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Abstract—In a deregulated power market, independent system operators
exchange information related to the available transfer capability (ATC) of
their respective areas for efficient power system operation. Accurate ATC
calculation is important for efficient market operations. Among the param-
eters required to calculate ATC, the capacity benefit margin (CBM) is an
important one. CBM represents the interarea tie-lines capacity reserved
in order to have access to external generation in an event of power supply
shortage. This paper proposes a new technique for CBM evaluation using
graph theory concepts. The proposed technique can be used as an effective
tool to solve the CBM problem for large multiarea power systems which
are not fully connected and may have multiple deficient areas, unlike pre-
vious approaches which considered only fully connected areas with only
one deficient area. The IEEE 24-bus reliability test system is employed to
implement the proposed method. A performance analysis of the proposed
technique shows that it can find a feasible solution efficiently.

Index Terms—Capacity benefit margin (CBM), graph theory, multiarea
power systems, reliability.

1. INTRODUCTION

Accurate evaluation of available transfer capability (ATC) is very
important for system security and economic activities [1]. Capacity
benefit margin (CBM) is one of the important parameters required to
calculate ATC. CBM is the network margin reserved for the utilities to
have access to external generation in case of emergency generation out-
ages [2], [3]. Despite the extensive research works on ATC, the work
done on CBM determination is limited. For efficient and sustainable
power generation reliability, utilities usually have reserve capacity for
unforeseen circumstances (such as sudden increase in load demand due
to weather variability, decrease in supply due to faults in the system,
or unplanned maintenance, etc.). This reserve capacity can be reduced
without generation reliability degradation by power interchange be-
tween interconnected systems through tie-lines [4]. To minimize this
reserve capacity, utilities reserve some margin in the transmission net-
work between interconnected areas and this margin is termed as CBM.
Over/under-estimation of CBM may result in inaccurate ATC results,
leading to ineffective utilization of transmission system facilities and
sudden generation deficiency [5], [6]. Thus, CBM is used to quantify
the amount of transmission reserve capability required to meet the gen-
eration reliability. Loss of load expectation (LOLE) is commonly used
as reliability metric for CBM calculation. LOLE is the average number
of days or hours in a given period (usually one year) in which there

Manuscript received November 23, 2018; revised March 3, 2019; accepted
April 5, 2019. This work was supported by the Fundamental Research Grant
Scheme (FRGS) from the Ministry of Higher education of Malaysia (MOHE) un-
der Grant Q.J130000.7851.5F062. (Corresponding author: Muhammad Naveed
Aman.)

O. O. Mohammed is with the School of Electrical Engineering, Universiti
Teknologi Malaysia, Skudai 81310, Malaysia, on leave from the Department
of Electrical and Electronics Engineering, University of Ilorin, Ilorin 240003,
Nigeria (e-mail: oomohammed2 @live.utm.my).

M. W. Mustafa is with the School of Electrical Engineering, Universiti
Teknologi Malaysia, Skudai 81310, Malaysia (e-mail: wazir@utm.my).

M. N. Aman is with the Department of Computer Science, National University
of Singapore, Singapore, 117417 (e-mail: naveed @comp.nus.edu.sg).

Digital Object Identifier 10.1109/JSYST.2019.2910554

is a loss of load, i.e., the daily peak load or hourly load is expected to
exceed the available generating capacity.

This paper presents a new method to evaluate the CBM for a large
number of interconnected power systems consisting of multiple de-
ficient areas and a network which is not fully connected. The main
contribution of this paper is a graph-theoretic approach towards CBM
evaluation which can efficiently scale to large and not fully connected
power networks with multiple deficient areas. Moreover, the proposed
technique can also be used as a CBM feasibility test, i.e., if the method
fails to find a feasible solution then there is no feasible allocation of
CBM using the available supply of power.

The rest of the paper is organized as follows. A discussion on the
related study is presented in Section II. Section III describes the pro-
posed method for the determination of CBM, and Section IV presents
the simulation results. A performance analysis is given in Section V.
Finally, Section VI concludes this paper.

II. LITERATURE REVIEW

Most of the previous methods to determine CBM employ optimiza-
tion techniques, such as particle swarm optimization [7], evolutionary
programming [8], differential evolution [9], and trial and error [10]. We
can identify three major issues with the existing techniques for CBM
calculation: 1) the existing techniques consider a simple scenario where
there is only one deficient area; 2) these techniques assume a fully con-
nected network of power systems; and 3) these techniques rely on com-
plex optimization techniques and iteratively evaluate the LOLE of each
area in each step which may not be feasible for large interconnected
power systems. To solve these issues, we propose a technique based on
graph theory which uses a graph representation of interconnected power
systems. The technique is easily scalable to a large number of areas and
can solve the problem of multiple deficient areas and interconnected
power systems which are not fully connected.

III. PROPOSED CBM CALCULATION TECHNIQUE

Let us consider an interconnected power system with three areas.
The first step in the proposed method is to create a directed graph of
the interconnected power system under consideration. This is done by
representing each area as a vertex of the graph and the tie-lines as edges
between the vertices. Note that the capacity of all the tie-lines connect-
ing any two areas is combined to get a single edge in each direction with
the corresponding total capacity. The directed graph for a three-area in-
terconnected power system is shown in Fig. 1. Where, u; ; represents
the edge connecting area i and j. We observe that u; ; +u;; = C; ;,
where C; ; denotes the capacity of the tie-line connecting area i and j.
Moreover, A; represents the demand (positive value) or supply (nega-
tive value) of power in area i. A; is calculated using Algorithm 1.

In Algorithm 1, “Gen” represents the generation matrix of an area

G1 n, FOR1
Gen = S (1)
G, n, FOR,

where the first column represents the power rating for the various gener-
ators available in an area, and the second and third columns represent the
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Fig. 1.  Graph for a three-area power system.

Algorithm 1: Calculate Power Supply and Demand for an Area in
the Power System Graph.

Input: Gen, Load, LDC, LOLE,,gct

Output: Pp
1. Calculate the Capacity Outage Probability Table (COPT)
using Gen
2. Calculate LOLE using COPT and LDC
3. IFLOLE < LOLE¢arget
4 Initialize L = Load
5. WHILE (1) {
6. Calculate LOLE using L
7 IF LOLE > LOLEarget
8 Pp =L — Load
9. BREAK
10. L =L + Step}
11. ELSE
12. Initialize G = Total Generation
13. WHILE (1) {
14. Calculate LOLE using G
15. IF LOLE < LOLE¢a,get
16. Pp = Total Generation — G
17. BREAK
18. G =G + Step}

number and forced outage rate of the corresponding generators, respec-
tively. Moreover, Load denotes the total load in an area, LDC denotes
the load duration curve, and LOLE¢ 5,4 denotes the maximum allowed
value for LOLE. Algorithm 1 shows that the supply or demand of power
in an area is calculated by respectively increasing the total load or total
generation in that area in steps until the LOLE threshold is violated.
The supply or demand can then be calculated respectively by taking
the difference between the increased load and the original load value or
increased generation and original generation value. Once the A, s have
been calculated the supply and demand nodes are identified, i.e., if A;
is positive the node is designated as a demand node and vice versa.
The next step in the proposed technique is to add a source node and a
sink node. This is done by adding edges from the source node to the sup-
ply nodes and assigning a capacity equal to the power supply of the re-
spective nodes. Similarly, edges from the demand nodes to the sink node
are added with capacities equal to the power demand of the respective
nodes. Let us assume that area 1 is the demand node while areas 2 and 3
act as supply nodes in Fig. 1. Then the updated graph is shown in Fig. 2.
To find the CBM between different areas in Fig. 2, we formulate
our problem as a maximum flow problem and check whether there is a
feasible CBM allocation which can solve the LOLE problem in all the
demand areas. If we denote the flow on the edge connecting area i and
area j with f; ; then the maximum flow problem can be formulated as

Maximize : Z fs,i- 2)
i:(S,i)eA

Subject to
fi,jgui,ja v(%])6‘/4 (3)

Ui, 5 + Uj i < Cl‘,]', V(Z,j) €A 4)
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Fig. 2. Power system graph with source and sink nodes.
TABLE I
DETAILS OF THE SIX AREAS OF THE IEEE 24-BUs RTS
Areas Buses Generation Load  Margin LOLE
MW)  (MW)  (MW) __ (hr/yn)
1 ig, 16, 17, 770 750 20 813.086
2 14,19, 21 400 375 25 0
3 20,22 300 128 172 0.0002
4 5,6,8,9,10, 237 63.002
11,12,13, 1250 1013
23
5 2,7 492 222 270 0.0655
6 1,3,4,24 592 362 230 736.170

ST fu— Y. fri=0, Viev. )

k:(i,k)EA k:(k,i)eA

The steps to calculate CBM are as follows.

1) Use Algorithm 1 to obtain the graph representation for the inter-
connected power system.

2) Add source and sink nodes. Add edges from the source node
to supply nodes with a capacity equal to A;. Add edges from
demand nodes to sink node with a capacity equal to A;.

3) Run maximum flow algorithm on the power system graph.

4) If the flow from the source node to sink node = total demad
(Dota1), assign CBM from area i to area j = f; ;, otherwise,
there is no feasible allocation.

After running any of the popular algorithms for maximum flow on
Fig. 2, using these steps, we can check if there is a feasible allocation
of CBM, i.e., whether the total supply of power Stot is sufficient to
fulfill the total demand of power D1 We observe that a feasible CBM
allocation is possible if the flow from the source to sink node in Fig. 2 is
equal to Do If a feasible CBM allocation is possible, then the flow
value f; ; fromareaitojis considered as the CBM between area i and ;.

532

IV. SIMULATIONS AND RESULTS

The proposed technique was simulated in MATLAB R2015b using
the IEEE 24-bus RTS [11]. The IEEE 24-bus RTS is divided into six
areas as shown in Fig. 3. Moreover, the LOLE target value for all areas
is set to 2.4 hours per year (h/year). Table I shows the buses, total
generation, total load, and margin available in each area.

Using Algorithm 1, we have Fig. 4 identifying the supply and demand
areas as well as the link capacities. Using the proposed technique for
CBM calculation with the Boykov—Komogorov [12] as the maximum
flow algorithm we obtain the flows shown in Fig. 5.

We observe that D¢, = 1089 MW exceeds the total flow from
source to sink, i.e., 264 MW. Therefore, we can conclude that there is
no feasible allocation of CBM in this power network. Note that there
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Bus 18 =
Bus 17
I Bus 21 Bus 22

=
N
Bus 16 ]-K
Bus 15
©
Area l Area 2 —
Area 6 Area 4
Bus 24 - Bus 11 Bus 12
? é Fig. 5. CBM calculation for IEEE 24-bus RTS.
Bus3 =
1 I
s Ml Bus TABLEII
> DETAILS OF THE SIX AREAS OF THE MODIFIED IEEE 24-Bus RTS
“i‘“ e Area  Generation LOLE Generation LOLE
<_| I —T Units (Original) Units (Modified)
’_|—> (Original) (hr/yr) (Modified) (hr/yr)
(MW) MW)
Area 5 Bus7
Bus1 Bus2 1 1 12x5 813.086 12x5 7.396
I |
é é) 155x 1 155x 4
400x 1 400x 2
400 x 1 0 - -
Fig. 3. IEEE 24-bus RTS divided into six areas. 3 50x 6 0.0002 - .
4 197x3 63.002 197x 4 8.506
155x2 155x2
350x 1 350x 1
527
5 20x2 0.0655 20x2 0.0028
i 25 76 x 2 76 x2
J S 100 x 3 100 x 4
Y~
- 6 20x2 736.170 20x2 0.9524
76 x2 76 x2
400 x 1 100x 3
400x 1

s
Fig.4. 1EEE 24-bus RTS graph representation. Areas 2, 3, and 5 are the supply

areas while areas 1, 4, and 6 are the demand areas. Algorithm 1 using hourly
load model of [11] and a step size of | MW.

is no power flow to area 6 and the power flow to areas 1 and 4 is not
sufficient to meet the reliability requirements of these areas. To get a
feasible allocation and test our proposed technique we modify the IEEE
24-bus RTS system according to Table II. Moreover, we also remove the
tie-lines between area 3 and 4; and area 5 and 4. Note that we modify
the tie-lines so as to satisfy the LOLE requirements of area 4, such
that the proposed technique must route power from multiple areas (not
directly connected) to area 4, i.e., to create a power network that is not
fully connected.

The modified IEEE 24-bus RTS has four supply areas (2, 3, 5, and
6) and two demand areas (1 and 4). We can now apply the proposed
CBM-calculation technique to obtain the flows shown in Fig. 6, which
shows that we have a feasible CBM allocation for this power network.
We observe that to meet the power demands of area 4 and 6, power is  Fig. 6. CBM calculation for modified IEEE 24-bus RTS.
routed from areas that are not directly connected to these areas.
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TABLE III
LOLE OF THE SIX AREAS BEFORE AND AFTER CBM ALLOCATION
(BeE)?eLgBM LOLE
Area . (After CBM Allocation)
Allocation) (hr/yr)
(hr/yr) "
Area 1 7.396 2.369
Area 2 0 1.76
Area 3 0.0002 2.364
Area 4 8.506 2.376
Area 5 0.0028 0.016
Area 6 0.9524 2.303
TABLE IV

RESULT OF CBM DETERMINATION USING APPROACHES IN [10] AND [7]

Proposed
Technique Ref[10] Ref[7]
Area  Import Import Import
/ LOLE / LOLE /  LOLE
Export  (hrjyr)  Export (hr/yr) Export (hr/yr)
(MW) (MW) (MW)
1 79 2378 79 2378 9846  1.931
2 79 1721 40 1.049 9496  2.014
3 0 0.667 39 2048 350 0.732
Total 4.766 5.475 4.677

Table III shows that the LOLE values of all areas are below the
target value of 2.4 h/year. Thus, the proposed technique can be used
effectively for CBM calculation in large multiarea power systems.

The techniques in [7] and [10] can only be applied to fully connected
networks of power systems. Therefore, to compare the proposed tech-
nique with existing techniques for CBM calculation, we consider the
modified three area 24-bus RTS [10], which consists of a fully con-
nected network of power systems. The methods proposed in [7] and
[10] are then used to determine the CBM employing the reliability data
used in this paper. The results are shown in Table IV. If we take the
total LOLE of all the areas as the benchmark for comparison, then
the technique with lower values for total LOLE is considered better.
From Table IV, we observe that the proposed technique results in a
total LOLE lower than [10] but slightly higher than [7]. However, note
that the proposed technique uses maximum flow algorithms to calculate
CBM which have significantly lower computational complexity com-
pared to particle swarm optimization. This shows that the proposed
technique can be used as an effective tool for CBM calculation in large
interconnected power systems.

V. PERFORMANCE EVALUATION

If we denote the peak load and installed capacity by Ly,.x and I,
then the worst-case time complexity to calculate LOLE is given by
Crore = OM(Lpax — 1c)), where M() represents the complexity
of multiplication. Then the worst-case complexity of Algorithm 1 is
given by Calgor = O(CroLr X LOLEaget ). Moreover, if we de-
note the number of supply areas by n and demand areas by m then the
worst-case time complexity of maximum flow algorithms can be given

by Crlow = O(nm log%) [13]. Thus, the worst-case time complex-
ity of the proposed technique is given by Cprop = Criow + Calgo1 =

O(nm log?—j + CrovLe X LOLE 1,4t ). The existing techniques for
CBM calculation based on evolutionary algorithms (EA) usually have
a computational complexity of Cga = O(d x p+ Cop; X p) [14],

where d is the dimension of the problem, p is the population size,
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and Cop; is the complexity of the objective function. Cop; depends on
LOLE calculation, and d is described by the total number of edges in a
graph.

Thus, Cga = O(% x p + Crore x p) = O(n*m?p +
Crore X p). Comparing Cp,op and Cga, we observe that the existing
techniques are not scalable because they are O(n?m?) as opposed to
the proposed technique which has a significantly lower computational
complexity. This shows that the proposed technique is efficient and can
scale to large multiarea power networks.

VI. CONCLUSION

This paper proposed a CBM calculation technique for large multi-
area power systems. The proposed technique uses the maximum flow
problem in graph theory to determine the CBM between different areas.
This technique has lower complexity than existing techniques for CBM
calculation and can scale large multiarea power systems. The proposed
technique has the ability to evaluate CBM for interconnected power
systems which have multiple deficient areas as well as areas which are
not directly connected to each other. Moreover, the proposed technique
can also be used as an efficient CBM feasibility test. The implementa-
tion results of the proposed technique on the IEEE 24-bus RTS showed
that the proposed technique can be used as an effective tool to calculate
CBM for large multiarea power systems which are not fully connected.
Moreover, a comparison with existing work showed that the proposed
technique can find a feasible solution for CBM allocation.
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