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امپدانس های توالی ماشین سنکرون
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امپدانس های توالی ترانسفورماتور 
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شبکه های توالی ژنراتور بارگذاری شده
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LG خطای تکفاز به زمین
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LL Line to Line خطای دو فاز بهم
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LLG خطای دو فاز بهم و به زمین
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تحلیل خطای نامتقارن با استفاده از ماتریس امپدانس
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Zbus محاسبه خطای تکفاز به زمین با استفاده از ماتریس

to @ jlgl I www.go#sbjlJsbJswln #

*
,
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Zbus محاسبه خطای دو فاز بهم با استفاده از ماتریس



Zbus محاسبه خطای دو فاز بهم و به زمین با استفاده از ماتریس



محاسبه ولتاژ باس ها و جریان خطوط حین خطا

: Hits , 4 4
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فصل چهارم 
 

پایداری گذرا 
 

Transient stability 
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روش های بهبود پایداری گذرا
روش های بهبود پایداری گذرا سعی دارند تا یک یا چند مورد از اثرهای زیر را برآورده کنند: 

 
الف) کاهش تاثیر اغتشاش با حداقل سازی شدت خطا و دوره آن 

 
ب) افزایش نیروهای سنکرون کننده بازیافت 

 
ج) کاهش گشتاور شتابدهنده از طریق کنترل توان مکانیکی توربین 

 
د) کاهش گشتاور شتابدهنده با اعمال بار مصنوعی 
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فصل پنجم 
 

کنترل سیستم های قدرت
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کنترل فرکانس
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22 

 گاورنر سرعت ثابت

.



23 
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 پاسخ زمانی سیستم گاورنر
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25 

 پاسخ واحد تولید با گاورنر سرعت ثابت



26 

 گاورنر

 .دهد مي تشکيل را فرکانس - بار کنترل سيستم اساسي قسمت گاورنر"

 هنگام در ها گوي این .آیند مي بحساب گاورنر سيستم قلب چرخان هاي گوي"
 داخل طرف به سرعت کاهش هنگام در و خارج طرف به سرعت افزایش

 .برد مي پایين یا بالا را B نقطة بترتيب عمل این .شوند مي متمایل

 اصلي پيستون عدد یک و پيستوني شير عدد دو از هيدروليکي کنندة تقویت"
 .است شده تشکيل

 .شوند مي گاورنر نظر مورد نقاط به نيرو انتقال باعث اهرمها"

 حالت در توربين خروجي توان تنظيم باعث (SPCH) سرعت دهندة تغيير"
 .گردد مي مانا

 



گاورنر



27 

 گاورنر



28 

 گاورنر با مشخصه افتی سرعت



 



30 

 تقسیم بار بین واحدهای موازی
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32 

 پاسخ زمانی گاورنر با مشخصه افتی سرعت
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 کنترل خروجی توان واحد تولیدی
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36 

 مشخصات واقعی و ایده آل افتی سرعت گاورنر
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 مشخصات ترکیبی تنظیم سیستم های قدرت
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 بلوک دیاگرام گاورنر، محرک و جرم چرخان
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 مثال
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 AGCکنترل خودکار تولید 



50 

 در سیستم های قدرت AGCنقش 

 (جزیره ای)در یک ناحیه منفرد AGC( الف�
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جواب سوالات میان ترم
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نمونه سوالات حل شده



132 CONTENTS

clear
% Line code
% Bus bus R X 1/2 B = 1 for lines
% nl nr pu pu pu >1 or <1 tr. tap at bus nl
linedata=[1 3 0.0 0.0125 0.0 0.8

3 4 0.0 0.20 0.0 1
3 4 0.0 0.25 0.0 1
4 2 0.0 0.16 0.0 1.25];

lfybus % form the bus admittance matrix
Ybus % displays Ybus on the screen

Run ch6p9 to obtain the bus admittance matrix.

6.10. In the two-bus system shown in Figure 58, bus 1 is a slack bus with V1 =
1.06 0± pu. A load of 150 MW and 50 Mvar is taken from bus 2. The line admittance
is y12 = 106 °73.74± pu on a base of 100 MVA. The expression for real and
reactive power at bus 2 is given by

P2 = 10|V2||V1| cos(106.26± ° ±2 + ±1) + 10|V2|2 cos(°73.74±)
Q2 = °10|V2||V1| sin(106.26± ° ±2 + ±1)° 10|V2|2 sin(°73.74±)

Using Newton-Raphson method, obtain the voltage magnitude and phase angle of
bus 2. Start with an initial estimate of |V2|(0) = 1.0 pu and ±2

(0) = 0±. Perform
two iterations. Partial derivatives of P2, and Q2 with respect to |V2|, and ±2 are

Ωº
æª ..................................................................................... ................

..................................................................................... ................

y12 = 2.8° j9.6

V1 = 1.06 0±

150 MW

50 Mvar

1 2

FIGURE 58
One-line diagram for Problem 6.10.

@P2

@±2
= 10|V2||V1| sin(106.26± ° ±2 + ±1)

@P2

@|V2| = 10|V1| cos(106.26± ° ±2 + ±1) + 20|V2| cos(°73.74±)

@Q2

@±2
= 10|V2||V1| cos(106.26± ° ±2 + ±1)

@Q2

@|V2| = °10|V1| sin(106.26± ° ±2 + ±1)° 20|V2| sin(°73.74±)
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The load expressed in per unit is

S
sch

2 = °(150 + j50)
100

= °1.5° j0.5 pu

The slack bus voltage is V1 = 1.06 0 pu. Starting with an initial estimate of
|V (0)

2 | = 1.0, ±
(0)
2 = 0.0, the power residuals are computed from (6.63) and

(6.64)

¢P
(0)
2 = P

sch

2 ° P
(0)
2 = °1.5° [10 cos(106.26±) + 10 cos(°73.74±)]

= °1.5 pu

¢Q
(0)
2 = Q

sch

2 °Q
(0)
2 = °0.5° [°10 sin(106.26±)° 10 sin(°73.74±)]

= °0.5 pu

The elements of the Jacobian matrix at the initial estimate are

J
(0)
1 = 10(1)(1) sin(106.26±) = 9.6

J
(0)
2 = 10(1) cos(106.26±) + 20(1) cos(°73.74±) = 2.8

J
(0)
3 = 10(1)(1) cos(106.26±) = °2.8

J
(0)
4 = °10(1) sin(106.26±)° 20(1) sin(°73.74±) = 9.6

The set of linear equations in the first iteration becomes
∑
°1.5
°0.5

∏
=

∑
9.6 2.8
°2.8 9.6

∏ "
¢±

(0)
2

¢|V (0)
2 |

#

Obtaining the solution of the above matrix equation, voltage at bus 2 in the first
iteration is

¢±
(0)
2 = °0.13 ±

(1)
2 = 0 + (°0.13) = °0.13 radian

¢|V (0)
2 | = °0.09 |V (1)

2 | = 1 + (°0.09) = 0.91 pu

For the second iteration, we have

¢P
(1)
2 = P

sch

2 ° P
(1)
2 = °1.5° (°1.3403) = °0.1597 pu

¢Q
(1)
2 = Q

sch

2 °Q
(1)
2 = °0.5° (°0.3822) = °0.1178 pu

Also, computing the elements of the Jacobian matrix, the set of linear equations in
the second iteration becomes

∑
°0.1597
°0.1178

∏
=

∑
8.332 1.0751
°3.659 8.3160

∏ "
¢±

(1)
2

¢|V (1)
2 |

#
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Obtaining the solution of the above matrix equation, voltage at bus 2 in the second
iteration is

¢±
(1)
2 = °0.0164 ±

(2)
2 = °0.13 + (°0.0164) = °0.1464 radian

¢|V (1)
2 | = °0.0214 |V (2)

2 | = 0.91 + (°0.0214) = 0.8886 pu

6.11. In the two-bus system shown in Figure 59, bus 1 is a slack bus with V1 =
1.06 0± pu. A load of 100 MW and 50 Mvar is taken from bus 2. The line impedance
is z12 = 0.12 + j0.16 pu on a base of 100 MVA. Using Newton-Raphson method,
obtain the voltage magnitude and phase angle of bus 2. Start with an initial estimate
of |V2|(0) = 1.0 pu and ±2

(0) = 0±. Perform two iterations.

Ωº
æª ..................................................................................... ................

..................................................................................... ................

z12 = 0.12 + j0.16

V1 = 1.06 0±

100 MW

50 Mvar

1 2

FIGURE 59
One-line diagram for Problem 6.11.

The power flow equation with voltages and admittances expressed in polar form is

Pi =
nX

j=1

|Vi||Vj ||Yij | cos (µij ° ±i + ±j)

Qi = °
nX

j=1

|Vi||Vj ||Yij | sin (µij ° ±i + ±j)

The bus admittance matrix is

Ybus =
∑

56 °53.13± 56 126.87±
56 126.87± 5 6 °53.13±

∏

Substituting for admittances, the expression for real and reactive power at bus 2
becomes

P2 = 5|V2||V1| cos(126.87± ° ±2 + ±1) + 5|V2|2 cos(°53.13±)
Q2 = °5|V2||V1| sin(126.87± ° ±2 + ±1)° 5|V2|2 sin(°53.13±)

Partial derivatives of P2, and Q2 with respect to |V2|, and ±2 are

@P2

@±2
= 5|V2||V1| sin(126.87± ° ±2 + ±1)
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@P2

@|V2| = 5|V1| cos(126.87± ° ±2 + ±1) + 10|V2| cos(°53.13±)

@Q2

@±2
= 5|V2||V1| cos(126.87± ° ±2 + ±1)

@Q2

@|V2| = °5|V1| sin(126.87± ° ±2 + ±1)° 10|V2| sin(°73.74±)

The load expressed in per units is

S
sch

2 = °(100 + j50)
100

= °1.0° j0.5 pu

The slack bus voltage is V1 = 1.06 0 pu. Starting with an initial estimate of
|V (0)

2 | = 1.0, ±
(0)
2 = 0.0, the power residuals are computed from (6.63) and

(6.64)

¢P
(0)
2 = P

sch

2 ° P
(0)
2 = °1.0° [5 cos(126.87±) + 5 cos(°53.13±)]

= °1.0 pu

¢Q
(0)
2 = Q

sch

2 °Q
(0)
2 = °0.5° [°5 sin(126.87±)° 5 sin(°53.13±)]

= °0.5 pu

The elements of the Jacobian matrix at the initial estimate are

J
(0)
1 = 5(1)(1) sin(126.87±) = 4

J
(0)
2 = 5(1) cos(126.87±) + 10(1) cos(°53.13±) = 3

J
(0)
3 = 5(1)(1) cos(126.87±) = °3

J
(0)
4 = °5(1) sin(126.87±)° 10(1) sin(°53.13±) = 4

The set of linear equations in the first iteration becomes
∑
°1.0
°0.5

∏
=

∑
4 3
°3 4

∏ "
¢±

(0)
2

¢|V (0)
2 |

#

Obtaining the solution of the above matrix equation, voltage at bus 2 in the first
iteration is

¢±
(0)
2 = °0.10 ±

(1)
2 = 0 + (°0.10) = °0.10 radian

¢|V (0)
2 | = °0.2 |V (1)

2 | = 1 + (°0.2) = 0.8 pu

For the second iteration, we have

¢P
(1)
2 = P

sch

2 ° P
(1)
2 = °1.0° (°0.7875) = °0.2125 pu

¢Q
(1)
2 = Q

sch

2 °Q
(1)
2 = °0.5° (°0.3844) = °0.1156 pu
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Also, computing the elements of the Jacobian matrix, the set of linear equations in
the second iteration becomes

∑
°0.2125
°0.1156

∏
=

∑
2.9444 1.4157
°2.7075 2.7195

∏ "
¢±

(1)
2

¢|V (1)
2 |

#

Obtaining the solution of the above matrix equation, voltage at bus 2 in the second
iteration is

¢±
(1)
2 = °0.0350 ±

(2)
2 = °0.1 + (°0.0350) = °0.135 radian

¢|V (1)
2 | = °0.0773 |V (2)

2 | = 0.8 + (°0.0773) = 0.7227 pu

6.12. Figure 60 shows the one-line diagram of a simple three-bus power system
with generation at buses 1 and 2. The voltage at bus 1 is V = 1.0 6 0± per unit.
Voltage magnitude at bus 2 is fixed at 1.05 pu with a real power generation of
400 MW. A load consisting of 500 MW and 400 Mvar is taken from bus 3. Line
admittances are marked in per unit on a 100 MVA base. For the purpose of hand
calculations, line resistances and line charging susceptances are neglected.

Ωº
æª

..............................................................................

.......
.........
.......

..............................................................................
.......
.........
.......

Ωº
æª...........................................................................

y12 = °j40

y13 = °j20 y23 = °j20

V1 = 1.06 0±
| V2 |= 1.05Slack Bus

500
MW

400
Mvar

P2 = 400 MW

1 2

3

FIGURE 60
One-line diagram for problem 6.12.

(a) Show that the expression for the real power at bus 2 and real and reactive power
at bus 3 are

P2 = 40|V2||V1| cos(90± ° ±2 + ±1) + 20|V2||V3| cos(90± ° ±2 + ±3)
P3 = 20|V3||V1| cos(90± ° ±3 + ±1) + 20|V3||V2| cos(90± ° ±3 + ±2)
Q3 = °20|V3||V1| sin(90±°±3+±1)°20|V3||V2| sin(90±°±3+±2)+40|V3|2

(b) Using Newton-Raphson method, start with the initial estimates of V2
(0) =

1.05 + j0 and V3
(0) = 1.0 + j0, and keeping |V2| = 1.05 pu, determine the



CONTENTS 137

phasor values of V2 and V3. Perform two iterations.

(c) Check the power flow solution for Problem 6.12 using the lfnewton and other
required programs. Assume the regulated bus (bus # 2) reactive power limits are
between 0 and 600 Mvar.

By inspection, the bus admittance matrix in polar form is

Ybus =

2

4
606 °º

2 406 º

2 206 º

2
406 º

2 606 °º

2 206 º

2
206 º

2 206 º

2 406 °º

2

3

5

(a) The power flow equation with voltages and admittances expressed in polar form
is

Pi =
nX

j=1

|Vi||Vj ||Yij | cos (µij ° ±i + ±j)

Qi = °
nX

j=1

|Vi||Vj ||Yij | sin (µij ° ±i + ±j)

Substituting the elements of the bus admittance matrix in the above equations for
P2, P3, and Q3 will result in the given equations.

(b) Elements of the Jacobian matrix are obtained by taking partial derivatives of
the given equations with respect to ±2, ±3 and |V3|.

@P2

@±2
= 40|V2||V1| sin(

º

2
° ±2 + ±1) + 20|V2||V3| sin(

º

2
° ±2 + ±3)

@P2

@±3
= °20|V2||V3| sin(

º

2
° ±2 + ±3)

@P2

@|V3| = 20|V2| cos(
º

2
° ±2 + ±3)

@P3

@±2
= °20|V3||V2| sin(

º

2
° ±3 + ±2)

@P3

@±3
= 20|V3||V1| sin(

º

2
° ±3 + ±1) + 20|V3||V2| sin(

º

2
° ±3 + ±2)

@P3

@|V3| = 20|V1| cos(
º

2
° ±3 + ±1) + 20|V2| cos(

º

2
° ±3 + ±2)

@Q3

@±2
= °20|V3||V2| cos(

º

2
° ±3 + ±2)

@Q3

@±3
= 20|V3||V1| cos(

º

2
° ±3 + ±1) + 20|V3||V2| cos(

º

2
° ±3 + ±2)
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@Q3

@|V3| = °20|V1| sin(
º

2
° ±3 + ±1)° 20|V2| sin(

º

2
° ±3 + ±2) + 80|V3|

The load and generation expressed in per units are

P
sch

2 =
400
100

= 4.0 pu

S
sch

3 = °(500 + j400)
100

= °5.0° j4.0 pu

The slack bus voltage is V1 = 1.06 0 pu, and the bus 2 voltage magnitude is |V2| =
1.05 pu. Starting with an initial estimate of |V (0)

3 | = 1.0, ±
(0)
2 = 0.0, and ±

(0)
3 =

0.0, the power residuals are

¢P
(0)
2 = P

sch

2 ° P
(0)
2 = 4.0° (0) = 4.0

¢P
(0)
3 = P

sch

3 ° P
(0)
3 = °5.0° (0) = °5.0

¢Q
(0)
3 = Q

sch

3 °Q
(0)
3 = °4.0° (°1.0) = °3.0

Evaluating the elements of the Jacobian matrix with the initial estimate, the set of
linear equations in the first iteration becomes

2

4
°2.8600

1.4384
°0.2200

3

5 =

2

4
63 °21 0
°21 41 0

0 0 39

3

5

2

664

¢±
(0)
2

¢±
(0)
3

¢|V (0)
3 |

3

775

Obtaining the solution of the above matrix equation, the new bus voltages in the
first iteration are

¢±
(0)
2 = 0.0275 ±

(1)
2 = 0 + 0.0275 = 0.0275 radian = 1.5782±

¢±
(0)
3 = °0.1078 ±

(1)
3 = 0 + (°0.1078) = °0.1078 radian = °6.1790±

¢|V (0)
3 | = °0.0769 |V (1)

3 | = 1 + (°0.0769) = 0.9231 pu

For the second iteration, we have
2

4
0.2269
°0.3965
°0.5213

3

5 =

2

4
61.1913 °19.2072 2.8345
°19.2072 37.5615 °4.9871

2.6164 °4.6035 33.1545

3

5

2

664

¢±
(1)
2

¢±
(1)
3

¢|V (1)
3 |

3

775

and

¢±
(1)
2 = 0.0006 ±

(2)
2 = 0.0275 + 0.0006 = 0.0281 radian = 1.61±

¢±
(1)
3 = °0.0126 ±

(2)
3 = °0.1078 + (°0.0126) = °0.1204 radian = °6.898±

¢|V (1)
3 | = °0.0175 |V (2)

3 | = 0.9231 + (°0.0175) = 0.9056 pu
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(c) The power flow program lfnewton is used to obtain the solution, with the fol-
lowing statements:

clear
basemva = 100; accuracy = 0.000001; maxiter = 10;

% Problem 6.12(c)
% Bus Bus Voltage Angle -Load--- -Generator-- Injected
% No code Mag. Degree MW MVAR MW MVAR Qmin Qmax Mvar
busdata=[1 1 1.0 0.0 0.0 0.0 0.0 0.0 0 0 0

2 2 1.05 0.0 0 0 400 0.0 600 0 0
3 0 1.0 0.0 500 400 0.0 0.0 0 0 0];

% Line code
% Bus bus R X 1/2 B = 1 for lines
% nl nr pu pu pu >1 or <1 tr. tap at bus nl
linedata=[1 2 0.0 0.025 0.0 1

1 3 0.0 0.05 0.0 1
2 3 0.0 0.05 0.0 1];

disp(’Problem 6.12(c)’)
lfybus % form the bus admittance matrix
lfnewton % Power flow solution by Gauss-Seidel method
busout % Prints the power flow solution on the screen
lineflow % Computes and displays the line flow and losses

The above statements are saved in the file ch6p12c.m. Run the program to obtain
the solution.

6.13. For Problem 6.12:

(a) Obtain the power flow solution using the fast decoupled algorithm. Perform two
iterations.
(b)Check the power flow solution for Problem 6.12 using the decouple and other
required programs. Assume the regulated bus (bus # 2) reactive power limits are
between 0 and 600 Mvar.

(a) In this system, bus 1 is the slack bus and the corresponding bus susceptance
matrix for evaluation of phase angles ¢±2 and ¢±3 form the bus admittance matrix
in Problem 6.12 is

B
0 =

∑
°60 20

20 °40

∏
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The inverse of the above matrix is

[B0]°1 =
∑
°0.02 °0.01
°0.01 °0.03

∏

The expressions for real power at bus 2 and 3 and the reactive power at bus 3 are
given in Problem 6.12. The slack bus voltage is V1 = 1.0 6 0 pu, and the bus 2
voltage magnitude is |V3| = 1.05 pu. Starting with an initial estimate of |V (0)

3 | =
1.0, ±

(0)
2 = 0.0, and ±

(0)
3 = 0.0, the power residuals are computed from (6.63) and

(6.64)

¢P
(0)
2 = P

sch

2 ° P
(0)
2 = 4° (0) = 4

¢P
(0)
3 = P

sch

3 ° P
(0)
3 = °5° (0) = °5

¢Q
(0)
3 = Q

sch

3 °Q
(0)
3 = °4° (°1) = °3

The fast decoupled power flow algorithm given by (6.77) becomes
2

4 ¢±
(0)
2

¢±
(0)
3

3

5 = °
"
°0.02 °0.0
°0.01 °0.03

# "
4

1.05
°5
1.0

#

=
"

.0262
°0.1119

#

Since bus 2 is a regulated bus, the corresponding row and column of B0 are elimi-
nated and we get

B
00 = [°40]

From (6.78), we have

¢|V3| = °
∑°1

40

∏ ∑°3
1.0

∏
= °0.075

The new bus voltages in the first iteration are

¢±
(0)
2 = 0.0262 ±

(1)
2 = 0 + (0.0262) = 0.0262 radian = 1.5006±

¢±
(0)
3 = °0.1119 ±

(1)
3 = 0 + (°0.1119) = °0.1119 radian = °6.4117±

¢|V (0)
3 | = °0.075 |V (1)

2 | = 1 + (°0.075) = 0.925 pu

For the second iteration, the power residuals are

¢P
(1)
2 = P

sch

2 ° P
(1)
2 = 4° (3.7739) = 0.2261

¢P
(1)
3 = P

sch

3 ° P
(1)
3 = °5° (°4.7399) = °.2601

¢Q
(1)
3 = Q

sch

3 °Q
(1)
3 = °4° (°3.3994) = °0.6006
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"
¢±

(1)
2

¢±
(1)
3

#

= °
∑
°0.02 °0.0
°0.01 °0.03

∏ "
0.2261
1.05°0.2601

0.925

#

=
∑

0.0015
°0.0063

∏

From (6.78), we have

¢|V3| = °
∑°1

40

∏ ∑°0.6006
0.925

∏
= °0.0162

The new bus voltages in the second iteration are

¢±
(1)
2 =0.0015 ±

(2)
2 = 0.0262 + (0.0015) = 0.0277 radian = 1.5863±

¢±
(1)
3 =°0.0063 ±

(2)
3 =°0.1119+(°0.0063)=°0.1182 radian=°6.7716±

¢|V (1)
3 |=°0.0162 |V (2)

3 | = 0.925 + (°0.0162) = 0.9088 pu

(c) The power flow program decouple is used to obtain the solution. The statements
are the same as in Problem 6.12, except the lfnewton is replaced by decouple. The
statements are saved in the file ch6p13b. Run this program to obtain the power
flow solution.

6.14. The 26-bus power system network of an electric utility company is shown in
Figure 61. Obtain the power flow solution by the following methods:
(a) Gauss-Seidel power flow (see Example 6.9).
(b) Newton-Raphson power flow (see Example 6.11).
(c) Fast decoupled power flow (see Example 6.13).

The load data is as follows.
LOAD DATA

Bus Load Bus Load
No. MW Mvar No. MW Mvar

1 51.0 41.0 14 24.0 12.0
2 22.0 15.0 15 70.0 31.0
3 64.0 50.0 16 55.0 27.0
4 25.0 10.0 17 78.0 38.0
5 50.0 30.0 18 153.0 67.0
6 76.0 29.0 19 75.0 15.0
7 0.0 0.0 20 48.0 27.0
8 0.0 0.0 21 46.0 23.0
9 89.0 50.0 22 45.0 22.0

10 0.0 0.0 23 25.0 12.0
11 25.0 15.0 24 54.0 27.0
12 89.0 48.0 25 28.0 13.0
13 31.0 15.0 26 40.0 20.0
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FIGURE 68
The impedance diagram for Problem 9.2.

From Figure 68, reactance to the point of fault is

(0.12)(X + 0.04)
0.12 + (X + 0.04)

= 0.08

Solving for X , we get X = 0.2 pu., or

X≠ = (X)(ZB) = (0.2)(9) = 1.8 ≠

9.3. The one-line diagram of a simple power system is shown in Figure 69. Each
generator is represented by an emf behind the transient reactance. All impedances
are expressed in per unit on a common MVA base. All resistances and shunt ca-
pacitances are neglected. The generators are operating on no load at their rated
voltage with their emfs in phase. A three-phase fault occurs at bus 1 through a fault
impedance of Zf = j0.08 per unit.
(a) Using Thévenin’s theorem obtain the impedance to the point of fault and the
fault current in per unit.
(b) Determine the bus voltages and line currents during fault.

µ¥
∂≥

................
.........
...........

.....................
.........
..........
.......... ...................................................................................... µ¥

∂≥
X

00
d

= 0.1

Xt = 0.1

X
00
d

= 0.1

XL = 0.2
3 1 2

FIGURE 69
One-line diagram for Problem 9.3.

The impedance diagram is as shown in Figure 70.
(a) Impedance to the point of fault is

X = j
(0.2)(0.3)
0.2 + 0.3

= j0.12 pu

The fault current is

If =
1

j0.12 + j0.08
= 5 6 °90± pu
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FIGURE 70
The impedance diagram for Problem 9.3.

(b)

V1 = (j0.08)(°j5) = 0.4 pu

Ig1 =
j0.3
j0.5

(5)6 °90± = 36 °90± pu

Ig2 =
j0.2
j0.5

(5)6 °90± = 26 °90± pu

V2 = 0.4 + (j0.2)(°j2) = 0.8 pu
V3 = 0.4 + (j0.1)(°j3) = 0.7 pu

9.4. The one-line diagram of a simple three-bus power system is shown in Figure
71 Each generator is represented by an emf behind the subtransient reactance. All
impedances are expressed in per unit on a common MVA base. All resistances and
shunt capacitances are neglected. The generators are operating on no load at their
rated voltage with their emfs in phase. A three-phase fault occurs at bus 3 through
a fault impedance of Zf = j0.19 per unit.
(a) Using Thévenin’s theorem obtain the impedance to the point of fault and the
fault current in per unit.
(b) Determine the bus voltages and line currents during fault.
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FIGURE 71
One-line diagram for Problem 9.4.

Converting the ¢ formed by buses 123 to an equivalent Y as shown in Figure 72(a),
we have



186 CONTENTS

..............
..........
..................
.........
..................
.........
.........

..............
..........
..................
.........
..................
.........
.........

...................

.........

............................
............................

......................

...................

...................

.......................
............................

............................
........

...................

..............
..........
..................
.........
..................
.........
.........

m°
+

..............
..........
..................
.........
..................
.........
.........

..............................................

.......
.........
.......I3(F )

1 2

3

j0.05 j0.075

j0.15 j0.225
s

j0.09

Vth

j0.19

(a)

..............
..........
..................
.........
..................
.........
.........

..............
..........
..................
.........
..................
.........
.........

m°
+

..............
..........
..................
.........
..................
.........
.........

..............................................

.......
.........
.......I3(F )

3

j0.12

j0.09

Vth

j0.19

(b)

..............
..........
..................
.........
..................
.........
.........

m°
+

..............
..........
..................
.........
..................
.........
.........

..............................................

.......
.........
.......I3(F )

3

Z33 = j0.21

Vth

j0.19

(c)

FIGURE 72
Reduction of Thévenin’s equivalent network.

Z1s =
(j0.3)(j0.75)

j1.5
= j0.15 Z2s =

(j0.75)(j0.45)
j1.5

= j0.225

Z3s =
(j0.3)(j0.45)

j1.5
= j0.09

Combining the parallel branches, Thévenin’s impedance is

Z33 =
(j0.2)(j0.3)
j0.2 + j0.3

+ j0.09

= j0.12 + j0.09 = j0.21

From Figure 72(c), the fault current is

I3(F ) =
V3(F )

Z33 + Zf

=
1.0

j0.21 + j0.19
= °j2.5 pu

With reference to Figure 72(a), the current divisions between the two generators
are

IG1 =
j0.3

j0.2 + j0.3
I3(F ) = °j1.5 pu

IG2 =
j0.2

j0.2 + j0.3
I3(F ) = °j1.0 pu

For the bus voltage changes from Figure 72(a), we get

¢V1 = 0° (j0.05)(°j1.5) = °0.075 pu
¢V2 = 0° (j0.075)(°j1) = °0.075 pu
¢V3 = (j0.19)(°j2.5)° 1.0 = °0.525 pu
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The bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus voltages caused by the equivalent emf
connected to the faulted bus, i.e.,

V1(F ) = V1(0) + ¢V1 = 1.0° 0.075 = 0.925 pu
V2(F ) = V2(0) + ¢V2 = 1.0° 0.075 = 0.925 pu
V3(F ) = V3(0) + ¢V3 = 1.0° 0.525 = 0.475 pu

The short circuit-currents in the lines are

I12(F ) =
V1(F )° V2(F )

z12
=

0.925° 0.925
j0.75

= 0 pu

I13(F ) =
V1(F )° V3(F )

z13
=

0.925° 0.475
j0.3

= °j1.5 pu

I23(F ) =
V2(F )° V3(F )

z23
=

0.925° 0.475
j0.45

= °j1.0 pu

9.5. The one-line diagram of a simple four-bus power system is shown in Figure
73 Each generator is represented by an emf behind the transient reactance. All
impedances are expressed in per unit on a common MVA base. All resistances and
shunt capacitances are neglected. The generators are operating on no load at their
rated voltage with their emfs in phase. A bolted three-phase fault occurs at bus 4.
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FIGURE 73
One-line diagram for Problem 9.5.

(a) Using Thévenin’s theorem obtain the impedance to the point of fault and the
fault current in per unit.
(b) Determine the bus voltages and line currents during fault.



188 CONTENTS

(c) Repeat (a) and (b) for a fault at bus 2 with a fault impedance of Zf = j0.0225.

(a) Converting the ¢ formed by buses 123 to an equivalent Y as shown in Figure
74(a), we have
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FIGURE 74
Reduction of Thévenin’s equivalent network.

Z1s =
(j0.2)(j0.5)

j1.0
= j0.10 Z2s =

(j0.5)(j0.3)
j1.0

= j0.15

Z3s =
(j0.2)(j0.3)

j1.0
= j0.06

Combining the parallel branches, Thévenin’s impedance is

Z33 =
(j0.5)(j0.5)
j0.5 + j0.5

+ j0.06 + j0.19 = j0.5

The fault current is

I4(F ) =
V4(F )
Z44

=
1.0
j0.5

= °j2.0 pu

With reference to Figure 74(a), the current divisions between the two generators
are

IG1 =
j0.5

j0.5 + j0.5
I4(F ) = °j1.0 pu

IG2 =
j0.5

j0.5 + j0.5
I4(F ) = °j1.0 pu
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(b) For the bus voltage changes from Figure 74(a), we get

¢V1 = 0° (j0.4)(°j1.0) = °0.4 pu
¢V2 = 0° (j0.35)(°j1) = °0.35 pu
¢V3 = 1° (j0.19)(°j2) = °0.62 pu

The bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus voltages caused by the equivalent emf
connected to the faulted bus, i.e.,

V1(F ) = V1(0) + ¢V1 = 1.0° 0.4 = 0.60 pu
V2(F ) = V2(0) + ¢V2 = 1.0° 0.35 = 0.65 pu
V3(F ) = V3(0) + ¢V3 = 1.0° 0.62 = 0.38 pu
V4(F ) = 0 pu

The short circuit-currents in the lines are

I21(F ) =
V2(F )° V1(F )

z12
=

0.65° 0.6
j0.5

= 0.16 °90± pu

I13(F ) =
V1(F )° V3(F )

z13
=

0.60° 0.38
j0.2

= 1.1 6 °90± pu

I23(F ) =
V2(F )° V3(F )

z23
=

0.65° 0.38
j0.3

= 0.9 6 °90± pu

I34(F ) =
V3(F )° V4(F )

z34
=

0.38° 0
j0.19

= 2.06 °90± pu

(c) (a) Combining parallel branches between buses 1 and 2 results in the circuit
shown in Figure 75(a). Combining the parallel branches, Thévenin’s impedance is

Z22 =
(j0.65)(j0.35)
j0.65 + j0.35

= j0.2275

The fault current is

I2(F ) =
V4(F )

Z44 + Zf

=
1.0

j0.2275 + j0.0225
= °j4.0 pu

With reference to Figure 75(a), the current divisions between the two generators
are

IG1 =
j0.35

j0.65 + j0.35
I2(F ) = °j1.4 pu

IG2 =
j0.65

j0.65 + j0.35
I2(F ) = °j2.6 pu
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FIGURE 75
Reduction of Thévenin’s equivalent network.

(c) (b) For the bus voltage changes from Figure 74(a), we get

¢V1 = 0° (j0.4)(°j1.4) = °0.56 pu
¢V2 = 0° (j0.35)(°j2.6) = °0.91 pu

¢V3 = °j0.56° (j0.2)(°j1.4
2

) = °0.70 pu

¢V4 = ¢V3 = °0.70 pu

The bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus voltages caused by the equivalent emf
connected to the faulted bus, i.e.,

V1(F ) = V1(0) + ¢V1 = 1.0° 0.56 = 0.44 pu
V2(F ) = V2(0) + ¢V2 = 1.0° 0.91 = 0.09 pu
V3(F ) = V3(0) + ¢V3 = 1.0° 0.70 = 0.30 pu
V4(F ) = V4(0) + ¢V4 = 1.0° 0.70 = 0.30 pu

The short circuit-currents in the lines are

I12(F ) =
V1(F )° V2(F )

z12
=

0.44° 0.09
j0.5

= 0.7 6 °90± pu

I13(F ) =
V1(F )° V3(F )

z13
=

0.44° 0.30
j0.2

= 0.7 6 °90± pu

I32(F ) =
V3(F )° V2(F )

z23
=

0.30° 0.09
j0.3

= 0.7 6 °90± pu

I34(F ) =
V3(F )° V4(F )

z34
=

0.30° 0.3
j0.19

= 0 pu
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Bus voltages during fault are

V
abc
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2
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2
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3
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10.15. The reactance data for the power system shown in Figure 85 in per unit on
a common base is as follows:
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FIGURE 85
The impedance diagram for Problem 10.15.

Obtain the Thévenin sequence impedances for the fault at bus 1 and compute the
fault current in per unit for the following faults:

(a) A bolted three-phase fault at bus 1.
(b) A bolted single line-to-ground fault at bus 1.
(c) A bolted line-to-line fault at bus 1.
(d) A bolted double line-to-ground fault at bus 1.
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FIGURE 86
Positive-sequence impedance network for Problem 10.15.

The positive-sequence impedance network is shown in Figure 86, and impedance
to the point of fault is

Z
1 = j

(0.35)(0.65)
0.35 + 0.65

= j0.2275 pu

Since negative-sequence reactances are the same as positive-sequence reactances,
X

2 = X
1 = 0.2275. The zero-sequence impedance network is shown in Figure 87,

and impedance to the point of fault is
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FIGURE 87
zero-sequence impedance network for Problem 10.15.

Z
0 = j

(0.25)(0.75)
0.25 + 0.75

= j0.1875 pu

(a) For a bolted three-phase fault at bus 1, the fault current is

If =
1

j0.2275
= 4.39566 °90± pu

(b) For a bolted single-line to ground fault at bus 1, the fault current is

If = 3I0
a =

3
j(0.2275 + 0.2275 + 0.1875)

= 4.669 6 °90± pu

(c) For a bolted line-to-line fault at bus 1, the fault current in phase b is

I
1
a =

1
j(0.2275 + 0.2275)

= °j2.1978 pu

Ib(F ) = °j

p
3I

1
a = °3.8067 pu
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(d) For a bolted double line-to-line fault at bus 1, we have

I
1
a =

1
j0.2275 + +j

(0.2275)(0.1875)
0.2275+0.1875

= °j3.02767 pu

I
0
a =

1° (0.2275)(°j3.02767)
j0.1875

= j1.65975 pu

I(F ) = 3I0
a = 4.9796 90± pu

10.16. For Problem 10.15, obtain the bus impedance matrices for the sequence net-
works. A bolted single line-to-ground fault occurs at bus 1. Find the fault current,
the three-phase bus voltages during fault, and the line currents in each phase. Check
your results using the zbuild and lgfault programs.

First, we obtain the positive-sequence bus impedance matrix. Add branch 1, z30 =
j0.1 between node q = 3 and reference node 0. According to rule 1, we have

Z(1)
bus

= Z33 = z30 = j0.1

Next, add branch 2, z40 = j0.1 between node q = 4 and reference node 0

Z(2)
bus

=
∑

Z33 0
0 Z44

∏
=

∑
j0.1 0
0 j0.1

∏

Add branch 3, z24 = j0.25 between the new node q = 2 and the existing node
p = 4. According to rule 2, we get

Z(3)
bus

=

2

4
j0.35 0 j0.1

0 j0.1 0
j0.1 0 j0.1

3

5

Add branch 4, z13 = j0.25 between the new node q = 1 and the existing node
p = 3. According to rule 2, we get

Z(4)
bus

=

2

664

j0.35 0 j0.1 0
0 j0.35 0 j0.1

j0.1 0 j0.1 0
0 j0.1 0 j0.1

3

775

Add link 5, z12 = j0.3 between node q = 2 and node p = 1. From (9.57), we have

Z(5)
bus

=

2

66666664

j0.35 0 j0.1 0 °j0.35
0 j0.35 0 j0.1 j0.35

j0.1 0 j0.1 0 °j0.1
0 j0.1 0 j0.1 j0.1

°j0.35 j0.35 °j0.1 j0.1 j1

3

77777775




