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A Study on Transmission System Expansion Planning on the Side of

Highest Satisfaction Level of Decision Maker

Trungtinh Tran*, Sung-Rok Kang*, Jae-Seok Choi' , Roy Billinton** and A. A. El-keib***

Abstract - This paper proposes a new method for choice of the best transmission system expansion
plan on the side of highest satisfaction level of decision maker using fuzzy integer programming.
The proposed method considers the permissibility and ambiguity of the investment budget
(economics) for constructing the new transmission lines and the delivery marginal rate (reliability
criteria) of the system by modeling the transmission expansion problem as a fuzzy integer
programming one. It solves the optimal strategy (reasonable as well as flexible) using a fuzzy set
theory-based on branch and bound method that utilizes a network flow approach and the maximum
flow-minimum cut set theorem. Under no or only a very small database for the evaluation of
reliability indices, the proposed technique provides the decision maker with a valuable and practical
tool to solve the transmission expansion problem considering problem uncertainties. Test results on
the 63-bus test system show that the proposed method is practical and efficiently applicable to

transmission expansion planning.

Keywords: Flexibility and ambiguity, fuzzy branch and bound method, fuzzy integer programming,
satisfaction level of decision maker, transmission system expansion planning.

1. Introduction

Transmission expansion planning addresses the problem
of broadening and strengthening an existing transmission
network to serve the growing electricity market in an
optimal way subject to a set of economic and technical
constraints. The problem revolves around how to minimize
cost subject to a reliability level constraint. Various
techniques including branch and bound, sensitivity
analysis, Benders decomposition, simulated annealing,
genetic algorithms, tabu search algorithms, and GRASP
were all used in this paper to study the problem.

In a recently deregulated environment, electric utilities are
expected to be winners of competitions. This environment
makes it more important to assess and construct reasonable
reliability criteria at load points. In such an environment,
reliability of delivery of the marginal power rate of a
transmission system becomes a more important parameter
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in transmission planning. In addition, in competitive
electricity markets there exists more ambiguity of
investment cost/budget and higher uncertainty of the
delivery marginal power rate of the transmission system
because of the profit maximization of the system owner
being the major focus. Furthermore, the system planners
and owners are asked how the reliability and economic
parameters should be evaluated more reasonably in grid
planning, although the planning problem includes
numerous uncertainties such as construction cost/budget,
reliability criteria, load forecasting and system
characteristics, etc. It is a challenging task to develop an
expansion plan that considers all the items in an effective
and practical manner. When a very small or even non-
existent database is available to evaluate component
reliability indices and investment budget for constructing
new equipment, it becomes difficult to use general
statistical methods to solve the problem. Under such
circumstances, an approach that is based on fuzzy set
theory becomes attractive and useful to accomplish the
task. Experience and knowledge of experts and decision
makers can be very helpful in dealing with subjective
uncertainty and ambiguity in planning problems. Such
experience can be reflected in the membership functions of
fuzzy objective functions and constraints. In addition,
fuzzy set theory can conveniently handle multi-objective
optimization problems. Accordingly, a fuzzy optimal
decision policy can be conveniently formulated to
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maximize the satisfaction level of a decision maker.

In this paper, a new approach to transmission system
expansion planning is proposed. It uses a fuzzy set theory
to model the uncertainties and ambiguities associated with
construction costs and delivery power marginal rate
through appropriate membership functions. A fuzzy
branch and bound algorithm includes the network flow
theory. A maximum flow-minimum cut set theorem is
proposed to obtain the optimal solution with highest
satisfaction level of the decision maker. The effectiveness
of the proposed approach algorithm is demonstrated by
testing it on a 63-bus test system. The following are the
assumptions used:

(a) A network flow method considering active power is

used.

(b) The network flow method is sufficient for the long

term planning problem.

(c) A set of draft plans/scenarios are used as candidate

plans.

(d) The problem is limited to a static expansion

planning problem for a single-stage or horizon-year.

2. The Fuzzy Transmission Expansion Planning
Problem

Considering the ambiguity and uncertainty of
investment budget and reliability criterion, transmission
expansion planning can be formulated as a Fuzzy Integer
Programming (FIP) problem as follows (see Appendix A.2
for details)

m(x,y) . .
minimizeC" = ¥ [ 3. CunUip] )

(xy)eB =1

where C is the total construction cost of new equipment.

Because the future investment budget cannot be
certificated, the fuzzy goal function considering the
decision maker’s aspiration level for the construction cost
Z*¢, can be expressed by Eq. (2)

C'S 7%, 2)

No power supply shortage requires that the total
capacity of the branches involved in the minimum cut-set
should be greater or equal to the total load of the system.
This is also referred to as the bottleneck capacity Fm (or
the maximum flow of the network) in Table A.l of
Appendix A 3. Therefore, a no shortage power supply
constraint can be expressed by Eq. (3)

P(X,X)2L (seX,teX) 3)

The demand constraint can be formulated by Eq. (4)
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The fuzzy constraint corresponding to the power
delivery capacity of the transmission system can be
expressed by Eq. (5)
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where,

*

Z# . the decision maker’s aspiration level of the delivery
power marginal rate.

FXX) . the capacity of minimum cut-set of subsets,

X and X including sources s and terminals t (=Fm)
N : the set of all nodes.
X :asubset of N including source and excluding terminal.
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L: total demand
P(x,y): power of transmission line or generator between
node x and node y

) .
ACGL: construction costs of j-th parallel element of
J-tn p

branches between node x and node y

)y .
APy capacity of j-th parallel element of branches

between node x and node y
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k: cut-set subscript number (=1, 2, ..., k,..., n)

B: a set of all branches

m(x,y): the number of new branches between nodes x
and y.

2.1 The Equivalent Crisp Integer Programming
Problem and the Proposed Branch and Bound-
Based Method

maximize A
Sub.to A< ﬂc {P(x’y)} (11

SH, {Pw)}

A20

where,

A: represents the satisfaction level of the decision maker

pe(-): membership function of the set for construction
costs.

pr(+): membership function of the set for supply reserve
rate.

The branch and bound algorithm has merits in the case
of complex optimization problems with many constraints.
A fuzzy branch and bound algorithm, which includes the
network flow theory and the maximum flow-minimum cut
set theorem, is proposed to obtain the optimal solution
with the highest satisfaction level considering membership
functions that reflect uncertainties and ambiguities
associated with construction costs and the delivery power
marginal rate.

2.2 The Membership Functions

In this paper, it is assumed that the threshold values of
membership functions are determined from the results of
simulating a conventional planning problem with crisp
membership functions.

The membership function of fuzzy construction costs is

1 : AC() <0

HciPayd = { e~ We AC{P(X, 4 :AC()0 @

where,

Hc(-): membership function of fuzzy set for construction
costs.

AC () ={C(Pxy)-Cusp} / Cusp

C(Py)): construction costs at P,

C.sp : aspiration level for construction costs (= Z, 2)

We: a weighting factor associated with the membership

function of the construction costs.
The membership function of the fuzzy supply reserve
rate of HLII is expressed as follows

1 :AR() =0
(13)

He Py} =
R thxy) o Wr AR{P(X,y)} : AR()<0

where,

pr(-): membership function of fuzzy sets for supply
reserve rate

AR () ={DMR(P(s)-Rasp} / Ragy

DMR(P.,)): delivery marginal rate at Py,

Rasp: aspiration level for delivery marginal rate of

composite power system (HLII) (= Z; ).

Wr: weighting factor of the membership function for the
supply reserve rate of HLIL.

3. Solution Algorithm

The objective in the conventional crisp branch and
bound method is to minimize the total construction costs
subject to a specified reliability level and delivery power
reserve rate. The proposed fuzzy branch and bound-based
method maximizes the satisfaction level A of the decision
maker and produces the optimal solution considering both
the construction costs and the delivery power marginal rate.

The solution algorithm for the proposed approach
follows and the accompanying flow chart is shown in Fig. 1.
Step 1. Check the need for transmission expansion for the

system and its possibility using the candidate lines.

Step 2. Set j=I (initial system), j,,, =0, jmax =0, A,,=0
and ENNOD=0. ENNOD; is 1 means that the j-th
system is the end node. .

Step 3. It ENNOD;=1, the j-th system is the end node in
the solution graph used to obtain the optimal solution
and there would be no need to consider any of the
other graphs following this system. Proceed to Step
15.

Step 4. Calculate the minimum cut-set using the maximum
flow method for the j-th system (j-th solution in the
solution graph).

Step 5. Select the i-th branch/line of the candidate
branches/ lines set (S;) involved in the minimum cut-
set and add to the j-th system. In what follows, the
new system is named the ji-th system.

Step 6. If the ji-th system is already considered in the
solution graph, proceed to Step 14.

Step 7. Calculate the total cost C7; = C"; + C(P?, ) for
the ji-th system and evaluate the cost membership

grade pcj.
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Step 8. Calculate the minimum cut-set capacity Pe(X, X )
using the maximum flow/minimum cut-set theorem
and evaluate the delivery marginal rate (reliability)
membership grade pgj;.

Step 9. Calculate Ay = minimum { g, e

Step 10. If pc < Aop (the current system (ji-th)) with a
cost of C”; is optimal and the lambdas of the
following systems will be lower than the current
optimal solution (A,,). Proceed to Step 14.

Step 11. Setjmax =jmax +1.

Step 12. If Aji > Agpts S€t Aop= Ajiy Jopr = jmax, and proceed
to Step 14.

Step 13. If Heji < Mgji, S€t ijaxz )\'jia ENNODjmax =1, and
proceed to Step 15.

Step 14. Add this j-thmax(ji-th) solution to the solution
graph.

Step 15. If all the candidate branches/lines in set S; have
been considered, proceed to Step 16. Otherwise set
i=i+1 and proceed to Step 5.

Step 16. If j = jmax, continue. Otherwise setj =j +/ and
proceed to Step 4.

Step 17. For j = jmax, the solution graph has been
constructed fully and the optimal solution with A,
being the highest satisfaction level of the decision
maker is obtained at Step 12.

Initilization

NO
Calculate the candidate branches/
lines sct (Sp) of minimum cut set
of #j system

his #ji system has been
already considered ?

NO
ICalcumc cljiand Moy

1

I(‘alcu]atc Pejp and “Rjil

k": minimum { ”Cji’“Rji’l

Jjmax Jjmax ¢+

Fig. 1 Flow chart

4. Case Studies

The proposed method was tested on the 63-bus test
system shown in Fig. 2. Considering a forecasted future
system load, the crisp case Cl (minimization of
construction cost) and six fuzzy test cases of maximizing
the satisfaction level of the decision maker (FO, F1, F2, F3,
F4 and F5) were studied. The crisp case is simply a
conventional cost minimization problem subject to
minimum cut-set capacity. Tables 1 and 2 display the
parameters of system load points and the installed status
and forecast of generation capacity, respectively. Table 3
shows the system data with GN, TF, TL and LD
representing generators, transformers, transmission lines
and loads, respectively. SB and EB are start and end buses,
respectively, P(0) and C(0) are the capacity and cost of
constructing transmission lines or generators. P(i) and C(i),
for i=1,...,4 are, respectively, the capacity and cost of the
candidate lines.

20KV )
20KV
S50MW Bis2 | ) 20KV
. h25
10KV 25 MW
. > B oy
I 325MW, 125 MW 550MW W)
I Bus 46 110KV

. Bus 44 1OKY Hokv
M# Bus 3

aw 350MW|

Bus 4] =
L Bus? 220KV 125 MW
{ L Bus 4 [ZoKv
125 MW
Busis| |m0kv
187 MW
c : ' oMW
45OMW
P 250 MW,
TS LokY
Bus6
20KV B8] 10KV .
oMw
360 MW 160 MW
Bus22 Bus 10 Bus |1
20KV ¢ 20KV

220KV Bus (¢ * 220KV
250 MW

200MW MW LMW

Busi8 | 200KV Bus \iﬁm Ky
S00MW
Bus 62 110KV oMW

OMW

Fig. 2 Configuration of 63-bus test system
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Table 1 Load demand at status and load forecasted

Original New Load | Increasing Load
Load Bus Loa dg[l;’[W] [MW] [M“gl]
Bus 25 350 550 200
Bus 32 101 201 100
Bus 44 105 305 200
Bus 46 125 525 400
- Bus 61 270 656 386
Other Buses 6196 6196 0
Total 7147 8433 1286

Table 2 Generation capacity installed, capacity expansion

Generation Original New Increasin;
generation Generation . g
Bus [MW] MW] Capacity [MW]
Bus 3 325 625 300
Bus 12 157 607 450
Bus 14 627 771 144
Bus 16 275 419 144
Bus 17 215 665 450
Other Buses 6050 6050 0
Total 7649 9135 1488

Table 3 System Capacity and Cost Data
P(*): (MW) and C(*): (M$)
NL SB EB ID P(0) P(1) P@2) P3) P(4) C(0) C(I) C2) C3) C@)

1 0 1 GN 108 0 o0 0 0 0 0 0 0 0
2 0 2 GN 6% O o0 o0 0 o0 0 0 o 0

20 40 45 TF 550 450 450 450 O 0 550 550 550 0

21 42 46 TF 325 325 325 325 O 0 450 450 450 O

39 1 41 TL 550 185 185 185 O 0 45 45 45 0

40 43 40 TL 585 185 185 185 O 0 45 45 45 0

123 41 64 LD 208 O 0 0 0 0 0 0 0 0

124 46 64 LD 525 O 0 0 0 0 0 0 0 0
(#0 and #64 signify source and terminal nodes, respectively)

Discussion of results

Prior to the fuzzy case studies, the crisp case C1 for the
strict conventional optimization problem with total cost
minimization subject to minimum cut-set capacity was
studied in order to refer to more reasonable membership
functions for fuzzy cases. The crisp optimal solution has
been obtained at optimal minimum cost, 1290M$ and at
DMR (delivery marginal rate) 8.075%, with the branch
number of the solution graph at 13711. However, a
violated solution with very small violation for the given
constraint, DMR, can never be permitted for the feasible
solution on crisp optimal problems.

Other fuzzy cases have been studied for obtaining more
flexible solutions. The establishment of membership
functions is very important in order to obtain more
reasonable solutions using the proposed fuzzy branch and
bound method. Table 4 and Table 5 show the input data of

the assumed membership functions based on results of the
crisp optimal solution for the cost/budget and the delivery
marginal rate for six fuzzy case studies. The membership
functions based on the good D/B of expert experiences
instead of results of the crisp case study may provide a
more reasonable solution for grid expansion planning.

For considering fuzzy environments in this planning
problem, it was assumed that there are three levels of
ambiguity, which are very sufficient (V'S), sufficient (S)
and not sufficient (NS) for budget guaranteed aspiration
(Zc) and also high (H), medium (M) and low (L) for
reliability criteria aspiration (Zz) of the grid requested by
the owner. Furthermore, it was assumed that there are four
levels of uncertainty, which are very secure (VS), secure
(S5), somewhat secure (SS) and not secure (NS) according
to the certainty grade (W¢) of the budget guarantee, as well
as very strict (VS), strict (S), somewhat strict (SS) and not
strict (NVS) according to the obligation grade (W) of the
reliability criteria. In Table 5, the Z. and Z are the
aspiration level and the W and Wy signify the weighting
factors of construction costs and the delivery marginal rate
of the reliability criterion of membership functions, Eq.
(12) and Eq. (13), respectively. Configurations of the
membership functions are presented in Fig. 3 and Fig. 4.

Table 4 The ambiguity and uncertainty of budget
guarantee and the ambiguity and obligation of
reliability criteria.

Ambiguity and Ambiguity and
Cases Uncertainty of Obligation of
Budget guarantee Reliability criteria
Fuzzy Case FO Sufficient & Very Medium & Very Strict
Secure
Fuzzy Case F1 Not Sugﬁment & Not High & Medium Strict
ecure
Fuzzy Case F2 | Sufficiont & Not High & Strict
Secure
Not Sufficient & . .
Fuzzy Case F3 Secure Medium & Very Strict
Very Sufficient & .
Fuzzy Case F4 Very Secure Low & Very Strict
Not Sufficient & . .
Fuzzy Case F5 Very Secure High & Very Strict

Table 5 Conditions of the crisp and Fuzzy cases for case

studies
Cases Z,(MS) W. Z,(%) W,
Fuzzy Case F0O 1300 (S) 10(VS) |8(M) | 5(VS)
Fuzzy Case F1 1200 (NS) | 2(NS) |10(H) | 4(SS)
Fuzzy Case F2 1300 (S) I(NS) {10(H) | 3(S)
Fuzzy Case F3 1200 (NS) 5(8) |8(M) | 5(VS)
Fuzzy Case F4 1500 (VS) [ 10(VS) | 5(L) | 5(VS)
Fuzzy Case F5 | 1200 (NS) [ 10(VS) [10(H) | 5(VS)
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Fig. 3 Membership function of the construction cost/budget
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Fig. 4 Membership function of the delivery marginal rate.
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Fig.5 The configuration of the transmission system
expansion planning of the fuzzy case F1 (Fuzzy
Base Case)

The result configuration of the transmission system
expansion planning of the fuzzy case F1 for the fuzzy base
case study is shown in Fig. 5. :

Table 6 indicates the results of a -crisp case with
minimization of construction costs and six fuzzy cases
with maximization of the satisfaction level of the decision
maker. It is found that the result of the fuzzy case FO with
sufficient budget for constructing provides ‘the same
solution as the crisp case C1.

Table 6 Results of the crisp case with. - total  cost

winimization and fuzzy cases with the
maximization of the satisfaction level of decision
maker
Total
Cases Solution B::xt:llxes Cost ]?:/g{
. (M$)
TFu.46' s TFs0.19', T4.35'
Crisp C1| Tuss5,Tass®, Tasao'y Taazo' Taa. | 13711 1290 | 8.075
s0'sTs7.23"To.23" , T1a21’ Tisro'
TF.46' TFsg.10", Ta.36'
Case FO | Ty35%Tyss®, Tssao', Taazo' Toa. | 11497 1290 | 8.075
59I5T57-23I’T‘)-Ziilarrll-zll TI5-19l
TFu246' TF3.0',Ta35'
Case F1 | Ty.35%,Taas”, Tszo'y Taszo' Taa. | 34824 1435 | 8.324
5‘)‘,’1‘57-23Ia’I“)-Z.'sl,le-Zll ’rl4-|5l
TF42-451,TF3-491, TFso-wl T4-
Case F2 |s5', T435% Ta3sTss.30' Taszo',Toa| 79893 1720 | 8.324
59‘9’1‘12-2115’1‘1445l T15-19l
TF42»46I’TFS‘)-IQl ,T4-35l
Case F3| T332 Tass  Tiszo', Toaao' Taa. | 13711 1290 | 8.075
59l5T57-2319T9-23l’ ITIZ-Z]l T15-19I
TF .46, TF3.49", Ty 35"
Case F4| T.3s% 35", T30, Taaz0' Taa 7628 1395 | 8.075
59, T57.23,To.23"s Tiznt
TF42-46l’TF59-I9I9T4-35]
Case F5| Tias:Tass,Tas.30", Tas20’ Taa 16091 1290 | 8.075
lT g IT g lT IT ) 1
56 9 157-23 54 9-23 y 1 12.21 15-19

The delivery marginal rates and satisfaction level of the
power systems of the cases are indicated in Table 7, which
shows that the delivery marginal rates are somewhat
different respectively since the capacity constraints of
transmission lines are considered, while supply reserve
rates are identical for the all cases since the rates are
calculated without considering the transmission system.

Table 7 The delivery power marginal rates and satis-
faction levels of the power system for case

studies
Cases Supply reserve |Delivery marginal| Satisfaction

rate [%] rate [%] level

Case FO 8.324 8.075 1

Case Fl 8.324 8.324 0.512

Case F2 8.324 8.324 0.605

Case F3 8.324 8.075 0.687

Case F4 8.324 8.075 1

Case F5 8.324 8.075 0.382
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5. Conclusions

This paper addresses the problem of transmission
expansion planning when a very small database or no
database at all exists for the evaluations of reliability and
economics. It presents a new and practical approach that
should serve as a useful guide for the decision maker when
selecting a reasonable expansion plan. The proposed
method determines the optimal transmission expansion
plan in terms of highest satisfaction level of the decision
maker considering uncertainties associated with the
construction costs/budget (economics) and the delivery
power marginal rate (reliability). It models the problem as
a fuzzy integer programming problem by considering
uncertainties through fuzzy modelling. A proposed fuzzy
branch and bound algorithm, which includes the network
flow method, and the maximum flow-minimum cut set
theorem is proposed to solve the problem.

Testing of the proposed method on the 63-bus test
system including various sensitivity analyses indicates that
the proposed method is efficiently applicable to the
practical expansion planning of transmission systems.

Appendix
A.1 Definition [17]

The fuzzy decision set D resulting from q fuzzy goal
sets Gy,...,Cq and p fuzzy constraint sets Cy,...,Cp results
from their intersection.

S

Its membership function g resulting from fuzzy goals
and constraints is defined by

HD) = Min [min ug;, min uc | (A2)
i=l~p Jj=1~q

The fuzzy mathematical programming problem consists
of determining the maximum of the fuzzy decision D

Hpe*) = MAX Upx) (A3)

where x* is the optimal decision solution.
The vector (A3) can be rewritten as follows:

HD(x1*x2% . xN* = MAX UD(x] x2,...xN) (A4)
x1..xN

A.2 Fuzzy Integer Programming (FIP) [25]

Multi objective transmission systems expansion
planning can be formulated as an ordinary integer problem
with only 0 or 1 as follows

maximize (minimize) F(x)
s.t. Ax<b (A5)
x ={0, 1}

where x: decision vector
F: coefficient matrix of the objective function(q x n)
A: coefficient matrix of the constraints (p x n)
b: constant vector of constraints (RHS) (p x 1)
p: number of constraints
Considering the fuzzy characteristics of its variables, the
problem can be formulated as a Fuzzy Inter Programming
(FIP) problem as follows [17] [20]

F(x) £ Z, (fuzzy objective functions: q)
AX £ b (fuzzy constraints: p) (A6)
x ={0, 1} (0,1 constraints: n)

The fuzzy mathematical programming problem consists
of finding the maximum point of the membership
functions. The fuzzy optimal decision policy maximizes
the satisfaction level of the decision maker. Using the A.1
Definition I for fuzzy optimal decision policy, the optimal
solution x* for (A6) can be obtained by (A7) [17] [20]

max[min{ min 1; (F(x)), min p, (Ax)} |
X>0 i=1,..q i=1,.p

= max[min z, (B(x)] (A7)

x20 i=l.,ptq

where, x* is the optimal decision solution.

#; () : the membership function of the i* fuzzy
inequality constraints

F(x)

B(x) =
(x) [ }
Introducing a parameter, A (satisfaction level of the

decision maker), problem (A7) can be expressed as a
conventional optimization programming as follows [17] [20]
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maximize 2
s. L. A < p,(B(x) (AB)
x ={0,1}
A>0

The optimal solution of the problem can be obtained
with an optimization algorithm. The arbitrary shape of the
membership functions is available for fuzzy integer
programming because the fuzzy integer programming is
originally a non-linear programming.

A.3 Network Modelling of Power System

The generators, substations, and load points have
limited capacities. It is difficult to check the shortage
power supply of the system because these elements are
presented as nodes in a real system model. Network
modelling of the system makes it convenient to check a
shortage of power supply because the network elements
mentioned above are presented as branches with a capacity
limitation [26, 27]. Aspects of a shortage of power supply
according to a bottleneck are as given in Table Al.

Table A1 Various aspects of power supply Bottleneck

F,=L<G | No shortage of supply
F,=G<L Shortage of power generation
F,<L<G Shortage of transmission delivery capacity
F,<G<L Sh<?rtages of p?wer generation and transmission
delivery capacity |
Where,

Fm: maximum flow of the network
G total power generation
L: total system load

A.4 Delivery Marginal Rate (DMR)

The hierarchical level IT (HLII) of the power system has
considered the generation and transmission system. The
delivery marginal rate of the power system can be
expressed by Eq. (A.2)

DMP
DMR = ——"100% (A.9)

Where,
L,: Peak load
DMR: Delivery marginal rate
DMP: Delivery marginal power
Minimum Cut-set Power (MCP) or Bottleneck

DMP =MCP—-L,
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