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Abstract— Aviation electrification has accelerated the adoption
of onboard DC microgrids (DCMGs) in more electric aircraft
(MEA). The dynamic integration and disconnection of renewable
energy sources (RESs) are crucial for resource optimization and
environmental adaptation but can induce voltage instability. This
paper proposes a plug-n-play (PnP) voltage control strategy for
MEAs operating under constant power loads (CPLs), ensuring
voltage stability while enabling seamless RES connection and
disconnection. A unified onboard DCMG model is formulated,
capturing both the nonlinear behavior of CPLs and the intercon-
nection couplings among RESs. Leveraging a structured storage
function technique, sufficient conditions are derived to guarantee
dissipative voltage stability at local and global levels. The pro-
posed fully decentralized control scheme operates independently
of both the number of RESs and their interconnection topology,
thereby significantly enhancing the scalability for smooth plug-
in/-out operations. Extensive simulations conducted across various
scenarios convincingly validate the effectiveness of the proposed
control strategy.

Index Terms— More electric aircraft (MEA), DC microgrids
(DCMGs), plug-n-play (PnP) voltage control, scalability, constant
power load (CPL).
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I. INTRODUCTION

With large commercial aircraft contributing over 75%
of aviation emissions and air travel growing at 4%—5%
annually, reducing the sector’s environmental impact has
become a critical priority [1]. To reduce aviation’s carbon
footprint, NASA introduced the N+3 aircraft concept,
targeting a 75% reduction in landing/takeoff NO, emis-
sions and a 70% decrease in mission fuel consumption
by 2035 [2]. Realizing these ambitious targets requires
a shift toward electrified propulsion and power systems,
positioning the more electric aircraft (MEA) paradigm as
a pivotal solution [3]. By replacing traditional hydraulic,
pneumatic, and mechanical systems with electrical alter-
natives, MEAs can significantly reduce fuel consumption,
emissions, and maintenance complexity [4]-[6]. Among
these advancements, onboard DC microgrids (DCMGs)
have emerged as a promising power distribution archi-
tecture for MEAs, offering lower conversion losses, im-
proved energy storage integration, and simplified control
[7]. Unlike AC microgrids, DCMGs avoid frequency and
reactive power regulation issues, facilitating the direct
integration of battery energy storage systems (BESSs) and
renewable energy sources (RESs), including fuel cells and
photovoltaic (PV) panels [8].

Modern aircraft, exemplified by the Boeing 787 and
Airbus A380, have adopted advanced electrification, set-
ting the stage for fully electric propulsion systems [9].
However, onboard DCMGs in MEAs may face significant
voltage instability due to the following two primary
factors.

1) Frequent plugging-in/-out of RESs and BESSs: In
a MEA, battery packs or fuel cells may be temporarily
plugged out to extend their lifespan during periods of low
power demand, while PV arrays installed on the aircraft’s
surface may be intermittently disabled due to shading
effects caused by flight maneuvers or cloud cover [10].
Additionally, emergency power reallocation may require
rerouting stored energy from supercapacitors to critical
flight control systems during rapid load fluctuations or
fault conditions [11]. Conversely, power sources must be
plugged in during peak power demand to maintain system
reliability, as seen in onboard fuel cells supplementing
battery-driven propulsion [12]. These plugging-in/-out
events alter the number of power sources and the coupling
between interconnection lines, leading to severe voltage
fluctuations [13]-[15].

2) Nonlinear constant power loads (CPLs): Many
critical onboard loads in MEA systems, including avionics
systems, flight control actuators, electric environmental
control systems, and electrically driven propulsion, can
be classified as CPLs [16], [17]. CPLs inherently exhibit
nonlinear and negative impedance behavior, originating
from their tendency to maintain constant power consump-
tion irrespective of voltage fluctuations. Specifically, as
the voltage decreases, the load current increases in a
nonlinear manner, introducing a destabilizing feedback
mechanism that significantly degrades voltage stability
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[18]. This adverse interaction imposes a non-intuitive
and demanding load condition on the power distribution
system, thereby complicating voltage control. Therefore,
CPLs substantially heighten the risk of voltage collapse,
particularly under high-power or transient operating con-
ditions. Given these challenges, the problem of voltage
stabilization under plugging-in/-out operations and CPLs
has become a critical focus in recent research.

Significant efforts have been devoted to developing
plug-n-play (PnP) voltage control strategies to address the
challenges from frequent plugging-in/-out operations in
DCMGs. For instance, Wang et al. [19] proposed a reli-
able PnP voltage control scheme for DCMGs, which em-
ploys a structured free-weight matrix to ensure seamless
attachment and detachment of various power sources (e.g.,
BESSs/RESs). Similarly, techniques such as structured
storage functions [20], [21] and structured slack matrices
[22], [23] were introduced to facilitate smooth insertion
and extraction of BESSs and RESs. Furthermore, a power-
buffer-based PnP voltage control strategy was developed
to enable flexible plugging-in/-out operations [24]. While
these PnP control methods enhance system scalability for
plug-in/-out operations, they are primarily designed for
general DCMGs and do not explicitly address onboard
MEA systems. Furthermore, CPL-induced nonlinearities
can compromise their scalable effectiveness in managing
dynamic addition and removal of BESSs and RESs.

A substantial body of researches on onboard DCMGs
for MEA systems have predominantly focused on voltage
regulation under CPLs. For example, a sliding mode
finite-time control strategy was developed to achieve fast
voltage regulation in MEA DCMGs with CPLs [25].
An improved power-sharing approach between BESSs
and RESs was proposed to minimize power losses in
DCMGs for MEA [26]. A robust voltage control method
was designed for MEA DCMGs, with its performance
evaluated under fault conditions [27]. Additionally, a cen-
tralized observer-based control scheme was introduced for
onboard DCMGs in MEA, demonstrating that regulating
voltage decreases the need for passive capacitance [28].
To enhance voltage stability in MEA DCMGs with CPLs,
a neural network-based MPC framework was utilized
in [29], while an adaptive backstepping control strategy
was designed in [30]. Although these methods effectively
address the challenges posed by nonlinear CPLs in on-
board DCMGs for MEA, they do not fully account for
the transient effects caused by dynamic disconnection and
reconnection of power sources, which are critical in MEA
applications.

Building on the insights discussed above, this study
aims to tackle the following critical challenges:

1) How to establish a unified onboard DCMG model
that accurately captures the complexities of real-
world MEA systems?

2) How to design a new control strategy that ensures
seamless plugging-in/-out operations of BESSs and
RESs under CPLs?

TABLE I
Comparative Analysis Between the Contributions of this Paper and the
Existing Results in the Literature

Reference AMEA! EPnPO? OuUCPL3 AEPnPO*
[8] X X X -
[2] v X X -
[19] X v X SFWM?®
[20] X v X SSFS
[21] X v X SSF
[23] X v X ssMm?
[24] X v X PB?

[25]-{30] 4 X v _
This paper v v v SSF

T Application in more electric aircraft.
2Ensuring plug-n-play operations.

3Operating under constant power loads.

4 Approach for enabling plug-n-play operations.
5Structured free-weight matrix.

6Structured storage function.

Structured slack matrix. 8Power buffer.

3) What theoretical stability and performance guaran-
tees can be provided for the proposed control scheme
under dynamic operating conditions?

To address these challenges, this study proposes a
new PnP voltage control of onboard DCMGs for MEA
under CPLs, enabling seamless integration and isolation
of BESSs and RESs. In comparison to the existing
studies, which predominantly focus on either plugging-
in/-out operations without specific adaptation in MEA or
CPL-induced instability of MEA, the proposed approach
comprehensively addresses both issues within the context
of MEA applications. A detailed comparative analysis
with existing methodologies is presented in Table I
The primary contributions of this paper are outlined as
follows:

1) A unified onboard DCMG model for MEA is de-
veloped to address the limitations of existing ap-
proaches by simultaneously capturing the nonlinear
behavior of CPLs and the dynamic coupling effects
of plugging-in/unplugging operations. The model
introduces a flexible modeling paradigm for multi-
bus, multi-source onboard DCMGs with multiple
CPLs in MEAs. It also establishes a rigorous theo-
retical foundation for stability analysis and controller
design.

2) A novel PnP voltage control strategy is proposed by
leveraging a structured storage function technique.
The method transforms interconnection couplings
into a Laplacian structure of the admittance matrix,
enabling a systematic stability analysis. Sufficient
conditions are derived to guarantee the dissipative
voltage stability of both local and global onboard
DCMGs for MEA.

3) The proposed PnP control scheme is inherently scal-
able, operating independently of both the number of
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Fig. 1.

power sources (BESSs and RESs) and the coupling
effects of interconnection lines, even under contin-
uous addition and removal of these power sources
with CPLs. Moreover, it ensures voltage stability
under dynamic changes in CPL power and reference
voltage while maintaining reliable operation during
fault events.

The organization of this paper is as follows. Section
IT details the onboard DCMG model for MEA. Section
IIT provides the dissipative stability analysis and intro-
duces the design of a PnP voltage controller. Section IV
describes the smooth plugging-in/-out operations. Section
V presents the simulation results. Section VI concludes
this work.

Notations: The set of all real-valued matrices of
dimension ¢ x r is denoted by R?*", and the zero matrix
of the same dimension is written as 09*". The identity
matrix of size [ is denoted by I; € R'*!, and the vector
1; € R! denotes a column vector with all entries equal to
one. A matrix ' € R?*9 is said to be negative definite
(or positive definite) if ' < 0 (or F' > 0), respectively.
The symbol * represents the symmetric part of a matrix
expression. The transpose of a matrix E is denoted by
ET. For a vector z € RY, the notation diag{z} € R?*¢
refers to a diagonal matrix whose diagonal entries are the
components of z, with all off-diagonal elements being
Zero.

A typical decentralized architecture (thick black line) and its electrical scheme (blue background) of MEAs with multi-bus DCMGs.

II. SYSTEM MODELING OF ONBOARD DCMG
FOR MEA

Graph Theory: The information flow within a system
is modeled as the undirected graph G = (V, €, A). Here,
V = {1,2,...,n} signifies the vertex set, £ C V x V
defines the collection of edges, and A = [a;;] € R™*"
stands for the adjacency matrix. For any vertex ¢ € V, the
condition a;; = 0 reflects the local flow of information.
Each directed edge (j,¢) in the graph is associated with
a weight a;;, where a;; > 0 if (j,i) € £, and a;; = 0
otherwise. The neighborhood of vertice ¢ is denoted by
N;. The in-degree matrix D is constructed as a diagonal
matrix, with each diagonal entry d; = > jen; Gij- The
Laplacian matrix can be represented by £ =D — A.

A. Subsystem Model of Onboard DCMGs for MEA

As illustrated in the upper central part of Fig. 1 (i.e.,
the aircraft outline with a thick black line), a typical
decentralized architecture of an MEA is depicted, com-
prising multi-bus onboard DCMGs linked via DC power
lines. A simplified circuit diagram and control architecture
of each MEA subsystem are represented by the blue back-
ground in Fig. 1. In this architecture, DC-DC converters
serve as the interface for power sources, regulating power
delivery to CPLs. Specifically, CPLs encompass the wing
ice protection system, avionics, environmental control
system (ECS), e-taxi system (ETS), lighting system (LS),
as well as hotel and galley loads (HGL).
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For analytical simplicity, the local CPL is positioned
at the point of common coupling (PCC), and the inter-
connection of loads can be mapped to this topology using
Kron reduction, even if the load bus is located elsewhere
[31]. The ideal DC voltage source representation for RESs
is justified by the fact that power variations in BESSs
and RESs typically evolve over timescales significantly
slower than those governing voltage dynamics in stability
analysis [25]. In addition, these RESs are commonly
interfaced via power electronic converters equipped with
inner control loops and local BESSs, which effectively
mitigate short-term power fluctuations and enable the
aggregated system behavior to be approximated as a
controllable voltage source [13]. Power lines are as-
sumed to comply with the quasi-stationary line (QSL)
approximation, which implies that the current between
subsystems is given by I;; = (U; — U;) /R;; and ensures
neutral interaction among power sources [32].

By utilizing Kirchhoff’s voltage and current laws on
the circuit scheme depicted in Fig. 1, where an integrator
is included to eliminate static voltage tracking errors, the
subsystem dynamics are formulated as

1 1 1 Pgl
U, =—1I;,+ U; = U;
Cri Z CfiRz )= Cy U’
: sz Usi (1)
I; = —*U —d;,
o T L Iy
'iji = Urefz - Uz;

where U; and U; (i € V,j € N;) represent the voltage
signals of subsystems ¢ and j, respectively. UL stands
for the reference voltage, and Us; defines the voltage
generated by the BESS/RES. The electrical elements of
the RLC filter are described by Ry;, Lg;, and Cf;, while
I; represents the current flowing through the filter. The
parameter R;; characterizes the resistance of the power
line connecting subsystems ¢ and j. Additionally, P,
corresponds to the CPL demand. The duty cycle, denoted
by d; € [0,1], regulates the system operation, and v; is
the integral of the error between Uly; and U;.

Remark 1: The inherent nonlinear and negative
impedance behavior of CPLs is explicitly captured in the
system model. In MEA microgrids, CPLs are modeled
to draw constant power regardless of voltage fluctua-
tions, typically expressed as P,; = U;I;; = constant,
where [, denotes the load current. Rearranging this
yields Ipy; = Py;/U;, which reveals a hyperbolic relation-
ship between current and voltage. As voltage decreases,
the corresponding current increases nonlinearly, imply-
ing a negative incremental impedance characteristic, i.e.,
0U;/0I;; < 0. This behavior manifests in the system
dynamics (1) through the nonlinear term Py;/U;, which
introduces a destabilizing feedback loop that amplifies
voltage deviations and compromises system stability.

For a given equilibrium [U;,Uj, I;, Vs, d;, Urer;), the
constant power demand Pp; must remain below a max-
imum allowable value, which can be determined by lin-
earizing (1) at the operating point. This maximum bound

ensures that the Jacobian matrix of (1) is Hurwitz, guar-
anteeing the existence of a stable equilibrium [13]. Since
the CPL term Py;/U; is inherently nonlinear, the stability
of (1) is not automatically ensured. To effectively apply
Lyapunov-based methods, the dynamics are reformulated
so that the equilibrium is shifted to the origin. This
can be achieved by introducing the following coordinate
transformation:

U,=U,—-U,U; =U; —U;, 1, = I, — I,

U =5 — Uv',ad =d; — du Uref1 = Uket; — Urefia

the local dynamics of MEA are derived as follows:

Ui=—+1;+ U; =U;) = = fi(Uy),
Chi j%\:h CriRi; 7 Chi
= 1 - Ryg- Uy
] = _ [, i, Usig
' Ly; Us Ly ' * Ly; &
0; = Useri — U,
()

e 10 =

Consequently, the subsystem dynamics are captured
by the following state-space framework:
&i(t) = Awi(t )+B'Ui( ) + Wiw(t )

M; - +Hf’ @it ZA” @ (t
JjEN;

—x;(t ))

Yi(t) = D;z;(1),

o 3)
where x; = [U;,1;,v;] represents the state vector
of subsystem M, and x; denotes the state vector of
subsystem M;. The control signal is denoted by u; = d;.
w; = Uy indicates the external disturbance. f;(z;)
denotes the nonlinearity of the CPL. Additionally, the
term >, . Aij(z;(t) — xi(t)) represents the coupling
of power line between M; and M, where A;; denotes
the coupling matrix. The matrices of the local DCMG for
MEA are given as

r 1
01 C,% 0 moor 0 0
Aii=| —1; Lﬁj 01,4 = 0 0 0|,
| -1 0 0 00
[0 0 — &
By= | 7|, W 0|,H= 0 |,Di=1Is
L0 1 0

B. Decentralized Control Architecture

Before designing the controller, the controllability
condition for the subsystem is established.

Proposition 1: The state-space pair (A;;, B;) exhibits
complete controllability.

Proof: Constructing the controllability matrix yields

M;=| B; AyB; A%B; |

0 Usi _ RuUs
L¢; Cr; L2 Cy;
— & _ Rfi Usi sz U:l sz Usi sz
Lo LZ L3Ch
0 0 — 2
L Cr;
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TABLE II

Comparison of Control Architectures for Onboard DCMGs in MEA

Feature Centralized Control Distributed Control Decentralized Control
Network Global communication via central ~ Neighbor-to-neighbor communi- Independent of communication
Communication controller cation networks
Scalability Poor; PnP requires central con-  Limited; PnP requires distributed  Fully scalable; PnP without con-
troller update and full network re-  controller update and network re-  troller update or network reconfig-
configuration configuration uration
Resilience Single point of failure Improved fault tolerance; still Robust to cyber threats, packet
communication-dependent losses, and network delays; simple
local implementation
Privacy Full disclosure of all subsystem Partial privacy; neighbor states  Full privacy; no model or state
states and parameters shared disclosure
Redundancy Possible but requires centralized Possible with communication Built-in capability for redundant
coordination overhead supply paths with minimal coor-
dination
Complexity High; global monitoring and con-  Moderate; needs communication Low; based solely on local mea-
trol logic required protocols and synchronization surements
Application Small-scale or fully supervised Medium-scale microgrids with  Suitable for safety-critical,

systems

coordinated controllers

privacy-sensitive, or bandwidth-

constrained MEA applications

Given that all electrical components in onboard MEA
DCMGs are positive-valued, the controllability matrix
M; is full rank, i.e., rank(M;) = 3, thereby satisfying
the controllability condition.

Based on the controllability analysis given in Propo-
sition 1, we formulate the local control law for M; (3) as

(Ci LUy (t) = KiLL'Z‘ (t), (4)

where K; € R'*3 denotes the controller gain matrix,
whose design method is detailed in Section III.

Remark 2: Control architectures in onboard DCMGs
for MEA can be generally categorized as centralized,
distributed, or decentralized [6]. A detailed side-by-side
comparison of these architectures is summarized in Ta-
ble II. Specifically, centralized control can achieve op-
timal power management but suffers from poor scala-
bility, high implementation complexity, single points of
failure, and privacy issues. Distributed control mitigates
some risks via local coordination; however, it remains
susceptible to network-induced delays, packet losses, and
security vulnerabilities, as well as still requires access to
neighboring states, which limits scalability and adds mod-
erate communication overhead. In contrast, the proposed
fully decentralized control operates independently of com-
munication networks, enabling scalable PnP operations
without the need for controller update or network recon-
figuration. It also reduces implementation complexity by
relying solely on local measurements, enhances resilience
against network-induced problems, preserves privacy by
avoiding model disclosure, and offers built-in redundancy
with minimal coordination [33]. Therefore, decentralized
control is particularly suitable for safety-critical, privacy-
sensitive, or bandwidth-constrained MEA applications.

C. Global Model of Onboard DCMGs for MEA

The global model of MEA DCMGs, composed of n
subsystems, can be described as follows:

' { z(t) = Az(t) + Bu(t) + Ww(t) + H f(x(1)),

y(t) = Da(t),
)
where
a(t) = [2T(8),ad (1), ..., aZ(0)]",
y(t) = [yF (0,95 @), ., uZ (0]
w(t) = [uf (t),ud (t),..., ()],
w(t) = [wl (), wd (1), ..., wl®)]",
F@(t) = [T @), 1 (@200)), -, [ @a()]
and
A+ A Aqo Aqp
4 Agy Ao + Ago Aoy,
A Ao A + Aun
B = diag{Bl,B2,...,Bn},H = diag{Hl,Hg,... ,Hn},
W = dlag {Wl, WQ, ey Wn} s D= dlag {Dl, DQ, ..

The matrix A can be decomposed into three components
as
A:Av+Ad+Aa7 (6)

where A, = diag{A11, A2, ..., Ap,} captures the dy-
namics of each subsystem of MEA. Both matrices A,
and A, denote the interconnections of power lines
among BESSs/RESs. Specifically, the matrix A; =
diag {Ag1, Ago, ..., Aan} captures the local state depen-
dencies on adjacent subsystems and is structured in block
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form as

1 1x2
pm | o O )
di = 02Z><1 02x2

The matrix A, embodies the inter-subsystem interactions
and exhibits a sparse structure, with zero diagonal blocks
and non-zero off-diagonal elements A;; (j # ).

To establish the theoretical foundation for the subse-
quent analysis, the following lemmas and definition are
introduced.

Lemma 1 [34]: For any real matrices X; and Xo,
there exists a positive scalar ¢ satisfying the following
inequality:

X Xo+ X3 X1 < ¢X{ X1+ 671 X5 Xo.

Lemma 2 [35]: For a nonlinear dynamical plant char-
acterized by a Lipschitz continuous vector field f(z(t)),
one can find a scalar ¢ > 0 and a constant matrix G
satisfying

FH®)f(z(t) < g2 ()G Ga(t). ®)

Lemma 3 [36]: The Laplacian matrix of an undirected
graph is symmetric and positive semidefinite.

Proof: Based on the definitions in Graph Theory, the
Laplacian matrix is defined as £L = D — A, where D
is the diagonal degree matrix and A is the adjacency
matrix of the undirected graph G. Since both D and A
are symmetric, it follows that £ is symmetric as well.

To establish the positive semidefiniteness of £, con-
sider the standard quadratic form:

0TLs = Y ai(d;—3;)* >0, W €R",
(i.j)€€

where a;; denotes the edge weight. Since the expression
is a sum of non-negative terms, it follows that L is
positive semidefinite. Alternatively, the Laplacian can be
factorized as £ = JJT, where J denotes the vertex-
edge incidence matrix of the graph G. This factorization
implies:

6TLs =67 1J%s = ||J7s||° > o,

further confirming that £ is positive semidefinite. Thus,
L is both symmetric and positive semidefinite, which
concludes the proof.

Definition 1 [37]: A dynamical system M, is said
to be dissipative with respect to the energy supply rate
Z(yi(t),w;(t)) if there exists a non-negative storage
function V;(z;(¢)) such that, for all ¢ > ¢y >0
t

L (yi (1), wi(T))dr.

to
If the supply rate takes the following quadratic form:
S (yi(1),wi(1)) = i (T)Qiyi(7) + 2y (1) Siwi(r)
+ w! (1) Riwi(7),
the system is termed QSR-dissipative, where “QSR” de-

notes the triple of real matrices (Q;, S;, R;). Specifically,
Q; = QT € R3*3 weights the output y;, R; = R € R

Vilwi(t)) = Vi(wi(to)) <

weights the scalar disturbance w;, and S; € R3*! captures
the cross-effect between the output and disturbance. Ma-
trices (Q;, S;, R;) collectively determine the dissipation
characteristics of the system.

Remark 3: QSR-dissipativity provides a unifying
framework to capture a broad range of dynamical prop-
erties by appropriate selections of the weighting matrices
Qi, Si, and R;. In particular, the local MEA system M
(3) satisfying Definition 1 exhibits the following classical
behaviors:

1) Passive: If Q; =0, S; = £13, and R; = 0.

2) Strictly passive: If Q; = &13, S; = 313, and R; =
—u1, where both &; and p; are positive scalars.

3) Lo stable: If QQ; = —éﬂg, S; =0, and R; = &,
where & > 0 corresponds to the L£5-gain bound of
the system.

4) Conic: If Qz = —Hg, S,' = 5113, and Rl = ,u% — 52,
where j19 is a positive scalar and d; is an arbitrary
scalar. Notably, when §; = 0, the conic condition
degenerates into the standard H, performance case.

5) Sector-bounded: 1If Q; = —I3, S; = %13, and
R; = —0203, where both é5 and 63 are arbitrary
scalars, which define the sector bounds.

[ll. DISSIPATIVE STABILITY ANALYSIS AND PNP
VOLTAGE CONTROLLER DESIGN

This section establishes dissipative voltage stability
conditions for the MEA subsystem M; (3), initially ne-
glecting the line coupling term } .\~ Ayj(;(t) —x:i(t)).
Next, the coupling effects in the global MEA M,, (5) are
removed. Finally, a method for designing the PnP voltage
controller is presented.

Theorem 1: Given a positive scalar ¢; and a matrix G,
the local MEA subsystem M, excluding line couplings, is
QSR-dissipative if there exist matrices K, S;, symmetric
matrices );, R;, and a positive definite matrix P; such
that the following local condition is satisfied:

m' PW,-S; PH GF
* —RZ' 0 0
* * * 7(;5;2

where H%l = PA; + A“R + P,B;K; + I(ZTBle)z — Q.
Proof: Consider the following candidate storage func-
tion:

Vilt) = =7 () Py (). (10)

By computing the time derivative of V;(t), we obtain

Vii(t) =2t (t) (PiAy; + AP,
+ P,B;K; + K| B} P;)x;(t)

QY
Consider the nonlinear term 2x7 (t)P,H,f;(z;(t)). By
applying Lemma 1, which states that for arbitrary real
matrices X; = fi(x;(t)) and Xo = a7 (t)P;H;, there
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exists a positive scalar ¢; > 0 such that
2] (t)PiH, fi(zi(t)) < ¢ifi (i(t)) fi(i(t))
+¢; al ()P HHY Pix(t).
Next, applying Lemma 2, which asserts that if the nonlin-

ear function f;(z;(t)) is Lipschitz continuous, then there
exists a constant matrix G; and a scalar ¢; such that

Fl (s (@®) filws(8) < goa] (DG Gii(t).  (13)
Substituting the above inequality into Eq. (12) yields
2] (t) P H, fi(wi(t))
< Oifi (@i(®)) filwi(t)) + &7 "o ()P H H] Py (t)

< ¢iai ()G Giwi(t) + 67 o] ()P HH] Piy(t).
(14)
For any bounded non-zero disturbance w;(t), define the

performance index as
7= [ ] | [56]
15)

Then, under the zero initial condition ;o = 0, combining
(11)—(15) yields the following expression:

7t =ilan) = 5 = [ {tae) - o 0Qute)

— 2T (#)Sywi(t) — wT (t)Riwi(t)}dt

(12)

g Qi Si

- [ {Famamya,
0
(16)
where
v _ [ T+ 07 PHHT P, + $1GTG, W, S,
i = % —Rl
a

and ¢;(t) = [«7 (1), w] ()]

By applying Schur complement to ¥; (17), it can be
obtained that ¥; is equivalent to II;. Therefore, II; < 0
implies J;* < 0, which guarantees the QSR-dissipativity
of DCMGs for MEA as defined in Definition 1.

Remark 4: Note that Theorem 1 establishes a sufficient
condition to ensure the QSR-dissipative voltage stability
of the local MEA DCMG model under the assumption
of no line couplings. However, in a practical MEA, the
frequent addition and disconnection of BESSs and RESs
continuously alter both the number of power sources and
their interconnection couplings. For instance, the addition
of a PV array increases the number of power sources
and changes line couplings, while disconnecting a battery
pack, either for maintenance or to extend its lifespan,
reduces the number of power sources and reshapes the
system couplings. These plugging-in/unplugging opera-
tions induce significant voltage fluctuations, making it
essential to consider line couplings to ensure overall sys-
tem stability. Therefore, condition (9) alone is insufficient,
necessitating a PnP control method independent of other
power sources and power lines.

The following theorem addresses the issue highlighted
in Remark 4 and provides a formal solution.

Theorem 2: Given positive scalars p, ¢; and a matrix
G, the global MEA M,, interconnected via power lines is
QSR-dissipative if there exist matrices K, S, Q, R and a
positive definite matrix P with the block entry P; defined
as

P; >0,

AT 1x2 B
pCf’ ,,,,,, O,: ,,,,,,, :| 7 (18)

provided that the following global condition is satisfied:

oIt pw—-S PH GT
* -R 0 0
= * * —® 0 <0,
* * * -2
(19)

where @ = diag {¢1, ¢o, . ..
matrix and

nm''=PA+ATP+ PBK + K'BT"P - Q,

,n} is a constant diagonal

G:diag{Gl,Gg,...,Gn},K:diag{Kl,KQ,...,Kn},
S = diag {S1,52,...,5.},Q =diag{Q1,Q2,...,Qn},
R:diag{Rl,Rg,...,Rn},P:diag{Pl,Pg,...,Pn}.

Proof: From A = A, + A; + A, in (6), it follows
that

I =11, + 1L, (20)

where IT, represents the internal energy dissipativity of
all MEA subsystems without line couplings, while II.
denotes the negative coupling effects of power lines,
expressed as

qu)l PW —-S PH GT
* -R 0 0
I, = * * —-P 0 @D
* * * —P2
and Il 9Inx3
. O n n
HC - 03n><9n 03n><3n ) (22)
where

II,' = A;P+PA, + K"'B"P + PBK - Q,
Im'=AlP+PA,+ AP+ PA,.

By aggregating all the local conditions (9) in Theorem 1,
it can be easily obtained that

II, < 0. (23)

Clearly, the coupling matrix II. contains only one
nonzero element located at position (1, 1), which enables
the analysis to concentrate exclusively on IT!!. Partic-
ularly, each block of the matrix ATP + PA, can be
expressed as AdTiPi + P;Ay fori=1,2,...,n. Moreover,
each block in position (i,j) of ATP + PA, can be
denoted as AﬁPj + PA; ifi € V,j € N;, and 0
otherwise.

Then, by considering the structural properties of ma-
trices Ay (7) and P; (18), it follows that

_ 2p 1x2
T Z Rij 0 3%x3
AL P+ PAg = jeé\fil ! _— e R°*°. (24)
0-* 04%
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It is evident that the matrix in (24) contains a single
nonzero element located at position (1,1), with the re-
maining entries in the last two rows and columns being
zero. After eliminating the zero entries, define .&; =
- JeN, 2p/R;; and collect these modified blocks, which
yields

D:diag{fn,...,.,%i,...,.i”m}. (25)
Combining matrix A;; (3) and P; (18), one obtains
T ;l 0'*? 3x3
X
Ajin + PlA” = |:021>£102><2:| cR . (26)

It is clear that only the element in position (1,1) of (26) is
nonzero. Defining .Zj; represents the item after deleting
the last two rows and columns of (26), we obtain .Z;; =
2p/R;; if i € V,j € N, and O otherwise. Defining matrix
A collects the above modified blocks, one has

0 Z Zin
L 0 Zon
A= ) . ) (27)
gnl $n2 et O

Defining £ = D + A, we conclude that the definiteness
(positive or negative) of TI}! can be examined via £, with
the following structure:

.,2”11 312 gln
.,2”21 322 an

L= : : ) (28)
gnl g’nQ og/ﬂnn

By observing the structure of D in (25), one knows that
—D is identical to the definition of the in-degree matrix
in Graph Theory. Similarly, the structure of A in (27)
aligns with the adjacency matrix definition. Therefore, — £
represents a Laplacian matrix, which implies its symmetry
and positive semidefiniteness. That is to say

L£<0, (29)

which is equivalent to
I, <0. (30)

Therefore, the LMI condition (19) can be derived by
combining (23) and (30) under the SSF matrix P; (18).
This completes the proof.

Remark 5: Theorem 2 presents a sufficient condition
to ensure QSR-dissipative voltage stability of the global
MEA DCMG model M,,, where n power sources are
interconnected via power lines, with explicit consider-
ation of line couplings. The detrimental effects arising
from power line interactions, arising from the frequent
integration and disconnection of BESSs and RESs, are
effectively mitigated by representing these interactions
through the Laplacian matrix, obtained via the structured
storage function technique (18). Therefore, the stability
of M,, is ensured if condition (19) or (23) holds, as
it represents a straightforward aggregation of the local
stability condition (9) for each subsystem.

However, due to the inherent complexity of conditions
(9) and (19), directly parameterizing the controller gain
K; via Theorem 1 or Theorem 2 is not feasible. This
limitation motivates the development of the following
result.

Theorem 3: Given positive scalars p, ¢;, and a matrix
G;, the global MEA M,,, interconnected with n power
sources via power lines, is QSR-dissipative if there exist
positive scalars (;, -y;, matrices Z;, S;, symmetric matrices
Qi, E, and a positive definite matrix Y; satisfying

Aé 1x2 5
Y = [0172;1 ———————— T ] >0, ¥;>0, (D)

such that the following conditions hold:

ol w,-S, H;, Y.GF
Q; = y N _o; 0 <0, (32

* * * —¢i_2

—Gls z!
{ " 1< 0, (33)
[ Yi 1 } > 0, (34)
* Y

where Q! = A;Y; + ;AT 4+ B; Z, + ZT BT — Q..
As a result, the controller gain K is explicitly defined
as

Ki= 7Y, (395)
and it is subject to the following norm constraint:
1Ky < v/ Givi (36)

Proof: To begin with, we denote Y; = Pfl,Zi =
K;Y;,Q; = Y:Q;Yi. Since Y;P, = I3, (31) can be
obtained directly. Subsequently, applying a congruence
transformation to II; (9) with the block-diagonal matrix
V; = diag{Y;, I3}, we obtain the inequality ©; < 0.
Finally, to prevent |K;|, from being so large that it
adversely affects the performance of the onboard DCMGs
for MEA, the following constraints are taken into account:

1Zilly < /s (37)

and

1Y, < (38)

By applying the Schur complement to the above con-
straints (37) and (38), conditions (33) and (34) are de-
rived. This completes the proof.

Remark 6: The LMIs (31)-(34) in Theorem 3 rely
only on local parameters, independent of both power lines
and other subsystems. The constrained parameters (; in
(33) and ~; in (34) restrict the 2-norm of the controller
gain to prevent excessive aggressiveness. Furthermore, the
local controller is computed via the YALMIP interface
in MATLAB, utilizing semidefinite programming solvers
such as MOSEK and SDPT3.

Remark 7: The plugging in or out of a power source
only causes the augmentation or reduction of a set of
LMI conditions (31)—(34) and do not require updating
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any existing controllers. This feature indicates that the
proposed PnP voltage control method is scalable and
ensures voltage stability. This approach adheres to privacy
constraints, which is especially beneficial in energy mar-
kets where BESSs and RESs have distinct ownership [20],
as depicted in Remark 2 and Table II.

The following Algorithm outlines the detailed proce-
dure for designing the proposed PnP voltage controller in
onboard DCMGs for MEA.

Algorithm 1 Design Procedure for the Proposed PnP
Voltage Controller

Input: The onboard DCMG subsystem for MEA M.
Output: The controller gain K.

1: Provide the electrical parameters of the local sub-
system M, thereby determining system matrices
Ay, Bi, H;, and ;. Additionally, specify the positive
scalar p, ¢;, and matrix G;.

2: Define the decision variables in the LMI conditions
from Theorem 3, including (;,~;, Z;, @;, S;, R;, and
Y;. Subsequently, solve the LMI conditions to obtain
the matrices Y; and Z;.

3: If the previous step yields a feasible solution, compute
the controller gain K; using K; = Z;Y; '

IV. SCALABLE PNP OPERATIONS

This section elaborates on the scalable plugging-in and
unplugging operations under the proposed PnP control
scheme.

Seamless plugging-in operation: Consider an in-
terconnected dissipative onboard DCMG for MEA
M,, equipped with PnP voltage controllers K =
diag {K1, K>, ..., K, }, where the gain K is designed us-
ing Algorithm 1. When a new system M, is integrated
into the current system M,,, the resulting system, denoted
as M,,11 = M,,|M,, 1, retains dissipativity provided that
the local controller K, is derived through Algorithm 1.
This ensures seamless integration without disrupting the
dissipative properties of the network.

Smooth plugging-out operation: The disconnection of
a subsystem is straightforward, as it does not require any
modifications to the controllers. For an interconnected
dissipative system M,, governed by PnP voltage con-
trollers K, the direct removal of an existing subsystem
results in the reduced system M,,_; = M, |M,,_;. The
dissipativity of M,,_ is preserved, as each local controller
K;, 1 €{1,2,...,n— 1} relies solely on its correspond-
ing subsystem model, thereby ensuring stability without
requiring additional modifications.

V. SIMULATION RESULTS

This section validates the efficacy of the proposed
method through realistic computer simulations performed
utilizing the Simulink’s Specialized Power Systems tool-
box. The topology of the simulated onboard DCMG

Fig. 2.

Topology structure of the simulated MEA DCmGs.

for MEA, comprising six subsystems, is illustrated in
Fig. 2. For each subsystem, the source voltages are set
to Us; = 400 V. The power converters utilize non-ideal
IGBT switches with a switching frequency of 15 kHz. The
RLC filters and CPLs parameters are listed in columns 2
to 5 of Table III. As indicated in column 6 of Table III,
the voltage reference values U..s; are slightly adjusted to
induce power line currents I;;, as shown in Fig. 1, in the
steady-state regime. The parameters p = 10, ¢; = 0.5,
and the matrix G; = [0.02,0.02,0.02] are utilized. Based
on these parameters, the controller gains K;, as derived
in Theorem 3, are computed and presented in the last
column of Table III.

A. Scenario 1: Scalable Voltage Stability Under
Plugging-in/-out Operations

This scenario evaluates the scalable performance of
the proposed PnP voltage control strategy during addition
and removal operations of subsystems.

Initially, all power sources in the onboard DCMG for
MEA are initialized but remain disconnected, with no
energy exchange occurring among them. The proposed
scalable voltage controllers u; are activated to supply their
respective CPLs and regulate the PCC voltages to their
reference values Ug;. At t = 0.5 s, power sources 1-5
are connected to establish a MEA system M5, whereas
power source 6 remains disconnected at this time. At
t = 1 s, subsystem Mg is integrated, and at ¢ = 1.5 s,
M is disconnected from the system Mjy.

As depicted in Fig. 3(a), during the interval from O to
0.5 s, subsystems 1-6 operate independently as isolated
islands, supplying their respective CPLs. The voltage
responses exhibit minor fluctuations from their desired
reference values U during initialization, integration,
and disconnection processes, and quickly recover to their
desired values. Fig. 3(b) illustrates the control input wu;,
represented by the duty cycles of the power converters.
These results indicate that the proposed control approach
successfully regulates the PCC voltages with minimal er-
ror and short transient periods, highlighting its scalability
for PnP operations.
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TABLE III

Simulated parameters and controller gains for subsystem M, ¢ = {1,...,6}
M; Rg(2) LimH) C¢(mF) Py(W) Ue(V) Partial failure Bias failure Local controller gain Kj;

1 0.2 1.8 2.2 100 250 5% 20 [-0.413 —0.211 65.149]
203 2.0 1.9 120 240 10% 22 [-0.398 —0.187 63.152]
3 0.1 2.2 1.7 105 230 15% 24 [72.310 —0.593 81.773]
4 05 3.0 25 95 220 14% 26 [-0.513 —0.295 99.169]
5 04 1.2 2.0 110 210 15% 28 [-0.166 —0.292 81.017]
6 06 25 3.0 105 200 20% 30 [-2.701 —0.188 87.247]

300

250

200

1 150 |/
I — 100
_.,.'\,_;_ 1 50
0.52 0.99 ] 1.02 1/‘19 15 1.52
05 1 15 2 0

Time (s)
(a) Voltage response U;

0.7 T T

0.6 , b
rd

0.5/

0.4

0.3 7

0.2 — Y U, — Uy Uy Us _“s| 1

Time (s)
(b) Control input u;

Fig. 3. Scalability of the proposed control scheme to PnP operations,
illustrating the initialization of M; 1-5 at ¢ = 0.5 s, the integration of
Mg at t = 1.0 s, and the disconnection of M5 at t = 1.5 s.

Notably, at ¢t = 0.5 s, the voltage response of Mg re-
mains unchanged as it has not yet been integrated into the
system, yet it maintains autonomous islanding capability.
Similarly, a non-zero constant voltage is maintained when
M5 is disconnected at ¢ = 1.5 s.

B. Scenario 2: Robust Voltage Stability Under
Varying Power Demands of CPLs

This case examines the controller’s robustness to
dynamic variations in CPL power demands. In practical
MEA scenarios, CPL power demands fluctuate signifi-
cantly due to operational and environmental factors. For
instance, flight control systems and avionics experience
increased power demands during takeoff and landing,
while reduced demands occur during cruising. Environ-
mental factors, such as temperature variations, also in-
fluence the power consumption of thermal management

Time (s)
(a) Voltage response U;

0.7 T

.

R :

b

" j

I..l4 —U5 —U6 4

0.1 1

0 ‘ ‘ .
0 0.5 1 15 2
Time (s)
(b) Control input u;

Fig. 4. Robustness of the proposed control scheme to varying CPLs,

illustrating the initialization of M; 1-6 at ¢ = 0.5 s, the increase in
power demands at ¢ = 1.0 s, and the decrease at ¢t = 1.5 s.

systems. These variations necessitate a robust control
strategy to maintain voltage stability under dynamic load
conditions.

At t = 0 s, all subsystems are initially disconnected
and subsequently interconnected to form the MEA system
Mg at t = 0.5 s. At ¢ = 1 s, the CPL power demands
increase as follows: P3 rises to 135, Py5 to 158, and P
to 155, from the initial values listed in Table II. Att = 1.5
s, the power demands decrease as follows: P;; drops to
80, Py to 95, and P4 to 65. The proposed controller
governs the entire process from start to finish.

As shown in Fig. 4(a), the voltage responses do not
significantly deviate from their reference values, and the
deviations disappear quickly after each change in power
demand. The control inputs are depicted in Fig. 4(b).
These results confirm that the proposed control approach
robustly maintains voltage stability under varying CPL
power demands.
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Fig. 5. Robustness of the proposed control scheme to varying
voltage references, illustrating the initialization of M; 1-6 at t = 0.5
s, the increase in voltage references at ¢ = 1.0 s, and the decrease at

t=1.5s.

C. Scenario 3: Robust Voltage Stability Under
Fluctuating Voltage References

This case investigates the control strategy’s ability
to maintain stability under fluctuating voltage references
Ursi- In the MEA, voltage references may vary due
to Energy Management System (EMS) adjustments or
external factors. For example, EMS may raise voltage
references during high-power phases (e.g., takeoff or
emergencies) to ensure critical system performance, and
lower them during low-power phases (e.g., cruising) to
improve efficiency. External factors, such as temperature
variations, may also necessitate reference adjustments to
maintain optimal operation.

At t = 0 s, all subsystems are initially disconnected
and then interconnected to build Mg att = 0.5s. Att =1
s, the voltage reference values are adjusted as follows:
Uners Increases to 250, Uless to 240, and Ulepg increases to
230. At t = 1.5 s, U1 decreases to 220, U to 210,
and Uz to 200.

As illustrated in Fig. 5(a), the voltage responses
exhibit minimal deviations from their reference values
during the adjustment process, with rapid recovery to the
new set-points. The control inputs, shown in Fig. 5(b),
can ensure such voltage stability. These results confirm
that the proposed control strategy effectively maintains
voltage stability despite fluctuating references, thereby
demonstrating its robustness.

300 T

250

200 )/

150 |
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Time (s)
(a) Voltage response U;
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06 L L |
7 " N
05 r 4
0.4 I — -
0.3 1
0.2 1
_I..l1 Uziu3 U4 —U5 —U6

0.1 1

0 s s .
0 05 1 15 2

Time (s)
(b) Control input u;
Fig. 6. Reliability of the proposed control scheme to actuator

failures, illustrating the initialization of M; 1-6 at ¢ = 0.5 s, the
occurrence of partial failures at ¢ = 1.0 s, and the introduction of
biases at t = 1.5 s.

D. Scenario 4: Reliable Voltage Stability Subject to
Actuator Failures

In practice, power electronic components in BESSs
and RESs may experience reduced efficiency over time,
leading to partial loss of control input effectiveness.
Similarly, hardware degradation, environmental stress, or
electromagnetic interference can introduce input biases,
further compromising system performance [19]. These
faults, if unaddressed, can destabilize the DCmGs and
jeopardize the safe operation of critical aircraft systems.

In order to assess the reliability of the proposed
method, we first form the MEA system Mg at t = 0.5 s,
then simulate scenarios where control inputs experience
partial loss of effectiveness at ¢ = 1 s and an input bias
is introduced at ¢ = 1.5 s. The values for these failures
are provided in columns 7 and 8 of Table III.

As shown in Fig. 6(a), the voltage responses remain
close to their reference values, with only minor deviations
that quickly disappear. The corresponding control inputs,
depicted in Fig. 6(b), demonstrate the controller’s fault-
tolerant capability in mitigating actuator failures. These
results confirm that the proposed scheme enhances system
reliability, ensuring stable operation even in the presence
of actuator failures.

WANG ET AL.: PnP Voltage Control for DCMGs Feeding CPLs in MEA 11



600
400

200

-200 -

-400

-600 : : :
0 0.5 1 1.5 2
Time (s)
(a) Voltage tracking at PCCs without controllers.

500 . . .
0 0.5 1 1.5 2

Time (s)
(b) Voltage tracking at PCCs using the control method in [25].

300

200

100
_U3 _U4
0 — Uy —U,
-100 ' ;
0 0.5 1 15 2
Time (s)

(c) Voltage tracking at PCCs using the control method in [20].

Fig. 7. Comparative analysis with three representative benchmark

approaches under PnP operations.

E. Scenario 5: Comparative Analysis With Existing
Methods

To further assess the effectiveness of the proposed PnP
voltage control strategy, comparative simulations are per-
formed against three representative benchmarks: 1) open-
loop voltage response (i.e., without any controller), 2) a
sliding mode control method for CPLs from [25] without
PnP functionality, and 3) a PnP control approach from
[20] that does not account for CPLs. The corresponding
voltage responses are shown in Fig. 7(a)—(c).

As depicted in Fig. 7(a), the open-loop case exhibits
pronounced voltage deviations and sustained oscillations
throughout the operation. Such large fluctuations can im-
pose considerable electrical and thermal stress on power
semiconductor devices (e.g., IGBTs, MOSFETs), which
have been reported by approximately 34% of manu-
facturers as among the most failure-prone components
[19], thereby reducing system reliability. In Fig. 7(b),
the sliding mode method in [25] achieves satisfactory

voltage response during the initial stage, benefiting from
its capability to handle CPLs. However, the absence of
PnP adaptability leads to instability during subsystem
integration at ¢ = 1 s and disconnection at ¢ = 1.5 s, with
the voltages failing to return to their reference values and
exhibiting noticeable oscillations. As shown in Fig. 7(c),
the PnP control method from [20] maintains operation
during plugging-in/out of subsystems but suffers from
pronounced voltage fluctuations in the presence of CPLs.
The inherent nonlinear and negative impedance charac-
teristics of CPLs cause uneven voltage recovery during
plug-in events and severe transients during disconnection.

In contrast, as depicted in Fig. 3(a), the proposed
method achieves rapid convergence during plug-in op-
erations, with a settling time of approximately 0.02 s
and voltage fluctuations limited to within 10 V. During
plug-out events, the convergence time is further reduced
to around 0.1 s, with fluctuations contained within 5 V.
These results confirm that the proposed controllers main-
tain stability and satisfy IEEE voltage regulation criteria
[38] under dynamic PnP operations.

Overall, across all tested conditions, the proposed con-
trol strategy demonstrates superior dynamic response and
voltage regulation accuracy compared with the benchmark
approaches.

VI. CONCLUSION

This paper has proposed a PnP voltage control scheme
of onboard DCMGs for MEA, enabling seamless connec-
tion and disconnection of BESSs/RESs in the presence
of CPLs. By adopting the structured storage function
method, the study ensures the dissipative voltage stability
of both local and global systems, addressing scalability
challenges associated with PnP operations of various
power sources. Moreover, the proposed approach robustly
handles parameter variations in CPL power and reference
voltage, while ensuring reliable operation during fault
events. The effectiveness of the proposed strategy is val-
idated through realistic simulations using the Specialized
Power Systems toolbox of Simulink.

Future research will focus on developing PnP fault
detection, diagnosis, and isolation techniques to promptly
disconnect faulty subsystems or power grids, preventing
fault propagation and escalation in MEA.
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