA/ SC MVA



As an example, consider the following network

22KV 11kV

11kV 132KV

A=500

X=30%




Changing impedances into pu with 100MVA base,

22kV

132kV 130kV

Y Y Y
0.3pu 0.04pu 0.284pu 1.05pu




What 1s the fault current m p.u and absolute value?

22kV

0.7473pu

S
7
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