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ABSTRACT

One of the concerns in power system preventive control and security assessment is to find the point

where the voltage and frequency collapse and when the system forces a severe disturbance. Identifying

the weakest bus in a power system is an essential aspect of planning, optimising and post-event analysing

procedures. This paper proposes an approach to identify the weakest bus from the frequency security

viewpoint. The transient frequency deviation index for the individual buses is used as the weakest bus

identification as well as a frequency security indicator. This approach will help to determine the bus

with the worst deviation, which helps to analyse the system disturbance, takes proper control action to

prevent frequency failure, and most importantly, observes consumer frequency. The approach is applied
to the WSCC 9 bus test system to show the feasibility of the method.
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INTRODUCTION

In recent years, the integration of various
renewable resources has made power system
control and protection complicated. When
there is any change in the operation condition
due to increased load demand, it results in
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generator outage or in a natural fluctuation of
the generating sources. Consequently, system
voltage and frequency will experience a state
of instability. The detection of the weakest
point of the system where the voltage or
frequency collapses is a vital aspect in studies
related to power system security assessment.

The are several studies on the
identification of the weakest bus based on
voltage security. Kuhn-Tucker’s theorem
has a voltage stability indicator which helps
to identify the weakest voltage bus or area.
This indicator is comprehensive because it
covers all marginal costs (Gau, 1994). Chen
(1996),describes a method to identify the
weak bus using voltage collapse proximity
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indicator to install the VAR source and enhance the system security margin. A study of the
power system’s weak bus identification using model analysis, multivariable control, and SVD
(Singular Value Decomposition) was conducted by (M. K. Jalboub, H. S. Rajamani, 1998).
An easy method to locate the critical voltage bus using a basic power flow equation and KVL
law was carried out by (Bhonsle, Deshpande & Renge, 2004).

The above studies are focused on voltage stability indices, effects of voltage stability
control on system failure and blackouts. Despite the importance of understanding frequency
behaviour for different bus systems as a result of integration of renewable energy resources,
there are only a few studies that deal with identifying the weakest frequency bus. Such studies
are essential for post-event analysis and for minimising the individual machine deviation when
the system load is suddenly increased, or when outage occurs in the online units (Adibi &
Fink, 2006).

The frequency deviation differs from one bus to another. Consequently, the frequency
deviation has been used in several studies either to locate each electrical area established on
both coherent generators and related non-generator buses (Khalil, Member, & Iravani, 2016)
or for islanding control (Bevrani & Tikdari, n.d.).

This paper recommends the use of transient frequency deviation index (TFDI) for individual
system buses. The TFDI is a good indicator for frequency stability to identify the worst
deviation bus in the system. This approach will contribute effectively to the analysis of system
disturbances, system partitioning into control areas, as well as observe consumer frequency.
The rest of this paper is structured as follows: the concept of frequency stability is discussed
in Section 2 while Section 3 presents the methodology. Section 4 discusses the simulation
results while Section 5 provides the conclusions.

CONCEPT OF POWER SYSTEM FREQUENCY STABILITY

Frequency stability is the ability of a power system to withstand any credible disturbances
and maintain a nominal operation frequency. Frequency stability depends on the ability of
a power system to restore the balance of system generation with a minimum loss of load
(Sun, H. D., Tang, Y., & M. A., n.d.). Frequency stability problems are related to insufficient
reverse generation, inadequate protection and control devices, and the weakness in equipment
responses.

Frequency stability may be short-term such as the rapid frequency deviation of the un-
generated island when it is insufficient under frequency load shedding such that the island
is experiencing a blackout within seconds (Kundur et al., 2004), or it may be a long-term
stability with the time frame ranging from tenths of a second to few minutes. This phenomenon
can be caused by controls of over speed steam turbine or boiler protection (Hatziargyriou &
Karapidakis, 1998; Chow, Kundur, & Acchione, n.d.). Frequency deviations can damage the
equipment, degrade load performance, overload transmission lines, and interfere with system
protection schemes. Moreover, the significant frequency deviation events can ultimately lead
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to system collapse. Therefore, frequency stability assessment is essential for power system
operation and control.

TRANSIENT FREQUENCY DEVIATION INDEX OF SYSTEM BUSES

In a power system, if any generation or part of a generation unit trips, the frequency will
deviate from the nominal value. Likewise, if any load disconnects from the system, the latter
will experience a high-frequency deviation. In other words, the frequency deviation can reflect
system generation balance.

The frequency deviation is a good indicator of system stability. Most of the frequency
security assessment studies used frequency deviation indices such as maximum frequency
deviation index MDFI, total frequency deviation index FDI, and frequency security index FSI
(Manuel, Alvarez, Mercado, & Member, 2007). However, although these indices can measure
the rigorousness of disturbances in a particular time, they are incapable of measuring the
effect of frequency deviation in a period. Additionally, they are unable to indicate the different
frequency decay for various buses (consumer) (Dai, Xu, Dong, Wong, & Zhuang, 2012).

Therefore, TFDI was established by Zhang, Li and Liu (2015). The TFDI can be obtained
from frequency response trajectory and two elements tables (f,, ,t.). The general formula for
the index is:

ne—S
Sy =18, (1)
S, =min [ (f - £,)dt 2)
where:

Sq = the minimum area surrounded by the frequency response curve and the critical frequency
(f.,) in within critical time (t.,). fN =standard frequency of the system, f.. =frequency deviation
threshold, t.. = the acceptable duration for frequency deviation for going beyond f., t, = starting
time of statement window.

According to (Zhang et al., 2015) the determination of TFDI depends on Sd, which also
depends on the relation between the frequency trajectory, the critical system frequency, critical
system time, and the break time as follows:

1) If there is no intersection between the frequency response trajectory and the line of
critical frequency f=f,, and the break time is zero t,=0 (figure.1a), then the TFDI will
be:

n= al
(

fN _fcr)tcr (la)
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If there is an intersection between the frequency response and the critical frequency
line, and, the break time t, is less than t., (figure 1b) , the TFDI will be:

B S +8,-8, b
=S, (1b)

If there is an intersection between the frequency response and the critical frequency
line, and, the break time tb is greater than t., (figure 1c), the TFDI will be:
-S

—. T 1
7 (f,\/ _f;‘r)t(/- ( C)

The TFDI has the ability to evaluate the frequency security of individual buses (consumers),

especially when the system withstands large disturbances such as 3-phase fault at any system
buses or lines. Therefore, TFDI can be used to find the weakest or unstable bus from the
frequency security viewpoint. The bus with the smallest TFDI is the worst deviation bus.

PROPOSED METHODOLOGY
The methodology to locate the TFDI for individual buses, and then to decide the wind turbine

location is shown in Figure 3.

100

Pertanika J. Sci. & Technol. 25 (S): 97 - 104 (2017)



Weakest Bus Frequency Identification of Power System via TFDI

T g D)
‘\\77 Start 7//‘

‘ Run power flow to identify ‘

system base conditions

Create a Credible Contingency (3 phase fault on system
buses or lines, lost generation unit, lost a heavy load)

Run power flow and time domain
simulation to get frequency
trajectories

For a given [ter, for] threshold
Compute TFDI for system buses
J’ N

- — o

~ Bus with Min TF B ;;\—,

Yes

Identified as weakest bus
frequency

End

/N
\_/

Figure 2. Flowchart of identifying weak bus frequency

SIMULATION RESULTS AND DISCUSSION:

The test system to be used for this simulation is the IEEE 9-bus, 3-machine test system shown
in Figure 4. System data are given in (Ahmadi & Ghasemi, 2012). After running a power flow
in order to identify the base operation conditions of the system, full-time domain simulations
are applied with different contingencies. The results show that the frequencies of various buses
are not the same. Therefore, the TFDI of buses is also different. Figure 5 below shows the
frequency response of system buses for a 3-phase fault at bus 2. It is obvious from this plot
that the responses are not similar. Consequently, the TFDI of system buses will be different.

3] —

(1Y
AT

Figure 3. IEEE 9-bus test system Figure 4. Frequency response of system buses for
3-phase fault at bus 2,

The TFDI of each bus is calculated. Figures 6, 7 and 8 show the TFDI of each bus with bus
numbers for different cases. It can be seen clearly from the results that we get approximately
the same pattern for all cases. It can be observed that bus 2, 5 and bus 7 are the lowest TFDI
buses. Thus, these buses can be mentioned as the weakest buses frequency of the system. Since
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bus 5 is the lowest TFDI among all load buses it can be selected as wind power integration
bus to assess perfectly the maximum wind power penetration level. These results seem to
be consistent with other studies which chose bus 5 as wind farm integration bus (Ahmadi &
Ghasemi, 2012).
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Figure 6. TFDI with bus 3-phase fault on line 4
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Figure 7. TFDI with bus 3phase fault at bus 2

CONCLUSION

For economic load shedding protection design, it is necessary to evaluate the frequency
instability. The first step to evaluate this instability is to find the severity of frequency deviation.
Another important aspect of power system frequency stability is to observe the frequency
decay for different buses (consumers). There is a need to find the weak frequency points of the
network to select the wind turbine integration bus to estimate the maximum allowable wind
power level accurately according to the impact of this turbine on system frequency.

The main aim of this study is to show the ability of TFDI to evaluate the frequency stability
for different system buses. The study also suggests an approach to find the most suitable bus
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for locating the load shedding schemes and for observing the frequency of customers. The
feasibility of the proposed approach has been achieved on IEEE 9- bus test system.

Determining the critical level of variable renewable resources penetration while considering
the system’s frequency limits can be explored in future research.

ACKNOWLEDGMENT

The authors are grateful for the support provided by the Centre for Advanced Power and
Energy Research, Department of Electrical and Electronic Engineering within the Faculty of
Engineering, University Putra Malaysia.

REFERENCES

Adibi, M. M., & Fink, L. H. (2006). Restoration from cascading failures. [EEE Power and Energy
Magazine, 4(5), 68-77. http://doi.org/10.1109/MPAE.2006.1687819

Ahmadi, H., & Ghasemi, H. (2012). Maximum penetration level of wind generation considering power
system security limits. /ET Generation, Transmission & Distribution, 6(11), 1164—1170. http://doi.
org/10.1049/iet-gtd.2012.0015

Alvarez, J. M. G., & Mercado, P. E. (2007). Online inference of the dynamic security level of power
systems using fuzzy techniques. /EEE transactions on Power Systems, 22(2), 717-726.

Bevrani, H., Hiyama, T., & Tikdari, A. (2009, January). On the necessity of considering both voltage
and frequency in effective load shedding schemes. In IEEJ Technical Meeting.

Chen, Y. (1996). Weak Bus-Oriented Optimal Multi-objective VAR Planning. [EEE Transactions on
Power Systems, 11(4), 1885—1890.

Chou, Q. B., Kundur, P., Acchione, P. N., & Lautsch, B. (1989). Improving nuclear generating station
response for electrical grid islanding. IEEE Transactions on Energy Conversion, 4(3), 406-413.

Dai, Y., Xu, Y., Dong, Z. Y., Wong, K. P., & Zhuang, L. (2012). Real-time prediction of event-driven
load shedding for frequency stability enhancement of power systems. I[ET Generation, Transmission
and Distribution, 6(9), 914. http://doi.org/10.1049/iet-gtd.2011.0810

Gau, H. (1994). weakest bus / area in power systems. /EE, 1994, 305-309.

Hatziargyriou, N., Karapidakis, E., & Hatzifotis, D. (1998, August). Frequency stability of power systems
in large islands with high wind power penetration. In Bulk Power Syst. Dynamics Control Symp.—IV
Restructuring (Vol. 102).

Huadong, S., Yong, T., & Shiying, M. (2006). A commentary on definition and classification of power
system stability. Power System Technology-Beijing-, 30(17), 31.

Jalboub, M. K., Rajamani, H. S., R. A. A.-A. and A. M. L. (1998). Weakest Bus Identification Based on
Modal Analysis and Singular Value Decomposition Techniques. [EEE transactions on Power Systems,
39(6), 0-22. http://doi.org/10.1093/bjsw/bcs140.

Khalil, A. M., & Iravani, R. (2016). A Dynamic Coherency Identification Method Based on Frequency
Deviation Signals. IEEE Transactions on Power Systems, 31(3), 1779-1787.

Pertanika J. Sci. & Technol. 25 (S): 97 - 104 (2017) 103



Athraa Iessa, Noor Izzri Abdul Wahab and Norman Mariun

Kundur, P. (1981). A survey of utility experience with power plant response during partial load rejection
and system disturbances. I[EEE Transactions on Power Apparatus and Systems, 5(PAS-100), 2471-
2475.

Kundur, P., Paserba, J., Ajjarapu, V., Andersson, G., Bose, A., Canizares, C., ... Vittal, V. (2004). Definition
and Classification of Power System Stability. IEEE Transactions on Power Systems, 19(2), 1387-1401.
http://doi.org/10.1109/TPWRS.2004.825981

Jalboub, M. K., Rajamani H. S., Abd-Alhameed, R. A., & Thbal, A. M. Weakest Bus Identification based
on Model Analysis and Singular Value Decomposition Techniques. /EEE transaction on Power
Systems, 39(6), 0-22.

Ms.J.S.Bhonsle, S.B.Deshpande, M.M.Renge, M. R. H. (2004). 4 New Approach for Determining Weakest
Bus and Voltage Stability Margine in A Power System. National Power System Conference, NPSC.

Zhang, H., Li, C., & Liu, Y. (2015). Quantitative frequency security assessment method considering
cumulative effect and its applications in frequency control. International Journal of Electrical Power
and Energy Systems, 65, 12-20. http://doi.org/10.1016/j.ijepes.2014.09.027

104 Pertanika J. Sci. & Technol. 25 (S): 97 - 104 (2017)



