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Abstract— The power system frequency is important for the 
system overall stability. However, there does not exist a single 
measurement point of the system frequency due to the 
distributed nature of the system inertia and the small 
inconsistency of different generator rotors’ electrical speeds in 
one synchronized system. This paper proposed a new approach 
to calculate the system center-of-inertia (CoI) frequency and the 
rate-of-change-of-frequency (RoCoF) more accurately using 
PMU data at multiple locations. The CoI frequency and the 
RoCoF value were further used to assist fast estimation of the 
imbalance MW amount of a frequency event. Test results using 
actual measurements in the U.S. Eastern Interconnection system 
validated the effectiveness of the proposed method. 

Keywords—CoI, PMU, RoCoF, synchrophasor, power system 
inertia 

I. INTRODUCTION 

As one of the most critical indices, the power system 
frequency directly reflects the real-time balance condition 
between system generation and load. Due to its importance, the 
system frequency is also a key attribute monitored by wide-
area measurement systems (WAMSs). Because of the wide 
geographical distribution of power system facilities and the 
existence of electromechanical oscillations and wave 
propagation, frequencies at different locations are usually 
different and thus difficult to be fused to obtain the system-
level frequency [1, 2]. This is especially challenging during 
large disturbances, despite the fact that obtaining the accurate 
frequency of the system during large disturbances is critical. 
Moreover, the limited number of synchrophasor sensors and 
limited observability of system at the synchrophasor time-
resolution also make it difficult to obtain the system-level 
frequency [3, 4].  

To overcome this challenge, the center of inertia (CoI) 
frequency, which is defined as the frequency using electric 
rotor speeds weighted by rotor inertia values, has been 
proposed to represent the true system frequency. However, it is 
almost impossible to obtain real-time speed information from 
all inertia-contributing generator rotors in actual power 
systems. Fig. 1 shows an example of the measured frequency 
(in Hz) of a generation trip event in the U.S. East 
Interconnection (EI) grid. The existence of oscillations and 

electromechanical wave propagation can be seen from the 
zoomed-in frequency plot on the top right of Fig. 1. Actually, 
the discrepancy of frequency measurements at different 
locations can be observed in almost all events in multi-machine 
power systems, especially for large-scale systems. Therefore, it 
is difficult to obtain the CoI frequency and the rate-of-change-
of-frequency (RoCoF) value for the whole system [5, 6], 
although the system CoI frequency and RoCoF are found to be 
very useful for many power system monitoring and control 
functions, which include under-frequency load shedding [7], 
frequency response analysis [8], frequency control [9], event 
magnitude estimation location estimation [10, 11], transient 
stability improvement and fault-ride-through control [12], and 
resource size and location selection [13], etc.  

 
Fig. 1. Frequency measurements of a generation trip event in the U.S. Eastern 
Interconnection grid recorded by FNETGridEye on 01/18/2018 [14] 

Some work has noticed the importance and challenges of 
obtaining the accurate CoI frequency and RoCoF, and some 
has made some remarkable progress. Ref. [13] calculated the 
coherence degree of all buses in the system and identified 
buses that have low contribution to the CoI frequency. Ref. [5] 
developed a method to obtain the CoI frequency using bus 
frequency, transmission system parameters, and generator 
parameters. Ref. [15] used a model decoupling method and 
Kalman filter to estimate the generator rotor speed and inertia, 
which were then used to derive the system CoI frequency. 
These studies are significant advancements of CoI frequency 
estimation considering different availability levels of system 
measurements.  
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In a deregulated power system, the transmission-level 
measurement and parameters are usually proprietary and not 
sharable with other entities. The only available measurement in 
such deregulated market structures may be the frequency 
measurement from sensors deployed at the distribution level, 
such as the FNET/GridEye system [16]. Obtaining the system 
CoI frequency solely based on these data has significant value 
for balancing authorities, reliability coordinators, and 
regulation entities to help understand the system real-time 
balancing condition. In addition, many system-level frequency 
control strategies have been developed based on the concept of 
the so-called “system-average” frequency or the CoI 
frequency. It is of vital importance to obtain the precise CoI 
frequency to ensure these control strategies have expected 
performance. 

To solve this issue, this paper proposes a method to 
calculate the CoI frequency and RoCoF using synchrophasor 
data from WAMSs based on distribution-level synchrophasor 
sensors. The merits of the new approach include: i) it is more 
robust to the changes of power grid conditions and the 
deployment (i.e., number and locations) of sensors; ii) it can 
obtain a more accurate estimation of the CoI frequency and the 
RoCoF value. 

II. REVIEW OF COI FREQUENCY AND ROCOF CALCULATION 

Theoretically, the CoI frequency can be calculated using 
the machine speed and the inertia value of each committed 
generation unit in power systems. The CoI frequency ( େ݂୭୍) is 
the average electrical speed of all machines weighted by their 
inertia values [17]. 

େ݂୭୍ ൌ 	 ∑ ூ೔∙௙೔೔ಿసభ∑ ூ೔೔ಿసభ ൌ ଵூೞ೤ೞ ∑ ௜ܫ ∙ ௜݂ே௜ୀଵ                (1) 

where  ܫ௜  and ௜݂ are the inertia time constant and the real-time 
speed of the ith machine; respectively. ܫ௦௬௦ is the system total 
inertia and equals ∑ ௜ே௜ୀଵܫ . 

 ROCOF is defined as the first-order derivative of the 
frequency. IEEE Std. C.37.118.1 specifies that PMUs need to 
provide RoCoF data at a reporting rate of 10 data per second 
with the steady-state error limited to 0.01Hz/s [18]. For 
reliability regulation purposes, the calculation method of 
RoCoF proposed by North American Electric Reliability 
Corporation (NERC) is to calculate the frequency change in the 
first 0.5s after a frequency disturbance [19]:  RoCoF	ሺor	 ݂݀ ⁄ݐ݀ ሻ 	ൌ 	 ሺ ଴݂ െ ଴݂.ହሻ 0.5⁄    (2) 
where ଴݂ and ଴݂.ହ are the frequencies at the event start time and 
0.5 second after the event occurrence, respectively. This 
RoCoF calculation method is practical and robust when using 
the frequency data at one location.  

 However, as mentioned before, the real-time speed values 
of all machines are not always available in practice due to 
insufficient measurement coverage in large power grids. This 
makes it difficult to obtain the CoI frequency. The estimation 
of RoCoF is also difficult to be applied in large power systems 
since RoCoF values appear different for different locations 
[20]. In addition, it is nontrivial to select the time duration (for 
example, the tentative 0.5s suggested by NERC) for RoCoF 

calculation in specific power systems considering the 
variations in system conditions and event magnitudes.  

III. CENTER OF INERTIA (COI) FREQUENCY AND ROCOF 

CALCULATION 

A. Measurement System Introduction — FNET/GridEye 

To study the CoI and RoCoF calculation problem, the data 
used in this study is from the wide-area frequency monitoring 
network called FNET/GridEye. This is a synchrophasor 
measurement system that collects real-time frequency, voltage 
magnitude, and phasor angle data using a sensor called 
Frequency Disturbance Recorders. The measured frequency 
and voltage data are time-stamped using GPS signals and then 
transmitted to the data server located in University of 
Tennessee and Oak Ridge National Laboratory. As of 2020, 
more than 300 FDRs have been deployed into the power grids 
around the world. The deployment locations of FDRs in the 
North American power grids are shown in Fig. 2. The 
frequency measurement data are shown in real-time on the 
FNET/GridEye Public website 
(http://fnetpublic.utk.edu/tabledisplay.html).  

 
Fig. 2. Deployment locations of FDRs in North American power grids 

B. CoI Frequency Calculation  

Due to the existence of governor deadband and time delay 
of governor response, the response of governors is insignificant 
during the initial period after a generation trip event (in around 
1s after a frequency event, depending on system inertia and 
event magnitudes). The system load has not responded much to 
this initial small frequency deviation either since the system 
frequency change is very small within one second in common 
frequency events. Therefore, the system frequency drop is 
assumed to be only caused by the MW generation loss of a 
generation unit trip. Because ܴܨ݋ܥ݋ ൌ 	 ଶூ௙ಿ ∙ ாܲ௩௘௡௧  where ܫ is 
the system inertia and ே݂ is 60 Hz, ܴܨ݋ܥ݋ is proportional to 
the MW generation loss and it is a constant value during the 
initial period of generation loss.  

Consistent to the definition of CoI frequency, the weighted 
frequency measurement is used to calculate the system-wide 
frequency. Let ሼ ଵ݂ሾݐሿ, ଶ݂ሾݐሿ, … , ே݂ሾݐሿሽ represent the frequency 
measurement at different locations and ݐ ൌ ଵܶ, ଶܶ, … , ௄ܶ 
represent the timestamps of the frequency measurement after 
the frequency event occurrence. (The generation trip event start 
time ଴ܶ and event-start frequency ܨ଴ can be obtained accurately 
using Delaunay triangulation and bicubic 2D interpolation 
based on our previous work in [10].) Fig. 3 provides an 
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illustration graph of the CoI frequency position (represented by 
the solid blue line) after the generation trip event shown in Fig. 
1.  

The inertia weights (which are dimensionless values) of 
frequency measurements are denoted as ሼݔଵ, ,ଶݔ … ,  ேሽ. Sinceݔ
the CoI frequency will have a constant RoCoF, the above 
variables have the following equations.  

൞ ଵ݂ሾ ଵܶሿ ∙ ଵݔ ൅ ଶ݂ሾ ଵܶሿ ∙ ଶݔ ൅ ଷ݂ሾ ଵܶሿ ∙ ଷݔ ൅ ⋯൅ ே݂ሾ ଵܶሿ ∙ ேݔ ൌ ଴ܨ		 ൅ ଵ݂ሾܨ∆ ଶܶሿ ∙ ଵݔ ൅ ଶ݂ሾ ଶܶሿ ∙ ଶݔ ൅ ଷ݂ሾ ଶܶሿ ∙ ଷݔ ൅ ⋯൅ ே݂ሾ ଶܶሿ ∙ ேݔ ൌ ଴ܨ		 ൅ 2 ∙ ଵ݂ሾ⋮ܨ∆ ௄ܶሿ ∙ ଵݔ ൅ ଶ݂ሾ ௄ܶሿ ∙ ଶݔ ൅ ଷ݂ሾ ௄ܶሿ ∙ ଷݔ ൅ ⋯൅ ே݂ሾ ௄ܶሿ ∙ ேݔ ൌ ଴ܨ		 ൅ ܭ ∙  (3)ܨ∆

where ∆ܨ is the system frequency deviation between adjacent 
data points and ܨ଴ is the starting frequency of the event.  

 
Fig. 3. The CoI frequency after a generation trip (the background frequency 
plot is from the zoomed-in part in Fig. 1) 

The sum of all weights ሼݔଵ, ,ଶݔ … , ேሽݔ  of frequency 
measurement equals to one and each weight (ݔ௡) of frequency 
measurement varies around 1 ܰ⁄ , where	ܰ is the total number 
of frequency measurement sensors. The initial guess of 
weighting values is based on the average weighting strategy, in 
which each frequency sensor measures the frequency of a same 
percentage of system mechanical rotors. ൜ ∑ሼ1ݔ, ,2ݔ ,3ݔ … , ሽܰݔ ൌ ݅ݔ1 ൎ 1 ܰ⁄ ݅		ݎ݋݂					, ൌ 1,2, … , ܰ  (4) 

If the frequency measurement has a high-enough time 
resolution, (i.e., ܭ ൐ ܰ ൅ 1, which is easily achievable due to 
the availability of high reporting rate synchrophasor 
measurement data), then, (3) and (4) will constitute an 
overdetermined system with relaxed constraints on weights. 
Due to the heterogeneity of generation, transmission, and 
sensor distribution, ሼݔଵ, ,ଶݔ … ,  ேሽ are unequal and constraintݔ
(4) should be relaxed. This relaxation is adjusted by a 
weighting factor ߱, which can be determined based on system-
specific experience to strike a balance between the linearity of 
the initial frequency drop and deviation of weights from 1 ܰ⁄ . 
Then the solution of this system can be found using the 
ordinary least square method: min	‖ࡱ࢞࡭ െ  (5)   ‖࢈

where 

࡭ ൌ
ێێۏ
ێێێ
ۍێێ ଵ݂ሾ ଵܶሿ ଶ݂ሾ ଵܶሿଵ݂ሾ ଶܶሿ ଶ݂ሾ ଶܶሿ ⋯ ே݂ሾ ଵܶሿ െ1 െ1⋯ ே݂ሾ ଶܶሿ െ2 െ1⋮ ⋮ଵ݂ሾ ௄ܶሿ߱߱0⋮0

ଶ݂ሾ ௄ܶሿ0߱߱⋮0
⋮ ⋮ ⋮
⋯ ே݂ሾ ௄ܶሿ0߱0⋮߱

െܭ െ10 00 00 0⋮0 ⋮0 ۑۑے
ۑۑۑ
ېۑۑ
  (6) 

ࡱ࢞ ൌ 	 ሾݔଵ, ⋯,ଶݔ , ,ேݔ ,ܨ∆ ࢈ ሿ்                      (7)	଴ܨ ൌ ሾ0,0,⋯ ,0, ߱, ߱ ܰ⁄ , … , ߱ ܰ⁄ ሿ்                    (8) 
In Matrix A all entries from Column 1 to Column N and in 

Row K+1 A are ߱. Entries at all diagonal positions from Row 
K+2 to Row K+N+1, and Column 1 to Column N, are ߱ and 
the rest are zeros.  

The solution of this overdetermined system is ࢞ࡱ ൌ 	 ሺ࡭ࢀ࡭ሻି૚(9)   ࢈ࢀ࡭ 
After	࢞ is determined ( ࢞ ൌ ሾݔଵ, ⋯,ଶݔ ,  which are the ,	ࢀேሿݔ

weights of different PMU channels), the CoI frequency can be 
calculated by weighting the frequency values as  

େ݂୭୍ ൌ 	 ሺࢌ ∙ ࢞ሻ ∑ ⁄௡௡ୀଵ,…,ேݔ                         (10) 
where f is the vector of frequency measurement from PMUs. 
The RoCoF value is the average frequency change in one 
second and can be denoted as RoCoF ൌ ܨ∆	 ∆ܶ⁄     (11) 
where ∆ܶ  is the time duration between two consecutive 
frequency measurements. 

As generation units’ inertia time constant, capacities, and 
their commitment statuses are known parameters for each 
balancing authority, the system inertia is becoming an 
accessible and monitored index in control rooms of many 
power grids [21, 22]. The total inertia from generation can be 
calculated as ܫ ൌ ௜ܪ∑	 ∙ ௜݌ܽܥ ௜݌ܽܥ (12)    is the MVA capacity of generation unit i. Using 
RoCoF and system inertia information, event magnitude ாܲ௩௘௡௧ 
can be estimated right after the event as 

ாܲ௩௘௡௧ ൌ 	 ܲீ ௘௡ െ ௅ܲ௢௔ௗ ൌ ଶூ௙ಿ  (13)  ܨ݋ܥ݋ܴ

where ܲீ ௘௡  and ௅ܲ௢௔ௗ  are the total power generation and load, 
respectively. ே݂  is the nominal frequency (e.g., 60 Hz in the 
U.S.). ܫ  is the system total inertia. Therefore, estimated 
ROCOF, system inertia information and the equation above 
can be used to estimate the event MW magnitude. The 
estimated event magnitude information can be used in fast 
frequency control since the event magnitude information can 
be obtained right after the event occurrence and before the 
arrival of the frequency nadir [23].  

IV. CASE STUDY 

The effectiveness of the proposed method is assessed using 
FNET/GridEye measurements [16] with confirmed event 
magnitude and inertia data in the U.S. Eastern Interconnection 
grid. The proposed method is compared with the median 
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frequency method, which takes the median value of all 
frequency measurements as the system frequency. The 
relaxation parameter ߱ in the proposed method is set to 30 for 
the EI system based on monitoring experience.  

Two generation trip events at different locations: Florida 
(location A in Fig. 4, event shown in Fig. 5) and Kentucky 
(location B in Fig. 4, event shown in Fig. 6), are used to 
compare the RoCoF calculation methods. Their frequency 
measurements are shown in Fig. 5 and Fig. 6, respectively. 
Thick blue lines in Fig. 5 and Fig. 6 are the CoI frequencies 
obtained using the proposed method. Blue dash lines represent 
the RoCoF obtained by the proposed method at the beginning 
of the event occurrence. Thick magenta lines represent the 
RoCoF obtained by the median frequency method. It can be 
seen that the generation trip that happened at the grid edge (i.e., 
Florida) has large oscillations, while the generation trip event 
happened in the middle of the grid (i.e., Kentucky) has much 
smaller oscillations. The oscillation in Fig. 5 induces a large 
difference between the median frequency value and the CoI 
frequency obtained by the proposed method. In contrast, the 
discrepancy is less visible when the oscillation is insignificant. 

It should be noted that ߱ selection will influence the େ݂୓୍ 
result since it will produce different results of the least square 
solution in (5). However, େ݂୓୍  estimation result is found to 
robust to ߱ selection if ߱ value is selected within a range. For 
example, in this case study, ߱ can change between 10-50 and 
the େ݂୓୍  results are very close. The selection of ߱  will need 
trial and error to ensure the convergence and quality of the 
obtained CoI frequency. 

With system inertia information, the proposed CoI and 
RoCoF value calculation method can be used to estimate the 
system event magnitude and reversely verify the accuracy of 
the CoI frequency and RoCoF. The proposed CoI frequency 
and RoCoF calculation method, the frequency deviation 
method [8], and the median frequency-based method are 
compared using 86 events of the U.S. EI system in 2016. 
Statistic results show that the proposed method has 48% and 
35% less error, compared with the other two methods 
respectively.  

 

 
Fig. 4. The locations of two events in the EI (Event A is in Florida; Event B is 
in Kentucky; blue squares are sensor locations) 
 

 
Fig. 5. Generation trip event with large oscillation (Event A happened in 
Florida, time: 2017-10-26 06:12:55 UTC, 1,010 MW generation loss) 
 

 
Fig. 6. Generation trip event without large oscillation (Event B happened in 
Kentucky, time: 2018-04-13 03:51:09 UTC, 900 MW generation loss) 

 
Fig. 7. System frequency response using MW loss information and PV fast 
frequency control 
 

Once the event magnitude estimation result is available, 
inverter-based, such as photovoltaic (PV) and energy storage, 
fast frequency control can be applied to fast regulate frequency. 
Fig. 7 shows the system frequency when using MW loss 
information for PV fast frequency control that uses a step 
response to compensate the power imbalance [24]. It is 
compared with two other cases: one is the common frequency-
watt control [25] without MW loss information and the other is 
without any inverter-based frequency control. It can be seen 
that the system frequency response with inverter-based fast 
frequency control using MW loss information has a higher 
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frequency nadir and better frequency response compared with 
the common frequency-watt control without MW loss 
information. This result demonstrated potential of the proposed 
CoI frequency and RoCoF calculation method in improving the 
system frequency control. 

V. CONCLUSIONS 

This work proposed a method to calculate the system CoI 
frequency and the RoCoF value using synchrophasor 
measurements. The method estimates the weight of each 
frequency measurement in the system CoI frequency by 
solving an over-determined problem. Real-world data from 
FNET/GridEye were used to validate its effectiveness. Results 
show the proposed CoI and RoCoF calculation method has 
better performance compared with the median value based 
method, especially during frequency events with high 
oscillation magnitudes. The proposed method is also shown to 
improve event magnitude estimation, which can potentially be 
used by inverter-based resources for fast frequency control. 
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