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Abstract--The aim of this paper is to present a new method for 
the allocation of new generation capacity, which takes into ac-
count fault level constraints imposed by protection equipment
such as switchgear. It simulates new generation capacities and 
connections to other networks using generators with quadratic 
cost functions. The coefficients of the cost functions express allo-
cation preferences over connection points. The relation between 
capacity and subtransient reactance of generators is used during 
the estimation of fault currents. An iterative process allocates 
new capacity using Optimal Power Flow mechanisms and re-
adjusts capacity to bring fault currents within the specifications 
of switchgear. The method was tested on a 12-bus LV meshed 
network with 3 connection points for new capacity and 1 connec-
tion to a HV network. It resulted in significantly higher new gen-
eration capacity than existing first-come-first-served policies.

Index Terms-- Fault currents, load flow analysis, optimization 
methods, power generation planning.

I.  INTRODUCTION

LECTRICITY networks are called to accommodate more 
and more generation capacity in order to supply the in-

creasing demand. However, social, planning and environ-
mental reasons hinder the expansion of the existing infrastruc-
ture, whereas lack of investment prohibits its reinforcement. 
Therefore, the efficient utilisation of the existing network is 
not only suggested for economy, but also imposed by need.

The first-come-first-served policy currently enforced by 
most Independent System Operators (ISOs) in issuing connec-
tion permits protects the system from crossing its operating 
limits, but has no theoretical ground in terms of efficiency of 
allocation. Inadvertently, it potentially limits the capability of 
the network to absorb new generation capacity.

As an alternative, several coordination strategies have been 
proposed for a more effective allocation of new capacity [1]-
[3]. The method proposed here uses a well-documented tool in 
power engineering, Optimal Power Flow (OPF), to allocate,
optimally, new capacity to predefined connection points. The 
techniques and results can be easily adapted by ISOs for new 
capacity planning mechanisms that direct new capacity to spe-
cific locations through financial incentives. Subsequently, the 
investment force implicitly allocates the new capacity in an ef-
ficient manner.
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However, as the installation of new generation capacity 
brings the network closer to its operational limits, concerns 
over safe and reliable supplies are raised [4]. For example, the 
introduction of new generation raises fault levels which may 
require upgrading of switchgear. Currently, the significant cost 
of upgrading is transferred to developers of new generation.
Therefore, better utilization of existing infrastructure improves 
the investment conditions for new generation. Here, an itera-
tive capacity allocation algorithm is presented, which consid-
ers fault level constraints introduced by existing switchgear.

II.  THEORY

A.  Definitions

Capacity allocation is the problem of defining the capacity 
of new generation on predetermined connection points within
the existing network.

Optimal capacity allocation is the capacity allocation that 
maximises an objective function, usually the total new capac-
ity, with respect to network constraints. 

Network constraints are constraints imposed by statutory 
regulations (e.g., bus voltage limits) and equipment specifica-
tions (e.g., thermal limits on transmission lines and transform-
ers). Here, fault level constraints imposed by switchgear capa-
bilities are added to network constraints.

B.  Optimal Power Flow

OPF is the process of dispatching the electric power system 
variables in order to minimize an operation criterion, while at-
tending load and feasibility. The mathematical formulation of 
the problem is briefly described below.

It is assumed that the following are known: active and reac-
tive power generation capabilities and costs, sizes of fixed 
loads, transmission and distribution line capacities, specifica-
tion of fixed transformers and other power system devices. 
The control variables c, which are regulated during optimiza-
tion, are usually the ones at the disposal of system operators:

a) generator active and reactive power output.
b) tap ratios and/or phase shifts of transformers with tap 

changers and/or phase shifting capabilities.
c) settings of switched shunt devices, e.g., capacitor banks.
d) active power transferred from DC links.
e) shedding of interruptible loads.

However, in order to completely define the state of the system, 
more variables have to be introduced. The state variables s are:

a) voltage phase angles at every bus.
b) voltage magnitudes at load buses. 
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The equation linking variables c and s is the power system 
load flow equation:

( ), 0EqCon c s = (1) 

It can be analysed for a number of equality constraints, one 
for each bus, expressing the power balance between the ac-
tive/reactive power injected and withdrawn from the bus.

Inequality constraints describe the power system’s operat-
ing limits:

( ), 0IneqCon c s< (2) 

Such constraints include line thermal limits, active and re-
active power generation capability bounds, range of tap 
changers or phase shifters and voltage limits at buses. Addi-
tional operational constraints may be easily added, using ex-
pressions of the c and s variables describing operating viola-
tions, if they are valued as critical for the system security.

The “objective function” defines the operating criterion of 
the power system. In most cases, it is the short-term cost of 
electricity production. The OPF optimization process aims to 
find the variables c and s that minimise the objective function, 
subject to the equality and inequality constraints. It is a 
nonlinear programming problem:

( )min ,f c s (3) 

subject to (1) and (2).

C.  Optimal capacity allocation using OPF

In the previous section, we briefly described the formula-
tion of OPF, which is traditionally used as an operating tool in 
power systems. In the following paragraphs, we present how 
OPF can be used to allocate, optimally, new generation capac-
ity.
    1)  Modeling Sinks and Sources

New generation capacities are simulated as generators with 
quadratic cost functions with negative coefficients:

( ) 2
g g g gC P a P b P c= ⋅ + ⋅ + (4) 

w.r.t. a,b,c < 0 and Pg > 0, where Cg is the operational cost of 
generator g at output level Pg.

These generators are connected to predetermined locations 
in the network, the “Capacity Expansion Locations” (CELs), 
with the output of generators simulating the allocated capacity 
at the CEL. Different sets of coefficients between cost func-
tions declare preferences for the allocation of new capacity be-
tween CELs.

Energy transfers from/to external networks are also simu-
lated as generators with quadratic cost functions. We will refer 
to them as Export/Import Points (E/IPs). The coefficients of 
the cost functions are negative for exports and positive for im-
ports. The outputs of the generators are negative when they 
represent exports and positive when they represent imports.

( ) 2
T T T TC P a P b P c= ⋅ + ⋅ + (5) 

w.r.t. a,b,c< 0 and PT < 0 for exports or a,b,c> 0 and PT > 0 
for imports, where CT is the operational cost of the generator 
at output level PT simulating the E/IP.

Existing generation capacities are simulated as generators 
with constant active power output (Pg,installed) and given reac-
tive power (Qg,installed) injection capabilities:

,

min max
, , ,

.g installed

g installed g installed g installed

P const

Q Q Q

=

< <
 (6) 

Loads are simulated as sinks of constant active (PD) and re-
active (QD) power:

D D DL P jQ= +  (7) 

    2)  System Constraints
The amount of active and reactive power injected into any 

system bus k must equal the amount withdrawn from it. The 
complex power balance on the buses is formulated: 

( ) ( ) ( ) 0tk tk gk gk dk dk
t g d

P jQ P jQ P jQ+ + + + + =∑ ∑ ∑ (8) 

where t=all lines, g=all generators and d=all loads connected 
to bus k. Ptk,Pgk,Pdk and Qtk,Qgk,Qdk are the active and reactive 
power injected into bus k. If the bus is also an E/IP, then the 
complex power transferred from/to bus k from the external 
grid must be added to (for import) or subtracted from (for ex-
ports) the above sum.

Proper operation of the power system equipment and qual-
ity of supply requires the maintenance of bus voltages close to 
their nominal values:

min max ,b b bV V V for all buses b< <  (9) 

where min
bV  and max

bV  are the lower and upper bounds of the 

bus voltage Vb around the rated value.
The installation of new generation capacity is limited by 

statutory regulations on quality of supply, environmental con-
cerns, planning policies, technological limitations or system 
constraints imposed by stability, fault or other security analy-
ses. Here, only restrictions resulting from statutory regulations 
and fault analysis are used:

g g gLB P UB< <  (10)

where LBg and UBg are the lower and upper bounds respec-
tively for the generation output Pg at CEL g.

In most distributed generation applications, synchronous 
generators perform Automatic Voltage Regulation in power 
factor control mode [5]. Thus, in order to simplify our analysis 
we assume that CELs have constant power factors:

2 2cos .g g g gP P Q constφ = + =  (11)

This assumption holds for most Distributed Generation (DG)
installations that interface to the network through an inverter
[6]. However, in more general cases, the production of reac-
tive power is more flexibly controlled or additional reactive 
power sources are utilized (e.g., FACTS). Then, this restric-
tion can be relaxed providing higher generation capacities.

The thermal capacity of a line sets a limit to the maximum 
apparent power (MVA) transfer:

max ,t tS S for all lines t< (12)

where St is the apparent power and max
tS  is the thermal limit of 

line t.
Each E/IP represents a physical connection to an external 

network. The capacity of the connection sets a limit to the 
maximum amount of power that can be transferred to and 
from the external network. Furthermore, in cases where the 
quantity of the exported or imported power has a significant 
impact on the operation of the external grid, more conserva-
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tive bounds than the connection capacity must be applied to 
limit the voltage rise or drop at buses within the external net-
work. These limits are expressed as:

max , /T TP P for all E IPs T< (13)

where PT > 0 for imports and PT < 0 for exports.
In addition, we must provide the maximum reactive power 

max 0TQ > the external network can feed into the system and

the minimum min 0TQ < it can absorb:
min max , .T T TQ Q Q for all E/IPs T< <  (14)

    3)  OPF Objective Function
The OPF Objective Function f is the total cost of all simu-

lated generators. It includes the negative cost of generation at 
CELs and exports at EPs, as well as the cost of imports at IPs. 
The cost of losses could also be taken into account, but is ig-
nored at this stage of research to confine the model to explore 
fault level optimization.

( ) ( ) ( ),g T g g T T
g T

f P P C P C P= +∑ ∑ (15)

    4)  OPF Target Function
The OPF Target Function g is the minimum of the objec-

tive function f, subject to (8)-(14):

( ) ( ), min ,g T g Tg P P f P P= (16)

Thus, the OPF problem reflects the optimal allocation of new 
generation capacity at CELs and the setting of energy transfers 
at E/IPs, with respect to the power system constraints.

D.  Relation between Generator Size and Fault Currents 

Fault currents are determined by the pre-fault voltage at the 
fault location and the network impedances: transmission and 
distribution lines, transformer serial impedances, load equiva-
lent impedances and generator reactances. Switchgear operates
during the subtransient period of generators’ response after a 
fault. In order to study this period we set generators’ reactance 
equal to their subtransient values [7].

The subtransient reactance for large generators is about 15-
20% on the generator reactance base, while smaller generators 
have less than 15% [8]. We can describe this relation of p.u. 

reactance . .
g
p uX (on the generator reactance base) to the MVA 

capacity gS  of the generator, using a general function:

( ). .
g g
p uX f S= (17)

If we convert the p.u. subtransient reactance from the gen-
erator’s MVA base g

bS to the overall system MVA base bS , 

then:

( ). . . . . .
g g g g

p u p u b b p u b bX X S S X f S S S= ⋅ ⇒ = ⋅ (18)

However, as g
bS is the generator’s MVA capacity gS ,

. .p uX  is a function of gS :

( ) ( ). .
g g g

p u bX S f S S S= ⋅ (19)

Equation (19) gives a rough estimation of the expected sub-

transient reactance . .p uX  for new generation capacity gS . By 

regulating the amount of new capacity, the sub-transient reac-
tance that would be introduced into the network during a fault

is determined. The lower the new generation capacity, the 
higher the subtransient reactance and the lower the fault cur-
rent. The opposite is also true.

E.  Fault Level Constrained OPF

In the following section a generation capacity allocation al-
gorithm is presented, which takes into account the additional 
constraints imposed by the power system tolerance to fault 
levels. Besides the control and state variables in OPF, no addi-
tional variables are needed. 

The approach has been termed Fault Level Constrained
OPF (FLCOPF). The following flowchart (Fig. 1) demon-
strates the general principles of the algorithm.

Fig. 1.  Flowchart of Fault Level Constrained OPF algorithm.

It proceeds as follows:
1. The OPF is constrained by the bounds B for generation ca-

pacity. It a) allocates new capacities at CELs and sets import 
or output levels at E/IPs and b) calculates bus voltages.

2. Fault analyses are performed for a symmetrical three-phase 
fault at every bus, using a) generator subtransient reactances, 
determined from the size of the allocated capacities at CELs 
and b) pre-fault bus voltages resulting from the OPF. 

3. The calculated fault currents determine which switchgear
has inadequate capacity or breaking capability. If all switch-
gear is adequate, the current allocation of generation capac-
ity is therefore optimal and the algorithm stops.

4. The Generator Reactance Optimisation Algorithm (GROA) 
finds the generator subtransient reactances that limit fault 
currents within the specifications of the inadequate switch-
gear identified in the previous step. The relation between 
generator capacity and subtransient reactance is used to con-
vert reactances to capacities.

5. A comparison between the OPF capacity allocation and the 
readjusted capacities by GROA determines new bounds B.

The control is passed back to the step 1, where OPF reallo-
cates generation capacities using the new B. The basic opera-



4

tions performed within this algorithm are elaborated in the 
next paragraphs.
    1)  Maximization of generation capacity using OPF

A generator with a quadratic cost function is attached to 
each CEL and E/IP. Existing generation capacities are simu-
lated as generators with constant active power output and 
given reactive power injection capabilities. The loads are 
simulated as sinks of constant active and reactive power.

OPF then allocates new capacity at CELs and sets energy 
transfers at E/IPs, by solving (16) subject to (8)-(14).

    2)  Fault analyses and evaluation of switchgear adequacy
In order to evaluate the adequacy and safety of switchgear

under fault conditions, we must first estimate the expected 
fault currents. Switchgear connects or disconnects one end of 
a line to a system bus. Therefore, switchgear faces the same 
fault currents as the lines they are connected to. 

Generally, the fault current ,
f

i jI  in line i,j for a fault at bus f

equals:

( )( ), , , ,
f

i j i j i f j f f i jI V V FSF FSF V z= − − − ⋅ )
(20)

where Fault Sensitivity Factor

( ), , ,k m k m m m fFSF z z z= +  (21)

where zd,g are the elements at row d and column g of the sys-

tem’s bus impedance matrix ( )1
bus busZ Y−=  and Zf the fault im-

pedance. Vb is the pre-fault voltage at bus b and ,q rz
)

 is the line 

impedance of line q,r.
Primarily, two specifications determine the adequacy of 

switchgear during faults: making and breaking capacity [9]. 
The analysis differentiates between the two at the point we 
have to consider the impact of the dc component on the calcu-
lated fault currents [10].

Specifically, we empirically determine the peak asymmetric 
current the switchgear must sustain right after the fault by 
multiplying the subtransient RMS current by a factor of 1.6 
[11]. The result represents the minimum capacity that switch-
gear must possess. 

The breaking capability of required switchgear is specified 
by the Short Circuit Capacity (SCC) of the bus it is connected
to (MVA). The SCC is defined as the product of the absolute 
bus voltage before the fault and the absolute current during the 
fault:

prefault fault
bus switchgearSCC V I= (22)

The prefault bus voltage prefault
busV  is an output (s variable) of 

the OPF. fault
switchgearI  is calculated using (20). In this case, we 

consider the dc component by increasing the calculated fault 
current values by a factor of 1.0 to 1.4, depending on the 
switching speed of the switchgear: the higher the speed the 
greater the factor [11]. If the calculated SCC is higher than the 
one described in the switchgear specifications, then the 
switchgear has inadequate breaking capability.

If the switchgear connects to a generation bus of more than 
500 MVA, all the above factors are increased by 0.1 [11].

    3)  Limiting fault currents using Generator Reactance Op-
timization Algorithm

It is reasonable to assume that bus voltages do not change 
much between iterations, so fault currents in (20) are deter-
mined only by Zbus. GROA readjusts the matrix by changing 
the size of new capacity in (19). The solution of a target func-
tion determines the optimal set of capacity sizes, keeping fault 
currents within switchgear specifications.

Two target functions have been tested for GROA. The first
minimises the negative total cost, using the same cost func-
tions Ci supplied to the OPF:

( ) ( )1, , ,
,...,

,..., minGROA I GROA n GROA i i GROA
i 1 n

g P P C P−
=

 
=  

 
∑ (23)

w.r.t constraints imposed by the specification of previously in-

adequate switchgear and ,
old

i GROA iP B< , where n is the number 

of CELs and old
iB  is the capacity bound of the current iteration 

for CEL i=1,…,n. Pi,GROA is the MW capacity allocated from 
GROA to i:

, , ,cosi GROA i GROA i GROAP Sφ= ⋅ (24)

where ,cos i GROAφ and Si,GROA are the power factor and MVA 

capacity of the generator at i respectively. The second mini-
mises the deviation from the OPF allocation:

( )1, , ,
,...,

,..., min
cos

i
GROA II GROA n GROA i GROA

i 1 n i

P
g S S S

φ−
=

  = − 
  
∑ (25)

w.r.t to the same constraints as (23).
The first generally leads to more efficient capacity allocation 

when preferences exist for the allocation of new capacity at 
specific CELs. The second speeds up the convergence of the 
overall algorithm and results in similar capacity allocation as
the first when there are no preferences over CELs.

    4)  Changing the bounds of new capacities
Initially, the capacity bounds are determined by the maxi-

mum allowable generating capacity at CELs, due to technical, 
environmental or planning reasons. The OPF is solved and the 
new generation capacity is allocated. The subsequent fault 
analysis may prove that the current OPF allocation results in
higher fault currents than would be safe for some switchgear. 
However, as we have already shown, the capacity size is di-
rectly connected to the generator subtransient reactance 
(hence, to fault currents, too) according to (19). GROA finds 
the optimal set of capacity sizes, which limit the fault currents 
within switchgear specifications.

The results of GROA (S1,GROA,…,Sn,GROA) are compared with 
the OPF capacity allocation (S1,…,Sn) at each CEL i . The up-
per capacity bounds in (10) change for the next loop as a func-
tion of their difference, from old

iB  to new
iB . More precisely, the 

previous overall bounds change proportionally to the differ-
ence between the OPF results and the GROA bounds:

( ),
new old
i i i i GROAB B Step S S= − ⋅ −  (26)

where Bi is the overall capacity bounds at CEL i and Step is 
the proportional factor of Si − Si,GROA, equal to:

( )old old
i i iStep B S B= − (27)
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Both system impedances and prefault bus voltages deter-
mine fault currents. When we change the capacity bounds to 
limit fault currents, we alter the way the power system is 
loaded and modify the bus voltage pattern. Therefore, abrupt 
changes of the capacity bounds would result in very different 
bus voltage patterns between iterations. Under such condi-
tions, we cannot have a good estimation of the resulting fault 
currents when we change the generator reactance. The GROA 
leads the overall algorithm to convergence, because it reduces 
the capacity bounds in the direction of the optimal solution
stepwise, thus enforcing small changes to the voltage patterns.

F.  Algorithm implementation

The implementation of the algorithm is programmed in 
MATLAB. The Sequential Quadratic Programming (SQP) 
method is used to solve the OPF and run the GROA. A func-
tion is also programmed to perform a set of fault analyses; one 
analysis for a symmetrical 3-phase short circuit fault at each 
bus.

G.  Example of capacity planning mechanism

ISOs can use the results of the above algorithm to exploit 
the potential connection capacity better. For example, the first-
come-first-served policy can be replaced with a similar 
mechanism to the gradual release of capacity for transmission 
lines (see ‘Annual FTR Auction’ in [12]). Financial incentives 
could direct investment for new capacities to specific loca-
tions, so that all released capacity is distributed among inves-
tors by the end of each round.

The planning mechanism suggested here is just an oversim-
plified example of the way a planning mechanism could ex-
ploit the FLCOPF results. However, the similarities between 
transmission capacity release and connection capacity release 
are interesting: a) they both deal with a ‘scarce good’ in power 
systems (capacity) and b) buyers are interested in acquiring 
this good in different locations and time. Thus, the implemen-
tation of a mechanism based on transmission capacity release 
would share similar advantages.

III.  EXAMPLE

A.  Topology

A 12-bus 14-line network (Fig. 2) has 3 available CELs at 
buses 1, 10 and 11. It also has an E/IP to an external network 
at bus 12. A 50 MW generator is installed on bus 5. It can 
consume or provide up to 34 MVAr of reactive power. The 
network has a common rated bus voltage level at 33 kV, ex-
cept for the CEL buses which have a rated voltage of 11 kV 
and the E/IP bus at 132 kV.

The CEL buses connect to the network through 30 MVA 
transformers with fixed taps. The E/IP bus connects through a 
90 MVA transformer with automatic tap changer, which regu-
lates the voltage within a ±2% range of the rated voltage at the 
low voltage side with a ±10% tap range around the nominal 
tap ratio. The electric characteristics of transformers and lines 
are presented in the table included in Fig. 2. Loads consume 
constant complex power on buses 1, 3, 5, 6, 8, 10 and 11. This 
network is termed ‘local’ and the hypothetical network con-
nected through the E/IP as ‘external’. 

Before the new capacity connects on the grid, the external 
network provides 21.2 MW and 19.3 MVAr, while the genera-
tor at bus 5 operates at full capacity (50 MW, 17.6 MVAr).

B.  Constraints

Line 4-9 is constrained by a thermal limit of 40 MVA, 
while all other lines are considered to have unlimited capacity. 
We assume that the E/IP can exchange up to 100 MW with the 
external network without affecting its secure operation. The 
external network is also capable of providing up to 60 MVAr
of reactive power to the local network and consuming up to 50 
MVAr. To keep our example simple, we also assume that all 
new generators connected at CELs produce power at constant 
0.9 lagging power factors and have an internal subtransient re-
actance of 15% on the generator reactance base. A hypotheti-
cal government policy also restricts the maximum allocated 
capacity to 200 MW at each CEL. Finally, statutory regula-
tions limit bus voltage fluctuations to ±10% around the nomi-
nal values. Switchgear is tested only for capacity adequacy, 
assuming 250 MVA at 11 kV, 1000 MVA at 33 kV and 3500 
MVA at 132 kV, which are typical UK ratings.

Fig. 2.  The 12-bus 14-line test case and the table of transformer/line characteristics.

Line/Transf. Buses R (pu) X (pu) B (pu) MVA
transformer 1-2 0 0.1667 0 30

line 2-3 0.48 0.3 0.0008 infinite
line 2-5 0.24 0.15 0.0004 infinite
line 2-6 0.72 0.45 0.001 infinite
line 3-4 0.64 0.4 0.001 infinite
line 3-6 0.64 0.4 0.001 infinite
line 4-6 0.48 0.3 0.0008 infinite
line 4-9 0.66 0.35 0.0009 40

transformer 4-10 0 0.1667 0 30
line 5-7 0.688 0.43 0.0006 infinite
line 6-8 0.768 0.48 0 infinite
line 7-8 0.56 0.35 0.0008 infinite

transformer 7-11 0 0.1667 0 30
line 8-9 0.768 0.48 0 infinite

transformer 9-12 0 0.0555 0 90

1:3 1:3

1:3
tap ratio

1 2 3
4

5 6

7

8

9

10

11

 1.5 MW
 1.2 Mvar

 1.2 MW
 0.6 Mvar

 1.4 MW
 0.9 Mvar

 1.1 MW
 0.9 Mvar

12 21.2 MW
19.3 Mvar

20.0 MW
 9.7 Mvar

21.0 MW
 8.0 Mvar

20.0 MW
 9.7 Mvar 1.0375

  50 MW
  18 Mvar
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C.  Current Capacity Allocation Policy

It is assumed that three investors request to connect the 
maximum possible capacity to the CELs at buses 10, 11 and 1 
respectively. Their requests are processed on a first-come-
first-served basis by the ISO. 

This policy was simulated by sequentially relaxing the ca-
pacity bounds at the 3 CELs from 0 to 200 MW (as might be 
dictated by policy). At each turn, OPF was used to allocate the 
maximum possible capacity for the next CEL, simulating the 
allocated capacity of the previous CELs with “existing genera-
tors” operating at those capacities. The process was repeated
using FLCOPF, in order to examine the effects of fault level 
constraints on generation capacity allocation. The results of 
the two allocations are demonstrated in Table I.

TABLE I
SEQUENTIAL CAPACITY ALLOCATION

CEL bus OPF FLCOPF
10 51.5 MVA 45.3 MVA
11    32 MVA 36.7 MVA
1   0 MVA      0 MVA

Total 83.5 MVA    82 MVA

OPF was restricted only by the statutory voltage limits at
the CELs during the capacity allocation. On the other hand, 
FLCOPF allocated less generation capacity on bus 10, in order 
to reduce the fault level within the specifications of the isolat-
ing switchgear of the transformer between buses 4 and 10. As 
a result, the overall voltage levels were reduced and the poten-
tial connection capacity of bus 11 increased in the next round.

D.  Coordinated Capacity Allocation 

Two test cases were examined. In Case A, cost functions 
were applied to CELs that expressed no preference for the al-
location of new capacity. In Case B, the cost functions express 
a preference for the allocation of new capacity at bus 1. Table 
II contains the cost function coefficients for each CEL and the 
E/IP for both cases, which specify (4) and (5).

TABLE II
COST FUNCTIONS USED IN TEST CASES

Case A Case B
CEL bus a b c a b c

1 0 -20 0 0 -30 0
10 0 -20 0 0 -20 0
11 0 -20 0 0 -20 0

E/IP bus a b c a b c
12 0 -20 0 0 -20 0

In both cases, the initial OPF capacity allocation resulted in
excess peak fault currents on the transformer connecting buses 
4 and 10. The FLCOPF algorithm reallocated capacity at
CELs in order to reduce fault currents within the switchgear 
specifications. Capacity from the bus 10 CEL was ‘shifted’ to 
the other CELs and a new optimum was reached, which re-
spects both OPF and fault constraints. The highest flow exists 
in line 4-9 and is about 37 MVA for Case A, with an average 
of 20 MVA in all other lines. Such flows are under the thermal 
limits of 33kV lines of reasonable length. The solution is con-
strained from fault levels rather than line thermal limits, un-
derlining the importance of the additional constraints in gen-
eration capacity allocation. 

In both cases the algorithm converged in 13 iterations in 
less than 10 seconds (for a 1.7GHz AMD CPU). The final ca-
pacity allocation is presented in Table III, together with the 
initial OPF capacity allocation.

TABLE III
CAPACITY ALLOCATION AND TRANSFERS TO E/IP IN THE TWO CASES

Case A Case B
CEL bus OPF FLCOPF OPF FLCOPF

1 12.3 MVA 13.6 MVA 34.9 MVA 35.9 MVA
10 52.3 MVA 49.1 MVA 52.0 MVA 48.8 MVA
11 38.2 MVA 38.4 MVA 11.6 MVA 12.2 MVA

Total 102.8 MVA 101.1 MVA 98.5 MVA 96.9 MVA
E/IP -45.6 MW -44.4 MW -41.4 MW -40.3 MW

The tap changer automatically sets the tap ratio of the 90 
MVA transformer to 0.95 in Case A and 0.9625 in Case B to 
maintain the local network voltage level within statutory lim-
its.

The reduction of total new capacity, from 101.1 MVA in 
Case A to 96.9 MVA in Case B, is connected to the impact 
that preferences have on the OPF target function (see (16)). In 
Case B, capacity on CEL at bus 1 has a higher negative cost 
(benefit) per MVA than other CELs and exports at E/IP. 
Therefore, capacity ‘shifts’ from other CELs to CEL at bus 1.
In Table VI, the total benefits for the two test cases are calcu-
lated. Even though case B results in higher total benefit (value 
of g) the total capacity is less than in case A (see Table III).

TABLE VI
CALCULATION OF TOTAL BENEFITS FOR BOTH TEST CASES

Case A (Case B)

CEL bus
Allocated MW

cosP Sϕ= ⋅
Benefit/

MW
Benefit

1 12.3 (32.3) 20 (30) 246 (969)
10 44.2 (44.0) 20 (20) 884 (880)
11 34.6 (11.0) 20 (20) 692 (220)

E/IP 44.4 (40.3) 20 (20) 888 (806)
TOTAL 2710 (2875)

Exports roughly reflect the excess capacity in the local net-
work: the difference between total new capacity and demand. 
Indeed, both total new capacity and export of power in Case B 
is less than in Case A.

FLCOPF allocates 23% (Case A) to 18% (Case B) more 
new capacity, than the 82 MVA allocated under the current 
first-come-first-served ISO policy. ISOs can, however, use the 
above allocation to exploit the potential capacity better. For 
example, the first-come-first-serve policy could be replaced 
with a gradual release of connection certificates for all CELs 
in parallel (see Section II G). At each round, a certificate 
represents a fraction of the available capacity at a specific 
CEL. Financial incentives could direct investment for new ca-
pacities (e.g. subsidies) to specific locations, so that certifi-
cates for all CELs would be distributed among investors by 
the end of each round. Table V demonstrates such a release of 
certificates for Case A over four rounds.

TABLE V
RELEASE OF CAPACITY CERTIFICATES FOR CASE A

CEL bus Round 1 Round 2 Round 3 Round 4
1 3.4 MVA 6.8 MVA 10.2 MVA 13.6 MVA

10 12.3 MVA 24.6 MVA 36.8 MVA 49.1 MVA
11 9.6 MVA 19.2 MVA 28.8 MVA 38.4 MVA
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IV.  DISCUSSION

As the power industry moves towards a more competitive 
environment, additional constraints become binding for power 
system operation [13]. Notably, fault levels and system stabil-
ity are two constraints that should also be considered during 
OPF solution. Stability analysis involves the solution of many 
non-linear differential equations describing the dynamic oscil-
lation of the machines in the power system. The solution of 
such equations requires numerical methods, thus, the incorpo-
ration of system stability as an additional constraint to OPF is 
not a straight forward process. Several suggestions have been 
published already in this field [14]-[15]. The authors acknowl-
edge the importance of stability as a restricting factor for the 
installation of new generation, however they would like to 
stress that fault levels should also not be ignored. System sta-
bility constraints will be the target of a future research for us.

In our example we have assumed that all new generators 
are traditional synchronous machines, while new renewable 
power plants may often be inverter interfaced. However, we 
believe this assumption does not reduce the value of our ex-
ample. The high speed current control and over-current shut-
down inherent in inverter interfaced DG results in very low 
fault current contribution (less than 200% of the rated current) 
[6]. This could be taken into account in the “fault analyses” 
part of our algorithm by doubling the pre-fault rated current of 
those DGs and using this fault value during switchgear ade-
quacy control, rather than using the one given from (19)-(20). 
Our example includes CELs accommodating only synchro-
nous generators, because they have much higher fault current 
contribution, describing a ‘worst-case scenario’.

V.  CONCLUSIONS

FLCOPF finds the optimal solution for the capacity alloca-
tion problem, subject to both network constraints and restric-
tions imposed by switchgear fault ratings. The algorithm al-
lows locational preferences to be expressed for the connection 
of new capacity. It was proven that there is a trade-off be-
tween higher allocation of capacity at the preferred CELs and 
total new capacity. ISOs can use the resulting allocation in a 
capacity planning mechanism that exploits the potential con-
nection capacity better than the current first-come-first-served 
policy.
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