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a  b  s  t  r  a  c  t

This  paper  presents  a demand  power  factor-based  approach  (DPFA)  for finding  the  maximum  loading
point  (MLP)  of  a power  system  using  the  optimal  power  flow  (OPF).  In almost  all  the  presented  models
in  the  literature  two  major  drawbacks  are  obvious:  (1)  the  active  and  reactive  power  demands  increase
equally,  constantly,  or at the  same  rate,  while  in the  real  world,  this  hardly  ever  occurs,  and  (2)  the  lack  of
consideration  or misinterpretation  of  the  demand  power  factor  (DPF).  This  paper  addresses  the  existing
drawbacks  by proposing  a model  based  on a desired  DPF,  a threshold  predefined  by the  independent
system  operator  (ISO)  that each  consumer  must  maintain  to  prevent  a surcharge.  In the  proposed  DPFA,
the  active  and  reactive  demands  may  increase  differently  resulting  in:  (1)  providing  a  flexible  loading
aximum loading point
ptimal power flow

pattern  to  find  the best  possible  MLP, (2)  keeping  the  desired  DPFs  at all load  buses,  and  (3)  improving  the
computational  efficiency.  To  verify  the  DPFA,  which  is  solvable  via  commercial  solvers,  several  cases  such
as  IEEE  14-, 30-,  modified  30-, and 118-bus  systems,  and  a  large-scale  2338-bus  system  are  conducted.
Results  confirm  the  potential,  effectiveness,  and  superiority  of the  DPFA  compared  to  the models  in  the
literature.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

From an operational standpoint, the maximum loading point
MLP), is the maximum load that a power system can serve without
iolating generation, transmission, and operation constraints [1].
LP-based analysis is an efficient way to evaluate a power system

n a steady state and provides a more practical sense of a security
argin for system operators [2].
In deregulated environments, power systems work under stress

nd, as a consequence, a heavily loaded power system has a higher
endency toward instability [3]. Testing a power system under
he MLP  condition can identify the critical buses, branches, or
he weakest areas, which play an essential role in power sys-
em operation. The application of the MLP  is not only limited to
peration-based problems, but also provides useful information for

lanning-, scheduling-, and market-based problems, e.g. transmis-
ion expansion planning, tie-line planning, FACTS placement, unit
ommitment, distributed generation sizing, etc. [4–6]. In the tech-
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nical literature, one of the most important issues to consider is the
maximum demand of a system, especially for planning problems
[7–9].

In order to find the MLP  of a system, various mathematical mod-
els and optimization techniques, such as classical, heuristic-based,
and hybrid methods have been proposed [10]. A simple method
to find the MLP  is the use of conventional power flow tools to
gradually increase the demands until convergence no longer exists
[11]. The drawback of this method is not only the need for man-
ual intervention but also the uncertainty of knowing where the
limits are. Although finding the MLP  using power flow tools is well
established problem and some of the existing drawbacks have been
addressed [12,13], in today’s competitive world precise informa-
tion is the keystone of decision-making based problems, and this
cannot be obtained via a simple economic dispatch or conventional
power flow tools. Another obstacle in this area of research is that the
enhancements to power flow-based approaches cannot be properly
applied to OPF-based approaches, which consider more practical
network constraints [14]. In recent years, in order to find the appro-
priate MLP, OPF-based models have been widely used, which play

an important role in the operating-based, decision-making-based,
and market-driven problems [7,15–17]. Note that the OPF-based
model has been presented in Refs. [18,19] as an extension of the
power flow-based model in Refs. [20,21].
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Nomenclature

Sets
�b Set of buses, {1, 2, . . .,  Nb}
�PQ Set of PQ buses, {1, 2, . . .,  NPQ }, �PQ ⊆ �b

�PV Set of PV buses, {1, 2, . . .,  NPV}, �PV ⊆ �b

�g Set of generating units, {1, 2, . . .,  Ng}, �g ⊆ �b

�l Set of transmission elements, {1, 2, . . .,  Nl}

Indices
i, j Bus indices; i, j ∈ �b

l Transmission element indices; l ∈ �l

Variables and functions
al

ij
, ϕl

ij
Adjustable magnitude and phase shifting of trans-
former taps at line l, corridor ij

fll
ij

Power flow of line l, corridor ij
FT Objective function
pf v

Di
Adjustable demand power factor at each PQ bus i

Pgi
Active power generation of unit i

Pnew
Di

Active power demand under the MLP  condition at
bus i

Pv
Di

Adjustable active power demand at bus i

pl
ij
, pl

ji
Direct and reverse active power injections of line l,
corridor ij

ql
ij
, ql

ji
Direct and reverse reactive power injections of line
l, corridor ij

Qgi
Reactive power generation of unit i

Q new
Di

Reactive power demand under the MLP  condition at
bus i

Q v
Di

Adjustable reactive power demand at bus i

Sv
Di

Adjustable apparent power demand at PQ bus i

tpl
ij

Transformer tap of line l, corridor ij
Vi Voltage magnitude at bus i
� Common loading factor for all demand buses
�i Loading factor of demand bus i
ıi Phase angle at bus i
�l

ij
Voltage angle difference between bus i and j, �l

ij
=

ıi − ıj , along with line l
�i Reactive demand ratio at bus i

Parameters
bl,ch

ij
Charging susceptance of line l, corridor ij

bb,sh
i

Shunt susceptance of bus i (υ)
bl

ij
Susceptance (υ) of line l, corridor ij

fll
ij

Maximum power flow of line l, corridor ij

gl
ij

Conductance (�)  of line l, corridor ij

gb,sh
i

Shunt conductance of bus i (�)
P0

Di
Initial active power demand at bus i

Pgi
,Pgi

Minimum and maximum active power generation
limits of unit i

Q 0
Di

Initial reactive power demand at bus i

Qgi
,Qgi

Minimum and maximum reactive power generation
limits of unit i

tpl
ij
, tpl

ij
Minimum and maximum limits of transformer tap

�PDi
Pre-specified rate of increase of active demand at
bus i

�QDi
Pre-specified rate of increase of reactive demand at
bus i

cos �i Constant demand power factor at bus i
of line l, corridor ij

Vi, Vi Minimum and maximum voltage magnitude limits
of bus i
	i Predefined multipliers to designate the rate of load-
ing at bus i

Until now, to the best of our knowledge, in most OPF-based
works the reactive power demand increases with a predefined
and usually incorrect relationship with the active power demand
in order to find the MLP  [22,23]. In general, for such mathemat-
ical formulations, the demands increase until either the limited
induced bifurcation (LIB) or saddle-node bifurcation (SNB) limits
are reached [24]. This does not mean that the system is below the
MLP, which is a physical limit, it shows the divergence of the power
flow calculation, which is a mathematical failure [25]. In order to
consider the advantages and shortcomings of the existing models
and their evolution to be more applicable, we  classify the mathe-
matical models in three groups, such as common loading factor-,
different loading rate-, and individual loading factor-based models.
These models are shown in detail as follows.

1.1. Common loading factor-based model

In some works, to find the MLP  of a system using an OPF-based
model, the loading factors at all buses are considered equal, this
is called the common loading factor (CLF), which is a widely-used
model in power system studies [15,26–28]. The general OPF-based
model presented in these works is shown in Eqs. (1)–(8).

max� (1)

subject to:

Pgi
− Pnew

Di
− gb,sh

i
V2

i −
∑
ij ∈ ˝l

pl
ij −

∑
ji ∈ ˝l

pl
ji = 0; ∀i ∈ ˝b (2)

Qgi
− Q new

Di
+ bb,sh

i
V2

i −
∑
ij ∈ ˝l

ql
ij −

∑
ji ∈ ˝l

ql
ji = 0; ∀i ∈ ˝b (3)

|f l
ij(V, ı, tp)|  ≤ f l

ij
; ∀ij, l ∈ ˝l (4)

Vi ≤ Vi ≤ Vi; ∀i ∈ ˝b (5)

Pgi
≤ Pgi

≤ Pgi
; ∀i ∈ ˝g (6)

Qgi
≤ Qgi

≤ Qgi
; ∀i ∈ ˝g (7)

tpl
ij ≤ |tpl

ij| ≤ tpl
ij
; ∀ij, l ∈ ˝l (8)

where the active and reactive power demands under the MLP  con-
dition in Eqs. (2) and (3) are defined in Eqs. (9) and (10), respectively.
The direct and reverse active and reactive power flows are defined
in Section 2 of Ref. [14].

Pnew
Di

= (1 + �) · P0
Di

(9)

Q new
Di

= (1 + �) · Q 0
Di

(10)
In this formulation, for all PQ buses, the one that reaches its
maximum loading capacity before the others defines the MLP  of the
system. Therefore, the loading factor of the system is the loading
factor corresponding to the bus which has the lowest value. This
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oading factor follows the min–max rule, (Eq. (11)). However, it
revents the system from finding an acceptable MLP.

in
�

{ max
i ∈ ˝PQ

�} (11)

Although this commonly used model is fast enough to be used
n operating-based problems, however, it has the following draw-
acks.

D1) As the MLP  is equal to the lowest loading factor obtained
mong all PQ buses, it adversely affects further decisions to be made
ased on it.

D2) The active and reactive power demands increase at the same
ate, while in a real power system they may  change at different
ates.

D3) If a PQ bus is initially without load, based on Eqs. (9) and
10), still remains without load, limiting system loadability.

D4) The lack of consideration of a controllable demand power
actor (DPF), which plays an important role in practice.

.2. Different loading rate-based model

The different loading rate-based model (DLR), in which the
ctive and reactive demands may  increase with different loading
ates is aimed at addressing some drawbacks of the CLF model. The
rst representation of this model, DLR-1, has been proposed in Ref.
18] and later in Ref. [2], as a more efficient model than the CLF,
nd has been used to identify weak buses. Its mathematical formu-
ation is the same as Eqs. (1)–(10), except for constraints (9) and
10) that become Eqs. (12) and (13), respectively. The loading fac-
ors for different bus types are considered in Eq. (14). See that in
ef. [18], instead of maximizing the loading factor, its inverse, 1⁄�,

s minimized, which may  result in computational inefficiency for
uses with zero loadability.

new
Di

= P0
Di

+ �	icos�i (12)

new
Di

= Q 0
Di

+ �	isin�i (13)

� ≥ 0, ∀i ∈ ˝PQ

� = 0, ∀i ∈ ˝PV

(14)

As it can be seen in the model, a constant DPF has been con-
idered. On the other hand, since the desired DPF usually lies
ithin the interval [0.85, 0.98], where sin � is always lower than

os �, sin � < cos �, and, consequently, the reactive demand quan-
ity increases reasonably compared with the active power demand.

Almost the same model has been proposed in Ref. [29], where
q. (13) becomes Eq. (15). This yields a new drawback in which the
ctive and reactive power demands increase equally, which hardly
ver occurs in a real system.

new
Di

= Q 0
Di

+ �	icos�i (15)

Another representation of this model, DLR-2, has been proposed
n [30], by converting Eqs. (9) and (10) into Eqs. (16) and (17),
espectively. In this model, the active power demand is adjustable,
v
Di

, while the reactive power is a function of active demand and
 predefined DPF. One of the benefits of this model is the degree
f freedom of the active power demand, Pv

Di
, however, it uses a

onstant loading factor, �, may  negatively affect the result.

new
Di

= P0
Di

+ �Pv
Di

(16)

new = Q 0 + �Pv cos� (17)
Di Di Di i

Although in all the aforementioned models the active and reac-
ive demands do not increase at the same rate, they increase
onstantly or equally, while in a real system this hardly ever occurs.
Systems Research 151 (2017) 283–295 285

Therefore, these models fail in addressing D2, as expected. Another
drawback of these models is that the DPF is not controllable and,
therefore, there is no guarantee of keeping the desired DPF under a
new loading condition. For instance, assume that the desired DPF  is
chosen to be greater than or equal to 0.9 and the initial active and
reactive demands are 1 MW and 0.8 MVAr, respectively, then, the
initial DPF yields cos � ≈ 0.78087. On the other hand, because there
is no control on the DPF under the MLP  condition, the control vari-
able can be adjusted so that the best MLP  is obtained. Therefore, one
possibility could be to adjust all these control variables, �, Pv

Di
, and

	i, to 1. Hence, for the model presented in Refs. [2,18], DLR-1, the
new active and reactive demands are 1.9 MW and 1.23589 MVAr,
respectively, and with these new demands, a new DPF is calculated
with cos �i ≈ 0.83826. For the models presented in Refs. [29,30],
DLR-2, the calculated DPFs are cos �i ≈ 0.74524 and cos �i ≈ 0.7250,
respectively. As it can be seen, all the aforementioned models fail in
satisfying the desired DPF, and consequently, the fourth drawback,
D4, still remains.

A more flexible model has been presented in Refs. [31,32], in
which the active and reactive power demands at each PQ bus could
increase according to their own pre-specified active and reactive
increase rates, respectively, as shown in Eqs. (18) and (19).

Pnew
Di

= P0
Di

+ �2�PDi
(18)

Q new
Di

= Q 0
Di

+ �2�QDi
(19)

The shortcomings of this model are: (1) in order to find the
best pre-specified rates of each bus, a trial and error method is
necessary; therefore, in large-scale systems finding the best pre-
specified rates for each bus is a complicated task and it may  require
an additional process, and (2) the constant loading factor may  neg-
atively affect the solution results. In Refs. [31,32], for the sake of
simplicity, the rates are considered equal. Thereby, the active and
reactive power demands increase equally, which is considered as a
significant shortcoming in real system operations.

However, the main drawback of the models presented in Refs.
[2,18], and Refs. [29–32] is their weakness in properly loading the
PQ buses with initial negative reactive demands, while the reactive
demand at such buses may  become even positive under the MLP
condition. In Ref. [33], in order to address this drawback, a simpli-
fied model based on Ref. [30] has been used; however, the reactive
demand in all PQ buses have been fixed to the initial demand, which
is not acceptable in practice.

1.3. Individual loading factor-based model

In this model, to have a more flexible model, each PQ bus has
its corresponding individual loading factor (ILF), �i. To obtain this
model, the objective function, (1), and constraints (9) and (10) are
converted into Eqs. (20)–(22), respectively [34].

max
∑

i ∈ ˝PQ

�i (20)

Pnew
Di

= (1 + �i) · P0
Di

(21)

Q new
Di

= (1 + �i) · Q 0
Di

(22)

Although the aforementioned model addresses the first draw-
back of the CLF model, D1, the other drawbacks, D2–D4, still remain.
On the other hand, besides nonlinearity, in a large-scale system,
the number of variables corresponding to the loading factors may

decrease the computational efficiency making it difficult to find an
optimal solution.

The other common drawback of the three presented models
(CLF, DLF, and ILF) is the use of a loading factor, � or �i, for active
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nd reactive power demands that has to be maximized. This inad-
quate definition may  result in an unacceptable MLP because, in
ome buses, the reactive demand may  reach its limit before the
ctive demand reaches its own and, based on this loading factor, the
odel may  find an unacceptable MLP. In other words, these models

im at maximizing the joint loading factor and not the MLP. Con-
equently, there is no guarantee of finding the maximum possible
oading point.

This paper aims at addressing the aforementioned shortcomings
y proposing a demand power factor-based approach (DPFA). The
ain contributions of the proposed DPFA are as follows.

) Capability of increasing active and reactive power demands with
different loading rates, producing more realistic results by pro-
viding flexible loading rates.

) Capability of loading all PQ buses (initially under load or no-load
conditions).

) 3Considering the minimum acceptable demand power factor,
which is a threshold predefined by the ISO. This determines
the maximum reactive power that each consumer can demand
without a surcharge. This DPF is a function of the adjustable
active and reactive demands and consequently, can be easily
controlled.

To verify the proposed DPFA and show its effectiveness, several
ase studies such as IEEE 14-, 30-, and 118-bus systems, a modi-
ed 30-bus system (30-bus-M), and a large-scale 2383-bus Polish
ystem are conducted.

The rest of this paper is organized as follows. Section 2 shows
he proposed DPFA model. Case studies and results are presented in
ection 3. Section 4 presents the concluding remarks and prospects
or future works.

. Demand power factor-based model

The demand power factor (DPF) is a predefined threshold that
lays an important role in a power system to control the consumers
ctive-reactive demand ratio. This DPF, which is a value defined by
he ISO, highly depends on the system topology and loading condi-
ions, such as different active and reactive load levels, occurrence of
ifferent contingencies, different reactive support devices, differ-
nt reserve conditions, etc. This factor considers the peculiar nature
f reactive power by evaluating the system under the aforemen-
ioned conditions to satisfy the minimum/maximum voltage limits.
herefore, the two main components used to determine this factor
re: (1) zero-VAR interchange (if a multi-area system is considered),
nd (2) minimum/maximum voltage limits [35]. In this paper, in
ddition to considering the DPF, all the other existing drawbacks
re addressed. To obtain the proposed demand power factor-based
pproach (DPFA), constraints (2) and (3) are converted into Eqs. (24)
nd (25), respectively, in model (1)–(10), and technical constraints
26)–(28) are also taken into account.

max  FT =
∑

i ∈ ˝PQ

Sv
Di

or
∑

i ∈ ˝PQ

Pv
Di (23)

.t. Constraints (4)–(8)

gi
− Pv

Di
− gb,sh

i
V2

i −
∑
ij ∈ ˝

pl
ij −

∑
ji ∈ ˝

pl
ji = 0; ∀i ∈ ˝b (24)
l l

gi
− Q v

Di
+ bb,sh

i
V2

i −
∑
ij ∈ ˝l

ql
ij −

∑
ji ∈ ˝l

ql
ji = 0; ∀i ∈ ˝b (25)
Systems Research 151 (2017) 283–295{
Pv

Di
≥ P0

Di
; ifP0

Di
≥ 0, ∀i ∈ ˝PQ

Pv
Di

= P0
Di

; ifP0
Di

< 0, ∀i ∈ ˝PQ

(26)

{
Q v

Di
≥ Q 0

Di
; ifQ 0

Di
≥ 0, ∀i ∈ ˝PQ

Q v
Di

≤ Q 0
Di

; ifQ 0
Di

< 0, ∀i ∈ ˝PQ

(27)

|Q v
Di

| ≤ Q v
Di

(pf v
Di

, Pv
Di

); ∀i ∈ ˝PQ (28)

In Eq. (23), the objective function is either the active power
demand or the apparent power demand, which are maximized.
In practice, the active power is usually maximized. The apparent
power demand is defined below [36].

Sv
Di

=
√

(Pv
Di

)2 + (Q v
Di

)2; ∀i ∈ ˝PQ (29)

By defining the adjustable active and reactive demands in Eqs.
(24) and (25), respectively, the three first drawbacks of the CLF
model, D1–D3, are addressed. Unlike the models presented, in this
model, the objective is not to maximize a factor corresponding to
the active and/or reactive power demands, namely the loading fac-
tor; therefore, the proposed model is neither limited by the minmax
rule nor by maximizing the loading factor. This model enhances the
degree of freedom of such problems in which the active and reac-
tive power demands may  increase at different rates; accordingly,
the second drawback, D2, is addressed. Constraints (26) and (27)
guarantee that the active and reactive demands are non-decreasing,
respectively. Constraint (26) implies that a PQ bus can be loaded
if its initial active load is greater than or equal to zero in order
to obtain the MLP, and the new demand must be greater than or
equal to its initial active load under the MLP  condition. Sometimes
the active demand in a PQ bus is negative, which represents a sup-
plier, and, in this study, remains constant. Constraint (27) implies
that if the initial reactive demand in a PQ bus is inductive, QD ≥ 0,
or capacitive, QD < 0, under the MLP  condition, it must become
more inductive or capacitive, respectively. These two constraints
not only guarantee the non-decreasing nature of active and reac-
tive demands but also address the third drawback, D3, by providing
the capability of loading all the PQ buses without considering their
initial loading conditions. In practice, the quantity of the reactive
power that can be demanded by a consumer has its own flexi-
ble upper limit, which is a function of the active demand and the
demand power factor, as shown in Eq. (28). This flexible upper limit
can be calculated as follows.

From the technical literature, the reactive power demand is a
fraction of the active power demand, as shown in Eq. (30).

Q v
Di

= �Pv
Di

; ∀i ∈ ˝PQ (30)

On the other hand, each system has its own  desired DPF, pre-
defined by the ISO, depending on its topology and operational
conditions, as shown in Eq. (31).

pf v
Di

=
Pv

Di

Sv
Di

; ∀i ∈ ˝PQ (31)

From Eqs. (29) and (31), the following relationship among active
power, reactive power, and DPF is obtained, (Eq. (32)).

Q v
Di

= Pv
Di

·
√

(
1

(pf v
Di

)2
− 1); ∀i ∈ ˝PQ (32)

By comparing Eq. (32) with Eq. (30), the reactive demand ratio
(RDR), � , is defined in Eq. (33).
i

�i =
√

(
1

(pf v
Di

)2
− 1); ∀i ∈ ˝PQ (33)
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Since the DPF is lower than or equal to 1, the maximum possible
DR occurs at the minimum possible DPF, pf v

Di
, in Eq. (33), therefore:

i =
√√√√(

1(
pf v

Di

)2
− 1); ∀i ∈ ˝PQ (34)

By placing this maximum ratio in Eq. (30), the maximum possi-
le reactive power demand is:

v
Di

= �iP
v
Di

; ∀i ∈ ˝PQ (35)

Consequently, if, for example, the minimum possible DPF in

 system is 0.9 or 0.95, Q v
Di

is achieved by setting the RDR to
.4843 or 0.3287, respectively. According to Eq. (39), there is an

nverse relationship between the DPF and the RDR, e.g., increas-
ng the DPF toward 1 results in a reactive demand ratio (RDR)
pproaching zero, �̄i = 0, and, due to Eq. (40) this means that the
onsumers cannot demand reactive power. This is not acceptable
n real power systems as consumers’ loads are hardly ever purely
esistive. Therefore, the higher the power factor, the lower the RDR,
nd, in contrast, the lower the power factor, the higher the RDR.
djusting the DPF to a small value, on the one hand, may  provide

 higher degree of freedom for the consumers demanding reactive
ower but, on the other hand, it may  negatively affect the opera-
ion and the benefits on the generation and delivery (transmission
nd distribution) sides. Once the DPF is determined by the ISO, the
ower plant and delivery system (transmission and distribution)
wners can make a cost-benefit analysis taking into account this
esired DPF. Consequently, if a consumer pulls excess current due
o the low power factor, this consumer is wasting the generator’s
apacity and thus it cuts down the producers’ ability to make a profit
y selling power to other customers. The same happens on the
elivery side; transmission lines and transformers are also capable
f handling a limited amount of current and, requesting beyond this
imit, results in heat and, consequently, decreases their potential in
arrying current. To avoid such negative effects, a limit is defined
or demanding reactive power to control the operating conditions
y managing the reactive demands. Note that the acceptable range
or the maximum reactive demand lies between 15% and 50% of the
ctive demand, corresponding to power factors between 0.989 and
.894, respectively, where demanding more reactive power than
he predefined percentage results in a surcharge for the consumers.
onsequently, this controllable DPF is considered as a remedy to the
ourth drawback mentioned in the CLF model, D4, which makes our

odel even more applicable.
The direct and indirect active and reactive power flows are

efined in Eqs. (36)–(39).
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here transformer phase shifting, ϕl
ij
, is neglected.
. Case studies and results

Results from several case studies are presented in this section.
irst, we consider the IEEE 14-bus system under different condi-
Systems Research 151 (2017) 283–295 287

tions to highlight the properties of our proposed demand power
factor-based approach. Then, three commonly used case studies
such as IEEE 30-, modified 30- (30-bus-M), 57- and 118-bus sys-
tems are used to compare the results and show the superiority of
the proposed DPFA. Finally, the proposed DPFA is applied to a large-
scale power system such as the 2383-bus Polish system to show
its potential in finding the MLP  in big systems. To obtain a more
practical result, the active power demand is maximized. The total
reactive power demand values reported in the tables are the sum
of the absolute values of the reactive power demands,

∑
i ∈ ˝b

|Q v
Di

|.
It is worth mentioning that the main reasons for using DPF = 0.90
and 0.95 are: (1) showing the importance of determining an appro-
priate DPF by the ISO, (2) showing the impacts of DPF in finding the
MLPs; the higher the DPF, the more restricted the system becomes
in requesting reactive power.

The proposed model has been implemented on a personal com-
puter with two  processors at 2.67 GHz and 3 GB of RAM under AMPL
[37] using KNITRO 7 [38]. In this paper, the interior point method,
also known as the barrier method, which is one of the most effective
methods in KNITRO, is used to solve the MLP  problem.

3.1. Case 1: IEEE 14-bus system

The IEEE 14-bus system contains 9 PQ buses, 5 generation units,
and 20 transmission lines [39]. Initially, the total active and reactive
loads are 259 MW and 81.3 MVar, respectively. This system is tested
under three different configurations: (C1) normal, (C2) considering
line flow limits, and (C3) considering line outages and line flow lim-
its. These tests are used to reveal the advantages and disadvantages
of the proposed DPFA as well as comparisons with commonly used
models. For this test system, the model presented in Ref. [30] fails
in finding the MLP. In C2, the power flows of lines 1–2, 1–5, and
7–9 are limited to 110, 50, and 30 MW,  respectively. In C3, an out-
age occurs in transmission line 1–2 and the power flow limits in
transmission lines 1–5 and 7–9 are the same as for C2. To take into
account the effects of FACTS devices on the solutions obtained by
different models, the third condition, C3, is considered under dif-
ferent situations such as: (i) having static VAr compensator devices
(SVC) and line charging susceptance (LCS), (ii) only having LCS, (iii)
only having SVC, and (iv) having no FACTS devices.

Tables 1–3 show the optimal results obtained by the CLF, DLR-
1, ILF, and the proposed DPFA models under three aforementioned
configurations. The DLR-1 model obtains the worst result for all the
three configurations. In this model, the capacitive reactive demand
in bus 4 decreases, which is an important shortcoming. The ILF
model under the three aforementioned configurations shows the
best performance. However, the proposed DPFA allocates the loads
appropriately among the consumers, and, consequently, provides
a higher degree of freedom, obtaining a better solution. Under the
normal configuration, C1, the total active loads obtained by the pro-
posed model with DPF = 0.90 and DPF = 0.95 are 735.37 MW and
734.98, which, compared to the ILF model with 509.52 MW,  show
improvements of 44.33% and 44.23%, respectively. Considering the
configurations with more limitations, C2 and C3, reveal that the
proposed model highly depends on the system configuration as
expected, and, if the configuration changes, the allocating patterns
may  change as well, and this flexibility helps in finding the best
possible MLP, while the other models, based on their predefined
allocating patterns, are not flexible. This can be seen in bus 7 which,
under C1 configuration (Table 1), for all the models, is not loaded.
However, under the C2 and C3 configurations (Tables 2 and 3,

respectively), the DPFA provides different loading patterns corre-
sponding to different system configurations. Meanwhile, the other
models are not capable of providing such adaptive loading patterns
and this bus still remains under its initial loading condition. Results
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Table 1
Active and reactive demands at initial and MLPs under normal configuration—IEEE 14-bus system.

Bus # Initial CLF DLR-1 ILF DPFA

PD QD Pnew
D

Q new
D

Pnew
D

Q new
D

Pnew
D

Q new
D

DPF = 0.90 DPF = 0.95

Pnew
D

Q new
D

Pnew
D

Q new
D

4 47.80 −3.90 108.24 −8.83 67.01 −2.33 47.80 −3.90 211.79 −71.61 194.55 −63.95
5  7.60 1.60 17.21 3.62 26.47 5.57 199.12 41.92 312.01 1.60 300.53 1.60
7  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9  29.50 16.60 66.80 37.59 46.30 26.06 29.50 16.60 34.27 16.6 50.50 16.60
10  9.00 5.80 20.38 13.13 25.20 16.24 9.00 5.80 11.98 5.80 17.64 5.80
11  3.50 1.80 7.92 4.08 20.64 10.62 53.09 27.30 3.72 1.80 5.48 1.80
12  6.10 1.60 13.81 3.62 24.75 6.49 15.51 4.07 6.10 1.60 6.32 1.60
13  13.50 5.80 30.57 13.13 31.21 13.41 13.50 5.80 13.50 5.80 17.65 5.80
14  14.90 5.00 33.74 11.32 33.18 11.13 14.90 5.00 14.90 5.00 15.21 5.00
Non-PQ 127.10 39.20 127.10 39.20 127.10 39.20 127.10 39.20 127.10 39.20 127.10 39.20
Total  259.00 81.30 425.77 134.52 401.86 131.05 509.52 149.59 735.37 149.01 734.98 141.35

Table 2
Active and reactive demands at initial and MLPs considering line flow limits— IEEE 14-bus system.

Bus # CLF DLR-1 ILF DPFA

Pnew
D

Q new
D

Pnew
D

Q new
D

Pnew
D

Q new
D

DPF = 0.90 DPF = 0.95

Pnew
D

Q new
D

Pnew
D

Q new
D

4 85.84 −7.00 59.93 −2.91 47.80 −3.90 260.27 −14.16 193.29 −3.90
5  13.65 2.87 19.51 4.11 90.27 19.00 7.60 3.68 7.60 2.50
7  0.00 0.00 0.00 0.00 0.00 0.00 43.74 10.72 79.00 12.24
9  52.98 29.81 40.11 22.57 29.50 16.60 34.28 16.60 50.50 16.60
10  16.16 10.42 19.23 12.39 9.00 5.80 11.98 5.80 17.64 5.80
11  6.28 3.23 14.32 7.37 63.26 32.54 3.72 1.80 5.48 1.80
12  10.95 2.87 17.88 4.69 6.10 1.60 6.10 2.96 6.10 2.00
13  24.24 10.42 24.68 10.60 13.50 5.80 13.50 6.54 17.65 5.80
14  26.76 8.98 26.44 8.87 14.90 5.00 14.90 5.00 15.21 5.00
Non-PQ 127.10 39.20 127.10 39.20 127.10 39.20 127.10 39.20 127.10 39.20
Total  363.96 114.80 349.20 112.71 401.43 129.44 523.19 106.46 519.56 94.84

Table 3
Active and reactive demands at initial and MLPs considering line outages and flow limits— IEEE 14-bus system.

Bus # CLF DLR-1 ILF DPFA

Pnew
D

Q new
D

Pnew
D

Q new
D

Pnew
D

Q new
D

DPF = 0.90 DPF = 0.95

Pnew
D

Q new
D

Pnew
D

Q new
D

4 85.40 −6.97 59.78 −2.92 47.80 −3.90 74.91 −29.41 47.80 −15.71
5  13.58 2.86 19.36 4.08 67.32 14.17 141.36 1.60 106.54 1.60
7  0.00 0.00 0.00 0.00 0.00 0.00 56.37 2.26 89.09 0.00
9  52.71 29.66 39.98 22.50 29.50 16.60 34.28 16.6 50.50 16.60
10  16.08 10.36 19.10 12.31 9.00 5.80 11.98 5.80 17.64 5.80
11  6.25 3.22 14.19 7.30 64.73 33.29 3.72 1.80 5.48 1.80
12  10.90 2.86 17.73 4.65 6.10 1.60 6.10 1.60 6.10 1.60
13  24.12 10.36 24.54 10.54 13.50 5.80 13.50 5.80 17.65 5.80
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14  26.62 8.93 26.30 8.82 1
Non-PQ 127.10 39.20 127.10 39.20 1
Total  362.76 114.42 348.08 112.32 3

how that the MLP  obtained by the proposed DPFA with DPF = 0.95
s more restricted than the model with DPF = 0.90, compared to the
FL model, improving by 44.25%, 29.43%, and 27.15% under the first

C1), second (C2), and third (C3) configurations.
Fig. 1 presents the demand power factor obtained by the pro-

osed DPFA in bus 4 under different system configurations, while
he demand power factor obtained by different approaches in bus
0 is depicted in Fig. 2. From Fig. 1, it is observed that the demand
ower factor in the DPFA is not fixed to the predefined PDF value.
owever, this predefined value is used to define the maximum

eactive power of a consumer, this being the minimum demand
ower factor. Fig. 2 also shows that even in the critical buses in

hich all the models are not capable of adjusting or even keeping

he initial DPFs, while the DPFA adjusts the demands in such a way
hat the minimum DPF is satisfied.
5.00 14.90 5.00 15.21 5.00
 39.20 127.10 39.20 127.10 39.20

 125.36 484.22 109.07 483.11 93.11

Table 4 presents the results of different approaches such as
security constrained genetic algorithm (SCGA) [2], particle swarm
optimization (PSO) [40], hybrid PSO (HPSO) [40], differential evo-
lution [33], hybrid DE and PSO (DEPSO) [33], multiagent particle
swarm optimization (MAPSO) [41], multiagent-based hybrid parti-
cle swarm optimization (MAHPSO) [41], the CLF model presented
in Refs. [26–28], the DLR-1 model in Refs. [2,18], the DLR-2 model
in Ref. [30], the ILF model in Ref. [34], and the proposed DPFA with
two demand power factors, 0.90 and 0.95. The CPU times of these
methods are shown in Table 5.

Considering Table 4 for the IEEE 14-bus system, the worst
result has been obtained by the SCGA, with 360.05 MW,  that

needs more CPU time, about 438 times, compared with the DPFA
(DPF = 0.90), which has obtained the best solution, with 735.37 MW,
as seen in Table 5. It can be seen that the DLR-2 model fails in
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Table  4
Comparing the active (MW)  and reactive (MVAr) demands of different approaches at MLP.

Methods 14-bus 30-bus 30-bus-M 57-bus 118-bus 2383-bus

Pnew
D

Q new
D

Pnew
D

Q new
D

Pnew
D

Q new
D

Pnew
D

Q new
D

Pnew
D

Q new
D

Pnew
D

Q new
D

PSO [40] — — — — 260.10 107.20 1403.90 336.40 5644.30 1439.00 — —
HPSO  [40] — — — — 260.35 107.20 1406.20 336.40 5644.50 1439.00 — —
MAPSO [41] — — — — 260.81 107.20 — — 5644.90 1439.00 — —
MAHPSO [41] — — — — 260.81 107.20 — — 5645.00 1439.00 — —
DE  [33] — — — — 267.09 107.20 — — 5662.12 1439.00 — —
DEPSO [33] — — — — 269.74 107.20 — — 5701.60 1439.00 — —
SCGA  [2] 360.05 113.55 357.39 160.91 — — 1448.63 399.13 4739.25 1620.175 — —
CLF  425.77 134. 52 398.24 180.07 327.11 185.18 1290.53 348.99 6828.57 2385.63 27,917.29 9096.39
DLR-1 401.86 131.05 371.26 164.31 326.30 230.59 1265.30 341.75 6675.91 2360.20 27,997.20 9026.64
DLR-2 NCa NC 367.48 201.87 205.18 121.58 1250.80 336.25 NC NC 23,451.79 8033.45
ILF  509.52 149.59 420.92 187.71 326.34 167.03 1250.80 336.40 9354.91 3218.41 28,096.83 12,039.32
DPFA DPF = 0.90 735.37 149.01 424.14 136.63 329.96 117.66 1933.62 352.63 9839.39 1604.58 29,142.98 8830.40

DPF  = 0.95 734.98 141.35 422.84 127.92 328.57 1

a NC states that the model does not converge.

F
c

fi
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t
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ig. 1. Demand power factor at bus 4 using DPFA under different
onfigurations—IEEE 14-bus system.

nding a solution. On the other hand, according to Table 5, the
LF, DLR-1, and DPFA models (DPF = 0.90) are the fastest with
PU times of 0.016 s, 0.019 s, and 0.020 s, respectively; however,
he MLP  obtained by the DPFA is much better than the other
nes.

Reactive support devices are considered as one of the most effi-

ient devices in power systems, especially under critical conditions.
able 6 shows the results of different approaches in finding the
LP  of the 14-bus system under critical condition C3. As it can

e seen from this table, FACTS devices do not significantly affect

Fig. 2. Demand power factor at bus 10 using different approache
09.52 NC NC 9835.24 1602.43 29,106.85 8668.24

the MLPs of these models. This is because the reactive powers
are mainly provided to the consumers by the generators and not
by the reactive support devices. However, these reactive support
devices are necessary to maintain the voltage magnitude of a bus
at a specified value [42]. To show such effects, the voltage pro-
file of different approaches in finding MLP  under two  situations:
with FACTS devices (considering SVC and LCS) and without FACTS
devices, as depicted in Fig. 3.

The voltage profiles of CLF, DLR-1, ILF, and DPFA are presented in
Fig. 3 in subfigures a–d, respectively. Considering the voltage profile
of the different approaches with and without FACTS devices shows
that the voltage magnitude in most buses has decreased so that, in
some buses, it reaches the critical operating point. The voltage pro-
files of the CLF, DLR-1, and ILF approaches show that without FACTS,
there are at least three buses with a voltage magnitude below 0.98
p.u. Some voltage magnitudes hit the lower limit (bus 14 in CLF
and bus 11 in ILF) or are close to the lower limit (bus 14 in DLR-1).
However, the voltage profile in subfigure d shows that the pro-
posed model, even for the case with a lower degree of freedom
(DPF = 0.95), has the best potential in keeping the voltage profile at
a safer point in which only the voltage at bus 14 is lower than 1.00
(0.995).
3.2. Case 2: IEEE 30-bus and 30-bus-M systems

These systems contain 24 PQ buses, 6 generation units, and 41
transmission lines. Data of the IEEE 30-bus and 30-bus-M systems

s and under different configurations—IEEE 14-bus system.
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Table 5
Comparison of CPU time (s) for different approaches.

Methods 14-bus 30-bus 30-bus-M 57-bus 118-bus 2383-bus

PSO [40] — — 61.36 67.23 69.91 —
HPSO  [40] — — 39.80 8.10 51.15 —
MAPSO [41] — — 34.336 — 39.215 —
MAHPSO [41] — — 13.720 — 24.378 —
DE  [33] — — 15.45 — 23.42 —
DEPSO [33] — — 13.51 — 22.82 —
SCGA  [2] 39.48 78.24 — 148.76 327.56 —
CLF  0.016 0.042 0.068 0.097 0.947 24.128
DLR-1  0.019 0.048 0.031 0.132 0.835 24.389
DLR-2  NC 0.190 0.177 0.279 NC 191.711
ILF  0.038 0.043 0.039 0.096 0.448 75.987
DPFA DPF  = 0.90 0.090 0.060 0.046 0.093 0.312 6.902

DPF  = 0.95 0.020 0.056 0.054 NC 0.271 7.424

Table 6
Effects of FACTS devices on MLPs of different approaches— 14-bus, C3.

Situations CLF DLR-1 ILF DPFA

DPF = 0.90 DPF = 0.95

With SVC and LCS 362.76 348.08 379.95 484.22 483.11
With  LCS 362.62 348.11 387.17 484.17 482.99
With  SVC 362.59 347.78 379.92 484.19 483.06
No  FACTS 362.01 347.44 391.21 484.14 482.92

th and

c
r
w
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w
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Fig. 3. Voltage profile of different approaches wi

an be found in Refs. [39,33], respectively. The initial active and
eactive demands of IEEE 30-bus are 283.4 MW and 126.2 MVar
hile the 30-bus-M system has 189.2 MW and 107.2 MVar of active

nd reactive loads, respectively.

From Table 4, the ILF and SCGA models are the best and worst

n finding the MLP  of the IEEE 30-bus system, except for the DPFA,
ith 420.92 MW and 357.39 MW,  respectively. The DPFA obtains
igher MLPs, 424.14 MW for the case of DPF = 0.90, and 422.84 MW
 without considering FACTS devices—14-bus, C3.

for the case of DPF = 0.95, showing the highest efficiency among
all the approaches presented in this table. For this system, the
same as in the IEEE 14-bus system, the SCGA has the lowest com-
putational efficiency with 78.24 s CPU time, while the DPFA with

DPF = 0.90 requires only 0.060 s, yet the SCGA cannot find an accept-
able MLP.

In the literature, to find the best MLP  of the 30-bus-M sys-
tem, several heuristic-based approaches have been presented. In all



M. Pourakbari-Kasmaei et al. / Electric Power Systems Research 151 (2017) 283–295 291

Table  7
Active (MW)  and Reactive (MVar) Demands of Buses for Different Approaches at MLP— 30-bus-M System.

Bus Initial demands DEPSO [33] CLF DLR-1 DLR-2 ILF DPFA

PD QD PNew
D

Q New
D

PNew
D

Q New
D

PNew
D

Q New
D

PNew
D

Q New
D

PNew
D

Q New
D

DPF = 0.90 DPF = 0.95

PNew
D

Q New
D

PNew
D

Q New
D

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2  21.70 12.70 21.70 12.70 21.70 12.70 21.70 12.70 21.70 12.70 21.70 12.70 21.70 12.70 21.70 12.70
3  2.40 1.20 15.00 1.20 4.415 2.21 10.00 5.00 2.56 1.35 89.12 44.56 46.43 1.20 7.62 1.20
4  7.60 1.60 12.00 1.60 13.979 2.94 15.92 3.35 8.08 2.03 7.60 1.60 14.52 1.60 7.60 1.60
5  0 0 11.75 0 0 0 0 0 0.49 0.44 0 0 21.58 10.45 7.06 2.32
6  0 0 6.59 0 0 0 0 0 0.54 0.49 0 0 0 0 0 0
7  22.80 10.90 22.81 10.90 41.938 20.05 30.47 14.57 30.08 17.45 22.80 10.90 22.80 10.90 33.16 10.90
8  30.00 30.00 30.43 30.00 55.182 55.18 36.01 36.01 30.17 30.16 30.00 30.00 61.94 30.00 91.27 30.00
9  0 0 0.08 0 0 0 0 0 0.30 0.27 0 0 0 0 0 0
10  5.80 2.00 6.19 2.00 10.669 3.68 13.84 4.77 6.35 2.49 5.80 2.00 5.80 2.00 6.08 2.00
11  0 0 9.06 0 0 0 0 0 0.46 0.42 0 0 0 0 0 0
12  11.20 7.50 19.77 7.50 20.601 13.79 18.26 12.23 11.50 7.77 11.20 7.50 15.49 7.50 22.82 7.50
13  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14  6.20 1.60 6.20 1.60 11.404 2.94 14.43 3.72 6.47 1.84 6.20 1.60 6.20 1.60 6.20 1.60
15  8.20 2.50 20.87 2.50 15.083 4.60 16.33 4.98 8.76 3.00 8.20 2.50 8.20 2.50 8.20 2.50
16  3.50 1.80 4.07 1.80 6.438 3.31 11.06 5.69 3.81 2.08 3.50 1.80 3.72 1.80 5.48 1.80
17  9.00 5.80 9.00 5.80 16.554 10.67 16.14 10.40 9.34 6.10 9.00 5.80 11.98 5.80 17.64 5.80
18  3.20 0.90 4.60 0.90 5.886 1.65 11.38 3.20 3.55 1.21 3.20 0.9 3.20 0.90 3.20 0.90
19  9.50 3.40 9.51 3.40 17.474 6.25 17.50 6.26 9.98 3.83 9.50 3.40 9.50 3.40 10.34 3.40
20  2.20 0.70 2.24 0.70 4.047 1.29 10.30 3.28 2.68 1.13 45.06 14.34 2.20 0.70 2.20 0.70
21  17.50 11.2 23.81 11.2 32.189 20.60 24.66 15.78 18.09 11.73 17.50 11.20 23.13 11.20 34.07 11.20
22  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
23  3.20 1.60 3.20 1.60 3.2 1.60 3.20 1.6 3.20 1.60 3.20 1.60 3.20 1.60 3.20 1.60
24  8.70 6.70 10.46 6.70 16.003 12.32 15.43 11.89 9.19 7.14 8.70 6.70 13.83 6.70 20.38 6.70
25  0 0 0.58 0 0 0 0 0 0.29 0.26 0 0 6.40 0 0 0
26  3.50 2.30 5.19 2.30 6.438 4.23 10.60 6.97 3.69 2.47 3.50 2.30 4.75 2.30 7.00 2.30
27  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
28  0 0 0.44 0 0 0 0 0 0.51 0.45 0 0 10.39 0 0 0
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29  2.40 0.90 2.41 0.90 4.414 1.65 10.36 3
30  10.60 1.90 11.78 1.90 19.497 3.49 18.96 3

hese models, only the active demands have increased and the reac-
ive power demands are at their initial loading conditions. For this
ystem, the best and the worst MLPs (except for the DPFA) belong to
he CLF, with 327.11 MW,  and the DLR-2, with 201.87 MW.  Results
how that the proposed DPFA, for the case with more restric-
ions (DPF = 0.95), obtains a higher MLP  than the CLF model, about
.23 MW,  with a faster convergence, 25.93% higher.

Table 7 presents the active and reactive demands of the 30-
us-M system for different approaches to find the MLP. Among the
euristic-based algorithms presented in Table 4, only the maxi-
um  allowable loads of the DEPSO model have been reported in

he literature. Results confirm that, by using the DPFA, even the
uses that are initially under no-load conditions can be loaded if
ecessary, such as bus 28 in the case with DPF = 0.90, while the
LF, that obtains the best MLP  among the approaches in the lit-
rature, is not capable of loading such buses. Considering bus 3
n Table 7, it can be seen that, for the case with DPF = 0.90, the
ncrease in the active demand is 44.03 MW,  while for the case with
PF = 0.95 it is 5.22 MW,  and for both DPFs, the reactive demands
re equal to their initial values, 1.20 MVar. The new loading fac-
ors are 0.999, and 0.988, respectively. This confirms that: (1) the
oading factors in the DPFA are controllable, and (2) the active and
eactive loading rates in the DPFA are flexible in order to adjust
nd keep the loading factor within the desired range, as mentioned.
onsidering bus 5 for both DPFs shows that the reactive demands
re also loaded for the cases with DPF = 0.90 and DPF = 0.95, show-
ng the capability of the DPFA to adjust the demands to satisfy the
esired DPF. Although the DEPSO model is capable of loading the
uses which are initially under the no-load condition, the reactive

emands are fixed to their initial values which may  cause unreal-

stic results.
Table 8 presents the bus voltages of the 30-bus-M system under

he maximum loading condition. As it is clear from this table, the
2.60 1.08 9.96 3.74 2.40 0.90 2.74 0.90
10.80 2.08 10.60 1.90 10.60 1.90 10.60 1.90

worst voltage profile corresponds to the DEPSO model where all the
maximum voltage magnitudes are lower than or equal to 1 p.u. In
terms of voltage profiles all the buses have a good voltage stability
condition for both DPFs in the DPFA. In addition, the DPFA provides
a flexible loading pattern and the best MLP.

In Fig. 4, the DPF of four buses, with initial DPFs lower than 0.90,
are depicted, where the demand power factors are initially 0.8944,
0.7071, 0.8423, and 0.7923, for buses 3, 8, 21, and 23, respectively.
This figure reveals that although the DPFs of the DEPSO approach
have improved for all buses, it still cannot control them. Unlike the
DEPSO approach, the other approaches, except the DPFA, show fluc-
tuations, i.e. in some buses the initial DPFs have improved, while in
the other buses, they have worsened. However, the DPFA model is
the only model whose DPFs always improve and are under control,
by providing a flexible loading pattern. Moreover, this figure shows
that bus 3 not only satisfies the desired DPFs but also shows much
higher DPFs, i.e., the consumers at this bus demand less reactive
power than the maximum allowable limit.

3.3. Case 3: IEEE 57-bus system

The IEEE 57-bus system, which represents a simple approxima-
tion of the American power system (in the U.S. Midwest) in the
early 1960s [39,43], contains 50 load buses, 7 generation units,
and 80 transmission lines. This system is mainly used to show the
importance of determining an inappropriate DPF. The initial active
and reactive loads of this system are 1250.8 MW and 336.4 MVar,
respectively.

From Table 4, in this case and unlike the previous cases,

heuristic-based approaches, PSO, HPSO, and SCGA, have greater
efficiencies in finding MLPs. The SCGA obtains the best result,
1448.63 MW in 148.76 s, and the DLR-2 and the ILF models obtain
1250.80 MW in 0.279 s and 0.096 s, respectively, showing the
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Table 8
Bus voltages (p.u.) of the 30-bus-M system at MLP.

Bus DEPSO [33] CLF DLR-1 DLR-2 ILF DPFA

DPF = 0.90 DPF = 0.95

1 1.0 1.05 1.05 1.02641 1.05 1.05 1.05
2  1.0 1.04574 1.04784 1.01727 1.04681 1.04644 1.04667
3  0.97261 1.01977 1.02437 1.00384 0.99321 1.02638 1.02953
4  0.96960 1.01498 1.02224 0.99975 1.00886 1.02677 1.02669
5  0.97364 1.03498 1.0467 1.0162 1.04594 1.03287 1.04348
6  0.96268 1.00375 1.01693 0.99295 1.01203 1.02123 1.01865
7  0.95736 0.99885 1.01648 0.98838 1.01647 1.01696 1.01753
8  0.94999 0.98114 1.00301 0.98073 1.00061 1.0068 1.00151
9  0.97558 1.01632 1.0239 0.99790 1.02081 1.0289 1.02559
10  0.98315 1.02311 1.02803 1.00132 1.02545 1.03297 1.02924
11  0.97539 1.01632 1.0239 0.99703 1.02081 1.0289 1.02559
12  0.98296 1.04446 1.04609 1.00893 1.04897 1.05 1.05
13  1.0 1.1 1.1 1.02979 1.1 1.08684 1.08756
14  0.97331 1.02557 1.02226 0.99997 1.03557 1.04008 1.03944
15  0.97380 1.03028 1.02803 1.0046 1.03407 1.0439 1.04212
16  0.97519 1.02242 1.0207 0.99790 1.03183 1.03523 1.03186
17  0.97536 1.01339 1.01667 0.99480 1.02214 1.02788 1.023
18  0.96300 1.00444 0.99466 0.98889 0.99076 1.02761 1.02463
19  0.96118 0.99571 0.98721 0.98380 0.97024 1.02154 1.01795
20  0.96574 1.00089 0.99314 0.98693 0.96520 1.02355 1.01991
21  0.99266 1.03607 1.04293 1.00969 1.04281 1.04287 1.03665
22  1.0 1.047 1.05276 1.0163 1.05194 1.0503 1.04435
23  1.0 1.05912 1.06111 1.03066 1.06393 1.06394 1.06012
24  0.98684 1.03839 1.04206 1.01379 1.05 1.04701 1.0401
25  0.98781 1.05 1.05 1.01488 1.05 1.05 1.05
26  0.96521 1.01832 0.99657 0.99615 1.03304 1.02992 1.02419
27  1.0 1.07298 1.08165 1.02553 1.05833 1.06854 1.0688
28  0.96445 1.00832 1.02197 0.99532 1.0174 1.02503 1.02324
29  0.97831 1.03674 1.03002 1.00429 1.0184 1.04958 1.04931
30  0.96531 1.01598 1.01676 0.99270 1.01593 1.03869 1.03864

es usi

l
g
l
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b
m
o
b

Fig. 4. Demand power factor at four selected bus

owest efficiency. The proposed DPFA with DPF = 0.90 shows the
reatest efficiency by finding the highest MLP, 1933.62 MW,  in the
owest CPU time, 0.093 s. This MLP  is 33.48% higher than the MLP
f the SCGA and it is 1598.57 times faster. On the other hand, it can
e seen that the DPFA with DPF = 0.95 does not converge. This is
ainly because of the critical loading condition and configuration

f this system which makes it impossible to keep the DPFs of all PQ
uses greater than or equal to 0.95.
ng different approaches—IEEE 30-bus-M system.

3.4. Case 4: IEEE 118-bus system

This system contains 64 PQ buses, 54 generation units, and 186
transmission lines [39]. For this system, the initial active and reac-
tive loads are 4242 MW and 1438 MVar, respectively.

From Table 4, the ILF with 9354.91 MW and SCGA with
4739.25 MW shows the best and worst results among the
approaches presented, except for the DPFA. The MLP  obtained
by the DPFA for DPF = 0.90 is 9839.39 MW and for DPF = 0.95 is

9835.24 MW,  which are 484.48 MW and 480.33 MW more than the
MLP  obtained by the ILF model, respectively. Additionally, as seen
in Table 5, the proposed DPFA is much faster than the heuristic-
based approaches and slightly faster than the ILF model. For the
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Table  9
Statistics of the approaches in finding the MLP  of different systems.

Systems Statistics CLF DLR-1 DLR-2 ILF DPFA

DPF = 0.90 DPF = 0.95

14-bus, C3 # of variables 114 114 114 121 131 131
#  of constraints 104 104 104 104 113 113
Evaluation time (s) 0.011 0.001 NC 0.002 0.013 0.014
#  of iterations 13 12 NC 13 14 14
Total  time (s) 0.030 0.037 NC 0.028 0.027 0.035
TPI  (s) 0.00231 0.00308 NC 0.00215 0.00193 0.00250

30-bus #  of variables 236 236 260 253 292 292
#  of constraints 224 224 224 224 248 248
Evaluation time (s) 0.005 0.012 0.039 0.022 0.019 0.015
#  of iterations 8 11 30 11 16 13
Total  time (s) 0.042 0.048 0.190 0.043 0.060 0.056
TPI  (s) 0.00525 0.00436 0.00633 0.00391 0.00375 0.00431

30-bus-M #  of variables 236 236 260 253 283 283
#  of constraints 224 224 224 224 248 248
Evaluation time (s) 0.014 0.006 0.033 0.017 0.017 0.015
#  of iterations 11 9 26 12 10 16
Total  time (s) 0.068 0.031 0.177 0.039 0.046 0.054
TPI  (s) 0.00618 0.00344 0.00681 0.00325 0.00460 0.00338

57-bus #  of variables 448 448 498 447 547 547
#  of constraints 434 434 434 434 484 484
Evaluation time (s) 0.023 0.025 0.057 0.008 0.026 NC
#  of iterations 14 14 24 5 15 NC
Total  time (s) 0.097 0.132 0.279 0.096 0.093 NC
TPI  (s) 0.00693 0.00943 0.01163 0.01920 0.00620 NC

118-bus #  of variables 1088 1088 1152 1141 1215 1215
#  of constraints 980 980 980 980 1044 1044
Evaluation time (s) 0.354 0.220 NC 0.083 0.138 0.130
#  of iterations 46 27 NC 17 16 15
Total  time (s) 0.947 0.835 NC 0.448 0.312 0.271
TPI  (s) 0.02059 0.03093 NC 0.02635 0.01950 0.01807

2383-bus #  of variables 16,873 16,873 18,929 18,375 20,984 20,984
#  of constraints 16,350 16,350 16,350 16,350 18,406 18,406
Evaluation time (s) 5.213 5.026 6.151 22.228 2.390 2.646
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#  of iterations 42 32 

Total  time (s) 24.128 24.38
TPI  (s) 0.57448 0.762

ases with DPF = 0.90 and 0.95, the DPFA only needs 0.312 s and
.271 s to achieve the optimal solution, respectively, while the
ther approaches cannot reach such solution and they need more
PU time to converge. In the IEEE 118-bus system, the major short-
oming of the DLR-2 model is revealed, where, as in the IEEE 14-bus
ystem, it is incapable of finding even a bad solution using a com-
ercial solver.

.5. Case 5: 2383-bus Polish system

The 2383-bus Polish power system with 2056 PQ buses is con-
idered as a very large-scale problem. This system comprises 327
enerators, 2896 branches, and 1503 out of 2383 buses are initially
oaded and they are spread throughout the network. The initial
ctive and reactive demands for this system are 24,558.38 MW
nd 8143.92 MVar, respectively. Two buses of this system, 213 and
164, have initial negative active demands, −2.04 MW and −2 MW,
espectively. As mentioned before, these buses imply that there are
uppliers and power productions are fixed at their initial values.

It can be seen from Table 4 that the proposed DPFA for both DPFs
chieves the best solution. The MLPs of the DPFA with DPF = 0.90
nd DPF = 0.95 are 29,142.98 MW and 29,106.85 MW,  respectively.
hese MLPs are 1 GW higher than the MLP  of the next best approach,
LF, with 28096.83 MW.  As seen in Table 5, the computational effi-

iency of the DPFA is much higher than in the other approaches.

hile the ILF model needs 75.987 s to converge to a near- optimal
olution, the proposed DPFA only spends 6.902 s for the case with
PF = 0.90, and 7.424 s for the case with DPF = 0.95. This confirms
36 179 28 30
191.711 75.987 6.902 7.424
5.32531 0.42451 0.24650 0.2475

the capability and potential of the proposed model in finding an
acceptable MLP.

4. Performance analysis

This section provides detailed information about the number
of variables, number of constraints, number of iterations, evalua-
tion time, total time, and the time per iteration (TPI) to analyze the
performances of the approaches presented.

Table 9 shows the statistics for commonly used models in liter-
ature as well as the proposed DPFA model. As it can be seen from
this table, the number of variables and constraints of the proposed
model is higher than those of existing models in literature. These
variables and constraints correspond to the DPF equations. How-
ever, not always do more constraints and variables result in less
computational efficiency, this greatly depends on the model and the
degree of freedom that this model may  provide for a commercial
solver. In other words, a solver-friendly model may  reach a more
precise solution within an acceptable CPU time. A solver-friendly
model is a model that is adaptable by using the pre-solving and
solving steps of a commercial solver. The pre-solving step aims at
reducing the size of the problem and improving the formulation
via pre-processing and probing techniques [44], while the solv-
ing step mainly focuses on using proper techniques for solving the

simplified model resulting from the pre-solving step.

A comparison of the evaluation time of the proposed model with
the other approaches shows the superiority of the proposed model
in which, when increasing the size of the system, its evaluation
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Fig. 5. Time per iteration (TPI) index of different approaches in solving different case studies.

Table 10
The best (green color) and the worst (red color) MLPs and CPU times for each case (for interpretation of the references to color in this table legend, the reader is referred to
the  web  version of this article).

System CLF DLR-1 DLR-2 ILF DPFA

14-bus, C3 MLP

Time

30-bus MLP

Time

30-bus-M MLP

Time

57-bus MLP

Time

118-bus MLP

Time
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t
w
1
b
3
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2383-bus MLP

Time

ime is much lower than in the other approaches. The evaluation
ime contains the evaluation of functions, gradients, and Hessians.
herefore, the lower the evaluation time, the more solver-friendly
he model. In order to show the performance of the approaches in
he solving step, a time per iteration (TPI) index has been defined
s the average time spent at each iteration to find the solution.
his index shows the adaptability of the model with the commer-
ial solver KNITRO and is portrayed in Fig. 5. It can be seen from
his figure and from the information in Table 9 that, although for
mall- and medium-scale systems the TPIs do not show significant
ifferences, for a very large-scale system the TPIs of the proposed
pproach are much better than for the other approaches, with (at
east) a 50% improvement for the proposed DPFA model, while the

orst results correspond to DLR-2 with a TPI of 5.33 s.
Table 10 shows which approach has the best performance

mong the presented approaches regarding the solution and CPU
imes in solving different case studies. As it is evident from this
able, the proposed DPFA model always finds the best solution,
hile the worst solutions correspond to DLR-1 (14-bus, C3, and
18-bus systems) and DLR-2 (30-, modified 30-, 57-, and 2383-
us systems). The CPU times reveal that, except for the 30-bus and
0-bus-M systems, for which the ILF approach shows better com-
utational efficiency, in the other four cases, and most importantly
in the very large-scale Polish system, the proposed DPFA model
shows higher computational efficiency.

5. Conclusions

The lack of a practical optimal power flow-based model aimed
at finding the MLP  of a system as the keystone of some planning-,
scheduling-, and market-based problems is the main motivation to
propose a practical demand power factor-based approach (DPFA).
This model is based on practical system operating rules and fills
the existing gaps in this area by addressing several drawbacks.
In the DPFA, PQ buses without an initial load can be loaded; the
demand power factors (DPF) at all buses are controlled, which
avoids the consumers from a surcharge; and the active and reac-
tive demands can increase at different rates, which improves the
degree of freedom of the system and, therefore, keeps the DPF
at the desired level and greatly improves the computational effi-
ciency. Results show that the DPFA does not present the difficulties
of heuristic-based approaches, which are population-based, whose

results highly depend on the adjustment of parameters and may
vary with different trials, and, consequently, their efficiency in fac-
ing a different system may  also vary. In addition, other models in
the literature show fluctuations in finding the solution of differ-
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nt systems, e.g. a model may  find an optimal solution for some
ystems but it may  not even find a near-optimal solution for other
ystems. In contrast, the DPFA always overcomes such difficulties
nds the best optimal solution as a result of its flexibility. The
esults show the effectiveness, usefulness, and superiority of the
roposed DPFA in finding the MLP  of large-scale power systems
ith a high computational efficiency.

The prospects for the future works are: (1) proposing a stochas-
ic or robust model to consider the imperfect information, and (2)
onsidering the surcharge cost corresponds to the DPF violation in
eactive power pricing approaches.
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