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Abstract—With the displacement of synchronous generation by 

inverter-based resources (IBRs), power systems could face the 

challenge of reduced inertia since IBRs do not inherently 

contribute to system inertia. Therefore, there is rising interest in 

monitoring system inertia in real-time applications for situational 

awareness. In addition, there is a growing number of IBRs that 

provide fast frequency responses (FFR) in the form of synthetic 

inertia and P-f droop. It is desirable to quantify the contribution 

of these FFR controls as equivalent inertia. This paper proposes 

a probing-based inertia estimation method using a PV-battery 

hybrid power plant in the Kauai island power system. The 

method is validated under different operating conditions. 

Index Terms—inverter-based resources, inertia estimation, 

probing signal, hybrid power plant 

I. INTRODUCTION  

Decarbonization goals and falling costs of renewable 

generators have precipitated the retirement of conventional 

fossil-fueled synchronous generation and the integration of 

inverter-connected renewable generation. With fewer 

synchronous units online, power systems could experience the 

challenges of reduced inertia since inverter-based resources 

(IBRs) do not inherently contribute to system inertia due to the 

lack of rotational mass. System frequency could experience 

high-magnitude deviations under low-inertia conditions and 

could lead to increased under-frequency load shed operations. 

Therefore, it is important to monitor real-time inertia to 

maintain grid reliability. 

In past studies, there have been a lot of research on inertia 

estimation methods in power systems. These methods could be 

categorized into dispatch-based methods, event-driven 

methods [1] [2] [3] [4] [5] [6] [7] [8] [9], ambient signal-based 

methods [10] [11] [12] [13] [14] [15] [16]and probing based 

methods. Dispatch-based methods estimate system inertia by 

summing up all the inertia contribution from dispatched 

synchronous generation using information from energy 

management systems (EMS). These methods are easy to 

implement but it does not consider the contribution from other 

resources in the system, including load inertia, FFR from IBRs, 

and other components that could provide artificial inertia [17] 

[18]. 

Event-driven inertia estimation methods utilize recorded 

events by wide-area monitoring devices. System inertia is 

estimated based on the known size of the event and the initial 

Rate of Change of Frequency (RoCoF) calculated from 

measurements. The drawback of this type of method is its 

requirement on the availability of the event and the MW 

information of the event size. In addition, the estimated inertia 

from recorded events is affected by the system operating 

conditions and settings of FFR from IBRs at the time of the 

event. Therefore, it is difficult to implement the approach for 

real-time monitoring purposes. 

Ambient-based methods do not rely on recorded events to 

estimate inertia. Instead, a linear model is normally identified 

between system frequencies and load variations during normal 

conditions using system identification techniques. System 

inertia is then estimated by simulating the step responses of the 

identified model or directly extracted from the model 

coefficients. To realize real-time inertia monitoring, the 

application of ambient-based methods depends on the 

availability of measurements of ambient load variations within 

the study area, which could be approximated by the 

measurements of generation and tie-line power interchange of 

the researched area. In addition, there are some challenges in 

data processing techniques when extracting ambient noise 

from active power and frequency measurements. 

Another real-time inertia monitoring method is the probing-

based method. Different from ambient-based methods, 

probing-based methods inject active power into the system and 

identify the linear model between the probing signal and 

measured system frequency responses. System equivalent 

inertia could then be extracted from the identified model. In 

previous efforts, devices that inject probing signal could 

require extra installment and operating costs. In [19] 

supercapacitors are installed in the UK system to generate 

probing pulses into the system. In this work, instead of adding 

devices that are dedicated for probing injection, Battery 

Energy Storage System (BESS) in the Kauai island system are 

used to inject active power variations into the system. The idea 



is to use small power changes from BESS to slightly alter the 

frequency and calculate real-time inertia based on grid 

frequency response. The probing signal is small compared to 

the regular output power provided by BESS in hybrid plants, 

so this approach can be stacked with other BESS-based grid 

services.  

The rest of the paper will be organized as follows. Section 

II will introduce the general procedure of the proposed 

probing-based inertia estimation method. Section III will 

discuss some factors that may be encountered in field 

applications that could affect the performance of the proposed 

inertia estimation method. Section IV will present case study 

results using the simulation model of Kauai island system 

under different conditions. Section V will summarize the key 

findings, conclusions and future work. 

 

II. PROCEDURE OF PROBING-BASED INERTIA ESTIMATION 

A.  Inertial response 

In response to system events that causes active power 
imbalances between load and generation, synchronous 
generation could inherently exchange kinetic energy, causing 
synchronous machines to change speed. This ability to oppose 
changes in system frequency using the stored rotational energy 
is called inertial response. Synchronous machines could release 
the energy spontaneously and immediately to maintain the 
active power balance in the system. 

The relationship between the active power generation and 
the rotating speed (frequency) of a synchronous machine could 
be described using the well-known swing equation, as shown in 
(1). 

2𝐻
𝑑𝑓

𝑑𝑡
= 𝑃𝑚 − 𝑃𝑒 − 𝐷∆𝑓 (1) 

where 𝑓 is the machine bus frequency, 𝑃𝑚 is the mechanical 
power provided by the prime mover,  𝑃𝑒 is the electrical power 
generated by the machine, 𝐷 is the damping coefficient of the 
generator, 𝐻 is the inertial constant of the machine.  

Following an event that causes active power imbalance in 
the system, thanks to the inertial response of the synchronous 
generation, system frequency will not change instantaneously, 
according to (1). The initial RoCoF is limited by the inertial 
response and the damping of the generator. 

B. Probing-based inertia estimation 

Based on the swing equation, system inertia could be 
estimated by measuring frequency dynamics and power 
imbalances in the system. Since inertial response is much faster 
than the mechanical dynamics involved with the change of 
mechanical power, 𝑃𝑚 could be considered as constant in the 
estimation. 

Different from [19], this study proposes a probing-based 
inertia estimation method using the PV-BESS plants on Kauai  

 

island. A general procedure of the proposed method is shown 
in Figure 1. Active power is injected into the system and 
frequency dynamics are measured. After some data 
preprocessing techniques, including low-pass filtering and 
down-sampling, a linear model is estimated using system 
identification techniques. When estimating the inertia of a 
single machine, the input of the model will be the active power 
generation of the machine and the output will be the generator 
bus frequency. When estimating total system inertia, the input 
will be the total power imbalance of the system, which equals 
the injected probing active power, and the output will be system 
average frequency. The input-output relationship could be 
formulated as follows, 

𝐻(𝑧−1) =
∆𝑓

∆𝑃𝑒

=
𝑏0 + 𝑏1𝑧−1 + ⋯ + 𝑏𝑚𝑧−𝑚

1 + 𝑎1𝑧−1 + ⋯ + 𝑎𝑛𝑧−𝑛
 

Where n,m represents the order of the denominator and the 
numerator.  

After estimating the linear model between the power 
imbalances and the frequency and converting into continuous 
time model, a step response is simulated. Based on the swing 
equation, inertia is estimated by calculating the RoCoF of the 
step response. A low-pass filter is applied to the step response 
to filter out high-frequency oscillations. RoCoF is estimated by 
the slope of the linear regression within each sliding window. 
The length of the sliding window should be selected 
considering the dynamic characteristics of the study system. 
The highest RoCoF will be used to estimate the inertia using the 
swing equation. 

III. IMPACT FACTORS OF PROBING-BASED METHOD 

This section will discuss some of the impact factors that 
may affect the performance of the proposed probing-based 
inertia estimation in field applications. A summary of the 
considered factors is shown in Figure 2. 

1) Load fluctuations 

In normal operations, power system loads are constantly 
fluctuating, which cause system frequency constantly changing 
around nominal frequency. This ambient frequency noise could 
affect the accuracy of the inertia estimation using probing-bas 
ed method. If the frequency deviation caused by the probing 
signal is too small, it may be masked by the ambient frequency 
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Figure 1 General procedure of probing-based inertia estimation 

 

 

 



variations, which makes it difficult for the system identification 
procedure. Therefore, it is important to investigate the impacts  

of system ambient noise on the performance of the proposed 
probing-based method. 

2) Shape of probing signal 

Different types of probing signal with different magnitude 
and duration could excite system dynamics within different 
frequency range, which could affect the identified model and 
the simulated step response. The frequency spectrum of a 
suitable probing signal should be concentrated within the 
frequency range of interest.  

3) Number of injected probing signals  

In a probing test period, a series of identical probing signals 
could be injected consecutively. Instead of estimating the 
inertia based on a single probing injection, it may be helpful to 
average over a number of estimates within a short period of time 
because some of the uncertainties caused by the random load 
fluctuations could be canceled out. This could compensate for 
ignoring the load fluctuations when using the swing equation to 
estimate system inertia. 

4) Settings of frequency response control 

Apart from inertial response, there are other types of 
frequency response provided by the resource in the system 
following the power imbalances. Primary frequency responses 
provided by the synchronous generation through the droop 
control in the turbine governors are the main contributor of 
arresting system frequency at the nadir point. This type of 
responses acts slower than the inertial response, usually in 
several seconds. It is important to study the impacts of the 
governor control on the inertia estimation results. In addition, 
there is a growing number of IBRs that can provide FFR in the 
form of synthetic inertia and P-f droop with a response time less 
than 50ms. FFR control could influence the inertia estimation 
result, making it an equivalent inertia that includes the 
contribution from both synchronous resources and IBRs. 

IV. CASE STUDY 

This section will present case study results of validating the 
proposed probing-based inertia estimation method using the 50-
bus simulation model of Kauai island.Table I shows the inertia 
and governor settings of the synchronous plants.  

 Table I Synchronous plant settings 

Plant 

Name 

MBase 

(MVA) 

Inertia 

Constant 

(s) 

Governor 

deadband 

(mHz) 

Governor 

Droop(%) 

1 11.7 2.0 0 20 

2 48 1.2 100 5 

3 2.22 1.0 / / 

4 1.25 1.0 / / 

5 7.47 1.5 / / 

6 4.5 1.0 / / 

 
The theoretical inertia of the system could be calculated by 

summing up the kinetic energy in all the synchronous 
generation. 

A. Validation in ideal scenario without noise 

To validate the effectiveness of the proposed method, a 

Hann signal with a peak magnitude of 0.75 MW and a duration 

of 2s is injected at the active power reference of the on Kauai 

island. The definition of the Hann signal is as follows, 

𝐻𝑎𝑛𝑛(𝑡) = {

1

2
[1 − cos (

2𝜋𝑡

𝑇
)] , 𝑡 ≤ 𝑇

0, 𝑡 > 𝑇
 

 

1) Governor control enabled, FFR control disabled 

In this scenario, governor control of the synchronous plants 

is enabled and FFR from BESSs are disabled. The step 

response of the identified model is shown in Figure 3. A low-

pass filter is applied to filter out the high-frequency 

components. A sliding window of 0.2s is applied to calculate 

the initial RoCoF. The theoretical inertia calculated from Table 

I is 102.1 MVA*s, while the inertia estimated from the step 

response is 100.2 MVA*s, which is very close to the ground 

 
Figure 2 Impact factors of the probing-based method 

 

 
Figure 3 Step response of the identified model 

 



truth. It shows that governor control does not have much 

impact on the performance of the method because inertia is 

estimated using the responses within a very short time period, 

when the effects from the governor control is limited. 

2)  Both governor control and FFR control enabled 

In this scenario, the FRR control from two IBRs in the system 

are enabled. A P-f droop control strategy with 100mHz 

deadband is implemented to provide FFR. Figure 4 shows a 

comparison of system frequency response between the cases 

of disabling and enabling FFR control when using a Hann 

signal of 0.75 MW as the probing signal. It shows that system 

frequency disturbances are lower due to the additional support 

from FFR control. The inertia estimated with enabled FFR 

control is 148 MVA*s, which is higher than the theoretical 

value. The difference could be considered as the contribution 

of FFR control to the equivalent inertia in this specific 

condition.  

B. Validation in noisy scenarios 

To mimic the ambient frequency noise in the Kauai island 

system, load fluctuations modeled by Gaussian noise are 

injected at the load buses in the simulation model. This study 
collected frequency measurements of the Kauai island captured 
by Universal Grid Analyzer (UGA) devices developed by 
FNET GridEye and calculated the ambient noise level. Then, to 
match the real measurements in field applications, the 
magnitude of the injected Gaussian noise is adjusted 

simultaneously at all the load buses until the simulated ambient 
frequency noise level is close to the noise level calculated from 
the UGA data. 

To improve the accuracy of the inertia estimation in 
presence of load fluctuations, this study injects a series of 
probing signal at an interval of 40s over a time range of 300s. 
An example of the system average frequency deviation during 
the probing test is shown in Figure 5. The frequency spikes 
correspond to the frequency transients caused by the probing 
injection. 

To study the impacts of different magnitude of probing 
signal on the performance of the inertia estimation under noisy 
conditions, a series of experiments are implemented by using 
the Hann signal with a duration of 2s as the probing signal. 
Governor control are enabled and FFR control from IBRs are 
disabled. The inertia estimates with different probing 
magnitude are compared in Figure 6. For each probing 
magnitude, the blue cross mark represents the single estimate 
from each probing signal injected during the probing test 
period. The red dot represents the average of all the single 
estimates from the series of probing signals injected. The 
dashed lines represent the theoretical system inertia. Several 
key findings could be summarized from this comparison, 

1) It can be observed that with a higher probing magnitude, 
the average estimated inertia is more accurate. Also, the spread 
of all the estimates become more concentrated around the mean 
value as the probing magnitude increases. This is because a 
higher magnitude of MW injection could cause a larger 
frequency deviation in the system and weaken the impacts of 
load fluctuation on the estimation results. 

2) It is helpful to average over a series of probing signals 
instead of estimating from a single probing injection. The 
average over multiple signals injected within a short period of 
time could cancel out some of the uncertainties caused by the 
load fluctuations. 

3) The improvement of increasing probing magnitude 
become limited when the magnitude is large enough. However, 
higher probing magnitude also have the disadvantage of 
causing larger frequency disturbance in the system. The 
selection of a suitable probing signal for field applications 

 
Figure 5 System average frequency during probing 

 
Figure 6 Comparison of different probing magnitude 

 

 
Figure 4 Comparison of frequency with and without FFR 

 



should consider the balance between the estimation accuracy 
and the impacts on system normal operation. 

Table II shows a comparison of the estimation accuracy and 
the maximum frequency deviation caused by the probing 
between different types of probing signal. It can be observed 
that different types of probing signal also affect the accuracy of 
the inertia estimation, which could be caused by the difference 
in the frequency range of the system response excited by the 
probing signal. Generally, pulse signal with the same 
magnitude results in larger frequency disturbances in the 
system than Hann signal. 

Table II Comparison of probing signals 

Probing signal Error 
(%) 

Max freq deviation 
(mHz) 

Hann, duration 2s, peak 
mag 0.75 MW 

3.01 142 

Pulse, duration 2s, 1s ramp-
up, peak mag 0.75 MW 

3.02 192 

Pulse, duration 4s, 1s ramp-
up, peak mag 0.75 MW 

0.42 197 

 

V. CONCLUSION AND FUTURE WORK 

This paper proposes a probing-based inertia estimation 
through PV-BESS plants in the Kauai island system. The 
proposed method is validated via simulation under different 
system conditions, considering the practical concerns in field 
applications, including ambient noise level, selection of 
probing signals and frequency response control settings. It is 
observed that a well-chosen probing magnitude and multiple 
probing injections during a short period of time could improve 
the accuracy of the inertia estimation accuracy. These key 
findings could help with the design of a suitable probing 
implementation plan in field applications.  

For future work, the performance of the method will be 
tested under noisy conditions with different types of FFR 
strategies enabled. The team will also investigate the impact of 
the location of the probing injection on the inertia estimation 
results. In addition, hardware-in-loop tests and field 
demonstration of the proposed inertia estimation method will 
be implemented in the Kauai island grid in the future. 
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