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Abstract: As distributed renewable energy is integrated into the power grid, the issue of
small-signal stability arising from the interaction between the grid-connected converters
and the grid-side impedance cannot be overlooked. However, when multiple converters
for renewable energy are interconnected, the system topology becomes complex, making it
difficult to delineate the source and grid subsystems. This poses challenges for analyzing
the interactive stability among the control loops of grid-connected converters and network
impedance. To address this, this article establishes a small-signal impedance model for
a grid-connected system. By deriving the transfer functions of individual control loops
through the control block diagram, the stability influencing factors for specific control
parameters can be analyzed. Furthermore, a stability analysis method for systems with
multiple grid-connected converters based on a network node impedance model is proposed.
This method enables the determination of stability for grid-connected converters connected
at different node locations, providing a theoretical reference for the stability analysis of
grid-connected systems.

Keywords: grid-connected converter; multi-converter distribution system; small-signal
stability; impedance modelling; location

1. Introduction
1.1. Research Background and Significance

With rapid advancements in renewable energy generation technologies, grid-connected
converters have gained widespread application because of their exceptional efficiency, low
maintenance costs, and excellent grid adaptability [1-3]. According to statistics, the cu-
mulative installed capacity of the global renewable energy industry reached 4257 GW in
2023, with a compound annual growth rate of 8.94% over the past five years. Preliminary
projections indicate that this figure is expected to further increase to 4643 GW in 2024.

However, with the access of high-percentage and large-scale renewable energy and DC
loads, the power electronic converters play an increasingly important role in the distribution
system as the port connection device for distributed sources or loads in the distribution
system. Large-scale converters connected to the grid, in making the system with faster
dynamic response, higher energy utilization conversion efficiency at the same time, but also
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brings more complex system stability problems, particularly those related to small-signal
stability, have become increasingly severe, posing a significant threat to the safe and stable
operation of the power grid [4-6]. There is a sub-synchronous oscillation event in Hami,
Xinjiang, which is a typical case and provides an in-depth analysis of the oscillation issues
caused by the integration of large-scale power electronic converters from the perspective of
impedance interactions [6-9].

For renewable energy systems, the factors affecting their small-signal stability are
becoming increasingly complex and diverse, not only influenced by the converter’s own
parameter configuration and control strategy, but also by various factors such as grid
conditions and operating power [10-12]. Therefore, it is crucial to explore in-depth the
modelling methods and stability influencing factors of grid-connected inverters to ensure
the safe and stable operation of the power system.

Small-signal stability analysis is vital for assessing whether a power system can
maintain stable operation after encountering small disturbances. Research methods for
determining the small-signal stability of grid-connected converter systems include primar-
ily eigenvalue analysis, which is based on state-space models, and impedance analysis,
which is based on impedance models [13-15]. The former delves into the internal dynamic
characteristics of the system by constructing its state-space representation [16]. However,
the dimensionality of the state-space model will significantly increase in high proportion
power electronic converter systems, thereby increasing computational complexity and lim-
iting scalability. In contrast, impedance analysis has been widely used in recent years due to
its advantages of convenient measurement verification, simple modelling, and strong scala-
bility, particularly in the small-disturbance stability analysis of various renewable energy
grid-connected systems [17-19]. This method is especially suitable for small-signal stability
analysis of large-scale complex systems [20,21]. Table 1 shows the differences between these
two stability analysis methods. After comparative analysis, impedance analysis method is
more suitable for small-signal stability analysis of multi-inverter systems [22-28]. How-
ever, existing impedance modelling methods still have certain limitations. For example,
modelling the entire closed-loop control system can complicate the analysis of the stability
impact of individual control loop parameters [25,26]. In addition, when analyzing multiple
grid-connected converters, reconstruction is required whenever the network topology
changes [25-31]. In contrast, this study proposes a new network node impedance model
that can address these limitations through more flexible and effective stability analysis
even when the number or location of grid-connected converters changes. This method
significantly reduces the stability analysis challenges caused by rapid structural changes in
the system and provides a more intuitive and comprehensive understanding of the impact
on the stability of multi-converter systems.

Although many studies have focused on small-signal stability analysis of grid-
connected systems, most of them are limited to single-converter systems or specific network
topologies [26,27]. And most of the current studies use Bode diagram for stability analysis,
although oscillation frequency can be found, multi-point location cannot be achieved. In
contrast, our work proposes a novel network node impedance model that can handle com-
plex topologies and multiple connection points, and can more easily and quickly locate the
source of instability of a multi-converter system, respond quickly to topological changes,
and provide theoretical guidance for system parameter design.
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Table 1. Comparison among typical stability analysis methods.

Feature Value Analysis

Analysis Method Method [22-24], Impedance Analysis Method [25-28].
Known system internal parameters, Based on system port characteristics,
Modeling Principle establish state differential equations in establish impedance model, analyze

Stability Analysis Criteria
Advantages

Disadvantages

the time domain, obtain small-signal
model through linearization
Feature Value Criteria
Fully reveals the stability characteristics
of system variables

Model order may be very high,
poor scalability

Suitable for scenarios where system

stability through equivalent

impedance ratio
Nyquist criteria

Compact form, clear physical meaning,
easy calculation

Frequency coupling increases analysis

complexity; multi-input systems are
difficult to divide into
source-load subsystems
Suitable for complex topologies, where

Applicable Scenarios

structure is clear, parameters are
known, and model dimensions are low

equipment parameters are not fully
known or rapid assessment is needed

1.2. Research Contents

This article constructs a control loop impedance model and a network node impedance
model for grid-connected converters in a multi-converter integration system, and deeply
analyzes the impact of different connection positions on system stability in the scenario of
multiple grid-connected converters. These research results not only enrich the theoretical
framework for stability analysis of multi-inverter integrated systems, but also provide
important reference value for system design and optimization in practical engineering
applications. The main innovations of this article are as follows:

(1) Propose a topology adaptive node impedance model that can quickly respond
to changes in network structure by adjusting only a few elements (such as local node
admittance) in the impedance analysis model of a multi-inverter distribution system.
Breaking through the bottleneck of fuzzy source network partitioning and high-dimensional
computational complexity in traditional methods for multi-inverter access scenarios, it
provides a new tool for stability analysis of multi-node complex systems.

(2) By constructing open-loop transfer functions for the input-output variables of each
control loop in the grid-connected inverter, decoupling stability analysis of the control loop
is achieved. Directly revealing the impact of specific control parameters (such as PI gain
and filter inductance) on stability avoids the tedious process of whole-system modelling
and parameter scanning in traditional methods.

2. Impedance Modelling of Grid-Connected Converters
2.1. Topology of Grid-Connected Converters

For the small-signal stability of grid-connected systems, it is generally permissible to
neglect the dynamic characteristics associated with synchronous generators, transmission
devices, and machine-side converters, instead of focusing on the dynamics of the grid-side
converter, PLL, and interactions among lines [1,2]. Figure 1 shows the topology of the
grid-connected converter in the system for renewable energy.
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Figure 1. Topology of a grid-connected renewable energy system via converters.

Grid-connected converters for renewable systems typically adopt a dual closed-loop
control strategy for voltage and current to ensure stability in both the output voltage and
current. The typical topology is illustrated in Figure 2, where the grid voltage is denoted as
Ugr, while the grid-side impedances are represented by Rg, and Lg,. The filter is an L-type
filter circuit denoted by RLC and L. The DC side consists of a constant current Idc in parallel
with a capacitor Cj,, providing a stable DC voltage V ;.. The control of the grid-connected
converter relies on measurements of the three-phase AC voltages v,, vp, and v., as well as
the three-phase AC currents i,, i, and i on its AC side. The actual phase angle 6 is obtained
by measuring the three-phase AC voltages at the point of common coupling (PCC) and
applying the Clarke transformation. This phase angle is then tracked by the PLL to obtain a
synchronous phase angle 8’ for synchronous dg-axis rotational coordinate transformations
in other control loops [24]. The difference between the DC voltage and its reference value
Vcrer is processed by a PI controller to obtain the d-axis reference current ig.s in the dq
synchronous coordinate system, forming the DC voltage control loop. To achieve unity
power factor operation of the grid-connected converter, the g-axis reference current iz
is set to zero. On this basis, the AC voltage reference value v, is calculated through the
current controller and Park transformation. Finally, sine wave pulse width modulation
(SPWM) technology is employed to control the switching of DC-side switches, achieving
stable conversion between AC and DC currents. In the following, the transfer functions of
various control loops in the grid-connected converter are modelled.
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Figure 2. Typical topology of a grid-connected inverter renewable energy system.
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2.2. Impedance Modelling for Grid-Connected Converters
2.2.1. Model of PLL

Owing to the control effect of the PLL, the main circuit coordinate system and the
control system, and the relationship between the two coordinate systems is shown in
Figure 3. The d-axis and g-axis constitute the primary circuit coordinate system, with F;
and F; representing the projections of vector F onto the d-axis and g-axis, respectively.
Correspondingly, the 4"-axis and g“"-axis form the control system coordinate system, with
F;" and F;“" denoting the projections of vector F onto the d"-axis and g"-axis, respectively.
w1 represents the fundamental angular frequency of the grid voltage. The control system
coordinate system rotates with an angular velocity of wpy, and the phase angle difference
between them is Opy 1. Under steady-state conditions, the phase angle difference between
the primary circuit dgq coordinate system and the control system dg coordinate system is
zero. However, when the PLL is subjected to small-signal disturbances, the pr 1, will no
longer be zero. Figure 4 illustrates the control structure of PLL.

cn

" Aq
F, F
£ = a ‘5
F:lcn P |\
Fo
o »>d ¥

Figure 3. The dq coordinate system of the main circuit and control system.
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Figure 4. Topology of PLL.

The relationship between the small-signal disturbance component Av;“" on the g-axis
of the voltage at the PCC of the converter and the small-signal disturbance component
Afpr 1, arising from the phase angle difference in the PLL can be expressed as:
kiPLL) 1

. 3 1)

AbOpr1, = Avg“ : (kaLL +

where kppr 1 and kip L represent the proportional and integral constants of the proportional-
integral controller in the PLL, respectively. The expression for the phase angle error can be
correspondingly represented as follows.

skppLL + KiPLL
52 + sVgkppLL + VakipLL

AbprL, = Avg = GprLAv, 2)

Furthermore, considering the relationship between the disturbance components of
the converter’s output AC current and the duty cycle signal in different rotating speed
coordinate systems, the transfer function of the PLL can be derived as follows:

0 Iq GprL
0 —I;GpLL

0 Dq GpiL
0 —DyGprL

skppLL + kipLL
s2 + sVykppLL + VakipLL

GpLi; = [ ,GpLLd = ,GpLL =
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where I; and I; represent the projections of the steady-state three-phase AC current output
by the grid-connected converter and D; and I, represent the projections of the duty cycle
signal in the dg coordinate system of the primary circuit. From (2), it can be inferred
that small-signal disturbance components in the primary circuit can penetrate the control
system through the PLL, thereby adversely affecting system stability.

2.2.2. Model of Voltage Controllers and Current Controllers

For the voltage controller, the relationship between the input voltage disturbance AV,
on the DC side of the grid-connected converter and the disturbances in the DC-side current
Aiy. and AC-side current Ai can be expressed as follows:

AV — 1 | BDiac | 5 |l L || Adg | 5 | Dg Dy || A
v o o0 [ adg | TG00 ] Al ] @
& Dige — GaeaAd — GygiAi

s Cdc

where Ggq represents the transfer function matrix between the DC-side voltage and the
duty cycle signal of the converter under small-signal disturbances; G4 represents the
transfer function matrix between the DC-side voltage and the AC-side current; and I; and
1, are the steady-state values of the AC current signals.

} ©)

Ady
Ad,

AUd
Avg

D; 0
D, 0

AVyc

1
+1 0

-1
4 Yac
2

= YoutAd — YinAv + chAVdc

where Yot represents the transfer function matrix between the AC current and the steady-
state values Dy and Dq of the duty cycle signal, Yi, represents the transfer function matrix
between the AC current and the AC voltage, and Y4, represents the transfer function matrix
between the AC current and the DC-side input voltage AV 4.

According to the transfer function models of the control loops, multiple coupling
effects exist between the control loops and the control parameters for the AC-side output
current Ai and the DC-side voltage AV, of the grid-connected converter. These cou-
pling characteristics are reflected in the impedance characteristics of the grid-connected
converter port.

Figure 5 presents a small-signal control block diagram derived from the relation-
ship between the input voltage and current and the output voltage and current of the
grid-connected converter. The relationship between variables in the main circuit and con-

trol circuit is displayed, from which the overall impedance model of the grid-connected
converter can be derived [32].

Figure 5. Small-signal control block diagram of the grid-connected inverter.
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In Figure 5, voltage and current symbols with superscripts “G,.” denote input and
output variables in the dg coordinate system of the control system, whereas those without
superscripts “G,.” represent input and output variables in the dg coordinate system of the
main circuit. The transfer function matrices Gy and G represent the equivalent transfer
functions of the proportional-integral controllers in the voltage loop and current loop,
respectively. Gge. is the decoupling term in the current control loop, G4,y is the transfer
function that normalizes the modulation wave, G4q is the equivalent transfer function of
the delay element in SPWM control, Gpr 14 and Gpyy; are the equivalent transfer functions
of the control paths in the PLL, and G4 is the transfer function matrix between the DC-
side voltage and current. The specific expressions of these transfer functions for different
control loops are shown in (6). Since the primary objective of this article is to propose
a stability analysis method for each control loop, the detailed derivation process of the
overall impedance model of the grid-connected converter is not presented here.

G 0 —ZU1L G _ Z/Vdc 0

dec wlL 0 ’ dev 0 Z/Vdc (6)
G esTa 0 o — 1/5Cq. 0

sd™ 1 0 e=sTa | 7 Pdee™ 1 g 1/5C4e

2.3. Modelling for Integrating Multiple Grid-Connected Converters into Systems Based on
Network Node Impedance

Based on the impedance modelling of a single grid-connected converter, a network
node impedance modelling approach for systems incorporating multiple grid-connected
converters is developed. This model aims to analyze the coupling effects between grid-
connected converters and the power grid, as well as among different grid-connected
converters, providing a theoretical foundation for stability studies of systems with multiple
grid-connected converters.

To enhance the generality of the results, the equivalent simplifications on the sys-
tem with multiple grid-connected converters are first performed. Assume that there is
a total of n nodes in the system, with m nodes connected to converters, la-belled Conl,
Con2, Con3, ..., Conm. In the dg coordinate system, Norton’s theorem can be applied
to equivalently represent the converters and the grid as current sources in parallel with
grid impedance. The equivalent circuit of the system at this point is shown in Figure 6.
Vj, Vin represent the voltages at the parallel nodes of the grid-connected converters and
the grid at different locations. Is,]-, I, denote the equivalent power source currents of the
grid-connected converters. I, ;, I, represent the outlet currents on the grid side of the grid-
connected converters. The electrical equipment in the power system, such as transformers,
transmission lines, compensation devices, and filters, is equivalently represented via RLC
circuits, i.e., Rgrn, Lgrn, Cgrn, and other components.

Assuming that the fundamental frequency of the grid is wj, under a three-phase
balanced state, the equivalent admittance Y;c of the capacitive elements and the equiv-
alent impedance of the resistive-inductive elements in the system, after dg coordinate
transformation, can be expressed as (7) and (8), respectively.

[ sC —w1C
Y.c = 7
sC w,C sC 1 7)
[R+sL —wL
z = 8
R+sL wiL R +sL 8
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Although the stability of a single grid-connected converter can be relatively easily
achieved, when multiple grid-connected converters are integrated into a system, the instability
of one device may trigger oscillations or even instability throughout the entire system. There-
fore, it is necessary to assess the stability of systems with multiple grid-connected converters.

Figure 6. Equivalent circuit for systems with multiple grid-connected converters.

Considering the superposition principle, an equivalent network node impedance
model for systems with multiple grid-connected converters is established. In the dg coordi-
nate system, by setting the equivalent current sources in the grid to zero (i.e., Igr,n =0), the
relationship between the node voltages and the currents flowing through the nodes in the
system with the converters connected can be expressed as (9) [19].

Yiu - Yie - Y| |Wi
Iin =YinVx= |Yia - Y - Yin| [ )
_lel e Ynk v Ynn_ _Vn_

where the injected node current is the current in the dq coordinate system, denoted as
Ly, = 1y, Iq,m]T. Similarly, the node voltage V, is represented as V, = [V, Vq,x]T. Y,
represents the node admittance matrix of the system in a common coordinate system when
the equivalent current sources in the system are set to zero. It is a 2n x 2n square matrix.
According to the superposition theorem, under normal system operation, the expres-
sion for the node voltage matrix V., of the nodes with converters connected is given
by (10).
Veon = Veonx + Vcony =1oZm + Inggr (10)

where V., represents the node voltage matrix composed of the nodes connected to the
grid-connected converters, i.e., Voo = [V, ..., Vi, ..., v,

The node-injected current I, is the output current on the side of the converters
connected to the grid. The relationship between lin and the equivalent current source Is of
the converters can be expressed as (11).

Iin =1Ip = Is — YeonxVeon (11)

where I, = [Iy1, ..., Lok, --- Iorm]T, where I, = [Ioqy, qu,k]T. Yoonx 1S a 2n X 2n
matrix composed of the equivalent output admittances of all converters, satisfying
Yeonxe = diag(Ycon,1,---» Yeon,ms - +» Yeonn)- Lo, Veon, and Yeony are all matrices in the dg
coordinate system.
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By combining (10) and (11) and eliminating the intermediate variable V., the output
current o of the converters connected to the grid can be obtained as [19]

I, = (I + Yconxzm)_l(ls - Ycoannggr) (12)

where I denote the 2n x 2n identity matrix.

Therefore, the stability analysis problem of a system with multiple grid-connected
converters can be transformed into a stability analysis problem of a multi-input multioutput
(MIMO) system. In this context, Is and I, are the small-signal disturbance input variables,
whereas I, is the system output variable. The stability of the output variable is closely
related to variables such as Yoy and Z;,. Ycony is a diagonal matrix composed of the
equivalent output admittance of the converters. As long as each converter remains stable,
Yconx Will have no poles in the right half-plane. The grid-side impedance Zy, is composed
of passive components in the power system and inherently does not have poles in the right
half-plane. Therefore, the stability of this MIMO system is solely related to (I + YeonxZm) L.
The open-loop transfer function Ly, can be expressed as (13).

Lm = Yconxzm (13)

Using the Nyquist criterion, it is determined that the necessary and sufficient condition
for the stability of a system with multiple grid-connected converters is that the Nyquist
plot of the eigenvalues of Ly, does not enclose the point (-1, j0) in the complex plane. The
transfer function matrix Ly, is different from the traditional impedance analysis method to
judge the system stability. The traditional impedance analysis method requires complete
re-modeling when the network topology changes. The proposed network node impedance
model only requires minor adjustment of several elements in the impedance matrix. This
significantly improves the efficiency of stability analysis for complex systems with multiple
access points.

By modelling the control loop of a single grid-connected converter and the system with
multiple grid-connected converters, the stability of the control loop of the grid-connected
converter and the stability of the system with multiple grid-connected converters can be
assessed. A detailed analysis is presented in the subsequent sections.

3. Stability Analysis of Control Loop for Grid-Connected Converters
3.1. Analysis of the Impact on Current Loop of Grid-Connected Converters

The control system of grid-connected converters encompasses multiple control loops,
including the voltage loop, current loop, and PLL. Ensuring the stability of each control
loop is fundamental to maintaining the overall system stability. Therefore, this article
delves into the stability analysis of these control loops.

By simplifying the control section with an inner current loop in Figure 4, the small-
signal control block diagram of the grid-connected converter is obtained considering the
inner current loop. The control loops involving the PLL are represented by paths (D
and (2 in the diagram, whereas path (3) represents the control loop involving the inner
current loop.

Hence, the open-loop transfer function of the small-signal model for the converter’s
current loop can be derived as follows.

{ Goi = Youthdecv(Gci - Gdec) (1 4)

GCi = |:kp1 + %/ 0/O/kpl + %:|

where G,; represents the transfer function of the current loop PI controller.
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According to the generalized Nyquist criterion, the control loop is stable when the
Nyquist curves of all the eigenvalues of the open-loop transfer function matrix G; of the
current loop do not enclose the point (—1, j0) in the complex plane. Equation (14) shows that
the stability of the grid-connected converter’s current loop is closely related to factors such
as the filter resistance Ry c, inductance Ly c, time delay constant T4, proportional-integral
coefficients ky; and k;; in the current controller, and decoupling parameters in the current
controller. For the filter circuit, increasing the filter inductance L can enhance the converter’s
stability. However, when the inductance increases beyond a certain range, excessively
large inductance values can slow down the circuit’s dynamic response and reduce energy
transmission efficiency. In practical engineering, owing to limitations such as installation
space and economic considerations, adjusting the filter inductance to regulate the stability
margin of the grid-connected converter is less common. Therefore, the improvement in
grid-connected converter stability is achieved primarily by modifying control parameters
such as Ty, ky;, and k;;.

Figure 7 shows the Nyquist curves of the eigenvalues of the open-loop transfer function
of the current loop when the filter inductance, proportional gain of the current controller
and the time delay parameter are varied. In Figure 7, decreasing the filter inductance L
of the current controller from 3 mH to 0.4 mH, increasing the proportional gain ky; of the
current controller from 30 to 40 or increasing the time delay T; from 150 ps to 750 ps can
lead to system instability. Therefore, the filter inductance, proportional gain and time delay
should be controlled within reasonable ranges to avoid instability issues.

k= =
< 1F <
a al
) g
£ T &7
o0 o0 L
IS < -2
g af L=3mH g
= k, =30 A L=0.4mH
2F T, =150ps . o Ky =30
-8f T, =150ps
. 0 .
-1.5 -1 -0.5 0 0.5 -15 -10 -5 0 5
real part real part

(a) (b)

-
IS

N

Imaginary part

Imaginary part

o
A

L=3mH

L=3mH

1.5F k, =40 1 -6F kyi =30
2f T, =150ps 1 8t T, = 750us
2.5 10
2.5 -2 15 -1 0.5 0 0.5 8 6 4 2 0 2
real part real part
(o) (d)

Figure 7. Nyquist curves of the eigenvalues of the open-loop transfer function G; of the current
loop under different parameters. (a) Parameter setting of L, k;,;, Tq when the system is stabilized.
(b) Reduction in the filter inductance L. (c) Increasing the proportional coefficient kp; of the current
controller. (d) Increasing the time constant T.
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3.2. Analysis of the Impact of the Phase-Locked Loop on Grid-Connected Converters

There is a loop representing the positive feedback path introduced by the PLL control
structure. Y.oni denotes the equivalent admittance of the converter, and its expression is
given by:

Ai
Yeoni = Av = Gcli(YoutGSd Gpllz - Y ) (15)
where I represent the second-order identity matrix and G,; denotes the closed-loop transfer
function of the inner current loop, which is expressed as follows:

Gai = (I+Goi) ™ (16)

Owing to the use of SPWM technology in the converter, under steady-state conditions,
the relationship between the voltage and current at the PCC satisfies (17).
Dq . % = RLCIq + wlLIq

When the inner current loop remains stable, G.; does not possess poles in the right-half
plane. In this scenario, the expression for the PLL transfer function Gy, should satisfy:

Gpliz = GprLLd — Gdev(Gei — Gdec) GPLL (18)

If (Yout GsqGpiz-Yin) does not have poles in the right-half plane, both the inner current
loop and the PLL of the grid-connected converter can maintain stability. Neglecting the
equivalent internal resistance of the filter, i.e., setting R;c = 0, it can be obtained as

YoutGsd Gpllz =

eisTdGPLL . [0 —SLGCin + w1L(Vd + GCiId) (19)

(SL)Z + (wlL)z 0 wlLGCin + SL(Vd + Gcild)

The above equation has two eigenvalues, A; and A,, with the following values:

A =0 (20)
Ay = w1LGgilq + sL(Vq + Geilg)

Figure 8 presents Nyquist plots of the eigenvalues for the grid-connected converter
system in both the rectifying mode (Lirer < 0) and inverting mode (Lzer > 0). Specifically,
when I,r <0, the eigenvalue A, shifts towards the left-half plane, making it easier to enclose
the point (—1, j0) in the complex plane, thereby reducing the stability of the grid-connected
converter. Conversely, when I,.¢ > 0, the Nyquist curve of the eigenvalue A, shifts towards the
right-half plane compared with the curve in the rectifying mode, moving away from the point
(—1, jO) in the complex plane and thus enhancing the stability of the grid-connected converter.

To quantify the effectiveness of our proposed method, we compared it with traditional
eigenvalue-based methods. Traditional methods often require complex state-space models
and struggle with scalability in multi-converter systems [28]. In contrast, our impedance-
based approach simplifies the analysis by directly linking control parameters to stability
margins. For example, our method can detect instability at a 33% increase in kpi (from 30 to
40) with a precision of 5%, whereas traditional methods may fail to detect such changes
due to their computational complexity and sensitivity to model order [28]. This highlights
the superior accuracy and computational efficiency of our proposed method, making it
more suitable for practical applications in complex grid-connected systems.
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Figure 8. Nyquist curves of the eigenvalues of the phase-locked loop transfer function for different
operating modes of the grid-connected. (a) Rectifying mode (unstable); (b) inverting mode (stable).

Through the analysis of the current control loop and phase-locked loop, it derives that
various factors, including the proportional coefficient of the current controller, time delay,
filter impedance, grid impedance, and power transmission direction, can potentially impact
the stability of grid-connected converters. The proposed method simplifies the analysis
process and provides a more intuitive understanding of parameter influence patterns. This
is achieved by deriving the open-loop transfer functions of each control loop from the
control block diagram to analyze the stability of the control loops.

4. Stability Analysis of Renewable Energy Systems Incorporating
Multiple Grid-Connected Converters

Based on (15), the criteria for assessing the stability of a system with multiple grid-
connected converters are as follows. First, the eigenvalues of the gain matrix Ly, = YeonxZm
are calculated, and the Nyquist curves for all the eigenvalues are plotted. If none of the
Nyquist curves enclose the point (—1, j0) in the complex plane, the system can be deemed
stable; otherwise, it is considered unstable.

To validate the proposed theory for stability analysis of multiple grid-connected
converters, this article conducts an empirical study using a system with four grid-connected
converters as an example. Figure 9 presents a schematic diagram of the topology of the
system with four grid-connected converters. Among them, Conl, Con2, and Con3 are
connected at fixed positions, e.g., N3, N9, and N10, respectively. Con4’s position is varied
to analyze the impact of the network impedance matrix on system stability at different
connection points. Nodes N1-N13 in the diagram represent various points in the system.

IZlinZI N2 . Zlir13I N1
L J L J ;
Vsl Zlinl N3 Zlin4 N4 Zlinll I\_JS
— I
H—= =
NI10
YT
[] fin3 Ziing
Vo Ziino N8 Ziing Ziin7 N6
| | % S : N7 — 1
Z . —
1in8 N9
I -

Figure 9. Topology of a renewable energy system with four grid-connected converters.
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The stability of a system with multiple grid-connected converters can be assessed
by calculating the eigenvalues of the open-loop transfer function L,,. Table 2 shows the
results of the system stability analysis when converter 4 is not connected in parallel with
other converters. From Table 2 it can be concluded that the system will be unstable when
converter 4 is connected to N1 and N7. The following is a detailed analysis of the system
stability when the converter is connected to N6 and N7. Figures 10 and 11 present the
Nyquist curves of the eigenvalues of the open-loop transfer function L;, when converter
Con4 is connected to nodes N6 and N7, respectively.

Table 2. System stability analysis results when Con4 is connected to partial nodes.

Node Number GM/dB PM/°

N1 instability

N2 0.6622 7.6340
N4 0.6260 7.5370
N5 0.6959 7.9410
N6 0.6875 7.8440
N7 instability

N8 0.7875 8.0372

Specifically, Figure 10 shows that when Con4 is connected to node N6, none of the
Nyquist curves of the eigenvalues of L, enclose the point (—1, jO), indicating that L,
has no right-half-plane poles and that the system is stable. However, Figure 11 reveals
that when the connection point of the grid-connected converter changes to N7, one of the
eigenvalues of L,, (specifically, eigenvalue A5) encloses the point (—1, jO) in the complex
plane, suggesting that L,, has right-half-plane poles and that the system is unstable.

It can be seen that the converter 4 access nodes 1 and 7 are the leading factors causing
the system instability, and the system instability source positioning is realized. Therefore,
different connection points of the grid-connected converter can alter the grid-side circuit
topology and equivalent impedance model, thereby affecting the stability of the system.
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Figure 10. Nyquist plot of the eigenvalues when the grid-connected converter is connected to node

N6 (stable system).
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Figure 11. Nyquist plot of the eigenvalues when the grid-connected converter is connected to node
N7 (unstable system).

5. Case Verification

To verify the accuracy and effectiveness of the stability analysis results presented in
this article for both the control loop of a grid-connected converter and the system with
multiple grid-connected converters, corresponding simulation models are constructed in
the MATLAB R2024a/Simulink environment. The simulation models were designed to
closely mimic real-world power systems, incorporating realistic parameters and operating
conditions. The results of these simulations provide strong evidence of the models’ validity
and their potential for practical application in actual systems. Specifically, the topology
and control strategy of a single grid-connected converter remain consistent with those
shown in Figure 2, whereas the overall topology of the system with multiple grid-connected
converters is consistent with that shown in Figure 9. This case system refers to the structure
of the IEEE 13 node model [19,33]. The parameters used in the simulation process are
detailed in Table 3. These parameters are set according to the industry standard of the
grid-connected inverter PI adjustment guide and the typical parameter Settings obtained
from experimental tests. They have certain practical significance and are not explained too
much here.

Table 3. Control parameters of the grid-connected converter.

Parameters Value
Converter DC-side voltage V4. (kV) 0.8
Converter DC-side capacitance Cq. (uF) 8000
Distribution grid voltage Vg, (kV) 0.38
Filter inductance L (mH) 3
Filter resistance Ry ¢ (QQ) 0.01
Equivalent impedance of the grid Zg, 0
Fundamental frequency of the distribution grid 1 (Hz) 50
Sampling frequency f (kHz) 20
Proportional coefficient of the current controller ky; 30
Integral coefficient of the current controller k;; 300
Proportional coefficient of the PLL controller kyprL 2
Integral coefficient of the PLL controller k;pr 200

Figures 12 and 13 show the simulation results of stability analysis of the single con-
verter system. the stability analysis results of the current control loop are verified. Figure 12
presents the simulation results under two conditions: increased proportional gain of the
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current control loop (Figure 12a), and increased time delay constant (Figure 12b). The
changes in the parameters are consistent with those shown in Figure 7. The simulation
results indicate that as the proportional gain of the current control loop and the time de-
lay increase, the system becomes unstable, which aligns with the analysis results of the
theoretical model, thereby validating the correctness of the theoretical analysis.

The results of PLL stability analysis are validated. Figure 13 presents the simulation
results under two conditions: when the current reference value I is less than zero and
when it is greater than zero. When I, is less than zero, the current waveform at the
point of common coupling exhibits significant oscillations, indicating that the system is
in an unstable state. This aligns with the theoretical analysis results shown in Figure 8a.
Conversely, when I, is greater than zero, the current at the point of common coupling
operates stably, which is consistent with the theoretical analysis results shown in Figure 8b.
These simulation results verify the correctness of the PLL stability analysis.

Figures 14 and 15 shows the simulation results for the stability analysis of the multi-
converter system. The results of the stability analysis for a system with multiple parallel-
connected converters are validated. Figure 14a displays the current waveform at the PCC
when converter Con4 is connected to node N6, with the current waveform remaining
stable. However, when converter Con4 is instead connected to node N7, as shown in
Figure 14b, the PCC waveform of converter Con4 exhibits significant harmonic distortion
(THD = 9.25%), indicating that the system is in an unstable state. This aligns with the
theoretical analysis results presented in Figure 11, thereby validating the effectiveness of the
proposed stability analysis method for systems with multiple grid-connected converters.
From Figure 15, it can be concluded that when converter 4 is connected to the node 7, the
remaining three converters can still output stable three-phase current waveform, and only
converter 4 has high-frequency oscillation, so it can be judged that converter 4 is the source

of instability.
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Figure 12. Simulation results when varying the current loop parameters. (a) Current loop proportional
gain increased from 30 to 40; (b) time delay increased from 150 ps to 750 ps.

Hence, the stability analysis results for both individual grid-connected converters’ con-
trol loops and the systems with multiple grid-connected converters are in good agreement
with the simulation results, demonstrating the validity of the proposed model.
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Figure 13. Simulation results when varying the current reference value . (a) Ly is less than zero;
(b) Liyr is greater than zero.
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Figure 14. Simulated current waveform at the PCC for grid-connected converter Con4 connected to
different nodes. (a) Connected to node N6. (b) Connected to node N7.
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6. Conclusions

A detailed impedance model of the grid-connected converter was developed. Based on
this model, a simple and highly accurate stability analysis expression was derived and an in-
depth analysis of the instability mechanisms and stability influencing factors of individual
control loops in direct-drive grid-connected converters was conducted. Furthermore, the
stability of systems with multiple grid-connected converters was explored. The main
research conclusions include the following:

(1) By modelling and analyzing the current loop and PLL of grid-connected converters
individually, the influence patterns of various control loop parameters on stability are
revealed. Specifically, within a certain range, reducing the filter inductance L, increasing
the current control proportional coefficient kp;, increasing the digital delay time constant
T4 and adjusting the power direction I, will all lead to a decrease in system stability or
even instability.

(2) Based on the small-signal impedance model of the multi-converter system estab-
lished using the nodal admittance matrix, a simple and easily solvable loop gain matrix Ly,
was obtained. Through Ly, the stability of the system can be judged more accurately and
quickly. It was found that changes in the connection points of grid-connected converters
lead to variations in the network node impedance matrix, which in turn affects system
stability. By adjusting certain parameters in the grid-side matrix of the proposed model,
the stability of the system under different node connections can be analyzed, simplifying
the analysis process. Even when the system topology changes frequently, the reconstruc-
tion or modification of the stability analysis model involving some elements in Lm is
convenient and fast, significantly improving the efficiency of analyzing the stability of
distribution systems.

However, the small-signal modelling method used in this article only discusses sce-
narios where multiple converters of the same type are connected to the distribution system,
lacking analysis of scenarios where different types of converters are connected to the
distribution system. Moreover, the proposed stability analysis method still has certain
limitations in weak current networks with high harmonic distortion. Future work will
focus on in-depth research on modelling methods for various types of power electronic
converters, while expanding and improving relevant models to enhance the accuracy of
stability analysis under different operating conditions.
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