:' frontiers ‘ Frontiers in Energy Research

‘ @ Check for updates

OPEN ACCESS

Lianbo Ma,
Northeastern University, China

Ming Wan,

Liaoning University, China

Tian Zhang,

Northeast Normal University, China
Haipeng Chen,

Northeast Electrical Power University,
China

Xuan Fu,
fuxuan@sie.edu.cn

This article was submitted to Smart
Grids,

a section of the journal

Frontiers in Energy Research

08 June 2022
27 June 2022
04 August 2022

Fu X, Wang X, Jia Q and Wang H (2022),
Frequency support strategy for single-
Stage grid-Connected photovoltaic
generation with active power reserves.
Front. Energy Res. 10:964485.

doi: 10.3389/fenrg.2022.964485

© 2022 Fu, Wang, Jia and Wang. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Energy Research

Original Research
04 August 2022
10.3389/fenrg.2022.964485

Frequency support strategy for
single-Stage grid-Connected
photovoltaic generation with
active power reserves

Xuan Fu'*, Xueying Wang?, Qi Jia? and Hongjiang Wang*

College of Information, Shenyang Institute of Engineering, Shenyang, China, 2State Grid Liaoning
Electric Power Research Institute, Shenyang, China

Large-scale photovoltaic (PV) generation grid connection causes lack of inertia
and insufficient frequency regulation capacity of power system. To solve this
problem, this study proposed the active power-frequency droop control
(APFDC) and virtual inertia control (VIC) for single-stage PV generation. PV
generation is able to participate in the grid frequency regulation by improving
the control system of voltage source converter (VSC). The effect of control
parameters on the inertia characteristic of PV generation is analyzed. On this
basis, the distribution mechanism of unbalanced active power among PV
generators with inertia control strategy is revealed. The simulation results
indicated that PV generation can be controlled by setting the control
strategy of the voltage source converter (VSC) to reduce or increase the
active power; it also takes part in the frequency regulation of the system.
The inertia provided by PV generation is controllable and frequency-dependent,
increases with the increase in control gain, the decrease in the time constant of
VIC, and the decrease in phase-locked loop (PLL) control bandwidth.
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Introduction

The development of photovoltaic (PV) generation is an important means to deal with
the current severe environmental problems and global energy transformation. At the end
of 2020, the installed capacity of grid-connected PV generation in China has reached
253 million kW, indicating a year-on-year increase of 24.1%. It is estimated that by the
end of 2030 and 2050, this value will reach 1,500 million and 2,700 million kW,
respectively.

PV generation unit is connected to the power grid through power electronic
converters. Large-scale PV generation grid connection weakens the system inertia,
reduces the system ability of frequency regulation, and seriously endangers system
frequency security and stability (Pedro et al., 2016; Jesus et al, 2017; Fang et al,
2019). Some countries and regions have issued requirements and technical guidelines,
which require PV plants to have the ability to respond to system frequency changes (Datta
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et al., 2011; Liu et al., 2014; Jibji-bukar and Anaya-lara, 2019).
Field test on PV generation participating in primary frequency
control was conducted by the State Grid Corporation of China
(Xiaogiang et al., 2017; Xiaoqiang et al., 2018).

A novel power point track method was proposed by Pappu
et al. (2010), which is used for frequency stabilization and active
power reserves. In the frequency dynamic process, the reloading
algorithm is activated by the control sign; the algorithm uses a
modified fractional open-circuit voltage (Mohammad et al,
2017). A power point tracking method based on Lagrange
quadratic interpolation method was proposed by Yun et al.
(2012) and Huanhai et al. (2013),
relationship of the maximum output power and output

according to the

demand of PV array, related to the relationship between the
maximum output power and output PV array demand, PV
generation can choose between two modes (constant power
output mode and MPPT mode) automatically. Zarina et al.
(2014) proposed a frequency regulation method by improving
the DC voltage control loop of the inverter. The method
by the
proportional integral relationship between the grid frequency

illustrates  frequency  regulation establishing
deviation Af and the output DC voltage deviation AUg.
Nevertheless, how to establish the proportional integral
relationship between Af and AUy, is still unanswered.

In the research from “A control strategy for photovoltaic
generation system based on quadratic interpolation method.”
(Yun et al, 2012) and “A new frequency regulation strategy for
photovoltaic systems without energy storage” (Huanhai et al., 2013)
and “Exploring frequency control capability of a PV system in a
hybrid PV-rotating machine-without storage system.” (Zarina et al,
2014), the DC voltage controller of VSC plays one of the key roles of
actualizing participation in the grid frequency modulation of PV
generation. The reference value of the DC capacitor voltage can be
adjusted using the grid frequency deviation Af so PV generation can
participate in frequency regulation. However, it is not easy to set
initial reference of the DC capacitor voltage because of the
randomness of illumination and the nonlinear relationship
between the DC capacitor voltage and PV array output active
power. PV generation participating in frequency modulation is
strictly limited by the aforementioned relationship between Af
and AUg. Furthermore, the
characteristics of PV generation is rarely studied.

how to evaluate inertia

In the study of the frequency characteristics of system with
PV generation, the relationship between the output active power
of PV generation and grid frequency has gained a considerable
amount of attention. Therefore, a model that accurately describes
the characteristics of PV generation electromechanical transient
serves as the basis for on-grid analysis. At present, America’s
WECC and China’s GB/T 32,826-2016 “Guide for modeling
photovoltaic power system” have proposed a general PV
generation model for electromechanical transient analysis
(WECC Renewable Energy Modeling Task Force, 2012; Lei
et al,, 2015; SPC, 2016). (Linan et al, 2018) combined with
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FIGURE 1

Configuration of single-stage grid-connected photovoltaic
(PV) generation.

the measured data for the manual short-circuit test of a PV power
station in Northwest China, effectively verified the proposed
model is “verified the electromechanical transient model of PV
generation.” Unlike the electromagnetic transient model, the
electromechanical ~ transient model ignores numerous
PWM modulation

transformation, and replaces its DC voltage controller with

processes, such as and coordinate
active power controller (Nanou and Papathanassiou, 2014).
Because of the differences between the two model control
systems, there is discrepancy in designed control strategies
(Sangwongwanich et al.,, 2017; Lyu et al., 2018).

This study proposed the virtual inertia control (VIC) strategy
and the active power-frequency droop control strategy (APFDC)
based on the single-stage PV generation electromechanical
transient model, evaluating the inertia characteristics of PV

generation. The contributions of this study are as follows:

1) The control system of VSC was improved so that PV generation
actively participates in the system frequency regulation.
2

~

According to the relationship between unbalanced active
power from the system and phase output of internal
voltage, the effect of the PLL control bandwidth, control
gain, and time constant on the PV generation inertia
characteristics is discussed, and the effect of the PV
generation inertia on frequency dynamics is analyzed.

3) The dynamic power distribution mechanism of PV
generation units with VIC is revealed.

The structure of this article is arranged as follows: the
configuration of single-stage grid-connected PV generation is
investigated in Section 2. The electromechanical transient model of
VSC is proposed in Section 3. In Section 4, the frequency regulation
control strategies, including APFDC and VIC, are presented. Section
5 discusses the inertia characteristics of PV generation. The simulation
results are presented in Section 6 and the conclusions in Section 7.

Configuration of single-stage grid-
connected photovoltaic power
generation

The structure of grid-connected single-stage PV generation is
presented in Figure 1. The figure shows the main parts of the
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FIGURE 2

PV array model.

system, including the PV array, voltage source converter (VSC),
and AC grid. The output active power of the PV array can be
delivered to the grid side through the VSC (Yu et al., 2018). Cis
the DC filter capacitor, Uy, is the DC-side voltage of the PV array,
Ly is the filter inductance, Uy is the voltage of point of common
coupling (PCC), L, is the inductance, R, is the resistance of the
transmission line, Pjy,q is the load, and Uy is the grid side voltage.

PV array

The configuration of the PV array is presented in Figure 2, in
which N and N, represent the number of series and parallel
connected cells. The Uyc-Ipy characteristic of a PV array from
manufacturer is shown in (1).

U, C
Ipy = NI |1 -G, | emmt — 1 1)

Here, Ipy is the DC current, I and U, are the short-circuit
current and open-circuit voltage, respectively; C; and C, are
coefficients obtained in (2).

Im _Um
C=[1=-=2)e Ve
1 < Isc>e 2
Un L
-1 /ln 1-—
UOC ISC

Here, I,,, and U, represent the maximum current and voltage,

@
Cz =

respectively, when the PV array operates at the maximum power point.
The relationship of Ppy and Uy, is obtained in (3) based
on (1).

U, C
Ppy = NI |1~ C eCzN(siUoc -1 -Uge 3)
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FIGURE 3

Electromechanical transient model of voltage source
converter (VSC).

Simplified model of the PV array

The transcendental equation in (3) adds many difficulties to
the modeling of PV array. Thus, Lei et al. (2015) proposed a
simplified output active power model of PV array, which is
expressed in (4).

S

b
PPV:NP'NS'Um'Im'_[l+E(S_Sref):| (4)

Sref
where S, is the rating irradiance, b is the constant associated
with the material of battery (typical reference value b =
0.0005 m?*/W), and e is the Euler number.

The active power reserves AP of PV generation if operating in
the limited power mode (0% is the active power reserve ratio) is
expressed in (5).

AP=06%-N,-N;-Up-Ip-

S [1 +'3<S—s,ef)] 5)
Sref €

The electromechanical transient
model of voltage source converter

The electromagnetic transient model of VSC is shown in
Supplementary Figure SA1 of Supplementary Appendix SA, and
a typical vector control strategy is shown in Supplementary
SA2 of Supplementary SA. In the

Figure Appendix
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FIGURE 4
The droop characteristic curve of PV generation.

electromagnetic transient control system of VSC, it contains the
current controllers, PWM modulation, etc. However, the
response speed of these modules is in millisecond, and the
dynamic process of rapid response can be neglected while
analyzing the electromechanical transient problems.

To accurately describe the electromechanical transient
characteristics of VSC, Linan et al. (2018) established an
electromechanical transient model of VSC. Figure 3 shows the
VSC equivalent model, where S is the illumination; P, is the
maximum active power of PV array under the current
illumination; P.,g and Q.yng represent the reference of active
and reactive powers, respectively; Ppy and Qpy represent the
actual values of active and reactive power; and te, is the PCC
voltage.

Supplementary Figure SA3 of Supplementary Appendix SA
shows the specific control structure of active and reactive power
control modules. Compared with the electromagnetic transient
control system of VSC, the active power control replaces the DC
voltage control in the electromechanical transient control system
of VSC; however, this part will not be described in detail. The PV
generation frequency support control strategy will pay more
attention to the electromechanical transient model of VSC
and its control system in the next part (Varma et al, 2015;
Batzelis et al., 2017).

Additional requirements

APFDC strategy

In this section, the active power-frequency droop
characteristic curve of PV generation is presented in
Figure 4 and the corresponding mathematical expression

in (6).
P=Py—k-(f-fa) Pa (6)

where f; is the system frequency response value of VSC, P,, is the
maximum active power output of PV generation under the
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FIGURE 5
The modified control strategy of VSC.

FIGURE 6
The relationship of APpy, Hpy, and Uy with the fixed integral
coefficient of PLL (ki4 = 100)

current illumination, k is the frequency adjustment coefficient
in 1/Hz, and P, is the initial output active power of PV
generation.

Figure 5 shows the modified control system of VSC, where
PV generation is operated under limited power mode. The
output active power of PV generation (P,) when the grid
frequency f is stable is Ppy*(1-0%). When power disturbance
occurs in the system, f is sent to the droop control loop and
generates the output active power reference Ppyer (Firdaus and
Mishra, 2019). The d-axis current reference value ig..r of VSC is
generated by comparing the differences between Ppy,¢f and P in
active power controller.

VIC strategy

As can be seen from Supplementary Figure SA2 of
Supplementary Appendix SA, the function of the phase-locked
loop (PLL) is to align the d-axis frame with the PCC voltage Uy.
Supplementary Figure SA4 of Supplementary Appendix SA
shows the control system of the PLL (Panda et al., 2019).

According to the control strategy of the PLL, the relationship
of fand the PLL is shown in (7); (8) obtains the active power
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FIGURE 7
The frequency support strategy for PV generation.
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FIGURE 8

The unbalanced active power excitation—phase output
response of VSC. (A) Block diagram of PV generation inner electric
potential phase dynamic. (B) Block diagram of replaced PV
generation voltage phase. (C) Block diagram of PV generation
including equivalent inertia and damping coefficient.

increment APpy of VIC, which makes VIC based on the
dynamics of PLL achieved.

f = % (kp4 + J‘kl4dt) (7)
APpy = 2Hpvdf = 2Hy, ks (8)
dt 2m

where U,q is the PCC voltage in the q-axis, kp4 and k;4 are the PLL
parameters, and Hpy is the time constant of VIC.

Figure 6 presents the relationship of APpy, Hpy, and Uy with
the fixed integral coefficient of PLL. Figure 6 demonstrates that as
the Hpy and Uy increase, the PV will generate more active power.
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In general, APFDC and VIC are combined to participate in
frequency regulation; the control strategies are shown in Figure 7.
When active power disturbances occur in the system, the grid
frequency disturbance f is delivered to the VIC link (a low-pass
filter is introduced to the inertia control link; K; and T, are the
control gain and the filter time constant, respectively), and the
APFDC link can generate the power reference value because of
the detection by the PLL (Anderson and Mirheydar, 1990; Ma
et al.,, 2021a).

The inertia characteristics of
photovoltaic generation

The unbalanced active power
excitation—phase output response of the
voltage source converter

Based on the relationship of VSC (Kakimoto et al., 2009;
2014), the
generation with different control parameters will be
further analyzed (Moradi-shahrbabak et al., 2018; Wu
2018; Ma et 2021b). The linearization
relationship  of  the  unbalanced
excitation-phase output response of the VSC is shown in

Fazeli et al, inertia characteristics of PV

et al., al.,

active ~ power
Figure 8A (the influence of reactive power control on active
power control is ignored). In Figure 8A, AP;, is the PV array
output power disturbance, APpy is the VSC output power
disturbance, A6, is the PCC voltage phase disturbance, A6, is
the PLL output phase disturbance, A0 is the internal phase
disturbance in VSC, and E, and Uy, are the initial of the
internal voltage of VSC and the initial of PCC voltage,
respectively (Yuan et al., 2017; Ma et al., 2021¢).

The expression of PV generation output power and internal
potential as well as the PCC voltage are presented in (9);
replacing the A8 in Figure 8A with the linearization result of
(9). The relationship between the unbalanced active power
excitation and the phase output response of VSC can be
further simplified as in Figures 8B, C, where Gj(s) is
expressed in (10).

Ppy = Ui Lsin(6 - 6,)
E* E.U ©)
W) Lcos(-6,)
Xf ki Xf
Gi(s) =" (kpl - 71) i (10)

In Figure 8C, Gp(s) is the equivalent inertia of PV generation,
and Dygc(s) is the equivalent damping coefficient. Gy(s) and
Dysc(s) are related to system structure parameters and operating
conditions; their expressions are presented in Supplementary
Appendix SA. Furthermore, the unbalanced active power
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FIGURE 9

The unbalanced active power excitation—phase output

response of VSC based on the virtual inertia control strategy. (A)
Block diagram of PV generation inner electric potential phase
dynamic. (B) Organized block diagram of PV generation inner
electric potential phase dynamic. (C) Block diagram of input active
power-output inner electric potential phase. (D) Block diagram of
PV generation including equivalent inertia and damping
coefficient.

excitation—phase output response relationship indicates how
power disturbance influences the movements of E by the
inertia and damping coefficient (Ma et al, 2021d) and also
how coefficients are determined by the operating points and
control parameters of PV generation.

Considering the relationship between the rate of range of
frequency (ROCOF) and Uy, the linearization result is shown in
(11). When the VIC strategy is adopted in PV generation, its
unbalanced active power excitation-phase output response is
shown in Figure 9A and further simplified in Figures 9B, C, D.

anf _AUg- ki (11)
dt 27

In Figure 9D, its equivalent inertia Gyy,(s) is shown in (12).
Based on (12), Figure 10 shows the Bode diagrams of Gy (s),
which are obtained under different control gain coefficients Kj,
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different time constants T;, and different PLL control
bandwidths (Sangwongwanich et al, 2018). Figure 10shows
that 1) the equivalent inertia of PV generation is frequency-
dependent and controllable, different from the constant inertia of
SG, and 2) with the increase in the control gain coefficient K;
(1-30), decrease in the time constant T, (30-1), or decrease in the
control bandwidth (9.99-3.65 Hz) of PLL, a larger inertia can be
provided by PV generation in the dynamic process of grid
frequency.

G (9 = TS (S)égi;) (. Drec) (12)

1-=

Dynamic response analysis of grid
frequency

Figure 11 shows the synchronous frequency regulation (SFR)
model of SG (Linan et al,, 2018). In Figure 11, Tj is the inertia time
constant of SG, Dy is the equivalent damping coefficient of SG, R is
the adjustment coefficient of speed regulator, Ty is the prime mover
reheat time constant, Fyy is the fraction of total power generated by
the HP turbine, K, is the mechanical power gain factor, Py, is the
incremental power set point, Py, is the load power, and Aw, is the
inner frequency of the internal voltage of SG.

Based on the unbalanced power excitation—-phase output
relation in Figure 9 and the SFR model of SG in Figure 11, it
can be observed that

APy, — APpy = 5 - Awpy - Gy () (13)

where Awpy is the inner frequency of PV generation of internal

voltage.
1-Fy
() =Ky [Pyt — 1 14
Ggov (5) ( H+1+TRS) (14)
1 1
[(APSP_E.A“)g>.GgOV(S)_APLZ] "T]s—_'_Dg:Awg (15)

If Awg = Awpy, by combining (13) and (15), Aw, can be expressed
as follows:

1
—AP; = [,
R

APL = APLI +APL2

Gan(5)+ (T4 D) +5-Gaa (9] - A »

In this method, we give a considerable amount of attention to
APy in the form of a step function, AP = APy/s. Thus,

AP,

Awg ) [% ' Ggw (s) + (TIS:' Dg) +5-Gm (S)] )

According to the final value theorem, we can obtain the initial
ROCOF and steady-state frequency error of the system as
follows:
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_____________ Awg|,_ = lim (s . Awg) = (19)
Py Ao e Kn +R-D,
1/(Tys+D,) s—————0

It can be seen from (17), (18), and (19) that PV
generation with VIC does not affect the initial rate of

FIGURE 11
The synchronous frequency regulation (SFR) model of
synchronous generator.

dAw,
dt

. . _ AP,
T lim (s Awg) T,

s—> 0

Frontiers in Energy Research

change and steady-state deviation of the grid frequency
(Yazdani et al., 2011; Sangwongwanich et al., 2018).
However, during the dynamic of grid frequency means the
dynamic characteristics of the grid frequency, PV generation

plays a vital role, depending on its inertia. It can effectively
restrain the drop of the lowest frequency point (or the rise of

(18) the highest frequency point) and the ROCOF under different
control parameters.
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FIGURE 12
The structure of two paralleled PV generation units.
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FIGURE 13

The unbalanced active power excitation—phase output
response of two paralleled PV generation units based on the virtual
inertia control strategy. (A) Block diagram of two parallel PV
generation units. (B) Simplified block diagram of two parallel

PV generation units.

The dynamic power distribution
mechanism of photovoltaic generation
units with the inertia control strategy

When PV generation units adopt the VIC, the dynamic
power distribution mechanism of PV units is further discussed
based on the unbalanced active power excitation—phase
output response of VSC (Hydro Quebec TransEnergie,
2009; Khazaei et al., 2020). The structure of two paralleled
PV units is shown in Figure 12. In Figure 12, E; and E, are the
magnitudes of the internal voltage vector; 6; and 6, are the
phases of the internal voltage vector; E' and 6’ are the
magnitude and the phase of the PCC voltage vector,
respectively; X and Xp, are the output filter reactance; X
and X, are the reactance of each PV generation to the
interconnection point; and Xg is the transmission line
reactance.

The output power of each PV generation is shown in (20),
linearizing (20) (neglect the effect of voltage magnitude
disturbance), and the phase 8’ of the PCC voltage vector can
be obtained using (21).
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!

Ppyt = sin (6, - 0')
(20)
E
vaz = sin (62 - 9,)
X
AG' = A6, - _El N APpy,
(21)

A0 = A6, - % - APpy,
where X is the total reactance.

Combining (21) and Figure 9D, the unbalanced active power
excitation—phase output response of two paralleled PV generation
units with the inertia control strategy is shown in Figure 13A and the
simplified relationship in Figure 13B, where the derivation and
expression of Gii(s) and Gip(s) are given in Supplementary
Appendix SB; Dy;(s) and D,(s) are the power distribution coefficients.

According to Figure 13B, the phase 6 of the PCC voltage
vector is also shown in (22), and the dynamic power distribution
coefficients D;;(s) and D;,(s) are shown in (23) and (24).

A0' = Dy, (s) - Gy (s) - AP
e v @
1
D11 (5) = lGll (S) 1
+
G (s) 1 Gz (s) (23)
D12 (S) = 1 G12 (S) 1
G () Guls)
G (s)
Dll = = N~
)= G (9 + G (3) s
Dy (s) = Gz (8)

G (8) + Gmz (5)

From (24), it can be seen that the dynamic power distribution
coefficients depend on the inertia characteristics of PV generation
units. Therefore, the dynamic power distribution mechanisms are
similar to those of conventional synchronous generators (ENTSO
-E, 2013), which is helpful in understanding the dynamic process of
PV generation units with inertia control strategy.

Figure 14 presents the Bode diagrams of D;,(s) and Dj,(s)
with different control parameters. We can see from Figure 14 that
with the increase in control gain, decrease in the time constant of
VIC, and decrease in the PLL control bandwidth, the power
distribution coefficient of PV generation in the low-frequency
band will also increase, indicating that PV generation provided a
more active power during active power disturbance.

Simulation validations

A simulation model was built in PSCAD/EMTDC to verify the
above theory analysis, as shown in Figure 15. Table 1 presents the
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FIGURE 14

The Bode diagrams of Dy;(s) and Ds,(s) with different control parameters. (A) Control gain coefficient variation. (B) Time constant variation. (C)

PLL control bandwidths variation.

main parameters of the single-stage PV system; the PV power plant is
represented by a single equivalent model in the following simulations.

Photovoltaic generation responses to grid
frequency disturbance simulation results

The background of the simulation is as follows: output
active power of PV generation Ppy = 600 MW (6% = 20%),
system load Py, = 2000MW, and a load increased by 200-MW
disturbance occurs at t = 40s. Figure 16 reflects the output
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power of synchronous unit 1 responses (Pg;), the output
power of PV generation responses (Ppy) under different
controls, and the grid frequency responses (f) during the
disturbance.

The simulation results in Figure 16 indicated the
following: 1) If PV units do not participate in the system
frequency regulation, the system frequency will drop below
49.6 Hz; the ROCOF of the system is large. 2) If VIC is
activated, the PV units will increase the active power by
100 MW immediately to contain the drop of frequency.
However, when the system frequency tends to be stable,
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TABLE 1 Main parameters of photovoltaic (PV) generation.

Parameters Values
The rating power of PV array P/kW 500

The units of PV array 1,600
Active power control loop (kp;, ki1) (0.1, 200)
Active current control loop (K, kiz) (2, 100)
Reactive current control loop (kps, kis) (2, 100)
Phase-locked loop (kp, kia) (7.1, 200)
The control gain K; of a low-pass filter 20

The filter time constant T; of a low-pass filter 1

the PV output active power has the same value as in the first
case, which means that VIC does not affect the steady-state
frequency after the disturbance, only the transient-state
process of system frequency. 3) If the APFDC is activated,
the active power of the PV array is controlled by the VSC
according to the active power-frequency droop curve shown
in Figure 4. As a result, an 80-MW extra active power is
added to inhibit the drop of frequency. After a dynamic
process of about 20s, the steady-state frequency of the
system is about 49.85 Hz, which is higher than those in
the former cases. 4) If both droop control and VIC are
activated, PV generation will obviously improve the
dynamic process characteristic by adding more active
power. It not only increases the equivalent inertia of the
system, which can constrain the ROCOF, but also reduces
the frequency deviation.
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FIGURE 16
System operation curve with different control strategies.

The simulation results of photovoltaic
generation with inertia control under
different control parameters

The background of the simulation is as follows: output active
power of PV generation Ppy = 600 MW (6% = 20%), system load
Py, = 2000 MW, and a load increased by 200-MW disturbance
occurs at t = 40 s. When the low-pass filter controlled by the
virtual inertia is constant (T; = 1 s), the control gain of the low-
pass filter is increased from 5 to 20. Figure 17A indicates that with
the increase in control gain, the virtual inertia of PV generation
gradually increases, the ROCOF of the system during the active
power disturbance decreases, and the maximum frequency
deviation decreases.

When the control gain of the low-pass filter controlled by the
virtual inertia is constant (K; = 20), T is increased from 1 to 30.
Figure 17B indicates that with the increase in time constant, the
virtual inertia of PV generation gradually decreases, the ROCOF
of the system during the active power disturbance increases, and
the maximum frequency deviation increases.

Figure 17C shows the grid frequency responses at
different PLL control parameters of the VSC. According to
Figure 17C, with the increase in the PLL bandwidth (wpry =
3.65-7.3 Hz), the equivalent inertia of PV generation
decreases, the ROCOF of the system during the active
power disturbance increases, and the maximum frequency
deviation increases.
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System operation curve with various control parameters. (A)

control gain coefficient variation. (B) Time constant variation. (C)
PLL control bandwidths variation.

Taken together, with the increase in control gain, more
output active power can be produced in the PV generation, the
ROCOF becomes smaller, and the maximum frequency
deviation decreases.

Simulation result of photovoltaic power
generation with inertia control under
different control parameters

The PV power station consist of two PV generation units, as
shown in Figure 18, the rated active output power of each PV
generation unit is 400 MW (=10%), the load of the system is
2000 MW, a disturbance with 200 MW load increase occurred at
t =40 s. Figure 18 shows the active power of PV array responses
(P, and Pj,) and the output power of PV generation unit
responses (Ppy; and Ppy,) under different control parameters.

The difference between the input and output active powers
of the PV array represents the unbalanced power borne by the
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FIGURE 18

The system responses for PV generation units under different
control parameters. (A) control gain coefficient variation. (B) Time
constant variation. (C) PLL control bandwidths variation.

PV generation unit. Figure 18 shows that when the control
gain K; of PV generation unit 1 is greater than K, of PV
generation unit 2, the time constant T; is smaller than the time
constant T,, or the control bandwidth wp;;, of the PLL is
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In the actual grid operation scenarios, the proposed PV
generation frequency regulation strategy has proven

effective. The simulation was performed under the
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APFDC strategy and VIC strategy.
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Conclusion

In this study, the single-stage PV generation frequency
regulation strategies are proposed, including VIC and droop
control, based on the electromechanical transient model. The
method proposed in this study is to realize that the control
strategies modify the VSC control system. The effect of the
control parameters on the inertia characteristics is analyzed.
Furthermore, the dynamic power distribution mechanism of
PV generation units with the inertia control strategy is
revealed, and the following conclusions were drawn:

1) The PV generation can decrease or increase the output active

power controlled by VSC based on the PV generation
regulation  strategies, thus the
frequency stability of the system. PV generation can

frequency improving
increase (or decrease) the output active power to respond
to the changes in the system frequency when active power
disturbances occur in the system according to the pre-set
droop curve.

2) Different from the synchronous unit (SG), the inertia
provided by PV generation with VIC is controllable and
depends on the grid frequency. With the increase in the
gain, decrease in the time constant of the VIC, and decrease in
the control bandwidth of PLL, more inertia will be provided
by PV generation.

3) The dynamic power distribution mechanisms of PV generation
units with the VIC strategy are similar to those of conventional
synchronous generators, which depend on the inertia
characteristics of PV generation units. With the increase in
the gain, decrease in the time constant of the VIC, and
decrease in the control bandwidth of PLL, the active power
distribution coefficient of PV generation in the low-frequency
band will also increase, and thus, more active power can be
provided to constrain the changes in the grid frequency.
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