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MODULE 2: Basic Concepts - Components of Power Systems.

Overview

This module discusses the main components of power systems. As shown in Figure 1-1,
generators, transmission lines and transformers are the three main components of power systems,
and will be discussed in this module. Also, a short paper, titled “Utilization of Generator
Reactive Capability: A Transmission Viewpoint” as given in Appendix 2A, discusses how the
impedance of GSU and the tap setting would affect the ability of reactive production ability of a
generator.

Generators

The device converts mechanical energy to electrical energy is called a generator.
Synchronous machines can produce high power reliably with high efficiency, and therefore, are
widely used as generators in power systems. A generator serves two basic functions. The first
one is to produce active power (MW), and the second function, frequently forgotten, is to
produce reactive power (Mvar). The discussion on generators will be limited to the
fundamentals related to these two functions. More details related to the dynamic performance of
generators will be discussed in Module 6. The mechanical structure of generators is out of the
scope of this material.

A simplified turbine-generator-exciter system is shown in Figure 2-1. The turbine, or the
prime mover, controls the active power generation. For instance, by increasing the valve
opening of a steam turbine, more active power can be generated and vice versa. The exciter,
represented as an adjustable DC voltage source, controls the filed current that controls the

internal generated voltage source, E.. Therefore, the generator terminal voltage, V, is

controlled.
: iX,
0 Y5
| ;
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field
Fig. 2-1. An electrical representation of a simplified turbaine-generator-exciter.
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The steady-state equivalent circuit of a synchronous generator can be drawn as an
internal voltage source and its (direct-axis) synchronous reactance in series as shown in Figure 2-
2. The system is represented with an infinite bus, which holds a constant voltage. The generator
terminal voltage, or system voltage, is usually chosen as the reference, therefore, a zero degree

Generator System
Fig. 2-2. A per phase steady-state equivalent circuit of a synchronous generator and the system.

angle. Then, the generator internal voltage can be obtained
E, =1(jX,)+V = jX,I+V =E;0J,

where the angle O is called power angle. A graphical representation of these quantities can be
useful and is shown in Figure 2-3.

Fig. 2-3. Phasor diagram of E;, V, and 1.

The per phase analysis of the complex power injected to the system can be calculated by

_ .. _[E,-VO _[E.05-VO VE OVE 2]
S=VI' =VE—p =V[= 0 —0 = fsin5+j[-1—fcosc?—V—D=P+jQ.
0JXe O 0OX09° 0 Xy 0X4 Xa[

Figure 2-4 shows the active power and reactive power versus the power angle. The maximum
value of the active power, Pnax, is referred to as the steady-state stability limit and can be
calculated as
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Fig. 2-4. Generator P and Q versus 0.

This maximum power occurs at power angle d =90°. It is worth mentioning that the when the
active power increases, the power angle increases. However, at P« the power angle is 90°, the
angle can not be increased any further, since the generator can not maintain synchronism with
the rest of the system.

Example 2-1: A generator has the following data:
Smrated =250MVA, V| q =13.8kV,  pf 4 =0.85(lagging), Xy =1.2pu,

Py rated = 2125MW - Q,,, =132Mvar,  Q,;, =—100Mvar.

(1) Find P, Q, Efand din per unit when operated at rated terminal conditions. Set 250MVA
as the power base.
(2) If the active power is reduced by 15%, re-evaluate P, Q, E¢rand O.
(3) If the exciter is adjusted to reduce Ef by 5.56%, re-evaluate P, Q, E¢and .
Solution:
(1) The complex power at rated conditions can be obtained from its rated MVA and rated
power factor, namely,

S =855 raiea €08 ™ (PFiyeq) = 2500 cos ™ (0.85) = 250031.8° = 212.5 + j132 MVA
Its per unit value is
- S

Spu :S

=0.85+ j0.527 pu

Base,3¢
Therefore,

P =0.85 pu
and

Q=0.527 pu
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To calculate the Erand &
Since the generator is operated at rated conditions, the current in per unit is

I=10-cos " (pf,q) =10 -31.8° pu

=(1.2)(10 =31.8°) +1110° =1.6323 + j1.01987 =1.925032° pu

Therefore,

E; =1.925 pu
and

0=32°

This is the base case for the following parts (2) and (3).
(2) The active power reduced by 15% of the base case,

P=(1-0.15)%(0.85) =0.7225 pu
Assuming the change on the active power does not affect the Eg,
E; =1.925 pu

Then, the power angle can be calculated by

S HPX -
5 =i 1[(0722512
" Hos)) B
The corresponding reactive power can be calculated,

2
(1.925)><1c 1

Q= os(26.8°)—E =0.599 pu

(3) The E¢is reduced by 5.56% from the base case,
E; =(1-0.0556)%(1.925) =1.818 pu

Assuming the adjustment on excitation active power does not affect the active power
generation,

P =0.85 pu

The power angle can be calculated as

5 = sin-l {0.85)(1.2)0_ 3410

He.sis)\) H

The corresponding reactive power can be calculated,

2
Q= %cos(_’%,ﬁ)—% =0.421 pu ¢

Power Systems — Basic Concepts and Applications — Part I Page 5



Table 2-1 tabulates the results from Example 2-1 for a comparison purpose. A decrease
of 15% on active power generation, the power angle is decreased by 14%. A very small decrease

(-5.56%) on the internal generated voltage, it causes a significant decrease (-20%) on generator
reactive power production.

Table 2-1: Comparison of P, Q, Erand J obtained in Example 2-1.

P Q E; 0

Case # pu % pu pu % Degrees %
1 0.85 0.527 1.925 32
2 0.7225 | -15% 0.599 +14% 1.925 26.8 -14%
3 0.85 0.421 1.818 | -5.56% 34.1 +6.6%

Another important steady-state limitation on generators is its reactive limits. A typical
generator reactive capability curve is shown in Figure 2-5. At each MW output, there are two
corresponding reactive limits, one overexcited and the other one underexcited. As one can see
from the curve, the continuous reactive power output capability is limited by the stator heating
limit (armature current limit), the rotor heating limit (field current limit), and the stator end turn
(end region) heating limit. The generator reactive capability will affect generators’ ability to
regulate the system voltage under normal and contingency conditions, and consequently, the
performance of the power systems.

LAGGING
GEN MVAR OUT (OVEREXCITED)

LEADING
GEN MVAR IN (UNDEREXCITED)

Fig. 2-5. A typical generator reactive capability curve.
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To summarize the discussions on synchronous generators:

1) The amount of active power (MW) generated by a synchronous generator is a function of
0, and O is controlled by the mechanical drive on the rotor.

2) The amount of reactive power (Mvar) generated by a synchronous generator is a function
of E¢, and E; is controlled by the electrical excitation on the rotor.

Transmission Lines

The equipment connecting the generated electrical energy from the generation to the
Distribution system is the transmission line. A transmission system is a massive interconnected
network consists of mainly AC transmission lines with various high/extra high voltage levels.
The main advantage of having higher voltage in transmission system is to reduce the losses in the
grid.

Electrical energy is transported from generating stations to their loads through overhead
lines and cables. Overhead transmission lines are used for long distances in open county and
rural areas, while cables are used for underground transmission in urban areas and for
underwater crossings. Because the cost for cables is much more expensive than the overhead
lines, cables are used in special situations where overhead lines can not be used. Since the
majority of transmission lines are overhead lines, the discussion is limited to overhead lines only.

Before discussing the model for transmission lines, some related terms need to be clearly
defined. The parameters for modeling of overhead transmission lines are:

(1) Series (line) Resistance (R) — The resistance of the conductor.

(2) Series (line) inductance (L) — The line inductance depends on the partial flux linkages
within the conductor cross-section and external flux linkages.

3) Shunt capacitance (C) — The potential difference between the conductors of a
transmission line causes the conductors to be charged.

Then, the series (line) impedance of the transmission line can be expressed as
Z=R+jX, =R+jalL Q,
and the shunt admittance of the transmission line can be expressed as

Y =jB, =jwC Siemen.

The characteristic impedance of a transmission line is defined as

ZC:\/Zz MQ
Y jaC

If the resistance of the transmission line is neglected, the characteristic impedance can be
simplified as
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ZC:ZC: &:\/EQ,
jaC C

which is a real number in this case. It is commonly referred to as the surge impedance. The
power delivered by a transmission line when it is terminated by its surge impedance is known as
the surge impedance load (SIL),

V2
SIL = Lz—td MW.

C

When the loading of a transmission line is heavier than its SIL, the voltage will be decreasing
along the line. This implies that the reactive power generated from the line charging is less than
the reactive power consumption of the line impedance. Therefore, the transmission line acts as
an inductor. When the loading of the line is light, less than its SIL, the line reactive charging is
greater than the line reactive consumption. At light loading conditions, a transmission line acts
like a capacitor, and the voltage along the line will be increasing. The voltage profile along the
line is the same, as shown in Figure 2-6, when the loading of the line is at its SIL.

\Y

\ SIL
Heavy Load (>SIL)

Line length
Sending Receiving

End End

Fig. 2-6. Voltage profiles with various loading conditions on the transmission line.

The model commonly used for AC overhead transmission lines is called Pi (1) network
and is shown in Figure 2-7. Please note that the shunt admittance has been even divided into two
shunt elements connecting to both ends of a pi equivalent network. By KVL:

- = Y- [ < ZY —
Vs :Zﬁr +EVrE+Vr :E-l_T%r +ZIr7

where
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V, = the sending end voltage,
I, = the sending end current,

V. = the receiving end voltage,

and
I, = the receiving end current.

. Z
IS R JX ir
—» L —

o ANN— YN o
+ +
v, YidBe— —BlY g

2 2
o O

Fig. 2-7. A pi network for a transmission line model.

Recall the transmission (A, B, C and D) parameters of a two-port network. The two
equations can be re-written in a matrix notation,

_ 0.,z - 0 _
V.0 B BN OV.0 (A BOV.O
0-0 % ol OFG3 =L O
g. 0 gJ,ZY 1+ﬁ%rm * D, O
4 2 g
where
K=1+ﬁ=ﬁ,
2
B=7Z,
and
7~ 2
C=Y 7Y
4

Example 2-2: A transmission line has a series impedance and a shunt admittance as follows
Z =8.8+j46.54 Qand Y = j0.3524 mS, find:
(1) The characteristic impedance of the transmission line.
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(2) The model of the transmission line by a pi equivalent network with its actual
impedance/admittance values.

(3) If S3ppae =100MVA and V| g, =230kV, re-evaluate part (2) with per unit values

and calculate transmission parameters, A, B, C and D in per unit values.
Solution:

(1) Z. = J 88+ j46.54 \/47 36450793 _ 113440598 DBﬂH— 366.60 - 5.35°Q

j0.3524%107 0.0003524190°

If neglecting the series resistance,

Zc = 46—54_3 =363.4 Q
\ 0.3524 %10

(2) Z=8.8+j46.54 Q

Y JO 0003524

5 =30.0001762 S

The transmission line model is shown in Figure 2-8.

I

sy 880 46,540 by
o ANN— YA o
+ +
§0.0001762S §0.0001762S
v, — — v
5 o

Fig. 2-8. The pi equivalent model in actual values for the given transmission line.

V2 2
(3) Zpype = 22 = 2307 _ 5500
SBase,3qo 100

— + 1
- _8.8+j46.54

=0.016635 + j0.087977 pu

M 529
E\i% JO (1)/050219762 - .]009321 pu (hil’lt: YBase = 1/ZBase )

The transmission line model in per unit is shown in Figure 2-9.
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I
—y 0.016635pu j0.087977pu Ly
O /\/\/\/ 7YY Y o
+ +
. §0.09321pu 10.09321pu
5 o

Fig. 2-9. The pi equivalent model in per unit values for the given transmission line.

For the transmission parameters, A,B,C and D:
A =D =1+(0.016635 + j0.087977)(j0.09321) = 0.991783410.084° pu

B =0.016635 + j0.087977 = 0.08953580179.95° pu

C =2x(j0.09321)+(0.0895358179.95°)(j0.09321)* = 0.185654190.04° pu ¢

Transformers

The main functions of transformers are stepping up voltages from the lower generation
levels to the higher transmission voltage levels and stepping down voltages from the higher
transmission voltage levels to the lower distribution voltage levels. The main advantage of
having higher voltage in transmission system is to reduce the losses in the grid. Since
transformers operate at constant power, when the voltage is higher, then the current has a lower
value. Therefore, the losses, a function of the current square, will be lower at a higher voltage.

The output power of an ideal two winding transformer equals the input power while
having two different voltage levels on its input and output terminals, namely,

5 =5,

The equivalent circuit of an ideal transformer is shown in Figure 2-10. This is assumed to be a
generator step-up transformer (GSU) that will step-up the voltage at the primary side (or low
side) from a lower level to a higher voltage at the secondary side (high side). It is commonly
assumed that power flows from the primary side to the secondary side of transformers. The
primary/secondary voltages and currents have the following relationship:

Elil :E212a

E, _E,

N, N, ’
and

Nlil = Nzizo
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where

es]

|, = primary voltage,

— |

|, = primary current,

Z

, = number of primary turns,

es]

, = secondary voltage,

—|

, = secondary current,

and
N, =number of secondary turns.

I1 I2
e —»
O O
+ +
E, N,D CN, E,
o o

Fig. 2-10. A representation of an ideal two winding transformer.

To have a more accurate model for transformers, core losses and copper losses need to be
considered. The core losses are commonly assumed to be a constant as load goes from no-load
to full load, while the copper losses vary as the square of the load (current). Therefore, the
equivalent circuit of a transformer can be expanded as shown in Figure 2-11.

- _ T N,:N, -

Ly 1 ix, Ly T r, ix, g
o—AAA—"YYN S ANN— I,
+ *Ic + +
v, r.< jx, E: E, v,
O _ _ O

Ideal Transformer
Fig. 2-11. An equivalent circuit of a two winding transformer.
By KVL,
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where
1, = primary winding resistance,
X, = primary leakage reactance,

V, = applied primary voltage,
I, = exciting current,
r, = resistance representing core losses,

X,, = reactance representing magnetizing current,

N . .
n = —L, turn ratio, rated primary voltage/rated secondary voltage,
2

r, = secondary winding resistance,

X, = secondary leakage reactance,
and

V, = applied secondary voltage.

The exciting current is small as compared to rated current. Since r. and Xy, are very large
in comparison to other ohmic values, they are generally ignored in circuit calculation. Under this
condition, if secondary values are referred to the primary side, the equivalent circuit can be
simplified and redrawn as shown in Figure 2-12. The equivalent resistance and reactance can be
calculated as follows

- 2
[ =0 +0°1y,

and

- 2
Xgq =X 107X,

il T jX
——» eq
o—ANAN—YYV 5
+ +
v, nv,
O _O

Fig. 2-12. The transformer equivalent circuit with impedances referred to primary.

Power Systems — Basic Concepts and Applications — Part I Page 13



Similarly, one can refer all impedances to the secondary side. (Relations refer from primary to
secondary in inverse order)

Two quantities that help describe the operation of a transformer are its voltage regulation and
efficiency. Voltage regulation is defined as the change in the voltage from no load to full load as
a percentage of the full-load voltage. Efficiency is defined as power output divided by power
input and is usually given as a percent quantity as well. The voltage regulation (VR) and
efficiency (1) can be expressed as

VR=MXIOO%,

fl
and
P P
n=-2x100% = —""——x100%,
. +
in out losses
where
V,, = full-load voltage,
V., = no-load voltage,
P, = output power,
P,, = input power,
and

P

losses — Power losses including core losses and copper losses.

Sometimes the impedances of a transformer are not given. Instead, the results from a
short circuit test and open circuit test are given. However, the details on the short circuit and
open circuit tests are out of the scope of this material. The following example should be
sufficient for readers to review these tests and to understand the material presented so far in this
section.

Example 2-3: Short circuit and open circuit tests in the usual way are conducted on a 75 kVA
7600:240 volt single-phase transformer. The data are listed below:

Type of Test Volts Amperes Watts
S-C 380 (Vs.c) 9.87 (Is.c) 750 (Ps.c)
O-C 240 (Vo-c) 11.1 (In.0) 600 (Po.c)

Find:
(1) The transformer equivalent circuit with all quantities referred to the high side.
(2) The exciting current taken by the transformer when energized with rated voltage on the
high side of the transformer.
(3) The voltage regulation and efficiency of the transformer when delivering rated kVA at
0.8 power factor lagging at rated voltage.

(4) Express 1., * jX,, in per unit on the transformer rating.
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Solution:
(1) The short circuit test is commonly performed on the high side of the transformer. The
equivalent winding impedance can be calculated.

Xeg =422, —13 =438.57 -7.72 =37.72Q

The open circuit test is commonly performed on the low side of the transformer. The
conversion from the low side to the high side is necessary to calculate the r, and x,,. The
turn ratio

n :@ =31.66667
240

Since

\/2
Py =2

Te

n2

Therefore,

_n’Vi_e _ (31.66667) 240°
Po_c 600

=96267Q

. n _ (31.66667)°
Ioc H Fn? ALig 1.66667°
\/ O_Cé E%% \/m40§2 E%zm %

The equivalent circuit for the given transformer with all impedances referred to the high
side is shown in Figure 2-13.

=22253Q
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77Q  37.72Q

+ 0
+

Vi 96267Q J22253Q nv,

(e, O

Fig. 2-13. The equivalent circuit of the given transformer.

21, = 7600 =0.35 amps

IJB IR

[(P6267 [0 [22253[

or,
[ 2loe 1L
" n 31.66667

(3) Figure 2-13 can be used for voltage regulation calculation.
The current at the rated kVA at 0.8 power factor lagging at rated voltage is

_ 75000
rated 7600

Assuming the voltage at the terminals on the right hand side is 7600 volts, the voltage at
the left hand side can be calculated.

V, =7600000° +(9.86801 —36.87°)(7.7 + j37.72) = 7884.1+ j252.15 = 7888.13011.83° V

=0.35 amps

0 - cos™ (0.8) = 9.86801 —36.87° amps

The voltage regulation can be calculated as

7888.13 240 _ 240

VR = 7600 x100% = 3.79%
240

The power output is the product of the rated kVA and the load power factor, namely,
P =75%x0.8=60 kW

The efficiency is

60000

= x100% =97.8%
60000 + 750 + 600

_ 76007

Base =770.1 Q
75000

(4) Z
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below.

Three impedances are obtained from the three short circuit tests.
individual winding impedances,

and

=—— =0.01 pu
“ 7701 P
37.72
X. =——==0.049 pu
“770.1 P

There is another type of transformers in power systems, three winding transformers. A
typical equivalent circuit for a three winding transformer is shown in Figure 2-14. Three short
circuit tests are made to measure its impedances. The method of testing is given by Table 2-2

Fig. 2-14. An equivalent circuit of a three winding transformer in per unit values.

Table 2-2. Method of testing for a three winding transformer.

Winding Winding Winding Impedance

Energized Short-circuited Open Measured
Primary (P) Secondary (S) Tertiary (T) ZPS
Primary (P) Tertiary (T) Secondary (S) Zor
Secondary (S) Tertiary (T) Primary (P) Zor

_ 1/~
Zp ZE(ZPS +Z
N

Zg ZE(ZPS +Z
— 1

ZT =§

Zg)
Zyr).

Power Systems — Basic Concepts and Applications — Part I

To calculate the three

ZS, and Z;, the following three equations can be used.
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It is worth mentioning that although the real and imaginary parts of the three measured
impedances ( Zpg, Zgr, and Z,; ) are all positive, but some of the real and imaginary parts of the

individual winding impedances ( Z, ZS ,and Z.) may have negative values.

Example 2-4: Three impedances are measured from three short circuit tests:
Zps =0.015+j0.07 pu; Zgr =0.05333 +j0.02446 pu; Zpr =0.025+j0.08507 pu

Calculate three individual winding impedances, ZP , ZS , and ZT.

Solution:
ZP = %[(0.015 +0.025 - 0.05333)+ j(0.07 +0.08507 — 0.02446)] =—-0.006665 + j0.065305
ZS = %[(0.015 +0.05333 - 0.025)+ j(0.07 +0.02446 — 0.08507)] =0.021665 + j0.004695

Z; =—[(0.05333 +0.025-0.015)+ j(0.02446 +0.08507 - 0.07)] = 0.031665 + j0.019765

DN | —

¢
The discussions so far are for single-phase transformers. Three single-phase transformers
(usually identical) can be used for three-phase applications, either in a delta or wye

configuration. The properties discussed in Module #1 for delta and wye configurations can be
applied for transformers. Also, some transformers are built as three-phase transformers.

Example 2-5: Given a system as shown below:

somvA T2 Y1

13.2kV

Xduzzo% § T.L. Z1=J20 (ohms) 2 § Load
oa

X,=20% 2 § 2

12.47:138 kV 138:13.8kv A 1040
SOMVA 40MVA (ohms/phase)
X=10% X=10% Y connected

Compute three-phase (3¢) fault currents in kA at the load, transmission line and generator
terminal.
Select S

Solution:
Use per phase analysis for this problem:
At transmission line section,

Basesp = J9OMVA and Vg,.; =138kV at the transmission line.

S
S. = BT“” = ? =16.66667 MVA
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_ 16.66667

Base = =0.209185 kA
79.6743

b =0T 35088
0.209185

Similarly, the base values at the generator section and load section can be obtained and
tabulated in Table 2-3.

Table 2-3. Base values at different sections of the given system.

Location SBase VBase IBase ZBase
(MVA) kV) (kA) Q)
Generator 16.66667 7.1996 2.31494 3.11
Transmission Line 16.66667 79.6743 0.209185 380.88
Load 16.66667 7.96743 2.09185 3.8088

_ 132 _
X = (0.2)%747§ =0.2241016 pu

X1 =0.1 pu
0
= (0.0 H=0.125 pu
T2 ( )[HO g p
20
=——=0.05251 pu
™ 380.88 P
The generator voltage at pre-fault is 13.2 kV, and its per unit value is
Vg = 132007 _ | hsgsamoe pu
12.47

The equivalent circuit for the given system with a three-phase fault at load terminals is
shown in Figure 2-15.
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j0.2241016 j0.1 j0.05251 j0.125

N I
@ 1.05854 s

Fig. 2-15. The equivalent circuit in per unit values for the given system.

g =~ 103854 = —j2.11028 pu
j(0.2241016 +0.1+0.05251+0.125)

The three-phase fault current at the load terminals:

Is_caoq = (—J2.11028)(2.09185) = —j4.4143892 kA

The three-phase fault current on the transmission line:

Is_cm = (-2.11028)(0.209185) = —j0.44143892 kA

The three-phase fault current at the generator terminals:

Igcq = (-j2.11028)(2.31494) = -j4.8851716 kA ¢
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