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Abstract

The increasing penetration of PV power generation inevitably leads to the decline of system inertia, posing challenges to frequency
stability. To this end, virtual inertia control has been proposed; however, it causes more fluctuations of system inertia. To address this
issue, a novel equivalent inertia evaluation method for multiple PV power generation under virtual inertia control is proposed. The total
system inertia is first estimated based on historical or injected disturbance. Then, the total inertia of multiple PV power generation is
directly calculated by subtracting the inertia of synchronous generators from the estimated system inertia. To improve practicality, a
partition-based strategy is introduced, which divides the system into regions characterized by homogeneous frequency response behav-
iors. After partitioning, only the synchronous generator data within the region and inter-area transmission line power are required for
evaluation, reducing the demand for PMU data compared to traditional methods requiring measurements at each PV connection point.
Comprehensive simulation results in a 10-machine 39-bus system penetrated with multiple PV power generation validated the effective-
ness of the proposed method.
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0 Introduction installed solar power capacity reached approximately 610
million kilowatts, reflecting a substantial year-on-year
growth of 55.2% [1]. This surge has positioned solar energy
as a significant factor in driving the energy revolution [2].
However, the high proportion of PV power stations con-
nected to the grid introduces challenges to the stability
and reliability of traditional power systems [3,4].

The volatility and uncertainty of solar energy leads to
changes in the frequency response characteristics of power

With the transformation of the global energy structure
and advancement of green development strategies, China’s
photovoltaic (PV) power generation has developed
rapidly, and the installed capacity of PV power is growing
continuously. By the end of December 2023, China’s
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systems under disturbances, and studying the frequency
dynamics of power systems including PV power generation
is important. In particular, to enhance the frequency sta-
bility of power systems with substantial integration of
PV power, approaches such as frequency modulation
should be adopted to realize inertia support. However,
when PV power stations implement maximum power point
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tracking (MPPT) control, they cannot participate in iner-
tia response due to the lack of spare power. In such situa-
tions, PV curtailment, DC capacitors, and additional
energy storage units are employed as energy sources [5]
to implement virtual inertia control, thereby contributing
to system’s inertia support [6]. Virtual inertia control
introduces a feedback link to realize flexible control, and
can quickly respond to frequency changes in the system.
Recent studies have highlighted the importance of virtual
inertia in PV systems. For instance, the inclusion of virtual
inertia control in the grid code has been pioneered in
Spain, demonstrating that PV systems can actively con-
tribute to frequency regulation by providing inertial
response [7]. The heterogeneous implementation of control
methods and parameters across PV power stations results
in significant variability in their equivalent inertia contri-
butions, leading to more challenges for inertia allocation
strategies and inertia security-domain estimation [8—10],
which are important for secure and economic operation
of power systems. As a result, in addition to traditional
methods for evaluating the overall system inertia, evalua-
tion methods targeting PV power stations have also been
proposed.

In the evaluation method that takes the PV power sta-
tions’ inertia as the evaluation object, most existing studies
define the equivalent inertia of the PV power station as an
analogy of the swing equation of the synchronous genera-
tor. Reference [11] mainly studies the synthetic inertial
response of actual PV power plants, but does not directly
provide the theoretical inertia of the PV module. Reference
[12] derives the equivalent virtual inertia expression of
wind farms in the time domain and shows that the equiv-
alent inertia of wind farms with virtual inertia control can
be described by a curve with three-stage time-varying char-
acteristics. Moreover, the proposed algorithm can be
analogized for PV inertia evaluation. However, it requires
internal control parameters of wind and PV power sta-
tions, which makes system inertia evaluation difficult. Ref-
erence [13] compares the change of the PV DC voltage to
the change of the synchronous generator rotor speed and
deduces the theoretical inertia of the PV single machine
equipment with the DC capacitor as the energy source
from the mechanism, but does not compare the simula-
tions for the theoretical and actual inertias. Reference
[14] is based on the relationship between the frequency
change and frequency modulation energy of the single
set or station. However, qualitative evaluation of the
equivalent inertia of PV power stations has not been
conducted.

In the evaluation method that considers the overall sys-
tem as the evaluation object, using multi-node PMU mea-
surement data to obtain the system inertia is the primary
challenge. By equivalently transforming the system into a
single synchronous generator, reference [15] proposes a
method to estimate the system inertia based on the distur-
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bance power and frequency change rate. References [16]
and [17] respectively use variable order frequency fitting
and a low-pass filter to improve the accuracy of system
inertia evaluation. Reference [18] uses the frequency of a
single node value 1-s after disturbance occurrence to eval-
uate the inertia of PV systems controlled by virtual syn-
chronous generators. However, this strategy requires the
difference between the total mechanical and electromag-
netic powers of the system, which is difficult to obtain in
practice. After PV power stations are connected to the
grid, the uneven distribution of the power system’s inertia
intensifies, endowing the frequency with spatiotemporal
distribution characteristics after the disturbance starts. In
this case, the single machine equivalent approach intro-
duces considerable error. Therefore, approaches such as
considering the multi-machine equivalent or selecting part
of the nodes according to a specific benchmark for the sys-
tem equivalent after partitioning have been proposed. Ref-
erence [19] uses the multi-node inertia weighting method to
calculate the regional inertia and further obtains the iner-
tia level for the United Kingdom. Reference [20] directly
selects the maximum number of possible frequency sam-
pling points and estimates the system inertia based on
the average value of the frequency change rate. However,
this method requires a significant amount of data and
lacks theoretical basis. Reference [21] determines the sys-
tem frequency sampling point by leveraging the inertia
center to evaluate the overall system inertia, but the accu-
racy of this method for the evaluation of multi-machine
complex systems is yet to be verified. Among these, the
main issue is that traditional methods using multi-
machine equivalence to evaluate inertia require a signifi-
cant amount of data, which can be challenging to obtain.

In methods that apply the concept of multi-machine
equivalence to evaluate system inertia, partitioning based
on network topology and geographical location is com-
monly used [22]. In these methods, researchers mainly
use k-means, spectral, and hierarchical clustering to parti-
tion the power system, among which the k-means cluster-
ing method is the most widely applied. Reference [23]
proposes a partitioning strategy for new energy power sys-
tems based on system clustering. The strategy first analyzes
the difference in inertia between new energy devices and
synchronous generators, constructs a node inertia
response model, and reduces the dimensionality through
principal component analysis. Consequently, the system
clustering method is applied to cluster and partition nodes,
which is suitable for power systems where new energy
devices and synchronous generators coexist. Reference
[24] proposes a partitioning method to dynamically esti-
mate the frequency regulation capability of power systems
at multiple time scales. However, the demand for real-time
data and complex algorithms may limit its application in
practical systems. Reference [25] proposes a real-time par-
titioning method that considers the spatiotemporal distri-
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bution characteristics of frequency response, and calcu-
lates the frequency curve trend and numerical approxima-
tion distance with hierarchical and k-means clustering
algorithms. In general, the k-means method is widely used
in the partitioning of power systems. Setting appropriate
partitioning targets ensures that the points within one
region have similar frequency characteristics, which allows
for a more accurate evaluation of the regional inertia. Nev-
ertheless, applying the partitioning results to evaluate the
equivalent inertia of PV power stations needs to be studied
further.

In light of the shortcomings of current approaches, an
innovative evaluation method tailored for PV power sta-
tions is introduced in this paper. The method enables eval-
uating the equivalent inertia of multiple PV devices based
on regional data. The main contributions are summarized
as follows:

e The formula for the equivalent inertia of PV power sta-
tions under virtual inertia control is derived.

e A method to quantify the total inertia of multiple PV
power stations based on measurements of the syn-
chronous generator frequency after a disturbance is
proposed.

e Based on system partitioning, the amount of data
required for total inertia evaluation of multiple PV
power stations is further reduced, facilitating practical
applications.

The proposed method pioneers a two-step process: ini-
tially, it quantifies the inertia of one area utilizing regional
data; subsequently, it isolates the inertia contribution from
generators in the area to deduce the equivalent inertia of
total PV devices. The simulation outcomes demonstrate
the accuracy of the proposed method, demonstrating its
practicality in systems with multiple PV power
generations.

1 Definition of inertia for PV power stations and power
systems including PV power stations

1.1 Theoretical inertia of PV power stations

To investigate the equivalent inertia of PV power sta-
tions, it is first necessary to derive its theoretical expres-
sion. The common two-stage virtual inertia control
topology for PV power stations is shown in Fig. 1 [26].

In the diagram, K4 is the PV virtual inertia control coef-
ficient, T’p is the low-pass filter time constant within virtual
inertia control and V4. represents the frequency of center
of inertia (COI), which is approximately equal to the fre-
quency of the PV connection point. To enable inertia

Frequency of vjrtyal Inertia Control Active power of ¥ power generation
the center of 3 1
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Fig. 1. Block diagram of two-stage virtual inertia control for PV power
stations.

response in the PV power station without additional
energy storage, curtailment control is introduced as an
energy source in MPPT control of the boost converter cir-
cuit. The frequency of the COIl is used as feedback, and the
reference value of the PV device power output is mainly
decided by the virtual inertia control coefficient, thereby
changing the PV output instantaneously after a distur-
bance. After conversion to the rated capacity, the duty
cycle d can control the output of the boost converter cir-
cuit to the DC capacitor voltage V4. through PI control.
Therefore, the actual power change of the PV device
AP, is based on the control of the PV inverter voltage
[27].

In this process, although there is a certain delay in the
boost and inverter circuits, compared to the inertia
response and electromechanical transient response pro-
cess, the response speed of the power electronic converter
is significantly faster [28]. Thus, the dynamics of the con-
verter can be neglected, and AP, is approximately equal
to APy¢. In summary, when the PV curtailment rate is con-
stant, the additional power generated by the PV power sta-
tion under virtual inertia control after capacity conversion
can be expressed as (1).

Kq .Spv
(1 + Tps)s SB

APvir(s) = §Wcoj * (1)

In (1), APy;(s) represents the power variation when the
virtual inertia of the PV device responds based on the
capacity of the PV device, f represents the frequency at
the connection point of the PV device, and Sg and S, rep-
resent the system’s rated capacity and the PV power gener-
ation’s rated capacity, respectively. Similar to the inertia of
a synchronous generator, the theoretical inertia of the PV
power generation is defined by the additional power gener-
ated by the PV power generation and the rate of change of
frequency (RoCoF) in the PV connection point at the
moment of disturbance, as shown in (2).

AP vir (S )

Hpy(s) ZM (2)

In (2), Hy(s) is the equivalent inertia provided by the
PV power station under virtual inertia control at the sys-
tem’s rated capacity. In the frequency domain, by substi-
tuting (1) into (2), the theoretical inertia of the PV
power generation is obtained as follows:
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Svad

Hyp(s) = ZSB(I + Tps)s

3)

By performing an inverse Laplace transform on (3), the
theoretical inertia of the PV power generation in the time
domain is obtained, as shown in (4).

Hy0) = SESI; Y(1-e) )

The dynamic nature of H,,(¢) arises from the transient
interaction between the virtual inertia control loop and
system frequency response. Specifically, the differentiation
block and low-pass filter time constant Tp in the control
topology endows a time-dependent behavior to H (1),
making it a variable during the initial phase of distur-
bance. H,,(¢) can converge to a steady-state value within
a short transient time 7.

. S de
Hyy :ltllI}Hpv(t) ZETB

)

The value of 7 decreases when a smaller 7p is applied.
Indeed, a small value is typically adopted for Tp in practi-
cal applications to avoid latency and attenuation[29].
Therefore, the virtual inertia support by PV devices is
assumed to be constant.

1.2 Theoretical inertia of power systems including PV power
stations

In addition to the inertia of the PV power stations, the
system’s inertia mainly considers the contribution of the
synchronous generator. Therefore, the composition of
the inertia of the power system including PV power sta-
tions is shown in (6).

Hpgys =Hg +Hp, (6)

In (6), Hyuys represents the equivalent inertia of the
power system, and the equivalent inertia of the syn-
chronous generators within the system H, is defined by
aggregating the parameters of the synchronous generators
as follows:

SEHS;

H, = s

()

In (7), ng represents the number of synchronous gener-
ators in the power system, and S; and H; represent the
rated capacity and inertia of the j-th generator, respec-
tively. Finally, by substituting (5) and (7) into (6), the the-
oretical equivalent inertia of the system can be obtained.
In other words, to evaluate the equivalent inertia of PV
power stations, it is necessary to know the system inertia
as well as the generators’ rated inertia. This is the main
theoretical foundation of the proposed evaluation strat-
egy. Further details are provided in the next section.
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2 Total inertia evaluation for multiple PV power stations
2.1 Inertia evaluation based on system data

To quantitatively evaluate the equivalent inertia of PV
power stations under virtual inertia control, the system fre-
quency response (SFR) model is introduced. This model
uses a single synchronous generator model instead of the
entire system to characterize the average frequency
response of a power system following a disturbance. In tra-
ditional power systems, the SFR model typically includes
governor, prime mover, and load equivalent models, sim-
ulating dynamic frequency changes after power imbal-
ances. The simplified SFR model under disturbance is
shown in Fig. 2[30].

In Fig. 2, AP4 is the variation of power generation or
load in the grid, AP, is the variation of mechanical power
of the synchronous generator, AP, is the power variation
allocated to the synchronous generator, D is the equivalent
damping coefficient of the generator, R is the governing
coefficient of the governor, Ty is the reheat time constant
of the synchronous generator, Fy is the ratio of the high-
voltage cylinder of the synchronous generator to do the
work, and K, is the coefficient related to the generator
power factor and the standby capacity.

After virtual inertia control is utilized, the frequency
model of the power system including PV devices is ana-
lyzed and the feedback loop of the SFR model of the
PV-containing power system is added, as shown in Fig. 3.

Within the few seconds after the disturbance, the fre-
quency deviation is limited such that the contribution of
damping is negligible. Moreover, our focus is on the initial
frequency change rate post-disturbance, which is primarily
influenced by inertia rather than damping. Therefore, the
damping coefficient D can be further neglected. Then,
the synchronous generator aggregated inertia can be
expressed as:

APdemeAPvir (8)
Zdwcoi/dt

H, =

where the center of inertia frequency wg,; in the SFR
model is defined as follows.

AP, @ AP, i o,

2Hgs+D

K (1+F,T,s)
R(1+Ts)

Fig. 2. Simplified SFR model of conventional power system under
disturbance.
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Fig. 3. Simplified SFR model under disturbance of power system
including PV power stations.
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SR H;

In (8), the theoretical value of the equivalent aggregated
inertia of the synchronous generators H, is obtained
through the SFR model, which should be numerically
equal to (7). Considering that the mechanical power of
the synchronous generators cannot be changed abruptly
at the instant after the start of the disturbance, AP, is
approximately 0. Therefore, based on (2) and (8), the total
equivalent inertia of the PV power stations in the system
can be expressed as:

©)

Weoi =

Hpv:Hnsys_Hg> (10)
where
APy
Hm S — A~ 31 73, 11
P 2dwe /dt (1)

Similar to the methods as reported in [31] and [32], the
proposed evaluation method relies on historical or injected
disturbance, both the location and magnitude of which are
predetermined without measurement. Therefore, the mea-
surement quantities required for this method only include
the frequency of synchronous generators. Based on this,
the total system inertia can be calculated according to
(11), and the total inertia of multiple PV power stations
under virtual inertia control can be estimated according
to (10). However, this method requires frequency measure-
ments of all synchronous generators in the system, which is
difficult in practice.

2.2 Inertia evaluation based on regional data

In this section, further improvement is made by incor-
porating the system partitioning method, which divides
the system into areas exhibiting similar frequency charac-
teristics within themselves. Based on this, the number of
measurements for the synchronous generator frequency
can be reduced further, and detailed illustrations are given
as follows.

2.2.1 System partitioning strategy

For power system including PV power stations, since
the synchronous generator is the main component of the
system inertia response, the clustering algorithm is first
considered to partition the synchronous generators. The
electrical distance is employed as a key parameter for par-
titioning, supported by the fact that frequency variations
depend on the unbalanced power, which is distributed
throughout the power system in proportion to the electri-
cal distance. Consequently, partitioning the system based
on the electrical distance between synchronous generators
facilitates each region having similar frequency character-
istics after the disturbance.

Based on the k-means clustering algorithm, the equiva-
lent conductance is used as a parameter of the electrical
distance. By obtaining the electrical distance between
nodes in the generator, the generator transient reactance
is incorporated into the system conductance matrix to
form an augmented matrix, and the simplified system aug-
mented conductance matrix can be expressed as (12) [33]:

Yoigj =Yy im 0
YS = _Yg_iﬁm_j Ym_i.m_j + Ym + Yl_i,m_j - Ym_i,n
0 - Ym_itn Yi,n + Yl_i.n

(12)

The matrix is simplified using Kron reduction, and only
the nodes within the generator are retained to obtain the
generator correlation matrix. The element with i-th row
and j-th column in the matrix represent the conductance
from the i-th to the j-th generator node. The larger the
conductance 1is, the closer the electrical correlation
between the generators is. Thus, it can be regarded as
the correlation between the i-th and j-th generators. The
number of partitions is optimized using the elbow
method[34] based on the sum of squared errors to confirm
the optimal number of partitions. Then, the k-means clus-
tering method is used on the correlation matrix to com-
plete the generator partitioning.

Further, the frequency of each node of the system can
be expressed in terms of the generator frequency[35]. The
node can be assigned to the corresponding generator and
area according to the linear relationship between the node
and the generator frequencies. Firstly, the network node
voltages are expressed in terms of generator node voltages,
as in (13).

Upet = RU, (13)

where U, and U, are the voltage vectors of the potential
and network nodes in the generator, respectively. R
denotes the correlation matrix between the node and the
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potential node voltage in the generator, which is calculated
as shown in (14).
|75
0

(14)

Ym_i,m_j + Ym + Yl_i,m_j - Ym_i,n
_Ym_i,n Yn_i,n + Yl_itn

R =

If a fault occurs at node k, based on the expansion of
(13) in k correlation, the fault point voltage can be
expressed in terms of each generator’s internal potential.
After further simplification, the voltage and phase angle
at node k can be obtained as follows.

Vel = Zrk‘,-V,-e"‘;’ (15)

jek

where 7, and V; are respectively the voltage amplitudes at
node k and generator j. J; and 6, are the phase angles cor-
responding to the potentials at node k& and generator j,
respectively. r,; is the element of matrix R that represents
the voltage relationship between node k& and generator j.
After simplification, the voltage angle at node & can be
obtained as (16).

5 — > eV 9; (16)

> eV i

The voltage angle can be generalized to the frequency
relationship in (17).
fk _ %ekrkjl/jfj (17)

ekl iV
where f, and f are the frequencies of node k and genera-
tor j, respectively.

Therefore, based on the linear relationship of frequency
between nodes and generators, each node in the system can
be categorized to its corresponding generator and then fur-
ther assigned to the corresponding area.

2.2.2 Evaluation of equivalent inertia of PV power stations

After partitioning, the points within each area possess
similar frequency characteristics, and a multi-machine
equivalent method can be used to equivalent each area.
Therefore, the regional equivalent inertia of the area con-
taining the PV power stations can be denoted as H e,
which contains ng, synchronous generators and n., PV
power stations. Analogously to (6), the equivalent inertia
of the area including PV power stations is theoretically
analyzed as (18):

Harea:Hga +Hpv (18)
where H,, is the equivalent inertia of the synchronous gen-

erators in the area after aggregation at the baseline capac-
ity of the system, as is shown in (19).

Yo H S,

Hgy, = Sh

(19)
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Fig. 4. Simplified SFR model under disturbance of area including PV
power stations.

To accurately consider the frequency response charac-
teristics of different areas after the disturbance, the regio-
nal SFR model is used to equate the area where the PV
power stations are located. In this model, the inter-area
transmission line power variation is introduced as an
input, as shown in Fig. 4.

In Fig. 4, D,, R,, Tra, Fua, Kma respectively represent
the synchronous generator equivalent damping coefficient,
governor adjustment coefficient, synchronous generator
reheat time constant, high-voltage cylinder work ratio,
synchronous generator power factor, and the coefficient
related to the generator power factor and the standby
capacity in the areca where the PV is located. APt is the
inter-area transmission line power variation. AP,, is the
disturbance power variation allocated to the synchronous
generators in the area. APy, is the mechanical power vari-
ation of the synchronous generators in the area. Analyzing
the simplified SFR model of the area, when the syn-
chronous generator equivalent damping coefficient is
ignored, the regional synchronous generator equivalent
inertia can be expressed as (20).

APd"’APTfAPma*APVir

Hy =
& 2da)ac0i/dt

(20)

where w,.; denotes the center of inertia frequency of the
area, as in (21).
" H o,

Wacoi = % (21)

Zj:lH/

Analogously to (8), the theoretical equivalent aggre-
gated inertia of the synchronous generator in this area
can be obtained through the SFR model, which is numer-
ically equal to (19). Since APy, ~ 0, the actual inertia of
the power system including PV power stations can be eval-
uated. Then, based on (2) and (20), the expression of total
equivalent inertia of PV power stations based on regional
data is obtained as follows.

Hpv - Harea - Hga (22)

where
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Fig. 5. Evaluation strategy based on system partitioning to obtain the
total equivalent inertia of PV power stations.

APy + AP

Haea = 2
2dwgcoi /dt ( 3)

According to (22) and (23), the total inertia of multiple
PV power stations can be evaluated based on synchronous
generator data within the region and inter-area transmis-
sion line power, both of which can be readily obtained
using PMUs[36,37]. The overall evaluation process is
shown in Fig. 5.

It should be noted that this inertia evaluation strategy is
not limited to PV devices. It can be applied to other energy
sources which have the same or equivalent power-
frequency characteristics as the structure shown in
Fig. 4. For example, the proposed evaluation method is
applicable to permanent magnet synchronous wind power
generators and battery energy storage systems, which inte-
grate inertia-emulating feedback loop and delay element
[38,39].

3 Example analysis
3.1 10-machine 39-bus system including PV power stations

To verify the effectiveness of the proposed strategy, a
10-machine 39-bus system including PV power stations is
built in MATLAB/Simulink and shown in Fig. 6. The fre-
quency of the model is set to 50 Hz and all the loads are set
to a constant power load model. The rated capacity of all

Gl G8
—30 —_37
25 26 28 29
2 — —_—27 38—
®
3 18 | ——17
GY
G0 ()
39 —_—16 21
15 —

IR a7

p——’Y 14 24 — 36

_— 13 23

9 —_— 6 —L 12
19
—_—T 11 — 20
22
PV2
10

8 —31 —_—32 — 34— 33 —35

Area 2 s s G G4 Area 3 6

Fig. 6. The topology of 10-machine 39-bus system including PV power
stations.

Table 1
10-machine 39-bus system generator parameter.

Generator number Inertia/s Rated power/MW
Gl 6.175 250
G2 6.5 685.5
G3 6.175 630
G4 6.175 632
G5 6.5 508
G6 6.5 650
G7 6.175 560
G8 6.175 380
G9 6.5 830
GI10 6.175 1000

generators is 900 MVA, where the inertia of generators is
shown as Table 1.

To verify that the proposed strategy can simultaneously
evaluate the equivalent inertia of all PV power stations in
the area, several PV power stations are accessed in the
area, and the working conditions are set as follows:

Case 1: In area 3, PV power stations PV1 and PV2 have
access to nodes 23 and 24 at the same time. The rated
capacity of both is 250 MW, using virtual inertia control
and considering the low-pass filter time constant
T, =0.001s. A load disturbance of 200 MW is added to
node 23 at 15 s, and the frequency measurement window
is 100 ms.

Table 2

Total theoretical equivalent inertia of PV in Case 1.

PV virtual inertia control coefficient Kq=10 Kq4=15 K4=20
Case 1 PV theoretical inertia/s 2.778 4.167 5.556
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The PV virtual inertia control coefficients are set to dif-
ferent values to verify the inertia evaluation strategy.
According to (5), the total equivalent inertias of PV
devices Hp are calculated as shown in Table 2.

Moreover, to examine the accuracy of the evaluation
results, the error calculation formula is introduced:

Hc — Hr
6= |——
Hr

x 100% (24)

where Hc and Hr are the evaluated and theoretical inertia
values of the PV power stations, respectively. This formula
provides a percentage error, which is a standard measure
for evaluating the accuracy of the evaluation method by
comparing the evaluated inertia with the theoretical value.

3.2 Inertia evaluation results based on system data

First, the synchronous generator equivalent aggregated
inertia is obtained based on the synchronous generator
rated parameters, as shown in (25).

g
H, = 28 6305 (25)
Sp

Then, when the PV adopts virtual inertia control, the
overall equivalent inertia of the system is evaluated under
different virtual inertia control coefficients, respectively.
According to (8), the evaluation results for Case 1 are
shown in Table 3, in which the inertia is all based on the
baseline capacity of the system.

Based on (10), total equivalent inertia of PV is further
evaluated and compared with the theoretical value as
shown in Fig. 7, which visually represents the comparison
between the evaluated and theoretical inertia values using
the method based on system data and the impact of virtual
inertia control on the system’s overall inertia.

As shown in Table 3 and Fig. 7, when the PV in the sys-
tem adopts virtual inertia control, it is obvious that the lar-
ger the virtual inertia control coefficient of the PV is, the
larger the system equivalent inertia is. But this method
requires data from all synchronous generators in the sys-
tem, and thus, the required number of PMUs is relatively
large.

3.3 Inertia evaluation results based on regional data

To adopt the inertia evaluation strategy based on regio-
nal data, the system is first partitioned. Based on the k-
means clustering method, the 10-machine 39-bus system
including PV power stations is divided into three areas
under both operating conditions, with G1, G8, G9 belong-

Table 3

Inertia evaluation results based on system data.

PV virtual inertia control coefficient K4q=10 K4=15 Kq =20
Case 1 system inertia/s 66.06 67.468 68.949

754

[ Evaluated value 5.899
6r I Theoretical value -
Error
st 8.35%
= 4418
1] 4.167
2
347
> 6.0]
&
° 3 3.01
= 3f 2
g 2.778
o
8
g Ll
1k
0 L 1
K=10 K15 K20

d d

Fig. 7. Evaluation results of PV power stations inertia based on system
data.

ing to area 1; G2, G3, G10 belonging to area 2; and G4,
G5, G6, G7 belonging to area 3. Further node partitioning
is conducted, the generator frequency and node frequency
relationship matrix are calculated according to (17), and
the node partitioning results are shown in Fig. 6. To vali-
date the effectiveness of the partitioning strategy, the fre-
quency response in different areas is analyzed.
Specifically, the frequency of typical generators in an area
and its corresponding COI frequency are compared, which
are presented in Fig. 8.

As illustrated, the inertia center frequency of each area
closely aligns with the frequency of the generator within
the area, and three COI frequencies have a more signifi-
cant difference, demonstrating the frequency distribution
characteristics of the system. According to the generator
partitioning and node partitioning results, the PV power
stations belong to area 3, and thus, the total inertia of syn-
chronous generators in area 3 is calculated as

ea
Hy = LS s ass (26)
Sp

When the PV adopts virtual inertia control, the overall
equivalent inertia of area 3 can be evaluated under differ-
ent virtual inertia control coefficients as follows. Firstly,
the variation of inter-area transmission line power between
area 3 and the other two areas is detected. Specifically, the
PMU is set at lines 14-15, 17-18, and 17-27; then, the total
power change of these lines is denoted as APr. Moreover,
the disturbance is artificially set at 200 MW in Case 1,
which means the power imbalance AP, in this area is
200 MW. Subsequently, to obtain the center of inertia fre-
quency m,e; for area 3, PMUs are installed on generators
4,5, 6 and 7, respectively, and the RoCoF of COI after the
disturbance immediately can be measured. Ultimately, the
equivalent inertia of area 3 under different conditions can
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Fig. 8. Comparison of COI frequency of each area and the frequency of
generators within each area.

Table 4
Inertia evaluation results based on regional data in Casel.
PV virtual inertia control coefficient Kyq=10 Kq=15 K4q4=20
Case 1 area 3 total inertia/s 15.247 16.871 18.051
[ Evaluated value 5.996
6 | Theoretical value
- -% - - Error 5.555
5t :
6.88% 5
2 * 4317
5 4r
=
zZ
k-] 2
s 3 22 2.778 B
£
: X
g 2r e
s
0 i i
K=10 K&~=15 K=20

Fig. 9. Evaluation results of PV power stations inertia based on regional
data in Case 1.

be calculated according to (23). The evaluation results for
Case 1 are shown in Table 4, in which the inertia are all
based on the baseline capacity of the system. Based on
(22), total PV equivalent inertia is evaluated and compared
with the theoretical value as shown in Fig. 9.

As shown in Table 4 and Fig. 9, when evaluating PV
inertia based on regional data, the average error between
the total equivalent inertia and the theoretical values is
similar to that from evaluations based on system data,
and the evaluation error can be controlled at less than
10%; this confirms the precision of the evaluation method
presented in this paper.

3.4 Discussion on the merits of the method considering increasing
deployments of PV devices

The primary merit of the proposed evaluation method
after partitioning lies in its capability to decrease the num-
ber of required measurements. Compared to the evalua-
tion method without partitioning, although the new
measurements of inter-area transmission power are
required, the overall data required by the method with par-
titioning will be lower due to the significantly reduced
measurements of synchronous generator frequency. To
substantiate this argument, another case study in the 10-
machine 39-bus system including 10 PV power stations is
used as an example to illustrate the benefits.

Case 2: In Area 1, two distinct sets of PV power stations
using different inertia control coefficients are added to five
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Fig. 10. The partitioning results of 10-machine 39-bus system including
PV power stations in Case 2.

different buses as shown in Fig. 10, and the rated capacity
of every single PV power generation is 50 MW. The details
of the inertia control coefficients and the corresponding
PV theoretical inertias are presented in Table 5. Then, a
load disturbance of 200 MW is added to node 26 at 15 s,
and the frequency measurement window is 100 ms.

The total inertia of synchronous generators in area 1 is
calculated as

S H S

=T 1885 s (27)

H,y = Ss

Then, the total regional inertia is evaluated according to
(23) and the results are shown in Table 6. Finally, the
equivalent inertia of PV devices is evaluated based on
(22) and compared with the theoretical value are shown
in Fig. 11. Based on the evaluation results, it can be con-
cluded that when there are a substantial number of PV
power stations in a region, the proposed method can still
effectively evaluate the sum of the equivalent inertia of
all PV power stations within the region.

In such a case, the traditional method would require the
installation of 10 PMUs for PV inertia evaluation while
the proposed method without partitioning requires PMUs
to be installed at 10 synchronous generators[40]. In com-
parison, the proposed method with partitioning only
requires PMU s to be installed at three synchronous machi-
nes and four interconnection lines, indicating that seven
PMUs are sufficient. The reduced number of PMUs will
further increase with more deployments of PV power sta-

[ Evaluated value 6.13
6 [ Theoretical value 5.833
Error

6.00%

PV inertial time constant/s

K~10 K=15 K=20

Fig. 11. Evaluation results of PV power stations inertia based on regional
data in Case 2.

tions. This makes the proposed method more suitable for
modern power systems with an increasing number of PV
power stations.

3.5 The impact of disturbance location on evaluation results

To further investigate the impact of disturbance loca-
tion on the inertia evaluation results, the following Case
3 is set up.

Case 3: In Areas 2 and 3, two distinct sets of PV power
stations using different inertia control coefficients are
added to five different buses as shown in Fig. 12, and PV
virtual inertia control coefficients of two sets are 18 and
24. The rated capacity of every single PV power generation
1s 100 MW. Then, a load disturbance of 200 MW is added
to different nodes in Areas 2 and 3 at 15 s, and the fre-
quency measurement window is 100 ms. Specifically, dis-
turbances are randomly applied to three nodes in both
Areas 2 and 3. Then, the equivalent inertia of the areas
is evaluated based on (23) and the results are summarized
in Table 7.

Furthermore, the total theoretical equivalent inertia of
PV is calculated based on (3). Moreover, the overall equiv-
alent inertia evaluation value of PV is calculated according
to (22) and the data in Table 7. The final summary results
are shown in Table 8, and the error based on the theoret-
ical values and the evaluated values is as follows.

Table 5

Total theoretical equivalent inertia of PV in Case 2.

PV virtual inertia control coefficient PV-1.K4 =6 PV-1:K4 =12 PV-1.K4 = 18
PV-2:K4 = 12 PV-2:K4 = 18 PV-2:K4 =24

Case 2 PV theoretical inertia/s 2.5 4.167 5.833
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Table 6
Inertia evaluation results based on regional data in Case 2.
PV virtual inertia control coefficient PV-1.Kq =6 PV-1:K4 =12 PV-1:.Kq =18
PV-2:K4 =12 PV-2:K4 =18 PV-2:K4 =24
Case 2 area 1 total inertia/s 21.50 23.55 24.98
the average evaluation value of the equivalent total inertia
al @ of PV in this area is 4.94 s, with an average error of 5.85%.
Qm 937 Based on the above data, it can be concluded that when
5 2 2% 2 disturbances occur at different locations, the evaluation
, . N results differ from the average inertia value in the area
T by no more than 2%. In other words, suitable evaluation
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Fig. 12. The partitioning results of 10-machine 39-bus system including
PV power stations in Case 3.

From the above table, it can be seen that in Case 3, if
disturbances are applied at different locations in Area 2,
the average evaluation value of the equivalent total inertia
of PV in this area is 7.37 s, with an average error of 5.28%.
If disturbances are applied at different locations in Area 3,

Table 7
Evaluated inertia of region including PV in Case 3.

accuracy can always be achieved when the disturbance is
added to different locations.

4 Summary

In this paper, the total equivalent inertia evaluation of
multiple PV power stations under virtual inertia control
is evaluated with a small number of measurements. The
main conclusions are summarized as follows:

1) Through theoretical analysis based on the SFR mod-
el, the total inertia of PV power stations can be quan-
titatively evaluated by determining the difference
between system total inertia and synchronous gener-
ator inertia. This technique allows for the inertia
evaluation of PV power stations without the need
for PV virtual inertia control parameters, simplifying
the assessment process for power system with plenty
of PV power stations.

Disturbance location

Total inertia of synchronous generators in corresponding region/s

Evaluated inertia of corresponding region /s

Node 6 18.85 26.313
Node 7 26.245
Node 10 26.101
Node 19 25.35 30.217
Node 21 30.277
Node 23 30.269
Table 8

Evaluation results of the total equivalent inertia of PV in Case 3.

Disturbance location

Theoretical inertia value /s

Evaluated inertia value /s

relative error &

Node 6 7
Node 7 7
Node 10 7
Node 19 4.667
Node 21 4.667
Node 23 4.667

7.463 6.61%
7.395 5.64%
7.251 3.59%
4.867 4.29%
4.927 5.57%
5.026 5.40%
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2) In contrast to traditional approaches that necessitate
measurement data from each connection point at PV
generators, the proposed estimation method without
partitioning achieves accurate evaluation by relying
primarily on synchronous generator data of the
system.

3) Compared to the estimation method without parti-
tioning, another estimation method with partitioning
also achieves accurate evaluation by using syn-
chronous generator data within the region and the
inter-area transmission line power, further reducing
the required measurements.

In the future, work will be conducted to extend the eval-
uation method to application scenarios where more types
of energy sources are included. Moreover, applications
of the evaluation results in system frequency control will
be investigated.
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