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Photovoltaic (PV) grid-connected will reduce the inertia of the system, which
has an effect on power system frequency reliability. In order to clarify the
frequency stability situation of power system when photovoltaic participates in
frequency regulation, this paper first establishes the load frequency control
(LFC) model of the power system with photovoltaic based on the analysis of the
traditional LFC model of the power system. Secondly, based on the Pade
approximation method, the communication delay in the control loop is
linearized. The frequency stability of power system with photovoltaic
participation in frequency regulation is characterized by system frequency
steady-state error, feedback system sensitivity, and closed-loop system
stability margin. According to the index calculation and theoretical
derivation, the influence of system frequency regulation related parameters
on frequency characteristics is analyzed. Finally, on the matlab/simulink
simulation environment, the frequency stability methodological approach
presented in this research is validated. The results of the simulations
demonstrate the effectiveness of this analytical approach in assessing the
frequency stability of a power system with photovoltaic frequency regulation
while taking communication latency into account. It can provide guidance for
the power grid’s secure operation and control when photovoltaics participate in
frequency regulation.

KEYWORDS

photovoltaic, load frequency control, power system, communication delay, frequency
stability

Introduction

In recent years, with the low-carbon transformation of energy structure, the access of a
high proportion of new energy and power electronic equipment has become a significant
feature of modern power system (Jain et al., 2020). The development of the power system
has benefited greatly from the widespread use of photovoltaic power generation, one of
the most prominent new energy generation technologies (Gao et al., 2022). As a large
number of grid-connected inverters need to be installed for photovoltaic grid-connected
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operation (Fu et al., 2022), the frequency band that the power
system needs to consider and control continues to expand (Jiang
et al., 2018). Moreover, after photovoltaic grid-connected, their
number continued to increase, requiring high-speed coordinated
control to ensure the efficient operation of the grid. With the
quantitative change of an increasing proportion of photovoltaic
grid-connected, the power system presents the development
trend of power electronization (Tafti et al., 2021).

However, photovoltaic is connected to the power grid
through a large number of power electronic devices, and it
does not have the ability of primary frequency regulation, so
it cannot actively respond to the frequency response of the system
(Cuello-Polo and O’Neill-Carrillo, 2021). The incorporation of
power electronic interface makes the frequency regulation
characteristics of each node significantly heterogeneous in the
frequency dynamic process, which worsens the frequency
response characteristics. Power systems with photovoltaics are
subject to many factors such as light intensity and temperature,
which produce random fluctuations in output power (Medina-
Quesada AGil-Gonzéilez et al., 2022) and deviations in system
frequency (Al-Shetwi et al., 2022). If the frequency regulation
capacity is insufficient, it is very easy to trigger the low-frequency
load shedding protection action (Quan et al., 2019), which would
lead the system to disconnect in severe circumstances,
compromising the power grid’s safety. On the other hand, the
dependable functioning of a photovoltaic power grid requires
corresponding control system to monitor, control and dispatch
(Sultan et al., 2019) it in real time. Effective communication and
information technology can improve the quality, efficiency and
security of energy transmission. An affect of the communication
network on the safe and steady functioning of the power system
should always be recognized (Saxena and Shankar, 2022). Any
existence of latency will impact the system’s performance
characteristics and diminish overall convergence speed. It is
especially harmful to the power system’s frequency stability
(Phan-Tan and Hill, 2021).

In view of the unsafe and stable analysis of power grid
frequency, the key to effectively evaluate and analyze the
frequency situation of power system is to establish a load
frequency control model frequency
regulation (Bakeer et al, 2022). The analysis methods of
power system frequency response characteristics (You et al,

with  photovoltaic

2018) mainly include full time domain simulation model,
artificial intelligence frequency response estimation model and
system load frequency control model. Based on the detailed
models of power system components, full time domain
simulation solves the differential equations to obtain the
of the
disturbance, which has high accuracy. However, it is difficult

frequency response information system  after
to apply in real time due to the large amount of calculation and
time field calculation (Prakash et al, 2018). The frequency
response calculation based on artificial intelligence algorithm

has better prediction accuracy and speed (Zhang et al., 2020).
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However, since this physical meaning of the concept is
ambiguous, providing suggestions for actual system parameter
optimization is challenging. System load frequency control
model has the advantages of low order, analyzability and fast
operation, and is commonly utilized in power grid frequency
stability analysis (Li and Zhang, 2021). However, the traditional
LFC model only considers thermal power units and ignores the
influence of frequency regulation dead zone. It is not suitable for
high proportion PV access scenarios, and directly causes errors
between simulation analysis and actual measurement results
(ChunYi et al, 2019; Adetokun et al., 2020). On this basis,
scholars including both home and abroad have conducted
extensive studies on the frequency characteristics of power
system for different frequency regulation strategies.

At present, photovoltaic grid-connected provides a flexible
control means for power system frequency regulation. However,
the research on the frequency situation of power system
considering photovoltaic participation in frequency regulation
is still relatively scarce. Therefore, under the trend of
diversification of frequency regulation resources in power
system, how to analyze the frequency characteristics of power
system in which PV participates in frequency regulation has
become a research hotspot. Yan et al. (2019) builds photovoltaic
system model and simulation based on shading effect, and
effect of
photovoltaic system through experimental research. It reflects

evaluates the voltage and transient stability
the transient response characteristics of photovoltaic power
generation model. Li et al. (2021) performed a comparison
analysis of how photovoltaics affected system reliability at
diverse penetrations. Included are three distinct situations as
well as their associated models-units and centralized units with
and without the capacity to adjust voltage. Using such models
and actual power grid data, the influence is analyzed through
eigenvalues, voltage stability and transient stability. Rezaei ] and
his research team in (Rezaei et al, 2022) investigated the
influence of exceptionally large solar energy generation on the
dynamic characteristics of power grids, including rotation speed
and reliability requirements. Therefore, a detailed equivalent
dynamic model and corresponding controller are established.
A comprehensive re-placement scenario is also proposed,
including different photovoltaic penetrating, installation, and
voltage control schemes. The frequency reliability and rotor
speed stability are explored and assessed through modes and
frequency response. In (Nanou et al., 2015), the authors present
different grid-connected photovoltaic model featuring adjustable
load current regulation and power control ability that seems to be
appropriate for electric grid investigation. A power distribution
method is demonstrated. The scheme can operate at a
predetermined power reserve level and allows the droop type
and inertia response to be provided by modulating the voltage of
a photovoltaic module. In addition, a linearized small signal
model was constructed to assess the effect of photovoltaic
resources and equipment upon that stability of the power
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generation regulator while the device is performing inside a finite
state machine. The simulation results demonstrate that the
recommended control method can successfully modify pv
output power to achieve frequency responses even when
environmental and operational circumstances fluctuate
dramatically.

However, for the LFC model with photovoltaic, the above
literature focuses on the frequency regulation control strategy.
Among them, there is a lack of quantitative description indicators
for the free frequency response characteristics of the power
system, which is difficult to guide the optimal configuration of
the system control when the photovoltaic modules are connected
to the public grid in theory. Nor can we theoretically describe the
effect of photovoltaic frequency regulation upon power system
frequency response qualities. How to effectively evaluate the
frequency stability of the system with photovoltaic frequency
regulation needs further research. Wu et al. (2020) investigate the
transient system reliability of a grid-connected photoelectric
producing power system. Taking the maximum frequency
the the

photovoltaic capacity of the system is determined, and the

deviation as index, range of the maximum
influence of high permeability photovoltaic high disturbance
system on frequency stability is studied. Based upon surface
matching, a strategy for evaluating and predicting the frequency
dynamic properties of PV devices and techniques is given. The
essential requirements of extremely high photovoltaic accesses
are supplied at various nodes. The modification of the frequency
shift properties of high capacity units is presented as such an
improvement measure. Schinke and Erlich (2018) quantitatively
evaluated the impact of the high permeability of small
photovoltaic units embedded on the frequency and voltage
security of massive interconnections in the distribution grid.
Based on the fully integrated model of photovoltaic power
station, the influence of various requirements of voltage
control, frequency control and active power control in
emergency is analyzed. Simulations on representative
benchmark networks are used to evaluate and quantify the
overall impact. Appropriate methods are suggested to enhance
the voltage/frequency stability of the system. However, although
the above literature analyzes the influence of control parameters,
it does not take into account the impact of communication delay
in the actual power grid operation. The evaluation and analysis of
the frequency stability of the power system where PV participates
in frequency regulation is weak. This is not conducive to the
current power grid frequency situation prediction.

Large scale photovoltaic power system with randomness and
uncertainty impacts the system balance, and then affects the
frequency characteristics of the system. At the same time, the
existence of communication delay also threatens the system
frequency security to a certain extent. Therefore, it is very
important to analyze the frequency stability characteristics of
the power system with photovoltaic frequency modulation taking

into account the communication delay and clarify the system
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frequency situation. In this paper, based on the traditional power
system load frequency control model, the frequency response
model of the power system with photovoltaic is constructed
the
participating system and the influence of communication

considering frequency modulation of photovoltaic
delay. The delay is linearized by Pade approximation. The
frequency stability of power system under photovoltaic
participation in frequency modulation is analyzed and
evaluated by establishing three indicators: system frequency
steady-state error, feedback system sensitivity, and closed-loop
system stability margin.

Using Pade approximation to deal with time delay can
significantly reduce the complexity of modeling and the total
cost of computing time, and can provide better services for the
study of power system frequency characteristics. The
proposed frequency stability margin index provides a new
idea for the stability of photovoltaic participating system
frequency modulation, and improves the accuracy and
effectiveness of quantitative assessment of photovoltaic grid
connected system frequency stability. It can provide operators
with a more intuitive measurement that represents the current
frequency stable operation state of the power system, and
conveniently take into account the impact of communication
the
participating systems. It is helpful for power control

delay on frequency modulation of photovoltaic
personnel to grasp the frequency stability of power system
more accurately. This will have a high theoretical value and
practical significance for guiding the safe and stable operation
of photovoltaic and participating in system frequency

modulation.

LFC model of power system with
photovoltaic

The rotor speed of the motor sets the frequency of such a
typical power system. Due to the large rotating inertia of the rotor
itself, it can provide power support, suppress frequency
fluctuations, and has good frequency response characteristics.
However, with the large-scale access of photovoltaic, the
proportion of synchronous machines has decreased. When
disturbance occurs, the system cannot respond to frequency
changes in time, resulting in poor system stability. Load
frequency control may effectively increase reliability and keep
the frequency inside one reasonable level. In the process of
system frequency regulation control, there will inevitably be
time delay, which will affect the system performance.
Therefore, it is necessary to consider the influence of
communication delay on system frequency regulation to assess
the stability of the grid.

Based on the LFC model of power system in the traditional
environment, this section constructs LFC model of power system
with photovoltaic.

frontiersin.org
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LFC model of traditional power system

LFC model of traditional power system

Load frequency control is a common method to realize the
stable operation of system frequency. It can not only ensure the
balance between photovoltaic power generation and load, but
also retain the power grid frequency inside the selected limits.
The LFC model of power system in traditional environment is
shown in Figure 1.where, k is the integral gain of LFC controller.
Ty and T} are the temporal constants of the power system of the
governor as well as turbine. R is the speed regulation coefficient of
the power system. H and D is the equivalent inertia time constant
and system damping coefficient respectively. AP, refers to system
load disturbance. Af refers to frequency deviation.

APy — AP, = (2Hs + D) - Af (1)

where, APr — AA is the incremental power mismatch value.

LFC model of power system with
photovoltaic

Photovoltaic power generation system consists primarily of a
photovoltaic panel, a boost converter, an inverter, a transformer,
and other components. Usually, the low-voltage DC capacitor is
connected with the photovoltaic array, that is, the photovoltaic
array’s power output may be adjusted by varying the voltage
profile.

The change of system power often causes the system
frequency to fluctuate. At the same time, the system will also
be affected by frequency fluctuations. It is vital to keep the low-
voltage DC voltage steady in order to conserve a specified level of
power. However, due to the interference of external uncertain
factors, the photovoltaic array is selected to chosen to operate on
the left side of a peak power output point. At this time, the DC
voltage and the output power of the photovoltaic array are
approximately linear functions. The expression between them
is obtained by using the linear fitting method, and the output
power is expressed as shown in Eq. 2:

PZa-Upv+b (2)
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where, P is the output power of the photovoltaic array. Upy refers
to low-voltage DC voltage. a and b are constants.
Linearize the above formula to obtain:

AP = aAUpy = B- K, - Af 3)

where, f3 is the fitting coefficient and K is the control coefficient.

AP

af P

4

On the basis of having standby dynamic output power, a
photovoltaic frequency regulation control technique utilizing the
external features of P-U is provided. The boost converter’s DC
voltage controller now incorporates linear compensation. When
the system detects the frequency fluctuation, it modifies the low-
voltage DC voltage value to change the photovoltaic output
power.

Based on the previous traditional LFC model, a photovoltaic
frequency regulation control approach based on the external
characteristics of P-U is adopted. Considering the impact of
communication delay on photovoltaic grid-connected, the LFC
model of power system with photovoltaic (LFC-PV) is
constructed, as shown in Figure 2.

Compared with the traditional LFC model in Figure 1, the
LFC-PV model adds a photovoltaic frequency regulation control
link. This essentially changes the damping of synchronous
generators. The control shares of the two circuits are allocated
according to a certain proportion coefficient. Among them,
photovoltaic power generation circuit assists in frequency
regulation control.

Table 1 lists the parameters involved with the above model.

The state space representation of LFC model is a helpful
technique for applying contemporary robust control theories. It
may also be employed to provide a basic framework for linear
frequency regulation in dynamic frequency analysis that can be
readily adjusted and implemented toward any power system.
Therefore, the LFC model of a power system incorporating
photovoltaic power generation is deduced in this research to
investigate the effect of PV upon its performance of the LFC
model.
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FIGURE 2
LFC model of power system with photovoltaic

TABLE 1 Parameter table.

Parameter table

a control share D damping coefficient
2H equivalent inertia constant R speed regulation coefficient
K gain K; control coefficient

T, governor time constant T, turbine time constant

g fitting coefficient Ta communication delay

Let the state space expression of the system be:

x(t)=A-x(t)+B-u(t)+I- -w(t)

y()=C-x(t)+D-u(t) ©)

Where, A is the system matrix, B is the control input matrix, I is
the interference matrix, C is the observation matrix, D is the
constant real matrix, x () is the state vector, u(t) is the input
vector, w(t) is the interference variable, and y (t) is the system
output.

Considering that there is a certain communication delay 7 at
the input of the system during the communication transmission

~Tas in the above time domain model.

process, that is, the delay e

The state space of photovoltaic power generation system in this

paper is expressed as follows:
x(t)=A-x(t)+B-u(t-71)+T- -w(t)

yt)=C-x()+D-u(t-1) ©)

The linear model for the system should be looked into to
determine the linear state space model of the system. Figure 2
reveals that the system only has one non-linear component,
which is the communication latency link inside the photovoltaic
control loop. As a result, in order to derive the linear state space
model, it is necessary to linearize the time delay first.
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Photovoltaic power system with
communication delay

The access of photovoltaic grid-connected has greatly
changed the system, and it needs to be equipped with
corresponding communication network for control and
management. Among them, communication delay is one of
the main reasons that affect the stability of power system. The
existence of delay will cause the loss or incompleteness of data
packets, and make the system deviate in the information
transmission, which will seriously affect the stability of the
power system.

Given the existence of time delay and exponential term e Tas,
it is not convenient to analyze the stability. It is very difficult to
get its key eigenvalues by directly solving the transfer function of
the model. Pade approximation method is used in this paper.
Because of its strong convergence, it is widely used to linearize

time-delay systems. Pade approximates the communication

delay by the quotient of polynomials. Specifically,
e Tas = Rpq (=s.Ty) , define the Pade function as follows:
Ry (¢74) = Dy (¢*74) - Npg (e74) @)
where,
L (p+q-k)p!
—s Ty — w1 T (=s. T k
NP‘I(e ) ,;)(p+q)'k'(p—k)' ( s d)
L (p+q-k)q
Dy, (esT) =y 2 = 1L . (5. T,
ba(¢) ;(p+q)!k!(q—k)! ¢

Npq and Dy, are polynomials of order p and g, respectively.
both
denominator and numerator share the same order, which

Generally, the approximation fractional function’s

typically ranges from five to ten.

In this paper, to linearize this system, the fifth order Pade
approximation is chosen. After replacing the original pure delay

frontiersin.org
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link with a fifth order Pade function, the stability of the system is
analyzed.

4 Frequency characteristic evaluation
of power system with photovoltaic

In this section, the stability performance of LFC models of
power systems with and without PV will be analyzed.

For the convenience of analysis and derivation, the model
shown in Figure 2 is simplified to that shown in Figure 3. Load
disturbance AP} is the input and system frequency deviation A f
is the output. The dotted line illustrates the frequency response
link of the power system with photovoltaic. Among them, Gy (s)
is the Pade approximate function, and Gj(s) is the transfer
function of photovoltaic frequency regulation control. The
dotted box part is the loop of photovoltaic participating in the
frequency regulation control of the system. The rest is the main
control circuit of load frequency control.

Steady state error analysis of system
frequency

The primary control loop in Figure 3 adopts frequency
dropping control, which is the quickest control mechanism in
the power system for modifying frequency (Pourmousavi and
Nehrir, 2014). Yet, in the steady state, the frequency deviation
does not reach zero. Therefore, photovoltaic control is
introduced to engage in auxiliary frequency control via
frequency regulation. The impact of the photovoltaic control
loop just on stable frequency inaccuracy of the power system is
researched in order to evaluate the frequency regulation
capabilities of the photovoltaic control loop. According to the
simplified model in Figure 3, the system’s frequency deviation
could be described as:

1

8
2Hs+D ®

Af = [APT - APL + G() (S)Appv]
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where,

APy = H(s)- (APS - % . Af)

1
H(s) =
() (1+s-T)(X+s-Ty)
Gy (s) =
4 _ 420 3360 | 2 _ 15120 30240
T,? T, T2 T,

5 30, 420 3 3360 , 2 15120 | 30240
S+Td S4+ﬁ§S+T—d§S+—Td4 S+Td5—

- +3.s s+ s s+
d

Gy (s) is a fifth order Pade function. APpy is the power
difference generated by the photovoltaic control circuit. APg is
the power difference generated by the controller.

Substitute the above formula and arrange it as:

1

Af=—— .
f 2Hs + D

9)
[H(s) : (APS - 11—1 . Af) — AP, + Gy (s)APpy

The frequency deviation equation obtained by solving the
above formula is:

1
Y= RGHs+ D)+ H
[H (S)APS - AP + GQ (S)Appv]

(10)

According to the final value theorem, the steady-state value
of the system frequency deviation is:

Af = limsAf
_ AP+ APpyss — APy 1)
- 1

D+—
R

where,
APs,ss = lims- H(S) . APS
s—0

APpy ss = s_l_iﬂg “H(s)- APpy

The following conclusions can be drawn from the above
formula:

o The frequency steady-state error of the system is
independent of the latency link and the degree of Pade
approximation.

« Introducing PV into LFC model to participate in system
frequency regulation can improve the reliability of
frequency regulation and provide additional degrees of
freedom for system frequency regulation. When the
auxiliary control is unavailable, if enough photovoltaic
resources are available, the photovoltaic control circuit
can ensure the performance of system frequency
regulation.

o If the system has no PV involved in the control, the
frequency error is zero under steady-state conditions.
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When photovoltaic power generation is involved in the LFC
model, the two control loops are allocated according to the real-
time power market cost. As shown in the following formula:

APg(s) =a-Q

APpy(s) = (1-)- 0 (12)

where, in the case of sufficient photovoltaic power generation
resources, (2 represents the control work required in this paper. «
is the share of different links in the required control work, and 0<
a <1. a = 1 means that the frequency is completely controlled by
the traditional LFC model. &« = 0 means that at this time, the
frequency control effect of PV reaches 100%. The steady state
value of the two inputs shall be:
APgs(s) = a- APy,

APpyss(s) = (1 - a)- APy (13)

Sensitivity analysis of photovoltaic
feedback system

Sensitivity refers to the dynamic change amplitude of the
system when the relevant parameters of the system are slightly
disturbed. By analyzing the sensitivity of the system, it may
rapidly and efficiently determine the elements that have a
significant impact on the system’s frequency variation, i.e.
those key parameters of whole maximum frequency deviation.
Adjust relatively sensitive parameters according to the indicators
that need to be improved. This will make the regulation of
parameters more targeted, provide guidance for the
optimization of parameters. When photovoltaic is connected
to the power grid, it helps to improve system performance.

Based on the simplified model shown in Figure 3, the closed-
loop transfer function between both the system frequency
deviation and indeed the load step change is determined.

< Af(S) > - -M (S) (14)
AP (s) ) 1+TIMO 4 K. H ()M (s)

(g0 .
APL (S) PV

1+ % + %aH(s)M(s) + (1 - @)K 1M (5)Gy (s)

—M(s)

(15)

where,

1
" D+2Hs

M(s)

The typical LFC’s closed-loop transfer function (without
photovoltaic) is depicted in Eq. 14. Eq. 15 refers to the closed-
loop transfer function when photovoltaic and auxiliary circuits
are accessible. The following is the open-loop transfer function
only with the primary control.
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Trajectory sensitivity curve of various parameters.

(A _ -M()
TOL(S)—<APL(S)>0L_ 1+H(s)M(s) (16)
R

The following formula may be used to simplify the open-loop
system so as to obtain the sensitivity function of closed-loop

Af (s) 1
Ts(s) = < ) =
s APL(s) ) (Tor ()™ - % -H(s) (17)

_( Af(s)
Tpy(s) = <APL (S)>pv

system.

= 6 (18)
(To(s))" ~ EWH(S) - (1 - a)K,BGy (5)

Where, To (s) is the open-loop transfer function in which only
the master has control. T’s (s) is the open-loop transfer function
of traditional load frequency control. Tpy (s) is the system
transfer function including photovoltaic participation in
frequency regulation.

This paper mainly studies the trajectory sensitivity
function of speed regulation coefficient R, control gain K,
control coefficient Ky and fitting coefficient 5. By comparing
the sensitivity functions corresponding to different
parameters, the dominant parameters are determined.
According to the above formula, the sensitivity function
can be obtained as follows:

daf
_ A _9f R _AF -H(S)
S = dR "~ OR Af AP, R 1%
R
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daf

_ A O K AF oKH(S)

S"_d_K_aK'Af_APL' S (20)
K
dAf
ok,
KT dK, T 0K, Af
K,
A“T’,:~<1—a>ﬁ1<l-co(s> (21)
dAf
o A _ur B
PTdp T op Af
B
AA—I{:~(%~H<S>—/3K1~GO<S>)

(22)

Among them, Sg, Sk, Sk, and Sﬁ are the sensitivity functions
corresponding to R, K, K; and f respectively.

According to the parameter values in Table 1, set the
parameters in the sensitivity function to typical values.
Frequency disturbance APy is taken as 0.25. The sensitivity of
each parameter is plotted as shown in Figure 4.

Comparing the sensitivity curves of different parameters,
when t < 15s, the adjustment coefficient is the most sensitive to
frequency changes, and the sensitivity of relevant frequency
regulation parameters of power system with photovoltaic is
low; When 15s < t < 50s, the sensitivity of each parameter
changes greatly, and the sensitivity value corresponding to the
difference adjustment coefficient decreases continuously.
However, it is still highly sensitive to frequency changes, and
the sensitivity value corresponding to the control gain and
photovoltaic  frequency regulation parameters gradually
increases. Therefore, the control gain K is considered as the
dominant parameter of the maximum frequency deviation. That
is, optimizing the control gain K can improve the frequency
fluctuation generated by the response system more quickly, and
then realize the system frequency adjustment.

From the above analysis, it is further obtained that the
adjustment coefficient of the synchronous machine is more
sensitive to frequency changes. The primary frequency
regulation of the synchronizer can more effectively adjust the
frequency deviation and provide active power support for the
system. Based on the above conclusions, it can provide guidance
for the parameter optimization of the system.

Closed-loop system stability margin analysis
The foundation of efficient feedback control system is
system stability. Amplitude margin and phase margin are
regularly employed stability assessment parameters. They can
measure the reliability and stability of control system
intuitively and effectively. The amplitude margin and
phase angle margin represent the maximum gain
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FIGURE 5
Bode diagram of the system with or without photovoltaic

disturbance and the maximum phase disturbance that the
control system can withstand when it is stable, respectively, to
overcome the disturbance and object uncertainty in the
control loop.

The pole of the closed-loop system is the zero point of the
characteristic polynomial. As a result, the amplitude and phase
margins of the closed-loop system may be derived using the Bode
diagram of the open-loop transfer function. The open-loop
transfer function is constructed utilizing load disturbance AP},
as the system input.

H(s\M(s) K _
+T+E~H(S)M(s)—0 (23)

US

1 +%+ %aH(s)M(s) + (1 - @)K ;BM(5)Gy(s) =0 (24)

UPV

where, v8 and vV are the open-loop transfer functions of closed-
loop systems with and without photovoltaic, correspondingly.
Taking the feedback gain as a variable parameter, the controlling
features of the closed-loop system could be determined here. The
current open transfer functions, % and 07V, may be determined
using the above formula. Such transfer functions share the same
root locus parameters of v$ and v*V, as shown below.

Lok RHOMO
s [R+H()M(s)] (25)
pe
- KRaH (s)M (s) + (1 — @)K, BsM (s)G, (s) -0 (26)
s[R+ H (s)M(s)]
ﬁPV

Based on the above formula, the Bode graph of the system’s
open-loop function is derived, as illustrated in Figure 5. Figure 5

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1041841

Yang et al.

Bode Diagram

Phase (deg)
£ R
= =]
—

W

@

o
T

@
o

107" 10¢

Frequency (rad/s)

FIGURE 6
Bode diagram of the system at different PV proportions.

TABLE 2 Gain and phase angle margin table.

gain/dB 37.4

phase angle/degree 241

indicates that the system is generally stable with or without PV
involvement.

Once the photovoltaic circuit is introduced toward the
system, the system gain margin is lowered little, but the
phase angle margin is greatly enhanced. In other words, the
system’s reliability has strengthened. Photovoltaic involvement
in system frequency regulation has a significant influence on the
system’s phase angle margin. On this basis, further explore the
impact of the proportion of photovoltaic control on system
stability. Figure 6 shows that as the share of photovoltaics
continues to increase, that is, the larger «, within a certain
range, the phase angle margin of the system continues to
increase, and the stability gradually improves. However,
when the proportion increases to 0.8, the amplitude margin
decreases significantly, and the phase angle margin also
decreases slightly. That is, the maximum disturbance that the
control system can withstand is slightly reduced. This is because
the PV participation in frequency regulation increases the
stability margin within a certain range, which enhances the
stability of the system. But at the same time, the response speed
will slow down and the adjustment time will increase.
Therefore, the penetration rate of photovoltaic power
generation should not be too large to make the system in a
suitable margin
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Equivalent model diagram of system simulation.

TABLE 3 Parameter values.
Parameter value table

parameter = a 2H

0.8 130 ‘ 1 ‘ 0.05 ‘ -2 100 ‘ 0.08 ‘ 0.4 ‘ -0.88 1 ‘

‘ value

Table 2 illustrates the system’s gain and phase angle margins
beneath various scenarios. The above conclusions are further
verified by the data in the table.

Simulation analysis

The frequency response simulation system model of the
system with photovoltaic is shown in the figure (see Figure 7
on page 12 of the draft). It is a system with 10 generators and
39 bus bars. The generators are synchronous generators, and the
classical subtransient model is used to set their capacity to
1000 MW.

At present, China uses photovoltaic as a representative
power source for the introduction of new energy. Therefore,
in the simulation system, replace five thermal power units
with photovoltaic units, simulate the state of the power
system when photovoltaic is connected to the grid, and
verify the established photovoltaic frequency response
model.
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FIGURE 8
Comparison of frequency deviation between traditional LFC
model and LFC-PV model.

According to the 10 machine 39 node system simulation
model, the frequency response characteristics of the power
system with photovoltaic are analyzed, including five
distributed photovoltaic units. This paper assumes that the PV
inverter parameters and environmental parameters of distributed
PV nodes are similar. Establish the equivalent model of
distributed photovoltaic cluster as shown in Figure 2.

The LFC model of a power system with photovoltaic
frequency regulation considering communication delay is
established via matlab/simulink. Through the simulation and
theoretical analysis of the system to explore the impact of system
stability. Table 3 below shows the values of the relevant
parameters.

Set the initial disturbance to 0.25pu. Compare the system
frequency deviation between the traditional LFC model and the
LFC-PV model established above, as indicated in Figure 8.

Figure 8 demonstrates that when Photovoltaics somehow
doesn’t engage in system frequency control, system performance
is good. The max frequency deviation of the system steadily
increases as the proportion of photovoltaic « grows from 0 to 0.8.
The overshoot is reduced by about 34.4%. The final frequency
deviation tends to zero. When « gradually increases from 0 to 0.5,
the time to adjust the frequency to steady state gradually
shortens. When « continues to increase to 0.8, the adjustment
time is the longest.

The results show that when photovoltaic participates in
system frequency regulation, the frequency overshoot caused
by disturbance will be reduced. The system can converge faster
and make the frequency deviation return to the steady state.
However, when the regulation proportion of photovoltaic power
generation is too large, the frequency adjustment speed is slow,
which poses a threat toward the power grid’s continuous
operation. Therefore, the photovoltaic power generation
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Impact of communication delay on LFC-PV model.

component shall be properly configured to play an effective
role in system frequency regulation, which can significantly
improve the dynamic performance of the system.

In this paper, the communication delay is taken as 1s. The
Pade approximation function of order one to five is selected in
turn to linearize the pure delay link. Figure 9 shows the frequency
error comparison between Pade approximation function of
different orders and pure delay link. When the order of Pade
function is 5, the error of the system is the smallest. That is, the
fifth order approximation is the closest to the pure delay link, and
the approximation accuracy is the best.

For simulation study, & = 0.8 is chosen to demonstrate the
impact of latency on the frequency stability of the system.
Figure 10 shows the impact of different communication delays
on the system.
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It can be seen from the figure that within a certain range, as
the communication delay increases, the frequency deviation
the When the
communication delay Ty is less than or equal to 0.5s, there

generated by system also increases.
is no obvious change compared with the original system
performance. When the communication delay is increased to
1Is and 2s, the maximum frequency deviation of the system
increases significantly. But it is still less than the maximum
frequency deviation of the traditional LFC model. When the
3s, the
deviation of the system is slightly larger than that of the
traditional LFC model. Compared with the traditional LFC
model, LFC-PV model has a shorter time to adjust the

frequency deviation to the steady state, that is, the system

communication delay is maximum frequency

has a faster dynamic response.

The results show that for a small communication delay, the
system has certain anti-interference ability and will not have a
great impact on the frequency stability. When photovoltaic is
introduced to participate in frequency regulation, the adjustment
speed is faster. Even in a large communication delay, it still has
certain advantages.

Conclusion

This article qualitatively explores the process of photovoltaic
power generation engaging in grid frequency regulation through
establishing a LFC model of a power system incorporating
photovoltaic power generation. The influence of different
photovoltaic parameters on the system is revealed. The
analysis results show that:

o In this paper, photovoltaic is introduced into the
traditional LFC model to participate in frequency
regulation. That accelerates system frequency regulation
as well as significantly enhances system frequency
regulation performance.

« Based on the frequency regulation control strategy of P-U
external characteristics, considering the system’s impact of
transmission latency, this paper selects the fifth order Pade
approximation to linearize the system. It is demonstrated
that the fifth degree Pade approximation seems to have
little detrimental effect on system stability.

o This research investigates the effect of photovoltaic
involvement upon that system’s steady-state frequency
error, sensitivity, and stability margin. The influence of
photovoltaic participating in system frequency regulation
on frequency stability is effectively evaluated.
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