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Abstract——The increasing use of distributed generation has re‐
vealed limitations in conventional power electronic converters, 
which are unable to provide sufficient inertia and damping sup‐
port to the grid. As a result, virtual synchronous generator 
(VSG) has gained widespread adoption for regulating the out‐
put voltage and frequency. However, VSG may encounter chal‐
lenges such as generating large inrush currents and power fluc‐
tuations during on-grid switching, significantly reducing the effi‐
cacy of virtual synchronous control strategies. Therefore, this 
study optimizes the dynamic performance of VSG based on 
grid-connected switching control strategy using radial basis 
function neural network (RBFNN) integrated nonlinear active 
disturbance rejection control (NLADRC) approach. In compari‐
son with the conventional pre-synchronization control strategy, 
the proposed strategy effectively suppresses system variable os‐
cillations through the NLADRC approach. This facilitates the 
rapid restoration of system output frequency, voltage, and pow‐
er to the steady state, thereby enhancing transient stability. 
Moreover, the RBFNN-NLADRC approach leverages the robust 
fitting capability of the network for obtaining dynamic parame‐
ter information, which allows for gain parameter tuning, fur‐
ther enhancing the effectiveness of the proposed strategy. Final‐
ly, verifications conducted in MATLAB/Simulink and a Starsim 
hardware-in-the-loop environment illustrate the superiority and 
feasibility of the proposed strategy.

Index Terms——Virtual synchronous generator (VSG), nonlin‐
ear active disturbance rejection control (NLADRC), radial basis 
function neural network (RBFNN), grid-connected switching 
control.

I. INTRODUCTION

THE utilization of distributed power generation technolo‐
gy has been identified as a crucial method to address 

the energy issues [1], [2]. Distributed power generation tech‐
nology offers significant advantages in control mode and re‐
sponse speed compared with conventional power generation 
methods [3]. However, as the proportion of distributed ener‐
gy increases, its inherent randomness and volatility have a 
greater impact on the system stability of the power grid. The 
conventional grid-connected interface control devices are un‐
able to provide characteristics such as inertia and damping 
to the system [4]. To address this challenge, the virtual syn‐
chronous generator (VSG) enables the synchronization of the 
power supply of distributed inverter, allowing it to exhibit 
similar external characteristics to a synchronous generator 
and participate autonomously in power grid regulation. VSG 
has become widely recognized as an effective control tech‐
nique for distributed power generation [5]-[7].

In general, VSG control strategies can be categorized into 
linear and nonlinear control strategies [8] - [10]. Regarding 
the linear control strategies, the proportional-integral (PI) 
controller remains widely used due to its simple structure 
and practicality [11], [12]. However, it fails to address the 
trade-off between speed and overshooting, and a single set 
of parameters cannot adapt to variable operation conditions. 
An effective approach to addressing the challenges is the ac‐
tive disturbance rejection control (ADRC) approach [13], 
[14]. This approach primarily utilizes extended state observ‐
ers (ESOs) to identify aggregated uncertainties in the real-
time system, effectively reducing unknown perturbations and 
enhancing the closed-loop stability of the system [15]. It is 
important to highlight that the implementation of ADRC ap‐
proach does not necessitate the precise knowledge of the sys‐
tem model; it relies only on the measurement of a limited 
number of system states. Reference [16] introduces a frame‐
work for nonlinear ADRC (NLADRC) approach that em‐
ploys nonlinear ESO (NLESO) to simplify the implementa‐
tion process and enhance the feasibility of the analysis [16]. 
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In [17] - [19], ADRC approach is applied to diverse control 
systems and demonstrates excellent control outcomes. How‐
ever, the calibration of gain parameters of NLADRC ap‐
proach presents a challenge in terms of complexity, which 
may hinder its widespread implementation and generaliza‐
tion in engineering applications.

Radial basis function neural network (RBFNN) algorithm 
has demonstrated significant success in the field of time se‐
ries forecasting, attributed to their effectiveness in capturing 
nonlinear patterns [20]-[22]. A notable advantage of RBFNN 
algorithm over other neural network architectures is its capa‐
bility to conveniently apply the orthogonal least square ap‐
proach to construct a concise model, which exhibits excel‐
lent generalization performance [23], [24]. Employing such 
merits, numerous applications emerge including the position‐
ing of robotics [25], link prediction [26], ultrasound localiza‐
tion microscopy [27], etc. In [28], the microgrid optimiza‐
tion model is introduced to quantify the dispatch elasticity as 
a demand response based on the time-of-use price of electric‐
ity, with the objective of minimizing the electricity cost for 
users and microgrid operation.

In addition, there are challenges for VSGs to achieve a 
seamless transition between islanded and grid-connected 
modes [29], [30]. Upon transitioning the VSG to on-grid op‐
eration modes, primary voltage regulation and frequency reg‐
ulation are unable to entirely eliminate the voltage and fre‐
quency offsets. In severe cases, this situation may lead to 
transient shocks within the system [31], [32]. Recent re‐
search has explored various approaches for stability analysis 
and impedance estimation in power systems. Reference [33] 
presents a dynamic model for the online estimation of 
Thevenin’s equivalent, demonstrating enhanced performance 
in both steady-state and transient tracking compared with 
frequency domain algorithms. However, this model encoun‐
ters challenges when addressing time-varying systems and 
exhibits sensitivity to noise. In [34] and [35], the multi-in‐
put multi-output (MIMO) model is introduced for real-time 
impedance-based stability assessment, which effectively 
manages multiple inputs and outputs while providing rapid 
results suitable for adaptive control. Nevertheless, this mod‐
el requires significant computation resources and exhibits a 
slow response to dynamic changes. To facilitate real-time 
impedance estimation in three-phase AC systems, digital 
twin technology has been employed alongside broadband ex‐
citation and Fourier techniques [36], achieving high preci‐
sion but requiring high accuracy sensors and complex mod‐
eling. Additionally, [37] proposes an online continuous 
small signal stability monitoring approach for DC mi‐
crogrids, which assesses stability margins without the need 
for additional hardware. However, this approach necessitates 
a comprehensive understanding of the system model and is 
less adaptable to nonlinear systems. Collectively, these stud‐
ies offer valuable insights for improving VSG control strate‐
gy.

To address these challenges, this study optimizes dynamic 
performance of VSG based on grid-connected switching con‐
trol strategy using RBFNN integrated NLADRC (RBFNN-

NLADRC) approach. Initially, the secondary frequency regu‐
lation of VSG is derived from the conventional VSG control 
strategy. Subsequently, to achieve difference-free frequency 
regulation of the system, a second-order NLADRC approach 
is integrated into the VSG control strategy based on the 
closed-loop transfer function. Furthermore, to tackle the chal‐
lenge of gain parameter tuning of the NLADRC approach, 
the RBFNN algorithm is designed to optimize parameters, 
enhancing system control performance and addressing the pa‐
rameter tuning difficulties. A concise summary of various ap‐
proaches is presented in Supplementary Material A Table 
SAI. In summary, the proposed strategy offers several advan‐
tages over the existing strategies.

1) Compared with the pre-synchronization control strategy 
in [38], the VSG with the NLADRC approach omits the re‐
quirement for pre-synchronization, reducing voltage frequen‐
cy oscillation at the time of grid-connection and achieving 
faster system response.

2) The introduction of the RBFNN algorithm addresses 
the parameter tuning difficulties of the NLADRC approach, 
which further ensures that the controller parameters are opti‐
mized, improving system output and enhancing system ro‐
bustness.

3) The proposed strategy demonstrates exceptional perfor‐
mance in suppressing inrush current and power fluctuations, 
significantly improving the dynamic performance and tran‐
sient stability of VSG under conditions of grid-connected 
switching and sudden three-phase frequency disturbances.

The remainder of this study is organized as follows. Sec‐
tion II outlines the basic principles of the VSG control strate‐
gy. Section III analyzes the control strategy for secondary 
frequency regulation of VSG. Section IV presents the design 
of the NLADRC approach. In Section V, the offline adapta‐
tion of RBFNN algorithm is introduced. Sections VI and VII 
present the simulation and experimental results, respectively. 
Finally, Section VIII offers the conclusion of this study.

II. BASIC PRINCIPLES OF VSG CONTROL STRATEGY

A. Modeling of VSG

The hardware configuration of the VSG closely resembles 
that of a conventional grid-connected inverter. This emula‐
tion is achieved by incorporating the mechanical and electro‐
magnetic equations of a synchronous generator into the grid-
connected inverter [39]. Figure 1 shows the block diagram 
of a grid-connected inverter employing VSG control strate‐
gy and power control loops on VSG, where LPF is short 
for low-pass filter, TD is short for tracking differentiator, 
and NLSEF is short for nonlinear state error feedback. To 
regulate the system, a voltage and current double closed-
loop controller is employed, featuring a PI controller, which 
compares the reference voltage with the output voltage to 
generate the reference voltage V *

o . Finally, a switching sig‐
nal is generated using the space vector pulse width modula‐
tion (SVPWM), effectively implementing the control strate‐
gy.

443



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 14, NO. 2, March 2026

B. Overall Control Structure of Conventional VSG Control 
Strategy

The conventional VSG control strategy is designed to in‐
corporate P-f and Q-V control mechanisms, with the primary 
aim of delivering a predefined quantity of active and reac‐
tive power to the power grid. In practical scenarios, inherent 
harmonics in the control system, with a minimum frequency 
of twice the industrial frequency, will cause distortions in 
the output voltage. To mitigate this issue, LPF is integrated 
after the power measurement module to effectively filter the 
active power. This study introduces a novel derivation meth‐
odology. The state-space modeling of conventional VSG typi‐
cally relies on direct linearization of mechanical equations 
without adequately considering the impact of LPFs in the 
power measurement module on system dynamics. This study 
models the relationship between the mechanical power and 
the active power by incorporating an LPF with a time con‐
stant, more accurately representing the filtering process of 
power signals in real control systems, thereby mitigating the 
dynamic bias associated with idealistic assumptions preva‐
lent in conventional models. Therefore, the conventional 

VSG control strategy can be formulated as:
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where P and Pm are the mechanical and electromagnetic 
power, respectively; τe is the time constant of the LPF; Pe 
and Qe are the active and reactive power outputs, respective‐
ly; ω is the output angular frequency; ωref is the reference 
angular frequency; Jo is the inertia coefficient; Do is the 
damping coefficient; θ is the output power angle; Vo is the 
terminal voltage; Ug is the three-phase grid voltage; Kp is 
the proportional gain; kω is the droop gain of the P-f control 
loop; Ki is the integral gain; and Qref is the reference of reac‐
tive power. Note that V *

o  is determined by Vo and θ as 
shown in (3). Note that subscripts a, b, and c represent the 
three phases.
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As illustrated in Fig. 1, the closed-loop transfer function 
for the output angular frequency can be derived by (4), con‐
sidering specific values for the active power and rated fre‐
quency.
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The time domain expression of (4) can be derived by La‐
place inverse transformation as:
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III. CONTROL STRATEGY FOR SECONDARY FREQUENCY

REGULATION OF VSG 

The conventional VSG control strategy enables real-time 
adjustment of its output to provide frequency support for the 
power grid. However, this strategy is limited to the primary 
frequency regulation function and is unable to ensure power 
quality in isolated states. Consequently, there is a pressing 
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Fig. 1.　Block diagram of a grid-connected inverter employing VSG control 
strategy and power control loops on VSG. (a) A grid-connected inverter em‐
ploying VSG control strategy. (b) Power control loops on VSG.

444



CHEN et al.: OPTIMIZING DYNAMIC PERFORMANCE OF VIRTUAL SYNCHRONOUS GENERATOR BASED ON...

need for further research to develop a control strategy for 
secondary frequency regulation of VSG that can enhance the 
stability and performance of VSG system.

From (1), when the system is under steady-state operation, 
we can obtain:

Pm -P
ωref

=Do(ω -ωref ) (6)

As illustrated in Fig. 2, the system operates at an initial 
equilibrium point A, which represents the intersection of the 
generator characteristic curve (represented by PG1) and the 
load characteristic curve (represented by PL1 ). The system 
frequency is denoted as f. Upon a load increase of DPL , the 
load characteristic curve shifts upwards, while the generator 
characteristic curve remains unchanged. Consequently, the 
stable operation point transitions to point B, accompanied by 
a corresponding change in the stable operation frequency to 
f '. As a result, the motor power increases by DPG. In line 
with the principle of secondary frequency regulation, it be‐
comes imperative to shift the generator characteristic curve 
to PG2, thereby facilitating the attainment of a new stable op‐
eration point, denoted as point C, and the operation frequen‐
cy of the system is f ″  [40]. At this juncture, the secondary 
frequency regulation formula of VSG can be derived in ac‐
cordance with the principle of secondary frequency regula‐
tion, as shown in (7). In the context of the secondary fre‐
quency regulation of VSG, DPm and DP represent the incre‐
mental mechanical and electromagnetic power, respectively. 
It is imperative to note that the attainment of DPm =DP is es‐
sential for achieving Df = 0, signifying the nondifferential fre‐
quency regulation.

Df =
DPm -DP
2πDoωref

(7)

IV. DESIGN OF NLADRC APPROACH 

The structure of the NLADRC approach for VSG, as 
shown in Fig. 1, consists of three components: TD, NLSEF, 
and NLESO [41]. Before employing the NLADRC ap‐
proach, the VSG system is firstly modelled as a standard sec‐
ond-order system as:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

x1 = y =ω
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where x1 and x2 are the state variables; y is the output of the 
system; w is the unknown external disturbance affecting the 
system; f ( )x1x2w  is the dynamic characteristic function; 

bo is the control gain; ẋ3 is the cumulative effect of both in‐
ternal and external disturbances within the system; and u is 
the control input. The analysis of (8) and (9) reveals the sig‐
nificant impact of the power output value on the stability 
performance of the NLADRC approach. While the power 
output value is a key factor in the disturbance, it is just one 
element of a broader range of factors affecting stability, in‐
cluding discrepancies between specified and actual power 
output values, system angular frequency, and unmodeled fre‐
quency deviations. By accurately addressing and compensat‐
ing for these combined disturbances, an integrator series 
structure can be established. This capability allows the 
NLADRC approach to effectively track reference signals 
without overshoots or deviations, showcasing its advantage 
of not requiring a precise model of the controlled system. 
Denoting v (k ) as the input signal, and x1(k ) and x2(k ) as 
the estimation of ω and its first derivative, the TD for VSG 
is designed as in (10) and (11).
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where e (k ) is the error between the actual output and the 
discriminative output; ho is the integration step; r is the 
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Fig. 2.　Principle of dynamic characteristics for secondary frequency regula‐
tion of VSG.
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speed factor; fhan( )×  is the fastest tracking function; and 
fsg( )ab  is the switch function utilized for smooth transitions.

Note that a proper design of TD for VSG guarantees swift 
and accurate tracking behaviors of VSG system in accor‐
dance with the established transition process and reference 
instructions, thereby enhancing the overall control perfor‐
mance of the system.

To estimate the lumped disturbance in the VSG system, a 
third-order NLESO is constructed as:
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ż3 =-b3 fal( )e2α2δ

(12)

fal(abc) = a
c1 - b (1 - fsg(| a | c) ) + | a |b × sign (a) × fsg(| a | c)
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where e3 is the tracking error; b1, b2, and b3 are the nonlin‐
ear gain coefficients; α1 and α2 are the factors of the nonlin‐
ear segment interval; δ is the length of the nonlinear inter‐
val; and z1, z2, and z3 are the output, derivative value of the 
output, and estimation of the total perturbation of the con‐
trolled object, respectively.

Finally, NLSEF composed of states of TD and NLESO is 
designed as:
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where α3 is equivalent to α1 and α2 and serves as a factor of 
the nonlinear segment interval.

The features of the NLADRC approach can be listed as 
follows.

1) It eliminates the need for precise system modeling of 
VSG system, enabling rapid response and accurate tracking 
by actively countering disturbances.

2) Its integration into the secondary frequency regulation 
significantly improves the speed and effectiveness of system 
frequency regulation.

3) It enhances the VSG control strategy and increase the 
system resistance to various disturbances through real-time 
disturbance estimation and compensation, thus strengthening 
the system robustness against internal and external uncertain‐
ties.

V. OFFLINE ADAPTATION OF RBFNN ALGORITHM 

In this section, the gain parameters in the NLADRC ap‐
proach are optimized by the RBFNN algorithm, exhibiting 
excellent self-learning capability in nonlinear system.

A. RBFNN Algorithm

The RBFNN algorithm comprises a three-layer feed-for‐
ward neural network structure, as shown in Fig. 3. The input 

signal neuron nodes form the first layer with the number of 
neurons determined based on the dimensions of the input da‐
ta. The second layer represents the hidden layer, which can 
abstract the input layer space to a higher dimensional space 
and classify different data types. The activation function cho‐
sen for this layer is the Gaussian function. The Gaussian 
function ϕ l( )x  is widely used due to its strong performance, 
which compares the similarity between the input vector and 
the center of the hidden node, and can be expressed as:

ϕ l( x) = exp ( -  X - cl

2

2σl
2 )     l = 12e (15)

where X = [ x1x2xN ] is the input vector of the network; l 

is the number of hidden layer neurons; cl = [cl1cl2clN ] is 

the Gaussian centroid of the first hidden layer neuron; σl is 
the base width length of the l th hidden layer node; and  ·  is 
the Euclidean vector norm.

The third layer (the output layer) is formed after weighing 
the output of the hidden layer. The expression of the output 
layer is given as:

ye =w T
l ϕ ( x ) =w1ϕ1( x) +w2ϕ2( x) + +weϕe( x) (16)

where wl = [w1w2we ]
T
 is the weight vector of the out‐

put layer; and ϕ ( )x = [ ]ϕ1( )x ϕ2( )x ϕe( )x
T
 is the out‐

put vector of the hidden layer.
The input layer receives input data and transmits the data 

directly to the hidden layer. In the hidden layer, each neuron 
calculates the similarity between the input vector and its cor‐
responding center using a Gaussian function. This similarity 
measure determines the activation value of each hidden layer 
neuron. The output of the Gaussian function is maximized 
when the input vector is close to the neuron center and di‐
minishes as the distance from the center increases.

Subsequently, the outputs from the hidden layer neurons 
are weighted and summed in the output layer to generate the 
final output. The weights in the output layer dictate the con‐
tribution of each hidden layer neuron to the overall output. 
The training process of the RBFNN algorithm primarily fo‐
cuses on determining the centers and widths of the hidden 
layer neurons, as well as the weights for the output layer. By 
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Fig. 3.　Structure of RBFNN algorithm.
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employing suitable training algorithms, the network can ef‐
fectively learn the relationship between input and output da‐
ta, facilitating function approximation.

B. Parameter Tuning of NLADRC Approach

In this subsection, the error between the fitted output and 
the desired output is utilized to train the network parameters, 
thereby enhancing network accuracy. Based on this, the neu‐
ral network model of VSG angular velocity variation is ob‐
tained through online identification, enabling parameter tun‐
ing of the NLADRC approach.

For the current sampling moment k of the system, the per‐
formance indicator function E ( )k  is calculated as:

E (k ) = 1
2 ( y (k ) - ye(k ) ) 2

=
1
2 ( )e (k ) 2

(17)

where y (k ) is the actual output of the system; and ye(k ) is 
the discriminative output of the RBFNN algorithm.

The mapping function of neural network must be trained 
to minimize the tracking errors. This involves determining 
the parameters of the basis function for cl, σl and the weight 
coefficient wlj. In this study, the gradient descent approach is 
employed to learn and train the network model parameters 
[42], with the specific training formulas as:
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¶E ( )k
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σ 3
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σl( )k = σl( )k - 1 +Dσl( )k + α ( )σl( )k - 1 - σl( )k - 2

(20)

where j = 12N; x ( )k  is the actual input of the system; 
Dwlj( )k  is the increment of the weight coefficient; Dcl( )k  is 

the increment of the Gaussian centroid vector; Dσl( )k  is the 
increment of Gaussian function width; X (k ) =
[u (k ) y (k ) y (k - 1) ]T

 is the input vector of the RBFNN al‐

gorithm; λ is the learning rate, which is constrained to the 
range [01]; and α is the momentum factor.

The incremental coefficients for the three parameters b1, 
b2, b3 in NLESO are defined as:
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ec1( )k = e ( )k - e ( )k - 1

ec2( )k = e ( )k
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b1 = b1( )k - 1 + b1( )k - 1 e ( )k
¶y ( )k
¶u ( )k

ec1( )k

b2 = b2( )k - 1 + b2( )k - 1 e ( )k
¶y ( )k
¶u ( )k

ec2( )k

b3 = b3( )k - 1 + b3( )k - 1 e ( )k
¶y ( )k
¶u ( )k

ec3( )k

(22)

where ec1( )k , ec2( )k , and ec3( )k  are the error increment 
terms; ¶y ( )k ¶u ( )k  is the Jacobian information of the con‐
trolled object.

The RBFNN algorithm can obtain dynamic quantity, spe‐
cifically Jacobian information, following the acquisition of 
the fitted output of the recognized object. Based on the pre‐
ceding analysis, it is evident that the neural network will 
yield ye(k ) after training, with an exceedingly small recogni‐
tion error. This allows for the consideration that ye(k ) is 
equivalent to y (k ). Consequently, we can obtain:

¶y ( )k
¶u ( )k

»
¶ye( )k
¶u ( )k

=∑
l = 1

M

wlj(k - 1)ϕl( x (k ) ) cl( )k - 1 - u ( )k

σ 2
l ( )k - 1

(23)

The training flow chart of the RBFNN algorithm is shown 
in Fig. 4. The input signal u (k ) and the real-time output sig‐
nals y (k ) and y (k - 1) of the inverter are collected as the 
neuron signals of the input layer of the neural network. Af‐
ter training, ye(k + 1) is discerned, and the error between the 
actual output of the angular velocity and the discerned out‐
put is used to correct the internal parameters of the neural 
network until the set error index is satisfied. After that, the 
learned neural network is utilized to optimize the gain pa‐
rameters in the controller in real time. ye(k + 1) is used under 
the error index instead of the actual angular velocity of the 
inverter y (k - 1) to determine the output corresponding to 
the input of the bias conductor. This bias conductor can pro‐
vide increments, enabling the adjustment of the gain parame‐
ters.

VI. SIMULATION RESULTS 

In this section, a MATLAB/Simulink model for VSG is 
developed with system parameters in [43] to assess the effi‐
cacy of the proposed strategy. The detailed parameters of 

Start

End

Initialize neural network parameters

Collect u(k), y(k), and y(k�1)

Calculate cl(k), σl(k), and wlj(k)

Solve E(k) from (17)

Does E(k) meet the
requirements?

Y

N

Correct ec1(k), ec2(k), and ec3(k)
and then update b1, b2, and b3

Fig. 4.　Training flow chart of RBFNN algorithm.
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VSG system are listed in Table I.

To address the challenge of substantial inrush current asso‐
ciated with conventional switching curves under operation 
mode, an innovative pre-synchronization process is intro‐
duced, which is based on voltage and frequency compensa‐
tion signals derived from the conventional VSG control strat‐
egy in the simulation structure [44]. By effectively mitigat‐
ing the instantaneous inrush current during the synchroniza‐
tion period, this pre-synchronization process has been incor‐
porated as one of the cases in the simulation results. The 
simulation includes four cases as follows.

A. Case 1: VSG with Pre-synchronization Control Strategy

The simulation results of Case 1 are shown in Figs. 5-7, 
where VVSG and Vg are the magnitudes of output voltage of 
VSG with pre-synchronized control strategy and power grid, 
respectively; fVSG and fg are the frequencies of VSG with pre-
synchronized control strategy and power grid, respectively; 
and IVSG and Ig are the output currents of VSG with pre-syn‐
chronized control strategy and power grid, respectively. Be‐
fore transitioning the VSG from islanding mode to grid-con‐
nected mode, it is initially connected to the local load at t =
0.2 s, followed by the execution of the pre-synchronization 
process at t = 0.5 s. Subsequently, the grid-connection signal 
is issued at t = 0.7 s, resulting in the successful connection of 
the VSG to the grid. As shown in Fig. 5, the active power 
undergoes a change from the 6 kW load already carried to 
the rated power of 10 kW. However, with the pre-synchroni‐
zation control strategy, only approximately 9.8 kW output 
power can be reached. The settling time is 0.45 s with a 3% 
error band.

In Fig. 6(a), at the commencement of the pre-synchroniza‐
tion, the presence of a phase difference causes a shock in 
the active power, with the magnitude being restored to the 
normal value through voltage compensation. The magnitude 
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TABLE I
PARAMETERS OF VSG SYSTEM

Parameter

DC-side voltage Udc

Grid frequency fg

Filter capacitor Cf

Parasitic resistance Rf

Filter inductor Lf

Reference of active 
power P*

Do

Ug

Jo

Value

800 V

50 Hz

0.2 μF

0.2 Ω

5 mH

10 kW

10

311 V

0.3

Parameter

Line resistance Rg

Line inductor Lg

Local load PL

α1α2α3

c

r

b1b2b3

ho

θ

Value

0.8 mΩ

15 mH

6 kW

0.5, 0.25, 1.2

10-3

53

107102105

10-4

10-3
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Fig. 5.　Active power supplied by VSG with pre-synchronization control 
strategy.
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after grid connection increases to some extent due to invert‐
er supplementation and stabilizes at around 311 V. Addition‐
ally, Fig. 6(b) indicates that before the local load connection, 
the frequency of the VSG is high, reaching 50.5 Hz. After 
the local load connection, the frequency decreases to around 
50.2 Hz. The variation in the frequency of the VSG ob‐
served during the pre-synchronization period (0.5-0.7 s) is at‐
tributed to the effect of the PI regulator, with the frequency 
quickly returning to near the nominal value due to frequency 
compensation. Following grid connection, the frequency re‐
turns to the nominal value at t = 0.8 s, despite the initial 
slight deviation. With secondary frequency regulation, the 
frequencies of the VSG and the power grid are perfectly 
matched. Based on the observations from Fig. 7, it is evi‐
dent that no inrush current is observed after the transition, al‐
though current waveform distortion remains present.

B. Case 2: VSG with NLADRC Approach

The simulation results of Case 2 are shown in Figs. 8-10. 
In Case 2, the VSG is connected to PL = 6 kW at t = 0.2 s 
and subsequently increases to PN = 10 kW after grid connec‐
tion at t = 0.5 s. The active power supplied by VSG with the 
NLADRC approach is presented in Fig. 8. The simulation re‐
sults indicate that the ADRC controller adjusts the system ac‐
cording to the power increase without affecting stability, sim‐
ilar to the pre-synchronization control strategy in terms of 
the adjustment effect. However, it eliminates the need for 
the pre-synchronization process. With the settling time re‐
duced to 0.21 s and consideration of a 3% error band, the 
self-resilient control demonstrates fast convergence.

Figure 9 presents the magnitudes of output voltages and 
frequencies of VSG with the RBFNN-NLADRC approach 
and power grid. It is observed that the magnitude remains 
relatively constant during the simulation, and the transient 
magnitude during the pre-synchronization period is resolved. 
Additionally, the frequency is approximately 50.01 Hz be‐
fore grid connection, and the frequency variation after grid 
connection is substantially reduced in the oscillation time 
compared with that in Case 1. The highest frequency in the 
transient process is around 50.2 Hz, signifying the stable op‐
eration of the power grid and provision of a safe and uninter‐
rupted power supply. However, the current waveform distor‐
tion in Fig. 10 remains presenting a similar effect to that of 
the pre-synchronized control strategy. Further research is 
needed in the parameter tuning of the NLADRC approach to 
comprehensively optimize the VSG system characteristics 
based on the simulation results.

C. Case 3: VSG with RBFNN-NLADRC Approach

The simulation results of Case 3 are shown in Figs. 11-13 
and Supplementary Material A Figs. SA1-SA3.
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Fig. 8.　Active power supplied by VSG with NLADRC approach.
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Fig. 9.　 Magnitudes of output voltages and frequencies of VSG with 
NLADRC approach and power grid. (a) Magnitude. (b) Frequency.
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Fig. 11.　Active power supplied by VSG with RBFNN-NLADRC approach.
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In Case 3, the islanding and grid-connected switching of 
the VSG mirrors that of Case 2 by substituting b1 = 300025, 
b2 = 28.00023, and b3 = 3000.25 into the NLADRC approach, 
based on the findings presented in Supplementary Material A 
Fig. SA2. In Fig. 11, despite the settling time increasing to 
0.24 s compared with the NLADRC approach, the perturba‐
tion of the transient process has been eliminated. The change 
of the active power throughout the grid-connection process 
is notably smooth, with a significant reduction in both the re‐
sponse and adjustment time, providing compelling evidence 
of the effectiveness of the proposed strategy. In Fig. 12, simi‐
lar results are illustrated to those observed for the magnitude 
in Case 2. Notably, with the adoption of RBFNN algorithm, 

the frequency is reduced to around 49.98 Hz at t = 0.25 s, 
within the acceptable range of the power grid. Additionally, 
the transient tracking of frequency at 0.5 s is observed when 
the grid-connection signal is issued, combined with the abili‐
ty to respond better to system variations due to the inclusion 
of RBFNN algorithm in the NLADRC approach. In Fig. 13, 
the simulation results of the output current are presented, in‐
dicating the complete suppression of current distortion.

The superiority of the proposed strategy can be summa‐
rized as follows.

1) The NLADRC approach facilitates system adjustment 
from islanding mode to grid-connected mode without com‐
promising stability, which shares similarities with pre-syn‐
chronized control strategy in terms of adjustment effective‐
ness but eliminates the pre-synchronization process while 
demonstrating rapid convergence.

2) The RBFNN algorithm exhibits robust nonlinear ap‐
proximation capabilities, enabling it to derive optimal gain 
parameter solutions in response to variations in gain parame‐
ters with the NLADRC approach during the operation of the 
VSG system.

3) Upon completion of the training process, the RBFNN 
algorithm utilizes the error between the actual and predicted 
outputs of the angular velocity to adjust its internal parame‐
ters, which effectively minimizes frequency variations within 
the acceptable limits of the VSG, thereby mitigating distur‐
bances and waveform distortions during transient events as‐
sociated with grid connection.

Figure 14 presents the harmonic analysis and total harmon‐
ic distortion (THD) performance for Cases 1-3. In Case 1, 
the magnitude of lower harmonics (e.g., 5th, 7th, and 11th) is 
relatively high and exhibits a gradual decrease with increas‐
ing harmonic order. Higher harmonics (e.g., 50th and above) 
display lower magnitudes. In Case 2, the magnitudes of low‐
er harmonics are significantly reduced, and the trend of har‐
monic attenuation is more pronounced. In Case 3, the magni‐
tudes of both lower and higher harmonics are further sup‐
pressed, with a more rapid attenuation observed. This mar‐
ginal reduction, compared with that with the NLADRC ap‐
proach, indicates that the introduction of the RBFNN algo‐
rithm in conjunction with the NLADRC approach leads to 
improved harmonic suppression and a lower THD, yielding 
a lower THD and the optimization of power quality.

To facilitate a more effective comparison of the steady-
state error of active power and the THD of the output cur‐
rent across the three cases, Table II presents a comparison of 
control performance during grid-connected transitions. Under 
the pre-synchronization control strategy, the steady-state er‐
ror of active power is recorded at 1.60%, while the THD of 
output current is 1.78%. When the NLADRC approach is im‐
plemented, the steady-state error of active power decreases 
to 0.61%, reflecting an improvement of 0.99%. Additionally, 
the THD of output current is reduced to 0.91%, indicating 
an improvement of 0.87%. Furthermore, the RBFNN-
NLADRC approach further decreases the steady-state error 
of active power to 0.40% and the THD to 0.85%, yielding 
respective improvements of 0.21% and 0.06% compared 
with the NLADRC approach.
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Fig. 12.　Magnitudes of output voltages and frequencies of VSG with RBF‐
NN-NLADRC approach and power grid. (a) Magnitude. (b) Frequency.
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D. Case 4: VSG with Frequency Disturbances

Based on the previous three cases, the frequency of the 
three phases changes from 50 Hz to 49.5 Hz at 1.2 s after 
the VSG is connected to the power grid. Figure 15 shows 
the active power supplied by VSG in Cases 1-3. In Fig. 15
(a), the active power initially experiences a sharp decline to 
approximately -27 kW before rebounding quickly, exhibiting 
an oscillation degree, and gradually stabilizing after 1.41 s. 
This behavior indicates that, under pre-synchronization con‐
trol strategy, the system is significantly affected by frequen‐
cy disturbances, resulting in substantial power fluctuations.

In Fig. 15(b), the decrease in the active power magnitude 
is relatively modest, with the lowest point being higher than 

that observed in Fig. 15(a). This suggests that the NLADRC 
approach has enhanced the system resilience to frequency 
disturbances, thereby improving its dynamic performance 
and stability. In Fig. 15(c), the addition of faults results in 
further mitigation of power fluctuations. The decrease in the 
active power magnitude is minimal, and the system returns 
to a stable state within 1.2 s post-decrease. This outcome 
highlights the superiority of the RBFNN-NLADRC ap‐
proach, as the incorporation of RBFNN algorithm enhances 
the robustness and adaptability of the system, allowing it to 
maintain active power stability more effectively in the pres‐
ence of frequency disturbances. Supplementary Material A 
Fig. SA4 illustrates the performance indicator function.

VII. EXPERIMENTAL RESULTS 

To further validate the feasibility of the proposed strategy. 
This study also conducts a Starsim hardware-in-the-loop 
(HIL) test, providing an advanced model-based framework 
for the interaction with real-world scenarios. A real-time sim‐
ulator (MT6060) is utilized to replicate the power stage, 
while a rapid control prototype (MT1070) functions as a dy‐
namic development platform for in-lab verification of the 
VSG control strategy. The experimental setup, as shown in 
Supplementary Material A Fig. SA5, entails the real-time 
simulator replicating the behavior of loads, semiconductor 
switches, and their associated driver circuits. Meanwhile, the 
rapid control prototype acquires the output parameters of re‐
al-time simulator, encompassing grid frequency, current, volt‐
age, and power metrics, and synthesizes the control signals 
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TABLE II
COMPARISON OF CONTROL PERFORMANCE DURING GRID-CONNECTED 

TRANSITIONS

Case

Case 1

Case 2

Case 3

Steady-state error of 
active power (%)

1.60

0.61

0.40

THD of output current (%)

1.78

0.91

0.85
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Fig. 15.　Active power supplied by VSG under Cases 1-3. (a) Case 1. (b) 
Case 2. (c) Case 3.
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at a 25 μs sampling interval.
In order to demonstrate the effectiveness of the proposed 

strategy, the simulation program detailed in Section VI is 
replicated to obtain experimental results. The parameters of 
the experiment are set to match those used in the simulation, 
allowing for a feasible comparison between simulation and 
experimental results. The results shown in Supplementary 
Material A Fig. SA6 illustrate a high degree of congruence 
between the experimental outcomes of the proposed strategy 
and the simulation results, indicating the consistency across 
both modalities. The consistency observed demonstrates the 
effectiveness of the NLADRC approach and RBFNN-
NLADRC approach in facilitating a seamless transition be‐
tween islanding mode and grid-connected mode. Specifical‐
ly, in Supplementary Material A Fig. SA6, the trace in blue 
represent the active power signals for the VSG with pre-syn‐
chronization control strategy, while the green and orange 
traces denote the VSG with the NLADRC approach and RB‐
FNN-NLADRC approach, respectively.

VIII. CONCLUSION

This study optimizes dynamic performance of VSG based 
on grid-connected switching control strategy using RBFNN-
NLADRC approach. Moreover, to address the challenge of 
parameter tuning, the RBFNN algorithm is utilized for ad‐
justment of key controller parameters, further enhancing the 
system anti-interference capability. Simulation and experi‐
mental results demonstrate the effectiveness in reducing sys‐
tem response time and suppressing oscillations, thereby en‐
hancing the dynamic performance and stability of the VSG  
system. Future research will concentrate on enhancing the 
RBFNN algorithm or optimizing it with other parameter 
learning algorithms. In multi-machine VSG scenarios [44], 
the RBFNN-NLADRC approach can be integrated with node 
sensitivity assessment to prioritize and optimize the control 
parameters of vulnerable nodes. This approach enhances sys‐
tem efficiency while maintaining stability. Additionally, the 
investigation will extend to cooperative control strategies 
that involve energy storage systems, photovoltaic sources, 
and the grid within the VSG framework.
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