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ABSTRACT Load modeling significantly impacts the time-domain response of power systems in transient
stability studies but this effect is often underestimated in Transient Stability Constrained Optimal Power
flow (TSCOPF) studies. The object of this study is twofold: 1) it proposes a robust formulation based
on a relevant node representation approach that allows the use of any type of load model in TSCOPF
algorithms, while maintaining the accuracy and reducing the size of a full representation approach; and 2) it
conducts a comparative analysis of how load modeling influences the cost of ensuring stability and provides
a summary of several recommendations for load modeling in these algorithms. The results show that the
usual approach in TSCOPF studies, which involves impedance-based load modeling, leads to a significant
false stabilization effect in the rotor angle trajectories. On the other hand, the use of the constant power model
yields conservative results at a significant computational cost. This paper advocates for the adoption of the
relevant node TSCOPF approach proposed in this work, retaining detailed exponential or polynomial load
models for their flexibility and accuracy, while incurring only a slight increase in the computational effort.

INDEX TERMS Non-linear programming, optimal power flow, power system transient stability, TSCOPF.

NOMENCLATURE
ABBREVIATIONS
AVR Automatic Voltage Regulator.
COI Center of Inertia.
ELM Exponential load model.
GAMS General Algebraic Modeling System.
IPOPT Interior Point Optimizer.
OPF Optimal Power Flow.
PLM Polynomial load model.
PSS Power System Stabilizer.
PSSE Power System Simulator for Engineering.
TSCOPF Transient Stability Constrained Optimal

Power Flow.

The associate editor coordinating the review of this manuscript and

approving it for publication was Arturo Conde .

INDICES AND SETS
i,j Indices for nodes.
t Index for time steps.
�N Set of nodes of the system.
�RN Set of nodes of the reduced equivalent system.
�G Set of generation units.
�T Set of all time steps.
�TF Set of fault time steps.

PARAMETERS
AG,BG,CG Fuel cost coefficients of the power

plants [=C/MWh2, =C/MWh, =C].
D Damping coefficient of a power

plant [p.u.].
H Inertia coefficient of a power plant [s].
KPV,KQV Active and reactive power coefficients

of the exponential load model.
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KPF,KQF Active and reactive power coefficients
of the frequency dependency of load.

PLN,QLN Active and reactive nominal
load [p.u.].

PMIN,PMAX Active power limits of a power
plant [p.u.].

PZ,PI,PP Active power coefficients of the poly-
nomial load model.

QMIN,QMAX Reactive power limits of a power
plant [p.u.].

QZ,QI,QP Reactive power coefficients of the
polynomial load model.

UMIN,UMAX Limits of the bus voltage [p.u.].
UCORR Reference voltage for disconnecting a

load [p.u.].
Yi,j Absolute value of element (i,j) of the

reduced system admittance matrix.
YFS
i,j Absolute value of element (i,j) of the

full system admittance matrix.
XD Transient reactance of a power

plant [p.u.].
1T Integration time step [s].

1ωMIN, 1ω
MAX

Limits of the speed deviation of a syn-
chronous power plant [p.u.].

θi,j Phase of the element (i,j) of the
reduced system admittance matrix.

θFSi,j Phase of the element (i,j) of the full
system admittance matrix.

δMAX Limit of the rotor angle deviation for a
synchronous power plant [rad].

ωo Grid reference frequency [rad/s].

VARIABLES
e Internal voltage of a synchronous power

plant [p.u.].
f LV Binary factor that disconnects a load if the volt-

age drops below a reference.
pE Electrical power output at the rotor of a power

plant [p.u.].
pG, qG Active and reactive power output of a power

plant [p.u.].
pL, qL Active and reactive power consumption of a load

u Bus voltage magnitude [p.u.].
α Phase of the bus voltage [rad].
1f COI Speed deviation of the center of inertia [p.u.].
1ω Rotor speed deviation of a synchronous power

plant [p.u.].
δ Rotor angle of a synchronous power plant [rad].
δCOI Rotor angle of the center of inertia [rad].

I. INTRODUCTION
Transient Stability Constrained Optimal Power Flow
(TSCOPF) models emerged two decades ago as a useful
tool for the operation and planning of power systems [1],

[2], [3]. These algorithms have recently gained attention [4],
[5], [6], [7], [8], [9], [10] owing to advances in optimization
algorithms and the challenges facing modern power systems
in the transition toward decarbonization.
TSCOPF models combine an OPF formulation with tran-

sient stability constraints to ensure both economic operation
and a transiently stable solution under a set of severe inci-
dents. The inclusion of static and dynamic constraints in a
single optimization model becomes challenging for a number
of different reasons: the size of the problem, its non-linear
nature, and the complexity of the static and dynamic power
system models. Several approaches are proposed in the
literature, to solve TSCOPF formulations [11]: 1) Simul-
taneous discretization techniques; 2) Simplification-based
techniques; and 3) Metaheuristic optimization techniques.
References [10] and [11] provide an extensive and com-
prehensive review, summarizing the different approaches
to solving TSCOPF formulations. Simultaneous discretiza-
tion methods have the advantage of including the dynamics
of all power plants and using standard non-linear pro-
gramming solvers in economic and security optimization.
The two main drawbacks of simultaneous discretization
are the large number of constraints and variables and
the high non-linearity of the electromechanical oscilla-
tions between synchronous power plants, which creates
large non-linear optimization problems that are difficult to
solve.
The conventional practice in TSCOPF algorithms is to

model loads using constant impedances. The use of differ-
ent load models poses a challenge in these formulations
because of the complexity of integrating them into the system
of differential-algebraic equations that model the dynamic
response of the system, included all together as constraints
in the optimization problem. Transient stability studies based
on time-domain simulation often do not model the entire
transmission system during and after a fault. Instead, they
convert the loads into shunt-connected impedances, incor-
porating them into the admittance matrix and then applying
the Kron method to reduce the size of the model and the
computational burden [13]. The Kron reduction produces
an equivalent linear system with as many electrical nodes
as connected synchronous power plants [14]. Most of the
TSCOPF algorithms proposed in the literature, based on
the direct discretization technique, follow this approach by
modeling only the time-domain response of the synchronous
power plants to evaluate transient stability. The result is an
optimization model that can be solved with less computa-
tional effort; however, the loadmodel skews the solution from
the real one because load modeling significantly impacts
dynamic simulations [12], [13], and this effect is not properly
accounted for. This was particularly remarked on [17], where
the reported TSCOPF solutions were re-evaluated using the
equal-area criterion and trajectory sensitivity analysis. From
these results, [17] affirmed that reported TSCOPF solutions
are not viable if detailed load models are not considered, con-
cluding that future efforts should be made to propose a robust
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TSCOPF algorithm that allows the inclusion of detailed load
models.

Following this path, this paper proposes a robust TSCOPF
formulation based on a relevant node representation approach
that allows the representation of any kind of detailed load
model, while reducing the size of a full system represen-
tation. Besides generation buses, the buses with non-linear
loads are also kept in the Kron reduction in fault and post-
fault periods, maintaining the balance between an adequate
representation of the system and the computational effort.
The proposed model incorporates the most widely used load
models in the industry [18] to conduct a comparative analysis
of the influence of load modeling on transient stability and
power generation cost. The proposed TSCOPF model has
been successfully validated against time-domain simulations
in PSSE.

The modeling of loads in transient stability simulations
is challenging because a typical load is composed of sev-
eral devices with different electrical equivalents. Even if the
composition of the load is known in detail, it is not practical
to represent each individual component at the transmission
level, as there may be a large number of them, and they also
change over time [19]. Consequently, it is standard practice
(both in academia and industry) to use aggregate load models
[16], [18], [20], [21]. Although all types of loadmodels can be
used in the proposed algorithm, this paper focuses on themost
frequently used and those for which parameters are found
in the available literature. According to [22], 74% of the
surveyed TSOs and utilities use exponential and polynomial
load models for dynamic power system analysis. The main
contributions of this paper are:

• A robust TSCOPF formulation that accommodates any
type of load model, based on the relevant node repre-
sentation approach proposed in this study. The algorithm
improves the performance of full system representation
formulations while maintaining the same accuracy of
results.

• A comprehensive and critical analysis of how load mod-
eling influences the dispatch and the cost of energy
generation provided by TSCOPF algorithms. This anal-
ysis encompasses the examination of the five most
widely used load models in the industry.

• Several recommendations, drawn from the insights
gained through this research, for integrating suitable
load models into TSCOPF algorithms.

The proposed formulation has been implemented using
a flexible computational framework based on MATLAB-
GAMS that facilitates its application to different power
systems. The optimization problem is solved in GAMS using
the interior point-based optimization library IPOPT. The
proposed formulation is tested on the Anderson IEEE 9,
New England IEEE 39, and IEEE118 benchmark systems.

The rest of the paper is organized as follows: Section II
describes the proposed optimization model; Section IV
describes the implementation and validation of the proposed

tool; Section V presents and discusses the results; and
Section V concludes the paper.

II. OPTIMIZATION MODEL
This section describes the TSCOPF formulation based
on the relevant node representation approach proposed in
this work. The formulation makes it possible to represent
any kind of detailed load model, including those that are
dependent on the bus voltage and the system frequency
in the time-domain. Section II-A presents the mathemat-
ical formulation of the TSCOPF algorithm; Section II-B
describes the formulation to include the load models stud-
ied in this work corresponding to those most used in the
industry.

A. TSCOPF MODEL
The proposed method combines the steady state representa-
tion with the dynamic response of the power system.

The optimization model is as follows:

min f
(
pGi,1

)
=

G∑
i=1

AG
i p

G2

i,1 + BG
i p

G
i,1 + CG

i (1)

Subject to:

pGi,1 − PLNi = ui,1
N∑
j=1

uj,1YFS
i,j cos

(
αi,1 − αj,1 − θFSi,j

)
,

∀i∈ �N (2)

qGi,1 − QLN
i = ui,1

N∑
j=1

uj,1YFS
i,j sin

(
αi,1 − αj,1 − θFSi,j

)
,

∀i∈ �N (3)

UMIN
i ≤ ui,1 ≤ UMAX

i , ∀i∈ �N (4)

PMIN
i ≤ pGi,1 ≤ PMAX

i , ∀i∈ �G (5)

QMIN
i ≤ qGi,1 ≤ QMAX

i , ∀i∈ �G (6)

α1,1 = 0 (7)

pGi,1X
D
i = eiui,1sin

(
δi,1 − αi,1

)
, ∀i∈ �G (8)

qGi,1X
D
i = eiui,1cos

(
δi,1 − αi,1

)
− u2i,1, ∀i∈ �G (9)

1ωi,1 = 0, ∀i∈ �G (10)

pGi,1 = pEi,1, ∀i∈ �G (11)

δi,t − δi,t−1 −

(
1T

ω0

2

) (
1ωi,t + 1ωi,t−1

)
= 0, ∀i∈ �G, t= 2 . . .T (12)

1ωi,t (1 + 1TDi/(4Hi)) − 1ωi,t−1

× (1 − 1TDi/(4Hi)) − (1T/(4Hi))

×

(
2pGi,1 − pEi,t − pEi,t−1

)
= 0, ∀i∈ �G, t= 2 . . .T (13)

pEi,tX
D
i = eiui,t sin

(
δi,t − αi,t

)
, ∀i∈ �G, t= 2 . . .T

(14)
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(eiui,tsin(δi,t − αi,t ))/XD
i − pLi,t

= ui,t
RN∑
j=1

uj,tYi,j,t cos
(
αi,t − αj,t − θi,j,t

)
,

∀i∈ �RN, t= 2 . . .T (15)

(eiui,tcos(δi,t − αi,t ) − u2i,t )/X
D
i − qLi,t

= ui,t
RN∑
j=1

uj,tYi,j,t sin
(
αi,t − αj,t − θi,j,t

)
,

∀i∈ �RN, t= 2 . . .T (16)

δCOIt = (
G∑
i=1

Hiδi,t )/(
G∑
i=1

Hi), ∀t∈ �T (17)

−δMAX
≤ δi,t − δCOIt ≤ δMAX, ∀i∈ �G, t= 2 . . .T

(18)

1ωMIN
i,t ≤ 1ωi,t ≤ 1ωMAX

i,t , ∀i∈ �G, t = 2 . . .T (19)

Themodel defined by (1)-(19) combines anOptimal Power
Flow (OPF) model (1)-(7) with the constraints to include
the time-domain representation of the system under one or
more contingencies (8)-(16) and the transient and frequency
stability limits (17)-(19) in the optimization problem. The
objective function (1) minimizes the power generation cost
of the system as a quadratic function. Constraints (2) and
(3) are the load flow at each bus of the system during the
steady-state operation. Inequality constraints (4), (5), and (6)
represent the voltage limits at each node of the system, and
the active and reactive power generation limits of the power
plants, respectively. Constraint (7) sets the angle reference in
the slack node.

In this work, power plants are modeled using the classical
synchronous generator model, composed of a voltage source
behind a transient reactance [19]. However, more detailed
representations of the generators can easily be included
[7] including Automatic Voltage Regulators (AVR), Tur-
bine Governors, and Power System Stabilizers (PSS) [23].
Constraints (8) and (9) relate the internal variables of the
synchronous generators to the variables at the connecting
bus and initialize the internal variables of the power plants
for the time-domain simulation. The differential equations
that model the dynamic response of the system, under one
or more contingencies, are discretized using the trapezoidal
rule and included as constraints of the non-linear optimization
problem. Constraints (10)-(13) model the swing equation of
synchronous power plants through two separate differential
equations (20)-(21): one for the rotor angle deviation (20) and
one for the rotor speed deviation (21). Constraints (10)-(11)
correspond to the initialization of the time-domain simula-
tion. Constraints (12)-(13) calculate the rotor angle and rotor
speed deviation at every time step of the fault and post-fault
periods, and are obtained by applying the trapezoidal rule
to differential equations (20)-(21). Constraint (14) calculates
the electrical power injected by the synchronous power plants

during the time-domain simulation.

dδ

dt
= ωo1ω (20)

d1ω

dt
=

1
2H

(pM − pE − D1ω) (21)

For the time-domain simulation (fault and post-fault peri-
ods), an equivalent system is calculated and represented by
the admittance matrix Y⊥θ , removing all transmission buses
from the full system admittance matrix Y FS

⊥θFS by the
Kron reduction method [21], but maintaining all nodes where
power plants, non-linear loads, and/or other relevant devices
are connected. Consequently, the response of all active ele-
ments and the non-linearity of loads are preserved during
the time-domain representation while reducing the size of
the optimization problem. Constraints (15)-(16) calculate the
load flow equations at the buses of the admittance matrix
Y⊥θ , where active or passive non-linear elements are con-
nected during each time step. The admittance matrix Y⊥θ

changes in fault and post-fault periods to model the studied
contingency. Typical contingencies include short circuits fol-
lowed by switching actions to clear the fault.

Transient and frequency stability constraints are both
included in the proposed model (17)-(19). The transient sta-
bility constraint (18) is represented as a limit on the deviation
of the rotor angles of the synchronous power plants, with
respect to the center of inertia (COI) calculated in (17). The
frequency stability limit is implemented as a maximum devi-
ation on the rotor speed of the synchronous power plants (19).

B. LOAD MODELING
Load modeling has a significant impact on the results of
transient stability and must, therefore, be properly accounted
for in TSCOPF models. The usual practice in direct dis-
cretization TSCOPF models is to represent loads as constant
impedances, to include them within the admittance matrix
and then apply the Kron reduction method to obtain an
equivalent system with only the generation buses [11]. The
results obtained using these models must be treated with
caution because modeling loads using a constant impedance
mitigates the rotor angle and rotor speed deviations over real
trajectories and can provide solutions that, in real systems, are
unstable [24]. Figure 1 illustrates the most used load models
in power system studies, according to a survey conducted by
the Working Group C4.605: ‘‘Modeling and aggregation of
loads in flexible power networks’’ to more than 160 utilities
and system operators in over 50 countries on five continents
in [22].

The TSCOPF model defined by (1)-(19) is completed with
the following equations that represent the main load models
used in industry, according to [20], but any other type of load
model can also be included.

C. EXPONENTIAL LOAD MODEL
Equations (22)-(23) represent the exponential load model
for active and reactive power in the proposed TSCOPF.
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FIGURE 1. Load models used in industry according to the survey
elaborated by the working group C4.605 in [22].

For voltage exponent values KPV and KQV equal to 0,
1 and 2, this load model represents constant power, constant
current, and constant impedance loads, respectively. The fre-
quency dependency of loads is represented bymultiplying the

exponential load model by the factor (1+KPF1f COIt ), where
1f COIt is the frequency deviation of the center of inertia.

pLi,t = PLNi

(
ui,t
ui,1

)KPV

(1 + KPF1f COIt ), ∀i∈ �RN,

t = 2 . . .T (22)

qLi,t = QLN
i

(
ui,t
ui,1

)KQV

(1 + KQF1f COIt ), ∀i∈ �RN,

t = 2 . . .T (23)

D. POLYNOMIAL LOAD MODEL
Equations (24)-(25) represent the polynomial (also known as
ZIP) load model for active and reactive power in the proposed
TSCOPF. This model is composed of constant impedance,
constant current, and constant power components. Parameters
PZ, PI, and PP determine the proportion of each for the active

power component, and QZ, QI, and QP determine the propor-
tion for the reactive power component. Their sum equals 1.
The frequency dependency of the load is also represented
by multiplying the polynomial load model by the factor
(1+KPF1f COIt ).

pLi,t = PLNi

[
PZ
(
ui,t
ui,1

)2

+ PI
(
ui,t
ui,1

)
+ PP

]
×

(
1 + KPF1f COIt

)
, ∀i∈ �RN, t = 2 . . .T (24)

qLi,t = QLN
i

[
QZ

(
ui,t
ui,1

)2

+ QI
(
ui,t
ui,1

)
+ QP

]
×

(
1 + KQF1f COIt

)
, ∀i∈ �RN, t = 2 . . .T (25)

E. FREQUENCY DEVIATION OF THE CENTER OF INERTIA
For the frequency dependence component in both the expo-
nential and polynomial load models, constraint (26) is also
included in the proposed TSCOPF (1)-(19) to calculate the
system frequency deviation of the Center of Inertia (COI) in
each period of time.

1f COIt =

∑N
i=1 Hi1ωi,t∑N

i=1 Hi
, ∀t∈ �T (26)

In both exponential and polynomial models, the fre-
quency dependence can be neglected by setting the KPF and
KQF parameters equal to 0, as is often considered in the
industry [21].

F. MODELING LOADS DURING VOLTAGE DIPS
During faults provoking very low voltages, the model can
suffer from numerical instability if the constant power com-
ponent is dominant. This component would introduce a
constant value into the power flow equations (15)-(16), that
would make them mathematically inconsistent when a short
circuit occurs, provoking the voltage values at a load bus
being close to zero. To handle this issue, the additional
constraint (27) can be included in the optimization model
to reduce the power consumption when the voltage at the
connecting point reaches very low values. Constraint (27)

calculates f LVi,t factor for all buses and all time steps, taking the
value 1 when the voltage does not fall below UCORR (in this
work 0.2 p.u.), and quadratically decreases toward 0 when the
voltage is lower. Then, this factor is introduced as a product
in the constraints (22)-(23) or (24)-(25), depending on the
chosen load model, during the fault stage.

f LVi,t = min

[
1,

(
u2i,t

UCORR2

)]
, ∀i∈ �RN, ∀t∈ �TF (27)

When constraint (27) is included in the optimization prob-
lem, it changes from a non-linear optimization problem
(NLP) to a non-linear optimization problem with discontin-
uous derivatives (DNLP). The inclusion of this restriction
significantly affects the computation time, and this effect is
discussed in Section V.
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FIGURE 2. Anderson IEEE9 bus test system and fault location.

FIGURE 3. Software implementation for TSCOPF.

III. IMPLEMENTATION AND VALIDATION
Figure 3 illustrates the software framework used to build and
solve the optimization problemwhich is described as follows:
1. A programwritten inMATLAB reads the data correspond-

ing to the network, power plants and loads from standard
PSSE files. The information on critical contingencies and
switching actions is introduced, and the program automat-
ically builds the full system admittance matrices YFS

i,t ⊥

θFSi,t for the pre-fault, fault, and post-fault periods of the
simulation.

2. The program searches for transmission nodes where no
elements are connected and eliminates these nodes in the
fault and post-fault admittance matrices by applying the

FIGURE 4. TSCOPF model validation when a three phase short-circuit
occurring near bus 7 at the end of line 5-7. The fault is cleared after
5 cycles (0.083s) by opening line 5-7. a) Rotor speed deviation of the
synchronous power plants obtained after the solution of the optimization
model in GAMS; b) Validation of the result using PSSE.

Kron reduction method. The result is a reduced equivalent
network which includes the buses where power plants,
loads or other elements are connected, represented by the
admittance matrices Yi,t ⊥ θi,t for those periods.

3. The program calls GAMS through the GDXMRW routine
[25] and solves the optimization problem using the interior
point library IPOPT [25], which solves large-scale non-
linear optimization problems using a prime-dual interior
point method.

4. Finally, when the routine finishes, it returns the solution
to MATLAB for data analysis and plotting.

This approach facilitates the application of the optimization
model to different electric power systems and allows the
user to easily modify the network topology, the load, the
contingencies, and the optimization solver.

Figure 4 presents an example of validation for the proposed
algorithm applied to the Anderson IEEE 9 bus test system
(Figure 2). All system data can be found in [14]. The simu-
lated fault is a three-phase short-circuit that occurs near bus 7,
at the end of line 5-7, and is cleared after 5 cycles (0.083s) by
opening line 5-7. Figure 4.a shows the rotor speed deviations
obtained by the TSCOPF algorithm in synchronous power
plants. Figure 4.b shows the same variables using PSSE.

IV. RESULTS AND DISCUSSION
A. PERFORMANCE OF THE PROPOSED TSCOPF
IMPLEMENTATION
This section presents a comparative analysis of the size and
computational burden of the following TSCOPF models:
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TABLE 1. Comparison between the three different approaches applied to
the Anderson ieee 9 benchmark test system.

TABLE 2. Comparison between the three different approaches applied to
the new England ieee 39 benchmark test system.

TABLE 3. Comparison between the three different approaches applied to
the IEEE118 benchmark test system.

• Reduced system approach [11]: This implementation is
currently the most widespread in TSCOPF. All the loads
are represented as impedances in the admittance matrix,
and the system is reduced to represent only the response
of the synchronous power plants during the time-domain
simulation.

• Full system representation approach [7], [26]: The
time-domain simulation includes the representation of
all the nodes in the system at all time steps, making it
possible to model non-linear loads.

• Relevant node representation approach: This corre-
sponds to the implementation proposed in this work,
in which the system is reduced but removes only those
nodes where no active elements are connected. This
proposal presents the advantages of the full system

representation approach while reducing the size of the
optimization problem.

Table 1, Table 2, and Table 3 present the results obtained
using the three different approaches when applied to various
IEEE Benchmark systems: 1) the Anderson IEEE 9 system,
which includes 9 buses and 3 power plants [14]; 2) the
New England IEEE 39 system, comprising 39 buses and
10 power plants [27]; and 3) the IEEE118 system, which
includes 20 power plants and 118 buses [27]. The dynamic
data for the three systems can be found in [14], [28], and [29],
respectively. The following contingencies are represented in
each system with an integration time step of 0.01667s: 1) a
three-phase short-circuit at the transmission line connecting
buses 7 and 5, adjacent to bus 7 and cleared by opening the
circuit breakers at the two ends of the line after 0.08335 s;
and 2) a three-phase short-circuit at the transmission line
connecting buses 3 and 4, adjacent to bus 3 and cleared
by opening the circuit breakers at the two ends of this line
after 0.08335 s; and 3) a three-phase short-circuit at the
transmission line connecting buses 65 and 68, adjacent to
bus 65 and cleared by opening the circuit breakers at the
two ends of this line after 0.08335 s. In all the case studies
presented in the paper, voltage limits (UMIN

i andUMAX
i ) are set

at 0.95 p.u. and 1.05 p.u. The maximum deviation on the rotor
angle (δMAX) is defined as 60 degrees. The frequency stability
limits (1ωMIN

i,t and1ωMAX
i,t ) are −0.02 p.u. and 0.02 p.u.,

respectively.
The results show that for the standard implementation

in the literature (presented here as the Reduced System
Approach), the size of the optimization problem, both in
terms of the number of constraints and variables, is smaller
in comparison with the full system and the relevant node rep-
resentation approaches and, consequently, the convergence
time is also faster. However, this approach does not consider
the influence of the dynamics of elements such as non-linear
loads, non-synchronous renewable generation, or energy stor-
age systems, and might not be suitable for applications in
modern electrical power systems, where these devices play
an increasingly important role. The full system representation
approach, first proposed in [30], solves this challenge but
at the expense of a considerable increase in the size of the
optimization problem and the convergence times, as shown
for the different case studies in Table 1, Table 2, and Table 3.

The relevant node representation approach proposed in this
work aims to reduce the size of the problem and convergence
times, while maintaining the advantages of the full system
representation approach. The results presented clearly indi-
cate that the relevant node representation algorithm achieves
its objectives, since there is a significant reduction in the
number of constraints and variables and, even further, in the
convergence time for all case studies.

B. EFFECT OF LOAD MODELING ON TRANSIENT
STABILITY AND POWER GENERATION COST
This section presents a comparative analysis of the influ-
ence of load modeling on the transient stability and power

VOLUME 11, 2023 133335



F. Arredondo et al.: Influence of Load Modeling on the Cost of Ensuring Stability

TABLE 4. TSCOPF results when using different load models applied to the Anderson IEEE 9 bus test system.

generation cost for TSCOPF studies. The study is carried
out using the optimization model based on the relevant node
representation approach proposed in this work, which allows
the use of any type of load model. Section II provides an
explanation of the standard load models commonly used in
the industry and their corresponding equations within the
TSCOPF. This section analyzes the impact of the following
five load models, which are among the most commonly used:
1) Constant impedance (Z) using (22) and (23) with parame-
ters KPV and KQV equal to 2; 2) Constant current (I) using
(22) and (23) with KPV and KQV equal to 1; 3) Constant
power (P) using (22)-(23) and (27) with parameters KPV and
KQV equal to 0; 4) Exponential load model (ELM) using
(22)-(23) with parameters KPV and KQV equal to 0.56 and
1.21, respectively, which are taken from [21]; and 5) Poly-
nomial load model (PLM) using (24) and (25) considering a
mixed load of 20% constant impedance (with parameters PZ,
QZ equal to 0.2), 20% constant current (with parameters PI,
QI equal to 0.2), and 60% constant power (with parameters

PP, QP equal to 0.6). Initially, the load frequency dependence
characteristic was neglected, considering KPF and KQF to be
equal to 0 for all cases, which is a common practice in the
industry [15].

Table 4 presents the results obtained using the five differ-
ent load models for TSCOPF and compares them to those
obtained using an Optimal Power Flow (OPF) algorithm. For
the sake of clarity, the results are presented for the Anderson
IEEE 9 bus system and the same contingency described in the
previous section.

The solution for a classical OPF results in a generation cost
of 8689 =C, with G2 generating 174 MW and G3 generat-
ing 150 MW (full load), as shown in the OPF row of Table 4.
The application of the TSCOPF model, which takes into
account the stability limits, indicates that the result given by
the OPF is not stable under the considered contingency. The
TSCOPF model increases the power generation cost, with
respect to the OPF, because the algorithm shifts power from

generator G2 to (the most expensive) G1, to ensure stability.
This shows that dynamic constraints play a significant role
because they affect the optimal dispatch. In other words, the
solution provided by a classical OPF is not transiently stable
and the TSCOPF modifies the dispatch, to ensure that the
solution is stable.

Table 4 shows that, for the same case study, the TSCOPF
presents significantly different results when using different
load models. The most economical solution is given by the
constant impedance load model, which is the standard in
direct discretization TSCOPF algorithms. Impedance-based
load models exhibit a quadratic reduction in power consump-
tion when voltage drops due to a short circuit. This effect
creates a false stabilizing impact as it reduces the differ-
ence between mechanical and electrical power in the swing
equation (13), consequently mitigating rotor angle and rotor
speed deviations along their real trajectories. This effect is
shown in Figure 5 and Figure 6, where the rotor angle and
rotor speed trajectories for power plant G2 are represented
for the five case studies.

The solution obtained when using the exponential and
polynomial load models provides the most accurate represen-
tation because they were set up using parameters obtained
from aggregating the real loads. In these cases, the power
dispatch changes significantly and increases the total gen-
eration cost compared to the solution obtained when using
constant impedance or constant current models. The highest
cost is reached when loads are modeled as a constant power,
which could be considered the most conservative approach.
It must be pointed out that the convergence time, in this case,
increases significantly compared to other approaches. This
is probably due to the binary constraint (27) introduced in a
non-linear programming (NLP) algorithm to ensure mathe-
matical stability.

Figure 5 and Figure 6 depict the rotor speed of power
plant G2, obtained from the solution of the TSCOPF, for
five different load models. Figure 5 shows the evolution over
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FIGURE 5. Rotor speed deviation of power plant G2 when using different
load models.

FIGURE 6. Rotor angle vs rotor speed deviation of power plant G2 when
using different load models.

time, which allows a clear comparison between cases, while
Figure 6 shows the rotor speed against rotor angle, which
facilitates an assessment of the electro-mechanical oscilla-
tions. It can be seen that:

• The detailed exponential and polynomial load mod-
els exhibit similar trajectories and can be taken as a
reference.

• The solution obtained with the constant current load is
not very different from the detailed load models, which
explainswhy its generation cost in Table 4 is also similar.
This result is consistent with the recommendation given
in [31] that, in the absence of detailed information on
the composition of loads, real power demand can be
represented using a constant current.

• The trajectory resulting from the constant impedance
load exhibits the most damped oscillations, leading to
the lowest generation cost in Table 4. Nonetheless, it is
also the least conservative of the five, raising concerns
about real-life stability. The use of a constant impedance
load model may lead to potentially unstable solutions.

• The trajectory associated with the constant power load
model shows the largest electromechanical oscillations,
consequently leading to the highest generation cost in
Table 4.

It must be stressed that, for other case studies solved in
the Anderson IEEE 9 and in the other larger test systems,
the variables and economic results follow the same trend,
providing the same conclusions.

TABLE 5. Tscopf results considering the frequency dependence of load.

C. INFLUENCE OF THE FREQUENCY DEPENDENCY
OF LOAD
The frequency dependency of load is often neglected in
time-domain transient stability studies [15]. This section
conducts an in-depth analysis to evaluate both the compu-
tational burden associated with accounting for this effect
and the quantitative impact on the economic and power dis-
patch results as provided by TSCOPF when considering or
neglecting it. In the proposed optimization model, this effect
is considered by including values for the parameters KPF

and KQF in constraints (22)-(23), for the exponential load
model, and in (24)-(25), for the polynomial loadmodel. These
parameters are different for each electrical system and, for
different operating point and depend on the type of load
connected in each period of time. In this section, general
values for KPF (0.69) and KQF (−8.89) are considered, which
are taken from [21]. Table 5 shows the results obtained when
including the frequency dependency of load in TSCOPF. The
results are slightly different, in terms of generation cost and
convergence time, in comparison to those obtained when
neglecting this effect. For all studied cases, this load char-
acteristic provides a stabilizing effect to the system because
the load increases when the frequency deviation is positive
and vice versa, explaining the more economical results when
accounting for the frequency dependency of load.

Regarding computational effort, the results in Table 5
suggest that including the frequency dependency of load in
TSCOPF studies yields more accurate results while slightly
affecting the computational times of the algorithm.

Based on the results obtained in several case studies, it has
been observed that frequency dependency of load does not
significantly impact the results. Therefore, it could be reason-
able to neglect this effect, as the results provided by TSCOPF
without considering it are more conservative.

V. CONCLUSION
This paper addresses the challenge posed in the literature
concerning load models in TSCOPF studies. The results
demonstrate the significant influence of load modeling on
power dispatch and generation costs as provided by TSCOPF
algorithms. Standard approaches based on modeling loads as
impedances must be carefully reconsidered. In particular:

• Modeling loads as constant impedances leads to a false
stabilization effect in simulations and, consequently,
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provides the lowest generation cost. This representation
is especially dangerous in TSCOPF algorithms because,
as they search for the most economical solution, they
provide results that are often close to the operational lim-
its of the system. Consequently, the dispatch provided by
a TSCOPF with constant impedance loads can result in
unstable conditions during real operation.

• The use of a constant power model yields more conser-
vative results, at higher costs; however, the studied cases
show that the computational effort to solve the model
increases dramatically because of the adjustments in the
model which are needed to ensure convergence during
voltage dips.

• The use of more detailed load models (both polynomial
and exponential) slightly affects the convergence times,
allowing the representation of real aggregate loads.

• Modeling the relation between load and frequency has
only a minor effect on the results of the TSCOPF,
generally stabilizing the system.

This paper proposes the application of exponential or poly-
nomial load models to TSCOPF because their flexibility
allows the representation of most kind of loads with accuracy
and with a relatively slight increase in the computational
effort. These models produced accurate results in the stud-
ied cases and have the advantage of being sanctioned by
the industry, in conventional transient stability studies. They
increase the complexity of the TSCOPF compared to the
commonly used constant impedance model, but the increase
in computational load is moderate and can be mitigated using
the relevant node representation approach proposed in this
paper. This approach removes the electrical nodes that do not
connect to non-linear devices from the admittance matrix.

Future work is expected to encompass, but is not limited
to, the following research directions: 1) Evaluating the perfor-
mance of the proposed algorithm in open-source optimization
software, such as Pyomo or Julia, in comparison to GAMS
2) Utilizing the software tool to optimize the operation of
islanded power systems in the Spanish archipelagos. 3) Opti-
mizing power plant control parameters using a modified
version of the proposed tool; and 4) Collaborating with the
system operator to conduct testing and further enhance the
proposed software tool.
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