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Abstract—As zero-carbon electricity systems become the trend
of future grid, the system inertia provided by conventional syn-
chronous generators (SGs) keeps decreasing. The resultant lower
system inertia will inevitably cause frequency stability problem,
especially in the first few seconds following disturbance. To tackle
this challenge, this paper proposes a frequency stability constraint
for power systems unit commitment problem by considering the
fast frequency responses (FFRs) from inverter-based resources
(IBRs). Our developed frequency stability constraint is grounded
on an analytical frequency nadir estimation framework that
considers both SG and IBR dynamics. The accuracy of our
frequency nadir estimation framework is validated by most severe
N-1 contingency simulation result in a real island system. Then,
the adaptive inertia frequency stability constraint is derived
by performing sensitivity analysis with our frequency nadir
estimation framework. Finally, we demonstrate the effectiveness
of our developed frequency stability constraint with one year
day-ahead unit commitment results of the island system.

Index Terms—Fast frequency response, frequency nadir,
inverter-Based Resources, stability constraint, unit commitment.

I. INTRODUCTION

HE increasing penetration of Inverter-Based Resources

(IBRs) in power grids, particularly in islanded systems,
is necessitating new considerations in unit commitment (UC)
problems. The traditional role of synchronous generators (SGs)
in providing inherent inertia to resist frequency changes is
being disrupted by the influx of IBRs, which have differ-
ent dynamical response characteristics compared with SGs.
However, recent advancements in control strategies and tech-
nological solutions have opened up possibilities for IBRs to
contribute positively to frequency stability.

With these advancements, understanding how to best incor-
porate frequency stability constraints into UC while consider-
ing IBRs’ FFR becomes a complex and challenging problem.
It requires the development of advanced mathematical models
and optimization algorithms that can handle the complex dy-
namics and uncertainties associated with these resources, while
ensuring the cost-effectiveness and reliability of power system
operations [1]-[3]. With the trend towards renewables, how
to consider IBRs’ contributions in power system scheduling
problems like UC is indeed becoming a paramount topic in
power systems research and practice [4]—[8].

The authors in [9], [10] employed differential algebraic
equations (DAESs) to capture the dynamic frequency response

of the system, providing a more accurate and realistic rep-
resentation of system dynamics than traditional steady-state
optimal power flow models. Since only a single type of
SG turbine governor model is considered, this limits the
general applicability of the model. This is because the real-
world power systems typically include various types of turbine
governor models, each with unique dynamic characteristics.

Thus, this paper proposes an adaptive inertia frequency
stability constraint for the UC problems, which considers the
largest contingency in power systems analytically. Our key
contributions are as follows:

1) Validate the accuracy of the dynamic frequency nadir
prediction framework in predicting the island system’s
frequency nadir following disturbances.

2) Develop an adaptive inertia frequency stability constraint
for UC problem.

3) Include our developed stability constraint to the NREL-
developed framework Multi-Timescale Integrated Dy-
namic and Scheduling (MIDAS) and validate its effec-
tiveness on the island system [11].

The rest of this paper is organized as follows: Section II
introduces the frequency nadir estimation framework, which
predicts the largest time constant of different governor and
IBR models, and computes the aggregated parameters of
a real island system. Section III proposes adaptive inertia
frequency stability constraint. Section IV performs the case
study to demonstrate the effectiveness of the added frequency
stability constraint in improving frequency dynamics. Section
V concludes the paper.

II. FREQUENCY NADIR ESTIMATION

The authors in [12] propose a frequency nadir estimation
framework which is summarized in (1)-(3) below:
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where f,qq:- 1S the grid frequency nadir in most severe N-
1 contigency, f, is the rated grid frequency, Ps,s is the
IBR step response, Pyenmas 1S the ative-power output of
the largest generation unit, Dy, is the aggregated damping
constant, I, is the aggregated droop constant, T, represent
the grid’s aggregated time constant, and Hy; is the aggregated
system inertia constant [12].

A. Low-Order Approximated SG Governor and IBR Models

In the island system model, there are three types of SG
governors, i.e., [IEEEG1, TGOV1, and GGOV1. Among them,
TGOV1 and GGOV1 have particularly complex control mod-
els, and this precludes us from analyzing them. In [13] and
[14], a low-order system frequency response (SFR) model has
been proposed, which neglects nonlinearities and all but the
most significant time constants. This low-order SFR model
provides a simple but accurate method to estimate complex
generator models [15]. This paper uses the low-order SFR
model to predict the most prominent time constant of SG
governors and the IBR model. As shown in Fig. 1, we build
both low- and full-order SFR models of governor and IBR
in PSCAD and adjust the most prominent time constant in
low order SFR model. In so doing, we expect the frequency
response of low-order model to approximate that of the full-
order model. From Fig. 2, we can get the low-order model
of IEEEGI, and TGOV1 can precisely predict the full-order
model dynamics. We note that the low-order model of GGOV 1
cannot track the full-order model’s steady-state frequency per-
fectly but can predict the frequency nadir with high precision.

B. Frequency Nadir Estimation

Here, we validate the accuracy of the frequency nadir
prediction method with the island system model. To achieve
this, we use one-day real-time economic dispatch (RTED)
results with 288 snapshots, trip the largest generator, and
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Fig. 3. Comparison between simulated and predicted frequency nadirs

following most severe N-1 congitency in island power systems.

compare the frequency nadirs between PSS/E dynamic sim-
ulation results and our analytic frequency nadir predictions.
Figure. 3(a) shows that our analytical prediction of frequency
nadir (orange trace) aligns well with PSS/E simulation results
(blue trace). Also, based on Fig. 3(b), the frequency nadir
difference between PSS/E simulation and analytic prediction
method is very small, and 90 percent of these differences are
limited within 0.1 Hz.

III. FREQUENCY STABILITY CONSTRAINT

This section leverages the sensitivity analysis method to
analyze all the aggregated system frequency response (ASFR)
model parameters for the island system. We note that two
ASFR model parameters, i.e., the largest generation unit loss
Pyenioss and system inertia Hy,, have a high correlation with
frequency nadir.

In Fig. 4, the blue points reflect the relationship between
Pyenioss (Pgenmaz) and system inertia Hyx when the post-
disturbance frequency nadir is 59 Hz. By visually checking
those blue points, we can find that while increasing the largest
output of the generator, a larger system inertia is required
to secure the frequency nadir above 59 Hz. So, we select
the upper bound of these blue data points (red line) as the

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 4. Approximate linear frequency stability constraint obtained by taking
the upper bound of original data points computed from (1)—(3).

frequency stability constraint, which is also expressed in (4)
below.
HE S k- Pgenmaz + b7 (4)

where k and b is obtained from the sensitivity analysis of
the frequency nadir estimation framework. For the case in
Fig. 4, k and b, respectively, take 34.8 and -140. Recall that
our frequency stability constraint is developed based on the
points when the frequency nadir is precisely 59 Hz. Thus, by
including our developed frequency constraint (red trace), we
expect that the post-disturbance frequency nadir will not be
lower than 59 Hz.

With our developed linear frequency nadir stability con-
straint (4) in place, we can include it into the UC model in
MIDAS framework developed by NREL [11].

IV. CASE STUDIES

In this section, we conduct two case studies to evaluate the
effectiveness of our developed frequency stability constraints:
the base case without our constraint and the Freq. Const.
case with our constraint. In both cases, the SG capacity is
167 MW, and the governor model includes IEEEG1, TGOV,
and GGOV1. The total renewable capacity is 375 MW, and
the penetration level of renewable is 70% . Figure 5 shows the
PV input, wind input, and load time series curve in our two
designed case studies. We note that for illustrative purpose,
Fig. 5 only plot the first 336 hours (two weeks) of time series
data to show the detail.

The proposed adaptive inertia frequency stability constraint
unit commitment is considered in day-ahead unit commitment
(DAUC) problem. After solving one-year DAUC, we get 8760
generation scheduling results, in which the largest output of
generator and battery for base case and Freq. constr. case and
are shown in Fig 6. Based on Fig. 6, it is evident that the
largest generator output in the base case is larger than that in
the Freq. constr. case. This is because based on our developed
frequency stability constraint in (4), the system inertia restricts
the generator largest output Pyenmaz-

We plot the N-1 contingency PSS/E simulation result in
Fig. 7. Based on Fig. 7(a), 99% of the frequency nadirs in
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Fig. 5. Time-series data of available PV sources, wind source, and Load
demand within two weeks.
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Fig. 6. Largest outputs of generators and batteries in base case and Freq.
Const. case.

the base case (blue trace) are below 59 Hz in the period of
8760 hours. While in the freq. constr. case, 98% of frequency
nadirs remain above 59 Hz. Specially, figure 7(b) depicts the
frequency nadirs within first 100 hours. Similarly, we can find
that 97% of the frequency nadirs in the base case are below
59 Hz, but all the frequency nadirs in the Freq. Constr. case
are above 59 Hz. In addition, as shown in Table I, the Freq.
constr. case’s total generation cost increases by 20% compared
with the base case. This is because our frequency constraint
limits the largest output from the conventional generators and
renewables.

V. CONCLUSION

This paper proposes an Adaptive Inertia Frequency Stability
Constraint for UC problems. Our developed constraint aims

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



TABLE I
GENERATION COST COMPARISON OF BASE CASE AND FREQUENCY
CONSTRAINT CASE FOR ONE YEAR DAY-AHEAD UNIT COMMITMENT

(DAUC)
Case Generation Cost ($)
Base Case 135,839,782
Freq. Constr. Case 168,386,186

8760 hours 336 hours
1l b datil LiLli | I L] 5951 ‘
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Fig. 7. Comparison of post-disturbance frequency nadir results between base
case (blue trace) and Freq. Const. case (orange trace).

to contains the frequency nadir above certain threshold value
following the largest N-1 contingency. Then, we validate our
frequency stability constraint in DAUC scheduling problems
through N-1 PSS/E dynamic simulation results. Specifically,
the result shows that our constraint can guarantee 98% of
the system frequency nadirs are above the under-frequency
load shedding setting point (59 Hz) following most severe
N-1 contingency. Compared with the base case, our constraint
improves the frequency stability significantly. But we note that
the total generation cost will increase by 20% while including
our frequency nadir stability constraint. In future work, we
will explore how to optimally dispatch more IBRs to provide
inertia response instead of pushing more SGs online.
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