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Abstract

With the large-scale grid connection of power electronic power sources, the power system gradually exhibits the characteristics
of ‘low inertia’, and the indexes of frequency characteristics are getting closer to the safety critical value, which seriously affects
the frequency safety of the system operation. To quantitatively analyze the minimum inertia requirement of the power electronic
power system under the condition of multi-resource participation in frequency regulation (FR) when it is disturbed by active
power, based on the improved frequency response model of the multi-machine system, this paper proposes a minimum inertia
estimation method of the power system considering the frequency response characteristics. The theoretical inertia of each FR
unit is represented in the form of rotor kinetic energy, and the calculated inertia of the power system is quantified based on the
Rate of Change of Frequency (RoCoF). The sliding window technique is used to select the data set with the smallest variance
and obtain the final calculated inertia of the system. The proposed estimation method takes the initial RoCoF, the maximum
frequency deviation, and the steady-state frequency deviation as the frequency change constraint indicators, and adds the
minimum inertia improvement measures to reduce the demand for the minimum inertia. Finally, the PSD-BPA software is
used to verify the accuracy of the proposed model. And based on the improved frequency response model of the multi-machine

system, MATLAB/Simulink is used to verify the proposed minimum inertia estimation method.
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Abstract: With the large-scale grid connection of power electronic power sources, the power system gradually exhibits the
characteristics of ‘low inertia’, and the indexes of frequency characteristics are getting closer to the safety critical value, which
seriously affects the frequency safety of the system operation. To quantitatively analyze the minimum inertia requirement of
the power electronic power system under the condition of multi-resource participation in frequency regulation (FR) when it is
disturbed by active power, based on the improved frequency response model of the multi-machine system, this paper
proposes a minimum inertia estimation method of the power system considering the frequency response characteristics. The
theoretical inertia of each FR unit is represented in the form of rotor kinetic energy, and the calculated inertia of the power
system is quantified based on the Rate of Change of Frequency (RoCoF). The sliding window technique is used to select the
data set with the smallest variance and obtain the final calculated inertia of the system. The proposed estimation method
takes the initial RoCoF, the maximum frequency deviation, and the steady-state frequency deviation as the frequency change
constraint indicators, and adds the minimum inertia improvement measures to reduce the demand for the minimum inertia.
Finally, the PSD-BPA software is used to verify the accuracy of the proposed model. And based on the improved frequency
response model of the multi-machine system, MATLAB/Simulink is used to verify the proposed minimum inertia estimation

method.

1. INTRODUCTION

With the low-carbon transformation of the global
energy structure, the power-electronized power system
(PEPS) has developed rapidly. China proposes to achieve
carbon neutrality by 2060 [1]. The EU plans to achieve a 32%
penetration rate of new energy power generation by 2030 [2-
3]. The United States predicts that the proportion of
renewable energy will exceed 36% in 2050 [4]. Compared
with the traditional synchronous power system, the power
electronic power sources represented by wind power and
high voltage direct current (HVDC) transmission in the
PEPS are connected to the grid on a large scale [5-7].
However, due to the replacement of a high proportion of
traditional synchronous inertia and the decoupling
characteristics of power electronic power supplies [8], the
inertia level of the power system is sharply reduced and the
FR capability is relatively weakened, which will lead to a
series of power system frequency operation safety problems
[9-11]. Once a large active power disturbance occurs in the
power grid (e.g. the disconnection of the tie line of the bulk
power grid, the disconnection of the island operating unit,
the fluctuation of the active power output of the power
electronic power supplies, or the violent fluctuation of the
active power on the load side), it is easy to trigger low-
frequency load shedding or high-frequency cutting machine
[12,13]. In recent years, the power system blackout
accidents represented by South Australia ‘9.28” [14] and the
United Kingdom "8.9" [15] are all related to the frequency

instability caused by the lack of system inertia. When the
power system inertia magnitude is lower than the minimum
inertia demand, the power system frequency resilience
collapses, resulting in system operational safety and stability
problems. Therefore, it is of great significance to evaluate
the minimum inertia of the PEPS based on improving the
frequency characteristics of the system.

To compensate for the synchronous inertia possessed
by the replaced synchronous generator, current power
electronic-based power sources use frequency control
techniques to simulate the synchronous inertia of the
synchronous generator and provide a portion of the active
power support for the power system [16-20]. On the source
side of the power system, in the case of wind turbines, for
example, the inertial response is made possible mainly
through improvements to the converter or the addition of a
frequency control unit [16]. On the other hand, considering
that the wind turbine pitch angle adjustment ability is more
potent, the inertial response control method is often added
for active power modulation to alleviate the active power
imbalance of the system, thereby improving the frequency
safety and stability of the system operation [17]. For long-
distance power transmission across regions, the system
moment of inertia is split, so the system inertia of different
regions cannot be shared [18]. In response to this, virtual
synchronization technology is used in HVDC transmission
[19, 20], and the inertia is provided by the DC capacitors in
the converter stations on both sides. The supporting
characteristics of the virtual inertia provided are similar to



those of the synchronous machine, which essentially realizes
the function of primary FR active power modulation. The
virtual inertia of the power electronic power supply makes
the FR resources of the PEPS present a trend of
diversification, and the primary FR capability is greatly
improved.

However, due to the diversified development of
system inertia support sources, the need for minimum inertia
in power systems has changed accordingly. Therefore, the
evaluation of minimum inertia under multi-source
participation in FR in the PEPS needs urgent research in
response to the requirements for safe and stable frequency
operation. At present, there are relevant literatures to guide
the minimum inertia estimation of power systems, which are
mainly divided into two research directions. The first
research direction is to use the real-time monitoring device
to directly estimate the system inertia online, and collect the
inertia data in real-time through the power grid online
monitoring platform to grasp the inertia support capability
of the system under normal and fault conditions [21-23].
Based on the collected large-scale inertial measurement data,
the researchers use historical operating state experience to
estimate the minimum inertia of the system. In [21], a
synchrophasor measurement unit (PMU) is proposed to add
to the bulk power grid transmission system and divide the
power grid into different regions. According to the split
power generation area, the inertia estimation is carried out at
the regional level. Finally, the data is integrated and the
overall inertia of the grid is estimated for the entire network.
Given the safety requirements of phase angle operation
under the high penetration rate of new energy sources, it is
pointed out that the inertia can be estimated online through
the PMU phase angle measurement data [22]. In addition,
considering the error problem caused by the phase step, the
aggregate inertia of the system is evaluated based on the law
of conservation of angular momentum [23]. This study
analyzes the flaws of PMUs for online inertia estimation and
analyzes the system inertia in terms of the collected
frequency variation. However, the calculation ideas in [21-
23] are all based on the use of existing fixed grid
architectures and data capture devices for calculation and
evaluation. When the physical architecture of the grid is
significantly altered from the traditional original architecture,
or when the proportional approach to the combination of FR
resources in the PEPS is unclear, the above methods for
assessing and predicting inertia are not applicable.

Aiming at the problem of online monitoring of power
system inertia in situation prediction, the second research
direction of minimum inertia estimation is to estimate the
minimum inertia of the system based on the frequency
change characteristics. This research direction is based on
the model analysis method, focusing on the analysis and
prediction of the system inertia under the uncertain unit
combination mode. In [24], it carried out the multi-machine
aggregation of wind farms. The equivalent virtual inertia
magnitude is estimated based on an improved frequency
response model for wind turbine participation in the system
with frequency regulation. However, this study only
considers the wind farm station level, and cannot reflect the
equivalent inertia situation of the power system under the
diversified FR of asynchronous power sources. Based on the
energy architecture environment with a high proportion of
asynchronous power grids connected to the grid, a

synchronous inertia constraint economic scheduling
algorithm is proposed based on the RoCoF and frequency
deviation constraints, and the minimum inertia demand of
the system is calculated [25]. The optimization objective of
this study is the financial cost of dispatching, so the critical
inertia index is not the same as the frequency safety
constraint, so it is not suitable for the minimum inertia
estimation that only considers the frequency safety feature.
In [26], considering the inertia drop problem caused by the
decoupling characteristics of wind power converters, the
minimum inertia of the system is quantitatively analyzed by
the established system frequency response model under the
condition of considering the minimum frequency constraint
and the frequency change rate. However, this study only
evaluates the minimum inertia for the power grid with fixed
FR resources. It does not propose to optimize the minimum
inertia demand under the consideration of frequency safety
constraints. The model analysis method adopted in [24-26]
can be used in the current PEPS with diversified FR
resources. However, the FR resources models constructed in
the above studies do not have the characteristics of the PEPS
with multi-link interaction adjustment, and cannot achieve
the minimum inertia evaluation under the participation of
multiple FR resources in FR.

Given the above problems, this paper considers a
PEPS FR control mode under the combined FR of thermal
power, wind power, and HVDC transmission. The minimum
inertia optimization adjustment strategy is considered in the
minimum inertia estimation with the frequency operation
safety characteristic as the constraint index. The rest of the
paper is organized as follows. The second part establishes an
improved frequency response model of the multi-machine
system and quantitatively analyzes the frequency
characteristics. The third part introduces the solution method
of the theoretical inertia of each FR unit and proposes the
solution method of the calculated inertia based on the
frequency change rate. The fourth section describes the
minimum inertia estimation method proposed in this paper.
The fifth part is the simulation verification result based on
MATLAB/Simulink and PSD/BPA platform. Section six
concludes the article.

2. QUANTITATIVE ANALYSIS OF FREQUENCY
CHARACTERISTICS OF THE POWER SYSTEM
UNDER MULTI-RESOURCE FR

2.1. Power System Frequency Response Model

American scholar P. M. Anderson proposed the
System Response Model (SFR) in 1990 [27], which reflects
the power balance relationship between the source side and
the load ends of the power system. With the development of
PEPSs, the trend of multi-resource participation in joint FR
ie power systems has become more prominent. The
diversification of FR resources makes the single-machine
equivalent SFR model unable to meet the quantitative
analysis goals of the system. For bulk power grids, the
multi-machine SFR model is used in this paper to reflect the
frequency characteristics of the power system under multi-
resource joint FR, as shown in Fig. 1.

Fupi is the work ratio of the high-pressure cylinder of
the im thermal power generator, Tyy; is the reheating time
constant of the iy thermal power generator, 7g; is the time
constant of the governor of the in thermal power generator,
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Ty 1S the time constant of the steam box of the i thermal
power generator, and R; is the adjustment coefficient of the
governor of the in thermal power generator; ky, is the
inertia response coefficient of the g wind turbine, &, is the
primary FR coefficient of the qw wind turbine, Tg, is the
response time constant of the gu wind turbine pitch angle
change, and T,q is the rotor inertia response time constant of
the g wind turbine; ¢; is the droop control coefficient of the
jm HVDC transmission, Tpgj is the inertia link time constant
of the jw HVDC transmission; APy, APpc and APy are the
variation of active power of traditional thermal power FR
unit, HYDC FR unit and wind turbine FR unit respectively;
Pr+ Ppc and p,.. are the FR coefficients of traditional
thermal power FR units, HYDC FR units, and wind turbine
FR units, respectively, that is, the ratio of the FR active
power of each FR unit to the total FR active power; Af(s) is
the frequency variation; AP;(s) is the load active power
disturbance ; H,, and Dy, are the equivalent time constant
and damping coefficient of the system, respectively; s is the
frequency domain differential operator.
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Fig. 1 Frequency response model of the multi-machine
system
2.2. Quantitative Analysis of Frequency
Characteristics of Power System

This section establishes the rotor motion equation
according to the frequency response model of the multi-
machine system in Section 2.1, and quantitatively analyzes
the frequency variation of the power system under the unit
active power disturbance through the rotor motion equation,
that is, quantitatively analyzes the power system frequency
characteristic transfer function. The frequency characteristic
of the power system is calculated based on the frequency
characteristic transfer function. It can be seen from Fig. 1
that when the load active power disturbance occurs in the
power system, the equation of motion of the system rotor is:

2H,, 950 D, A1 () =-AR. 0~ AP (0~ AP ()~ AR () (1)

sys

Converting (1) into frequency domain form using the
Laplace transform formula:

[-AP_(5) — APy (S) — APoc (5) — AR (5)] - =Af(s)(2)

2H s+ D,

sys

According to (2), when multiple resources participate
in FR, the frequency variation of the power system is related
to the FR power of each FR unit, the power disturbance of
the load, the system equivalent inertia time constant, and the
equivalent damping. Among them, the FR active power of
each FR unit depends on the FR control strategy of the
power system, and the equivalent inertia of the PEPS is
related to the FR control strategy. Therefore, it is necessary
to analyze the influence of specific FR control parameters
on the frequency characteristics of the power system, and
then quantitatively analyze the relationship between inertia
and frequency characteristics.

To characterize the influence of each FR unit on the
frequency characteristics of the power system, (2) can be
expressed as:

AR() =y AT (5) = poc B AT ()= e CAT(S)

= (2H, s+ Dy, ) Af (s)

sys

where A, B, and C are polynomials with respect to the
frequency-domain differential operators and meet the
conditions:
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In order to investigate the frequency variation of the
power system under power disturbance, the frequency
characteristic transfer function of the power system Ggys(S) is
defined as:

Af (S)

Gsys (S) = —APL (S)

©)

From (4) and (5), the frequency characteristic
transfer function of the power system under multi-resource
FR can be obtained:

6. (9 A6 _ 1
i _APL (S) Pr A+ Poc B+ Puwr C+ 2HsysS + Dsys

(6)

The initial RoCoF, Sy, which is calculated by the
initial value theorem (Equation (7)) when the power system
is disturbed by active power under multi-resource FR, is
shown in (8):

daf(t) _ —AP
5, =tin = msat (9= im 6, () 4 0
—AP,
Sp s =
0_sys 2H (8)

sys

where Sg s i the per-unit value of the initial RoCoF of the
system.



According to (8), when the power system is subjected
to a certain amount of active power disturbance (the active
power imbalance between the source side and the load side
is known), the absolute value of the system’s initial RoCoF
is inversely proportional to the system equivalent inertia.
Different from the classical SFR model that only considers
the primary FR of thermal power, the equivalent inertia of
the traditional model is only related to the inertia time
constant of the thermal power unit in the system. However,
the equivalent inertia of the PEPS also involves the virtual
inertia provided by the power electronic power supply,
which will be analyzed in Chapter 3.

The final value theorem (Equation (9)) is used to
calculate the steady-state frequency deviation of the power
system under this FR strategy, and the result is shown in
(10):

. AP
Af =lims-Gg, (s)- 5 L 9
Af s N N =il N,
- G 1 DC 'WF (10)
Pr 'Z;E'i'pDc 'Z;,aj + Pwr 'Z;,kpfq + Dsys
i=1 0 = q=

where Afss g5 IS the steady-state frequency deviation of the
power system. Assuming that the FR units of the same type
of FR units have the same capacity, and the multi-machine
system frequency response models are aggregated into an
equivalent system frequency response model, (10) can be
transformed into:

—AP,

— L
Afssfsys - N (ll)

Pr '?G"'poc “aNpe + P Ko Ny + Dy

where R, a, and ks are the equivalent differential adjustment
coefficient of the governor of the thermal power generator,
the droop coefficient of HVDC transmission, and the
primary frequency adjustment coefficient of the wind
turbine under the aggregation of the multi-machine model,
and the parameters satisfy:

1 1 Ng 1 1 Npc 1 Nue
—=— N = a= “NMa, k,=— > k., (12
R N TR Npe Z PO Ny z (12

i =t 9=1

Assuming that all power generation units in a certain
system participate in FR, the relationship between the
absolute value of steady-state frequency deviation and the
active power disturbance of the load and the FR coefficient
of traditional thermal power is drawn based on (11), as
shown in Fig. 2. The parameter settings are as following:
Ne=Npc=Nwr =1, R=0.05, p,,.=0.2, 0=8, kpi=20, Dss=2, and

PrYPpctPwr=1

|af, | (H2)

100

Fig. 2 Steady-state frequency characteristic factor influence
diagram

According to (11), assuming that the rated capacity
of the same type of FR units is the same when the frequency
of the power system tends to be stable, the steady-state
frequency deviation is related to the FR control parameters,
the FR coefficient and the number of FR units, which is
irrelated to the equivalent time constant of inertia of the
system. However, it can be seen from Fig. 2 that when all
units participate in FR, the larger the active power
disturbance of the load and the traditional thermal power FR
coefficient, the larger the absolute value of the steady-state
frequency deviation and the more unstable the steady-state
frequency characteristics, that is, the support ability of
equivalent inertial of the system is worse. Therefore, under
the actual power grid operation, different FR coefficients (o,
Ppcr and p,. are different) determine the connection of FR
units of various capacities, resulting in various system
equivalent FR capacities and thus other system equivalent
inertias. Therefore, the inertia research of the power system
needs to combine the multi-resources to participate in the
analysis of the frequency characteristics of the power system
under FR.

3. INERTIA THEORY CONSIDERING FREQUENCY
RESPONSE CHARACTERISTICS

The inertia of the power system is manifested as a
resistance to the imbalance between the active power
support and the load power demand caused by external
power disturbances, preventing the large fluctuation of the
grid frequency. It is an essential guarantee for maintaining
the system’s frequency stability. Because of the complexity
of the frequency response characteristics of the power
system under multi-resource participation in FR, the system
inertia is expressed in the form of energy.

3.1. Theoretical inertia

Inertia is defined as the ability of a power system to
resist frequency changes [28]. For a single generator, the
theoretical value of inertia represents the rotor Kinetic
energy of the generator at the rated angular speed, the unit is
MW:s, and the expression is:

Esi = HiS; :%‘]ia)r? (13)

where Egi, Hi, Si, Ji, an are the theoretical inertia value,
inertia time constant, capacity, rotational inertia, and rotor-
rated angular speed of the i generator, respectively.

In a multi-generator power system with only
conventional synchronous generator sets, the theoretical
value of the system equivalent inertia is the sum of the
generator inertias in the system:

EG :ZEGi :ZHiSi (14)
ieT ieT
where Eg is the equivalent theoretical inertia of the system,
and T is the set of conventional synchronous generators.

With the rapid development of PEPSs, the grid
connection of power electronic power sources makes the
level of inertia of the power system decrease continuously.
To deal with the instability of the system frequency caused
by the reduction of the inertia level, the new energy adopts
the virtual inertia control technology, and the HVDC

4



transmission line adopts the virtual synchronous machine
control technology. Therefore, the equivalent inertia of the
PEPS under the multi-resource participation in FR is
provided by the synchronous inertia of the synchronous
generator and the virtual inertia of the new energy and
HVDC transmission. The theoretical value of the equivalent
inertia of the PEPS is shown in (15):

E =Er + By + Ervoc
Npc (15)

= z HR|SR|ZR| + Z HWFq WFq WFq z HDCjSDCjZDCj
j=1

where Err, Hri, Sri, and Zg; are the inertia of traditional
thermal power, the inertia time constant, capacity, and start-
stop status of the im thermal power unit; Ewr, Hwrg, Swrq,
and Zwrq are the virtual inertia provided by the new energy
wind turbine, the virtual inertia time constant, capacity and
start-stop status of the g typhoon wind turbine; Exvoc, Hogj,
Socj, and Zpgj are the inertia provided by the HVDC virtual
synchronous machine, the inertia time constant of the jun
HVDC virtual synchronous machine, DC converter station
capacity, and start-stop status.

From (15), the equivalent inertia time constant of the
PEPS can be obtained as:

Nue Npc

Z HRlsRlle + Z HWFq WFqZWFq + Z HDC]SDC]ZDCJ
Hy. = - (16)

Npc

ZSRlle + ZSWFq wrg T ZSDCjZDC]

3.2. Calculated inertia

When the power system is disturbed by the active
power of the load, the traditional synchronous generator set,
the wind generator set using the inertial response control
technology, and the HVDC virtual synchronous generator
converter station release energy to compensate for the power
imbalance between the power grid source and the load.
Taking a single generator ¢ as an example, the calculated
inertia based on the frequency response characteristics is

. H s a)ZAP a)nz( -P,)
Ce T eTe T da); - da)g a7
2a)§ 20 o,
dt dt

where Eccis the calculated inertia value of generator £ ax is
the rated angular frequency; wc is the angular frequency of
generator ¢; AP, is the vacancy of the active power of
generator ¢ Pm¢ is the mechanical power of generator £ Pec
is the electromagnetic power of generator ¢
Extending the calculated inertia of a single generator
to a new type of power system with multiple generators (an
= wJ[29], the equivalent calculated inertia of the power
system is expressed as
f, AP
- HCsysSsys - zd—fsys (18)
dt

E

Csys

where Ecsys is the equivalent calculated inertia value of the
power system; S is the sum of the capacity of the power
system; AP is the vacancy of the active power of the entire
power system; fys is the frequency at the moment when a
certain node disturbance occurs. Where,

NWF N DC

ZSRIZRI +ZS\NFq WFq +ZSDCJZDCJ (19)

From (18), it can be seen that the inertia estimation
needs to collect the initial RoCoF of a certain system node at
the time of disturbance. Therefore, an inaccurate
measurement of the RoCoF at the time of acquisition will
lead to an increase in inertia estimation error. On the other
hand, due to the inconsistent time scale of inertia response
and primary FR, the data measurement error of a single time
node is large.

To reduce the calculation error of inertia estimation,
the data processing technology based on the sliding window
is adopted when calculating the inertia of the power system.
When the primary FR is involved, the unbalance of the
active power between the source side and the load side of
the grid is compensated by the inertia response and the
primary FR response simultaneously. By sampling data
parameters at two different times, the traditional method of
evaluating the RoCoF of a single node is replaced. t; is the
time point when the disturbance occurs, and t, is the
sampling time point. Since the inertia values of the power
system at different sampling times t, are different, an
equivalent inertia curve of the power system that changes
with the sampling time can be drawn. Based on the sliding
window technology, the time interval with the smallest
fluctuation on the curve is selected, and the sampling value
is calculated to obtain the average value of the time interval.
The inertia estimation results are as follows:

(E,., —E)
szz—tnz-f - (20)
19
E
- , ) tz,( ) =t, Csys (21)
minS° = min -
15
E _
L ZEe -
Csys '
1y

where E is the average value of inertia in the sampling
interval; v is the number of data in the sampling interval;
E, -, is the calculated inertia value when t; is equal to t, at
the sampling time; 7 is the initial sampling time of the
current time interval; Ec,"is the equivalent inertia value of
the system; v'is the number of valid sampling time interval
data.

4. MINIMUM INERTIA ESTIMATION OF POWER
SYSTEM CONSIDERING FREQUENCY
RESPONSE CHARACTERISTICS

The frequency characteristics of the PEPS under the
multi-resource participation in FR directly reflect the
support capability of its synchronous inertia and
asynchronous inertia. This section introduces the minimum
inertia estimation method under the constraint of the RoCoF
and frequency deviation and considers the optimization
measures of FR control parameters to reduce the minimum
inertia demand of the system. The final minimum inertia of
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the power system is obtained taking into account the
frequency response characteristics.
4.1. Minimum inertia estimation considering
RoCoF constraint

The maximum RoCoF should be used as the
parameter benchmark if the RoCoF does not exceed a
certain critical value after the power system is disturbed.

According to (1), when the active power is
unbalanced, there is no frequency deviation in the power
system at this moment because it is at the moment of
disturbance. The frequency variation of the power system
depends on the system’s equivalent inertia time constant and
the active power disturbance.

The minimum inertia of the power system based on
RoCoF constraint is

AP
Hmin 0CoF — - 23
ReCF 2RoCoF, )

It means that when the system is subjected to the
maximum active power disturbance APmax, in order to make
the central RoCoF not exceed the critical value ROCOFmax,
the inertia of the system after the disturbance must not be
smaller than Hpmin.

Since the maximum RoCoF is the initial RoCoF, (23)
can be expressed as

AP
HminfRoCoF = ZSi (24)

0_sys

Then the minimum inertia estimation value under the
actual power system is
H . 50-AP_, _ 25AP,.,

min_RoCoF
- 25

(25)

0_sys SO _Sys

According to (24), it can be known that the greater
the active power imbalance between the source side and the
load side, or the smaller RoCoFmax, the greater the minimum
inertia constraint of the power system, and the smaller the
system inertia. From (25), the relationship between the
minimum inertia demand of the power system and the
magnitude of the active power disturbance and the initial
RoCoF can be obtained, as shown in Fig. 3.

Hin_ rocor (5)

1
0.2 0.8
0.15 06 ¢ %(9-“)
. A
0.1 0a (ROCO ¢ 3

R (b, 0.05 ot
Ccon®
Fig. 3 Minimum inertia requirement under RoCoF
constraints

4.2. Minimum inertia estimation considering

frequency deviation constraints

The frequency characteristics of power systems
under various power grid architectures are different.
Therefore, in order to prevent large power outages caused
by Under Frequency Load Shedding (UFLS) actions when
the power grid is subjected to large disturbances, the system
inertia support capability needs to consider the power grid
frequency characteristics under multi-resource participation
in FR. Taking China's power grid as an example, when
traditional thermal power, wind turbines, and HVDC
transmission jointly participate in FR, the lowest point of the
grid frequency must not be lower than the action value of
UFLS in the third defense line of the power grid, that is, the
absolute value of the maximum frequency deviation Afmax Of
the power system under the multi-resource participation FR
does not exceed 1 Hz (abnormal operation state). When the
frequency curve tends to be stable, the steady-state
frequency characteristics reflect the system inertia
characteristics during normal operation in the later stage of
FR, and the absolute value of the grid steady-state frequency
deviation Afs should not exceed 0.2 Hz. Therefore, the
minimum inertia of the power system considering the
frequency deviation constraint can take the larger value of
the minimum inertia that meets the above two conditions:

Hii = max {Hpioe Hie | (26)
When the power grid under safe and stable operation
is disturbed later, the influence of the spatial distribution
characteristics of the power grid is weakened. Therefore,
based on the classical SFR model, the frequency response
model of the power grid under the multi-resource
participation FR is established, and the equivalent inertia of
the power system under the constraint of the maximum
frequency deviation is quantitatively studied. According to
the principle of aggregation equivalence, the frequency
response model of the multi-machine system in Fig. 1 is
aggregated and equivalent. Fig. 4 is the frequency response
model of the power system under the condition of multi-
resource participation in FR after equivalence.
{AR.(9)}

Af (s)}
oy (AP} __ {
) 2H s+ Dy
Traditional thermal power FR unit
AR, e 1+ FpTeys

@+Tes)A+ T, S)A+ Ty S)R

Wind turbine FR unit

ARy . Ko TpS7 + (kg + KT, ) 4K
TmTﬁs2 +(T,+T,)s+1
HVDC FR unit
APy a
—— Poc e
14T,

Fig. 4 Equivalent system frequency response model
Using the principle of aggregation equivalence, the
parameters of each FR unit meet:

Ny
1 §J¢i ‘S,
J= @7)
[4 S
i
i=1

where J represents the equivalent parameter factor after
system aggregation; ¢ represents the category of FR units,
6



including traditional thermal power, wind power, and
HVDC transmission; Ny represents the number of units
corresponding to the category of FR units; J4 is the
parameter of the in ¢ -FR unit before aggregation; S is the
capacity of the in ¢ -FR unit before the aggregation.

The traditional power system only considers the
primary FR of thermal power, and its internal power
electronic power supply does not participate in the primary
FR. Therefore, the traditional analysis method of frequency
characteristics based on the improved SFR model considers
that the system equivalent inertia time constant is only
related to the primary FR of thermal power, and has nothing
to do with the combination of system FR resources.
However, compared with the different sources of inertia in
traditional power systems, the diversification of FR
resources enables power electronic power supplies to
participate in FR and provide certain virtual inertia support,
and the capacity of the units participating in FR affects the
equivalent inertia of the system in real-time.

Fig. 5 is the frequency curve under different
parameter combinations, in which the active power
disturbance of the load is set as AP_ = 0.06 p.u., and the
other parameters are shown in the attached Tab A. It can be
seen from Fig. 5(a) that when the influence of the unit
combination mode on the equivalent inertia of the power
system is not considered and the thermal power FR
coefficient is unchanged, the increase of the wind power FR
coefficient makes the time tmax for the power system to reach
the maximum frequency deviation earlier. It can be seen
from Fig. 5(b) that when the equivalent inertia of the system
and the thermal power FR coefficient are changed in the
same direction, the increase of the wind power FR
coefficient also makes the time tmax Of the maximum
deviation of the system arrival frequency earlier. Still, the
frequency characteristics of the two are pretty different.
Therefore, the inertia estimation considering the FR
constraint under the PEPS needs to consider the influence of
the FR output of each FR unit on the equivalent inertia of
the system.

4.3. Source-load-side response measures to deal
with insufficient minimum inertia of the system

According to (1), the frequency characteristics of the
power system under the multi-resource participation in FR
depend on the equivalent inertia time constant of the system,
the system equivalent load damping coefficient, the
disturbance of the active power of the load, the primary FR
power of conventional units and the FR active power of
other FR units. Therefore, for the estimation of the
minimum inertia of the PEPS considering the frequency
characteristics, if the system inertia is insufficient (the sum
of the system synchronous inertia and the virtual inertia is
less than the minimum inertia requirement), in addition to
increasing the system equivalent inertia time constant, it can
also reduce the maximum disturbance of active power, the
conventional primary FR control parameters, power
electronic power supply FR control parameter, and adjust
frequency constraints, as shown in Fig. 6.
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I
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3
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Fig. 5 System frequency characteristic curves: (a) The
relationship between the equivalent inertia and the unit
combination is not considered, (b) The equivalent inertia of
the system and the thermal power FR coefficient change in
the same direction

Increase in system inertia

Reduction in the demand for minimum inertia
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Receiving-end units reduce
active power

Increase frequency
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FM unit A A
Adjust frequency Reduces active power
T constraints disturbance
?
Increase system dAf (t)
inel’ti);S ZHSYS dt + DMM (t) = —AP_(t) — AP, (t) — APy (t) — AR (1)
! v v
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Maintain V =’
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synchronous inertia
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inertia

Improve load damping regulation capability of

| active power synchronous units

| modulation effect Power electronic type power

| supply participates in frequency
| regulation

Fig. 6 Measures for insufficient minimum inertia of the
system
4.3.1 Increase in system inertia

The penetration rate of new energy in traditional
power systems is low, and the inertia in the system is mainly
provided by synchronous generators and is relatively
abundant. When the inertia of the traditional power system
is insufficient, the system inertia level can be improved by
adding synchronous units, and the grid-connected new
energy units have almost no FR capability. However, the
penetration rate of power electronic power sources
represented by new energy and HVDC transmission in the
PEPS under the dual-carbon goal is gradually increasing,
and the inertia support capacity under the traditional FR
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method can no longer meet the needs of operational safety.
Therefore, based on maintaining the traditional inertia, it is
necessary to combine the synchronous inertia with the
virtual inertia of the power electronic type power supply.

In terms of maintaining the synchronous inertia, it is
possible to add a synchronous condenser based on the
current grid-connected traditional synchronous generator or
change a retired thermal power plant to a synchronous
condenser, and it is necessary to consider the economic
factors of grid operation. In terms of increasing virtual
inertia, it is mainly divided into voltage source type and
current source type. The current source type has a simple
structure but has a short delay (100 ms). The voltage source
virtual inertia has a complex structure and high cost, but it
can provide inertia support without delay. Therefore,
considering factors such as operating communication delay
and safety, current researchers are more inclined to increase
the virtual inertia of the voltage source type. The penetration
rate of power electronic power sources has increased, and in
theory, power electronic power sources can completely
replace traditional synchronous generators. Compared with
the traditional synchronous inertia single support mode, the
inertia support research of multi-resource participation in FR
of the PEPS can be traced back to the change in the
penetration rate of each FR unit. Therefore, according to the
operating environment and operating requirements of the
power grid in different regions, the minimum inertia of the
power grid can be directly improved according to the
combined adjustment of the penetration rate of multiple
resources.

4.3.2 Reduction in the maximum disturbance of active
power

This section takes the constraint on the initial RoCoF
as an example. According to Section 4.1, it can be known
that the demand for minimum inertia of the power system is
proportional to the maximum disturbance of active power.
Therefore, reducing the maximum disturbance of active
power can reduce the demand for the minimum inertia, thus
meeting the grid's demand for the system's support
capability of equivalent inertia. The minimum inertia and
maximum disturbance of active power are shown in Fig. 7.
According to Fig. 7, it can be seen that when the constraint
on the initial RoCoF is constant, if the maximum active
power disturbance increases, the demand for minimum
inertia of the system decreases. Therefore, when the
minimum inertia of the system is insufficient, the maximum

active power disturbance of the power grid can be reduced.
0.2 T T T T T

0.15 F
S
2
— 0.1F _
E
T
0.05 |- RoCoFmax=1 Hz/s B
RoCoFmax=0.9 Hz/s
RoCoFmax=0.8 Hz/s
0 ! L L ! L
0 0.05 0.1 0.15 0.2 0.25 0.3

AP/ (p.u.)

Fig. 7 The relationship between the minimum inertia and the
maximum active power disturbance APmay Of the power
system
4.3.3 Adjustment of the primary FR control parameters
The frequency characteristics of the power system
under multi-resource participation in FR reflect the
compensation ability of the system’s equivalent inertia to
the unbalanced active power between the source side and the
load side. According to (6), the frequency expression of the
power system can be obtained as:
_APL(S)

Af(s) =
Pr A+ Poc * B+ Puwr 'C+2Hsyss+ Dsys

(28)

From (4), it can be known that the polynomials A, B,
and C do not contain the system equivalent damping
coefficient Dgs, but the polynomial A contains the
adjustment coefficient R, then the partial derivative of the
frequency is obtained:

OAf(s) AP, (s)
oD (pR A+ Poc B+ Pk -C+ 2Hsyss + Dsys)2

(29)

OAf (s) _oAf(s) oA _
oR 0A OR
pr - AP (5) .NZG_(1+TGis)(1+TCHiS)(1+TRHis)(1+ FaeiTreiS) | (30)
U = [+ TiS) L+ TeS) A+ TrS)R I
(Pr - A+ poc - B+ pye -C+2H s+ Dsys)2

From (28) (29) (30) can know that the power system
frequency is related to the system equivalent damping and
adjustment coefficient, and the power system frequency
variation can be determined by the system equivalent
damping and adjustment coefficient.

Taking the steady-state frequency deviation
constraint as an example, the partial derivative of (11) can
be obtained:

aAfss_sys _ _pRNG AI:)L
oR N z
R? pR-?G+pDC~a-NDC+ (31)

pWF : kpf : NWF + Dsys
aAfss_sys AF)L

oD, N 2
” pR'?G"'pDc'a'NDc"' (32)

pWF : kpf : NWF + Dsys

According to (31) and (32), it can be known that
since AP >0 is set in this paper, then 0Afss s/OR<0, and
OAfss sys/ODsys>0.  Therefore, increasing the adjustment
coefficient R and the system equivalent damping coefficient
Dsys is beneficial to reduce the steady-state frequency error,
thereby improving the system frequency stability. As shown
in Fig. 8, it is the factor diagram of the conventional primary
frequency modulation of the power system when the
minimum inertia is insufficient.
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Fig. 8 Diagram of conventional primary FR factors of
power system when the minimum inertia is insufficient

The FR capability of the synchronous unit and the
response characteristics of the load ensure the balance of
active power at both ends of the source side and the load
side in the conventional sense, and its essence provides
certain inertia support for the damping of the synchronous
unit and the load end, thereby improving the FR capability
of the power system. Therefore, the problem of insufficient
minimum inertia of the power grid can be solved by
adjusting the adjustment coefficient R of the synchronous
unit and the system equivalent load damping Dsys.

4.3.4 Adjustment of the parameters of power electronic
power supply FR control

The power electronic power supply participates in the
FR of the power system by adding additional frequency
control links. Therefore, it is helpful to analyze the FR
control measures when the system inertia is insufficient
under the multi-resource participation in FR by examining
the related additional frequency control coefficients of new
energy wind turbines and HVDC transmission.

Section 4.3.3 proposes that the steady-state
characteristics of frequency can directly reflect the influence
of the power system FR control parameters on the system
frequency characteristics. Taking the steady-state frequency
deviation constraint as an example, the partial derivative of
(11) is obtained. The quantitative relationship between the
primary FR coefficient of the wind turbines, the droop
coefficient of HVDC transmission, and the frequency
characteristics is investigated:

aAfss_SyS _ Pwe NWF 'APL
oK N *(33)
o (pR'?G-’—pDC'a'NDCJFANF'kpf'NWF+Dsys)
6Afss_sys _ pDC NDC i AI:)L
- * (34)

ox N
(pR '?G‘FPDC - Npe + gy 'kpf “Nye + Dsysj

In this paper, it is assumed that the active power
disturbance satisfies the condition AP >0. According to (33)
and (34), it can be known that OAfs ss/0kpr >0 and
OAfss sys/00>0. That is to say, increasing the primary FR
coefficient kpr of the wind turbine or the drooping coefficient

a of the HVDC transmission can improve the frequency
steady-state characteristics of the power system.

The influence of FR control parameters of the power
electronic power supply on the frequency characteristics of
the system is shown in Fig. 9(AP.=0.1 p.u., Dss=0, R=0.05,
Hsys=2.445 s).
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Fig. 9 Primary FR characteristics of power electronic power
supply: (a) the effect of kg on frequency characteristics, (b)
the effect of a on frequency characteristics

It can be seen from Fig. 9(a) that the larger the
primary FR coefficient ko of the wind turbine (the active
power of the primary FR of the wind turbine increases, and
the capability of primary FR is improved), the smaller the
absolute value of the maximum frequency deviation and the
steady-state frequency deviation. That is, the FR coefficient
kot and the grid frequency is positively correlated. In Fig.
9(b), it can be seen that with the increase of the droop
coefficient of flexible HVDC transmission (the increase of
the primary FR active power of HVDC transmission), the
absolute value of the maximum frequency deviation and the
steady-state frequency deviation will be smaller. That is, the
FR coefficient o is positively related to the frequency
stability of the power grid.

To sum up, when the demand for the minimum
inertia of the power grid is insufficient, the frequency
characteristics (maximum frequency deviation, steady-state
frequency deviation) reach the critical value, then the FR
regulation coefficient kg of the wind turbine and the droop
coefficient a of the HVDC transmission can be increased to
improve the stable characteristics of the grid frequency,




thereby reducing the demand for minimum inertia in the
power system.
4.3.5 Adjustment of the frequency constraints

Taking into account the frequency constraints, the
power system considers the safety range of frequency
characteristics under the participation of multiple resources
in FR to prevent circuit breaker action. When the frequency
characteristics of the power grid exceed the limit, that is,
exceed the preset action value of the circuit breaker, the
problem of insufficient system inertia support capacity
occurs at this time. By adjusting the frequency constraints,
that is, relaxing the constraint of RoCoF, the constraint of
maximum frequency deviation, or the constraint of steady-
state frequency deviation, the minimum inertia requirement
of the system can be reduced.

The frequency safety domain is defined as the region
where the absolute value of the frequency deviation is less
than the absolute value of the corresponding point on the
frequency curve. It can be seen from Fig. 10 that the
frequency characteristics of region 1 and region 2 are
different, and region 1 can be regarded as the situation after
region 2 has relaxed the frequency constraint. When there is
insufficient demand for inertia in region 2, the frequency
constraint can be relaxed, that is, the constraint of RoCoF,
the constraint of maximum frequency deviation, or the
constraint of steady-state frequency deviation can be added.
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Fig. 10 Primary FR characteristics of power electronic
power supply

After the frequency constraints are relaxed, the
maximum RoCoF, the maximum frequency deviation, and
the absolute value of the steady-state frequency deviation of
the system corresponding to domain 1 are larger than those
of domain 2, that is, the frequency safety margin of domain
1 is higher.

Taking the constraint of change of frequency as an
example, European countries are gradually relaxing the anti-
islanding protection threshold of distributed power
generation in response to the problem of insufficient inertia
in the power system. For example, the UK and Ireland grids
have relaxed the anti-islanding thresholds from 0.125 Hz/s
and 0.5 Hz/s to 0.5 Hz/s and 1 Hz/s. Combined with Fig. 3,
the relationship between the demand for minimum inertia of
the power system and the constraint of RoCoF is shown in
Fig. 11(AP.=0.1 p.u., Ds,s=0, R=0.05).
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Fig. 11 The relationship between the demand for minimum
inertia of the system and the constraint on the RoCoF

According to Fig. 11, it can be seen that with the
relaxation of the constraint of RoCoF, the demand for
minimum inertia of the system decreases, and the constraint
of RoCoF has a nonlinear inverse proportional relationship
with the system minimum inertia.

To sum up, based on satisfying the operation safety
of the power system, relaxing the constraint of frequency
deviation can effectively solve the problem of insufficient
system inertia.

4.4. Process of minimum inertia estimation of
power system

The estimation of the demand for minimum inertia
under different time scales is various. Therefore, according
to the transient operation characteristics of the power system,
the minimum inertia estimation time scale of the power
system under the multi-resource participation FR is divided
into a short-time estimation scale and a long-term estimation
scale. Using the improved multi-machine SFR model, the
source side-load side active power imbalance is defined as
the maximum active power disturbance of the system,
AP =APma. Considering the influence of FR resources on
the frequency characteristics of the power system, the FR
control parameters of different FR units are optimized to
improve the frequency stability and also increase the
minimum inertia adjustment margin of the system. The main
steps are as follows:

1) Calculate the minimum inertia of the power
system based on the improved frequency response
model of the multi-machine system and the preset
constraint of RoOCoF, Hmin_rocor.

2) According to the calculated characteristics of
system frequency, it is judged whether the
constraint of change of the frequency is met. If the
frequency change constraints are not met, go to
step 3; if so, go to step 8.

3) Reduce the maximum active power disturbance of
the power system, so that the maximum frequency
deviation meets the constraint of the maximum
frequency deviation, APmax.

4) Calculate the demand for minimum inertia of the
system according to the preset constraint of
maximum frequency deviation, Hi{“‘:"’*.

5) Determine whether the time scale of the minimum
inertia estimation is a long-term estimation scale.
If the estimation scale is a long time scale, go to
step 6, if not, skip to step 8.
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6) Reduce the maximum active power disturbance of
the power system, so that the maximum frequency
deviation meets the constraint of the maximum
frequency deviation, APmax.

7) Calculate the demand for minimum inertia of the
system according to the preset constraint of

steady-state frequency deviation Hifm

8) The primary FR control parameters are optimized
and adjusted, including the governor differential
adjustment coefficient R, the system equivalent
damping Dsys, the primary FR coefficient kg of
wind turbines, and the droop coefficient of the
HVDC transmission a.

9) According to the frequency response model of the
multi-machine system after parameter
optimization, the minimum inertia of the system
Hmin is simulated and calculated.

The following Fig. 12 shows the minimum inertia
estimation process of the power system under the multi-
resource participation FR proposed in this paper:

Calculate the minimum inertia based on the
frequency change rate constraint: H ;. zocor

Does it meet the constraint of
frequency variation?

N

Reduce the maximum active power disturbance of
the power system: AP,

Calculate the minimum inertia based on the

maximum frequency deviation constraint: Hrﬁigax

Is it a long-term evaluation scale?

Y

Reduce the maximum active power disturbance of
the power system: AP ax

Calculate the minimum inertia based on the
steady-state frequency deviation constraint:H .=

IAdjust and optimize the primary frequency|
modulation control parameters of the power system |

Minimum inertia of power system

End

Fig. 12 Minimum inertia estimation process of power
system

5. CASE STUDY

To verify the feasibility of the PEPS minimum inertia
estimation method considering multi-resource participation
in FR proposed in this paper, the PSD-BPA simulation
platform is used to analyze the frequency transient stability
of the IEEE 10-machine 39-node system.

Based on the existing standard power flow data, the
original synchronous generators of BUS 32 and BUS 34
nodes were replaced by equivalent wind farm groups with
440 and 400 double-fed wind turbines respectively. Among
them, the model and parameter settings of the replaced
double-fed wind turbine are the same: the rated capacity of
the double-fed wind turbine is 1.6 MVA, the rated power is
1.5 MW, and the reference voltage is 0.69 kV. In addition,
the BUS 1 and BUS 2 bus PQ nodes in the original 10-
machine 39-node system were replaced with flexible DC
transmission nodes, that is, the original BUS 1-BUS 2 line
was replaced with a flexible HVDC transmission line, and
the BUS 1 converter station was set as a balance station. The
network topology diagram of the improved IEEE 10-
machine 39-node system is shown in Fig. 13.

G
i L 25 26

(G Thermal power

(Y) Wind turbine

— HvDC

A
Fig. 13 IEEE 10-machine 39-node power system network
topology

In Fig. 13, the total assembly capacity of various
types of power supplies in the system is 84266 MW-s, with a
total capacity of 4609.65 MVA, and a multi-line load
shedding accident occurs when 0s is set. Among them, BUS
31, BUS 33, BUS 35, BUS 36, BUS 37, BUS 38, and BUS
39 cut loads of 20 MW, 35 MW, 40 MW, 20 MW, 10 MW,
20 MW, and 35 MW respectively, with a total of 180MW.

5.1. Validation of the inertia theory

The equivalent inertia time constant of the power
system directly affects the frequency response
characteristics of the power grid. Therefore, this section
studies the traditional system inertia estimation theory and
the PEPS inertia theory.

According to (15) (16) (19), the equivalent inertia
time constant of the PEPS can be obtained as:

E, 84266 MW:s

~ 4609.65 MVA

Hye 5 =18.28s (35)

sys

In the traditional inertia estimation, only the FR
capability provided by synchronous generators such as
thermal power is considered, so the kinetic energy does not
consider the virtual inertia, and the equivalent inertia time
constant of the traditional power system is

. Eys _ 74090 MW:-s 16075 (30)
S 4609.65 MVA

sys

Based on the improved system frequency response
model established in Fig. 1, three scenarios for inertia
estimation and analysis are set up:
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Case 1: For the topology conditions described in Fig.
14, use the PSD-BPA platform to simulate.

Case 2: Inertia estimation of PEPSs. According to the
active power modulation power of the power flow, set the
FR coefficient of each FR unit: p,=0.77, p,,,,=0.13, p,, =0.1,
Hss=18.28 s. The other parameters are shown in Appendix
A

Case 3: Inertia estimation of conventional power
systems. The FR coefficient of each FR unit: p,=1,
Pwr=Ppc=0, Hss=16.07 s. The other parameters are shown
in Appendix A.

Use MATLAB/Simulink to simulate the second and
third cases, and compare them with the PSD-BPA
simulation results. The frequency characteristic curve of the
power system can be obtained, as shown in Fig. 14.

1 PN
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49.95 -

49.925 -

Frequency (Hz)

99T ——  IEEE 39 node system based on PSD-BPA
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49.875 | —— Traditional power system based on improved SFR model
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Fig. 14 Comparison of frequency curves under different
inertia estimation conditions

The instantaneous frequency values at 0.5 s under the
three simulation cases are extracted, which are 49.9806 Hz,
49,9803 Hz, and 49.9759 Hz, respectively, and the
respective initial rates of change of the frequency So s are
obtained. The frequency characteristic values under the
three cases are shown in Tab. 1.
Tab 1. Frequency characteristics of the power system under
different inertia estimation conditions

So o/(HZ/S)  fus 9sl(HZ)  Afmad(H2)
Case 1 -0.0388 49.9428 -0.1100
Case 2 -0.0394 49.9400 -0.1102
Case 3 -0.0482 49.9251 -0.1393

The error formula of this article:
e theoretical value —actual

actual value

"a'”ei x100% (37)

It can be seen from Fig. 14 and Tab. 1 that, compared
with the PSD-BPA simulation data, the frequency response
model of the PEPS established based on Fig. 1 shows that
the errors of the steady-state frequency and the maximum
frequency deviation are ear, w=0.000056 and gAfn1ax=0.0018,

respectively. The error of the two is approximately zero, that
is, the curves are almost coincident. Therefore, the
frequency response model of the multi-machine system
proposed in this paper is feasible.

In addition, according to the simulation data of Cases
2 and 3 and the frequency curve in Fig. 14, it can be seen
that the absolute value of the steady-state frequency
deviation and the maximum frequency deviation obtained by
the system frequency response model under the traditional
inertia estimation method is greater than that of the inertia
estimation method of the PEPS considering the virtual

inertia. Therefore, for the inertia estimation of the PEPS
under the multi-resource participation FR, it is necessary to
consider both synchronous inertia and virtual inertia.

Based on the above analysis, (18) is used to calculate
the inertia expression and the frequency simulation data of
case 1 to obtain the equivalent calculation inertia ladder
diagram of the power system, as shown in Fig. 15. Using the
sliding window technology, the time point t; of the active
power disturbance is taken as 0 s, and the length of the data
sampling interval is 10 frames. That is, v=10, and t,=t;+0.08
s can be obtained from formula (12). When t1=4.2 s, the
variance of the equivalent calculated inertia in this sampling
interval is the smallest. The specific calculated inertia values
are shown in Appendix A.
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Fig. 15 Ladder Diagram of equivalent calculated inertia of
power system
Taking the average value of the calculated inertia
sampling data in the above interval, the equivalent
calculated inertia of the power system is 87323.78 MW:s.
From (37), the calculated inertia error of the PEPS can be
obtained as
Ecgys = Esys;ﬂ XloO%

SYys (38)

84266—87323.78|X100% _363%

- 84266 |

To sum up, the equivalent inertia of the PEPS can be
calculated using the frequency characteristics of the power
system under the multi-resource participation in FR, and the
accuracy is high.

5.2. Verification of inertia estimation under RoCoF
constraint

It can be seen from Section 5.1 that the error between
the inertia estimation results based on the improved multi-
machine system frequency response model and the
calculation results of the electromechanical transient
simulation software is small. Therefore, the inertia
estimation method based on the frequency response model
of the multi-machine system can reflect the change of the
equivalent inertia and frequency response of the power
system under the participation of multiple resources in FR.

Considering the inertia estimation under the RoCoF
constraint, it is necessary to meet that the absolute value of
the initial RoCoF is not greater than the preset critical value
index. The parameters of the unit combination should be
preset, and the parameters of the units in the system should
be determined by simulation. For the convenience of
comparative analysis, the power system unit permeability
ratio is set unchanged, that is, refer to the data in Section 5.1,
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and the specific data are p,=0.77, p,,=0.13, p,=0.1,
R=0.08. The traditional FR method represented by [30] only
considers the inertia support capacity of the traditional
synchronous generator set, so the frequency response model
of [30] only includes the additional frequency control
structure of the traditional synchronous generator. Observe
the frequency characteristics of the power system under
different FR methods. When the system is subjected to an
active power disturbance of 0.11 p.u., the system frequency
characteristic curve is shown in Fig. 16.
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Fig. 16 Frequency characteristic curve of power system: ()
RoCoF, (b) frequency deviation.

Fig. 16(a) is the frequency change rate curve under
two different FR modes when Hs=2.7 s is calculated
according to (16). When t=0 s, the initial RoCoF under the
FR method proposed in this paper is S, ;=1 Hz's™', while
the initial RoCoF of the system under the FR method
proposed in [30] is Sy =1 Hzs!'. From (8), it can be
known that the per-unit value expression of the inertial time
constant of the PEPS based on the analysis of the frequency
response model is as follows:

AP,

H _ —
sys Zso_sys (39)

Convert it into an actual value, that is, the actual
value of the inertial time constant of the PEPS is expressed
as

_ AR -f, AP -25

o 25 S

(40)

0_sys 0_sys

Based on (40), when the active power disturbance is
0.11 p.u., the calculated values of the inertial time constants
of the power system in the above two cases are H,,'=2.75 s,
H,,'=2.08 s, respectively, and the errors obtained according
to (30) are en,,,=1.85%, ey =22.96%, respectively.

From Fig. 16(b), it can be measured that the
maximum frequency deviation Afnax and steady-state
frequency deviation Afss_sys under the two FR methods in this
paper and [30] are:

{Afmax =-1.035 Hz; Af__ '=—-2.213 Hz

Af =-0.438 Hz; Af -1.913 Hz (41)

ss_sys ss_sysl —

According to (41), compared with [30], the
maximum frequency deviation and steady-state frequency
deviation under the frequency situation prediction in this
paper are reduced by 1.178 Hz and 1.475 Hz, respectively.
Therefore, the multi-resource participation FR mode of the
PEPS provides more active inertia support, and the
corresponding system frequency characteristics are more
stable.

To sum up, the estimation method proposed in this
paper is more accurate and has strong feasibility for the
inertia estimation under the multi-resource participation FR
of the PEPS. And because it is proposed in Section 4.1, in
the actual system operation process, since the initial RoCoF
is the maximum RoCoF of the power system, the above-
mentioned inertial time constant is the minimum inertial
time constant. Therefore, when |RoCoF,,,,|=1 Hz:s"!, the
minimum inertia time constant of the power system obtained
by the inertia estimation simulation under the RoCoF
constraint is Hpi, rocor =2.7 S.

5.3. Validation of inertia estimation under the
constraints of frequency deviation

It can be seen from Section 4.2 that in order to
prevent the UFLS action of the power system under huge
disturbances, it is necessary to ensure that the maximum
frequency deviation does not exceed 1 Hz. And because the
installed capacity of the IEEE 39 node system is greater than
300 MW, the absolute value of its steady-state frequency
deviation does not exceed 0.2 Hz. Set the unit data as
follows: p,=0.77, p,.=0.13, p,, =0.1, R=0.08. Based on the
simulation results in Section 5.2, it can be known that when
a disturbance of 0.11 p.u. active power occurs, the minimum
inertia of the PEPS under the constraint of the RoCoF meets
the condition H,,i;, rocor =2.7 S.

Based on the system unit data obtained in Section 5.2,
Hss=2.7 s can be calculated according to (16). When the
active power disturbance of 0.11 p.u. occurs in the power
system, the maximum frequency deviation Afmax and steady-
state frequency deviation Af g5 Of the power system are -
1.035 Hz and -0.438 Hz, respectively, that is, Afma<-1 Hz
and Afs ¢s<-0.2 Hz. Then the system frequency deviation
exceeds the frequency deviation constraint value at this time.
5.3.1 Verification of measures to reduce maximum
disturbance of active power

Based on the system frequency response model
established in Fig. 1, the maximum disturbance of the active
power of the system is reduced so that the frequency
characteristic curve reaches the condition of frequency
constraint. The frequency characteristic curves of the system
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under different maximum disturbances of active power are
shown in Fig. 17.

: ;
—— AP, =0.1100 p.u.
—— AP, =0.1062 p.u. |]
—— AP, =0.0509 p.u.

max3

Frequency deviation Af /(Hz)

0 ; 1‘0 1I5 2‘0 2‘5 30
Time (tin sec)

Fig. 17 System frequency curves under different maximum

disturbances of active power

The load disturbance is set as the maximum
disturbance of active power of the system. Based on the
central inertia theory of the frequency response model, and
according to (23) and (24), the system inertia can be
calculated as the minimum inertia. On the basis of Section
5.2, by reducing the maximum disturbance of active power,
the system frequency characteristics can be guaranteed to
meet the frequency deviation constraint. It can be seen from
Fig. 17 that when the system has the maximum disturbance
of active power APmaq=0.1100 p.u.,, the maximum
frequency deviation of the power system is Afmnaq=-1.035 H
and the steady-state frequency deviation Afs1=-0.4331 Hz.
However, Afnai<-1 Hz and Afs1<-0.2 Hz, which do not
meet the constraint of frequency deviation of the system.

In order to meet the constraint of maximum
frequency deviation of the system, reducing the maximum
disturbance of active power to 0.1062 p.u.. It can be seen
from Fig. 18 that Afpmax=-1 Hz and Afs=-0.4182 Hz, only
the constraint of maximum frequency deviation is satisfied
at this time. Continue to reduce disturbance of the maximum
active power of the system to 0.0509 Hz. It can be seen from
Flg 17 that AfmaxS:'0.4790 Hz and Afss3:'0.2 HZ, WhICh
meet the maximum constraint of frequency deviation and
the constraint of steady-state frequency deviation.

Therefore, it can be seen that the minimum inertia
estimation based on the constraint of frequency deviation

can keep the minimum inertia unchanged (HA/é‘S=

min

H_in rocor'=2.7 S) on the basis of the constraint of the
RoCoF, and reduce the maximum disturbance of active
power to make the minimum inertia meet the constraint of
frequency deviation. In addition, according to the simulation
results, it is easier to satisfy the maximum constraint of
frequency deviation than to meet the constraint of steady-
state frequency deviation.
5.3.2 Verification of measures for
conventional primary FR control parameters
When the minimum inertia estimation time scale of
the power system is a short time scale, the constraint of
frequency deviation only needs to consider the constraint of
maximum frequency deviation. This section conducts
parameter optimization analysis based on the estimation
results in Section 5.3.1. When the disturbance of maximum
active power meets APmax=0.1062 p.u., the three scenarios
are set as:

adjusting

Case 1: Only increase the equivalent damping Dsys of
the system;

Case 2: Only reduce the adjustment coefficient R;

Case 3: Increase the equivalent damping Dgys of the
system and decrease the adjustment coefficient R.

The simulation results are shown in Fig. 18:
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-0.6 1

Frequency deviation Af /(Hz)

Time (t in sec)
(c)
Fig. 18 Frequency characteristic curve after adjusting
conventional primary FR control parameters: (a) Case 1, (b)
Case 2, (c) Case 3.

Fig. 18(a) is the frequency characteristic curve when
only the equivalent damping of the system is adjusted. The
equivalent damping coefficient is increased from Dsys1=0 to
Dgs2=0.05, and the maximum frequency deviation is
increased from -1 Hz to -0.9912 Hz. In order to meet the
constraints of the maximum frequency deviation, reduce the
demand for the minimum inertia of the system, and reduce
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the constant of equivalent inertia time of the system to 2.587
s. At this time, the maximum frequency deviation of the
system is -1Hz. Therefore, increasing the equivalent
damping of the system can improve the frequency
characteristics and reduce the demand for the minimum
inertia of the system.

Fig. 18(b) is the frequency characteristic curve of
only adjusting the differential coefficient. The adjustment
coefficient is reduced from R;=0.08 to R,=0.075, and the
maximum frequency deviation is increased from -1 Hz to -
0.9637 Hz. To reduce the demand for the minimum inertia,
reduce the inertia time constant to 2.24 s, at this time, the
maximum frequency deviation is restored to -1 Hz and the
maximum frequency deviation constraint condition of the
system is satisfied. Therefore, reducing the slack coefficient
can increase the system frequency stability and can reduce
the demand for the minimum inertia.

Combine the above two conventional primary FR
control parameters to optimize the adjustment strategy to

improve the system stability characteristics. As shown in Fig.

18(c), the equivalent damping coefficient increases from
Dgs1=0 to Dgys2=0.05, while the adjustment coefficient
decreases from R1=0.08 to R,=0.075. It can be seen from the
simulation results that the maximum frequency deviation
increases from -1 Hz to -0.956 Hz. To reduce the demand
for the minimum inertia, reduce the inertia time constant to
2.138 s, at this time, the maximum frequency deviation is
restored to -1 Hz and the maximum frequency deviation
constraint condition of the system is met. Therefore,
adjusting the adjustment coefficient and the equivalent
damping coefficient of the system at the same time can
improve the steady-state characteristics more than the single
adjustment of the adjustment coefficient or the equivalent
damping, and the minimum inertia of the system is less
required.

However, according to (8), it can be seen that due to
the reduction of the inertia time constant, the initial RoCoF
of the system increases. According to (40), it can be
calculated that the initial RoCoF is S, i=-1.24 Hzs",
which exceeds the constraint of the RoCoF. Therefore,
based on the theory in Section 4.3.5, the constraint of the
RoCoF can be relaxed to RoCoF,,,=1.24 Hz's! on the
basis of satisfying safe operation.

5.3.3 Verification of measures for adjusting FR control
parameters of power electronic power supply

The same as the simulation conditions in Section
5.3.2, when the time scale of minimum inertia estimation is
a short time scale, the constraint of the frequency deviation
only considers the constraint of the maximum frequency
deviation. Set the maximum disturbance of active power of
the power system to satisfy APmax= 0.1062 p.u., and observe
the system frequency characteristics and power changes
under different power electronic power supply FR control
parameters when the system inertia is insufficient, as shown
in Fig. 19.
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Active power output of wind
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Frequency deviation Af /(Hz)

Frequency deviation Af /(Hz)

-0.2

Kor1 =20, &g =5, Hyy =2.7 8
— Kpi2=25 =5 Hygp =27 5
— = Ky3=25 a3=5 Hy=236Ls

Time (t in sec)

(@)

— kp1=20, =5 Hyy =275
— Ky =25 @y =5 Hye, =275

— = Kp3=25 a3=5 Hye=2.361s

5 10 15 20

Time (tin sec)

(b)

-0.2

-0.4f

-0.61

-0.8}

0.015

0.0051

— Ky1=20, =5 Hyy =275
— Ky =20, @y =7, Hyp =2.7 s
— = Kp3=20, a3=7, Hy3=2.27

N — Cd
-1 S>> g
2 2.5 3
5 10 15 20

Time (t in sec)

(©)

— Kp1=20, 05 =5, Hyg =2.7 5
— Kpr2=25, @, =5, Hyyp =27
— = Kpr3=25, @3 =5, Hyey =227 5

5 10 15 20

Time (tin sec)

(d)

Fig. 19 System frequency characteristic curve under the
regulation of power electronic power supply FR control
parameters: (a) frequency deviation under different kg, (b)
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FR power of wind units, (c) frequency deviation under
different a, (d) FR power of HVDC units

Fig. 19(a) shows the system frequency characteristic
curves under different primary FR coefficients of wind
turbines, and the corresponding changes in the FR power of
wind turbines are shown in Fig. 19(b). According to Fig.
19(a), the primary FR coefficient of the wind turbine is
increased from kyn=20 to ky,=25, and the constraint of
maximum frequency deviation of the system is increased
from -1 Hz to -0.9727 Hz. And the maximum value of the
primary FR power of the wind turbine is increased from
0.0295 p.u. to 0.0350 p.u., which improves the frequency
stability of the system and increases the FR power of the
wind turbine. To reduce the demand for the minimum inertia
of the system, the inertia time constant is reduced to 2.361 s.
At this time, the maximum frequency deviation of the
system is -1 Hz, which meets the constraints of the
maximum frequency deviation and the primary FR power of
the wind turbine does not change. Therefore, increasing the
primary FR coefficient of the wind turbine can improve the
frequency stability of the system and reduce the demand for
minimum inertia.

Fig. 19(c) is the system frequency curve under
different droop coefficients of HVDC transmission, and the
corresponding FR power of HVDC transmission is shown in
Fig. 19(d). According to Fig. 19(c), it can be seen that the
droop coefficient of HVDC transmission increases from
01=5 t0 apx=7, the maximum frequency deviation of the
system is increased from -1 Hz to -0.9675 Hz, and the
maximum FR power of HVDC transmission increases from
9.992x10™ p.u. to 1.4x102 p.u.. It improves the system
frequency stability and increases the FR power of HVDC
transmission. Based on this, the inertia time constant of the
system is reduced to 2.27 s. At this time, the maximum
frequency deviation of the system is -1 Hz, which satisfies
the constraint of the maximum frequency deviation.
Therefore, increasing the droop coefficient of the HVDC
transmission can improve the system frequency stability and
reduce the demand for minimum inertia.

However, the initial RoCoF, S, ,=-1.17 Hz's, can
be calculated according to (40), which exceeds the
frequency change rate constraint. Therefore, based on the
theory in Section 4.3.5, the system constraint of the RoCoF
can be relaxed to RoCoF,,,,=-1.17 Hz's™! on the basis of
satisfying safe operation.

6. CONCLUSION

On the basis of considering the diversification of FR
resources in the PEPS, this paper proposes an estimation
method for the minimum inertia considering the frequency
response characteristics. The main conclusions are as
follows:

1) Based on the model analysis method, an improved
frequency response model of the multi-machine system is
established, and the frequency characteristics of the PEPS
under multi-resource participation in FR are quantitatively
analyzed. According to the frequency characteristics
represented by quantization, the improvement measures of
the system FR control parameters are proposed when the
minimum inertia is insufficient. Through simulation
verification, the minimum inertia estimation size of the
system can be reduced accordingly after considering the

optimization and improvement measures and provides a
reference for the adjustment of the system frequency
constraint index.

2) Aiming at the diversified development trend of FR
resources of PEPS, the theoretical inertia of the power
system is expressed in the form of kinetic energy. The real-
time inertia of the power system is calculated based on the
frequency change characteristics, and the sliding window
technology is used to ensure the accuracy of the calculated
inertia results. The simulation results show that the
application of the sliding window technology makes the
error of the calculated inertia to be 3.63%.

3) Given the diversified expansion of FR resources in
PEPSs and the complication of FR control methods of FR
units, the accuracy of the improved frequency response
model of the multi-machine system directly affects the
accuracy of the minimum inertia estimation of the system.
Therefore, further research is needed to improve the
rationality and accuracy of the frequency response model of
the PEPS. In addition, with the improvement of the safety
action device of the power system, how to adjust the
constraint index of frequency change for different power
grids needs further discussion.
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APPENDIX A:

Simulation parameters:
D, =0, Ry =03, Ty, =10s, T, =0.2s, T, =0.03s,

R=0.05s, k, =8, T,=4s, kpf =70, T,=0.1s,
a=5, T, =0.05s

4.1 The calculation process of the simulation error:



