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Abstract: In adapting to the double-high development trend of high-voltage direct current (HVDC)
receiving-end power systems and solving optimization problems in emergency frequency control
(EFC) supporting virtual power plants (VPPs) in large-scale power systems, a parameter estimation
method for a VPP frequency response model based on a successive linear programming (SLP)
method is proposed. First, a “centralized /decentralized” hierarchical control architecture for VPP
participation in EFC is designed. Second, the frequency response characteristics of multiple flexible
resources are scientifically analyzed, and the system frequency response (SFR) model and equivalent
model of VPP are constructed. Subsequently, parameter estimation of the VPP frequency response
model is carried out based on the SLP method, aiming to balance the accuracy and computational
efficiency of the model. Finally, the effectiveness of the proposed methodology is verified by using
PSD-BPA to simulate and test the three-zone HVDC recipient area grid.

Keywords: virtual power plant; emergency frequency control; system frequency response model;
parameter estimation

1. Introduction

In the process of building a new power system in China, the rapid growth of installed
capacity and the power generation of inverter interface power sources, such as wind power,
energy storage, HVDC, etc., has brought to the fore the issue of grid frequency security [1,2].
As a potential frequency modulation resource, the virtual power plant (VPP) [3-5] can
aggregate a wide range of types of flexible resources to holistically participate in grid
regulation and assist the large grid in emergency frequency control [6,7]. Therefore, it is
extremely important to construct a reasonable VPP frequency response model to accurately
and quickly reflect its frequency response characteristics and regulation capability.

Accurate modeling of the VPP is the basis and prerequisite for its participation in
the scheduling and control of large power grids. Reference [8] proposes a multi-timescale
responsiveness assessment model for VPP with EVs as the main resource based on the
responsiveness model of a single EV. Reference [9] considers the uncertainty impact of
a wind power grid connection and V2G, and establishes a double-layer inverse robust
optimization scheduling model with VPP. Reference [10] establishes an extended SFR model
that takes into account the transient frequency modulation process of the VPP, which leads
to a new thought for the overall participation of the VPP in frequency control but does not
consider the way of controlling each resource within the VPP. Reference [11] treats wind
turbines, energy storage devices, and motor loads as frequency modulation resources in the
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VPP and constructs a primary frequency modulation model for the VPP to participate in
the frequency control of the power system, but the study lacks a description of the overall
frequency control characteristics of the VPP. Reference [12] proposes an SER model based
on inverter droop control for various types of distributed resources, but the model has
a uniform and simple model structure, which makes it difficult to accurately reflect the
control characteristics of each flexible resource.

Existing research related to VPP is mostly related to the power market, economic
dispatch, and other fields [13,14], which are slightly insufficient in the optimization of
parameter estimation for VPP frequency response models. Reference [15] presents a VPP
model for transient stability analysis with VPP resources for current source and voltage
source inverters. Reference [16] develops an equivalent aggregation model based on
VPP frequency effects, which mainly considers different response delays among different
distributed resources. In terms of parameter estimation, Reference [17] comes up with a
way to estimate the equivalent inertia of a system based on polynomial fitting of frequency
curves. Reference [18] raises a method for estimating the equivalent inertia and damping
coefficients of synchronous and nonsynchronous power supplies based on closed-loop
control. Reference [19] utilizes section information to estimate the equivalent frequency
response model parameters of interconnected multi-area systems.

In summary, the following difficulties arise in modeling the frequency response char-
acteristics of VPP. (1) VPP brings together many heterogeneous and flexible resources,
and each resource participates in frequency modulation with different control modes and
response characteristics. Therefore, how to collaborate various resources and construct a
VPP frequency response model accurately reflecting the characteristics of the multi-flexible
resources to support the emergency frequency control of the power system needs to be
studied. (2) The VPP frequency response model is complex and of high-order and has
many control parameters; the detailed model can ensure the calculation accuracy but also
limit the decision-making efficiency of emergency frequency control; and the VPP model
parameters are time-varying, which are different under different operating conditions of
the grid, which exacerbates the complexity of the decision making of emergency frequency
control taking into account the VPP. How to obtain model parameter estimations that take
into account both accuracy and computational efficiency is still an open problem.

To overcome the problems mentioned above, this paper first comes up with a VPP
hierarchical control architecture suitable for emergency frequency control. Secondly, the
detailed frequency response model of VPP is constructed based on the response characteris-
tics of multiple flexible resources. Then, the complex feedback control branch is aggregated
to obtain its equivalent model, and the parameter estimation model is constructed and
solved based on successive linear programming (SLP). Finally, the scientific validity of
the proposed method is confirmed by multi-fault scenario testing based on a three-region
HVDC receiving area grid.

2. Hierarchical Control Architecture of VPPs for Emergency Frequency Control

In this paper, we present a centralized /decentralized hierarchical architecture for
emergency frequency control of VPPs, as shown in Figure 1. The architecture consists of
three control layers: the centralized control layer, the VPP aggregation layer, and the local
control layer.

The main body of the central control layer includes the grid control core and the VPP
control master. The control core issues specific power control command values ZZNV Peov_g,
system minimum frequency threshold f£ ;. , and a quasi-steady-state frequency threshold
fgss according to the power deficit and frequency response capability of VPP, and monitors
the grid frequency deviation in real time. The VPP control master reports in real-time the
maximum support power Zle P,v w that all VPPs in the network can provide, the steady-
state support power ZZNV Pary_g, the minimum value of the system frequency f” .., and
the quasi-steady-state frequency(QSSF) L after the VPPs join the process of emergency

qgss
frequency control according to the given power command in case of a foreseen failure.
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Figure 1. “Centralized /decentralized” VPP hierarchical control framework.

The main body of the VPP aggregation layer is the VPP sub-station under each 500 kV
bus. The VPP sub-station receives, on the one hand, the maximum support power P},
i _

the steady state power Pé the control response time ¢}, the power climbing time

ar_q’

i, , and the climbing rate v/, that each control resource can provide and, accordingly,
reports the maximum regulation power Pyyy_n, the steady-state regulation power Pyy_g, the
climbing time ¢,, and the climbing rate vypp, that this sub-station can provide. On the other
hand, according to the power support quantity Peoy_; issued by the VPP master station
and the operation status of each control resource in the sub-station, the VPP sub-station
co-ordinates and allocates the power command value P4 to the multiple types of flexible
control resources in the station.

The subjects in the local control layer include small- and medium-sized turbine units,
distributed wind turbines, energy storage power stations, cluster electric vehicles, and
flexible loads. When an active deficit fault occurs in the HVDC recipient area grid, as
control terminals, each control resource will participate in emergency frequency control,
provide power support, and safeguard grid frequency security. It should be noted that
there are differences in the control characteristics of the resources, which have different
forms of power support.

This architecture mainly includes three control levels: central control layer, VPP
aggregation layer, and local control layer. In terms of communication, the communication
between the power grid control center and the control master station, the control master
station and sub-stations, and the control sub-stations and various distributed resources
is bidirectional. In terms of data, the power grid control center and the control master
station implement the issuance of specific control instructions and monitoring of system
frequency. On the one hand, the control sub-station can receive data provided by various
control resources; on the other hand, it allocates instructions to flexible control resources
within the station based on the power support issued by the control master station and the
status of the control sub-station. In terms of control strategy, the control strategy is issued
from the control center to the control master station, from the control master station to the
control sub-station, and from the control sub-station to the local control layer. When there
is an active power shortage fault in the HVDC receiving-end power system, as the control
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terminal, each control resource will participate in emergency frequency control, provide
power support, and ensure system frequency security.

3. Modeling the Frequency Response Characteristics of a VPP
3.1. Frequency Characteristic Modeling of Multiple Flexible Resources

Units with voltage levels of 220 kV and below include coal-fired units, gas-fired units,
and mixed-use power plants (e.g., waste power plants, steel power plants, and paper power
plants). The medium-sized unit speed control system connected to 220 kV can be modeled
by the GS5-TA model, and the small-sized unit speed control system connected to 110 kV
and 35 kV can be modeled by the IEEEG2 model [20-22]. Distributed wind turbines can be
involved in frequency modulation based on rotor kinetic control, the control architecture
diagram of which is shown in Figure 2, where Hyy is the virtual inertia time constant
provided by the turbine, Kyy is the tuning coefficient of the turbine, and T, is the turbine
control response time constant.

P max

1) J A mppT  + /z\ Pref
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MPPT AP| P™
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Al
. — 2H
dt i

Figure 2. Diagram of WF active power reference control loop with the frequency regulation ability.

Y

The energy storage plant can participate in frequency modulation based on fast power
control with the power control function shown in Equation (1):

T _t
Pes = PREI[1— (14 2 )e 7] M)
e

In the above equation, PS& and Pgg are the power command value and the actual

output power value of the ESS issued by the VPP, and Tgs and T, are the communication
delay time and the control response time constant of the ESS from the occurrence of the
fault to the control response.

The EV cluster can be equated to an energy storage power station, and the reverse
charging is realized by the EV—grid interaction technology (vehicle to grid, V2G), whose
power control function is shown in Equation (2):

Pey = PRH[1 — (1+ 72 ] @
Tev

In the above equation, Pﬁ{}i and Pgy are the power command value and the actual
output power value of the EV issued by the VPP. Ty and T,y are the communication delay
time and the control response time constant of the EV from the occurrence of the fault to
the control response.

The way flexible loads (FLs) participate in frequency control is mainly divided into
open-disconnected mode and regulation mode. Among them, the model of an open-break
FL participating in frequency control is shown in Equation (3):

Pers = PR%[(t — Teus)] 3)
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In the above equation, Pl‘:’{fls and Ppp s are the control command value and the ac-
tual load-shedding amount of the open-break FL. T s is the time interval between the
occurrence of the fault and the load-shedding action of the open-break FL.

Based on Reference [23], the frequency response model of the modulated FL in one
frequency modulation time scale is shown in Figure 3.
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Figure 3. Frequency response model of adjustable FL.

In this model, Kpy, is the tuning coefficient, Af is the system frequency deviation,
kp, and Ty denote the tuning coefficient and inertia time constant of the compressor
controller, ¥ and -y are the equivalent thermodynamic parameters, ap is the constant
coefficient of electric power for normal operation of the FL, & is the constant coefficient of
refrigeration/heat of the FL, f| is the operating frequency of the FL, and f3 and fmin
denote the upper and lower bounds of the operating frequency of the FL, respectively. Pfj®
and Pgﬁm are the maximum and minimum limits of FL. power. APyy, is the amount of the
power change of the FL.

3.2. VPP Frequency Response Modeling

Considering the frequency control characteristics of each flexible resource, the VPP
frequency response model is shown in Figure 4:

Nwr
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Figure 4. Frequency response model of VPP.

In the above equation, Hypp is the equivalent inertia time constant provided by the
VPP, Hg; is the inertia time constant of the ith turbine unit, and NG is the number of units
in the VPP in grid-connected operation, including small- and medium-sized units. Hy; is
the virtual inertia time constant provided by the ith wind turbine, and NWF is the number
of wind turbines. Sg;, and Syy; are the rated powers of the ith turbine unit and wind turbine,
respectively, and Sgys is the total installed system capacity. DVPP is the equivalent damping
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coefficient of the system, and Dg; is the damping factor of the ith turbine unit. Dyy; is the
virtual damping factor provided by the ith wind turbine.

(1) Primary frequency modulation. The primary frequency modulation parameters for
turbine units, distributed fans, and regulated FLs are as follows:

Nvc Nsg
Kem = X agmiKemi Kgs = L agsiKg,si
i=1 i=1 (5)
Nwr NpL
Ky = 121 awiKwi, Ker, = 121 oppiKpLi
1= 1=

In the above equation, K¢ »1, Kg s, Ky, and Ky, are the modulation coefficients for
medium and small units, turbines, and regulated FLs. « is a constant coefficient representing
the ratio of the rated power of the ith feedback control branch resource to the total capacity
of that resource, and Ny g, Nsg, Nwg, and N, stand for the number of medium and small
turbine units, turbines, and regulated FLs.

Nmc
XmG = ‘21 AiXmai Xmc = { Tom, Tsm, Trov }
i=

Nsg
XsG = '21 AiXsGir Xsc = {Tv,s Ts.s, TR s, TrH,S: Fis }
=

Nwr
Ty = Z )\iTwi
i=1

NrL
XpL = 421 AiXpri, XpL = { TpL, ap, 0, ksp }
1=

In the above equation, Xy, Xsg, and Xpy, represent the feedback control branch
parameter sets of medium- and small-sized units and regulated FLs. Tj, a1, Ts v, and Tr
are the steam volume time constant, servo time constant, and governor response time
constant for medium-sized units. Ty s, Ts s, Tr s, TrH,s, and Fj, s are the steam volume time
constant, servo time constant, governor response time constant, reheater time constant, and
high-pressure cylinder power share for small-sized units, respectively. T, is the response
time constant for the turbine control and A; is the weighting coefficient of the ith feedback
control branch.

(2) Fast power control. The control parameters of ESS, EV, and on-off FL are as follows:

NES P . NES P .
ESi ESi
Tes = X P TESirTe:ZP ei
i=1 TES i=1 TES
Nev Prv; Nev Ppy;
EVi EVi
TEV = Z 2 TEVi s Loy = Z P Tevi (7)
i=1 1EV i=1 EV
Np P, .
FL,Si
TrLs = L Try,si
i=1 I'FL,S

In the above equation, Pgg;, Pgy;, and Pry g; represent the actual output power of the ith
branch of ESS, EV, and open FL. Ngs, Ngy, and Ny, are the number of ESS, EV, and open FL.

4. SLP-Based Parameter Estimation Method for Frequency Response Model of VPP
4.1. Equivalent Methods for Frequency Response Modeling of VPPs

Since the VPP aggregates multiple types of heterogeneous resources, its feedback
control branch is characterized by complex high-order and many parameters. The detailed
model of frequency response taking into account multiple types of flexible resources has
high accuracy, but it puts high requirements on simulation efficiency and model parameter
estimation; at the same time, it is difficult to integrate in emergency frequency control
optimization decisions. Aiming at the above difficulties, this section aggregates its complex
feedback control branches to obtain the VPP frequency response equivalent model.
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In the VPP frequency response model, the sum of each feedback control branch is a
higher order transfer function. Therefore, the generalized transfer function Gypp(s) is used
to describe the VPP equivalent feedback control branch model in the general form:

bys™ + by 8™+ -+ by
G = , > 8
) = e T "2 ®)

In the above equation, 4;, and bj are the coefficients of the denominator and numerator
polynomials, respectively. When the model order is one, its transfer function has an
equivalent relationship with the simplified turbine governor model.

4.2. Parameter Estimation Optimization Model

For the SFR model after equating the VPP feedback control branch, the optimization
model for VPP parameter estimation is established to minimize the frequency minimum
point difference Afy,qirx and QSSF difference quss,k calculated from the detailed SFR
model and the equating model under multiple types of foreseen fault scenarios, where
Equation (9) is the objective function, and Equations (10) and (11) represent the system
frequency nadir difference constraint and QSSF difference constraint, respectively. To avoid
the frequency estimation value being higher than the true value of frequency, which causes
the system leakage in the emergency frequency control optimization decision, the difference
between the true value of the frequency index and the estimated value is set to be greater
than zero. Equations (12) and (13) represent the limit constraints of each parameter in the
estimation model.

min:]fi (Af nadirk T A fqss k) )

fraditk — fradink(ai,bj) >0, Vi€ N,, Vj€N, (10)
fassk — fassk(ai, b)) >0, Vi€ N, VjeN, (11)
At < g; < @M Vi€ N, (12)

bt < by < B,V € N, (13)

In the above equation, (9) is the objective function of parameter estimation, and NK
represents the number of expected fault scenarios. fhaqgirx and ]?nadir,k are the minimum
values of system frequency calculated by the detailed frequency response model and
the equivalent model, respectively. N,, and N; are the numbers of parameters in the
denominator and numerator of the equivalent model, respectively. qus,k and qus,k are the
quasi-steady-state frequencies obtained by the detailed frequency response model and the
equivalent model, respectively. aj"®, a?‘in, b, and blmi“ are the upper and lower bounds
of the parameters of the equivalent model, respectively.

The SFR is affected by various factors such as grid operation state, feedback control
branch parameters, power deficit, etc., and its frequency dynamics are complex and nonlin-
ear, which leads to the parameter estimation problem that VPP is not suitable to be solved
directly. Therefore, the frequency difference constraints in Equations (10) and (11) are
linearized based on the trajectory sensitivity method to establish the coupling relationship
between the model parameters and the minimum and quasi-steady-state frequencies. The
above optimization model can be rewritten as the following linear programming model:

RS R
min E { {fnadir,k - fnadir,k(ai/ b])}
k=1

(14)
+ [qus,k - qus,k(ai/ b)} }
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N, k
Z ( nadirz )+ Z ( nadir,j b])
= (15)
< fnadir,k - fnadlr,k (ai ’ b] )r
Vi € Ny, Vj € Ny, Vk € Nk
(qussz )+Z( qSS] )
(16)
S qus,k qus,k(aifb]' )/
Vi € Ny, Vj € Ny, Vk € Nk
—a? < Aag; < a"™ — a?,Vi €N, (17)
—b§? < Abj < B — b?,Vj €N, (18)

In the above equation, fnadir,k(a?/ b?) and qus,k(‘l?z b?) are the lowest values of the
system frequency and the quasi-steady-state frequency of the equivalent model at the initial

parameter settings. Aa;, Ab; is the variation of the model parameters. Bk nadir, i’ ﬁ’l‘la dir,j and
k
qss,i” qss jare the frequency nadir sensitivity coefficients and QSSF sensitivity coefficients
of the model parameters, respectively, as shown in Equation (19):
k o fnadir/qss,k (airberui ) _fnadir/qss,k (airbj)
nadir/qssi — Kai (19)
fnadir/qss,k(uilberbj)_fnadir/qss,k (airh/')
anadlr/qss,] Kpj

In the above equation, x,;, and «;; are the uptakes of the model parameters 4;, ;.

4.3. SLP-Based Solution Algorithm

SLP is a mathematical optimization method used to solve nonlinear programming
problems. It gradually approaches the optimal solution by decomposing nonlinear prob-
lems into a series of linear problems. The advantage of the SLP algorithm is that it decom-
poses complex nonlinear problems into a series of relatively simple linear problems, making
the algorithm easier to implement and solve. The above parameter estimation optimization
model is solved based on the SLP algorithm. The computational flow is shown in Figure 5.

Step 1: Initialization parameters. Extract the operating state data of multiple types
of frequency modulation resources in the power grid and set the initial values of the
equivalence model parameters a;, b; and the model order. Set the number of expected fault
scenarios N, calculate the minimum frequency fy,qir ., quasi-steady-state frequency qus,k,
and the minimum frequency fraqirx (a7, b]Q) and quasi-steady-state frequency qus,k(a?r b?) of
the system under each fault scenario from the detailed frequency response model, and the
minimum frequency and quasi-steady-state frequency of the system from the equivalence
model at the given initial values. Set the time-domain simulation time and step size, and
the number of iterations n = 0.

Step 2: Optimize the solution. Firstly, the frequency key index difference constraint
is linearized, and the VPP parameter estimation problem is transformed into a linear
programming model. Set the regimes of 4; and b; as 0.1, and calculate the minimum
frequency of the system at the nth iteration and the QSSF sensitivity coefficient 4} and b’
according to Equation (19). Then, solve the linear programming model (Equations (14)—(18))
to obtain the model parameter variations Aa, Ab” and update the estimates at the nth
iteration a;' n+l — ai + Aa}, b]’.Z+1 = b? + Ab]*«‘.

Step 3: Termination judgment and parameter output. Judge whether the change of
model parameters under the nth iteration is less than the cutoff error ¢, &, or whether the
parameter values af/, b]’.l are out of the parameter design range. If satisfied, the calculation is
terminated and the parameter estimation results are output; otherwise, make n =n + 1 and
return to Step 2.
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Step 1: Initialization
(n=0)

Grid data extraction and algorithm
parameterization

+

Predicted fault set

v

Step 2: Optimize the solution

Frequency difference constraint
linearization

Step 3: Termination judgment and
parameter output

!

Model solving based on
optimization methods

‘Variation Aa;’ ,Ab[”

Estimated model parameter updates

Aa! <¢g,, Ab! <g, No
or out of parameter range?

Yes

Output Estimated Model
Parametersa;, b;

Figure 5. Parameter estimation process based on the SLP algorithm.

5. Simulation Analysis

5.1. Test Systems

This section is based on the electromechanical transient simulation software PSD-BPA
(5.1.2) for verification. The test system is a three-region grid model (see Figure 6), and the
VPP is configured in the HVDC receiving-end regional grid system C (see Figure 7); the
main parameters are shown in Reference [24]. The test system is set up to access four large
thermal power units at 500 kV, totaling 3.85 GW, and 18 VPPs, totaling 3.79 GW. In addition
to the power fed by HVDC, the VPP capacity in the local grid region accounts for 49.6%
of the generation resources. Taking VPP-1 as an example, the information on the types
of resources and equipment capacities involved in frequency control within it is shown

in Table 1.

Table 1. Frequency regulation resources in VPP-1.

Frequency Modulation Device Operating Adjusted .

Resources Capacity/MW  Power/MW Control Method Power/MW Trigger Method

gas turbine 54.0 42.0 inertia response and primary 12.0 response-driven
frequency modulation

coal-fired unit 50.0 40.0 inertia response and primary 10.0 response-driven
frequency modulation

wind power 22.5 22.5 rotor kinetic energy control 3.0 response-driven

energy storage plant 30.0 25.0 fast power control 5.0 event-triggering

electric vehicle 5.0 3.0 fast power control (V2G) 6.0 event-triggering

one-time frequency .
flexible load 5.0 (regulated) 3.0 modulation 3.0 response-driven
3.0 (on-off) 2.0 load-shedding 2.0 event-triggering
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Figure 7. Topology of the receiving-end power system at Region C.

5.2. Verification of the Accuracy of the SFR Model of the VPP

Considering the randomness and diversity of faults, the fault scenarios are set as the
operating conditions when a unipolar/bipolar blocking fault occurs in HVDC1-HVDC?7 at
1's, or when the load of the grid is perturbed according to the load increase of 0.1%, 0.2%,
.+, 9.9%, or 10.0% of the total load, or when the two types of faults are randomly combined.

(1) Different model orders

Set the simulation time to 20 s, the simulation step size to 0.01 s, and the number of
iterations n = 0. The three models—the first-order model, the second-order model, and the
third-order model—are used to estimate the parameters of the VPP feedback control branch
(the cutoff errors ¢, and ¢, of the model parameters 4; and b; are 0.01, respectively) and set
the number of fault scenarios to 1000. In each fault scenario, the frequency minimum and
QSSF obtained from the SFR modeling of the detailed feedback control branch counting
the VPP are used as the real values. The initial values of the first-order model parameters
are set as aO,est(O) = 05, al,est(o) = 70, bO,est(O): 150, and bl,est(O) =15.0.

As shown in Table 2, after the first iteration, the parameter estimates increase signif-
icantly, realizing one approximation to the optimal solution. After the second iteration,
the parameter estimates continue to increase, but the increment decreases. Although the
change of estimated parameters a1 est Ay o5t is smaller than the cutoff error ¢, at this time,
the change of other parameters still does not satisfy the termination condition, so it is
necessary to continue the calculation. After the third iteration, the change of each estimated
parameter satisfies the cutoff error, and the optimization calculation is finished, and the
results under the third iteration are recorded as the estimated parameters of the first-order
model. Similarly, the solution process of second-order and third-order models conditional
on increasing numbers of iterations are shown in Tables 3 and 4.
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Table 2. Parameter changes of iterations under the first-order model.
Number of Iterations ag,est a1,est bo,est b1jest
0 0.500 7.000 15.000 15.000
1 0.863 8.995 15.827 32.320
2 0.991 9.002 16.136 38.881
3 0.998 9.007 16.142 38.889
Table 3. Parameter changes of iterations under the second-order model.
Number of Iterations ag,est a1est Az est bo,est byest
0 0.500 7.000 1.000 15.000 15.000
1 0.859 8.376 2.018 15.715 32.002
2 0.995 8.949 2.612 16.134 38.878
3 0.997 9.291 2.695 16.140 38.885
4 0.998 9.293 2.697 16.141 38.884
Table 4. Parameter changes of iterations under third-order model.
Number of Iterations ap,est a1,est az,est a3 est bO,est bl,est
0 0.500 7.000 1.000 0.5 15.000 15.000
1 0.857 8.816 3.761 0.712 15.795 32.202
2 0.995 9.336 4.680 0.777 16.134 38.876
3 0.996 9.591 5.594 0.805 16.138 38.884
4 0.998 9.594 5.597 0.807 16.141 38.885
5 0.999 9.595 5.601 0.808 16.142 38.885

Equivalent feedback control branch model order affects the frequency response model
accuracy. For the three model orders, the error between the estimated and true values of
the lowest frequency and quasi-steady-state frequency is shown in Figure 8.

The absolute errors between the true and estimated values of the minimum frequency
and QSSF are greater than zero in each of the predicted fault scenarios, which reflects
conservativeness of the model. As the order of the model increases, the errors of the
lowest value of frequency and the quasi-steady-state frequency become smaller. When the
third-order model is used, the absolute errors of the frequency minimum and the QSSF are
about less than 0.01 Hz and 0.005 Hz. Even if the first-order model is used, the error of the
frequency minimum is less than 0.05 Hz, i.e., 0.001 p.u., and that of the QSSF is less than
0.015 Hz, i.e., 0.0003 p.u., which meets the requirements of engineering applications.

(2) The influence of different initial values

To analyze the impact of different initial values on parameter estimation, based on the
first-order model, three sets of different initial values were set. The first set was consistent
with the initial values in Table 2. The second set of initial values approached the lower limit
of the parameters, ag est(0) = 0.1, a1 est(0) = 4-0, bgest(0) = 12.5, and by e¢(0) = 5.0. The initial
value of the third group was set close to the upper limit of the parameter, ag est0) = 2.0,
a1est(0) = 11.0, by est(0) = 33.0, and by es(0) = 100.0. The remaining settings of the algorithm
remain unchanged. The parameter estimation process under the second and third initial
values is shown in Figure 9.
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According to the results in Figure 9, when setting different initial values for parameter
estimation, the estimated values obtained through algorithm iteration are close. Based
on the estimated parameters under the first set of initial values, the absolute error of the
estimated values for the other two sets of parameters is in the order of 10~. Regardless
of whether the initial value is set high or low, it can still approach the optimal solution
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after solving, indicating that the parameter estimation optimization model proposed in this
paper has good adaptability under different initial parameters.

(8) Comparative analysis

In this chapter, the proposed parameter estimation method is compared with the
parameter estimation methods in time-domain simulation, least squares method, and
Reference [19]. Among them, the third-order model with higher accuracy is used in the
proposed method in this paper, and the initial values are set to be consistent with those in
Table 4. The fitting function in the nonlinear least squares method adopts Equation (10)
in Reference [25], which is an expression describing the relationship between the SFR and
each control parameter. In Reference [19], the typical initial values are set to be Tg = 0.2 s,
T, =0.3s, Try = 7 s, and Fj, = 0.3. The fault scenario is set as a precipitous increase in grid
load of 700 MW at 1 s. The SFR curves under different methods are shown in Figure 10,
and the frequency key indexes and errors are shown in Table 5.
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Figure 10. System frequency response curves under different methods [19].

Table 5. Frequency indices and relative errors under different methods.

Minimum Quasi-Stationary Relative Error/%
Methodology F H F H
requency/Hz requency/tz Minimum Frequency = Quasi-Stationary Frequency
Time-domain simulation 49.7308 49.8704 - -
Least square (estimate) 49.7347 49.8699 0.0078 0.0010
Reference [19] 49.7323 49.8712 0.0030 0.0016
Methodology of this paper 49.7278 49.8692 0.0060 0.0024

Due to the high computational accuracy of time-domain simulation, other methods
often use it as a reference value for comparison. According to the results in Figure 10 and
Table 5, the lowest point of the system frequency obtained using the nonlinear least squares
method is higher than the calculated value of the time-domain simulation, with a relative
error of 0.0078%, which is somewhat optimistic. Reference [19] constructed an optimization
model with the objective of minimizing the sum of squares of the difference between the
true and estimated frequency values, and solved it using optimization methods such as
steepest descent and Newton’s method to obtain the estimated parameters. This method
has high computational accuracy and is suitable for analyzing the dynamic characteristics
of system frequency response. However, it cannot guarantee the conservatism of key
frequency indicators, that is, the lowest frequency value and quasi-steady-state frequency
value of the system may be higher than the results of time-domain simulation, making it
difficult to use for emergency frequency control optimization decision making. In addition,
both of the above methods require a large amount of sampling of the system frequency
after the fault to obtain the computational data required by the algorithm. However, the
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method proposed in this paper can achieve good computational accuracy with simpler
inputs, simpler implementation, and good accuracy. In this scenario, the relative error of the
frequency index is in the order of 10~3. And the method proposed in this article only needs
to take the frequency key indicator values (the minimum frequency and quasi-steady-state
frequency) as inputs. The frequency key indicator constraint of the optimization model
stipulates that the frequency value obtained by the method in this article is lower than the
time-domain simulation. This can reflect the conservatism of the method in this article and
avoid missed judgments in emergency frequency control decisions.

6. Conclusions

VPP participates in emergency frequency control by aggregating multiple types of flex-
ible resources, but it is difficult to construct the frequency response model of VPP because
the SFR characteristics of each resource are different and the VPP model is characterized by
complexity, high order, and unknown parameters. In this paper, the SLP algorithm is used
to perform parameter estimation on VPP frequency response model considering multiple
flexible resources, and the methodological innovations are as follows:

(1) The VPP frequency response model proposed in this paper takes into account the
frequency response characteristics of various types of resources and analyzes the role
of each control mode on frequency support based on the inertia response, primary
frequency modulation, and fast power control in multiple dimensions.

(2) The SLP-based parameter estimation method for the VPP SFR model only needs to
take the value of frequency key index as input, which is simple to implement and has
high accuracy. In addition, the parameter estimation results are conservative, which
can prevent the system from misjudging in the emergency frequency control decision.

(8) The scientific validity and soundness of the proposed methodology in this paper is
verified by simulation through a multi-fault test scenario based on a three-region
HVDC receiving area grid C. Even if a first-order model is used for parameter esti-
mation, the error of its frequency key index is less than 0.001 p.u., which meets the
requirements of engineering applications.

The method in this article is to aggregate distributed resources at a voltage level of
500 kV and construct a system frequency response model considering VPP, which can
support emergency frequency control. This article analyzes and considers the frequency
response model construction of VPP from the system level, so there is no more detailed
modeling of various distributed resources at the device level, which is also the direction for
our future improvement.
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