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Abstract: In the static stability analysis of the grid-connected photovoltaic (PV) generation and
energy storage (ES) system, the grid-side is often simplified using an infinite busbar equivalent,
which streamlines the analysis but neglects the dynamic characteristics of the grid, leading to
certain inaccuracies in the results. Furthermore, the control parameter design does not consider
the coupling relationships among parameters, resulting in arbitrary values and the inability to
achieve overall optimality. To address these issues, this paper presents a comprehensive parameter
optimization method for the oscillation characteristics of grid-connected PV generation and ES
systems in various frequency ranges. Firstly, a detailed modeling of the grid-connected PV generation
and ES system is conducted, resulting in the derivation of the system’s small-signal model. This study
investigates the impact of parameters related to PV arrays, ES units, and the virtual synchronous
generator (VSG) on the system’s characteristic roots using participation factors, sensitivity analysis,
and eigenvalue root trajectories. Subsequently, based on the analysis of system root trajectories and
the Particle Swarm Optimization (PSO) algorithm, a holistic parameter optimization design method
for the system’s oscillation modes is proposed, and the parameter optimization results are obtained.
Finally, the accuracy of the theoretical analysis is validated through perturbation testing using both
Matlab/Simulink models and the small-signal model.

Keywords: photovoltaic generation and energy storage system; virtual synchronous generator;
small-signal model; eigenvalue analysis; global optimal design

1. Introduction

Renewable energy and distributed generation have garnered widespread attention and
rapid development as effective solutions to mitigate greenhouse gas emissions and address
energy crises [1]. To ensure the power quality and flexible control of distributed energy
sources, power electronic converters play a crucial role as interfaces between distributed
generators and the utility grid, and their optimized control is essential for stable system
operation [2]. Based on the constructiveness of grid frequency, power electronic converters
can be categorized into Grid-Following (GFL) and Grid-Forming (GFM) synchronous
control. Presently, most grid-connected distributed energy sources adopt GFL control
based on phase-locked loops, which enable maximum power tracking [3] and exhibit
high efficiency and stability in conventional strong power grids with high short circuit
ratios. However, in weak power grids with a high penetration of renewable energy sources,
GFL control is no longer appropriate [4,5]. Virtual synchronous generator (VSG) control,
as a representative GFM synchronous control method, emulates the rotor motion and
excitation characteristics of traditional synchronous generators (SGs) by introducing inertia,
damping, and droop control in the frequency and voltage amplitude domains of grid-
connected devices. VSG control holds the potential to address the issues of voltage, inertia,
and damping support in systems where renewable and distributed generation cannot
provide these essential grid attributes. Due to its adaptability to weak power grids, VSG
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research has been widely applied in energy storage (ES) integration [6,7] and photovoltaic
(PV) generation [8]. However, VSG grid-connected systems encounter power stability
issues similar to SGs [9] and inherent harmonic oscillations stemming from interactions
in the Direct Current (DC)-side, voltage source converter, and grid-end system, leading
to harmonic oscillations in the hundreds to thousands of hertz range. Therefore, effective
modeling and analysis methods are needed to address the stability of VSG grid-connected
systems with high renewable energy penetration.

To analyze the influence of key parameters on VSG stability, Yan et al. [10] conducted
a small-signal modeling of a VSG-connected resistance–reactance load system under island-
ing conditions, investigating the effects of line and load parameter variations on system
stability. Chen [11] established a small-signal model for a microgrid containing a VSG,
analyzing the impact of control and circuit parameters on system stability. However, their
models had high order, making further analysis and practical application challenging.
Ref. [12] suggested that when a single VSG is connected to the grid, if the line resistance
and reactance are of similar magnitudes, active and reactive power become coupled, lead-
ing to oscillations. Jiang et al. [13] used a state-space model to analyze the influence of inner
loop proportional gain, integral coefficient, and virtual inductance parameters on harmonic
oscillation characteristics. Xu et al. [14,15] improved dynamic characteristics by adding
a differential loop in the VSG power loop but introduced high-frequency interference,
affecting calculation accuracy. Liu et al. [16,17] established a state-space model for a multi-
inverter and interconnected system based on VSG algorithms, analyzing the contribution
of various parameters to eigenvalue modes through sensitivity analysis. Zeng D et al. [18]
analyzed the interaction between multiple VSGs and the grid, revealing that parallel oscil-
lations originate from power oscillations but did not further analyze the power sources.
The aforementioned references did not consider the dynamic characteristics of the grid-
end while conducting small-signal stability analysis, simplifying the analysis process but
sacrificing accuracy. Additionally, they did not account for the coupling relationships
among control parameters when analyzing them, relying solely on the impact of eigenvalue
trajectories to design parameters, resulting in suboptimal parameter selection.

To address these issues, this paper proposes a global optimization method for con-
trol parameters related to system oscillation modes. First, based on the aforementioned
literature, a detailed modeling of various components in a photovoltaic–storage power
generation system controlled by a VSG is conducted, resulting in the derivation of the sys-
tem’s small-signal model. By combining system participation factors, sensitivity analysis,
and eigenvalue root trajectory analysis, the properties of different oscillation modes of the
system are determined, and the parameters to be optimized, along with their corresponding
solution spaces, are identified. Subsequently, a global optimization method for controller
parameters that enhance system stability is presented, and the accuracy of the theoretical
analysis is validated through simulations.

2. Modeling of PV Generation and ES System

The structure of the PV and ES system is depicted in Figure 1. The PV array and the
battery are connected to the DC bus through a Boost converter and a bidirectional DC-DC
converter, respectively. The inverter power source is connected to the Point of Common
Coupling (PCC) with a pure power load and an SG. The PV array employs maximum
power point tracking (MPPT) control to ensure it operates near its maximum power point
(MPP), even in varying external conditions. The ES unit, through constant voltage bus
control, serves to smooth out the energy fluctuations of the photovoltaic generation system,
stabilize the DC bus voltage, and facilitate bidirectional energy flow. The inverter utilizes
VSG control, endowing the grid-connected device with characteristics such as rotational
inertia and damping components, significantly enhancing the power output and frequency
disturbance resistance of PV and ES units. Compared to traditional photovoltaic and
storage grid-connected systems, a photovoltaic–storage power generation system based on
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VSG control possesses rotational inertia and damping sharing features, greatly improving
the output power and frequency disturbance resistance of PV and ES units.
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Figure 1. Topology of PV generation and ES system.

In Figure 1, when neglecting line losses, the power balance relationship in the system
can be expressed as Equation (1): {

ppv + pbat = pinv

pinv + pg = Pload
(1)

where ppv is the power output from the PV array, (positive); pbat is the power absorbed or
released by the ES unit (positive when discharging, negative when charging); pinv is the
power output from the inverter, which varies with the grid power, exporting or absorbing
power; pg is the grid-connected power; Pload is the load and line loss power. All powers
except for Pload are considered positive in the direction of output.

The PV and ES system based on VSG control, as shown in Figure 2, consists of the DC-
side, including PV and ES converter hardware and control components, and the Alternating
Current (AC)-side, which comprises VSG control and grid-equivalent components. The
DC-side is modeled in the time domain, while the AC-side is modeled using dq coordinates.
Finally, by coordinate transformation, a unified reference frame is achieved, allowing for
the linearization of both DC and AC models and the construction of the small-signal model
for the entire system. The following sections will analyze these components separately.
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2.1. Modeling of DC-Side Power Generation System and Its Controller

The mathematical model for the main circuit of the PV generation system encompasses
components such as the PV array output voltage, stabilizing capacitor, L-filter, and Boost
step-up circuit. To describe the behavior of the PV side, this study employs an average-
value model. This modeling approach yields the equation set presented in Equation (2),
where dp is the duty cycle controlling the PV converter switch.

Cpv
dupv

dt = ipv − iLpv

Lpv
diLpv

dt = upv − udc(1 − dp)
(2)

To improve the efficiency of solar energy utilization, the tracking of MPPT is achieved
by controlling the on/off states of the Boost circuit’s switching transistors. The con-
trol diagram is depicted in Figure 2, where the PV output voltage upv is compared to
the MPP voltage u∗

pv determined by the MPPT algorithm. Through the utilization of a
Proportional–Integral (PI) controller, the duty cycle dp is calculated and subsequently com-
pared to a carrier signal to generate Pulse Width Modulation (PWM) triggering pulses.
As environmental factors such as sunlight intensity and temperature fluctuate, the error
value also changes accordingly, resulting in adjustments to the duty cycle of the triggering
pulses. This dynamic process enables the system to effectively track MPP, as demonstrated
in Equation (3), where Kp1 and Ki1 represent the proportional and integral coefficients of
MPPT control, and x1 denotes the state variable within the PI controller.

dx1
dt = upv − u∗

pv

dp = Kp1

(
upv − u∗

pv

)
+ Ki1x1

(3)

ES and generation systems exhibit two topological configurations: In the Buck operat-
ing mode, energy flows from the DC bus to the ES, treating the ES as a load integrated into
the system. Conversely, in the Boost operating mode, energy travels from the ES towards
the DC bus, with the ES acting as a power source. To describe the behavior of the ES
rectification side, this study utilizes an average-value model, resulting in the equation set
outlined in Equation (4), where db signifies the duty cycle governing the ES rectifier.

Cbat
dubat

dt = ibat − iLbat

Lbat
diLbat

dt = ubat − udc(1 − db)
(4)

To enable the functionality of peak shaving and valley filling in the ES, a dual closed-
loop control strategy for voltage regulation is employed. The control diagram, as depicted
in Figure 2, operates as follows: The deviation between the reference voltage u∗

dc and
the actual voltage udc on the DC bus is processed through a voltage loop PI controller,
resulting in a reference current i∗bat, which is subsequently compared to the ES output
current. After passing through a current loop PI controller, it generates the desired duty
cycle db. Consequently, two sets of PWM pulse trains are generated by comparing with
the carrier signal, controlling the switching transistors. This control process is represented
by Equation (5), where Kp2,3 and Ki2,3 represent the proportional and integral coefficients
governing constant voltage control on the bus, while x2,3 denotes the state variable within
the dual PI control loop.

dx2
dt = udc − u∗

dc
dx3
dt = Kp2

dx2
dt + Ki2x2 − ibat

db = Kp3
dx3
dt + Ki3x3

(5)
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The DC port interfaces the PV generation and ES system with the converter’s DC-
side, ensuring a constant voltage supply to achieve energy exchange. According to the
topological structure depicted in Figure 2, the equation set can be outlined in Equation (6)
as follows:

Cdc
dudc

dt = (1 − dp)iLpv + (1 − db)iLbat − idc

pdc = udcidc = po = 3
2 (uodiod + uoqioq)

(6)

where pdc is the instantaneous power output on the DC-side; po is the instantaneous output
power from the inverter; and uodq and iodq represent the voltage and current outputs from
the inverter, respectively, in the dq coordinate system.

2.2. Modeling of AC-Side Virtual Synchronous Machine and Its Controller

The voltage-controlled ES VSG grid-connected system, as depicted in Figure 2, is sub-
jected to small-signal modeling following procedures detailed in Yan et al. [10], Chen [11],
and Xu et al. [14]. For this modeling, the dq rotating coordinate system was selected as the
reference coordinate system. This small-signal modeling encompasses five key components:
power calculation, power control, virtual impedance control, dual-loop voltage-current con-
trol, and the grid interface circuit. The power calculation component employs a low-pass
filter to compute the average output power of the inverter. In the power control module,
electrical characteristics resembling those of an SG are emulated, enabling functions such as
inertia support, primary frequency regulation, and reactive power–voltage regulation. Vir-
tual impedance control introduces stator electrical characteristics of a synchronous machine
into the control loop by simulating properties like synchronous reactance and armature
resistance. The dual-loop voltage-current control module generates voltage reference sig-
nals and produces PWM drive signals to control various switching devices. Differential
equations governing these five components are presented in Equations (7)–(11).{

pe = ωc
s+ωc

[ 3
2 (uodiod + uoqioq)

]
qe = ωc

s+ωc

[ 3
2 (−uodiod + uoqioq)

] (7)


dω
dt = 1

Jω0

[
Pref − pe − KDp(ω − ω0)

]
− Dp

J (ω − ω0)

ded
dt = KqQref + Kq

[
Dq(Un −

√
u2

od + u2
oq)− qe

] (8)

{
u∗

od = ed − rviod + ωLvioq

u∗
oq = eq − ωLviod − rvioq

(9)



dϕd
dt = u∗

od − uod; dϕq
dt = u∗

oq − uoq

dγd
dt = i∗ld − ild; dγq

dt = i∗lq − ilq

i∗ld = iod − ωCfuoq + Kpv
dϕd
dt + Kivϕd

i∗lq = ioq + ωC f uod + Kpv
dϕq
dt + Kivϕq

u∗
d = uod − ωLfilq + Kpc

dγd
dt + Kicγd

u∗
q = uoq + ωLfild + Kpc

dγq
dt + Kicγq

(10)
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

dild
dt = 1

Lf

(
−Rfild + ωLfilq + uld − uod

)
dilq
dt = 1

Lf

(
−Rfilq + ωLfild + ulq − uoq

)
duod

dt = 1
Cf

(
ωCfuoq + ild − iod

)
duoq

dt = 1
Cf

(
−ωCfuod + ilq − ioq

)
diod
dt = 1

Lc

(
ωLcioq + uod + ugd − Rciod

)
dioq
dt = 1

Lc
(−ωLciod + uoq + ugq − Rcioq)

(11)

where pe and qe are the active and reactive power output of the VSG; ωc is the cutoff
frequency of the low-pass filter; Pref is the active power command; J is the virtual rotational
inertia; Dp is the virtual damping factor of frequency; ω and ω0 are the virtual angular
frequency and rated angular frequency; KDP is the active frequency modulation coefficient;
Qref is the reactive power command value; Un is the rated voltage amplitude; Kq is the
reactive integral coefficient; Dq is the coefficient governing reactive voltage regulation; ed
and eq are the d- and q-axis components of the internal potential e, respectively; uod, uoq,
iod, and ioq are the dq-axis components of the VSG output voltage and current, respectively;
u∗

od and u∗
oq are the voltage reference values provided by the virtual impedance module

for voltage and current closed-loop control; rv and Lv are the virtual resistance and virtual
inductance, respectively; i∗ld and i∗lq are the reference values from the voltage loop for the
current loop; u∗

d and u∗
q are the modulation signals controlled by SPWM; Kiv, Kic, Kpv, and

Kpc are the integral and proportional coefficients employed in the dual closed-loop voltage
and current control; Φd and Φq are the intermediate state variables in the PI control of the
voltage loop; γd and γq are the intermediate state variables in the PI control of current
loops; ugd and ugq are the components of the SG port voltage on the dq axis, respectively.

2.3. Network Terminal Equivalence

Both VSGs and SGs exhibit similar characteristics, resulting in stability challenges
when small disturbances occur in grid-connected systems. Furthermore, as a consequence
of the substantial integration of new energy sources into the grid, significant alterations are
observed in the frequency characteristics at the grid interface. Unlike the scenario where
the VSG is connected to an infinite system, as illustrated in Figure 2, the grid-connected
system comprises a VSG, a constant power load, and an SG. The power load is integrated
into the rotor motion equations, and the generator model’s excitation system incorporates
a first-order inertia excitation element. In the dq coordinate system, the expression is as
depicted in Equation (12).

dδsg
dt = (ωsg − 1)ωB

Tsg
J

dωsg
dt = Pmsg − Pesg − ( 1

Dsg
p
+ 1)(ωsg − 1)

T′
d0

dE′
q

dt = Ef − E′
q − (Xd − X′

d)Id

Ta
dEf
dt =

(
UNsg −

√
u2

gd + u2
gq

)
Ka − Ef

ugd = Xq Iq; ugq = E′
q − X′

d Id

(12)

where ωsg and δsg are the angular velocity of the SG and the angle between the q-axis of
the SG’s rotor and the x-axis of the xy coordinate system, respectively; ugd and ugq are
the d- and q-axis voltage components of the SG, respectively; E′

q and Ef are the transient
electromotive force and the excitation voltage output by the excitation system, respectively;
Xd and X′

d are the steady-state and transient values of the direct-axis reactance; Xq is the
steady-state value of the quadrature-axis reactance; Tsg

J and Dsg
p are the generator’s inertia

time constant and deviation, respectively; Ta and Ka are the time constant and proportional
coefficient of the excitation system; Pmsg and Pesg are the mechanical and electromagnetic
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power of SG, respectively; UNsg is the set values of the excitation controller output voltage
of the SG.

3. Small-Signal Modeling of PV Generation and ES VSG Grid-Connected Systems

The analysis of interaction mechanisms in nonlinear systems is commonly approached
through small-signal modeling methods [19]. Among these methods, the state-space
approach allows for a detailed examination of the changes in various state variables
within the system. Through the incorporation of participation factors, sensitivity analysis,
and root locus analysis, it becomes possible to determine the characteristics of different
oscillatory modes within the system. Moreover, it facilitates the identification of parameters
responsible for these modes, offering a holistic assessment of system stability. This study
integrates the rectification systems of PV generation and ES, the VSG control system, and
the grid interface equivalent portion to construct a full-order state-space model for GFM PV
generation and ES systems. Equations (2)–(11) collectively encompass 21 state variables and
21 differential-algebraic equations, effectively capturing the dynamic characteristics of the
system. By linearizing this model around its steady-state operating point and organizing
the equations, a comprehensive model is derived for transient stability analysis.

In Section 2, a model for the photovoltaic (PV) and energy storage grid-connected
system was developed. This section will develop and validate the small-signal model of the
PV generation and ES VSG grid-connected system. The analysis of interaction mechanisms
in nonlinear systems is commonly approached through small-signal modeling methods [19].
Among these methods, the state-space approach allows for a detailed examination of
the changes in various state variables within the system. Through the incorporation of
participation factors, sensitivity analysis, and root locus analysis, it becomes possible to
determine the characteristics of different oscillatory modes within the system. Moreover, it
facilitates the identification of parameters responsible for these modes, offering a holistic
assessment of system stability. This study integrates the systems of PV generation and ES,
the VSG control system, and the network terminal equivalence to construct a full-order
state-space model for GFM PV generation and ES systems. Equations (2)–(11) collectively
encompass 21 state variables and 21 differential-algebraic equations, effectively capturing
the dynamic characteristics of the system. By linearizing this model around its steady-
state operating point and organizing the equations, a comprehensive model is derived for
transient stability analysis:

d∆x
dt

= A∆x + B∆u (13)

where ∆x = [∆xDC ∆xAC]T is the system’s state vector, as illustrated in Equation (14),
which encompasses state vectors from both DC- and AC-sides; ∆u = [∆ipv ∆ibat ∆ugdq]T

is the system’s input vector. The calculation of the eigenvalues of the state matrix A
enables the analysis of the grid-connected system’s static stability and frequency oscillation
characteristics.

∆xDC =
[
∆x1 ∆x2 ∆x3 ∆upv ∆ubat ∆udc ∆iLpv ∆iLbat

]
∆xAC =

[
∆ω ∆Pe ∆Qe ∆ϕdq ∆γdq ∆ildq ∆uodq ∆iodq

] (14)

Small-Signal Model Validation

In the state-space model and the Simulink time domain dynamic model, step distur-
bances were applied to the grid frequency, grid voltage, and power commands within the
2–4 s timeframe. ∆ωg = 0.6 π·rad/s, ∆ug = 0.3 V, and ∆Pref = 500 W illustrate the com-
parison of the active power Po and reactive power Qo output curves of the VSG between
both models. In Figure 3, the waveforms of the small-signal model closely match those of
the practical simulation model, thereby validating the accuracy of the small-signal model
developed in this research.
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4. State Matrix Eigenvalue Calculation and Stability Analysis
4.1. Small-Signal Stability Analysis

The small-signal model established in Section 3 has been validated. This section, as
a case study, performs a static stability analysis of the PV generation and ES system, as
illustrated in Figure 2. The parameters for the numerical model are detailed in Table 1.
Subsequently, these parameters and initial values are input into the system’s state matrix
A for the computation of all eigenvalues, as displayed in Table 2. Eigenvalues λ1–4 and
λ9–14 are complex, corresponding to 10 oscillatory modes. The real components reflect the
system’s damping concerning oscillations, while the imaginary components indicate the
oscillation frequencies. All the system’s eigenvalues are in the complex plane’s left half,
signifying that the system exhibits small disturbance stability.

Table 1. Key parameters of PV generation and ES system.

Parameter Value Parameter Value

Cpv[µF] 100 Lpv[µH] 1000
Cbat[µF] 1000 Lbat[µH] 1000
Cdc[µF] 6000 Cf[µF] 30,000
Lf[µH] 2000 J[kg/m2] 0.1

Dp 0.01 Pload[KW] 15
Pn[KVA] 12 H[s] 3.2
Xd(p.u) 1.305 X′

d[p.u] 0.296
Xq(p.u) 0.474 T′

d0[s] 5.89
Ta 0.01 Ka 150

Table 2. Eigenvalues of PV generation and ES system.

Modal Real Part Virtual Part Oscillation Frequency Damping Ratio

1, 2 −2.347 ±1.30 × 103 207.6 0.0018
3, 4 −1000 ±1.05 × 103 167.96 0.1488

5 −67.86 0 0 1
6 −4.118 0 0 1
7 −1.003 0 0 1
8 −0.3869 0 0 1

9, 10 −1.13 × 103 ±7.86 × 105 1.25 × 105 0.0014
11, 12 −1.14 × 103 ±1.57 × 104 2.51 × 103 0.0723
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Table 2. Cont.

Modal Real Part Virtual Part Oscillation Frequency Damping Ratio

13, 14 −3.95 ±321.79 51.215 0.0123
15 −30.56 0 0 1
16 −32.66 0 0 1
17 −24.41 0 0 1
18 −199.96 0 0 1
19 −199.98 0 0 1
20 −83.36 0 0 1
21 −83.33 0 0 1

To explore the relationship between system state variables and the associated oscilla-
tory modes of eigenvalues, participation factors for each mode were calculated, and the
results are depicted in Figure 4.
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4.2. Eigenvalue Sensitivity Analysis

Several factors can introduce errors in computed eigenvalues, including practical data
inaccuracies and limitations in calculation precision. Additionally, due to the interdepen-
dencies among various parameters within the system, it becomes challenging to isolate the
influence of individual parameter variations on oscillatory modes. Therefore, conducting
eigenvalue sensitivity analysis becomes highly valuable. On the DC-side, six parameters
were selected, denoted as Kp1–3 and Ki1–3. Meanwhile, on the AC-side, eight parameters
were chosen, including ωc, J, Dp, Kpv, Kiv, Kpc, Kic, and Lv, to investigate the sensitivity of
eigenvalues concerning system parameters. The outcomes of this sensitivity analysis are
illustrated in Figure 5.

The analysis of the 21 characteristic eigenvalues, as depicted in Figures 4 and 5,
offers significant insights into the stability and sensitivity of the PV generation and ES
system. Specifically, the eigenvalues are divided into two categories, with λ1–8 representing
characteristics on the DC-side and λ9–21 pertaining to the AC-side.

On the DC-side, λ1,2 are closely associated with iLpv and upv, with substantial impacts
from parameters Kp1 and Ki1. λ3,4 predominantly relate to udc and iLbat, primarily influ-
enced by parameters Kp2 and Ki2. Furthermore, λ5 demonstrates a strong correlation with
∆x2, indicating its sensitivity to the outer loop PI control parameters governing the ES
system. Lastly, λ7,8 are associated with state variables ∆x3 and ∆x1, emphasizing the signif-
icance of designing three appropriate sets of PI parameters for influencing the oscillatory
behavior on the DC-side.
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Conversely, on the AC-side, λ9–12 are primarily linked to the inductance current dq-
axis components ∆ildq and capacitance voltage dq-axis components ∆uodq, revealing their
dependence on the selection of LC filter parameters. λ13,14 correspond to grid-connected
current dq-axis components ∆iodq and are predominantly influenced by LC filter parame-
ters, virtual impedance, and line impedance. Additionally, λ15,16 are related to active power
∆P and reactive power ∆Q, exhibiting sensitivity to the ωc parameter in the low-pass filter.
Notably, λ17 is mainly associated with ∆ω, ∆P, and ∆Q, with its value influenced by rotor
inertia and damping coefficients (Kf/Jωn+Dp/J). Furthermore, λ18,19 are linked to the state
variables of PI regulators’ ∆γdq in the current control loop, with values approximating
Kiv/Kpv. Finally, λ20,21 are primarily associated with the state variables of PI regulators’
∆xdq in the voltage control loop, with values approximating Kic/Kpc.

4.3. Eigenvalue Trajectory Analysis

In the context of GFM PV generation and ES systems, it is essential to analyze and
optimize control parameters since circuit parameters are typically pre-designed based on
practical requirements and are not frequently modified due to component constraints.

In this regard, the key control parameters with a significant influence on system stabil-
ity are categorized into two main aspects: the DC-side, encompassing control coefficients
Kp1 and Ki1 for the PV array and the dual-loop control coefficients Kp2,3 and Ki2,3 for the ES
constant voltage bus; and the AC-side, including the cutoff angular frequency ωc, rotor
inertia J, active power frequency control coefficient KDp, damping coefficient Dp, reactive
power voltage control coefficient Dq, virtual impedance rv, virtual inductance Lv, and
dual-loop PI control loop coefficients Kpv, Kiv, Kpc, and Kic. It is noteworthy that the values
of KDp and Dq should satisfy the requirements of virtual synchronous machine frequency
regulation and voltage droop characteristics, typically requiring no modifications [20]. This
study primarily focuses on the analysis and optimization of the following parameters:
Kp1–3, Ki1–3, ωc, J, Dp, rv, Lv, Kpv, Kiv, Kpc, and Kic.

To investigate the range of parameter values that ensure system stability and to under-
stand the patterns of eigenvalue variations as parameters change, trajectory plots of relevant
eigenvalues for both DC and AC systems are generated, as shown in Figures 6 and 7. It
is important to note that due to the large span of root trajectories, eigenvalues with small
variations are not displayed in the figures for clarity.

Figure 6a,b depict the eigenvalue trajectories with varying parameters Kp1 and Ki1. As
Kp1 ranges from 0 to 100, eigenvalues λ1,2 and λ6 move towards the unstable region. When
Ki1 varies from 0 to 0.03, eigenvalues λ1,2 shift to the right, entering the positive half-plane,
indicating increased system instability. This suggests that setting PI control coefficients for
the PV part too high is unfavorable for system stability.

In Figure 6c,d, the eigenvalue trajectories are shown for parameters Kp2 and Ki2. As
Kp2 changes from 0.05 to 20, eigenvalues λ3,4 transition from the positive half-plane to the



Electronics 2024, 13, 1343 11 of 18

negative half-plane, and λ5 moves to the right. When Ki2 varies from 0 to 100, eigenvalues
λ3,4 shift to the right, entering the positive half-plane, indicating reduced system stability.

Figure 6d,e illustrate the eigenvalue trajectories with changes in parameters Kp3 and
Ki3. When Kp3 varies from 0 to 11, eigenvalues λ3,4 move leftward after entering the positive
half-plane, and λ7 shifts towards the unstable region. Changes in Ki3 from 0 to 80 do not
significantly affect the system.

Figure 7a reveals that when the parameter ωc varies from 1 to 22 π·rad/s, it results
in simultaneous changes in four eigenvalues. Specifically, eigenvalues λ13,14 exhibit an
increasing real part and decreasing damping ratio, which leads them into the unstable
region. Meanwhile, λ16,17 display a decreasing real part as they gradually move towards
the stable region.
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In Figure 7b, parameter J undergoes variations from 0.01 kg·m2 to 1.5 kg·m2, causing
eigenvalue λ17 to increase in the real part and gradually move towards the unstable region.
While increasing virtual inertia can enhance the system’s frequency support capability in an
inertial environment [21], excessively high virtual inertia can hinder system stability [22].

Figure 7c illustrates the impact of parameter Dp changing from 0.001 N·m·s/rad to
1 N·m·s/rad. It results in simultaneous changes in eigenvalues λ15,16. Both eigenvalues
move towards the stable region, with an increasing damping effect. The oscillation fre-
quency decreases as damping increases, contributing to a more stable system. Typically,
increasing inertia J strengthens the system’s frequency support ability but leads to larger
overshoot and a longer settling time. Increasing damping reduces overshoot but may in-
crease system error. Therefore, selecting appropriate values for virtual inertia and damping
should consider practical factors [23–25].

Figure 7d shows that parameter Lv varying from 0.2 mH to 20 mH leads to simulta-
neous changes in two eigenvalues. Both eigenvalue λ13,14 exhibit a decreasing real part
and an increasing damping ratio, moving towards the negative half-plane, which enhances
system stability.
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In Figure 7e, when parameter Kpv varies from 1 to 100, multiple eigenvalues undergo
simultaneous changes. Eigenvalues λ9–12 move towards the negative half-plane, indicating
improved system stability. Eigenvalues λ20,21 exhibit an increasing real part, moving
towards the positive half-plane, reducing damping ratios, corresponding to increased
oscillation frequencies and decreased system stability.

Figure 7f shows the effect of parameter Kiv varying from 20 to 2500, resulting in
simultaneous changes in multiple eigenvalues. Real parts of eigenvalues λ9–12 decrease,
gradually moving towards the unstable region, while eigenvalues λ20,21 increase in the real
part, moving towards the stable region.

Figure 7g illustrates that parameter Kpc ranging from 14 to 100 causes simultaneous
changes in four eigenvalues. Real parts of eigenvalues λ9–12 decrease, gradually moving
towards the negative half-plane. Specifically, λ8,9 exhibit an increase in the absolute value
of their imaginary parts, leading to increased oscillation frequencies, while λ10,11 show less
pronounced changes. When initial parameter values are too small, eigenvalues λ8,9 fall into
the positive half-plane, resulting in system instability.

In Figure 7h, parameter Kic varies from 20 to 2500, causing simultaneous changes
in multiple eigenvalues. Eigenvalues λ15,16 both move towards the stable region. How-
ever, real parts of eigenvalues λ9–12 and λ18,19 increase, all moving towards the unstable
region, accompanied by reduced damping ratios, which are unfavorable for improving
system stability.
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5. Parameter Optimization Design for GFM PV ES System Parameters

To improve the stability and stability margin of the PV generation and ES system,
Milano et al. [9] and Jiang et al. [13] employed the root locus method to analyze the impact
of control parameter variations on system stability. However, root locus-based parame-
ter optimization methods often exhibit subjectivity and lack well-defined, scientifically
quantifiable design criteria. They struggled to address the intricate interactions among pa-
rameters and their combined effects on multiple eigenvalue characteristics within complex
systems. Therefore, in the process of parameter tuning and selection, achieving an optimal
position for system eigenvalues and identifying better parameter combinations require the
application of alternative optimization methods.

The Particle Swarm Optimization (PSO) algorithm has several distinct advantages over
other optimization methods such as genetic algorithms and neural networks. Firstly, PSO
does not require complex operations like crossover and mutation, making it easier to code
and implement. Secondly, it requires fewer computational steps, and the computational cost
of updating particle positions is comparatively low, which improves the efficiency of PSO
in solving certain optimization problems. Furthermore, compared to genetic algorithms,
PSO requires fewer adjustable parameters, simplifying the application of the algorithm
and the process of parameter tuning. Based on these advantages, building upon the
general principles of parameter design, this paper utilizes a parameter optimization design
approach that combines the root locus method with the PSO algorithm. Taking the root
locus analysis in Section 4 as the value range for the parameters to be optimized, through
iterations of PSO, the overall characteristic values move towards the negative half-axis and
the damping ratio of each oscillation mode approaches the optimal damping ratio of 0.707,
in order to increase the damping of system modes and enhance the transient stability of the
system. The detailed steps of this approach are illustrated in Figure 8.
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5.1. Parameter Optimization

The parameter ranges determined through root locus analysis in Section 4.3 serve as
the solution space for the optimization algorithm. Initial velocities and positions for each
particle are randomly generated, as shown in Equation (15), where xk

n and vk
n represent the

positions and velocities of particles after the k-th iteration, and n represents the number of
parameters to be optimized. 

Xk =
[

xk
1, xk

2, xk
3 · · · , xk

n

]
Vk =

[
vk

1, vk
2, vk

3 · · · , vk
n

] (15)

The fitness function pi for the i-th particle is defined as the basis for determining the
target direction of iterations, evaluating individual performance, and assessing the global
optimum, as shown in Equation (16). Understanding the impact of eigenvalues on the tran-
sient characteristics of the system, the overall objective of parameter optimization is to move
the system’s eigenvalues towards the negative half-plane to increase damping and shorten
transient responses. Simultaneously, the aim is to achieve optimal damping ratios for all
modes. With this goal in mind, two fitness functions pi1 and pi2 are designed separately.

pi = αpi1 + βpi2 (16)

where α and β are the weights assigned to the two functions, with values of 0.3 and 0.7,
respectively. The expressions for pi1 and pi2 are detailed in Equation (17), where N denotes
the number of eigenvalues to be optimized, and the real parts are arranged in descending
order as δ1~δN. The coefficient (N + 1 − j) represents the weight of the j-th real part. M
stands for the number of modes, and ξk represents the damping ratio of the k-th mode.

pi1 =
N
∑

j=1
(N + 1 − j)

∣∣δj
∣∣

pi2 =
M
∑

k=1

1
|ξk−0.707|

(17)

The objective of the optimization algorithm is to maximize the fitness function pi. The
update formulas for velocity and position are shown in Equation (18), where ω represents
the inertia weight, c1 = c2 = 2 are the cognitive factors, and r is a random number ranging
between 0 and 1. During each iteration, each particle updates its position and velocity
based on its individual optimal Pb and the optimal population Gb.{

Vk+1
i = ωVk

i + c1r(Pbi − Xk
i ) + c2r(Gbi − Xk

i )

Xk+1
i = Xk

i + Vk+1
i

(18)

The parameters of the case study model are listed in Table 1. The overall optimization
was performed on PI control parameters Kp1–3 and Ki1–3, cutoff frequency ωc, virtual inertia
J, damping coefficient Dp, virtual inductance Lv, and double-loop PI control parameters
Kpv, Kiv, Kpc, and Kic. The initial values and ranges for the parameters to be optimized are
provided in Appendix A. A total of 500 iterations were set for the optimization process,
and the iteration progress is illustrated in Figure 9.

After 500 iterations, the optimal population Gb reached its maximum value, and the
parameters to be optimized converged to their best positions. The results of the parameter
optimization are presented in Table 3.

The data from Table 3 were used to calculate the optimized eigenvalues λ∗
i , which

were then compared to the original eigenvalues λi from Table 2, as shown in Figure 10. The
eigenvalues before optimization and after optimization are represented by solid orange
and black circles, respectively.
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Table 3. Control parameters after global optimization.

Parameter Value Parameter Value

Kp1 0.01 Ki1 0.113
Kp2 0.3 Ki2 14.98
Kp3 10 Ki3 5
ωc 36.711 J 0.17724
Dp 0.33586 Lv [mH] 9.76
Kpv 0.10523 Kiv 78.418
Kpc 99.854 Kic 309.415
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In Figure 10, after optimization, the system eigenvalues have moved to varying degrees
toward the negative half-plane. The damping ratios of the system modes have all improved.
This enhancement in damping ratios signifies an improvement in the transient stability
of the system. It also demonstrates the feasibility and effectiveness of the comprehensive
parameter optimization approach.

5.2. Simulation Validation

To validate the effectiveness of the optimization algorithm, this study employed
Matlab/Simulink to establish the simulation model depicted in Figure 1. Three operational
scenarios were selected to analyze the output power of the PV array, ES, and VSG before
and after parameter optimization. The power waveforms after optimization for these
three scenarios are compared uniformly, as shown in Figure 11. Specifically, Ppv, P∗

pv; Pbat,
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P∗
bat; Pvsg, and P∗

vsg represent the pre- and post-optimization output powers of the PV array,
ES, and VSG.
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from 2 to 4 s.

In Figure 11a, a disturbance is introduced by raising the active power command from
3 kW to 4 kW for 2–4 s. This increase in the command requires additional output power
from the virtual machine and ES. After 4 s, the command value is restored, resulting in a
reduced ES output, returning to the initial steady state.

In Figure 11b, the disturbance involves an increase in solar irradiance from 200 W/m2

to 300 W/m2 for 2–4 s. This leads to an increase in the PV array output power from
1000 W to 1500 W. To maintain power balance, the ES reduces its output from 2000 W to
1500 W. After 4 s, solar irradiance returns to its original level, causing the ES output to
increase back to the initial steady state.

In Figure 11c, a minor disturbance is applied by decreasing the grid frequency from
50 Hz to 49.7 Hz for 2–4 s. This reduction in grid frequency requires an increase in the
virtual machine output and additional power from the ES. After 4 s, the grid-side frequency
is restored, leading to a decrease in the ES output back to the initial steady state.

The simulation results demonstrate that the controller parameters obtained through
the optimization method result in smaller overshoot, a shorter settling time, and smaller
steady-state error in the output powers of the PV array, ES, and VSG. This indicates that the
GMF PV generation and ES system exhibits improved transient performance, an enhanced
stability margin, and remains stable under minor disturbances, consistent with the dynamic
analysis conducted earlier in this study.
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6. Conclusions

This paper has developed a comprehensive small-signal model for the transient stabil-
ity analysis of the PV generation and ES system for VSG control. Combining participation
factors, system sensitivity, and root locus analysis, a global optimization method for con-
troller parameters has been proposed. The following conclusions have been drawn:

(1) In the DC generation system, the PI control of the PV converter and the dual-loop
control of the ES converter have a significant and comprehensive impact on the system’s
eigenvalues. Specifically, Ki1, Ki2, and Ki3 can affect the system’s damping if their values
are too large; in the AC inverter system, when Dp and Lv remain constant or decrease, an
increase in J will lead to a decrease in system stability. The selection of inner loop control
parameters has a more complex impact on system eigenvalues.

(2) This study revealed the impact of various parameters on the system’s stability
from a small-signal stability perspective. The overall optimization method effectively
overcomes the coupling characteristics between control parameters and oscillatory modes.
It provides parameter optimization results and serves as a reference for parameter tuning
in the integrated application of PV generation and ES with VSG control. These findings
hold practical value in real-world applications.
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Appendix A

Table A1. Initial value and range of parameters to be optimized.

Parameters to Be Optimized Initial Values Value Ranges

Kp1 0.1 [0, 100]
Ki1 0.01 [0, 0.3]
Kp2 0.2 [0.05, 20]
Ki2 17 [0, 100]
Kp3 0.1 [0, 11]
Ki3 0.1 [0, 100]
ωc 31.42 [1, 22π]
J 0.1 [0.01, 1.5]

Dp 0.01 [0.001, 1]
Lv 2 × 10−3 [0.2 × 10−3, 20 × 10−3]

Kpv 3 [1, 100]
Kiv 100 [20, 2500]
Kpc 5 [14, 100]
Kic 100 [20, 2500]

References
1. Zhang, Z.; Kang, C. Challenges and prospects for constructing the new-type power system towards a carbon neutrality future.

Proc. CSEE 2022, 42, 2806–2819.
2. Dong, X.L.; Xie, X.R.; Han, Y.D.; Li, J. Mechanism study of DFIG-related SSR based on separate stator and rotor torque analysis.

Proc. CSEE 2015, 35, 4861–4869.
3. Geng, H.; Liu, L.; Li, R. Synchronization and reactive current support of PMSG-based wind farm during severe grid fault. IEEE

Trans. Sustain. Energy 2018, 9, 1596–1604. [CrossRef]
4. Shen, X.; Shuai, Z.; Shen, C.; Ge, J.; Huang, W. Review on Operation and Control of AC Microgrid under Large Disturbance.

Autom. Electr. Power Syst. 2021, 45, 174–188.
5. Geng, H.; He, C.; Liu, Y.; He, X.; Li, M. Overview on Transient Synchronization Stability of Renewable-rich Power Systems. High

Volt. Eng. 2022, 48, 3367–3383.

https://doi.org/10.1109/TSTE.2018.2799197


Electronics 2024, 13, 1343 18 of 18

6. Yuan, C.; Liu, C.; Zhao, T.; Chen, M.; Xiao, X. Research on Operating Boundary of Virtual Synchronous Machine Based on Physical
Constraint of Energy Storage System. Proc. CSEE 2017, 37, 506–515.

7. Fumin, Z.; Song, B.A.I.; Zhankai, L.I. Control Strategy for Microgrid Storage System’s State of Charge Based on Virtual Syn-
chronous Generator. Power Syst. Technol. 2019, 43, 2109–2116.

8. Ming, W.L.; Zhong, Q.C. Synchronverter-based Transformerless PV Inverters. In Proceedings of the 40th Annual Conference of
the IEEE Industrial Electronics Society, Dallas, TX, USA, 29 October–1 November 2014; pp. 4396–4401.
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