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A B S T R A C T

Decarbonization processes around the world are pressing system operation significantly, particularly in terms
of ensuring appropriate reliability and stability levels when integrating massive amounts of converter-based
generation technologies (CGTs). In this context, this work proposes an optimization-simulation model to
optimize system operation with nadir considerations via simulation of detailed system dynamic responses. We
propose a Gauss–Seidel iterative method to incorporate the precise governors’ dynamic responses determined
by the simulations within the sequential optimization problems. Through several case studies, we demonstrate
the benefits of our approach and analyze the impacts of incorporating a detailed representation of units’
dynamic responses. We also compare our frequency nadir-constrained approach against an alternative inertia-
constrained approach that ensures minimum amounts of inertia levels. Particularly, we show that ensuring
minimum amounts of inertia may lead to inefficient economic outputs in terms of costs and integration
of renewable generation without security gains in terms of frequency stability compared with constraining
frequency nadir.
1. Introduction

1.1. Motivation

In power systems dominated by synchronous generators (SG), the
mechanical inertia needed to ensure the frequency response during
major power imbalances has been traditionally provided by the ro-
tating machines. Unlike conventional SG, converter-based generation
technologies (CGTs) do not contribute with inertial response during
major system imbalances. High penetration levels of CGTs lead to
a reduction of the overall inertia of the system. Consequently, the
system’s ability to arrest frequency deviations during disturbances may
be significantly affected and thus frequency stability. Hence, power
system operational models (economic dispatch models, optimal power
flow models, unit commitment models, etc.) need to consider new
approaches to ensure system stability going forward, particularly in
terms of frequency deviations.

The North American Electric Reliability Corporation (NERC) defines
the primary frequency response (PFR) as the actions to arrest and
stabilize frequency in response to frequency deviations [1]. PFR comes

∗ Corresponding author.
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from SG (inertia) and load response. In addition, it can come from
prime mover governors. In our work, PFR will be defined as to be ade-
quate if system frequency does not droop below a given threshold after
the disconnection of the largest online generating unit. The frequency
response has an important influence on power system reliability, and
one of the key challenges is maintaining the grid frequency within a
specified limit. With the integration of more and more CGTs due to
environmental concerns, the control of the power systems is becoming
significantly more complex [2,3].

For instance, the quality of frequency control in the United States
has been declined in recent years, requiring adequate planning of
primary frequency control [4]. In the same vein, Britain’s primary
reserve requirements have increased due to the installed capacity of
wind farms [5]. Ireland and Iowa have reported that the inertial
response and PFR have been deteriorated due to the important levels
of wind generation penetration [6,7]. In this context of environmental
awareness and increased penetration of CGTs, advanced models are
required to operate power systems in a reliable manner, particularly
in terms of the needed means to control system frequency adequately.
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Nomenclature

Sets

𝐵 Set of nodes
𝐼 Set of generating units
𝐼𝑏 Set of indexes of generators connected to node 𝑏
𝐾 Set of transmission lines

Parameters

𝑐𝑖 Variable cost of generator 𝑖 [$/MW]
𝐷𝑏 Load in node 𝑏 [MW]
𝑓𝑑𝑏 Dead-band frequency [Hz]
𝑓𝐾 Capacity of line 𝑘 [MW]
𝑓𝑚𝑖𝑛 Minimum frequency [Hz]
𝑓𝑁𝑎𝑑𝑖𝑟 Nadir frequency [Hz]
𝑓𝑟(𝑘) Sending or origin node of line 𝑘
𝑓0 Nominal frequency [Hz]
𝑀𝑖 Angular momentum of generator 𝑖 [MWs/Hz]
𝑃𝑖 Capacity of generator 𝑖 [MW]
𝑃𝑖 Minimum stable generation of generator 𝑖 [MW]
𝑃𝓁 Largest power loss [MW]
𝑅𝑖 Maximum reserve from generator 𝑖 [MW]
𝑇𝐻 Requirement of system angular momentum

[MWs/Hz]
𝑡𝑜(𝑘) Receiving or destination node of line 𝑘
𝑥𝑘 Reactance of line 𝑘 [Ohms]
𝜌𝑖 Governor response/ramp rate of generator 𝑖 [MW/s]

Variables

𝑓𝑘 Power flow of line 𝑘 [MW]
𝑀𝐻 Total angular momentum
𝑃𝑖 Power output of generator 𝑖 [MW]
𝑅𝑖 Reserve provision of generator 𝑖 [MW]
𝑌𝑖 Unit commitment variable (binary on/off)
𝜃𝑏 Phase angle in node 𝑏 [rad]

1.2. Literature review

Optimal system operation (and planning) is determined through
optimization models that, except for reserves requirements, usually
ignore details associated with frequency excursion due to contingen-
cies [8]. This, however, is changing due to the rapid deployment of
CGTs. Hence, different approaches have been proposed lately in the lit-
erature to model the system frequency response within operational and
planning models. For instance, planning models with frequency control
have been proposed in [8,9], unit commitment (UC) models considering
the frequency response have been presented in [10–12], and further
power system operational models including detailed frequency security
constraints have been proposed in [13–15].

A traditional generation expansion planning problem by considering
flexibility and frequency security assessment is presented in [9]. The
proposal formulates a two-stage optimization model. The first stage
corresponds to the traditional resource planning problem, while the
second stage aims to enhance flexibility to satisfy frequency security
constraints.

In [8] a cost-risk model is proposed. The model includes the provi-
sion of various generation frequency control and demand-side services,
including preservation of system inertia levels. The optimization prob-
lem considers a frequency nadir constraint that ensures a lower bound
2

for the post-contingency frequency excursion.
A frequency-constrained stochastic unit commitment model is pro-
posed in [10]. The model co-optimizes energy production along with
the provision of synchronized and synthetic inertia, enhanced fre-
quency response, primary frequency response, and other reserves ser-
vices. Through linear approximations, the model is able to capture
many details in terms of frequency control services and the demand/
load response.

In [11] a security-constrained unit commitment (SCUC) problem
is proposed, including frequency response. The proposal includes a
technique to linearize the nonlinear function representing the minimum
system frequency in order to include the security constraint related to
the PFR in the optimization problem.

An algorithm that includes inertia and PFR requirements in the
day-ahead UC problem is presented in [12]. The algorithm includes a
simplified dynamic model to determine the frequency nadir in every
hour of the UC. When the frequency drops under a threshold, the
algorithm increases the spinning reserve and re-optimizes the UC,
repeating the process until the frequency nadir is equal or above a
threshold.

The authors in [13] propose a formulation of system strength and
inertia-constrained generation dispatch to reassure operational security
in the National Electricity Market (NEM) of Australia. An aggregated
ramp rate in MW/s of the overall governor responses in the power
system is assumed. The system strength contribution factor of an SG
is defined to linearize the system strength constraint.

In [14], the authors propose a method to formulate linear frequency
security constraints, which considers frequency response. Three meth-
ods are compared. Two of them consider that the generators increase
their power with a constant governor ramp rate. In contrast, the third
method simplifies the governor characteristic by a single aggregated
governor. Then, an evaluation methodology is designed to quantify the
accuracy of those frequency constraints.

In [15] an optimal power flow model is proposed to include primary
frequency response and secondary frequency response requirements. A
simplified governor turbine model is considered, where the governor
ramp rate for each SG is defined as a constant.

There are several works in the technical literature related to optimal
power system operation/planning models with frequency control and
nadir considerations. However, it is hard to find models considering the
differences in the dynamic response of each SG in terms of governor
ramp rates. Indeed, most of the works assume a generic governor
response equal across all SG. Importantly, the dynamic performance
of power systems depends strongly on the particular characteristics
of each SG; therefore, ignoring the differences among SG may lead
to significant inaccuracies. In addition, a unit’s governor ramp rate is
not a constant, and it depends on its operating point. Our proposed
model tackles these problems, considering, for a given contingency,
the detailed inertial response of every unit according to its particular
operating point, incorporating this information (iteratively) within the
frequency-constrained optimization problem used that determines the
optimal power system operation.

1.3. Proposition and contributions

We propose a two-stage optimization-simulation model to deter-
mine system operation, considering a system frequency nadir con-
straint. The optimization stage finds optimal solutions that comply
with a system frequency nadir constraint against the loss of the largest
unit; and the simulation stage determines the detailed system dynamic
responses, which are iteratively incorporated within the optimization
problem. The optimization and simulation stages are run iteratively as
the detailed dynamic responses of generators change depending on the
dispatch solution found by the optimization part.

Our modeling approach presents two distinctive characteristics.
First, this is tractable to solve large-scale system operation (dispatch)

problems, including co-optimization of energy and reserve services.
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Fig. 1. Overview of the proposed model.

econd, the model is industry-friendly as the parameters used to op-
imize system operation are accurately tuned by a detailed simulation
odel (e.g., Power Factory DIgSILENT).

The contributions in our proposal are outlined below:

(1) Propose, design, and implement a sequential optimization-
simulation model to operate power systems optimally, while en-
suring adequate frequency nadir when occurs the disconnection
of the largest online generating unit.

(2) Demonstrate the advantages of committing the units with the
best governor’s dynamic response, which can only be undertaken
if the model appropriately recognizes the unique responses from
every unit according to the faced operating condition.

(3) Compare our frequency nadir-constrained model against an al-
ternative inertia-constrained model, demonstrating that ensuring
minimum inertia levels can be significantly inefficient, particu-
larly in the presence of large amounts of CGTs.

(4) Demonstrate the advantages of committing frequency-responsive
units rather than inertia-heavy units, particularly in light of the
high penetration of CGTs.

This paper is structured as follows. Section 2 presents the proposed
ptimization-simulation model that ensures an adequate frequency re-
ponse. Section 3 presents and discusses the main results obtained.
inally, Section 4 summarizes the main conclusions of this work.

. The optimization-simulation model

.1. Overview

We propose a novel two-stage approach for optimizing power sys-
em operations considering realistic frequency excursions and con-
training the frequency nadir. The first stage corresponds to a mixed-
nteger linear program representing the economic dispatch problem
ith a set of extra constraints, ensuring frequency stability, whose pa-

ameters are iteratively adjusted through a Gauss–Seidel approach [16].
he second stage corresponds to a simulation model (Power Factory
IgSILENT), which iteratively adjusts and updates the parameters of

he first stage’s constraints. The adjusted parameters characterize the
esponse of every generating unit to the most significant power imbal-
nce at a particular operating point. The iterative process stops when
he parameters in the optimization model (first stage) properly rep-
esent the system response observed in the simulation model (second
tage). The proposal includes a detailed dynamic response of each SG.
he sequential approach is presented in Fig. 1.
n the following subsections, we present the main aspects of the pro-
osed model. In Section 2.2, we explain the master (optimization) mod-
le. Section 2.3 presents the nadir constraint that is added in the system
peration optimization. Section 2.4 presents the iterative Gauss–Seidel
lgorithm. Finally, in Section 2.5, an alternative inertia-constrained
3

pproach is presented for comparison purposes.
2.2. The classic system operation model (without the frequency nadir con-
straint)

The master module of the proposed methodology optimizes the
system operation in terms of power, reserves, and commitment. The
master module may correspond to any system operation optimiza-
tion model with explicit reserves requirements, for instance: optimal
power flow (OPF), security-constrained economic dispatch (SCED),
security-constrained unit commitment (SCUC). This is the case since
our proposed approach can be applied to any system operation op-
timization problem with explicit reserves requirements (where the
post-contingency states are not modeled). For simplicity, we applied
our proposition on a SCED that determines the optimal dispatches of
energy and reserves (and the units’ commitment on/off statuses) like
that in [17]. The SCED optimization model is presented below:

min
𝑃𝑖 ,𝑅𝑖 ,𝑌𝑖 ,𝑓𝑘 ,𝜃𝑏

∑

𝑖∈𝐼
𝑐𝑖
(

𝑃𝑖, 𝑅𝑖
)

(1)

subject to:
∑

𝑖∈𝐼𝑏

𝑃𝑖 +
∑

𝑘∈𝐾|𝑡𝑜(𝑘)=𝑏
𝑓𝑘 −

∑

𝑘∈𝐾|𝑓𝑟(𝑘)=𝑏
𝑓𝑘 = 𝐷𝑏 ∀ 𝑏 ∈ 𝐵 (2)

𝑘 = 1
𝑥𝑘

(𝜃𝑓𝑟(𝑘) − 𝜃𝑡𝑜(𝑘)) ∀ 𝑘 ∈ 𝐾 (3)

−𝑓𝑘 ≤ 𝑓𝑘 ≤ 𝑓𝑘 ∀𝑘 ∈ 𝐾 (4)

𝑃𝑖 + 𝑅𝑖 ≤ 𝑃𝑖 ⋅ 𝑌𝑖 ∀𝑖 ∈ 𝐼 (5)

𝑃𝑖 + 𝑅𝑖 ≥ 𝑃𝑖 ⋅ 𝑌𝑖 ∀𝑖 ∈ 𝐼 (6)

0 ≤ 𝑅𝑖 ≤ 𝑅̄𝑖 ⋅ 𝑌𝑖 ∀𝑖 ∈ 𝐼 (7)
∑

𝑖∈𝐼|𝑖≠𝑙
𝑅𝑖 ≥ 𝑃𝑙 ∀𝑖 ∈ 𝐼 (8)

The objective function (1) minimizes the operating costs, in this
case, the fuel cost associated with the power generation, and reserves.
Eq. (2) ensures the generation-demand balance at each node of the
system. The DC power flow between two nodes is presented in (3),
bounded by the corresponding network capacity limits by (4). Eqs. (5)
and (6) impose bounds on the power generating units, including op-
erating reserves. Eq. (7) impose bounds on operating reserves from
each generating unit. The commitment binary variable is denoted as
𝑌𝑖. Finally, Eq. (8) defines the necessary spinning reserve when the
disconnection of the largest online generating unit (𝑃𝑙) occurs. In
the following sections, the formulation is complemented to limit the
frequency nadir.

2.3. Adding the frequency nadir constraint

This subsection presents the extra constraint added in the master
module to limit the frequency nadir. The constraint determines the
reserve requirement by each SG to arrest the excursion of frequency
after 𝑃𝑙 occurs. The constraint also considers the governor behavior
through the governor ramp rate response capability (𝜌𝑖). Next, we
derive the constraint in a step-by-step approach, starting from the swing
Eq. (9).

𝑑𝑓 (𝑡)
𝑑𝑡

=
𝑃𝑚(𝑡) − 𝑃𝑒(𝑡)

𝑀𝐻
(9)

In (9), 𝑃𝑚(𝑡) − 𝑃𝑒(𝑡) represents the power imbalance, and 𝑀𝐻 rep-
esents the system inertia after the loss of 𝑃𝑙. 𝑀𝐻 is defined by
he summation of the inertia coefficients (𝑀𝑖) of the online generat-
ng units. 𝑀𝐻 is calculated according to Eq. (10). Note that 𝑀𝐻 is
ependent on the commitment variable 𝑌𝑖.

𝑀𝐻 =
∑

𝑀𝑖 ⋅ 𝑌𝑖 ∀𝑖 ∈ 𝐼 ; 𝑖 ≠ 𝑙 (10)

𝑖∈𝐼
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From the swing equation, we can derive an equation that incorpo-
rates ramp rate 𝜌𝑁𝑎𝑑𝑖𝑟 of all SG, which can be stated in Eq. (11).

𝜌𝑁𝑎𝑑𝑖𝑟 =
1
2𝑃

2
𝑙

𝑀𝐻 ⋅
(

𝑓0 − 𝑓𝑁𝑎𝑑𝑖𝑟
)

− 𝑃𝑙 ⋅ 𝑡𝐹
(11)

where 𝑓0 represents the nominal frequency of the system. The fre-
quency nadir (𝑓𝑁𝑎𝑑𝑖𝑟) defines the minimum frequency value, which re-
lates to the remaining system inertia 𝑀𝐻 in the post-contingency state.

In addition, the governors have a deadband zone. In this zone, the
action control is null. The deadband is related to the first instants after
the contingency occurs. Therefore there is a dead time (𝑡𝐹 ) related to
deadband frequency (𝑓𝑑𝑏). 𝑡𝐹 is calculated by Eq. (12):

𝑡𝐹 =
𝑀𝐻
𝑃𝑙

⋅ 𝑓𝑑𝑏 (12)

Using (11) and (12), it is possible to establish the minimum ramping
capability (𝜌𝑚𝑖𝑛) that ensures 𝑓𝑁𝑎𝑑𝑖𝑟 ≥ 𝑓𝑚𝑖𝑛. 𝜌𝑚𝑖𝑛 can be stated using
Eq. (13).

𝜌𝑚𝑖𝑛 =
1
2𝑃

2
𝑙

𝑀𝐻 ⋅ (𝑓0 − 𝑓𝑚𝑖𝑛 − 𝑓𝑑𝑏)
(13)

Finally, considering (8) we can define (14):

𝑅𝑖 ≤ 2 ⋅ 𝜌𝑖
𝑀𝐻 ⋅ (𝑓0 − 𝑓𝑚𝑖𝑛 − 𝑓𝑑𝑏)

𝑃𝑙
∀𝑖 ∈ 𝐼 ; 𝑖 ≠ 𝑙 (14)

Therefore, the system operation with nadir constraint is defined by
adding (10) and (14) into the formulation presented in 2.2 to ensure
adequate 𝑓𝑁𝑎𝑑𝑖𝑟. Eq. (14) shows the dependency among 𝜌𝑖, 𝑀𝐻 and
𝑃𝑙. Also, 𝑓0, 𝑓𝑚𝑖𝑛, 𝑓𝑑𝑏 are known parameters [18]. For further details
about the mathematical expressions, see Appendix. Notice that Eq. (14)
is a non-linear constraint because 𝜌𝑖 is not a constant. This is a key
point in our work since the vast majority of the published models so
far assumes 𝜌𝑖 as a constant, transforming a non-linear constraint into
a linear constraint. Additionally, the governor ramp rate (𝜌𝑖) is unique
for each SG unit, and it is of great significance in the dynamic response
of the system.

Let us assume that 𝜌𝑖 can be approximated using the expression
(15), where 𝑡𝑓𝑁𝑎𝑑𝑖𝑟

and 𝑃𝑁𝑎𝑑𝑖𝑟 are obtained at the point of the minimum
value of frequency (𝑓𝑁𝑎𝑑𝑖𝑟). 𝑡𝑓 is the time when the contingency occurs,
and 𝑃𝑓 is the mechanical power of the generating unit when the
contingency occurs (right before).

𝜌 = 𝛥𝑃∕𝛥𝑡 = (𝑃𝑁𝑎𝑑𝑖𝑟 − 𝑃𝑓 )∕(𝑡𝑓𝑁𝑎𝑑𝑖𝑟
− 𝑡𝑓 ) (15)

For example, Fig. 2 shows the governor ramp rate of a unit for
two different operating points.1 As observed, 𝜌𝑖 significantly changes
according to the operating point. The case step response 1 (SR1) shows
a mechanical power equal to 0.94 p.u., when 𝑓𝑁𝑎𝑑𝑖𝑟 occurs. Using
Eq. (15), the value of 𝜌𝑖 can be calculated, resulting equal to 0.10 p.u./s.
In step response 2 (SR2), using the same equation, 𝜌𝑖 results equal to
0.045 p.u./s. Notice also that the steady-state conditions are different
for both responses (0.6 p.u. and 0.8 p.u.). This example highlights
the importance of capturing these differences when determining power
system operation.

Notice we use the mechanical power signal, which is a smother
signal than that of the electrical power. Hence, there are further oscilla-
tions in the electrical power signal (particularly when the load depends
on voltage), which we ignore in the calculation of 𝜌𝑚𝑖𝑛. Nevertheless,
this is a common assumption, resulting in a more straightforward
estimation of 𝜌𝑚𝑖𝑛 [19].

1 The dynamic responses were obtained from a dynamic simulation
(islanded step response).
4

Fig. 2. Governor model step-response assessed in two operating points.

2.4. Solution algorithm: Gauss–Seidel iterations

The proposed algorithm to solve the sequential master–slave ap-
proach is presented in Fig. 3. The proposed algorithm is based on
a Gauss–Seidel method, allowing to tackle the non-linear nadir con-
straint in the system operation optimization. Thus, 𝜌𝑖 for each SG unit
in Eq. (14) is adjusted through an iterative process. The algorithm is
divided into five steps.

Step 1 — System operation optimization without nadir constraint : In
this step, any system operation optimization model might be imple-
mented without considering a nadir constraint (OPF, SCED, SCUC) to
minimize the system operational cost with explicit requirements of
reserves. Notice step 1 is the initialization process (see Fig. 3).

Step 2 — Dynamic assessment : The results obtained in the previous
stage are then validated through time-domain simulations (TDS), con-
sidering a detailed dynamic model of the system. The main idea is to
detect hazard situations from a frequency stability perspective when
the disconnection of the largest online generating unit 𝑃𝑙 is simulated.
If the system frequency drops below a predefined minimum threshold
(𝑓𝑁𝑎𝑑𝑖𝑟 ≥ 𝑓𝑚𝑖𝑛), under frequency load shedding schemes (UFLSS) are
activated, and thus, the process continues with the next step. Oth-
erwise, the process ends. According to the proposed methodology, if
the criterion 𝑓𝑁𝑎𝑑𝑖𝑟 ≥ 𝑓𝑚𝑖𝑛 is fulfilled, using the SCED without nadir
constraint, this is the optimal solution and the process ends. Otherwise,
the SCED with nadir constraint formulation (step 3) must be solved
(iterative process).

Step 3 — System operation optimization with nadir constraint : In
this step, SCED with nadir constraint is run considering the 𝜌𝑖 values
obtained from each SG dispatched in step 2. A step response simulation
for every SG is performed to obtain the initial values of 𝜌𝑖 that were
not considered in the dispatch solution in the previous step. The power
injected by every SG of the system is obtained and then used in the
next step.

Step 4 — Dynamic assessment : The dispatch obtained from step 3
is dynamically evaluated for the disconnection of the largest (online)
generator through a TDS. If 𝑓𝑁𝑎𝑑𝑖𝑟 ≥ 𝑓𝑚𝑖𝑛, the solution obtained in the
previous step ensures adequate frequency performance (avoiding the
activation of UFLSS), and thus the iterative process ends. Otherwise,
the process continues to the next step.

Step 5 Adjustment of 𝜌𝑖: In this step, the value of 𝜌𝑖 of every SG is
adjusted based on their dynamic response obtained from step 4 and
using Eq. (15). The new values of 𝜌𝑖 are used in the next iteration. The
whole iterative process ends when 𝑓 ≥ 𝑓 .
𝑁𝑎𝑑𝑖𝑟 𝑚𝑖𝑛
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Fig. 3. Diagram of the algorithm (𝑛 is the number of the iteration).

2.5. Alternative inertia-constrained optimization model

An alternative inertia-constrained approach is proposed, where a
minimum level of inertia is imposed as a constraint in the system
operation optimization problem presented in Section 2.2. Eq. (16)
shows the inertia constraint, where 𝑇𝐻 is the specific requirement of
inertia. In the alternative approach, Eq. (16) is added to the formulation
(1)–(8).

∑

𝑖∈𝐼
𝑀𝑖 ⋅ 𝑌𝑖 ≥ 𝑇𝐻 ∀𝑖 ∈ 𝐼 ; 𝑖 ≠ 𝑙 (16)

We present this formulation for comparison purposes as, apart from
proposing a new model, we seek to discuss the differences between
constraining frequency nadir versus constraining inertia levels.

3. Results and discussion

3.1. Input data

Table 1 summarizes the features of each generating unit of the
test system under study. The SG installed capacity and inertia values
are based on the IEEE reliability test system (IEEE One area RTS-
96) [20]. Importantly, the models are based on ‘‘Dynamic Models
for Turbine Governors in Power System Studies’’ [21]. To fulfill the
criterion 𝑓𝑁𝑎𝑑𝑖𝑟 ≥ 𝑓𝑚𝑖𝑛, we assume that: the dead-band frequency (𝑓𝑑𝑏)
s 0.05 Hz, the minimum permissible frequency (𝑓𝑚𝑖𝑛) is 49.2 Hz, and
he nominal frequency (𝑓0) is 50 Hz. In addition, extra wind turbine
enerating units (WT) are installed in buses: 1 (150 MW), 2 (150 MW),
nd 22 (300 MW).

The master module is implemented in FICO Xpress Optimization
uite software [22], and the dynamic simulation is performed in DigSI-
ENT Power Factory software [23]. The simulations were performed in
5

computer with 1 Intel Core i7 4890HQ (4 cores) and 16 GB of RAM. w
Table 1
System data.

Unit Num. Var. Unit Gover. Inst. 𝑅𝑖 Inertia
of Cost type Model Cap. MW s
units USD/MWh MW

U12 5 228 Oil/Steam IEEEG1 12 3.6 2.8
U20 4 228 Oil/CT IEEEG1 20 6 2.8
U50 6 0 WT – 50 0 0
U75 4 0 WT – 75 0 0
U100 9 228 Oil/Steam TGOV1 100 30 2.8
U155 12 24 Hydro Hydro 155 46.5 3
U197 3 228 Oil/Steam TGOV1 197 59.1 2.8

Fig. 4. System frequency response for various iterations (𝑛0 to 𝑛5). The threshold 𝑓𝑚𝑖𝑛
is also displayed.

The computational performance during the simulations depends on
three main aspects: (i) the specific system operation optimization model
selected, (ii) the power system size and its complexity (penetration level
of CGTs, dynamic models of the power system components, the com-
plexity of SG plant models, among others), and (iii) the computational
capacity to solve the optimization problem and to perform the time-
domain simulations. For the system under study, one run (including all
iterations until the model converges) of a case study shown next lasts
240 s on average.

3.2. Results

Fig. 4 shows the excursion of frequency for each iteration of the
algorithm. In the first iteration, the 𝑓𝑁𝑎𝑑𝑖𝑟 is 48.16 Hz, the iterative
process ends when the frequency requirements are met. These results
highlight the importance of a correct inertial response representation
and an appropriate model to recognize detailed frequency excursion.
Note that in each iteration, an optimization model is solved with a
linear frequency nadir constraint and a credible set of values of 𝜌𝑖.

his demonstrates that a single linear optimization problem might
ot appropriately capture inertial responses. Our approach exploits
equential linear problems to tackle this issue, which clearly improves
he solution.

An important consequence of improving the frequency response is
he increased operating cost due to increased reserves. This operating
ost is necessary to meet the frequency nadir constraint. Table 2 shows
he operating cost in every iteration.

Fig. 5 shows the frequency responses of both the frequency nadir-
onstrained and the inertia-constrained solutions. To obtain the inertia
evel required by the inertia-constrained model, we calculate the in-
rtial level of the frequency nadir-constrained solution. Thus, we can
nsure that both responses in Fig. 5 contain the same levels of inertia.
espite this, the frequency responses are different. In fact, the solution

ith the explicit inertia requirement presents a worse performance
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Table 2
Operating cost and 𝑓𝑁𝑎𝑑𝑖𝑟 values.

Iteration 𝑓𝑁𝑎𝑑𝑖𝑟 Oper. Cost
𝑛 [Hz] [USD]

0 48.16 5810
1 48.51 6720
2 48.94 12 780
3 49.09 17 340
4 49.10 19 530
5 49.12 20 630
6 49.20 21 900

Fig. 5. Frequency response of the solution with nadir constraint and the solution with
inertia constraint.

Table 3
Operating cost and 𝑓𝑁𝑎𝑑𝑖𝑟 values for system operation with nadir constraint vs. system
peration with inertia constraint.
Approach 𝑓𝑁𝑎𝑑𝑖𝑟 Oper. Cost

[Hz] [USD]

Nadir constraint 49.20 21 900
Inertia constraint 49.12 21 900

in terms of frequency stability. This highlights the risks associated
with focusing on inertia levels only rather than on the overall system
frequency stability.

Interestingly, Table 3 shows that the frequency nadir-constrained
solution is not costly compared to the inertia-constrained solution,
despite the fact that the performance of the former is better and,
therefore, more secure.
The improved performance of the frequency nadir-constrained solution
can be better understood by studying the unit commitments shown in
Fig. 6. Expectedly, Fig. 6 shows that the inertia-constrained solution
considers a higher number of SGs committed. Despite this, this solution
presents a worse dynamic performance. As our model is able to recog-
nize the units with the best governor’s dynamic behavior, it commits
more 100-MW units that feature a much faster response against the
largest loss of power.

As a final remark, it is important to highlight that the differences
observed in Fig. 6 can be exacerbated significantly with increased levels
of renewable generation. For instance, Fig. 7 shows the solutions of the
frequency nadir-constrained and inertia-constrained models when we
force not to curtail wind power (both solutions feature the same inertia
levels). This demonstrates that increasing amounts of renewables may
be treated more efficiently through frequency nadir-constrained models
rather than through inertia-constrained models.

4. Conclusions

We propose a sequential optimization-simulation model to optimize
6

system operation with nadir considerations via simulation of detailed
Fig. 6. Unit commitment of the solutions with nadir and inertia constraints.

Fig. 7. Frequency response for the solution with nadir constraint and with inertia
constraint, eliminating wind curtailments.

system dynamic responses. Through simulations, the model can recog-
nize the precise governor’s dynamic response of each unit (that depends
on the operating condition of the unit). This information is given
to the optimization stage in order to find the optimal power system
operation that ensures reliable levels of frequency nadir when facing
the largest loss of power. Since our approach can be applied by using
actual industry-based tools (a system operation optimization tool and a
dynamic simulation tool) and relies on a well-understood Gauss–Seidel
method, we believe that our proposition can be more easily accepted
and implemented for real-world applications.

We demonstrate the advantage of recognizing and committing the
units with the best system dynamic responses through several case
studies. We compare our frequency nadir-constrained solution against
an alternative inertia-constrained solution, demonstrating that ensuring
minimum inertia levels can be inefficient, particularly under the high
penetration of CGTs. These results are relevant for policymakers, reg-
ulators and operators, who attempt to find the best way to integrate
more and more renewables without affecting system stability.

One interesting topic for further work is including the emulated
inertial response from CGTs to demonstrate its applicability, particu-
larly in scenarios with high penetration of these technologies. Another

interesting topic for further work is including system damping, which
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Fig. A.1. Governor ramp rate (𝜌𝑖) approximation.

may change the swing equation and the approximations made when
adding the frequency nadir constraint. Also, adding RoCoF constraints
in the optimization model is an interesting future research avenue
to complement the proposed frequency nadir constraint. A final but
crucial interesting topic for further work is designing the actual im-
plementation of these concepts and models in a market environment,
where ancillary services need to be defined and remunerated, and their
costs need to be allocated among various market participants.
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Appendix. Approximations of 𝝆𝑵𝒂𝒅𝒊𝒓

After a contingency, SGs increase their power output 𝑃𝑖(𝑡) in re-
sponse. Following [24], the ramp rate (𝜌𝑖) can be approximated as
shown in Fig. A.1.

The approximation assumes that there is a dead time 𝑡𝐹 that is a
feature of governor response. 𝑡𝑓𝑁𝑎𝑑𝑖𝑟

can be calculated considering the
swing Eq. (9) and the simplification shown in Fig. A.1, as follows:
𝑑𝑓 (𝑡)
𝑑𝑡

= 0 ⇒ 𝜌𝑁𝑎𝑑𝑖𝑟 ⋅ (𝑡𝑓𝑁𝑎𝑑𝑖𝑟
− 𝑡𝐹 ) = 𝑃𝑙

⇒ 𝑡𝑓 =
𝑃𝑙 + 𝑡𝐹 (A.1)
7

𝑁𝑎𝑑𝑖𝑟 𝜌𝑁𝑎𝑑𝑖𝑟
This considers that frequency derivative must be zero at the 𝑡𝑓𝑁𝑎𝑑𝑖𝑟
.

Replacing (A.1) in (9), the value of 𝑓𝑁𝑎𝑑𝑖𝑟 can be obtained as follows:

∫

𝑡𝑓𝑁𝑎𝑑𝑖𝑟

0

𝑑𝑓 (𝑡)
𝑑𝑡

𝑑𝑡 = 𝑓 (𝑡𝑓𝑁𝑎𝑑𝑖𝑟
) − 𝑓 (0) = 𝑓𝑁𝑎𝑑𝑖𝑟 − 𝑓0

⇒ 𝑓𝑁𝑎𝑑𝑖𝑟 − 𝑓0 =
1

𝑀𝐻
⋅
(

∫

𝑡𝐹

0
−𝑃𝑙𝑑𝑡

)

+

1
𝑀𝐻

⋅
(

∫

𝑡𝑓𝑁𝑎𝑑𝑖𝑟

𝑡𝐹
(𝜌𝑁𝑎𝑑𝑖𝑟 ⋅ 𝑡 − 𝑃𝑙)𝑑𝑡

)

(A.2)

Notice that the above integral is divided into two parts, and the
bounds of the first part have been re-arranged so that the lower bound
is zero. Hence, the value of the 𝑓𝑁𝑎𝑑𝑖𝑟 is determined by:

𝑓𝑁𝑎𝑑𝑖𝑟 − 𝑓0 = − 1
𝑀𝐻

⋅

(

𝑃 2
𝑙

2𝜌𝑁𝑎𝑑𝑖𝑟
+ 𝑃𝑙 ⋅ 𝑡𝐹

)

(A.3)

Re-arranging (A.3), 𝜌𝑁𝑎𝑑𝑖𝑟 can be determined by:

𝜌𝑁𝑎𝑑𝑖𝑟 =
1
2𝑃

2
𝑙

𝑀𝐻 ⋅
(

𝑓0 − 𝑓𝑁𝑎𝑑𝑖𝑟
)

− 𝑃𝑙 ⋅ 𝑡𝐹
(A.4)
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