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Abstract— Conversion of an already running AC transmission
system, with very high voltage and longer length, into a system
with the mixed operation of AC-DC can bring the benefit of
stability improvement. Of late, most of the developments in
stability analysis are simulation based. Sometimes it is difficult to
draw a generalized conclusion through simulation result. In this
case, an analytical model can be a perfect tool to analyze the fault
and get concrete decision about the future planning. In this paper
a mathematical equation is exposed which can be applied to
determine the stability in case of different types of fault.
Primarily, the stability equation is established for the fault at the
transmission line and then introducing simple logical
modification it can be applicable for the development of
analytical models of all kinds of faults, such as; Fault at the load
terminal, sustained fault at the line, fault at the line where the
generator is located. To expose the efficacy of the developed
stability model two different ways of validation process is
followed and optimistic results are found.

Keywords— Double circuit transmission, AC-DC combined
system, reclosing time, fault clearing time, stability improvement.

NOMENCLATURE

H Generator inertia constant

Por Flow of power in AC form during faulted
condition

Peomp AC-DC mixed flow of power

Ppcyr Post-fault DC power flow

Piem Post fault steady AC power

Tcr AC-DC combined system fault clearing
time

Tre Circuit breaker reclosing time

oy Angular frequency

OrC Circuit breaker re-closing angle after the
fault

Oac Power transfer angle for AC current in AC-
DC combined system

Ocr Fault clearing angle for combined AC-DC
system

Om Maximum rotor angle
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I. INTRODUCTION

OWER systems networks are becoming more and more

complex and it is a great challenge for transferring the
electrical power from one place to another. There are some
limiting factors in electrical power flowing using a
transmission line and among them the stability is the topmost
one [1-2]. Application of state of the art technology like
FACTS devices can upgrade the loadability and stability both
[3-4]. Parallel operation of AC and DC transmission line can
increase the stability by a great extent [5-8]. Due to power
electronics devices application in this system, the DC line is
highly controllable in parallel operation of AC-DC power
flow.

Improvement in stability for a long transmission system can

be ensured through combined flow of AC form and DC form
of power at a time in the same line. Considering the stability
issue this power flow technique is equivalent to parallel lines
of AC and DC system.
A stability analysis is performed by H. Rahman ef a/l.[9] in
case of combinatory power flow with AC and SC mixed. The
authors have shown that the reduction of rotor speed deviation
and damping the power oscillation is quicker in this combined
power flow approach compared to that of original AC system
with 30% compensation.

A new method of stability analysis for AC-DC mixed power
flow line is presented in [10]. In this approach the whole
system is considered as a system with pure DC operation
when the fault is cleared and it remains in this condition up to
the normal steady state operation. When entire the system
come into the absolutely normal behaviour the circuit breakers
are turned on to flow AC and DC both simultaneously.

The transient stability of a mixed AC-DC simultaneous
system is compared with the systems containing static
synchronous  compensator (STATCOM) and static
synchronous series compensator (SSSC) in [11]. It concluded
that the combined AC-DC power flow system is superior to
the other two systems.

An analytical expression for the analysis of stability in
transient fault condition of AC-DC combined system is
developed in [12]. The model can give the critical time and
angle for clearing the fault, disregarding the conventional trial
and error approach. It also gives the expression of critical time
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for clearing the fault in terms of that of unconverted original
AC system.

Stability analysis for a system with long transmission line is
greatly depends on the fault types and locations since the
power flow scenario during the fault and post fault condition
varies with the fault types and locations. The model of [12] is
developed considering the fault at the load terminal. The main
difficulty of this model is that it is not applicable for the
analysis of other kinds of fault. An analytical model of
stability analysis is presented in [13]. This model can be
applied for all kinds of faults irrespective of locations but the
developed expression is large and complex.

This paper presents a generalized stability model in
simplified way. The developed model of this paper can be
applicable for all kinds of faults and fault locations subject to
some minor modifications.

II. PROPOSED MODEL

In an AC-DC combined system the mixed AC and DC form

of power is flown simultaneously in a same conductor. An
analytical expression for the analysis of transient stability of
an AC-DC combined system is established in this section. The
special feature of the model is that it can be applied for the
calculation of critical clearing time for all locations and types
of fault. Initially the mathematical equation is developed
considering the transient fault at the transmission line and then
the generalized feature of the equation is exposed applying
some minor modifications.
Fig.1 shows a 3-phase AC-DC combined power flow system
with double circuit accommodation. A transient fault is
considered in one of the lines which is pointed as F in the
figure.
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Fig. 1. Double circuit AC-DC mixed power flow system

The fault is occurred at the line and it is not close to the
sending end bus; therefore, power will flow with a small
magnitude through the other line during fault . Fig. 2 presents
the AC-DC combined flow of power during pre-fault, fault
and post-fault conditions. P, and Py in Fig.2 represent the
AC and DC steady state power of this combined power flow
system.
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The faulty line is isolated as fast as possible by the circuit
breaker operation. The other line will carry the combined
power alone with half magnitude soon after the fault is
cleared. After certain delay, circuit breaker will reconnect the
tripped line and the whole the system will be in full swing
operation.
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Fig. 2. AC-DC combined power flow diagram

Applying the equal area criterion for the analysis of stability
of the aforesaid system the equation of transient stability can
be shown from Fig.2 as

P
(Pcomb - Pacf)(acR - ac) = [PDCpf + %] (6RC - 6CR)

+[PDCpf + ﬁacm]“m — Orc)
- Pcomb (6m - 6CR) (1)

Where
Pcomp= Combined flow of AC and DC power.

= PucstPacs
Ppcy= Flow of DC power after fault clearing process
P,.m = Flow of AC power after fault clearing process
Pacs= AC Power flow during faulted condition
da= Rotor angle/torque angle before the fault
ocr= Critical clearing angle
orc = Circuit breaker re-closing angle after the fault
Om= Maximum rotor angle

The determination process of steady state AC power, Py,
during the post fault situation is presented in [12] and the
evaluation process of faulted condition power, Pycr, is
elaborately presented in [13].

It is evident that for a long transmission line the reactance of
only the line has the lion share in the combined reactance of
the whole system from generator to the receiving end bus.
That is, the terminal reactance (reactance of generator and
transformer) is very low in comparison with the line reactance.
Taking this into account, the equivalent line reactance will be
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approximately double when a circuit of a double circuit
transmission line is in out of service. In that case, the AC
power flow through single circuit will be approximately half
of the combined steady state power flow of both the lines in
combined AC-DC power system.

When a fault appears in a circuit of a double circuit power
flow system the circuit breakers of that line clear that fault and
during the dead time of the circuit breakers this double circuit
line is operated as a single circuit. Due to this fact the power

Pacm

flow in AC form is considered as , in case of single

circuit operation, where P, ., is the double circuit load flow in
AC form of this combined AC-DC operation.

Now the expression of critical clearing angle can be
obtained from (1) as

)2
Peomp(Om — 8ac) = [PDCpf + %] (6RC - 6CR)
+[PDCpf + Facm] (6m - 6RC)
+ Pacf(6CR - 6ac) (2)

ﬁacm_P

or (PDCpf + > acf) Ocr =

(PDCpf + pacm)am - Pcomb

P _
+ < azcm - Pacm) 6RC - Pacf(sac) (3)

D 2
Poem Tep s —
PDCpf+__Pacf _(Pcomb _Pacf) +5ac = (PDCpf +P

2 4H

4H

acm) m

P TZ w P
- aZCTn[RC S<Pcamb_PDCpf_ 112L‘m>+5ac+

or cg =
D ﬁacm
(PDCpf + Pacm_ Pcomb)5m - (Pcomb - Pacf)‘sac Y 6RC

ﬁacm
D >
(P cpf + Pacf)

4)

From (4) it is seen that .y depends on dpc. In calculating
the critical clearing time (CCT) of fault, it is necessary to
consider the reclosing time of circuit breaker. Now, the
equation of dcr and Jdrc can be expressed with respect to Tcr
and Trc, respectively as

Tngs
6CR = W (Pcomb - Pacf) + 6ac (5)
T2 w P TR o
6RC :% Pcomb _PDCpf_$ +5CR +%(Pwmb _Pacf)
TE; P T
= lil-HS Pcamb_PDCpf_ azcm %(Pcomb _Pacf)+6ac
TR w
+%(Pcomb _Pacf)
T2 w P
= Iil_CHS Pcamb_PDCpf_$ +5ac
2TR W
+%(Pcomb - Pacf) (6)

Now, applying (5) and (6) in (3) the stability equation can be
shown as (7).

8, — Pcomb (6111 - 6ac

2 Tég w;
4H

(Pcomb - Pacf) - Pacf (60,5) (7)

Putting, M = :)—Ij and re-arranging the terms of (7) the equation of Tz can be shown as

D ﬁucm Facm
(PDCpf + Pacm_ Pcomb)(gm - 5ac) + T (+PDCpf + T - Pcomb) M T%?C

Ter =

ﬁucm
M(Pcomb - Pacf) [PDCpf + 37 - Pacf]

(8)

Let, Post fault total steady state power, Prsp= Ppcpr + P, and the expression (8) becomes as

(PTSP_ Pcomb)(gm - 6ac) + Pa% (PTSP - Pa% - Pcomb) M TRZC

Ter =

The generalized analytical expression of CCT is presented
in (9) considering the fault in transmission line. The
expression can be applied for all types of fault at any location
considering some minor modification which is shown below.

A. Transient fault in a line nearest to the generator bus
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P
M(Pcomb - Pacf) [PTSP + %_ Pacf]

)

If a transient fault occurs very near to the sending end bus
the voltage of that bus will be zero and the amount of power
flow during fault will also be zero, that is, Pgcr = 0.

In this case the expression of T g can be shown as (10)
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Ter =

P
(PTSP_ Pcomb)(am - 50.6) + % (PTSP -

MPcomb [PTSP +
B. For the sustain fault at the transmission system

Whenever a permanent fault appears in a line of the
transmission system with double circuit, power can be flown
through single circuit only after isolating the faulty line.
During post-fault condition the post fault steady state power

will be half of the pre-fault power. In equation (9), Prgp will
Prsp
2
reclosing is not possible and hence the Tzc will be zero. The
CCT expression can be shown as

be replaced by In this type of fault circuit breaker

(% - Pcomb) (Sm - Sac)

M(Pcamb - Pacf) [PTZJ"'E%_ Pucf]

TCR -

11

C. For the fault at the load terminal

Transmission Line

CcB3

Infinite

Transmission Line

Fig. 3. Load terminal fault close to the generator

Fig. 3 shows a fault occurred at the terminal of load which is
very near to the generator bus. In this case of fault the
potential at the load terminal would be zero. The following
approximation can be made in this case:

i. The power flow will be zero during fault, it means that the
value of P,.s should be considered as zero.

ii. Circuit breakers and converters of the transmission line will
remain at normal condition. As there is no consideration of
circuit breaking and reclosing the value of Ty, should be zero.
iii. Both the lines of double circuit system will be in service
after clearing the fault and there is no option of single circuit

. . P,
power flow which gives = = 0.

Applying the above mentioned conditions in (9) the CCT can
be shown as
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ﬁacm

T - Pcomb) M TRZC
_ (10)
Pacm]

2
T _ (PTSP - Pcomb)(am - 6«10) (12)
¢k M PCO‘m.bPTSP
III. DEVELOPED ANALYTICAL MODEL VALIDATION

This section extensively justifies the correctness of the
analytical expressions which are developed in the previous
section. The justification of correctness is performed in two
distinct ways. One way, the outcome of the analytical
expression is compared with the result published in the
literature and the other way, obtained outcome of the
expression is compared with the result of circuit simulation
considering a real system.

A. Validation using the result published in the literature

In this case, the validation is performed considering the
results published in [13]. The authors of the paper produced
the result by applying the developed model in IEEE 2™
benchmark system. Appendix A, elaborately figure out the
circuit model and the system variables of this system. The
developed model of this paper is also applied into the same
system considering the same criteria and compared the
obtained results with those of [13]

Table I and Table II show the result comparison considering
the change in the mixture of voltage and angle of power
transmission, respectively. It is noticed that due to the change
in the mixture of DC voltage from 20% to 49.5% the greatest
difference of 2.1% is found between the results of column 2
and 3 of Table I.

In Table II the results are compared considering the
variation of transmission angle from 20 to 60 degree and the
results deviations are found from 1.6% to 1.8%. The results
comparison in Tables I and II clearly give an idea that
outcome of the analytical expressions is not far away from the
literature results.

TABLE |
RESULTS COMPARISON OBTAINED THROUGH MIXTURE OF DC VOLTAGE
VARIATION
DC voltage Critical Clearing Time (CCT) in Difference
mix(%) millisecond (%)
From the developed Published result
Model in [13]
20 270 266 1.5
30 287 281 2.1
40 294 288 2.0
49.5 295 291 1.3
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TABLE 11
RESULTS COMPARISON OBTAINED THROUGH THE VARIATION OF

TRANSMISSION ANGLE
Angle of Power Difference
transmission ccT (%)
(degree)
From Published
developed o itin [13]
model
20 315 310 1.6
30 307 302 1.6
40 299 294 1.7
50 290 285 1.7
60 281 276 1.8

B. Validation using simulation of a real circuit

A real model of a circuit is developed in this section through
MATLAB Simulink software considering a 500kV real system
which is located at Montana. The circuit simulation is
performed for a fault which is considered in the transmission
line and it is three-phase to ground in nature. Appendix B
presented the detail information about the circuit parameters.
The CCT is evaluated considering the variation of the angle of
transmission from 20° to 60° at a particular voltage mix in DC
form of 49.5%. The power flow at steady state condition and
the circuit breaker reclosing time are considered as 2200 MW
and 300ms, respectively. The developed model of this paper is
also applied into the same system considering the same
parameters. The outcome of the analytical model is compared
with the outcome of the real circuit simulation. The
comparison of the results is given in Table III. It is clearly
seen that the obtained result from the developed model is very
much near to the simulation result and the magnitude of the
average difference is found as 2.76%.

TABLE 111
RESULTS COMPARISON BETWEEN CIRCUIT SIMULATION AND DEVELOPED
MODEL
Angle of Power Difference
transmission ccT (%)
(degree) From Using
developed MATLAB
model simulation
20 180 180 0

30 167 170 1.76

40 154 163 5.52

50 141 145 2.76

60 128 133 3.76

IV. CONCLUSION

Among the major limiting factors of load flow in a long
transmission system the transient stability is the potential one.
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The simultaneous flow of AC form and DC form of power in
the same line in a transmission system, increase the transient
stability. A simplified analytical expression for the analysis of
stability in case of transmission line with AC-DC mixed load
flow system is presented in this paper. The model is so simple
and diversified that it can be applied irrespective of locations
and types of fault with minor modifications. The power
system planners can take this model as an analytical tool.

The model validation through published result gives an
indication that the accuracy of the model is very high. The
percentage of error varies from 1.3% to 2.1% in comparison
with the established results. On the contrary, the validation
through circuit simulation also shows a promising result with
an average difference of 2.76% between the output obtained
from the developed model and simulation result.

APPENDIX-A

IEEE 2™ bench mark system is presented in Fig. 4 and the
required data is presented in table IV.

R, X Xe

Xr
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Rsys
INF
BUS
Xro2

Fig. 4. IEEE 2nd bench mark system

Table IV
SYSTEM PARAMETERS ON 100 MVA
Parameter Positive Sequence Zero Sequence
Ry 0.0002 0.0002
X7 0.0200 0.0200
R 0.0074 0.0220
Xy 0.0800 0.2400
Ry 0.0067 00186
Xa 00738 02100
Rsys 0.0014 0.0014
Xors 0.0300 0.0300
APPENDIX-B

Montana 500 kV transmission system is chosen for the
model validation using circuit simulation approach. Electrical
power is wheeling through the line from Colstrip to Taft
which is shown in Fig. 5[14]. The generation capacity of
Colstrip generating plant is 2272 MW which is treated as
equivalent machine. The infinite bus is considered at Taft and
the buses of Broadview and Garrison are ignored in the
presented circuit. The transmission line variables are given in
Table V.
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Fig. 5. Montana 500 kV transmission system

TABLE V
SYSTEM PARAMETERS FOR MONTANA 500 KV TRANSMISSION LINE
Sl No.| Component Parameter
01 Line x=j253.21 O/phase/cks, Double ckt, Three phase,
60Hz, 804kam”500kV Thermal limit current = 3kA
358%2, 778*2(MW)
. .
0z Generator 24kV Reactance=0.3pu, H=3.5 s.
03 Generator 24/230kV, Leakage reactance = 0.15pu.
Transformer

A-Y, 230/500kV, leakage reactance =0.1pu. (pure
Transformer (At| Ac)

04 |the sending end
of the line):  |A-Z.230/253kV, Leakage reactance =0.1pu. (AC-

DC)

Transformer (At
05 |thereceiving end
of the line):

Z-A 253/500kV, Leakage reactance= 0_1pu, (AC-
DC)

DC system rated voltage and current are 202kVand

06 DC system 9kA, respectively.

REFERENCES

R. D. Dunlop, R. Gutman, and P. P. Marchenko, “Analytical
development of Loadability Characteristics for EHV and UHV
Transmission Line,” IEEE Transactions on Power Apparatus and
Systems, Vol. PAS-98, No. 2 March/April 1979.

P. Kundur, Power System Stability and control, New York: McGraw-
Hill, Inc, 1994.

D.N. Kosterev, W.J. Kolodziej, R.R. Mohler and W.A. Mittelstadt,
“Robust Transient Stability Control Using Thyristor-Controlled Series
Compensation,” in Proceedings of the 4"IEEE Conference on Control
Applications, Sep. 1995, pp. 215-220 (1995).

N. Johansson, L. Angquistand H.P. Nee, “An Adaptive Controller for
Power System Stability Improvement and Power Flow Control by
Means of a Thyristor  Switched Series Capacitor (TSSC),”
IEEETransactions on Power Systems, Vol. 25, No.1, pp. 381-391, Nov.
2010.

T. Machida, “Improving Transient Stability of AC System by Joint
Usage of DC System,”/EEE Transactions on Power Apparatus and
Systems, Vol. PAS-85, No. 3 March 1966.

P.K. Dash, B. Puthal, O.P. Malik, and G.S. Hope, “Transient Stability
and Optimal Control of Parallel A.C.-D.C. Power System,” /EEE
Transactions on Power Apparatus and Systems, Vol. PAS-95, No. 3
May/June 1976.

AJSE Volume 22, Issue 2, Page 174- 180

[77 N. A. Vovos, and G.D. Galanos, “Transient Stability of AC-DC
Systems,” [EEE Transactions on Power Apparatus and Systems, Vol.
PAS-98, No. 4 July/August 1979.

[8] A. E. Hammad, “Stability and Control of HVDC and AC Transmissions
in Parallel” IEEE Transactions on Power Delivery, Vol. 14, No.4,
October 1999.

[9] H. Rahman, and, B. H. Khan, “Stability Improvement of Power

System by Simultaneous AC-DC Power Transmission,” Electric

Power System Research, Vol. 78, No. 4, pp. 756-764, Apr. 2008.

K. P. Basu, “Stability Enhancement of Power System by Controlling

HVDC Power Flow through the Same AC Transmission Line,” 2009

IEEE Symposium on Industrial Electronics and Application (ISIEA

2009), October 4-6, 2009, Kuala Lumpur, Malaysia.

K.P. Basu, and M.H. Neem, “Stability Enhancement of Power System

by Simultaneous AC-DC Power transmission,” [EICE Electronics

Express, Vol. 6, No. 12, pp. 818-823, June 2009.

M.T. Alam and Q. Ahsan “A Mathematical Model for the Transient

Stability Analysis of a Simultaneous AC-DC Power Transmission

System,” IEEE Transactions on Power Systems, Vol. 33, No. 4, pp.

3510-3520, July 2018.

M. T. Alam and Q. Ahsan “A Generalized Stability Model of A

Simultaneous AC-DC Long Transmission System”  International

Journal of Emerging Technology and Advanced Engineering, Vol. 10,

No. 4, April 2020.

D.N. Kosterev, W.A. Mittelstadt, R.R. Mohler and W.J. Kolodziej, “An

Application Study for Sizing and Rating Controlled and Conventional

Series Compensation,” IEEE Transactions on Power Delivery, Vol. 11,

No. 2, April 1996.

[10]

[11]

[12]

[13]

[14]

M. T. Alam was born in 1977 in Bangladesh. He obtained
B.Sc. degree in engineering from Bangladesh Institute of
Technology (BIT) Dhaka, Gazipur, in 2002, M.Sc. degree in
engineering from Bangladesh University of Engineering and
Technology (BUET), Dhaka, in 2008, and Ph.D. degree from
the Department of Electrical and Electronic Engineering,
BUET, in 2016. Dr. Alam is currently serving as a faculty
member in the department of Electrical and Electronic
Engineering, American International University-Bangladesh,
Dhaka, Bangladesh. He also served as a faculty member at
AUST and DIU. His research interests include, Simultaneous
AC-DC system, HVDC, power system stability, and
renewable energy.

M. M. Rahman is an organized, energetic and professional
academician and consultant (Electrical) with strong subject
knowledge, classroom management skills, high academic
background and practical experience in modern and innovative
teaching/ technologies. Presently, Dr. Rahman is serving as a
Professor, EEE, University of Asia Pacific, Bangladesh. He
has served in the Military Institute of Science and Technology
as a researcher for quite long time and in all the faculty
positions. He has received B.Sc from Bangladesh University
of Engineering and Technology (BUET) in Electrical and
Electronic Engineering (Power) in 1992 and Ph.D. in Power
line Communication form the same institution. He has recently
retired from Bangladesh Navy in the rank of Captain. While
serving in Navy, he worked as a Military researcher. His
research interests include Power line Communication,
Broadband Communication, Power System Analysis, Power

Page 179



Generation & Distribution, Green Power and Power
Electronics.

Q. Ahsan was born in 1951 in Bangladesh. He obtained the
B.Sc. degree and the M.Sc. degree in engineering from the
Bangladesh University of Engineering and Technology
(BUET), Dhaka, Bangladesh, in 1975 and 1980, respectively,
and the Ph.D. degree from the University of Ottawa, Ottawa,
ON, Canada, in 1984. He joined with the Department of
Electrical and Electronic Engineering, BUET, as a lecturer in
1976, where he became a Full Professor in 1988. He worked
as a visiting faculty with a number of universities at home and
abroad. He also worked as a consultant for many important
national and international projects. He has published around
90 technical papers in the reputed national and international
journals and conferences. He is the author of a couple of
books and a chapter of a book. Dr. Ahsan is the recipient of
several awards.

AJSE Volume 22, Issue 2, Page 174- 180

Page 180





