Electrical Power and Energy Systems 170 (2025) 110895

journal homepage: www.elsevier.com/locate/ijepes

Contents lists available at ScienceDirect

International Journal of Electrical Power and Energy Systems

ELECTRICAL

POWER
AND ENERGY
SYSTEM:

Consensus control for multi-heterogeneous energy storage system voltage

recovery

Tuohan Xiao ?, Don Gamage ?, Chathura Wanigasekara ", Akshya Swain **, Abhishek Ukil *

2 The University of Auckland, Department of Electrical, Computer, and Software Engineering, Auckland, 1023, New Zealand

b German Aerospace Center, Institute of Maritime Energy Systems, Geesthacht, 21502, Germany

ARTICLE INFO ABSTRACT

Keywords:

Heterogeneous energy storage systems
Secondary voltage recovery

Droop control

Consensus algorithm

Multi-agent systems

The present study proposes a multi-agent framework with a consensus-based secondary voltage recovery (SVR)
controller for distributed heterogeneous energy storage systems (HESSs) with different parameters in a DC
microgrid. This controller combines the SVR strategy with the virtual resistance/capacitor droop (VRD/VCD)
control technique. The SVR control employs a consensus-based approach to balance the state of charge (SoC),
power, and energy across multiple HESSs to regulate the DC bus voltage despite load variations and reduce

the fluctuation caused by short-circuit current and signal delay. Simulations show the effectiveness of SVR
control in recovery and synchronization.

1. Introduction

Due to the scarcity of fossil fuel and environmental concerns, renew-
able energy deployment is advancing rapidly, including photovoltaic
systems, which are widely adopted due to their efficiency [1,2]. Fur-
ther, in recent years, the integration of distributed generation (DG),
energy storage (ES), inverters, protection devices, and localized loads
in microgrids has gained significant attention [3]. Most existing mi-
crogrids are AC and, therefore, have inherent issues related to fre-
quency regulation, synchronization complexities, and reactive power
losses [4]. These challenges are particularly pronounced in the context
of distributed renewable energy systems, where DC generation and ES
systems dominate [5].

In traditional AC microgrids, DC power from renewable sources and
energy storage systems (e.g., batteries) must be converted via DC/AC
inverters, leading to energy losses (efficiency reductions of around
12%-18% without DC infrastructure [6]) and increased system com-
plexity. By contrast, DC microgrids (DC MGs) eliminate these conver-
sion steps, enabling direct integration of decentralized DC generators
and storage systems to enhance overall efficiency [7,8].

However, despite the advantages of DC MGs, critical challenges per-
sist in three key areas: voltage regulation, distributed coordination, and
control system reliability [9]. Due to its intermittent nature, large-scale
PV integration introduces severe voltage fluctuations that traditional
ES-based stabilization methods struggle to address promptly [10].
Meanwhile, decentralized consensus algorithms, although promising
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for coordinating multi-battery systems, suffer from long convergence
times and are sensitive to communication delays, resulting in incon-
sistent operation of energy storage units [11]. Additionally, secondary
voltage recovery (SVR)-based control techniques, designed to regulate
power and voltage, often encounter problems such as supercapaci-
tor current leakage and voltage instability caused by data transmis-
sion delays [12]. These issues highlight the urgent need for a more
comprehensive and robust control solution.

Over the past decades, researchers have explored various strate-
gies to tackle these problems. For example, studies like [11] have
investigated decentralized synchronization in uncertain networks, fo-
cusing on subsystem interactions, while [13] has shown that frequent
communication can enhance transient responses in subsystems. Addi-
tionally, [14] introduced extended droop control methods for better
power management of batteries and supercapacitors.

In parallel, consensus algorithms have gained attraction in en-
gineering, especially in modern smart grids with renewable energy
integration. Distributed consensus algorithms enable converter units to
optimize control strategies collaboratively by exchanging information,
thereby enhancing system flexibility [15,16]. Researchers have also
proposed consensus-based algorithms for coordinating battery energy
storage systems in a fully distributed manner [17] and for managing
power fluctuations from loads and renewable sources [18]. Neverthe-
less, most existing SVR-based control techniques still have significant
drawbacks. For instance, the SVR control proposed in [12] is unstable
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Fig. 1. Structure of an interconnected distributed DC MG.
due to supercapacitor current leakage, and the methods in [19,20]
suffer from voltage variations caused by data delay-induced system PV
imbalances. g kit 14
By taking these aspects into consideration, the present study aims to Py
bridge these gaps by treating the DC microgrid system as a multi-agent Battery Bidirectional | <«
framework with fully connected bidirectional synchronous communi- DC/DC P
cation. We propose a modified SVR-based primary virtual/impedance Virr i DC
droop control technique integrated with consensus control. This novel BUS Load
approach, as illustrated in Fig. 1, addresses traditional issues of slow Bidirectional | Fs¢
response, inefficient coordination, and communication sensitivity by SC DC/DC
integrating SVR-based virtual impedance droop control for real-time

voltage fluctuation compensation with consensus control via fully con-
nected synchronous communication to enable rapid power/SoC consen-
sus across multi-agents.

The following are the main contributions of this study.

i. An advanced SVR controller for the HESS hierarchy system is

proposed to effectively stabilize the bus voltage for systems with
PV integration, considering the system as a multi-agent system.

ii. The proposed controller ensures power and energy consensus
among all batteries in a DC microgrid with SC.

iii. This method converges all SoCs for every agent and validates the
correctness of the relationship between SoC and power.

iv. The control strategy ensures system stability across diverse sig-
nal conditions, including intentional delays and packet loss.

The remainder of this paper is structured as follows: Section 2
describes the architecture of the multi-agent system and the relevant
knowledge of the consensus algorithm is introduced in Section 3.
Details of each system function and relevant parameters are described
in Section 5 and system stability is analysed with respect to parameter
values in Section 5. Effectives of the proposed controller using numer-
ical simulations are investigated in Section 6 and concluding remarks
are given in Section 7.

2. System description

The block diagram of the power management system, considered in
this study, is shown in Fig. 2. The power generated by the PV renewable
energy source is combined with the battery to supply the load via a
bidirectional DC/DC converter, which ensures that the voltage on the
DC bus remains stable during battery charging/discharging operations.
Furthermore, any variations in the power output from the PV source
trigger a dynamic recovery process, and the corresponding system
response is explicitly reflected in the voltage profile of the DC bus. The
supercapacitors are connected to the load via a converter that assists

Fig. 2. Schematic diagram of power management.

with frequency regulation. The SoC is regulated to avoid boundary
violations. In this study, a decentralized power management model for
parallel energy storage systems is proposed for proportionate power
distribution.

2.1. Traditional droop control techniques for transient power sharing

Since, the goal is to design a modified SVR based on a traditional
droop controller, it is appropriate to discuss first some key features of
droop controller. Fig. 3 shows the schematic of a droop control system
with VRD and VCD controller of a typical HESS (say ith HESS) used
in PV system consisting of both a battery and a supercapacitor. The
battery is modelled as a DC source in series with a virtual resistance
Ry and the supercapacitor is represented by a battery in series with a
virtual capacitor C,,. From Fig. 3, the voltage current relation of battery
converters for ith HESS is given by:

UoBi = Uref - RVioBi (1)

where v, is the ith output voltage, i,p; is the ith output current of
the battery converter, v,,, is the bus voltage reference, and Ry, is the
virtual droop resistance.

The voltage current relation of supercapacitors for ith HESS is:

1 .
Uosci = Uref — 5Co losci (2)
14

where v,¢; is the ith output voltage, i, g¢; is its ith output current and
C), is the virtual droop capacitor.
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Fig. 3. Equivalent circuit for traditional droop controller.

From Fig. 3, i,; = i,p; + i,5¢c; Where,

i = Li )

oBi ZSC+ZB oi

. ZB .

Losci = ZSTIW' 3)
C B

Zg =Ry

Zsc= e,
14

Here, Zp, Zgc are the virtual impedance of the battery and SC,
respectively. Note that VCD and VRD controllers can accomplish power-
sharing of ESs with varying dynamics using the above relation. Further,
the load current can be split into high-frequency and low-frequency
components, which are assigned to the SC and battery, respectively,

and the crossover frequency is w = . This leverages their comple-

mentary traits for efficient power shaI;inI:g. Although, the droop control
strategy can achieve successful power allocation, its performance de-
grades with variations in bus voltage and it is often impossible to
rapidly recover the SC’s terminal voltage after charging or discharging.

2.2. Hierarchical control and SoC state analysis

To overcome the limitations of the traditional droop controller in
VRD and VCD control, a hierarchical control strategy is proposed.
The block diagrams of the proposed control method are shown in
Fig. 4, which shows the basic structure of HESS, and Fig. 5, which
comprises two loops: an external voltage loop and an inner current
loop. According to Fig. 5, the VRD controller stabilizes the battery
voltage (v,p), while the VCD controller is designed to quickly restore
the SC terminal voltage (vg.) after charging or discharging. The SVR
control minimizes the DC bus voltage deviation and compensates for
the SC current caused by load and demand. Consensus control prevents
the circuit loop current (i, ) from fluctuating due to PV power changes.

The output of SVR control of the battery can be expressed as:

GVB(I)=kpBeoB(I)+k[B/eoB(t)dt (C))]

where e, p(t) = v,,/(t) = v,p(?) is the mismatch between v, and ref-
erence voltage, k;z and kpp are the parameters of battery controller
Cp(®).

Since the primary control responds fast, its dynamics can be ignored
while analysing the secondary control. The output of the battery with
the inclusion of secondary control is given by:

)

v,p(t) = Uref(t) +0yp(t) — Ryi,p(t) = U:B(t)

The output of SC terminal voltage is time-varying and can be
expressed as:
] dt

where Cg- and Ry denote the capacitance and resistance of SC
respectively. The terminal voltage of SC terminal at time ¢, is denoted
by vgc(ty) and equals to vgcy, in this study.

The output of the SVR control of SC is:

(6)

1 [ vsc(®)
USC(I) =Ugc (10) — C—SC / [ILSC(I) + ;ZC
fo

Orsc(®) = kpscesc +kisc / escdt ()

where egc = 0,y — Ugc(1); vgc is the terminal voltage of the SC and
kpsc and k; g are the gains of the PI controller C,,.

As shown in Fig. 6, when the PV source is added to the system, it
impacts the charge state of the battery and causes current fluctuations.
To minimize the difference between the operating current and the
stable state current of the loop current i;p, using P = Vzlp to
determine the reference current ip,, ., , through a consensus controller.
Due to the rapid response of the internal current control loop, the
current flowing through the battery converter ideally matches this
reference value. Therefore, the transfer function can be considered as
1. The current of the battery converter is computed from the following:

irp =ipy —ipatres +kpy p (€, +0yp— Ry Dpirp)
+ kIV_B/ (eop +0yp — Ry Dpiyp) dt

where Dy, is the nominal duty ratio of the battery converter and kp) ,
and k;) p are the proportional and integral gains of the voltage control
loop.

The current through the battery i, is given by:

®

ip=ipy —ipp

iBatres — (kpy g [€op + 0y — Ry Dpiyp)
+ ki / (e, + 6y p — Ry Dpiyp) di] (C)]

The system is stabilized by charging or discharging of the battery
depending on the load demand. At stabilization, i will be equal to
zero. The dynamics of state of charge of battery at time ¢ is expressed
as:

t
SoC(1) = SoC(ty) — —— / ig(t)dr (10)
Cp 1y
where Cj is the capacitor of battery, and SoC(z,) represents the initial

SoC state.
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The parameters of the system, investigated in this study, are shown
in Table 1.

The gains of the controllers are taken from [4] and are shown in
Table 2.

To expand the system from a single agent to multiple agents, a
Power/Energy-based consensus controller is introduced under the as-
sumption of fully connected bidirectional synchronous communication.
This communication topology ensures that each agent can directly
exchange information with all others without delay, enabling real-time
synchronization of control signals. The controller sets the reference
current (i g, . ;) for each battery circuit loop, as shown in Fig. 7, which
is obtained from battery current i through consensus control. Finally,
the input of each MOSFET of the HESS converter di is generated.

From (10),

SoCi(1) =1 /Cyp 1

Table 1
System relevant parameters.
Parameters Description Values
Vier DC bus reference voltage 48 V
Vomt Nominal voltage of battery 45V
(charging)
Vioma Nominal voltage of battery 43V
(discharging)
Rjpaa Load impedance 25 Q
Riive Line impedance 0.02 Q
Ry Virtual resistance 0.1 @
Cy Virtual capacitor 0.02 Q
Cye capacitor of SC 25F
Cy capacitor of battery 9F
Ly/Lsc Filter inductance of 0.0008 H
converters
C,3/C,sc Filter capacitor of converters 0.006 F

Hence, the output discharge/charge power APp of the ith battery
can be calculated using the formula 4Py = Vp I5. The output battery
voltage Vg, fori = 1,...,n remains unchanged throughout a wide range
of SoC. Therefore, SoC;(¢) is formulated as:

. APg,
SUC,-(I) = —m,
o i

i=1,...,n

12)

Power is linked to the first-order derivative of SoC, ensuring stable
state after discharge/charge of battery current. This method further reg-
ulates d|,d,, ds, dg, dy, d, and final output voltage. SoC;(z) is expressed
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Fig. 7. Consensus algorithm control system block diagram.

Table 2

PID controller parameters.
Parameters Description Values
kpg Battery secondary controller 0.3
kg Battery secondary controller 0.5
kpsc SC secondary controller 0.3
kisc SC secondary controller 0.05
kpy g Battery voltage loop controller 2
kry g Battery voltage loop controller 50
kpy_sc SC voltage loop controller 50
kry sc SC voltage loop controller 50
kpc Current loop controller 0.008
kici Current loop controller 2.5

as:

Egp
SoC;(t) = SoCi(ty) — —, i=1,...,n (13)
CoBVB[

In this paper, we confine the region of 10% < SoC,;,; < 20%
and 90% < SoC,.; < 100%, to avoid excessive charging and dis-
charging, which can significantly accelerate battery aging [21,22].
For supercapacitors, it prevents the 15% capacitance fade and 50%
internal resistance growth caused by full-charge storage (SoC = 100%),
ensuring less than 20% capacitance decay over 10,000 cycles. This
SoC management balances energy efficiency with component longevity,
enhancing the long-term effectiveness of control strategies by sys-
tematically addressing age-related performance degradation [23,24].
Therefore,

S0C,ipi < S0Cpg i < SoC,

maxi*

14

3. Multiple agent consensus algorithm theory

In the present study, the control problem is addressed using a multi-
agent framework where each HESS is considered as an agent. Since this
framework uses graph theory, we briefly discuss this for easy reference.

Consider a system with n-number of HESS units, where each unit
communicates with others through a network. This communication
structure can be represented as a graph G = (4,I), where 4 =
(4, 4, ...
(i,j) defines the set of edges that connect these nodes. Here, j € N;

,4,] denotes the nodes (corresponding to agents), and I' =

indicates the neighbouring nodes of i. The adjacency matrix 4, = [a;;],
an n X n matrix, reflects whether any two nodes in the network are
connected [25]. The adjacency matrix A, = [a;;] of the graph G is
defined as:

1 if there is an edge from node v; to node v s
a. =
Y 0 otherwise.

Each diagonal a component d;; in the degree matrix D represents

(15)

the degree of a node v;:

" a,; ifi=j

ay={ Zm 1= ae)
0 if i #j.

The Laplacian matrix L is a positive semi-definite matrix with

non-negative real eigenvalues, defined as:

L=D-A a7)
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4. Problem formulation

Consider a networked system consisting of multiple nodes, where
the state of each node is described by:

x;(t) = Ax;(t) + Bu;(t)

y) = Cx;(1) 18)
Building on the state function defined in (18), this formulation

serves to characterize the dynamic interactions among networked

nodes, laying the foundation for subsequent control design. The ob-

jective is to design a consensus controller to balance the current of the
battery circuit loop by optimizing the following function at each agent.

J = / - (xi(t)TQx,-(t) + u,(t)TRui(t)) dt (19)
0

where QO > 0 is the state weighting matrix, R > 0 is the control
weighting matrix.

The total system cost function is the sum of cost functions of all
agents:

=YY=y /m (x,-(t)TQx[(t) +ui(t)TRui(t)) dt (20
i i J0

The optimal control strategy, for each agent, is obtained using
Hamilton-Jacobi-Bellman (HJB) equation assuming Lyapunov function
Vi(x;) = x,-PxiT. The HJB equation for each agent i is given by:

dV; av;
d—’ = min (x;.eri + u,.TRu,- + a_x’ . x,.>

t u; i

7 7 v
=min | x; Ox; +u; Ru; + E(Ax,-(t) + Bu,(1)) 21

u,‘ i

Taking the derivative with respect to u; and setting it to zero, gives
the optimal control law:

av;
9 u Ru;+ —LBu; ) =0
ou; \ ' 0x;
. ov;
uj =—R"'B" - (22)

i
Substituting the optimal control law u} into the HJB equation, we
obtain the following form:
dv;
d_t’ = xI.TQxi + xiTP,-Ax,- + x,.TATP,-x,-
- x PBR™'B” Px; (23)

The Riccati equation for each agent i is given by:
ATP.+PA-PBR'B"P+0=0 (24)

Solving this Riccati equation gives the matrix P,, which can then be
used to compute the optimal feedback gain K and is given by:

K=R'B"P (25)
The control input u,(?), for each node is selected as:

u (1) = cK Y ay;(x;() = x,(1) (26)
J

where c is a design parameter to ensure stability. Substituting the
control input into the state equation gives:

X,(t) = Ax,(t) + B <c1< > a0 - xi(t))> 27)
J

where g;; is the weight of the connection from node j to node i, x;(?) is
the state of the ith node. A is the system matrix. B is the input matrix.
The matrix C denotes the output matrix. K is the gain matrix obtained
by optimizing the quadratic cost function J;, and ¢ is the scalar gain
that is selected to ensure stability.

International Journal of Electrical Power and Energy Systems 170 (2025) 110895

5. Stability analysis

To choose the value of each matrix and gains, the Lyapunov function
V(x) = xPx” needs to meet the following requirement according to the
Lyapunov Stability principle:

V(x)<0 (28)

X1
Considering the entire system state vector x = xf the system can

XN

be represented as:

x() =Uny @ Ax() + Iy @ Bu(r) 29

where u(?) is the vector of all control inputs.

u(t) = —c(L @ K)x(1) (30)

where K is the gain matrix, L is Laplacian matrix.
Substituting u(r), the closed loop system becomes:

X =Uy ®A—c(Iy ® B)(L ® K))x(t)
=[Ixy ® A—c(L® BK)]x(r) 31D

In order to investigate the stability of the system, consider a Lya-
punov function:

V(x)=x" Iy ® P)x (32)

The time derivative of the Lyapunov function is computed as fol-
lows:

V0= LTIy ® P)
=" Iy @ P)x+x" (Iy ® P)x
= ((Iy ® A-c(L® BK)x) (Iy ® P)x
+x (Iy ® P) ((Iy ® A— (L ® BK))x) (33)
This can further be simplified as:
Ve =" ((Uy®A-c(L®BK) (Iy ® P)
+(Iy @ P)Uy ® A—c(L ® BK))) x
=x7 ((IN ®AT —c(L®BK) )Iy ® P)
+(Uy @ P)Uy ® A—c(L ® BK))) x
=x" (1N ® (PA+ AT P)
—¢(L ® (PBK + K BTP))) x (34
To ensure V(x) < 0, P, ¢ and K need to satisfy:
PA+A"P—c(PBK+ K" B"P)<0 (35)

The stability of the closed loop system of (31) is equivalent to the
stability of the matrix

(A-ciBK) (36)

where 4; is the minimum eigenvalue of the Laplacian. It has been shown
in [26] that for the closed loop system to be stable, ¢ must satisfy the
following criteria,

1

> -
€= 2min; Re(4;) (37)

where min; Re4, is the real part of the minimum eigenvalue. Since P > 0
and Q > 0, according to Lyapunov theory in [27], (36) is asymptotically
stable if ¢ > 1/2min; Re(4;),Vi € N [26].
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HESS3

Fig. 8. Bi-directional communication graph.

6. Simulation results

The effectiveness of the proposed control framework is investigated
considering a 3-node distributed HESS in a DC microgrid shown in Fig.
7. This system can be represented by the bi-directional graph shown in
Fig. 8 with n = 3 where the three agents can communicate with each
other, the Laplacian matrix L is:

2 -1 -1
L=|-1 2 -1 (38)
-1 -1 2

and its eigenvalues are (L) =0, 4,(L) =3, A3(L) = 3.
The dynamics of ith HESS can be expressed by a linear state space
model as [28]:

4 1
Eon] _[o ——][E®]. [o
[P,-m - [o 3800] [am]* H o
—— —_——

X, X, B
i A i i
_fo L][EO
n0= [0 VB] [P,-m] ©%
———

G
The variables E; and P, stand for the energy and power levels of
the ith battery. Additionally, battery ratings expressed in kilowatt-hours
(kWh) and kilowatts (kW) are converted to the appropriate units using
a coefficient of ﬁ. The input of ith agent can be expressed as:

[2E, - Ej, - E,,3]
_2Pb1 - P,,2 - P,,3
—Ey +2E,, - E,,S]
| —Pbl + 2Pb2 - Pb3
—E, — Ey, + 2E,,3]
i _Pbl - P,,2 + 2P,,3

The consensus algorithm parameters are derived by following the
procedure in Sections 3 and 4, integrating previously obtained system
parameters to ensure stability and convergence, and validated by con-
firming V < 0. In this study, the parameter c is selected as 1 and the
controller gain matrix K = [-28.2843  3.1648].

With the proposed consensus control, the power and energy of each
battery converged to the same value, as shown in Fig. 9. Note that the
lines in the upper half represent energy, and the lower half represent
power.

Next, the objective is to investigate if the system could accurately
follow the reference SoC generated using (13), both during charging
and discharging conditions. Fig. 10 shows that the system could track
the reference SoC with maximum of 5% error.

Uy =—c [Kl KZ]
Uy =—c [Kl Kz]

u=—clK K (40)

International Journal of Electrical Power and Energy Systems 170 (2025) 110895

Table 3
Validation of results.

Controller type Controller description

Advanced SVR controller SVR control with VRD/VCD control

based on consensus control
Traditional SVR controller SVR control based on consensus control

Wthout SVR controller VRD/VCD control based on consensus control

Controller type Voltage and Power performance

Advanced SVR controller Instantaneous voltage recovery
Stable output of DC bus voltage

Provide continuous high-level power

Traditional SVR controller Instantaneous voltage recovery
Unstable output of DC bus voltage

Only provide 49s high-level power

Wthout SVR controller Instantaneous voltage recovery
Unstable output of DC bus voltage

Only provide 45s high-level power

With the consensus controller, the battery current I, could success-
fully track the reference as shown in Fig. 12, and there is no need to
consider signal delay because of the dynamic inputs of the consensus
algorithm. Note that the ability of PV to supply enough power to
meet load demands depends on the nominal voltage of the battery.
The battery will begin to drain if the load demand exceeds the energy
supplied by the P. Otherwise, it will charge to absorb the excess energy.
Fig. 11 shows the SoCs when the battery is in the discharging and
charging states. The results illustrate that the SoC of each agent can
charge or discharge to the same final state from different initial states.

Initially, to validate the effectiveness of an advanced SVR controller,
one HESS is used. Note that due to power-sharing, only low frequency
goes through the battery, and no high-frequency interference in results.
The performance of different controllers is shown in Table 3. The
changes in voltages, currents and power are shown in Figs. 13-15.
From these figures, it is observed that during 10 s to 20 s, load de-
mands vary due to changes in Vp,, causing fluctuations in voltage and
current. Finally, we conclude that the advanced SVR control is most
effective because it can exhibit minimal voltage fluctuation, maintain
high current in the battery and PV loop, and ensure stable, high power
to meet bus load demands. This is because the SVR controller and
consensus controller adjust output current dynamically to stabilize the
voltage while traditional SVR control and without SVR control neglect
V,p errors, leading to frequent fluctuations in the recovery period.

Next, the simulations are carried out considering all three agents.
The results of advanced SVR are shown in Fig. 16, where it is observed
that all three agents can provide stable DC bus voltage and high-
level power to meet demand. The currents in the loads are shown
in Fig. 17. Due to stable voltage output, these currents exhibit little
fluctuations (caused by a drop in load resistance and a drop in Vpy)
before stabilizing.

Considering the impact of signal loss, Fig. 18 illustrates the entire
current recovery process. When the input signal to the MOSFET of
Agent 3 is lost between 15s and 20s, the recovery of the agents
exhibits distinct oscillations compared to Fig. 17. However, under the
coordination provided by the advanced SVR controller, the current
eventually recovers to the correct value. Meanwhile, the SoC of Agent
3 exhibits only a slight deviation and ultimately converges to the same
value as the other agents (see Fig. 19).

Signal delay scenarios reveal similar behavioural patterns. As shown
in Fig. 20, when all input signals to the MOSFETs of Agent 1 are delayed
by one sample time, the recovery process of Agent 1 lags behind that of
the other agents by 1 s. Despite this initial delay, the current of Agent
1 eventually returns to the expected value. The SOC dynamics under
these conditions are presented in Fig. 21. Notably, the SOC of Agent 1
exhibits an accelerated charging phase, actively compensating for the
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Fig. 10. Comparison of SoC value evaluated by energy and detected in the proposed model.

power imbalance induced by the signal delay to ensure system-wide
equilibrium.

A comparison of different communication states is presented in
Table 4.

7. Conclusion

For HESSs in DC MGs using a consensus algorithm, this work
suggests an advanced SVR control strategy based on virtual VRD control

and VCD control. From the above discussion, we can conclude that in
a stable system, the output voltage and battery terminal voltage can
recover to V,,, in a very short time, and that the fast recovery output
voltage benefits the current through the loads, which is only affected
by the load demand. This is achieved with the assistance of the SVR
controller, which is used to analogue the error of V3, and the auxiliary
consensus algorithm, which is used to calculate the error of i; 5. Thus,
compared with previous work, this method is good at recovery speed
and accuracy, and reduces the impact of short-circuit current and signal
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Table 4
System performance under different communication states.

Communication state Performance

Normal System can recover to the setting value normally

SoC of each agent always maintain consistency

Under signal loss The output recovery of the affected agent exhibits
oscillations
The SoC charging of affected agent accelerates

SoC of each agent can finally maintain consistency

Under signal delay The output recovery of the affected agent shows delays
The SoC charging of affected agent accelerates

SoC of each agent can finally maintain consistency

delay. The consensus algorithm for interconnecting HESS units opti-
mizes internal linkage efficiency via agent number and communication
topology, enabling real-time state sharing, collaborative power distri-
bution, and SoC equilibrium among batteries. Although the SoC can be
stabilized within an approximate range, achieving exact convergence
requires multiple adjustments. Additionally, line losses result in minor
discrepancies between output and reference voltage. Future research
will focus on validating the simulation model via small-scale hardware
experiments and using hardware-in-the-loop (HIL) simulations, aiming
to identify optimization potentials and formulate enhanced solutions
for hardware-related challenges. Given the adaptability demonstrated
by the proposed algorithm under signal delay and signal loss in simula-
tion experiments, these hardware experiments are expected to operate

10

(b) Power curves.

and power curves without SVR control.

robustly under fast-changing grid conditions while preserving real-time
responsiveness.
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