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In view of the photovoltaic grid-connected power system, the transient frequency stability of the system is analyzed in this paper. First,
the photovoltaic grid-connected power system was modeled and analyzed. On this basis, the maximum frequency deviation is used as
the index to determine the interval in which the system accommodates the maximum photovoltaic capacity, and the influence of
frequency stability of the high-permeability photovoltaic high disturbance system is studied. Second, the evaluation and prediction
methods of frequency dynamic characteristics of photovoltaic access nodes based on surface fitting are proposed, and the critical values
of high penetration photovoltaic access for different grid points are given. Finally, an improvement measure based on the optimization
of the frequency modulation parameters of large-capacity units is proposed, and the effectiveness of the proposed method in
improving the transient frequency stability of the system after photovoltaic access is verified by the IEEE 39-standard system.

1. Introduction

Solar photovoltaic technology, as a universal and endless
clean energy power generation method with the largest
utilization potential, has attracted the attention of power
practitioners and researchers. However, photovoltaic output
is characterized by randomness, intermittence, no me-
chanical rotational inertia, and no participation in system
frequency modulation, which brings new challenges to
power grid control, making it difficult for the existing
control mode to ensure the safety of power system.
,erefore, at the level of mechanism analysis, there is ne-
cessity of (a) in-depth study of the mechanism of photo-
voltaic access on the frequency stability of power systems
and (b) simulation verification based on the model of
photovoltaic power generation units, with theoretical
guidance on how to improve the system’s transient stability

after grid connection. Stability evaluation involves (a) study
of the frequency characteristics of system nodes after
photovoltaic grid connection and (b) proposing the evalu-
ation method of system frequency support capability, which
has reference value to engineering practice. Stability im-
provement measures are concerned with feasible measures
for frequency modulation after photovoltaic grid connec-
tion, which has practical significance for the safe and stable
operation of power systems.

A lot of relevant research has been carried out at home
and abroad. With the promotion of microgrid technology,
research on its control [1, 2] and other aspects is aimed at
achieving flexible and efficient applications of distributed
energy in various forms and huge quantities. Jingang Lai and
his colleagues [3] proposed a cluster-oriented cooperative
control strategy for multiple AC microgrids clusters, which
enables maximum utilization of distributed energy resources.
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In addition, a distributed cooperative control scheme is also
proposed in order to implement a distributed secondary
control for hybrid lossy microgrids, and sufficient conditions
on the requirements for the network connectivity and the
delays boundedness are presented, which guarantees the
stability and synchronization of the controlled hybrid lossy
microgrid power systems [4].

Connecting distributed photovoltaic to the distribution
network in the form of microgrids is an effective way to solve
grid frequency stability and other issues after photovoltaic
grid connection. For the research on the transient model of
photovoltaic power generation systems, the studies in [5–7]
modeled modules such as photovoltaic arrays, power elec-
tronic converters, and their control systems, reviewed the
research status of the entire photovoltaic power generation
system model, and then summarized the method of using
the above basic component model to build an overall model
of a photovoltaic power generation system. Zhang et al. [8]
adopted the Simulink simulation software to construct a
MATLAB experimental simulation model of the photo-
voltaic power generation system, using the classic control
algorithm-maximum power point tracking control and a
subunit of relay protection logic control. Wang et al. [9]
adopted the method of indirect combination modeling, in
which the device-level electromechanical transient model
was first established in the PSD-BPA environment, in-
cluding the electromechanical transient model of typical
doubly fed fans, energy storage units, and the photovoltaic
power generation unit. Based on the device-level modeling, a
power plant-level model was established, and the equivalent
method was specifically used to realize the combination of
the electromechanical transient models of the three com-
bined power generation systems.,en, the correctness of the
model was constructed and verified by numerical simulation
under BPA environment.

In addition to focusing on the modeling of photovoltaic
grid-connected systems to improve their performance,
domestic and foreign scholars have also carried out studies
on the frequency stability of photovoltaic grid-connected
systems [10–15]. Kakimoto et al. and Zhou et al. [16, 17]
believed that the key factor affecting the frequency stability
of the system was the primary frequency regulation of the
unit, so that the stability of the power system was likely to be
significantly improved by setting reasonable adjustment
coefficients and governor parameters. Du [18] studied the
high-frequency problems caused by the system splitting after
the new energy grid connection and analyzed the different
impacts of the different settings of the protection definite
value for the over-speed protection control of thermal power
units. Du also studied the low-frequency problem and
proposed an optimization strategy for low-frequency load
shedding to solve the problem of increasing frequency of
low-frequency load shedding. For Chen et al. [19], in order
to improve the frequency stability of the grid-connected
photovoltaic system, the control strategy of the optical
storage grid-connected inverter based on virtual synchro-
nous generators was studied, and the inertia and damping
were introduced into the power control link to simulate a
synchronous generator to achieve a frequency modulation

and voltage regulation. Zheng et al. [20] studied the dynamic
frequency characteristics of the power system under the
impact of unbalanced power in the scenario of high-per-
meability photovoltaic and proposed countermeasures to
improve the frequency characteristics from three aspects:
changing inertia constant, changing mechanical power
regulation performance, and changing generator electro-
magnetic power.

Based on the above analysis, this paper proposes a
method to achieve system transient frequency stability
caused by photovoltaic grid connection. Firstly, based on the
modeling of photovoltaic grid-connected networks, the
influence of large grid disturbances on frequency stability
under the condition of high photovoltaic penetration is
analyzed, and the maximum frequency deviation is used as
an indicator to determine the maximum photovoltaic ca-
pacity of the system. Secondly, a method for evaluation and
prediction of the frequency dynamic characteristics of
photovoltaic access nodes based on surface fitting is pro-
posed, and the critical values of high-permeability photo-
voltaic access at different grid-connected points can be
calculated through the above method. ,en, improvement
measures based on optimization of frequency modulation
parameters of large-capacity units are proposed to improve
the transient frequency stability of the system after photo-
voltaic access. Finally, the validity of the proposed method is
verified with an IEEE 39-node example.

2. Modeling of Photovoltaic
Grid-Connected Systems

,e power system simulation software PSD-BPA is used to
build a transient model of each link of the photovoltaic grid-
connected system in this paper. ,e photovoltaic power
generation unit consists of three parts, namely, photovoltaic
cell arrays, low-voltage box-type transformers, and voltage-
type inverters. ,e topology of photovoltaic power gener-
ation unit is shown in Figure 1.

,e photovoltaic grid-connected system model is
composed of multiple photovoltaic power generation units
and grid-connected system models. After the photovoltaic
power generation units are connected in parallel, they are
first boosted by a step-up transformer, and then the pho-
tovoltaic power generation system transmits the active
power to the collection station via the 110 kV collection line.
,e photovoltaic grid-connected system includes parallel
transmission of several photovoltaic power generation
collection branches, and its topology is shown in Figure 2.

3. System Frequency Stability Impact of Large
Disturbances in Photovoltaic High-
Permeability Grids

3.1. Analysis of Mechanism. Based on the analysis of the
frequency response characteristics of conventional units,
this section studies the effect mechanism of the frequency
stability of large disturbances in photovoltaic high-perme-
ability grids. When the power system is disturbed, the
electromagnetic power variation of the generator is affected
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by factors such as power grid conditions and the primary
frequency modulation of the unit, and the variation is
complicated. In order to simplify the analysis, the method of

using the inertia coefficient to calculate the constant dis-
tribution ratio is used in this paper to describe the change of
the electromagnetic power.
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Figure 1: Topology of photovoltaic power generation unit.
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When a system with n conventional generator sets has a
multiple fault at node k, equation (1) is obtained, wherein
ΔPei and ΔP represent the change of the electromagnetic
power and disturbance power of the ith generator set; Psik is
the full-step power coefficient between nodes i and k; Tji and
Ri represent the inertia time constant and adjustment co-
efficient of the ith generator:
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After photovoltaic is connected to the power grid, m of
the n conventional units in the system are replaced with
photovoltaic generators. As m increases continuously, the
system’s moment of inertia decreases. At this time, the full-
step coefficients, moments of inertia, and reactive power
compensation coefficients of all conventional units are
assumed to be identical. If the disturbance of multiple fault
occurs in the photovoltaic grid-connected system, equation
(2) is obtained:
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In equation (2), n is the number of remaining con-
ventional units.

From equation (2), it can be seen that, under large
disturbances, as the photovoltaic permeability of the system
increases, the remaining conventional units bear more
power shortage, and the instantaneous changes in electro-
magnetic power and steady-state deviations are more ob-
vious; that is, the problem of transient frequency stability in
the system is easier to detect.

3.2. Effect of Photovoltaic Output with Different Permeability
on System Frequency Fluctuation. Based on IEEE 39-node
standard calculation examples, this section uses PSD-BPA
software simulation to verify and analyze the impact of
photovoltaic power generation systems on the dynamic
frequency characteristics of the system caused by factors
such as output characteristics when large disturbances
occur at different permeability. Figure 3 shows the

geographical wiring diagram of the IEEE 39-node standard
calculation system. ,e parameters are as follows: the
reference capacity is 100MW, the reference voltage is
100 kV, and the total generator installed capacity is
5,620MW, of which the generator at node 31 is a balancing
machine.

As the installed capacity of conventional units at bus 39 is
the largest, which is 1000MW, we may integrate the pho-
tovoltaic power station into the power grid through bus 2, and
set the photovoltaic permeability at 0∼100% of the installed
capacity of conventional units at bus 39. With the help of
PSD-BPA software simulation, the frequency dynamic
characteristics of the system when large disturbances occur at
different permeabilities are obtained, including the minimum
and highest frequency dynamic processes of the system and
the dynamic processes of the node frequency of the public
access point bus 1 and the node bus 39, which is the largest
load and is close to the grid connection point. Among them,
the two major disturbance faults sets are as follows:

(1) ,ree-phase short circuit fault occurred on the
branch bus 6–bus 11 at the fifth cycle and was cleared
at the tenth cycle

(2) When increasing the photovoltaic active power
output, the active power output of a conventional
unit is cut off in the same proportion

,e simulation results are shown in Figures 4 and 5,
where Figure 4 is the dynamic curve of the minimum and
highest frequency of the system, Figure 5(a) shows the
dynamic curve of the frequency of node 1, and Figure 5(b)
shows the dynamic curve of the frequency of node 39.

From Figures 4 and 5, it is known that the minimum
and maximum frequency of the system and the dynamic
frequency of bus 1 and bus 39 nodes change with the
different photovoltaic permeability. Figure 4 indicates
that the minimum and maximum dynamic frequency of
the system have the same change trend, and under the
disturbance condition, the photovoltaic high-perme-
ability system may exceed the upper or the lower limit of
the frequency; that is, there will be high- and low-fre-
quency problems. ,erefore, when evaluating the fre-
quency stability of the system, the absolute value of the
frequency deviation should be used as a reference index.
,e main reason is that as the photovoltaic permeability
increases, the system inertia decreases, the remaining
conventional units bear more power shortage, and the
instantaneous changes in electromagnetic power and
steady-state deviations are more obvious, so that the
power angle is more likely to destabilize.

For example, in Figure 5, the difference of frequency
dynamic between the permeability of 50% and 100% may be
caused by factors such as voltage instability. With the in-
crease of photovoltaic penetration, the dynamic frequency
change process of the system is shown in Table 1 (unit: Hz).

Since themaximum frequency fluctuation allowed by the
grid under the condition of a small system capacity is
±0.5Hz, it is clear from Table 1 that the maximum ac-
ceptable photovoltaic penetration rate of this system is 20%∼
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30%; that is, the maximum installed capacity of photovoltaic
falls in the range of 200MW∼ 00MW. However, the critical
photovoltaic installed capacity is difficult to give by the
method of ergodic simulation test adopted in this section.
,e above analysis shows that the photovoltaic grid-con-
nected frequency prediction and evaluation method pro-
posed has great application reference value for determining
the photovoltaic grid-connected points and its installed
capacity in engineering practice. In fact, as long as any two of

the three indicators are given in the method proposed in this
article, the remaining one can be determined. ,erefore, it is
completely feasible to use this method to analyze the fre-
quency characteristics after photovoltaic grid connection.

4. Evaluation Analysis and Prediction Method
of the Frequency Dynamic Characteristics
of Photovoltaic Access Nodes

4.1.MethodandDataAcquisitionofNodeFrequencyDynamic
Characteristics. When the system is subject to a power
disturbance ΔP, the power system frequency changes. ,e
dynamic frequency characteristic of a system is the time
process when the system transitions from a normal state to
another stable value. In this paper, the absolute value of the
maximum node frequency deviation of all node frequencies
in this dynamic process is used as a frequency index to
characterize this process, as shown in

Δf � Δfmax


 � max fmax − fN


, fmin − fN


 . (3)

At the same time, the electrical distance is used as an
important index to measure the spatiotemporal distribu-
tion characteristics when the disturbance occurs at dif-
ferent locations. ,e length of the electrical distance is
generally described by the size of the transfer reactance
between the two points. When a large disturbance produces
an active power shortage, the instantaneous unbalanced
power at the initial stage of the disturbance is distributed
among the units through an inverse proportional to the
electrical distance.

,is section is based on the IEEE 39 node standard
calculation example. With the help of the PSD-BPA sim-
ulation software, a series of experimental data of (ΔP, S,Δf)

were obtained by the ergodic simulation to change the
position of the disturbance point and the amount of dis-
turbance in the power flow file and the steady-state file
multiple times.

4.2. Surface Generation and Analysis Method of Node Fre-
quency Characteristic Based on Surface Fitting. Adopting the
methods in the previous sections, we perform cubic spline
interpolation on the obtained experimental data. By writing
MATLAB program, the surface fitting of “frequency devi-
ation-electrical distance-photovoltaic permeability” was
realized. ,at is, the surface fitting of node frequency
characteristics is studied based on the given discrete data.

In order to accurately calculate the frequency deviation
value under different disturbances and electrical distances,
interpolation and fitting methods were used for accurate
data processing, and the modified B-spline method was used
to correct the nonsmooth surface fitted by the finite data
points obtained from BPA simulation. Generally, the more
control points to fit the surface are followed by higher ac-
curacy, but the calculation is more complicated, and there is
also more occurrence of singular phenomenon. ,erefore,
the number of initial control points should be minimized to
satisfy accuracy.
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Figure 3: IEEE 39-node standard example geographic wiring
diagram.
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Finally, the accuracy of the fitted surface is verified
according to

G �
Δf − Δf′
Δf′

× 100%. (4)

In equation (4), Δf and Δf′ are the fitted and simulated
values of the frequency index.

4.3. Analysis of Examples. In the IEEE 39-node system, the
photovoltaic access node bus 2 is selected as the observation
point, and the cutoff points are sequentially selected as bus
32, bus 35, bus 38 and bus 39, and the disturbance amount is
sequentially set to 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6. ,at is, the
installed photovoltaic capacity is 100MW, 200MW,
300MW, 400MW, 500MW, and 600MW. ,e simulation
was performed with the help of power system simulation
software PSD-BPA, and 6 groups of experimental data were
calculated according to equation (3).

By using the B-spline surface fitting method, the above
experimental data were interpolated and then fitted to obtain
the node frequency characteristic surface under disturbance,
as shown in Figure 6.

,e accuracy of the fitting results of the node frequency
characteristics of the curved surface obtained by cubic in-
terpolation of B-spline is calculated according to equation
(4). ,e specific method is as follows: first, an electrical
distance is determined to verify the accuracy of the absolute
value of the frequency deviation under different disturbance
amounts. ,en, a disturbance quantity is determined in the
same way to verify the accuracy of the absolute value of the
frequency deviation under different disturbance amounts.
Among them, the predicted value is read from the drawn
surface according to the handle function in MATLAB. ,e
specific accuracy verification results are shown in Table 2.

,e accuracy verification shows that the node frequency
and voltage characteristics prediction based on surface fit-
ting proposed in this paper meets sufficient accuracy, and the
error is less than 2%. ,erefore, we can process the pre-
diction results: let S take 0.0012, 0.0080, 0.0103, 0.0331, and
other electrical distances, respectively, and use the MATLAB
to handle function to take points on the drawn surface to get
the corresponding ΔP, which is approximated as the critical
value of photovoltaic permeability. For example, when S is
0.0012, the critical photovoltaic permeability corresponding
to the frequency index is 272.4MW, which has great ap-
plication reference value in determining the photovoltaic
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Figure 5: Frequency dynamics of node 1 and node 39 when different permeability fails.

Table 1: Frequency dynamic response of the system when different PV permeability fails.

Photovoltaic penetration (%) Minimum bus frequency (Hz) Maximum bus frequency (Hz) Absolute maximum frequency
deviation (Hz)

0 49.994602 50.011600 0.011600
10 49.830513 49.844547 0.169487
20 49.657547 49.669304 0.342453
30 49.441223 49.452263 0.558777
40 49.141018 49.149567 0.858982
50 48.660889 48.671333 1.339111
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grid-connected point and its installed capacity in engi-
neering practice.

5. Improvement Measures of Frequency
Stability Based onOptimization of Frequency
Regulation Parameters of Large-
Capacity Units

5.1. Evaluation Index and Evaluation Method of Node Fre-
quency SupportCapability. In order to simplify the problem,
in consideration of the transient frequency instability ac-
cident, the system frequency must first reach the trip con-
ditions of triggering the generator set, and the transient
frequency boundary condition of the unit trip is used as an
index to evaluate the system frequency stability [21]. ,e
definition of the frequency margin index of the node
transient frequency offset safety is shown in

η �
fcr
′ − fcr

fN − fcr

. (5)

In (5), fN, fcr, and fcr
′ represent rated frequency value,

generator high- and low-frequency protection value, and
critical safety threshold, respectively. Node transient fre-
quency offset safety is shown in Figure 7. Figure 7(a) reflects
the relationship between the system frequency and time after
the disturbance occurs. It can be seen that the system fre-
quency finally stabilizes after a short and large fluctuation,
and the frequency drops compared to before the distur-
bance. Figure 7(b) reflects the relationship between the
system safety frequency margin index and the disturbance
power. It can be seen from Figure 7(b) that when the

disturbance reaches the critical value, the system frequency
safety will be threatened.

Equation (5) shows that, in case of η> 0, the node
transient frequency is safe; otherwise it is not safe; hence,
η � 0 is critical safety. Similarly, the critical disturbance
amount in Figure 7(b) can also be used as a determination
condition whose value is calculated by interpolation
according to

ΔP3 �
η2ΔP1 − η1ΔP2

η2 − η1
. (6)

5.2. Analysis of Primary Frequency Regulation Parameters of
Conventional Units. In this paper, the speed regulation
system of a hydroturbine unit is taken as an example to
analyze the influence of the optimization of one frequency
regulation parameter on improving the frequency stability of
the system. ,e model of the turbine governor and prime
mover is shown in Figure 8.

Figure 8 indicates that the closed-loop transfer function
of the governor is described as

PM

P0R − K′Δω
�

1/TG 1 + sTP( ( (1/s) 1 − sTW/1 + s TW/2( ( 

1 + R + sDdTd/1 + sTd( (  1/TG 1 + sTP( ( (1/s) 
.

(7)

According to the criterion of the generator dynamic
stability characteristic equation, we can obtain

Td
2

R + Dd(  + Td TG + DdTP(  + TGTP > 0. (8)

In equation (8), the soft feedback coefficient is related to
the water hammer effect time constant. ,erefore, the main
factors affecting the dynamic characteristics of the unit are
the adjustment coefficient, the governor response time, and
the time constant of the pilot valve.

,e dead zone of the governor is also an important
parameter that affects the system frequency. If set properly,
the dead zone plays a role in filtering out disturbance signals
with lower speeds and making the unit power stable.
Conversely, if the dead zone set is too small, the unit is likely
to be damaged because the valve is adjusted too frequently; if
the dead zone set is too large, the frequency regulation ability
is affected because the governor does not operate.

5.3. Effect of Frequency Modulation Parameter Optimization
on Transient Frequency. Since the space for governor re-
sponse time to be optimized is very limited, it is not feasible
to operate the governor in actual engineering.,erefore, this
article mainly studies the two aspects of optimizing the
governing coefficient and the dead zone of the governor.
Taking bus 32 as an example, the idea of simulation setup is
as follows: (1) control the dead zone of the governor, set the
adjustment coefficients to 0.02, 0.03, 0.04, 0.05, and 0.06,
respectively, and calculate the critical disturbance of the
system according to the above method; (2) the control
adjustment coefficient remains unchanged, and the dead
zone of the governor is set as 2r/min, 3r/min, 4r/min,
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Figure 6: Node frequency characteristic surface under disturbance.

Table 2: Verification of the frequency index value when the dis-
turbance amount and the electrical distance are, respectively, fixed.

ΔP S Δf Δf′ G (%)
0.25 0.0148 0.408958 0.4158 1.6730
0.35 0.0148 0.591370 0.5946 0.5462
0.35 0.0295 0.59206 0.5964 0.7330
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5r/min, and 6r/min. ,e critical disturbances of the system
are calculated according to the above methods.

After simulation calculations, the results after optimized
settings are shown in Figures 9 and 10.

From Figures 9 and 10, it can be seen that the critical
disturbance amount that satisfies the frequency transient
stability margin index seems to increase first and then de-
crease with the increase of the adjustment coefficient; as the
dead zone of the governor increases, there is a tendency of
monotonic decrease. ,erefore, if the adjustment coefficient
is too large or too small, the value of the frequency stability
margin index decreases, and the corresponding critical
disturbance amount also decreases accordingly. ,e size of
the governor’s dead zone determines the maximum fre-
quency transient process and its maximum offset. ,e
smaller governor dead zone set is followed by smaller
maximum value of the frequency offset during the transient
process, and the fluctuation process is smaller too.

Combining the above simulation experiments and
analysis results, we can conclude that when the frequency
stability margin index is considered to be satisfied in the

IEEE 39-node example, setting the frequency adjustment
parameter of the large-capacity unit to the adjustment co-
efficient R � 0.04 and ε � 2r/min is optimal. At this time,
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adjustment coefficient.
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ΔPcr � 304.5MW, while the critical disturbance amount
based on the nodal frequency characteristic surface before
optimization is ΔPcr

′ � 288.8MW, which indicates that the
frequency stability is significantly improved.

6. Conclusions

With the increasing proportion of photovoltaic power
generation capacity in the total installed capacity of power
systems, photovoltaic output is featured by randomness,
intermittentness, no mechanical inertia, and “electric power
electronics”, which makes the control of power grids more
complex and also profoundly changes the transient fre-
quency stability characteristics of the system. In this paper,
the influence mechanism of photovoltaic grid-connected
power system frequency was analyzed, and the analysis
method of frequency transient stability of photovoltaic grid-
connected power system was proposed. ,e main conclu-
sions are as follows:

(1) Based on the establishment of a BPA transient model
of a photovoltaic grid-connected system, this paper
explores the high- and low-frequency effects of the
transient frequency of the system under the high
permeability of photovoltaic under large distur-
bance. ,e mechanism analysis shows that as the
photovoltaic permeability of the system increases,
the problem of transient frequency stability in the
system is easier to detect.

(2) Amethod for evaluating and analyzing the frequency
characteristics of photovoltaic access nodes based on
surface fitting is proposed. ,e IEEE 39-node
standard system is used as an example to verify the
effectiveness and correctness of the proposed
method. ,rough the above method, the critical
photovoltaic penetration rate of a certain node of the
power grid can be determined, and the frequency
dynamic characteristics of photovoltaic grid-con-
nected nodes can be predicted and evaluated, which
has great application reference value for determining

the photovoltaic grid-connected points and its in-
stalled capacity in engineering practice. According to
the simulation experiments and the accuracy check
of the prediction results, it is verified that the pre-
diction results have high accuracy.

(3) ,e measures for improving transient frequency
stability based on optimization of frequency mod-
ulation parameters of large-capacity units are also
proposed. ,e simulation results of IEEE 39-node
standard system show that, by optimizing the ad-
justment coefficient of the large-capacity unit, the
critical disturbance based on the nodal frequency
characteristic surface can be increased, thereby sig-
nificantly improving the frequency stability after
photovoltaic grid connection.
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