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Abstract——The high penetration of renewable energy sources 
interfaced throush power electronic converters often leads to 
small-signal stability issues. Therefore, it is critical to quantify 
the impact of control parameters in multiple grid-connected 
converters on the small-signal stability of power system. To this 
end, this paper derives the small-signal stability criterion and 
provides the quantitative analysis of parameter sensitivity for 
multiple grid-connected converter systems (MGCCSs) based on 
extended Gershgorin theorem, thereby clarifying the influence 
of control parameters on the small-signal stability and provid‐
ing the foundation for adaptive control. Crucially, leveraging 
this sensitivity analysis, we propose an adaptive control strategy 
involving targeted parameter adjustment for the identified 
weak links to ensure that the system operates with a specified 
stability margin. Both theoretical analysis and simulation prove 
the effectiveness of the proposed adaptive control strategy in 
the improving the small-signal stability of MGCCSs. Important‐
ly, the proposed adaptive control strategy also demonstrates the 
significant potential for online application to adaptively compen‐
sate the small-signal stability margin in real time.

Index Terms——Grid-connected converter system, adaptive con‐
trol, parameter sensitivity, small-signal stability.

I. INTRODUCTION 

UNDER the penetration of a high proportion of power 
electronic equipment, the interaction between the con‐

verter group and power grid may lead to the oscillation prob‐
lem in the system. This problem has become an important 
factor that restricts the consumption of renewable energy 
and seriously threatens the stable operation of power system 
[1]-[3]. Therefore, the modeling and stability analysis meth‐

ods of such systems have attracted the extensive attention of 
academic and industrial communities.

At present, the oscillation problem of multiple grid-con‐
nected converter systems (MGCCSs) can be analyzed from 
the perspective of small-signal stability [4]. The eigenvalue 
analysis method based on the state-space model studies the 
system small-signal stability by establishing the overall sys‐
tem state-space model. But the order of the system state-
space model increases with the increase of system scale, 
which is not conducive to large-scale systems. Therefore, this 
method is not conducive to providing guidance information 
such as small-signal stability margins for MGCCSs [5]-[7].

The conciseness of impedance model has driven signifi‐
cant interests in its use for stability analysis of large-scale 
systems [8]-[10]. Some corresponding frequency-domain sta‐
bility criteria, such as the Nyquist trajectory criterion [11], 
modal analysis [12], and extended Gershgorin theorem [13], 
are widely applied to MGCCSs. Modal analysis solves poles 
of the admittance matrix, while other studies emphasize the 
role of matrix determinant zeros or use the generalized Ny‐
quist criterion (GNC) [14]-[16]. However, these methods of‐
ten face dimensionality challenges in multi-input multi-out‐
put (MIMO) systems. Moreover, the time-varying stability 
boundaries influenced by renewable energy randomness ne‐
cessitate fast solutions. Although the eigenvalue estimation 
based on Gershgorin theorem and G-sum norm offers compu‐
tational speed, its high conservativeness remains a key limi‐
tation [17]. When adopting highly conservative small-signal 
stability criteria for analysis, it can lead to problems such as 
unclear stability boundaries and imprecise parameter sensitiv‐
ity calculations, making it difficult to apply in engineering 
practice. In our preliminary research, we establish a small-
signal stability criterion for MGCCSs based on the extended 
Gershgorin theorem [18]. This significantly reduces the con‐
servativeness inherent in traditional methods and also serves 
as the foundation for the research presented in [19]. The sig‐
nificance of these works lies in reducing the conservative‐
ness of small-signal stability criteria, making it more condu‐
cive to clarifying the impact of control parameters on system 
small-signal stability.

At present, most studies focus on the influencing factors 
of the small-signal stability of grid-connected converter sys‐
tems by changing the control parameters to observe the 
trend of system stability changes. This indirect analysis meth‐
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od cannot intuitively and quantitatively analyze the influence 
of control parameters on the small-signal stability [20], [21]. 
From the view of control parameter design, most studies fo‐
cus on the interactions between control parameters and con‐
verter behaviors [22]-[24]. Reference [22] elaborates on the 
strong interaction between the control loops inside the con‐
verter under weak grid conditions, and uses the sensitivity 
function to show how the stability margin varies with the 
changing control parameters. References [23] and [24] dis‐
cuss the establishment of impedance model for voltage 
source converter (VSC) including phase-locked loop (PLL) 
dynamics, and use the developed impedance model to ana‐
lyze the effect of different PLL bandwidths on the converter 
stability. All the above methods focus on single grid-connect‐
ed converter system, and there is no report on analyzing the 
influence of control parameters on the overall stability of 
MGCCSs. Reference [25] points out that in MGCCSs, the 
optimal strategy for determining the control parameters ac‐
cording to the system small-signal stability margin is not yet 
clear. It is particularly important to clarify the influence of 
control parameters on the system small-signal stability mar‐
gin and to give the criterion.

This paper implements an adaptive control strategy for 
MGCCSs, which need to efficiently select the control param‐
eters based on the parameter sensitivity analysis. The main‐
stream commercial optimization solutions are often unsuit‐
able, primarily due to the nonlinear components and locally 
non-analytical representations in the objective function of 
MGCCSs, which are inherent characteristics of complex 
power electronic systems. To enable the practical and effec‐
tive adaptive control, algorithms robust to these complexities 
are essential. Reference [26] highlights the low sensitivity of 
particle swarm optimization (PSO) algorithm to model accu‐
racy, thus making it well-suited for power electronic applica‐
tions, where the precise modeling can be difficult. Referenc‐
es [27] and [28] demonstrate that algorithms such as simulat‐
ed annealing (SA), genetic algorithm (GA), and differential 
evolution algorithm (DEA) exhibit strong convergence prop‐
erties when optimizing control parameters. Therefore, to real‐
ize the adaptive control strategy, this paper employs SA, GA, 
DEA, and PSO to solve the optimization model for control pa‐
rameters. A comparative analysis of these optimization algo‐
rithms is conducted, specifically evaluating their applicability 
to the adaptive control, convergence behavior, and computa‐
tional speed.

The main contributions of this paper are summarized as 
follows.

1) This paper provides a small-signal stability criterion 
based on the extended Gershgolin theorem. Furthermore, an 
optimization model for the control parameters of MGCCSs 
is established based on this criterion.

2) In order to better respond to the high-dimensional, non‐
linear, and nonconvex characteristics of this optimization 
model, the quantitative criteria for parameter sensitivity of 
MGCCSs are derived in this paper. Based on this, adjusting 
the parameters of weak control link not only ensures a cer‐
tain stability margin of the system, but also greatly reduces 
the computational dimension and iteration number of the op‐

timization algorithm.
3) There are few reports on how to self-adaptively adjust 

the control parameters considering the time-varying charac‐
teristics of the small-signal stability margin brought by the 
randomness and volatility of renewable energy. Its core lies 
in the computational efficiency of the online stability margin 
evaluation. Therefore, combining the extended Gershgorin the‐
orem, which offers lower computational complexity, with sen‐
sitivity-based control parameter selection methods can signifi‐
cantly reduce the solution time of optimization algorithms.

The rest of this paper is arranged as follows. Section II 
presents the frequency-domain modeling for MGCCSs. The 
small-signal stability criterion and quantitative analysis of pa‐
rameter sensitivity based on extended Gershgorin theorem 
are given in Section III. Section IV investigates the proposed 
adaptive control strategy through theoretical analysis and 
simulation experiments. Finally, the conclusions are made in 
Section V.

II. FREQUENCY-DOMAIN MODELING FOR MGCCSS 

The topology of MGCCSs for the analysis of this paper is 
shown in Fig. 1. There are n aggregated converter groups 
connected to the grid through passive transmission network, 
where the converter group corresponding to the kth feed-in 
node is denoted as Ck. In order to facilitate the establishment 
of a negative feedback model in the frequency domain, the 
whole system is divided into active and passive subsystems.

The grid-connected converters are mostly controlled in the 
dq coordinates. The sampling point of the PLL takes the 
feedback signal of the local point of common coupling 
(PCC). The modeling method of local dq coordinates does 
not take into account the voltage deviation between multiple 
nodes. Therefore, it is necessary to introduce a linear trans‐
formation matrix Tk to convert the local dq coordinates to 
the global coordinates. Define θk as the phase angle differ‐
ence for the voltage sampling of the k th converter group. The 
admittance model of each converter group is expressed as:

T -1
k isk = i *

k -YskT
-1
k usk (1)

where isk =[isdkisqk]
T and usk =[usdkusqk]

T are the current and 
voltage vectors of active nodes in the local dq coordinate, re‐
spectively; Ysk is the output admittance of active node port; 
i *

k  is the small disturbance of the system; and Tk =

C1

Cn Passive transmission
network  

Grid

Passive subsystem

Voltage/current
detector 

Power
meter

Optimal
computing 

Data
processing

Sensitivity
analysis 

Active subsystem with conventer groups

…

Fig. 1.　Topology of MGCCSs.
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. The detailed derivation process of Ysk can 

be found in Supplementary Material A. The matrix-form ex‐
pression considering multiple converter groups is given as:

i =Ti* -TYsT
-1u (2)

u =ZLi (3)

where i =[i1i2...in ]T and u =[u1u2...un ]T are the port cur‐
rent and voltage matrices of n converter groups, respective‐
ly; i* = diag(i *

1 i
*
2 ...i

*
n ); T = diag(T1T2...Tn ); Ys =

diag(Ys1Ys2...Ysn ); and ZL is the impedance network matrix 
of passive subsystem. By combining (2) and (3), we have:

i = (I2n +TYsT
-1 ZL )-1Ti* (4)

where I2n is an identity matrix with dimension of 2n.
Equation (4) shows a closed-loop negative feedback mod‐

el. The open-loop transfer function H =ZLTYsT
-1 is defined. 

Reference [18] points out that the addition, multiplication, 
and inverse operations are closed for matrices in the form of 

F = é
ë
êêêê ù

û
úúúúa -b

b a
. Meanwhile, the matrix for the RLC passive 

transmission network only involves basic algebraic opera‐
tions. Obviously, the same conclusion exists for the linear 
transformation matrix T. Therefore, the open-loop transfer 
function of the negative feedback model is obtained from 
the multiplication commutative law:

H =TZLYsT
-1 (5)

The linear transformation guided by the unit orthogonal 
matrix T does not change the eigenvalues of original matrix. 
Therefore, the impedance ratio matrix L =[Lij ]=ZLYs can be 
defined.

III. SMALL-SIGNAL STABILITY ANALYSIS FOR MGCCSS 

After obtaining the impedance ratio matrix, the small-sig‐
nal stability analysis can be conducted using either eigenval‐
ue calculation or estimation methods. The characteristics of 
different stability analysis methods are summarized in Table 
I. It is evident that the exact eigenvalue calculation introduc‐
es higher computational complexity, which is disadvanta‐
geous for the adaptive adjustment of control parameters in 
MGCCSs. Therefore, the focus should be placed on eigenval‐
ue estimation. Both the Gershgorin theorem and extended 
Gershgorin theorem effectively reduce the computational 
complexity. However, the Gershgorin theorem tends to be 
overly conservative in its estimation range, which may pre‐
vent the system from maintaining a high small-signal stabili‐
ty margin over the entire operational period, as demonstrated 
in [19]. In light of this, this study opts to construct an opti‐
mization model based on the extended Gershgorin theorem, 
which aims to balance lower computational complexity with 
improved accuracy in eigenvalue estimation.

A. Stability Criterion Based on Extended Gershgorin Theo‐
rem

According to the extended Gershgorin theorem, the eigen‐
values of the 2n-order matrix L are distributed within the 
union of 2n disks centered on its diagonal elements [19]. Sri 
and Scj are the estimated regions of the row and column Ger‐
shgorin circles, whose expressions are given in (6) and (7), 
respectively. The row (column) radius is the sum of prime 
modulus values for the non-diagonal element of the corre‐
sponding row (column).

Sri:
ì
í
î

ïï
ïï
(xy)

|

|

|
||
| (x -Re(Lii ))

2 + (y - Im(Lii ))
2 £ ∑

j = 1j ¹ i

n

|| Lij

ü
ý
þ

ïïïï
ïï
   (6)
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|
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(x -Re(Ljj ))
2 + (y - Im(Ljj ))

2 £ ∑
i = 1i ¹ j

n

|| Lij

ü
ý
þ

ïïïï
ïï
   (7)

where (xy) is the estimation area for eigenvalues of ma‐
trix L.

According to the properties of Gershgorin circle, the esti‐
mation region M of eigenvalues can be obtained [29], with 
the following expression:

M =
ì
í
î

ïï
ïï(∪i = 1

n

Sri )  (∪j = 1

n

Scj )üýþïïïï (8)

According to the set distributive property, rewrite the 
above formula, and replace the intersection region of any 
two Gershgorin circles with a disk Oij. The criterion ob‐
tained by this method is still sufficient. Therefore, the esti‐
mation region M of eigenvalues can be reshaped as:

M =
ì
í
î
∪

i = 1j = 1

n

Oij Oij ³ Sri Scj

ü
ý
þ

(9)

The width of the forbidden domain is defined as r, and 

TABLE I
CHARACTERISTICS OF DIFFERENT STABILITY ANALYSIS METHODS

Analysis method

Eigenvalue calculation

GNC

Gershgorin theorem

Extended Gershgorin 
theorem

Stable condition

ξ > 0

N+ =N-

g(ω)> 0

f (ω)> 0

Quantitative standard

Damping ratio and 
oscillation frequency

Phase margin amplitude 
margin

Oscillation frequency 
estimation

Oscillation frequency
 estimation

Calculation method

QR decomposition of 
higher-order matrices

Repeated QR 
decomposition

Elementary calculation

Elementary calculation

Conservative

Necessary and sufficient 
condition

Necessary and sufficient 
condition

Sufficient condition

Sufficient and less 
conservative condition 

Computation order

O(n3)

O(n3)

O(n)

O(n2)

Note: ξ is the damping ratio; N+ and N- are the numbers of circles enclosed in the counterclockwise and clockwise directions, respectively; and g(ω) and 
f (ω) are the stability criteria based on Gershgorin theorem and extended Gershgorin theorem, respectively.
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the geometric meaning of (9) is shown in Fig. 2, which illus‐
trates the eigenvalue estimation via extended Gershgorin the‐
orem. In order to quantify the small-signal stability of sys‐
tem, it is necessary to know several specific distances, 
which are Raij, Rbij, Rcij, RTc, and RTr, as labeled in Fig. 2. 

For the small-signal stability analysis of MGCCSs, the 
geometric significance of the sufficient criterion based on 
the extended Gershgorin theorem is shown in Fig. 3. By de‐
fining the oscillation band (OB), the stable region, unstable 
region, and region with instability risk of the system can be 
intuitively determined.

For any frequency ω satisfying f (ω)> r, the corresponding 
MGCCSs are stable. The algebraic expression for f (ω) is:

f (ω)=min
ì
í
î

ïïïï

ïïïï

|| Im(Oij ) -max(RaijRbijRcij )    Re(Oij )£-1

||Oij + 1 -max(RaijRbijRcij )       Re(Oij )>-1

    (10)

From the perspective of enhancing the overall system sta‐
bility margin, determining the threshold for low small-signal 
stability margin or identifying when system parameters re‐
quire adjustment remains a critical issue. According to [19], 
the extended Gershgorin theorem has addressed the high con‐
servative problem of eigenvalue estimation algorithms. This 
only includes elementary operations with low computational 

complexity. The size of regions with instability risk is deter‐
mined by r. Obviously, the larger r is, the more conservative 
the theorem is to judge the system small-signal stability.

It is important to distinguish between the unstable region 
(f (ω)< 0) and the region with instability risk (0 £ f (ω)£ r) 
where the system, although potentially stable by the strict 
criterion, possesses a low stability margin, thus triggering 
adaptive control actions to prevent potential instability. That 
is, when the minimum value of f (ω) (min f (ω)) is in the re‐
gion with instability risk, the procedure of adjusting the con‐
trol parameters will be started.

Unlike fixed controllers, the proposed adaptive control strat‐
egy detects the region with instability risk and initiates pre‐
emptive parameter adjustments to actively increase the stabili‐
ty margin before the instability occurs. This transforms stabili‐
ty management from passive monitoring into active assurance, 
significantly enhancing the system resilience and safety.

B. Quantitative Analysis of Parameter Sensitivity

From the definition of the small-signal stability criterion 
in Section III-A, if the control parameters are taken as inde‐
pendent variables, f (ω) can be regarded as a multivariate 
function. Define x as the adjustable control parameter in the 
system and x0 as its initial value. The sensitivity function 
k(ω) of the system according to the definition of the partial 
derivative is defined as:

k(ω)=
|
|
||||¶f (ωx0 )

¶x
x = x0

(11)

It is worth mentioning that in the specific calculation pro‐
cess, there are two methods for solving (11). First, f (ω) can 
be fit into a mathematical expression, and then its partial de‐
rivative is solved. However, the fitting of function images 
and the solution of partial derivative will have adverse ef‐
fects on the calculation speed. Second, it can be solved by 
using the definition of partial derivative. Considering that 
the central difference has higher second-order accuracy than 
the forward and backward differences, the sensitivity func‐
tion can be expressed as:

k(ω)= lim
Dx® 0

f (ω0x0 +Dx)- f (ω0x0 -Dx)
2Dx

(12)

where ω0 is the fixed value of frequency sampling point; 
and Dx is the micro-increment of control parameter.

As shown in Fig. 4, it is assumed that the sensitivity func‐
tions of four different control parameters in the system are 
denoted as k1 (ω), k2 (ω), k3 (ω), and k4 (ω).

Comparing the curves of k1 (ω) and k2 (ω), it can be ob‐
served that the influence of the control parameter represent‐
ed by k1 (ω) is greater than that represented by k2 (ω) in the 
whole frequency band. At the same time, the values of k1 (ω) 
and k2 (ω) are always greater than 0, indicating that the ad‐
justment trends of the two control parameters are consistent 
with the changing trend of the small-signal stability margin. 
That is to say, the improvement of system stability can be 
achieved by increasing the value of these two control param‐
eters. Conversely, for the curves k3 (ω) and k4 (ω), the values 
of the corresponding control parameter should be reduced. 

Imaginary
axis

Real axis

Oij

(-1,0)

Sri
Sri

RTr

Raij

Scj

Oij

RbijRcij

RTc

Sri

Scj

Scj

r

Fig. 2.　Geometric meaning of (9) illustrating eigenvalue estimation via ex‐
tended Gershgorin theorem.
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Fig. 3.　 Geometric significance of sufficient criterion based on extended 
Gershgorin theorem.
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When the obtained curves k3 (ω) and k4 (ω) intersect at 
some points, the influence of the corresponding control pa‐
rameters on the stability of the system on both sides of that 
frequency point is completely opposite. While the magnitude 
of k(ω) indicates the influence strength of a control parame‐
ter, its sign is crucial as it dictates the required adjustment 
direction to enhance the system stability. Ignoring the sign 
would hinder the effective improvement of small-signal sta‐
bility. At the same time, a clear standard is needed to select‐
ing the adjustable control parameters in MGCCSs. Define 
the set of discrete points of control parameter x in ascending 
order as {x1x2...xm }, where x1 and xm are the lower and up‐
per bounds of adjustable control parameter, respectively. The 
parameter sensitivity s can be defined as:

s =∑
ε = 1

m

kε (ω0 )Dx ³ | min f (ω) | + r (13)

where kε (ω0 ) is the sensitivity function at point xε. 
If a certain adjustable control parameter x satisfies (13), it 

has the ability to tune the unstable system to a system with 
certain stability margin.

C. Improvement of Small-signal Stability

In this subsection, we establish an optimization model for 
MGCCSs, with the objective function being:

F =max (min f (ω)) (14)

pos =R2
1i -R2

2j + 2R1iOL -O2
L (15)

OL = (Re(Lii )-Re(Ljj ))
2 + (Im(Lii )- Im(Ljj ))

2 (16)

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

R1i = ∑
j = 1j ¹ i

2n

|| Lij

R2j = ∑
i = 1i ¹ j

2n

|| Lij

(17)

where pos is a quantity that describes the positional relation‐
ship between two disks.

If pos ³ 0, then:

Oij =Re(Lii )+ (R1i -Rbij )cos(arg)-max(RaijRbijRcij )+
j[Im(Lii )+ (R1i -Rbij )sin(arg)-max(RaijRbijRcij )]

(18)

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

Raij =
R2

1i -R2
2j + 2R1iOL -O2

L

2OL

Rbij =R1i +R2j -OL -Raij

Rcij = R2
1i - (R1i -Rbij )

2

(19)

arg = arctan
Im(Ljj )- Im(Lii )

Re(Ljj )-Re(Lii )
(20)

If pos < 0, then:

 Oij =Re(Lii )+ (Rbij -R1i )cos(arg)-max(RaijRbijRcij )+
j[Im(Lii )+ (Rbij -R1i )sin(arg)-max(RaijRbijRcij )] (21)

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

Raij =
R2

2j -R2
1i + 2R2jOL +O2

L

2OL

Rbij =R1i +R2j -OL -Raij

Rcij = R2
1i - (R1i -Rbij )

2

(22)

The main difficulty in solving this optimization model is 
the presence of nonlinear components in the objective func‐
tion and local non-analytical representations. Its mathemati‐
cal essence is the solving process of nonlinear and noncon‐
vex optimization.

The computational complexity of optimization algorithm 
for improving the small-signal stability increases with the 
number of input variables. Based on the parameter sensitivi‐
ty s, the control parameters can be selected to participate in 
regulation. In this way, the number of input variables for op‐
timization algorithm can be greatly reduced to ensure high 
rate of convergence and calculation speed. The flow chart of 
improving the small-signal stability based on optimization al‐
gorithm is shown in Fig. 5.

Firstly, periodically monitor the system status or collect re‐
al-time measurement data such as voltage and current of key 
nodes triggered by events. When the value of min f (ω) is lo‐
cated in the region with instability risk or the unstable re‐
gion, the program for adjusting the control parameters will 
be started.

The specific process is: first, compare the sensitivity func‐
tions k(ω) of different control parameters. And select control 
parameters as input variables of optimization algorithm ac‐
cording to (13). When the optimization algorithm finishes it‐
erating, if the proposed adaptive control strategy is used for 
the planning and design of system small-signal stability, its 
return value can be called directly. Furthermore, if the pro‐
posed adaptive control strategy is used for online compensa‐
tion of control parameters, the process needs to be executed 
iteratively. This undoubtedly has extremely high require‐
ments on the calculation speed of optimization algorithm. 
The time-scales for measuring the randomness and fluctua‐
tion characteristics of new energy or changes in system oper‐
ation mode are usually hours or minutes. Therefore, this 
method can meet the interference caused by the randomness 
and fluctuation characteristics of new energy when compen‐
sating the system control parameters online.

It is worth mentioning that this paper not only ensures a 
certain small-signal stability margin of the system by adjust‐
ing the control parameters of the weak control link, but also 

0

-0.1

0.1

-0.2

0.2
k(

ω)

101 102 103 104

Frequency (Hz)
k1(ω);No relevance; k2(ω); k3(ω); k4(ω)

Fig. 4.　Curves of sensitivity functions with four different control parame‐
ters.
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proposes an objective function based on the extended Gersh‐
gorin theorem, which can greatly reduce the computational 
dimension and iteration number of optimization algorithm.

IV. SIMULATION RESULTS 

As shown in Fig. 6, the MGCCS example consists of 7 ac‐
tive nodes. Table II lists the power fed by active nodes, 
where Case A represents the initial operating state of the sys‐
tem, Case B represents the state after the system stability 
has been improved by optimization algorithm, e. g., PSO, 
and Cases C-F represent the validation groups with different 
power generation capacities.

By designing multiple power generation capacity configu‐
rations, the effectiveness and universality of the proposed 
adaptive control strategy can be better verified. The passive 
network parameters and inverter topology used in this paper 
can be found in [19]. The control parameters of inverter are 
detailed in Supplementary Material B.

According to the description of r in Section III, it is not 
difficult to determine the range of r as 0 £ r <max f (ω). 
When r >max f (ω), the width of forbidden domain will lose 
its significance. It is worth noting that different values of r 
can affect the startup time of optimization algorithm. When 
r = 0, the conservativeness of this criterion is the lowest. 
This paper only takes the case of r = 0.05 in the experiment 

as an example. A numerical example illustrates the specific 
implementation process of the proposed adaptive control 
strategy. At the same time, this section also discusses that 
the proposed adaptive control strategy can improve the over‐
all small-signal stability of the system under different grid 
strengths.

It can be observed from Fig. 7 that the value of min f (ω) 
in Case A is below the straight line (r = 0.05). This indicates 
that Case A has entered the unstable region, thus triggering 
the adaptive optimization process for control parameters.
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Fig. 5.　Flow chart of improving small-signal stability based on optimiza‐
tion algorithms.
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TABLE II
POWER FED BY ACTIVE NODES

Converter group

C1

C2

C3

C4

C5

C6

C7

Total

Power (GW)

Cases A and B

0.2

0.2

0.1

0.2

0.1

0.1

0.3

1.2

Case C

0.2

0.2

0.2

0.1

0.2

0.2

0.1

1.2

Case D

0.2

0.2

0.3

0.2

0.1

0.1

0.1

1.2

Case E

0.2

0.5

0.1

0.1

0.1

0.1
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Case F
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Fig. 7.　Curves of f (ω) in Case A and Case B.
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This paper focuses on the sensitivity functions of six con‐
trol parameters, i.e., proportional coefficient of PLL Kpllp, in‐
tegral coefficient of PLL Kplli, proportional coefficient of DC-
link voltage outer-loop Kpu, integral coefficient of DC-link 
voltage outer-loop Kiu, proportional coefficient of current in‐
ner-loop Kpi, and integral coefficient of current inner-loop 

Kii. The sensitivity functions of these six control parameters 
can be obtained by calculation, the curves of which in Case 
A are shown in Fig. 8(a)-(f), respectively, where these con‐
trol parameters of the kth converter group are denoted with 
subscript k and the horizon axis adopts the lagarithmic coor‐
dinate. The parameter sensitivities are shown in Fig. 9.

By observing the sensitivity function k(ω) and parameter 
sensitivity s, two conclusions can be drawn. First, the sensi‐
tivity of Kpllp is very high compared with that of other con‐
trol parameters. In Fig. 9, the sensitivity s for Kpllp4, Kpllp6, 
and Kpllp7 satisfies (13), which can be defined as high-sensi‐
tivity parameters and selected to participate in the adjust‐
ment. Second, taking Fig. 8(a) as an example, the sensitivity 
functions k(ω) of all converter groups are all less than 0, 
which means the small-signal stability is negatively correlat‐
ed with Kpllp.

Next, we will discuss the applicability of the proposed  

adaptive control strategy under different power generation ca‐
pacity configurations. Table III shows the prerequisites for 
sensitivity analysis of Cases A and C-F. Among them, Case 
C is consistent with Case A and initially runs in an unstable 
state. The initial operating state of the other three groups is 
stable.

As shown in Fig. 10, the parameter sensitivity calculation 
can be used to screen high-sensitivity parameters in different 
cases. On the one hand, it can reshape the originally unstable 
MGCCSs. On the other hand, for cases where the initial state 
is stable, the parameter optimization also plays a role.

It is not difficult to infer a preliminary conclusion that a 
larger power generation capacity and longer electrical dis‐
tance will cause more drastic stability changes to MGCCSs 
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TABLE III
PREREQUISITES FOR SENSITIVITY ANALYSIS OF CASES A AND C-F

Case

Case A

Case C

Case D

Case E

Case F

Initial state

Unstable

Unstable

Stable

Stable

Stable

min f (ω)

-0.020

-0.057

0.159

0.232

0.235

|| min f (ω) + r

0.070

0.107

0.209

0.282

0.285
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due to the fine-tuning of inverter control parameters.

Meanwhile, Fig. 11 shows the solving processes of 
min f (ω) with different control parameters in Case A. Their 
difference lies in different input variables. Theoretically, bet‐
ter results can be obtained when the variables of high-sensi‐
tivity parameters are input.

After the input variables of optimization algorithm are 
identified, this paper uses four algorithms to solve the opti‐
mization model, as shown in Fig. 12. The control parameter 
settings for PSO, SA, GA, and DEA can be found in Tables 
IV-VII, respectively, where the maximum iterations and 
swarm sizes are all 60 and 20.

It is worth mentioning here that the value of min f (ω) is 
low at the beginning of iteration. This is because the optimi‐
zation algorithm will seek optima in a certain neighborhood 
of the current operating parameters. And in this neighbor‐
hood, the correction trend of the control parameters cannot 
be guaranteed to be consistent with that of the sensitivity 
function. As the number of iterations increases, the optimiza‐
tion algorithm will learn this trend and eventually converge.

The simulation model is established based on the electro‐
magnetic transient simulation software PSCAD/EMTDC. 
With this test model, extensive simulations can be performed 
to verify the effectiveness of the proposed adaptive control 
strategy.

Figure 13 illustrates the transient response waveforms of 
the active power when the MGCCSs operate with control pa‐
rameters optimized by the DEA, PSO, SA, and GA, follow‐
ing the disturbance applied at t = 0.4 s.

Specifically, DEA exhibits the optimal performance, char‐
acterized by the minimum initial power drop, negligible sub‐
sequent oscillations, and the fastest recovery, demonstrating 
superior disturbance rejection capability. In contrast, PSO 
shows a more pronounced initial drop and oscillation com‐
pared with DEA. SA, despite an initial drop, experiences 
more severe and prolonged oscillations compared with PSO. 
GA performs the worst, exhibiting not only the largest initial 
drop but also the most severe and persistent subsequent pow‐
er oscillations, resulting in the slowest recovery.

Considering the initial deviation, oscillation magnitude, 
and recovery time, the disturbance rejection performance 
with these algorithms is clearly ranked as: DEA comes first, 
followed by PSO, then SA, and GA is the last. However, the 
stable optimization model requires a high computational 
speed. Although DEA performs the best in terms of conver‐
gence, it consumes too much time. Therefore, in the subse‐
quent analysis, this paper takes the PSO with the fastest 
computational speed as an example.
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TABLE IV
PARAMETER SETTING FOR PSO

Parameter

c1

c2

w

Description

Range of personal learning coefficient

Range of global learning coefficient

Range of inertia weight

Value

0.5-2.5

0.5-2.5

0.4-0.9

TABLE V
PARAMETER SETTINGS FOR SA

Parameter

T0

Cs

Tmin

Description

Initial temperature

Cooling rate

Final temperature

Value

200

0.95

0.01

TABLE VI
PARAMETER SETTINGS FOR GA

Parameter

Pc

Pm

Description

Crossover probability

Mutation probability

Value

0.75

0.05

TABLE VII
PARAMETER SETTINGS FOR DEA

Parameter

F

Pc

Description

Scale factor

Crossover probability

Value

1.0

0.7
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To better demonstrate the adaptability of PSO under differ‐
ent operating conditions, this paper simulates the power grid 
intensity changes within 24 hours of a day with a sampling 
interval of 15 min. From Fig. 14, when the operating state 
enters the region with instability risk, the PSO adjusts the 
control parameters of inverters. This helps escape the risk of 
instability and operate with a higher small-signal stability 
margin.

According to the previous analysis, in Case A, the value 
of min f (ω) describing the small-signal stability of MGCCSs 
is -0.02, and the system is considered exhibiting oscillatory 
divergence. In Case B, the MGCCSs are considered stable 
due to min f (ω)= 0.132. When the system operates in Case A 
and Case B, the three-phase voltages at PCC are shown in 
Fig. 15(a) and (b), respectively, where converters are con‐
nected to power grid at t = 0.5 s. At this point, based on the 
above analysis results, it can be known that the voltage does 
indeed oscillate and diverge as expected in Case A, and oper‐
ates stably in Case B.

Meanwhile, the system output power is shown in Fig. 16. 
In Case B, after interference injection, the system returns to 
normal operation after a brief fluctuation. The small-signal 
stability margin of the system in Case B is higher than that 
in Case A. Therefore, the effectiveness of the proposed adap‐
tive control strategy in improving the small-signal stability 
has been experimentally verified.
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V. CONCLUSION 

The main contributions and significance of this paper are 
summarized as follows.

1) This paper proposes the sensitivity criterion of the con‐
trol parameters of MGCCSs. In the process of solving the 
control parameters by using the optimization algorithm, the 
input variables can be screened according to the parameter 
sensitivities to ensure a high convergence speed and calcula‐
tion speed. In the power system with large-scale renewable 
energy, the proposed adaptive control strategy provides a 
new way to eliminate the adverse effect of the high-dimen‐
sional characteristic of impedance ratio matrix on the optimi‐
zation algorithm.

2) The proposed adaptive control strategy can clarify the 
influence of control parameters on the small-signal stability 
of MGCCSs, and provide guidance for the design of control 
parameters. Meanwhile, when facing the characteristics of 
random and volatile output of renewable energy, the pro‐
posed adaptive control strategy still can compensate for sys‐
tem small-signal stability margin online.
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