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Scalable Fuzzy Control for Nonlinear DC
Microgrids Under Plug-and-Play Operations

Aimin Wang, Graduate Student Member, IEEE, Minrui Fei, Yang Song, Member, IEEE,
Dajun Du, Member, IEEE, Chen Peng, Senior Member, IEEE, Kang Li, Senior Member, IEEE

Abstract—The plugging-in/-out of renewable distributed gener-
ation units (DGUs) often alters the microgrid size and coupling
terms, resulting in computational burdens and voltage shocks.
This paper proposes a novel scalable fuzzy voltage control
scheme for nonlinear DC microgrids (DCmGs) composed of
DGUs and constant power loads (CPLs) interconnected via
power lines. Firstly, a Takagi-Sugeno fuzzy DCmG model with
CPL is formulated to capture nonlinear characteristics and
diverse transient behaviors. Secondly, a scalable fuzzy control
approach is developed to mitigate negative coupling effects
of power lines. This is achieved by a novel argument that
leverages dissipativity theory to transform such effects into
linear matrix inequalities (LMIs) and subsequently imposes
constraints on their sequential principal minors. Specifically, the
proposed control method operates locally and independently of
other DGUs and line couplings, enabling seamless plug-and-
play (PnP) operations without updating any controllers. Finally,
theoretical results are validated through simulations using the
MATLAB/SimPowerSystems toolbox.

Index Terms—DC microgrids (DCmGs), scalable control, plug-
and-play (PnP), Takagi-Sugeno fuzzy control, constant power
load (CPL).

I. INTRODUCTION

RIVEN by escalating environmental concerns, the con-

ventional power grid based on synchronous machines
has evolved into microgrids [1]-[4], due to the widespread
deployment of renewable energy sources (RESs) such as
photovoltaic panels and wind turbines [5]-[7]. Microgrids
have been regarded as critical components of new power
systems, serving as a natural interface to a diverse array of
renewable distributed generation units (DGUs) [8]. They can
be categorized into alternating-current microgrids (ACmGs)
[9] and direct-current microgrids (DCmGs) [10], both capable
of operating in islanded or grid-connected modes. Recent
advancements in power electronic converters have significantly
strengthened the inherent advantages of DCmGs, such as their
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independence from frequency/reactive power regulation [11]-
[13]. Therefore, DCmGs have found increasing applications
in various sectors including electric vehicles, marine systems,
and spacecraft [14]. However, challenges persist for DCmGs,
particularly in maintaining voltage stability with constant
power loads (CPLs) and scalability under plug-and-play (PnP)
operations of DGUs.

Voltage stability remains a primary concern in DCmGs,
particularly under CPLs, due to their nonlinear and negative
impedance characteristics, which are known to induce system
instabilities [15]. In this regard, Zonetti ez al. [16] have utilized
the Jacobian linearization method to analyze the eigenvalues
of linearized DCmGs with CPLs. Various nonlinear control
methods (e.g., backstepping method [17]) have been proposed
to ensure voltage stability. Alternatively, Liu et al. [18] and
Gheisarnejad et al. [19] have approximated nonlinear DCmGs
with CPLs as linear systems, providing robust voltage con-
trol methods using polytopic sets and neural network-based
approaches, respectively. While effective in ensuring voltage
stability, these control methods are constrained by specific
DCmG sizes and topologies, thus limiting scalability.

Scalability is also a major concern for DCmGs, especially in
scenarios involving PnP operations of renewable DGUs [20].
These operations, causing changes in DCmG size (i.e., the
number of DGUs) and power line couplings, present chal-
lenges such as computational burdens and transient processes
like voltage shocks [7]. A scalable control method, designed
locally and independent of the system size and topology,
provides a solution to these challenges. It allows seamless
integration/removal of DGUs without compromising stability
[21]. In this context, it is not surprising that scalable control
methods have been extensively investigated in DCmGs. For
further details, refer to [7], [9], [20]-[25] and references
therein.

Decentralized-based scalable control methods are widely
adopted for maintaining DCmG scalability. Specifically, Tucci
et al. [21], [22] have proposed decentralized scalable voltage
control methods for DCmGs by using a separable Lyapunov
function (SLF) to mitigate the negative coupling effect of
power lines. In this method, the Lyapunov matrix is assumed to
have a block-diagonal fixed structure, with all matrix elements
other than the diagonal block elements being zero. Further-
more, using the fixed-structure SLF technique to map control
design into a linear matrix inequality (LMI) problem, Wang et
al. [23] and Nahata et al. [24] have developed scalable control
schemes to guarantee both voltage stability and scalability.
However, the use of these scalable control methods may be
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TABLE I
COMPARATIVE ANALYSIS BETWEEN THE CONTRIBUTIONS OF THIS PAPER
AND THE EXISTING RESULTS IN THE LITERATURE

Ref.! SFC? AC?® Sca* SM> NBPC®
[16] Linear M X - -
[17] Nonlinear BCM® X - -
[18] ANSL? psio X - -
[19] ANSL NN X - -
[31] ANSL FR2 X - -
[21] Linear - v SLFB3 X
[22] Linear — v SLF X
[23] Linear - v/ SLF X
[24] Linear - v/ SLF X
[9] Linear (AC)  — v/ SLF X
[25] Linear (AC)  — v/ SLF X

i ANSL FR ' ASLFS ¢

TReferences. 2System form with CPLs.

3Address CPLs. *Scalability. ®Structured matrix.

5No bumpless scheme/pre-filter/compensator.
"Jacobian linearization method. ®Backstepping method.
9 Approximating the nonlinear system as a linear.
0Ppolytopic set. 1*Neural network. 2Fuzzy rule.
13Separable Lyapunov function. '4This paper.

15 Avoid separable Lyapunov function.

limited, as structured Lyapunov matrices often render LMI-
based controller designs numerically infeasible or conservative
[25].
Motivated by the above observations, the following chal-
lenges will be addressed:
1) How to better model the nonlinear DCmG systems with
CPLs?

2) How to design a new scalable control to overcome the
limitations arising from SLF?

3) How to enable seamless PnP requirements of renewable
DGUs?
To deal with these challenges, this paper proposes a novel
scalable fuzzy control scheme for nonlinear DCmGs under
PnP operations of DGUs with CPLs. Table I presents a
comparative analysis with existing methods. It can be clearly
found that existing results have mainly focused on voltage
control without scalable property or scalability using the SLF
technique. In contrast, the proposed method ensures voltage
stability and scalability while eliminating the assumptions on
the block-diagonal fixed structure of the Lyapunov matrix. The
main contributions of this paper are summarized as follows:
1) Unlike linear [16], nonlinear [17], and approximated
linear modeling methods [18], [19] in which the nonlinear
characteristic of CPLs is considered in DCmGs, this
paper exactly represents the nonlinear DCmG system in a
Takagi-Sugeno (T-S) fuzzy model due to its efficiency in
characterizing the nonlinear nature and different transient
performance of CPLs.

2) Compared to existing scalable control methods based on
the SLF technique [21]-[23], this paper proposes a novel

scalable fuzzy control scheme for DCmGs with CPLs,
without structured and diagonal assumptions for Lya-
punov matrices. Moreover, unlike previous methods that
may result in LMI-based controller designs numerically
infeasible or conservative, the proposed control method
enhances solvability and reduces the conservativeness by
eliminating the strict constraints on Lyapunov matrix.

3) The negative effects of line couplings can be removed by
transforming them into LMI conditions and subsequently
imposing constraints on their sequential principal minors.
Therefore, the proposed scalable fuzzy control is carried
out locally at the subsystem level, without requiring the
knowledge of line couplings and neighboring DGUs.
Specifically, it allows the seamless plugging-in/-out of
DGUs in a PnP fashion, without the need to update
controllers of neighboring DGUs.

This paper is structured as follows: Section II introduces
both local and global DCmG models with CPLs. Section
III formulates problems encountered under PnP operations.
Scalable stability analysis and controller design are detailed
in Section IV. Section V presents simulation results. Finally,
this work is concluded in Section VI.

Notations: The set of all m x n real matrices is denoted by
R™>*™_ Null and identity matrices with appropriate dimensions
are represented as 0 and I. The notation Z < 0 (or Z > 0)
signifies that the matrix Z € R™*"™ is negative definite (or
positive definite). The symbol * represents the symmetric term
in a symmetric matrix. Given z € R", diag{z} € R"*"
corresponds to the associated diagonal matrix with elements of
z on the diagonal. X (¢, j) denotes the element in position (i, j)
of matrix X = [X(4, )], je,- The notation S; represents
a local subsystem of the global system S,, that is composed
of n subsystems. Additionally, S,[S? ; denotes that a new
subsystem S, is plugged in S,,, while S,,[S,_; represents
that an existing subsystem S,,_; is unplugged from S,,.

II. MODEL OF DCMGSs wWITH CPLS

In this section, the DGU model with CPL is presented first.
Next, the state-space model of a local subsystem is formulated.
Then, the structure of the fuzzy controller is provided. Finally,
the closed-loop global DCmG consisting of n DGUs is given.

Note that the information flow within DCmGs is represented
as a connected graph G = (V,€) comprising a node set
V = {1,2,...,n} and an edge set £ C V x V. The set of
neighbors of node i, i € V, is denoted as .4;. As shown in
Fig. 1, each subsystem (node) is composed of a renewable
DGU, a local controller, and a CPL. These nodes establish
decentralized interconnections solely via power lines (edges),
serving as the exclusive communication medium and presented
by an RL circuit [26]. Notably, the voltage references in each
DGU are set to be slight differences to ensure current flow
through power lines in the asymptotic regime [27].

A. Electrical Model of A DGU With CPL

Fig. 1 illustrates the structure of DCmG systems, where each
DGU comprises a DC voltage source, a buck converter, and
a series RLC filter. The buck converter serves as the interface
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Fig. 1. Framework of scalable fuzzy control for nonlinear DCMGs interconnected via power lines Z;;

between the controller and DGU, regulating the power supply
to CPL. Notably, the local CPL is modeled as a current sink,
with its current injection determined by its power divided by
the CPL voltage [15]. For simplicity, it is assumed that the
local CPL is connected to the DGU terminal. Indeed, even if
load buses are located elsewhere, they can be mapped to the
point of common coupling (PCC) using Kron reduction [28].

Using the quasi-stationary-line (QSL) approximation for
power lines [29], one has

1
Iij = ZF(UJ.—UZ»). (1)
jess Y

By applying Kirchhoff voltage and current laws to the DCmG
framework illustrated in Fig. 1, one obtains

) 1 1 1P
Uy =—I+ — U; - U;) — =——
Chi ng CyRij 7 Cri U;
. Ry; 1 d; 2
Ii=——"I1,——U+—U
Ly Ly; * Lg °
U =U; = U
where U; and U; denote the voltage signals at PCC i and

7, respectively. I; represents the filter current. Ry;, Ly, Cy;,
and R;; are the electrical parameters of the RLC filter and
power line. P; denotes the constant power demand of CPL.
d; € [0,1] is the duty cycle of the buck converter, and Uy;
represents the voltage of its power source. Note that U; is
large enough to avoid saturation of d; [27]. Moreover, U/
represents a predefined reference voltage, and %; denotes the
integrator state.

Remark 1: Note that the electrical model (2) is based on

the following considerations:

1) The representation of RES through an ideal DC volt-
age source, which is a pragmatic approach considering
the typical slow timescale oscillations in RES-generated
power. Additionally, RES installations often incorporate
energy storage units to effectively dampen stochastic
oscillations [21].

2) The utilization of the QSL approximation to achieve neu-
tral interactions among renewable DGUs. This approx-
imation assumes predominantly resistive characteristics
in power lines and its validity is supported by singular
perturbation theory [29].

3) The use of an integration process to rectify static errors in
voltage tracking, ensuring precise alignment of the con-
trolled voltage U; with the prescribed reference voltage
U; [30].

For an equilibrium point [Ug;, Uy, Loi, %i, doi, Ug;), the

constant power demand P; of CPL must satisfy [31]

Ui RuCuUZ _ pmax
4Ry’ Ly o

where P;"™ denotes the maximum power demand of CPL by
linearizing the dynamics (2) around the equilibrium point. This
condition guarantees that the Hurwitz property of the Jacobian
matrix of (2) with a negative real part, ensuring the existence
of a real operating point.

Due to the nonlinear nature of CPL (i.e., %{t)), stable
operation of (2) is not ensured. To apply Lyapunov stability
theory effectively, the dynamical system must possess an
equilibrium point located at the origin. This prerequisite can
be fulfilled by implementing a change of coordinates [32].

P; < min { 3)
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Subsequently, with the transformation indicated by
U;=U; — Uy, Uj =U; — Uy, I; = I; — Iy,

Ui = U — Wi di = di — doi, U; =U; —Ug;,

the dynamics (2) can be rewritten as

L1 1 e P
Ui=—1i+ Uj —U;) — == fi(Us)
Ci JEZ/:VL ChiRij (T ) Ci
S Ry 1 — 4 “)
Ii=——1,——Ui+ —Uq
Ly sz'U * LfiU
V=T - T,
where f;(U;) is a nonlinear term caused by CPL, that is
— U;
filUi) = ————— 4)

C Uo(U; +Ugi)’

Remark 2: To cope with the nonlinearity term f;(U;),
the Jacobian linearization method was introduced in [16].
However, the approach failed to simultaneously improve set-
tling time and overshooting performance [33]. The nonlinear
backstepping control method [17] was proposed to ensure
voltage stability; however, it may not completely address
the nonlinearities of CPLs in the presence of noise [34].
Moreover, works [18] and [19] approximated the nonlinear
DCmG system with linear systems. However, such linear
controllers may reduce the closed-loop system performance.
Specifically, their applicability is non-scalable with various
DCmG sizes and topologies.

B. State-Space Model of T-S Fuzzy DCmG

In this paper, we adopt a T-S fuzzy modeling approach
based on the sector nonlinearity method [35], [36] to pre-
cisely represent the nonlinear DCmG model with CPL. This
modeling technique adeptly captures the behavior of nonlinear
systems with smooth behavior. Notably, T-S fuzzy models
feature a linear consequent part, facilitating the application
of established theories in linear control to nonlinear systems
without cumbersome linearization procedures [37]-[40]. By
employing the T-S fuzzy framework, we avoid the necessity for
linearization, ensuring accurate representation of the nonlinear
nature and different transient performance of CPL.

A T
yn:uin/
A
,4
/o
s
/ =
/ f,WU,)
’ --=
’ H =7
_Q/ et e ‘gx;inUi
R U

<z H / i

Fig. 2. Sector nonlinearity approach for CPL [36]. Red solid line: nonlinearity
of CPL. Blue dashed line: upper bound of the sector. Green dashed line: lower
bound of the sector.

The nonlinear term f;(U;) and its corresponding sectors is
plotted in Fig. 2. It is shown that f;(U;) falls inside two linear
sectors, for a given region —w; < U,; < w; with positive scalar
w;, that is

<?fmin(]i S fz(Uz) S ymain (6)

where F i and F .« denote the lower and upper slopes, with
the following formats:

1 1
g\min - Tr /rr .\ Lg‘l’na){ = 7 o - (7)
Uoi(Uoi + w;) Uoi(Uoi — w;)

Thus, the nonlinear term f;(U;) can be decomposed to

{ fi(U;) = My FinU; + Mo Fax U

(3)
M, + My =1

where 0 < M, < 1 for h = 1,2 denotes the normalized
membership functions as
FoaxU; — [:(U; (U;) — FainlUi
M, = d\a : g\fZ( l),MQ: f;( ) — —. 9
(Jmax - Jmin)Ui (Jmax - Jmin)Ui
Therefore, the membership functions of the T-S fuzzy model
are obtained systematically. The fuzzy IF-THEN rules for
DCmG with CPL are obtained as

Rule 1: IF £Y9 js 2. THEN i;(t) = Ayzi(t) +
B JEN;
Rule 2: IF 200 s 7, THEN ;(t) = Ayomi(t) +
Bluz(t) + Dﬂ}l?(t) + Z Aijxj(t).
JEN;
Then, by utilizing the singleton fuzzifier, product inference
engine, and center of average defuzzifier [38], the equivalent
T-S fuzzy DCmG system can be described by the following
state-space model:

2
{,.Ci(t) = Z M, (Aii,hxi(t) + Bz-ui(t) + Dﬂ}i(t)
h=1

Si: + Z Aijxj(t))
JEN;
yi(t) = Cizy(1)

(10)
where z; = [U;, I;, % ;] denotes the state vector of subsys-
tem S; and x; represents the state vector of S;, for i € V,
je Mov = U: denotes the external disturbance. More-
over, y;(t) represents the measurable output and we assume
yi(t) = x;(t), ice., C; = L u; = d;Uy; denotes the control
action to the buck converter. Matrix A;; represents the line
coupling between S; and S;, and is referred to as the coupling
matrix. Related system matrices are given as

r_ 1 _ Pig . i 1
Z CriR;j Cri Z min i Cn 0
JEN; H
Aiin = T TTRETTG
Ly; ' Ly;,
L -1 0 0
r_ 1 Py g 1
Z CriRij Cr; Zmax Cr; 0
JEN:
Aii,2: _ 1 _Bu i |
Ly; Ly;
L -1 0 0
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1
CriRij 0:0 (1) 0
Aij = 0 10:0 [,Bi=| ;| Di=]0
0 0:0 0 1

C. Decentralized Structure of Fuzzy Controller

We will design a fuzzy aggregation of several linear con-
trollers for S;. Before that, we ensure the controllability of the
pair (A;; 5, B;) through the following proposition.

Proposition 1: The pair (A;; », B;) is controllable.

Proof: Using the definition of controllability matrix [41],
one obtains

M;=[ Bi AunBi A} ,Bi]

0 1 L Aiin (1,1)— Ry
Lt Ci L?,»?Cﬁ
— 1 _ Ry Cri Ry — Ly
Lg; L2 L} Cy;
1
0 0 L¢; Cr;

where A;; 5 (1,1) is the element in position (1,1) of the matrix
Aji p. As all electrical parameters in DCmGs are positive, the
matrix M, always has full rank, i.e., rank(M;) = 3. Thus, the
proof is completed.

Based on Proposition 1, a local state-feedback fuzzy con-
troller C; will be implemented in each subsystem S;. For
h =1,2 and i € V, the fuzzy controller is designed as

2

Ci : ’U,Z(t) = Z MhKi,hxi(t)
h=1

(1)

where K, ), € R1x3 represents the multivariable PI controller
gain for different membership functions.

Remark 3: Note that the control architecture in this paper
is decentralized and the computation of wu;(t) only requires
the state of each subsystem. The choice is guided by the
specific characteristics of the investigated system: DCmG
system interconnected solely via physical power lines without
the involvement of any communication network. This decision
is underpinned by three key advantages over a distributed
architecture [26]:

1) Scalability: Decentralized architecture demonstrates su-
perior scalability as the addition/removal of subsystems
minimally impacts overall system complexity. Moreover,
plugging-in/-out operations do not necessitate modifica-
tions to the control structure.

2) Robustness: Decentralized control systems operate inde-
pendently, rendering them more resilient to communica-
tion failures, attacks, or delays. This robustness is crucial
in systems lacking reliable communication network chan-
nels, such as power line-interconnected DCmGs.

3) Simplicity: Decentralized architecture offers simplicity
in implementation and analysis compared to distributed
approaches. By avoiding complex communication pro-
tocols, it simplifies control strategy development and
deployment, particularly in real-world scenarios with
limited computational resources.

D. The Closed-Loop Global DCmGs With n DGUs

The individual local subsystem, denoted as S;, can be
expanded into a global DCmGs, represented as S,, inter-

connected in a decentralized style through power lines [26].
Thus, the overall model of the collective global DCmGs is
formulated as follows:

2
c(t) = Myl (A BK t Do(t
S, : @(t) }; h(( n+ n)x(t) + 'u()) 12)
y(t) = Cz(t)
where -
x(t) = [a] (t), 25 (1), ..., x5 ()]
T
v(t) = [U{(t)v vg(t)’ . ’Ug;(t)]
T
y(t) = (i (1), 95 (t), ...y (1)]
and
Ay A At
As1 Asn Azn
Ay = ) ) )
Anl AnQ Ann,h
B =diag{B;,Bs,...,B,}
C = diag {Cl, CQ, ey Cn}
D =diag{D;,Ds,...,D,}
Kh = diag {Kl,h; K27h, ceey Kn,h} .

III. PROBLEM FORMULATION

In this section, we establish the problem formulation for
scalable stability analysis and controller design for nonlinear
DCmGs under PnP operations.

Dissipativity theory: The concept of dissipativity theory
establishes a relationship between the internally stored en-
ergy of a system and a generalized energy supply function
Zi(yi(t),v;(t)). The stored energy is quantified using an en-
ergy storage function V;(z;(¢)), akin to the Lyapunov function.

Definition 1: [42] The system S; is dissipativity with
respect to the energy supply rate % (y; (), v;(t)) if there exists

a non-negative storage function V;(z;(t)) such that, for all
t >ty > 0, the following condition holds:

t
Viai(t) = Viailto) < | Flu(r),vir)dr
to
where x;(t) represents the state at time ¢ arising from the
initial condition x;(to). Furthermore, QSR-dissipativity is
guaranteed if the system S; is dissipativity with respect to
F (yi(7), vi(7)) = i (1) Qayi(7) + 2y (T)Svi(7)
+ vl (T)Riwi(T)
where Q; = QZT, R; = RZT

Then, we will analyze the QSR-dissipativity of global
DCmGs S,, as follows.

Proposition 2: The dissipativity of closed-loop global
DCmGs S,, interconnected with power lines is guaranteed,
if there exist matrices K}, S, symmetric matrices Q, R, and
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a positive definite Lyapunov matrix P with

Q = diag {Q1,Qs,...,Qn},
S =diag{S1, 82, ...,8n},
R =diag{R1,Ra,..., Rn},
P = diag{P1, Ps, ..., P},

such that the following condition holds:

Tp _ —
o, — [ PA,+AP-Q+ & ; PD-S8 <0 (13)
where ®;, = PBK},, + K}?BTP.
Proof: By choosing a storage function as
V(a(t) =) Vi(zi(t) = =" (1) Pa(t) (14)

i=1
where the storage function V' (x(t)) collects all local storage
function V;(z;(t)).
Next, by taking the time derivative along the solution of S,,,

one obtains

V(x(t)) = 227 (t)Px(t). (15)

For any non-zero bounded wv(t), we define the following
performance requirement:
Q S

o= 1018 2] [

Then, under the zero initial condition, i.e., g = 0, we can
obtain following expression by combining (15) and (16):

J* =V (x(r)) - J(1)
:/0 Vi) - y" 1)

— 2T (1)Sw(t) — vT(t)’Rv(t)}dt

= /T {CT(t) Z MIL(P}LC(t)} dt
0 h=1

where ¢(t) = [z (1), vT(t)]T and yT'(t) = Cz(t) with C =
I

] dt.  (16)

a7)

According to ®;, < 0 in (13), one has J* < 0, which
ensures the QSR-dissipativity of global DCmGs given in
Definition 1. Thus, the proof is completed.

Remark 4: The dissipativity condition presented in Propo-
sition 2 relies on global information encompassing all local
subsystems and power line couplings. Specifically, the sys-
tem state matrix Ay, in (12) collects the dynamics of all
subsystems and power lines, comprising elements A;; 5, and
Ay, for h = 1,20 € V,j € A;. We define Ap) =
diag{A11,n, A22 1, - .., Ann,pn} to exclusively capture the state
transition matrices of individual subsystems. Thus, Ac =
Ap, — Ap ), denotes the coupling matrix, as utilized in [9],
[21]-[23]. Based on this, the dissipativity stability condition

(13) can be decomposed into two components as follows:
®), = ®p,n + Pc (18)

where ®p, 5, exclusively accounts for the dissipativity condition

6
of individual subsystems, i.e.,
{ PAp, +AL, P-Q+®,;, PD-S
®p = :
* H -R

' (19)

and ®( represents the coupling effects of power lines, i.e.,

Tp i

(I)CzlipAc‘gAcP;g}. 20)

As discussed in Remark 4, the integration/disconnection
of renewable DGUs often induces switching behavior and
dynamic fluctuations due to changes in the coupling matrix
Ac within ®¢. These variations frequently result in voltage
transients and increase computational complexity [7], [23].
Therefore, there is a critical need to develop a scalable
approach for stability analysis and controller design capable of
facilitating seamless PnP operations. Such an approach should
rely solely on the knowledge of subsystem dynamics, while
disregarding the effects of dynamic coupling. In this context,
the problems of this paper are formulated as follows:

1) Scalable dissipativity analysis: Present a dissipativity
condition executed at the subsystem level, ensuring the
stability of global DCmG systems by checking local
conditions.

2) Scalable controller design: Develop a new control algo-
rithm that relies solely on local information independent
of power line couplings, thereby making it adaptable to
changes in DCmG size and topology.

3) Seamless PnP operations: Ensure that the plugging in/out
of a DGU with CPL does not necessitate any adjustments
to the existing control structures of all DGUs, while
maintaining the dissipativity of both local and global
DCmG systems.

IV. SCALABLE DISSIPATIVITY ANALYSIS AND
CONTROLLER DESIGN

In this section, we present the scalable dissipativity analysis
and controller design that can be carried out locally, while
removing the coupling effect on dissipativity conditions.

A. Scalable Dissipativity Analysis at a Subsystem Level

It is evident that the coupling matrix ®¢ (20) exhibits
solely a non-zero element at position (1,1); therefore, our
analysis is focused exclusively on each block of PAc+ AL P
characterized by the following structure:

2P;(1,1) P;(1,2) ¢ P;(1,3)
grdfg) CiiR;; CriRj
T ill, :
PzA” + Az‘jPi = CrRos 0 0 21
P;(1,3) H
CriRij 0 : 0

To mitigate the coupling effect, previous works [9], [21]-
[24] used the SLF method. This method assumes a block-
diagonal fixed structure for the Lyapunov matrix, where all
matrix elements other than the diagonal block elements are
zero, that is P;(1,2) = 0 and P;(1,3) = 0. However, this
approach often leads to numerically infeasible or conservative
LMI-based controller designs [25].
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To cope with this challenge, we introduce energy supply
rates as additional design variables and assume the existence
of a non-zero scalar § (a parameter common to all DGUs).
This leads to

P, = @), + B (22)
where
, PAp, + AL, P-(1+6)Q+®'' PD-S
P = T R
. (23a)
@@:{PAC“%CP”Q g] (23b)

Based on this, a scalable dissipativity analysis of global
DCmGs S,, is summarized as follows.

Theorem 1: The dissipativity and scalability of closed-
loop global DCmGs S,, interconnected with power lines
are guaranteed, if there exists positive definite matrix
P, = [Pp, q)]pES,qES’ symmetric matrices Q; =
[Qi(p, Q)]pe?»,qu ,R;, and suitable matrices S;, K; j, for h =
1,2 such that the following conditions hold:

TH <0
‘ Tll TlQ

24
25
T 6Qi(2,2) ()
Tio
Tio 0Qi(2,2) 6Q;(2,3)
T13 6Qz(27 3) 5Qz(33 3)
PiAivl,h + A?;hpl + WUy P,D;, - S;

>0

Ti T3

<0

| <o

(26)

27

where

2P;(1,1)
- CriRij
CriRij
Tz = IZf(Zléi) +09;(1,3),
Uy = PBBK;p+ KiTJIBiTPl' —(146)9;.

Proof: It is clear that the matrix ®¢ (23b) has only a nonzero
entry at position (1,1), while the other entries are zero. By
deleting the last two rows and columns, we define E¢ as a
description of the remaining item, i.e.,

Ec=PAc+ AP +6Q. (28)

Each block of Zc¢ is denoted as =¢; in the form of
=ci = PiAij + Az;Pi +69;
T11 T2
=1 Tz 0Qi(2,2) 0Q:(2,3)
Tz 0Qi(2,3) 0Qi(3,3)
According to conditions (24)-(26), it can be inferred that the
odd-order principal minors of matrix Z¢; are less than 0, while

the even-order principal minor is greater than 0. Therefore, we
can conclude that

T3 (29)

Eci < 0. (30)

Therefore, one has

Ec <0 3D

which implies

PAc+ AP +6Q 0O

<0.
0 0_0

& = (32)
Moreover, by collecting the local dissipativity condition (27),

which only captures the local subsystem, one obtains

@, , < 0. (33)

Thus, according to (32) and (33), we can obtain that the
dissipativity of global DCmGs S,, interconneted with power
lines, ie., ®, = @, + P < 0 is guaranteed. Thus, the
proof is completed.

Remark 5: Note that the adverse effects of power line
couplings on the dissipativity of global DCmGs, denoted by
®(. in (32), can be alleviated by transforming such effects into
an LMI condition (28) and subsequently imposing constraints
on its sequential principal minors as conditions (24)-(26).
Therefore, the dissipativity of global DCmGs can be construed
as a simple aggregation of the local dissipativity of each
subsystem, irrespective of other subsystems and line couplings.
In other words, the dissipativity of global DCmGs can be
guaranteed by satisfying the local conditions (24)-(27); each
new subsystem will introduce only one additional condition of
this kind, rendering the dissipativity conditions scalable with
DCmG size and topology.

Remark 6: Note that traditional scalable control methods,
such as those utilizing the SLF technique, have been widely
adopted to mitigate the negative coupling effect of power
lines [9], [21]-[25]. However, these methods often encounter
limitations, as the block-diagonal fixed structure for Lyapunov
matrices can render LMI-based controller designs numerically
infeasible or conservative. In contrast, the proposed method
avoids such assumptions for Lyapunov matrices, thereby en-
hancing the solvability and reducing the conservativeness of
LMI-based controller designs.

B. Scalable Fuzzy Controller Design

Given that the dissipativity of global DCmGs is ensured by
checking the local condition of each subsystem, our emphasis
will be concentrated on the design method of scalable fuzzy
controller. The corresponding theorem is provided below.

Theorem 2: The dissipativity and scalability of closed-
loop global DCmGs S,, interconnected with power lines
are guaranteed, if there exists a positive definite ma-
rix Y; = [Yi(p,q)l,e3,4c5, Symmetric matrices 2; =
[2:(p, q)]pe3,q63 , R, and suitable matrices S;, X; 5, for h =
1,2 such that the following conditions hold

H11<0 (34)
Iy T2
Iy 62:(2,2) >0 (35)
Iy Ty T3
My 62,(2,2) 62:(2,3) | <0 (36)
3 §2:(2,3) §23,3)
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<0 (37)

-3

*

where

Z; = BiXi,h + XZhBZT — (1 + (5),@1

Then, the scalable fuzzy controller gain K j, can be parame-
terized as
Kip = XinY; (38)
Proof: To begin with, we denote
Y = -Pi_laXi,h =K nY;, 2, =Y; QY.

Then, by performing a congruence transformation to (30) using
matrix Y;, the following matrix inequality holds:

N H11 H12 H13
S = | My 62:(2,2) 62:(2,3) | <0. (39
s 62;(2,3) 62:(3,3)

According to ECi < 0, it can be inferred that the odd-order
principal minors of matrix Z¢; are less than O while the even-
order principal minor is greater than 0. Therefore, conditions
(34)-(36) are obtained.

Next, pre- and postmultiply (27) by the diagonal matrix
diag {Y;, I}, respectively, and then conditions (37) can be
obtained directly. Thus, the proof is completed.

The following Algorithm 1 presents the steps of the scalable
fuzzy controller design procedure.

Algorithm 1 Scalable Fuzzy Controller Design Processes
Input: The T-S fuzzy DCmG model S; feeding CPL.
Output: Scalable fuzzy controller gain K j,.

1: Give electrical parameters of local subsystem S; and the
given region w;,d, thereby determining system matrices
Aii,ha Bi, CZ‘, and -Dz

2: Define the decision variables in LMI conditions, i.e.,
2;,%;,%;, and Y;. Then, obtain matrices Y; and X, 5, by
solving LMIs via the YALMIP toolbox in Matlab [43].

3: Finally, if the previous step is feasible, the controller gain
K p, can be computed from K j, = YLth_l.

Remark 7: Note that the design method for scalable con-
trollers necessitates only the model of subsystems (DGUs and
CPLs); the addition/removal of each subsystem will intro-
duce only one corresponding condition (34)-(37), and thus
it exhibits scalability. Moreover, the neighboring subsystems
are not obligated to update their local controllers around the
plugging-in/-out time. This adherence to privacy requirements
aligns well with energy markets, particularly when DGUs have
distinct ownership structures [22]. Indeed, the incorporation of
DGUs does not necessitate stakeholders to disclose their own
DGU models or alter their operational configurations.

C. PnP Operations of Subsystem

In this section, we describe the operations necessary for
plugging-in/-out subsystems (DGUs and CPLs) while main-
taining the dissipativity of DCmGs. An illustrative example is
depicted in Fig. 3.

Plugging-in operation: Given an interconnected dissipative
DCmG S,, equipped with scalable fuzzy controller K}, which
collects the local controllers K; ;, produced by Algorithm 1. A
new subsystem S, is allowed to plug in S,,, resulting in a
new DCmG denoted as S, 11 = Sn|S:[ 1> Which maintains
dissipativity if the local controller K11} necessitates the
execution of Algorithm 1.

Plugging-out operation: The unplugging of a subsystem
is even simpler since it has no impact on the controllers of
the remaining units. Given an interconnected DCmG S,, with
scalable fuzzy controller K}, an arbitrary subsystem can be
plugged out directly, and the remaining DCmG, represented
by S,—1 = S,|S,,_;, also maintains dissipativity because the
equipped local controller K, _; ; requires only the model of
the individual subsystem.

TABLE I

SCALABLE FUZZY CONTROLLER GAIN K; j, OF DCMG SUBSYSTEM

Subsystem S; Controller gain K, of C;

S, K1,1=:—5.164 —0.072 50.829;
Ki2=|-4.983 —0.065 50.817
S, K2,1:;—7.006 —0.048 45.261;
Koo = |-6.973 —0.057 44.915
S, K3,1:;—6.019 —0.083 36.217;
K32 = |-6.301 —0.089 35.584
S, K4,1=;—5.871 —0.075 91.495;
Ky2=|-6.028 —0.091 90.283
S, K5,1:;—6.714 —0.024 60.738;
Ks2=[-6.809 —0.016 61.907
., K671=[—9.004 —0.027 52.914]
K¢z = [-8.948 —0.031 55.102

V. SIMULATION RESULTS

In this section, we present the validation of the proposed
scalable fuzzy control scheme through realistic computer sim-
ulations using the Specialized Matlab/SimPowerSystems tool-
box. As depicted in Fig. 3, the considered DCmGs topology
comprises six DGUs feeding on CPLs with P; = 380W,
Py = 350W, P3 = 400W, P, = 360W, Ps = 370W,
and Pg = 390W; each of them is equipped with the pro-
posed controllers C;,7 = 1,2, ..., 6. The electrical parameters
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Initialized DCmG S

Fig. 3. Illustration for plugging-in/-out operations.

of subsystems are taken from [21]. The voltage references
U =47V, U5 = 48V, U5 = 45V, Uy = 50V, Ug = 46V,
and U = 49V. The equilibrium point voltage is chosen as
Uyi = U;". Based on these provided parameters, the controller
gains K; j, for h = 1,2 are computed using Algorithm 1, and
the results are presented in Table II.

soL }
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(b) Control input

Fig. 4. Initialization of DCmGs with local controllers at the beginning, and
then interconnection of DGUs 1-5 via power lines at ¢t = 2s.

Initialization of the DCmG: At the initial time, i.e., ¢t = Os,
DGUs 1-6 are initialized with all power lines disconnected,
resulting in no power transfer between them. At this stage, the
proposed scalable fuzzy controllers K; 1,7 = 1,2,...,6,h =
1,2 (shown in Table II) regulate PCCs voltages to their
reference values U/, during which CPLs are supplied by all
DGUs. At t = 2s, DGUs 1-5 are interconnected to form a
DCmG system S5, while Sg is disconnected from the rest of
the DCmG.

The simulation results for the initialization process are
shown in Fig. 4, including (a): voltage signals at PCCs and (b):
duty cycles of converters. Note that since the control signal is

u; = d;Uy;, only the duty cycle d; is shown in Fig. 4(b). From
Fig. 4(a), it is evident that minor voltage deviations from their
reference values are produced but quickly disappear.

A. Case 1: Scalable Performance for PnP operations

In this case, the scalable performance of the proposed
control scheme is analyzed by plugging in and unplugging
subsystems (DGUs and loads), respectively.

Scalability for plugging-in operation: We plug in Sg at
t = 4s. As depicted in Fig. 5(a), the PCCs voltage signals pro-
duce small deviations from their set-point references around
the operation time, which recover after a very short time.
The control signals are shown in Fig. 5(b). The simulation
results reveal the scalable performance of the proposed voltage
controllers under plugging-in operation.

Scalability for plugging-out operation: Then, at t = 6s, Sy
is unplugged. The voltage and control signals are depicted in
Fig. 6. It is clear that voltage signals do not significantly devi-
ate from their voltage references, and the deviations disappear
quickly. Therefore, the scalable performance of unplugging
subsystems is ensured by the proposed control scheme.

B. Case 2: Robust Performance for Varying Power of CPLs

The case study assesses the robust performance of the pro-
posed control scheme in response to varying power demands
of CPLs. We assume that the power P; of CPLs changes at
t = 8s. Specifically, P; increases from 380W to 456W, P,
increases from 350W to 420W, P3 decreases from 400W to
320W, P, decreases from 360W to 324W, P5 increases from
370W to 407W, and Py decreases from 390W to 351W. The
voltage signals at PCCs are depicted in Fig. 7(a), and the
control signals are shown in Fig. 7(b). The results illustrate
that the fluctuating power demands of CPLs do not adversely
affect the voltage stability. Hence, the proposed control method
exhibits robustness against varying power demands of CPLs.

C. Case 3: Robust Performance for Varying Voltage Refer-
ences

The case evaluates the robust performance against varying
voltage references, with Uy increased to 50V and Uj de-
creased to 45V at ¢t = 10s. The dynamic responses of voltage
tracking are depicted in Fig. 8(a), while Fig. 8(b) illustrates
the corresponding control signals. The results demonstrate that
the proposed control method effectively maintains the voltage
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signals at PCCs with negligible steady-state error and minimal
transient time. In other words, the proposed control method manifests robustness to varying voltage references.

Authorized licensed use limited to: University of Leeds. Downloaded on July 03,2024 at 09:17:33 UTC from IEEE Xplore. Restrictions apply.
© 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Fuzzy Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TFUZZ.2024.3412944

IEEE TRANSACTIONS ON FUZZY SYSTEMS

VI. CONCLUSION

This paper has proposed a scalable fuzzy voltage control
for DCmGs under PnP operations with CPLs. Firstly, the
T-S fuzzy system was modeled to address the nonlinearity
of CPLs. Secondly, a scalable fuzzy control scheme was
proposed, supported by a novel argument based on LMI
constraints on sequential principal minors representing line
couplings. This scalable control scheme enables DGUs to be
seamlessly plugged in or out without requiring adjustments
to their local controllers. Finally, the effectiveness of the
proposed control method was verified through simulation
studies in the MATLAB/SimPowerSystems toolbox. Future
work includes extending this scalable approach to address
advanced objectives in cyber-physical DCmGs, such as current
and power sharing.
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