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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 (Col) frequency and the
rate-of-change-of-frequency (RoCoF) more accurately using
PMU data at multiple locations. The Col 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.
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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 (Col)
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
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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 Col frequency and the rate-of-change-
of-frequency (RoCoF) value for the whole system [5, 6],
although the system Col 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.
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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 Col 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 Col frequency. Ref. [5]
developed a method to obtain the Col 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 Col frequency.
These studies are significant advancements of Col 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
Col 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 Col
frequency. It is of vital importance to obtain the precise Col
frequency to ensure these control strategies have expected
performance.

To solve this issue, this paper proposes a method to
calculate the Col 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 Col frequency and the
RoCoF value.

II. REVIEW OF COI FREQUENCY AND ROCOF CALCULATION

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

Sitylefi _ 1
feo = "S- ==Y f; (1)
lelll Isys

where [; and f; are the inertia time constant and the real-time
speed of the i" machine; respectively. Igys is the system total

inertia and equals YV, I;.

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 (or df /dt) = (fo = fo5)/0.5 2
where f,, and f; 5 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 Col 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 Col 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).
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Fig. 2. Deployment locations of FDRs in North American power grids

B. Col 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
Is 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

. . . 21 .
generation unit trip. Because RoCoF = f—-PE,,ent where [ is
N

the system inertia and fy is 60 Hz, RoCoF 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 Col frequency, the weighted
frequency measurement is used to calculate the system-wide
frequency. Let {f;[t], f>[t], ..., fu[t]} represent the frequency
measurement at different locations and t =T, T,,..., Tk
represent the timestamps of the frequency measurement after
the frequency event occurrence. (The generation trip event start
time T, and event-start frequency F, 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 Col 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 {x;, x, ..., xy}. Since
the Col frequency will have a constant RoCoF, the above
variables have the following equations.

Al + [T xp + f5[Ti] x5 + -+ fylTi] - xy = Fo + AF
filTo] - %1 + fo[To] - %, + f5(T5] " X3 + o+ fyll2] - xy = Fo +2-AF (3)
filTxl - x4 + fo[Ti] - x, + f5[T] -x.3 ot fulTgl-xy = Fo+K-AF

where AF is the system frequency deviation between adjacent
data points and F; is the starting frequency of the event.

Fo

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

The sum of all weights {x;,x,,..,xy} of frequency
measurement equals to one and each weight (x,,) of frequency
measurement varies around 1/N, where N 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.

( Zlonn o) @
X = 1/N, fori=12,..,N

If the frequency measurement has a high-enough time
resolution, (i.e., K > N + 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, {x, X5, ..., Xy} are unequal and constraint
(4) should be relaxed. This relaxation is adjusted by a
weighting factor w, 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/N.
Then the solution of this system can be found using the
ordinary least square method:

min ||Axg — b|| 5)

where

[filT1]  f2[T4] vl -1 =17

fl[TZ] fZ[TZ] fN[Tz]' —.2 -1
a<|Ald AT flnd K ©

w 0 0 00

e ¢ 0 00

0 0 w 00
Xp = [x1,%5,-,xy,AF, Fy |" @)
b =10,0,-,0,w,w/N, .., w/N]T )

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

The solution of this overdetermined system is

xg = (ATA)1ATh 9)

After x is determined ( x = [x;, x,, -+, xy]T , which are the

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

feor = (f*X)/Zn=1,.n%n (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 = AF /AT (11)
where AT 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

I = YH, - Cap; (12)

Cap; is the MVA capacity of generation unit i. Using
RoCoF and system inertia information, event magnitude Pgyept
can be estimated right after the event as

21
Prvent = Peen — Proaa = EROCOF (13)

where Pg,, and P;,,q4 are the total power generation and load,
respectively. fy is the nominal frequency (e.g., 60 Hz in the
U.S.). I 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 w 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 Col 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 Col
frequency obtained by the proposed method. In contrast, the
discrepancy is less visible when the oscillation is insignificant.

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

With system inertia information, the proposed Col and
RoCoF value calculation method can be used to estimate the
system event magnitude and reversely verify the accuracy of
the Col frequency and RoCoF. The proposed Col 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.
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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)
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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)
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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
Col frequency and RoCoF calculation method in improving the
system frequency control.

V. CONCLUSIONS

This work proposed a method to calculate the system Col
frequency and the RoCoF value using synchrophasor
measurements. The method estimates the weight of each
frequency measurement in the system Col frequency by
solving an over-determined problem. Real-world data from
FNET/GridEye were used to validate its effectiveness. Results
show the proposed Col 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.

ACKNOWLEDGMENTS

We would like to thank colleagues at the University of
Tennessee, Knoxville for their help and advices. We also
would like to thank our FDR hosts at universities, companies,
and individual residents for their participation in data
collection.

REFERENCES

[11 L. Wu, S. You, X. Zhang, Y. Cui, Y. Liu, and Y. Liu,
"Statistical analysis of the FNET/grideye-detected inter-area
oscillations in Eastern Interconnection (EI)," in 2017 IEEE
Power & Energy Society General Meeting, 2017, pp. 1-5: IEEE.

[2] S. You, Y. Liu, X. Zhang, M. T. Gonzalez, and Y. Liu, "US
Eastern Interconnection (EI) Electromechanical Wave
Propagation and the Impact of High PV Penetration on Its
Speed," in 2018 IEEE/PES Transmission and Distribution
Conference and Exposition (T&D), 2018, pp. 1-5: IEEE.

[31 S. Azizi, M. Sun, G. Liu, and V. Terzija, "Local Frequency-
Based Estimation of the Rate of Change of Frequency of the
Center of Inertia," IEEE Transactions on Power Systems, 2020.

[4] S. You et al., "Non-invasive identification of inertia distribution
change in high renewable systems using distribution level
PMU," IEEE Transactions on Power Systems, vol. 33, no. 1, pp.
1110-1112, 2017.

[5] F. Milano, "Rotor speed-free estimation of the frequency of the
center of inertia," IEEE Transactions on Power Systems, vol. 33,
no. 1, pp. 1153-1155, 2017.

[6] M. Liu, A. Ortega, and F. Milano, "PMU-based Estimation of
the Frequency of the Center of Inertia and Generator Rotor
Speeds," in 2019 IEEE Power & Energy Society General
Meeting (PESGM), 2019, pp. 1-5: IEEE.

[71 U. Rudez and R. Mihalic, "Monitoring the first frequency
derivative to improve adaptive underfrequency load-shedding
schemes," IEEE Transactions on Power Systems, vol. 26, no. 2,
pp- 839-846, 2010.

[81 S. You et al., "Comparative assessment of tactics to improve
primary frequency response without curtailing solar output in
high photovoltaic interconnection grids," IEEE Transactions on
Sustainable Energy, vol. 10, no. 2, pp. 718-728, 2018.

[9] K. Sun et al., "Frequency secure control strategy for power grid
with large-scale wind farms through HVDC links," International
Journal of Electrical Power & Energy Systems, vol. 117, p.
105706, 2020.

[10] S. You et al., "Disturbance location determination based on
electromechanical wave propagation in FNET/GridEye: a
distribution-level ~wide-area measurement system," [ET
Generation, Transmission & Distribution, vol. 11, no. 18, pp.
4436-4443, 2017.

[11] L. Wu, S. You, J. Dong, Y. Liu, and T. Bilke, "Multiple Linear
Regression Based Disturbance Magnitude Estimations for Bulk
Power Systems," in 2018 IEEE Power & Energy Society
General Meeting (PESGM), 2018, pp. 1-5: IEEE.

[12] M. Choopani, S. H. Hosseinian, and B. Vahidi, "New Transient
Stability and LVRT Improvement of Multi-VSG Grids Using
the Frequency of the Center of Inertia," IEEE Transactions on
Power Systems, vol. 35, no. 1, pp. 527-538, 2019.

[13] S. A. Saleh, E. Ozkop, R. J. Meng, Z. G. Sanchez, and O. A. A.
Betancourt, "Selecting Locations and Sizes of Battery Storage
Systems Based on the Frequency of the Center of Inertia and
Principle Component Analysis," IEEE Transactions on Industry
Applications, vol. 56, no. 2, pp. 1040-1051, 2019.

[14] (2020). FNET/GridEye Web Display.
http://fnetpublic.utk.edu/

[15] J. Zhao, Y. Tang, and V. Terzija, "Robust online estimation of
power system center of inertia frequency," IEEE Transactions
on Power Systems, vol. 34, no. 1, pp. 821-825, 2018.

[16] Y. Liu et al., "A distribution level wide area monitoring system
for the electric power grid—-FNET/GridEye," IEEE Access, vol.
S, pp- 2329-2338, 2017.

[17] P. M. Anderson and M. Mirheydar, "A low-order system
frequency response model," IEEE Transactions on Power
Systems, vol. 5, no. 3, pp. 720-729, 1990.

[18] "IEEE Standard for Synchrophasor Measurements for Power
Systems," IEEE Std C37.118.1-2011 (Revision of IEEE Std
C37.118-2005), pp. 1-61, 2011.

[19] NERC, "Essential Reliability Services Task Force Measures
Framework Report," 2015, Available:
https://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments
9%20DL/ERSTF%20Framework %20Report%20-%20Final.pdf.

[20] H. R. Chamorro, F. R. S. Sevilla, F. Gonzalez-Longatt, K.
Rouzbehi, H. Chavez, and V. K. Sood, "Innovative primary
frequency control in low-inertia power systems based on wide-
area RoCoF sharing," IET Energy Systems Integration, vol. 2,
no. 2, pp. 151-160, 2020.

[21] P. Du and J. Matevosyan, "Forecast system inertia condition and
its impact to integrate more renewables," IEEE Transactions on
Smart Grid, vol. 9, no. 2, pp. 1531-1533, 2017.

[22] L. Mehigan, D. Al Kez, S. Collins, A. Foley, B. O’ Gallachéir,
and P. Deane, "Renewables in the European power system and
the impact on system rotational inertia," Energy, p. 117776,
2020.

[23] P. Kundur, N. J. Balu, and M. G. Lauby, Power system stability
and control. McGraw-hill New York, 1994.

[24] S. You et al., "Energy Storage for Frequency Control in High
Photovoltaic Power Grids," in IEEE EUROCON 2019-18th
International Conference on Smart Technologies, 2019, pp. 1-6:
IEEE.

[25] J. Johnson, J. C. Neely, J. J. Delhotal, and M. Lave,
"Photovoltaic frequency—watt curve design for frequency
regulation and fast contingency reserves," [EEE Journal of
Photovoltaics, vol. 6, no. 6, pp. 1611-1618, 2016.

Available:

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on June 08,2022 at 20:13:13 UTC from IEEE Xplore. Restrictions apply.



		2021-12-16T18:10:48-0500
	Certified PDF 2 Signature




