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Abstract—Recent advancements in large, distributed, and often 

unobservable resources at the grid edge have introduced 

unprecedented challenges for system operators. Industry 

practices such as lowering operational thresholds and enhancing 

damping mechanisms underscore the severity of sudden 

variations that may trigger under-frequency load shedding. A 

promising approach to improve situational awareness is quasi–

real-time inertia estimation, which has become a central focus in 

recent literature. Among the methods investigated, phasor 

measurement unit data has emerged as a key tool for estimating 

online inertia. However, a critical limitation remains largely 

overlooked: bias errors in frequency estimation. This work 

addresses this gap by quantifying the impact of phasor bias errors 

on inertia estimation. Based on the case studies, this work 

demonstrates that PMU-based phasors can yield significant and 

inconsistent estimation errors under disturbances, even with a 

total vector error of only 1%. These findings highlight the need to 

account for bias errors and to develop new methods that mitigate 

their influence in inertia estimation. 

Index Terms—frequency nadir; inertia estimation; Phasor 

Measurement Unit; bias error; ROCOF. 

I. INTRODUCTION 
Increased reliance on renewable energy resources has 

created challenges for system operators. System operations 
with stable frequency have become a challenge due to 
variability in the generation and reduced inertia. The addition 
of electronically controlled grid edge resources such as data 
centers has intensified these concerns. One of the examples is 
the frequent load change in the data centers (AI data centers). 
Compared to traditional data centers, the computational load 
can change faster which impacts the cooling system energy 
consumption [1]. Both fluctuations not only affect the system 
load but also impact the frequency response.  

In a recent NERC report, it was stated that the data center 
demand can have ramping rates up to 1.9 p. u./s during the AI 
training transitions. The lack of inertia from electronically 
controlled resources reduces the grid’s ability to ride through 
these disturbances, which further highlights the problem [2]. 
Furthermore, system events can trigger huge system wide 
oscillations in the presence of electronically controlled loads. 

This was evident in a recent event within Dominion Energy 
which saw a 1500 MW swing due to loss of a data center [3]. 
When weather impacts on the data center load are included, a 
two-time-scale disturbance can be observed. Faster changes are 
due to the electronic load control and slower changes due to 
changes in cooling load.  

 To reduce the grid impacts of large electronically 
controlled loads, greater emphasis should be placed on 
improving situational awareness and implementing dynamic 
control strategies. Table I summarizes recent operational 
changes that system operators have adopted to enhance both 
real time visibility and responsive control.  

TABLE I.  RECENT CHANGES TO OPERATIONAL LIMITS 

Entity Parameter Old Practice New Practice 

NERC [4], 

[5] 

Disturbance 

ride 

through 

Defined mainly 

for generators 

& IBRs 

Stricter threshold for large 

loads (>25MW) with 
location requirements 

ENTSO-E 

(Europe) 
[6], [7] 

  

Voltage 

ride 
through 

1.118 pu – 1.15 

pu (20–60 mins 
response time) 

Strict monitoring; emphasis 

on Voltage Immunity and 
faster response. 

Frequency 

ride 

through 

General ride 
through 

Remains same with 
specific thresholds for data 

center > 10 MW 

AEMO 

(Australia) 
[8], [9] 

 

Voltage 
ride 

through 

Load trips, no 
specific ride 

through 

Mandatory VRT curves 

must remain connected 
during specified events. 

Frequency 

ride 

through 

Load trips, no 

specific ride 

through 

Must ride through 
disturbances down to 47 

Hz and up to 52 Hz. 

ERCOT 

[10], [11]  

Frequency 

ride 

through 

Load shed in 3 

stages 
Load shed in 5 stages 

Voltage 

ride 
through 

Passive / No 

Standard 

Must ride through ~9 
cycles / 0.15s 

SPP [12], 
[13] 

Voltage 

ride 

through 

Passive / No 
Standard 

Specified for different 

voltage levels 

Frequency 
ride 

through 

Not specified 

for large loads 

NERC standard PRC-029-1 

with stricter case by case 

From Table I, it can be observed that as electronically 
controlled grid edge resources increase greater emphasis is 
given to situational awareness. One aspect of situational 
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awareness is having access to on-line system inertia, and 
localized inertia response.  

Recent literature shows significant interest in online inertia 
estimation. Based on extensive literature these techniques rely 
on SCADA and/or phaser measurement unit (PMU) data [14]-
[16] . Park et. al. and Ghosal et. al have demonstrated that 
SCADA based inertia estimation is good for synchronous 
generator inertia estimation, but when electronically controlled 
loads are incorporated their sampling rate is insufficient [17], 
[18].  

Traditionally, PMU based on-line inertia estimation 
methods focused on generators. For example, Gorbunov et. al. 
proposed a method to minimize the mean squared error in 
inertia estimation and tested on the simulated data [19]. 
Sanchez-Ocampo et. al. proposed an algorithm based on 
autoregressive-moving average with exogenous terms for 
online estimation of system inertia and used IEEE test system 
to validate their results [20]. Lavanya et. al. proposed an online 
inertia estimation method with Q-learning and tested in IEEE 
test system [21]. Even though different approaches are 
presented in the literature none of them used actual measured 
PMU data which can be prone to errors. 

Recent literature has identified inherent bias errors in PMU 
measurements that can affect estimation or predictions [22]. 
None of the studies have examined the impact of inherent bias 
errors of PMU measurements on on-line inertia estimation.  
Hence, in this paper, the effect of PMU bias errors on inertia 
estimation has been studied. The focus of this paper is limited 
to the PMU bias errors as the other type of errors have been 
widely investigated in existing literature. 

II. MODELLING PMU BIAS ERROR 
The phasor representation of two phasors is given in Figure 

1. The actual 𝑘th phasor is denoted as 𝐗𝒌 and the 𝑘th PMU 

estimated phasor is given as  𝐗̂𝒌. The estimated phasor may 
reside anywhere within the circular error region. Figure 1(a) 
illustrates a scenario where the error regions do not intersect, 
whereas Figure 1(b) depicts overlapping regions. This 
intersection is particularly critical; it can effectively reverse the 
sign of the angle difference, leading to significant inaccuracies 
in frequency and power output calculations. According to the 
IEC/IEEE 60255-118-1:2018 standard [23], the Total Vector 
Error (TVE) can be calculated as (1) where 𝐗𝑟  and 𝐗𝑖 are real 
and imaginary components of the phasor.  

 

Figure 1.  Representation of two consecutive phasors. (a) Non-intersecting  

error region. (b) Intersecting error region. 

𝑇𝑉𝐸 =  √
(𝐗̂𝑟 − 𝐗𝑟)

2
+ (𝐗̂𝒊 − 𝐗𝒊)

2

𝐗𝒓
2 + 𝐗𝒊

2 (1) 

The PMU measurement errors can be classified as the bias 
error, relative error and the noise caused by other peripheral 
devices [24]. The errors in the phase angle estimation can 
happen due to delays in the time synchronization, or due to the 
input signal having off-nominal frequency. Most prior literature 
has focused on zero-mean Gaussian noise errors. In contrast, for 
applications such as online inertia estimation, which rely on the 
system’s dynamic behavior, bias errors arising from off-
nominal system frequencies can be prevalent. 

A. Phasor Estimation at Off-Nominal System Frequency 

Although the phasor is a steady state concept, it is 

unavoidable to rely on phasor approximates originating from 

PMUs even in cases of quasi-steady states, or during 

disturbances, to keep track of the system frequency. For a 

system assumed to be operating at its nominal frequency 𝜔0 

(120𝜋 rads−1 for a 60 Hz system), discrete Fourier transform 

(DFT) is set to perform the processing based on cosines and 

sines of this nominal frequency. At any given time, an input 

signal 𝑥(𝑡) to a PMU could have a frequency 𝜔 that is different 

from 𝜔0 (i.e., 𝜔 = 𝜔0 + Δ𝜔).  

 

𝑥(𝑡) can be expressed in phasor form as, 

𝑥(𝑡) = √2Re{𝑿𝑒𝑗𝜔𝑡} (2) 

Where, 𝑿 denotes the correct value of the phasor in off-

nominal frequency, and Re{⋅} is the real value. The real value 

of the phasor can be written as in (3) by taking the average of 

the complex number and its conjugate (𝑿∗). 

 

𝑥(𝑡) =
1

√2
(𝑿𝑒𝑗𝜔𝑡 + 𝑿∗𝑒−𝑗𝜔𝑡) (3) 

The phasor resulted from PMU (X′) due to the off-nominal 
frequency of the signal can be represented as (4). Where Δ𝑡 is 
the sampling window with a sampling frequency 𝑓𝑠 and 𝑨, 𝑩 
are complex attenuation gains which depend on the deviation 
of the actual and nominal frequency[25]. The above complex 
attenuation gains results in the bias error of the PMU 
measurements. The complex attenuation gains mentioned 
above result in a bias error within the PMU measurements. 
Eliminating this error requires knowledge of the actual 
frequency of the signal. However, since frequency estimations 
are carried out using phasor angle measurements from the 
PMU, this error inherently persists in the measurements.  

X′ = 𝑨𝑿𝑒𝑗(𝜔−𝜔𝑜)Δ𝑡 + 𝑩𝑿∗𝑒−𝑗𝑟(𝜔+𝜔𝑜)Δ𝑡 (4) 

III. INERTIA ESTIMATION UNDER PMU BIAS ERRORS 
Historically, inertia of the power system is defined as the 

energy stored in the rotating machines. The inertia constant of 
a generator represents the amount of time the generator takes to 
fully spend the amount of energy stored in it if supplied at its 

 
(a)                                           (b) 

979-8-3315-8138-1



rated power [26]. Even though the inertia constant of a machine 
is considered as a fixed value, in reality, it is not a fixed value. 
Using the swing equation, the inertia of the system can be 
calculated as in (5). The change in generator output in MW is 
denoted as Δ𝑃, the rated power of the machine in MW is given 
as 𝑆𝑏𝑎𝑠𝑒 and the system rated frequency is denoted as 𝑓0. The 
rate of change of frequency (ROCOF) is given in Hz/s.  

𝐻 =
−Δ𝑃

2 × 𝑅𝑂𝐶𝑂𝐹 × 𝑆𝑏𝑎𝑠𝑒
𝑓0 (5) 

A typical frequency response of a generator due to a load 
increment disturbance is shown in Figure 2. The decline in 
frequency should be arrested before the frequency reaches the 
under-frequency load shedding (UFLS) limits to avoid any 
protection relay operations. The inertial response of the 
generator is faster than the primary frequency response. 
Combination of primary frequency response and the inertial 
response help in arresting the frequency drop before it reaches 
the UFLS limits. For accurate inertia estimation, the ROCOF 
and the Δ𝑃 values before the primary frequency response 
should be considered.  

 

Figure 2.  Typical frequency reponse of a generator during a disturbance 

The frequency measurement is carried out in PMU by 
relating the phase angle of the phasor 𝜃 with the fundamental 
frequency 𝑓0. The frequency measurement formulation 
provided in the standard [23] is given by (6).  Here, the 

estimated phasor angle 𝜃̂(𝑡) can be decomposed into two parts: 
the actual phasor angle 𝜃𝑚, and the bias error counterpart of the 
angle 𝜃𝑏. If 𝜃𝑏(𝑡) remains constant between estimation 
windows in the PMU, or 𝜃𝑏(𝑡) is negligible compared to 𝜃𝑚(𝑡) 

then 𝜃̇𝑏(𝑡) will tend towards zero. However, since the bias 

errors are not constant over time, 𝜃̇𝑏(𝑡) can become a larger 
value leading to a frequency error. Even a small frequency error 
can lead to a larger error in the ROCOF calculation since the 
inertia estimation window is short. Moreover, if the error 
regions of two consecutive phasors overlap, the difference 
between phasor angles may vary in the opposite direction. This 
can cause the frequency estimate to shift incorrectly, resulting 
in highly inaccurate inertia values. 

𝑓̂(𝑡) = 𝑓0 +
1

2𝜋

𝑑[𝜃̂(𝑡)]

𝑑𝑡
(6) 

𝜃̂(𝑡) = 𝜃𝑚(𝑡) + 𝜃𝑏(𝑡) (7) 

𝑓̂(𝑡) = 𝑓0 +
1

2𝜋

𝑑[𝜃𝑚(𝑡)]

𝑑𝑡
+

1

2𝜋

𝑑[𝜃𝑏(𝑡)]

𝑑𝑡
 (8) 

𝑅𝑂𝐶𝑂𝐹̅̅ ̅̅ ̅̅ ̅̅ ̅̅ (𝑡) =
𝑑[𝑓̂(𝑡)]

𝑑𝑡
=

1

2𝜋

𝑑2[𝜃𝑚(𝑡)]

𝑑𝑡2
+

1

2𝜋

𝑑2[𝜃𝑏(𝑡)]

𝑑𝑡2
 (9) 

IV. NUMERICAL ANALYSIS 

A. Simulation Scanerios 

In this study, modified versions of the IEEE 9 bus system 
and IEEE 39 bus system are used to perform inertia calculations 
for different scenarios. The generators are modeled as detailed 
synchronous generators in PSCAD. Data center demand 
variations are modeled using both step and ramp load changes 
as shown in Figure 3.  The scenarios considered in this study 
are provided in Table II. The scenario of step load increase 
represents the data center behavior of switching GPUs from idle 
to operation while the ramping behavior represents the data 
center power usage during the transition from training and 
saving checkpoint progress[2].   

TABLE II.  SIMULATION SCENARIOS 

Scenario  Description 

1 Step load increase  

2 Ramping load change of 2 pu/s 

3 Ramping load change of 0.8 pu/s 

 

 

Figure 3.  Different data center load variation scenarios 

B. Results And Analysis 

The frequency response of the system seen at different 
buses for step load increase is shown in Figure 4. The frequency 
response of a single generator in IEEE 9 bus system for above 
mentioned load scenarios is given in Figure 5.  Generators 2 and 
3 have rated capacities of 200 MVA and 100 MVA, 
respectively. Generator 3 exhibits a faster frequency response 
than Generator 2, as the load disturbance is applied to a bus 
electrically closer to Generator 3.  

The phase angles and the voltage magnitudes resulted from 
the PSCAD simulations represent the actual phasors. To mimic 
the PMU measurements, an error vector of magnitude 0.01 and 
an angle varying in the range of [−𝜋, 𝜋] radians is introduced. 
Based on the simulation results of IEEE 9 bus system, the 
resulted phasor angle along with the actual phase angle is 
plotted in Figure 6. The frequency estimated using the actual 
phase angles and the phase angles derived from error 
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incorporated phasor measurements is given in Figure 7. It is 
noticed that the errors in frequency range from 0 to 0.42% for 
the given scenario. The variation in ROCOF based on actual 
and estimated frequency measurements are given in Figure 8.  

The inertia constant is determined at the generator bus using 
both actual and phasor-estimated frequency measurements. 
While the selection of the estimation time window is critical—
specifically, it must capture the inertial response preceding the 
generator's primary frequency response—this study prioritizes 
the impact of PMU errors. Consequently, the absolute accuracy 
of the time window selection is not the primary focus. By 
consistently applying the same time window to both actual and 
PMU-derived calculations, the analysis isolates the error 
attributable to PMU measurements, allowing the specific 
influence of the time window to be neglected. Table III presents 
the estimated inertia constants for generator buses in the IEEE 
9-bus and 39-bus test systems.  Across all scenarios, the 
calculation errors are both significant and inconsistent. These 
results underscore the adverse impact of potential bias error—
even within the allowable PMU TVE range—on the accuracy 
of online inertia estimation. 

TABLE III.  INERTIA ESTIMATION RESULTS FOR DIFFERENT SCENARIOS 

Scenarios 

Inertia Constant Estimation (s) 

IEEE 9 bus system IEEE 39 bus system 

Actual  PMU  Error (%) Actual  PMU Error (%) 

1 1.85 0.95 -49 0.17 0.18 2 

2 1.95 8.08 314 0.09 0.01 -90 

3 2.91 2.23 -23 0.21 0.02 -89 

 

 

Figure 4.  Frequency response at buses after the disturbance 

 

Figure 5.  Frequency response at a generator bus for different disturbance 

types 

 

Figure 6.  Actual vs. Estimated phase angles 

 

Figure 7.  Actual vs. Estimated frequency at a generator bus 

 

Figure 8.  Actual vs. Estimated ROCOF at a generator bus 

V. CONCLUSION  
The significance of online inertia estimation has grown 

substantially due to the potential for large load swings in future 
power systems. While PMUs provide operators with granular 
data for improved decision-making, a critical and understudied 
challenge is the bias error caused by off-nominal frequency 
characteristics. For precision-dependent applications like 
inertia estimation, these errors can significantly distort results. 
This study demonstrates that even with a compliant 1% TVE, 
inertia estimates can deviate by more than 300%. This 
magnitude of error highlights a gap in the present literature, 
where PMU bias in inertia estimation is often overlooked. 
Consequently, future work will focus on characterizing these 
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errors using vendor-specific PMU measurements and 
developing mitigation techniques to ensure estimation accuracy  
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