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ABSTRACT: In the islanded operation of distribution networks, due to the mismatch of line impedance at the inverter
output, conventional droop control leads to inaccurate power sharing according to capacity, resulting in voltage and
frequency fluctuations under minor external disturbances. To address this issue, this paper introduces an enhanced
scheme for power sharing and voltage-frequency control. First, to solve the power distribution problem, we propose an
adaptive virtual impedance control based on multi-agent consensus, which allows for precise active and reactive power
allocation without requiring feeder impedance knowledge. Moreover, a novel consensus-based voltage and frequency
control is proposed to correct the voltage deviation inherent in droop control and virtual impedance methods. This
strategy maintains voltage and frequency stability even during communication disruptions and enhances system
robustness. Additionally, a small-signal model is established for system stability analysis, and the control parameters
are optimized. Simulation results validate the effectiveness of the proposed control scheme.
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1 Introduction

The penetration of renewable energy sources (RES) into distribution networks has been steadily
increasing. Microgrids (MGs) represent an effective solution for integrating RES [1-3]. MGs enhance power
supply reliability and quality, and increase grid resilience to load variations and external disturbances [4,5].
MGs can operate in grid-connected mode or island mode. In island mode, MGs maintain power supply
independently from the main grid, which is particularly important for remote areas or under adverse weather
conditions to ensure the reliability of critical loads [6,7].

Under islanded conditions, distributed generation (DG) units are expected to share power proportion-
ally to their rated capacities. Droop control is widely adopted to enable autonomous power sharing among
DG units [8]. However, the performance of conventional droop control is limited by mismatched output
line impedances between parallel inverters, resulting in inaccurate active and reactive power sharing [9].
Ref. [10] proposed an advanced control that regulates the voltage at suitable values and ensures proper
reactive power sharing among the energy sources. Ref. [11] proposed that reactive power is controlled
to be proportional to the derivative of the DG output voltage to compensate for the line impedance
mismatch. While this approach reduces the reactive power sharing error, it does not eliminate the impact
of line impedance mismatch. Ref. [12] proposed a novel method to achieve accurate power sharing without
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conventional droop control. By employing a modified double-loop voltage control strategy, the proposed
approach eliminates the inherent power-sharing errors and stability issues of droop control. However, the use
of proportional-resonant (PR) control may affect system stability, requiring additional compensation loops.
Ref. [13] proposed power decoupling techniques to improve sharing accuracy. Nevertheless, these approaches
require precise knowledge of line impedance parameters, which limits their applicability in practice. Overall,
the existing literature has primarily focused on either power decoupling or line impedance mismatch but
rarely considers both issues simultaneously. As a result, these control methods may be less suitable for
low-voltage distribution networks.

To address these issues, virtual impedance control is a promising way. Virtual impedance control is
mainly categorized into two approaches: one combined with the virtual synchronous generator (VSG) con-
cept, and the other integrated with droop control. Ref. [14] proposes a transient power angle stability control
strategy for VSGs, incorporating frequency difference feedback and virtual impedance, enhancing frequency
regulation performance. However, the VSG-based control method may cause power oscillations in multi-
level parallel systems [15,16]. Several studies have proposed the use of virtual impedance as a supplementary
component to droop control [17]. Virtual impedance can directly compensate for line impedance mismatch
and convert the inverter’s output impedance into an inductive form, achieving decoupling of active and
reactive power control [18,19]. Ref. [20] established an equivalent model of the DG feeder impedance based
on feeder current and impedance measurements and addressed the mismatch by adaptively adjusting the
output virtual impedance. However, these methods require precise knowledge of feeder impedance, which is
difficult to measure accurately in practical applications. Additionally, when the microgrid structure changes,
the power sharing method becomes ineffective. To reduce dependence on line impedance, Refs. [21,22]
introduced an adaptive virtual impedance approach. Ref. [23] improved precise power sharing by virtually
adjusting the inverter’s output impedance. However, droop control combined with the additional virtual
impedance can result in significant voltage deviation at the DG output, preventing the output voltage of each
DG from being regulated at the rated voltage of the microgrid. An adaptive virtual impedance method based
on a consensus algorithm was proposed in [24,25], which eliminates the voltage deviation caused by virtual
impedance. However, this method does not consider the impact of communication interruptions, and the
control may fail under such conditions.

Therefore, based on the above analysis, the contributions of this paper are as follows:

(1) To address the inaccurate power distribution caused by power coupling and impedance mismatch
at the inverter output during active islanding operation of distribution networks, an adaptive virtual
impedance control based on multi-agent consensus is proposed. This method can eliminate the influ-
ence of line impedance mismatch between DGs without the need for line impedance measurement,
achieving precise power distribution.

(2)  To mitigate the voltage deviation from the rated voltage due to the inherent characteristics of droop
control and virtual impedance, a novel consensus-based voltage and frequency control is proposed.
It reduces the voltage amplitude deviation of the system bus by approximately 9.6% compared to
traditional adaptive virtual impedance control. The bus voltage amplitude can always be maintained
at the rated voltage of 311 V, and the frequency deviation is no more than 0.01 Hz. Compared with the
traditional consensus method, the voltage fluctuation is reduced by 300% and the frequency fluctuation
is controlled within 0.1 Hz under communication interruption.

(3) A small-signal stability analysis of the inverter employing this control method is conducted to
determine the optimal control parameters and validate the stability of the control system.

The structure of this paper is as follows: Section 2 presents the power distribution characteristics of
parallel inverters and multi-intelligent communication. Section 3 introduces the adaptive virtual impedance
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control based on dynamic synchronous stability. In Section 4, the virtual impedance small signal model of
dynamic synchronization stability is established. Section 5 designs the controller parameters and analyzes
the example. Finally, Section 6 concludes.

2 Power Distribution and Multi-Agent Communication
2.1 Power Distribution

Z; denotes the line impedance value of the line where the i-th inverter is located. Considering the ratio
of line resistance to reactance, R/X is significantly less than 1. As a result, Z; = X;, the output voltage of the
inverter can be expressed by the following Eq. (1):

X.0:
U; = Vpcc Rl r— ey

where Q; represents the reactive power output. U; refers to the output voltage amplitude of the i-th inverter,
and V), represents the voltage amplitude of the common bus.

When two distributed power supplies with equal capacity operate in parallel, the output voltage of
the inverter connected to a line with a higher inductive reactance value is observed to be elevated. Voltage
as a local variable can experience variations in line lengths when different DG units are connected to the
Point of Common Coupling (PCC), resulting in differences in the line impedance between inverters. This
impedance imbalance hampers the equitable distribution of reactive power, leading to the overloading of
certain DG units.

According to the basic power characteristics of drop control, the condition for the reactive power output

of distributed power sources to be proportional to their rated capacity is that the reactive power droop
coeflicient is inversely proportional to their rated capacity. In other words, it satisfies the following conditions:

mQy=nQ = - n;Q; (2)

Egs. (1) and (2) can be derived as follows:

Voee (Vi = Viee + 1:Q;
1n:Q; = pcc( n pc)c(' i 1) 3)
Voee + —
p n

i

If the reactive power output of the distributed power supply is inversely proportional to its reactive
droop coefficient, it implies that the equivalent output impedance needs to satisfy the following conditions:
X X X
R e (4)

n n; n;

However, due to the different line reactance in reality, therefore, the virtual reactance is utilized to
match the different line reactances of DG units. When the line reactance Xjiye1 # Xiine2 # -+ - # Xiine.n»
the virtual reactance X, ; is adaptively regulated to satisfy the equivalent reactance X; = X}y + Xim,1 =
Xline,Z + Xim,l = ... = Xline,n + Xim,n-

2.2 Multi-Agent Communication

Fig. 1 presents a concise model that illustrates the communication dynamics among the four agents.
Employing graph theory as a descriptive framework, the inter-agent communication is bidirectional, and
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their relationship can be represented by G = (V, E), where V = {1, - - -, N } denotes the node set of directed
graph G composed of non-empty elements, and E € V x V represents the edge set of G [23,24].

Interact
-

Interact
JoRIQU]

Interact
-

Figure 1: A communication topology with four agents

When consense control is adopted, adjacency matrix A = (a,-j)nxn is usually used to describe the
relationship between each node. If the j-th node has an edge pointing to the i-th node, then a;; > 0, Vi #
j» otherwise a;; = 0. Here a;; is the column j element of row i of the corresponding adjacency matrix. In
addition, the elements on the diagonal are all represented as 0, that is a;; = 0, the Laplacian matrix that defines
a multi-agent system L = (lij) € R™", where l;; = —a;j, l;; = Z;;Ljﬂ aij.

The change of each agent is influenced by its own current state as well as the current states of its
neighboring agents. The first-order dynamic characteristics can be described by the equation x; (t) = u; (t),
where x; (t) represents the state variable indicating the state of individual agents, and u; (t) denotes the
control variable with its specific expression given as follows:

ui(t)=—ﬂ2a,~j(xj(t)—xi(t)) (5)
=1
The matrix form should be rewritten as follows:
U=-LX

where 8 represents the system gain, it can be observed from Eq. (6) that under this control algorithm, in the
presence of information exchange and state differences between agents, the consistency algorithm can grad-
ually diminish the state disparities until achieving consensus among all agents, subject to certain conditions.

3 Adaptive Virtual Impedance Control Based on Multi-Agent Consensus
3.1 Virtual Impedance Control Method

The virtual impedance Z, (s) is introduced based on the voltage and current double loop control under
drooping control, and the block diagram of its transfer function is depicted in Fig. 2.
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Figure 2: Presents the block diagram of the virtual impedance voltage-current double-loop control equivalent transfer
function

After incorporating the virtual impedance, the system’s transfer function and equivalent output
impedance are obtained:

{uo =Gy () thref = (Gu (5) Zyi (s) + Z, (s)) io

Z0(s) = Zo (5) + Gu () - Zy (5) (7)

where u, is the PCC voltage of the inverter, G, (s) is the transfer function of the voltage controller, u,.  is
the reference of PCC voltage, Zy (s) is the transfer function of the virtual impedance, Z, (s) represents the
inherent output impedance of the inverter, i, denotes the output current of the inverter, Z; (s) represents
the equivalent output impedance of the system.

The pure inductive virtual impedance L, was gradually increased from 0 to 10 mH, and the system’s
equivalent Bode diagram was constructed based on Eq. (7), as illustrated in Fig. 3. From the Bode plot, it
can be observed that as the introduced virtual impedance increases, the magnitude of the system’s output
impedance rises, and the phase angle shifts in the positive direction, approaching inductive characteristics
(+90°). This indicates that the system’s output impedance transitions from its original resistive or weakly
inductive nature to a more pronounced inductive impedance. Specifically, when the added virtual impedance
reaches 10 mH at a system frequency of 50 Hz, the output impedance becomes inductive. It demonstrates that
by incorporating virtual impedance, the output impedance of the inverter can be transformed from resistive
to inductive, enabling decoupled power control.
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Figure 3: The equivalent Bode diagram of the system output impedance after adding virtual impedances with different
impedance values
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3.2 Adaptive Virtual Impedance Control Method Based on Multi-Agent Consensus

The introduction of virtual reactance should satisfy the following Eq. (8) in order to achieve accurate
reactive power distribution when meeting X;Q; = X,Q; = - - - X;Q;, which is the distributed power supply.

(Xi+ X)) Q=(X2+X,2) Q= (X; +X,i) Qi (8)

where X; is the size of the line impedance, and X, is the size of the introduced virtual impedance.

The adaptive control of virtual impedance is achieved through the implementation of a multi-agent
consensus algorithm in order to ensure proportional power distribution. It is necessary to select a target value
n;Q; that synchronizes the behavior of each component with this reference value, which can be represented
as a first-order dynamic characteristic:

”iQi = UQi ©)

The variable u(); is utilized as the control parameter for distributed power supply correction, specifically
representing the comparison between the reactive power output of a local distributed power supply and that
of its neighboring counterparts:

N
eqi = —¢q ). aij (niQi — n;Q;) (10)
j=1

cq is the reactive power correction control gain.

The overall system can be formulated as follows:

uq = nQ (11)
uQ = —chQ (12)
eq = LnQ (13)

By employing Lyapunov analysis to construct candidate functions for demonstrating system stability,
in conjunction with the system description, we establish the following model as a potential function:

1
VQ = EegPeQ (14)

where P is a positive definite matrix with P = diag{1/w; }, w; being an element of the vector w. The vector w
satisfiesw = 0,and A = L.

The derivation of Eq. (12), simultaneous Egs. (10) and (11) can be obtained as follows:
Vo= e(T?PeQ = egPLnQ = egPLuQ = —ch(SPAuQ = —Echg (PA+ APT) eq (15)

The stability of the system can be assessed based on the Lyapunov function, given that PA + APT is

positive definite. Since Vo < 0, it implies asymptotic stability of the function and eventual convergence
of Eq. (9) towards a target value. Eq. (15) reveals that the rate of asymptotic stability is influenced by the
reactive power correction coefficient of the system.
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Configure the control parameters of the proportional integral controller to facilitate adjustment for reac-
tive power correction, thereby determining the required compensation of reactive power by the distributed
power supply line. Subsequently, calculate the corrective factor for virtual reactance:

kiQi
AQ; = (kai + T) uqQi (16)
Lyi = ~kqriAQ;

where kjq; refers to the proportional control coefficient of reactive power correction, k;q; refers to the
integral control coefficient of reactive power correction, and kq; refers to the proportional gain coefficient
of the virtual inductor.

Similarly, in order to enhance the precision of active power distribution under minor external distur-
bances experienced by the distributed power supply, an adaptive virtual resistance is introduced into the
system for adjustment purposes. Its control model bears a resemblance to Fq. (16) and can be summarized
as follows:

k4 ,
AP; = (kpp,' + I—P’) UQi
N
R,; = —kpriAP;

(17)

where k,p; refers to the proportional control coefficient of active power correction, k;p; refers to the
integral control coefficient of active power correction, and kpg; refers to the proportional gain coefficient of
virtual resistance.

The active and reactive power sharing among DG units is regulated by adjusting the equivalent
impedance. A correction term based on reactive power mismatch is introduced as the input to the PI
controller, which adaptively modifies the size of the virtual impedance, as shown in Eqs. (16) and (17). When
the reactive power of the microgrid is proportionally shared among the DG units, the multi-agent consensus
control will automatically eliminate the reactive power mismatch to zero. This technique does not require
knowledge of line impedance and adjusts the virtual impedance to eliminate the reactive power sharing error
caused by feeder mismatch.

3.3 Consensus-Based Voltage and Frequency Control

The introduction of a virtual impedance within the feedback loop results in a voltage drop caused by
the feedback current. This induced voltage is then negatively fed back to the reference voltage of the voltage
control loop, effectively establishing a new and unique voltage reference value u7, ., as represented by Eq. (18):

* d . .
uref = uref - Lvaloabc - vaoabc (18)

The virtual inductance value L, and virtual resistance value R, represent the impedance characteristics,
while i,,,. denotes the three-phase current at the output of the inverter. The voltage drop phenomenon
is further exacerbated by the combined influence of line impedance, significantly impacting power supply
quality on the public bus. To address this issue, an improved adaptive virtual impedance control approach
is proposed. This approach utilizes a multi-agent consistency algorithm for layered control and upper-layer
control to eliminate voltage and frequency offsets. Subsequently, a tracking dynamic synchronization stability
algorithm is employed to restore voltage and frequency to their rated values. The control flow diagram for
this approach is illustrated in Fig. 4.
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Figure 4: Flow chart of dynamic synchronous stability control
The reference voltage amplitude of the distributed power supply obtained by the local layer is as follows:

Vi) =Va(t-1)-n(Q(t-7) - Qu(t-71)) (19)
where V* represents the amplitude of the primary control reference voltage for the distributed power supply,
and V,, denotes the rated voltage of the distributed power supply.

The secondary voltage control is incorporated based on this premise, thereby enabling the represen-
tation of the most recent voltage amplitude reference value for the distributed power supply as follows:

Vi (£) = V() + Auy; (1) (20)
The variable represents the final reference voltage amplitude of the inveter i at time ¢, while Au,; (t)

denotes the incremental value for secondary voltage control.

Taking into account the communication delay of size 7, the consistency algorithm model can be
achieved as follows:

Al.lvi (t) = —cm,,'eﬁi (21)
N

ezi = Zaij (Vvi (t_ T) - ij (t_ T)) +gi (Vvi (t_ T) - Vleader_ref (t_ T)) (22)
j=1

The control parameter of the voltage controller, a;; represents the communication connection between
the i-th DG and the j-th DG. If there is a communication link between the i-th and j-th DG, then a; i=L
otherwise a;; = 0. N represents the total number of DG. c,,; is responsible for regulating the voltage. e;,
represents the voltage error between agents. g; denotes the coefficient between nodes and reference nodes.
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If the i-th inverter is selected as a virtual leader, g; = 1. Lastly, Vi¢aqer s signifies the reference voltage of
the virtual leader, which is determined by a PI regulator based on both common bus voltage and bus voltage
reference value. The overall control block diagram is shown in Fig. 5.

Lline Rline N Lt‘ Rt N Q
<—rvwx_|:|l—/1—/¢‘7m_|: l/ T L 1
- 1 -4 SASA w1 1 T - —_
—— - j,_ N
Ioabc Ucabc _I__:|:_:,: ILabc
C
Power Undq ‘
Calculation - Iodq d oa C <
TR
Prer > Current Control SPWM
Qpef —— P Droop control | > Loop Modulation

Figure 5: Adaptive virtual impedance control block diagram based on dynamic synchronous stability

The reference value of system frequency compensation can be derived in a similar manner:

W (t)=w,(t-17)-m(P(t-1)-P,(t—1)) (23)
w, (1) =™ (1) + Aw; (1) (24)
Awf =~ (25)

where w* represents the amplitude of the reference frequency obtained through droop control, w};; denotes
the updated value of the reference frequency, Aw; signifies the increment in secondary frequency con-
trol, cs represents the gain for frequency control, and wy; refers to the tracking error associated with
frequency adjustment.

When a communication failure occurs, other agents are unable to receive the control reference
information from the agent’s output. Consequently, if the consistency algorithm continues to enforce the
consistency of each output control target, it may cause system instability or even loss of control. Therefore,
ensuring stability becomes the primary objective when dealing with communication failures. In this context,
the agent itself acts as the main controller. By employing a distributed hierarchical control strategy, we shift
our focus from maintaining consistency to monitoring and regulating the rated voltage and frequency of
the system.

4 System Small Signal Model Based on Dynamic Synchronization Stability

The traditional small signal model of an inverter comprises several components, including the power
control small signal model, the voltage and current control small signal model, and the output circuit
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small signal model. Building upon this foundation, a small signal model for the active island system of a
distribution network is established based on dynamic synchronous stability and adaptive virtual impedance
to analyze the system’s stability.

sz’nvi = AinviAxinvi + BinviAVbDQ + wamchom
Awi _ Cinvwi Axi (26)
AioDQi Cinvci o
where,

. _ T
Axinyi = [A5i AP; AQ; Apagi Aijagi Avoayi Alodqi]

Api 032 Bp;
By1iCpyi 022 By1iDpyi + Byai
Brc1iDc1iDy1iCpyi + Brc3iCpwi Arci+ Brcii(DeiDy1iDpyi
| +Brcai [T} 02¢2] +D¢1iDysi + Deai)

Ainvi =
BrciiDc1iCyi

[ 05 Bro.on
Binyi = _BL;%T;] ], wam = [ Osil » Cinvwi = [ CPw; O1xs :I) Cinvei = [ Tei Oxxg Ty ]

For the convenience of calculation and formula derivation, the auxiliary term for voltage elimination
control is named y;, and the integration link output of the PI controller in the power allocation control loop

is named k;. Therefore, the Eqs. (20)-(22) for voltage secondary control can be linearized as follows:

: Aazt : N; Ni
Ayi=A| AP |+BgiAy;—cuy ), aijn]AQ) +cuy Y aij +cin&AV) (27)
AQf j=Ni =N -
N;
At =0 0 ¢, > (a,»j+gi)nf (28)
gi =Ny
N;
t t
Bgi = —Cyy ZI:\] (d,’j + gx) (29)
J=INy

Then, by linearizing Eqs. (10)-(12) and the control model equation with the introduced virtual
impedance equations Eqs. (16) and (17), we can obtain:

: Ad; N
Akf = AZI APit + CQ Z a,]n]AQ]t (30)
AQ! =i
[ A8t ] Aiqut A(Sjt
Ai}Odqi = (C;Lvi - Aivi) Apit - vai Avtqui - Cvtvi Apjt + D;foyxt - vazAkzt (31)
t -t t
AQi B Alodqi AQJ
N; ]
AZX_ :[ 0 0 —CQ Z a,-jnf (32)
j=Ni ]

Oia R -X'
Bt P vi vi 33
vvi [ 01><4 Xt_ R; ( )

vi
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Al = kpq (kQLIOqiws - kQRIotdi)Aii (34)
vvi ka (—kQLIDdia)i - kQRIqu)AiX_

N;
¢~ Clea 3 at )
=N,
[0 0 -n'
vai _[ 0 0 O 0
Ct 3 0 kPQ (kQLquiwi - kQRIotdi)Aii (37)
v 0 kPQ (—kQLIodiwi - kQleqi)Aii
[ 1
D - ! ] (38)
D - [ kiq (karlogiw! — karl!,) (39)
mi | —kiokqrloai ﬁ—kQRIatq,-

Due to the introduction of secondary voltage and frequency control in the system, the feedback loop has
modified the synthesis reference voltage model, leading to changes in the small signal model of the dual-loop
control of voltage and current in the system. Therefore, based on dynamic synchronous stability, the small
signal model of the adaptive virtual impedance-controlled inverter is as follows:

t
Aximi = A' Ax, +B' Av' +B' Aw' +¥N F' AX' +H! Av!
invi invi bDQ com ]—N1

invi Weom invi invj invi leader_ref

[Aw_t ch]At (40)
'tx — invwi x,'m,,-
AlnI)Qi Ci[nvci

using an improved voltage control model, as shown below:

t
. T
_ t t t t -1 t -t t t
AXinyi = [N} AP] AQ) Al Mgy AVygg; Nifgy; A} AKS] (41)
[ A;,,- 03x3 B;,- 03x1 03x1 ]
B! (Cpvi = Ayvi) 02x2 Byai — ByyiBlyi thzliD}pi =B, D,y
t Bz(iltDillth/lt (C;Vi N AiVi) t t t A;Ci+ t t t t t t t t t t t
Alinvi = | +Br3iCpui Brc1iDiCyi BLCtli(DtcliDclitDpvi Brc1iDeiiDyiiDyvvi BreiiDeriDy1iDypi (42)
+Blcai [Tv_il 02x2] +D¢; Dy + Desi)
A;i 01><2 01><6 B‘fgt 0
! Al 0O1x2 O1x6 0 0 ]
052
t _ t -1
Binvi - BLCZiTsi (43)

02x2
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t — B;wcam
@eom | O10x1
[ 0111
anvi = Cng (44)
| 0
anvwi = [C;wi OIXIO ]
Cfnvci = [Tctz 02xs Tsti 022 ]

where Hj,,;; represents the communication link established by the intelligent communication network
between the distributed power supply i and the distributed power supply j, which can be expressed as follows:

03x3 O3xs  O3x1 0351
_folin/vCQaz‘jn; O2xs 021 02

Hz?nvijz _BECIiD«t:lin/licxtvaQaij”; O6xs  Osx1 Osx1 (45)
[0 0 —cvai]’nE] Oixs  cvaij 0

[0 0 —cqaijnf ] O O 0O

According to the obtained small signal model, the stability of systems with different control parameters
was analyzed. In Fig. 6a, as the active power droop coeflicient m increases, the system poles gradually move
from the left half-plane toward the right. When m increases to the point where the poles approach 40, the
system becomes critically stable. Therefore, the active power droop coeflicient should be in the range of 0.001
t0 0.05.In Fig. 6b, as the reactive power droop coeflicient 7 increases, the poles quickly move to the right, and
when 7 reaches the point where the poles approach a real part of —10, the system approaches critical stability.
The reactive power droop coefficient is in the range of 0.01 to 0.3 p.u. In Fig. 6¢, when the line impedance is
sufficiently small, all the poles are located in the left half-plane, and the system remains stable. The virtual
impedance should be less than 0.1 p.u. In Fig. 6d, as the communication delay increases, the poles move
toward the right half-plane, potentially leading to instability. A communication delay 7 < 50 ms ensures the
system remains stable.

Root trajectory changes with variation Root trajectory changes with variation
in active power droop coefficient in reactive power droop coefficient
50 15
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-40 - Al
50 " 15 L . . . . . N . |
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Figure 6: (Continued)
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Root trajectory changes with variation Root trajectory changes with variation
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Figure 6: Stability analysis with parameter variations. (a) the System Stability when active power droop changes; (b)
the System Stability when reactive power droop changes; (c) the System Stability when the line reactance changes; (d)
the System Stability when communication delay changes

5 Control Parameter Design and Simulation
5.1 Control Parameter Setting

The small-signal model of the system, derived through mathematical derivation, explores the significant
role that control parameters play in ensuring system stability. The specific parameters associated with the
control circuit are presented in Table 1 as follows.

Table 1: Control parameters of initial steady-state operation of the system

Parameter names and units Numerical value
Upa/V [311.3, 311.3]
Uoq/V [0, 0]
La/A [5.3,5.2]
Tog/A [-5.3,-5.3]
La/A [5.3,5.1]
Ig/A [-2.3, -4.9]

Upcea/V [310.8, 310.9]
Upeeg/V [0, 0]
Loadd/A [10.6]
lioadq/A (6]
wo/rad/s (314, 314]
0/° [0, —0.023]

5.2 Example and Simulation

Two simulation models for distributed power supply are developed using the Matlab/Simulink platform.
The comparison of system voltage, frequency, and output distribution is conducted under two control
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strategies: traditional adaptive virtual impedance control and adaptive virtual impedance control based
on dynamic synchronization stability. Simulations are conducted over a total duration of 3 s, with a load
disturbance applied at 1 s and removed at 2 s. The simulation step size is set to 5 x 107, Table 2 presents the
specific parameters of the main circuit in the simulation model.

Table 2: Simulation model parameters

Parameter names and units Numerical value
Direct current voltage/V 800
Rated frequency/Hz 50
Rated voltage amplitude/V 31
Rated active power/kW [2.5, 2.5]
Rated reactive power/kVAR [1.5, 1.5]
Filter capacitor/uF 20
Filtered inductor/mH 3
equivalent resistance of circuit/Q [0.03, 0.05]
equivalent inductance of circuit/mH [0.006, 0.008]
Initial active load/kW 14.55
Initial reactive load/kVAR 3.57

5.2.1Case 1

At T =1, a load disturbance of 2 kW + 0.5 kVAR is introduced. Subsequently, at T = 2 s, the
system load is reduced by 1 kW + 0.25 kVAR to observe the equal distribution of active power and reactive
power. Figs. 7 and 8 below illustrate the comparison between improved adaptive virtual impedance control
and the traditional method in terms of their ability to achieve this equal division.
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Figure 7: Comparison of power distribution. (a) active power distribution; (b) reactive power distribution
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Figure 8: Voltage and frequency amplitude fluctuation. (a) voltage magnitude fluctuation; (b) frequency magnitude
fluctuation

By observing Fig. 7, it can be seen that traditional adaptive virtual impedance control achieves reactive
power balance but with a longer response time. In contrast, the improved control strategy results in a more
accurate active power distribution.

As shown in Fig. 8a,b, the integration of improved adaptive virtual impedance enables uniform power
distribution without requiring secondary voltage compensation. However, this led to a voltage drop, causing
the bus voltage amplitude to deviate from the rated value of 311 V. Load mutation also triggers a drop in
voltage, which prevents the bus frequency from being held at the rated value of 50 Hz. A sudden load
disturbance induces a frequency deviation exceeding 0.2 Hz, which cannot be restored to the rated frequency.

In contrast, with secondary voltage compensation applied, the bus voltage amplitude can consistently
remain at its rated value of 311 V. Furthermore, once load mutation occurs and adjustments are made, the
bus voltage is restored to its rated voltage level while maintaining a stable frequency of 50 Hz. Observations
indicate that under load mutation, the resulting frequency deviation does not exceed 0.01 Hz. After applying
secondary frequency compensation, the bus retains a stable operating frequency at its nominal 50 Hz rating.

5.2.2 Case 2

The other parameters of the simulation remain unchanged. Considering the possibility of communica-
tion faults in the control system, communication interruptions are simulated during the experiment, where
there is no communication between agents. Specifically, we assume that the communication between systems
is interrupted at a simulation duration of 1.5 s, with signal transmission between distributed power supplies
set to zero. Communication is then restored at a simulation time of 2 s. The effects of this experiment are
observed and analyzed.

The paper focuses on addressing the communication problem by introducing a rating judgment module
in addition to the traditional consistency control. In the case of a communication fault, the agent will
disconnect from the faulty line and automatically adjust itself as the main leadership module, ensuring a
stable output. By observing Fig. 9, it can be seen that in conventional adaptive virtual impedance control,
power sharing of both active and reactive power becomes unstable under communication failures. In
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contrast, the control strategy proposed in this paper maintains stable power distribution even during
such failures. Experimental simulations depicted in Fig. 10a,b demonstrate that when relying solely on
traditional consistency control, significant fluctuations occur in both system frequency and voltage when the
communication line fails at 1.5 s. The voltage drops approximately 150 V below its rated value of 311 V, while
the system frequency decreases by about 7 Hz from the rated 50 Hz, resulting in severe instability. However,
with distributed hierarchical control implemented, it is observed that even during such faults, both output
voltage and frequency remain within acceptable limits, with minimal fluctuation—Iless than a 10 V voltage
drop and less than a 0.1 Hz frequency deviation—thus ensuring system stability.
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Figure 9: Comparison of power distribution during communication interruption. (a) active power distribution; (b)
reactive power distribution
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Figure 10: Voltage and frequency magnitude fluctuation during communication interruption. (a) voltage magnitude
fluctuation; (b) frequency magnitude fluctuation
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6 Conclusion

In this paper, we propose an adaptive virtual impedance control strategy based on multi-agent consensus
to address the voltage and frequency fluctuation caused by traditional droop control during islanded
operation of distribution networks due to impedance mismatch in the inverter outlet line. The following
conclusions are drawn:

(1)  Byutilizing adaptive virtual impedance control based on multi-agent consensus, our system can rapidly
adapt to line impedance variations and effectively mitigate interference fluctuations caused by load
imbalance and external disturbances.

(2)  Our proposed algorithm significantly reduces the voltage amplitude deviation of the system bus by
approximately 9.6% compared to traditional adaptive virtual impedance control. Additionally, it limits
the load mutation-induced frequency deviation to below 0.01 Hz, thereby eliminating deviations
caused by virtual impedance and droop characteristics of the system.

(3) Inscenarios where communication links fail, adopting traditional consistency control methods leads
to severe instability within the system. However, the consensus-based voltage and frequency control
proposed in this paper considers communication failure and significantly enhances system stability,
with voltage drops limited within 10 V and frequency fluctuations kept within 0.1 Hz, while also
improving response time.

In future work, we plan to implement the proposed control scheme on a hardware-in-the-loop (HIL)
testing platform and subsequently validate it through a laboratory-scale microgrid prototype to further assess
real-time performance and robustness under realistic operating conditions. Building upon this study, we
will further investigate methods for suppressing voltage and frequency fluctuations during active island
operations of multi-source distribution networks using different control strategies.
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