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Stability Analysis of Primary Plug-and-Play and
Secondary Leader-based Controllers for DC
Microgrid Clusters

Renke Han, Member, IEEE, Michele Tucci, Member, IEEE, Andrea Martinelli,

Josep M.

Guerrero, Fellow, IEEE, Giancarlo Ferrari-Trecate, Senior Member, IEEE

Abstract—In this paper, we propose a new hierarchical control
scheme for Microgrid (MG) clusters, given by the interconnection
of atomic dc MGs with ZIP loads, each composed by both grid-
forming and grid-feeding converters. In the primary level, we
develop a new Plug-and-Play (PnP) voltage/current controller
in order to achieve simultaneous voltage support and current
feeding function with local references. The coefficients of each
stabilizing controller are characterized by explicit inequalities,
which are related only to local electrical parameters of the
MG. Moreover, we provide a sufficient condition on the ZIP
loads to guarantee passivity and asymptotic stability of electric
system. The robustness of performance to system uncertainties
is also demonstrated. In the secondary level, a leader-based
voltage/current controller is proposed to achieve both voltage
and current regulation for the MG cluster without specifying
the individual setpoints for each MG. The proposed distributed
controller requires a communication network where each regu-
lator exchanges information with its communication neighbors
only. With the proposed scheme, each MG can plug-in/out seam-
lessly, irrespectively of the power line parameters and models
of other MGs. Closed-loop stability proof of MG clusters is
formally proved independently of the cluster topology. Moreover,
theoretical results are validated by extensive hardware-in-loop
(HiL) tests showing robustness of the closed-loop cluster against
perturbations in the loads, PnP operations and noises/delays in
the communication network.

Index Terms—Plug-and-play, Voltage/Current stability, Grid-
Forming/Feeding converters, Leader-based Controller, MG clus-
ter.

I. INTRODUCTION

ITH the increasing penetration of renewable energies
Winto modern electric systems, the concept of MG is
receiving increasing attention from both electric industry and
academia. A MG is formed by interconnecting a number of
renewable energy sources (RESes), energy storage systems
(ESSes) and different types of loads [1], [2], [3]. Power
converters are the key components applied in both ac and dc
MGs to interface different sorts of energy resources and loads
to the system. To be specific, in ac MG, power converters
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can be classified into grid-forming, grid-feeding and grid-
supporting converters [4], [5], and the same classification can
also be applied for dc MGs. While remarkable progresses have
been made in improving the performance of ac MGs during
the past decade, dc MGs (which are studied in this paper)
have been recognized more and more attractive due to higher
efficiency, and more natural interfaces to many types of RESes
and ESSes [6], [7].

Grid-forming converters are used as the interface between
ESSes and the system to provide voltage support in dc MGs
by using voltage-current double loop controller [8]. Further, to
achieve simultaneous voltage support and communication-less
current sharing among grid-supporting converters, voltage-
current (V-I) droop control [1] is widely adopted by imposing
virtual impedance for output voltages. However, voltage de-
viations and current sharing errors still exist due to different
line impedances. Another key challenge is that the stability of
connected ESSes is sensitive to the chosen virtual impedances
which should be designed taking into account the specific
MG topology and the line impedances [9], [10]. Recently, an
alternative class of decentralized primary controllers, called
PnP controller according to the terminology used in [11], has
been proposed in [12], [13], [14] for grid-forming converters.
In [13] and [14], to achieve PnP voltage control, information
about line impedances should be known in order to design
local controller. On the other hand, PnP controllers in [13]
form a decentralized control architecture where each regulator
can be synthesized using information about the corresponding
ESSes only [13] or, at most particular parameters of the power
lines connected to the ESSes [12]. To be specific, the latter
pieces of information are not required in the design procedure
of [13] which is therefore termed line-independent.

However, for the PnP methods mentioned above, the synthe-
sis of a local controller requires to solve a convex optimization
problem: if unfeasible, the plug-in/out of corresponding ESS
must be denied. Moreover, they are only suited to grid-
forming converters for providing voltage support in the system.
However, one complete MG must be composed of RESes,
ESSes and loads to comprise the power generation, storage and
consumption. When RESes such as PV sources are included
in dc MGs, grid-feeding converters should be used as the
interface to achieve current feeding for the system according
to the reference given by e.g. maximum power point track-
ing (MPPT) algorithm [15]. Furthermore current stabilization
should be guaranteed [16]. In [17], a current-based PI primary
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droop control is proposed considering constant current loads.
In practical applications, grid-feeding converters should be
operated with grid-forming converters to compose a MG.
While literature [18], [19] considered the problem of energy
management operation between RESes and ESSes, the stability
problem about MG with grid-forming/feeding converters and
its clusters have always been ignored from system level. On
the top of that, distributed secondary controllers, such as [10],
[20], [21], mainly focus on the current sharing and balanced
voltage regulation only among grid-supporting converters. The
stability proof and control parameters design are dependent on
the system topology.

In this paper, we define a MG as the combination of a
grid-forming and a grid-feeding converters, and study MG
clusters arising from the interconnection of MGs. We propose
a PnP voltage/current primary controller to achieve grid-
forming/feeding function simultaneously. The coefficients of
local stabilized controllers are explicitly characterized through
a set of inequalities which only depends on the local pa-
rameters. Hence, controller design is always feasible and
does not require to solve an optimization problem. For MG
clusters, a leader-based voltage/current distributed secondary
controller is proposed to achieve both voltage and current
regulation without specifying separate setpoints for each MG.
In order to compute the secondary action, each MG only
requires information from its neighbors, defined according
to the communication network graph. Differently from [22]
where the interface between primary and secondary control
is provided by an integral controller, we use PI controller to
improve performance during transients. Finally, we provide a
proof of the closed-loop stability of MG clusters. The contents
of the paper and the main results are summarized in Fig. 1.

Section II and III-A) Modeling of MG clusters with primary PnP controller
Section I1I-B Proof of global asympotically stability

Asswmption T~~~ T T (hroposiionz """ T @
1® Defining local Lyapunov function - eq.| ‘e The inequality set for control parameters:
«_adb _ _  ________ I\ ineq. (20); |

)

(Proposition4 - —
l'e  ZIP load condition - eq. (26); ! | Theorem 1

le Marginal stability proof for MG clusters| | Proof of global asympotically stability |
| including line impedances, ZIP loads, and | I for MG clusters based on LaSa11e|
\  MGs; ) ' Invariance Theorem

7o Analysis of robustness to system|

|
Section IV Robustness Analysis I parameters uncertainties; |
1°

Control parameters design guideline; |
\®_ Analysis of robustness to CPL; J'

Leader-based secondary controller and stability proof

I o Leader-based voltage/current secondary controller with PI interface - eq. (29), (31); |
! < Global stability proof of Theorem 2.

Fig. 1: Flow chart for the content structure.
The paper is structured as follows. In Section II and III-A,

the model of MG and proposed voltage/current PnP controller
are introduced. In Section III-B, the closed-loop stability for
MG clusters with interconnected MGs is proven. In Section
IV, robustness analyses to system and control uncertainties
are studied and guidelines for designing control parameters
are provided. The leader-based voltage/current distributed sec-
ondary controller and its stability proof are introduced in
Section V. Finally, the HiL tests including system uncertainties

test, voltage/current tracking performance test, PnP function
test, CPL capacity, and communication delay/noise situations
are described in Section VI.

II. DC MG WITH GRID-FORMING/FEEDING CONVERTERS
A. Electrical model of MGs

We consider a MG composed of one grid-forming converter
and one grid-feeding converter connected to the point of
common coupling (PCC) bus.

A MG cluster is then obtained by interconnecting N MGs,
induced by the set D = {1,..., N}. Two MGs are neighbors if
there is a power line connecting them and denote with \; C D
the subset of neighbors of MG <. The neighboring relation is
symmetric which means j € N; implies ¢ € N;. Furthermore,
let £ = {(i,j) : i € D, j € N;} collect unordered pairs of
indices associated to lines. The topology of the MG cluster is
then described by the undirected graph G.; with nodes D and
edges &.

At each PCC bus, a ZIP load including constant impedance
load (CIL), constant current load (CCL), and constant power
load (CPL), is considered. The ZIP model is illustrated in
upper block of Fig. 2 where R;, Iccr; and Popr; represents
the CIL (Z), CCL (I), and CPL (P) respectively for MG .
Since the goal of grid-forming converter in each MG is to
keep the PCC voltage constant, it is reasonable that the CPL
in ZIP load are linearized around a voltage operating point
Vop- Then the equivalent model for CPL, shown in the lower
block of Fig. 2, is

Pcpri Pcpri
I i = — Vi+2 1
CPL V2 + Vo (N
———

(a) (®)
where V; is i-th PCC voltage, and Iopy; is the total current
for CPL i.

In (1), the equivalent CPL consists of two parts including
part (a), the negative impedance part which can undermine
stability of the system and part (b), the constant current load
which cannot affect stability of the system.

In total, the ZIP load can be represented by one equivalent
impedance load Rp; given by the parallel interczonnection of

R;, and the equivalent negative impedance (— Pors, ), and one
equivalent current load given by the sum of CCL I¢cr; and
the equivalent CCL (2%) due to CPL. In formulae, it can
be written as V2

P CPL% (2)

Pcpri
I = Ioopi + 228

Rri = Ri//(=

op

The electrical scheme of the i-th MG is provided by left
block of Fig. 3. The corresponding model is

av; 1 1 Vi Vi
L 715 + 7[2; 4 Z ( i i )
dt Cli Cli JEN, CiiRi;  CiiRij

1 Vi
(I,
C“(LL+ )

MGig Ri ©)
dig 1 RS ¢ c
B = o Ry /A
dt LS LS LC
dfx:_iv__Rx.v_ 1 v
dt Ly "t Ly "Ly
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Original ZIP Load Model

Fig. 2: Equivalent linearized ZIP model.

where variables V;, Ig s It‘{ are the i-th PCC voltage, filter

current from RES and filter current from ESS, respectively. For
the grid-feeding converter, V,$ represents the command and
RS, LS are the electrical parameters. For the grid-forming
converter, V,V represents the command and R}, L}, are the
electrical parameters; Cy; is the capacitor at the PCC bus.
Moreover, V; is the voltage at the PCC of each neighboring
MGs j € N; and R; ; and L;; are the resistance and inductance
of the dc power line connecting MGs 7 and j. In general, the
RL parameters are different for grid-feeding and grid-forming
converters.

B. State-space model of a MG Cluster

Dynamics (3) provides the state-space model:

[P ® = A @) + Brug(t) + Midgy (1)
g[i]c : + &1 (1) + Atoad,ip (t)
2131 (t) = Hizp) ()

where z(; = [Vi, IS, Y17 is the state of the system, up) =
[V§, VY] is the control input, dj;; = Ir; is the exogenous
input and z(; = [IC, V;] is the controlled variable. The term
&l = X jen;, Aij(zyj) — zp)) accounts for the coupling with

each MG j € N;. The matrices of Zf;]m are obtained from

(3) as:
0 c]l?c clu — RL:C” 0
Ay = fﬁ —zd 0 |, Aload,i = 0 0 of.M =
-3 0o -y 0 0 0
Ly Ly
Fyon 00 8
Am’—{ 0 0 0],31'— g Y ,H7:[(1) (1) 8}
0 0 0 0 j
The overall model for a MG cluster is given by
x(t) = Ax(t) + Bu(t) + Md(t) @
z(t) = Hx(t)
where x = (3;‘[1], R ,x[N]) € R3N, u = (U[l], R ,U[N]) S
RQN, d= (dm, R 7d[N]) S RN, Z = (2[1], .. .,Z[N]) € RV,

The blocks composing matrices A, B, M, H are given in (5)
shown in the upper part of next page.

III. DESIGN OF STABILIZING PRIMARY
VOLTAGE/CURRENT CONTROLLERS

A. Structure of PnP Voltage/Current controllers

In order to track constant references zyer(t), when d(t) is
constant as well, the MG model is augmented with integrators
[23]. A necessary condition for making error €(t) = zyes(t) —
z(t) equal to zero as t — oo, is that, for arbitrary d and Zyes,
there are equilibrium states and inputs X and @ verifying (4).
The existence of these equilibrium points can be shown as in

the proof of Proposition 1 in [12].

Let I.qp,; > 0 define the maximal output current capability
that can be provided by MG 4. According to the block on the
middle bottom of Fig. 3, the dynamics of integrators are given
by

.C C T, C
V[4] (t) = e[i](t) = zf;f['ilc (t) — I (t) (6a)
o(1) = el (1) = 250V (1) — ViGo) (6b)
Pri,C __ yPri,pu Pri,V. _ y,Pri
where Zrefm — Trefii * Icap,i ’ Zref[,;] - re;,li’
Hence, the augmented MG model is
Zi'[i](t) = An’ﬂ?[i] (t) =+ Biu[i](t) —+ Mid[i] (t)
S + € (t) + Atoaa,id (1) )
Z[i](t) = Hif[i] (t)
~where i :P[Vi, IS, vg, Iéf,v}/]T € R® is the state,
d[i] = [d[i],zrcf[i]rj’ ,Zref[i]Th F; € R3 collects the exoge-
nous signals and £ = ., Aij(2);) — (7). Matrices in
(7) are defined as follows
0 Cl“c 0 &4 0 0 0
e - ZC o 0o o o 0
A= 0" -1 o o ofl.,Bi=|0 o,
v 0
- thvi 0 0 - }zf/ 0 0 Lg/i
1 0 0 0
- Clti 0 0
0 0 0
M; = 0 1 0 ,Aij = [OAU 83“} ,
0 0 0 2x3 2x2
0 0 1

O2x2]’

i Aload,i
Aload,i = Ooa .
2x3

03><2] H; = [Hi O2x2].

Based on Proposition 2 in [12], it can be proven that the pair
(A, B;) is controllable. Hence, system (7) can be stabilized.
- 1he overall augmented system is obtained from (7) as

0 |- {;((t) = Ax(t) + Bu(t) + Md(t)

. 8
z(t) = Hx(¢) ®

where % and d collect variables Z[; and dh respectively, and
matrices A, B, M and H are obtained from systems (7).

Each MG f)f‘z/][ @ is with the following state-feedback con-
troller e
Cip = up(t) = Kk (t) )
where
o k?z k201 k:?z 0 0 2%5

Note that the control variables V. and V,Y are coupled
through the coefficients k:lcZ and kY , appearing in the first
column of K;. In other words, measurement of V; are used

0885-8950 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2884876, IEEE

Transactions on Power Systems

4
Microgrid i with Grid-Forming/Feeding Converters Line ij
I
I
I
I
I
I
’ [ [/‘S:;‘pu , V/f;il[ < NLSM"/ I
Leader-Based I
Current Controller. I
Eq. (30b) |
I
Leader-Based |
Voltage Controller
Eq.(30a) |
____________ I
Leader-Based Voltage/Current
Voltage/Current-based PnP Controller i Secondary Controller i
Fig. 3: Electrical scheme of MG ¢ with hierarchical PnP voltage/current controller.
A1+ Ajoad,n Ala Az AN
A21 A2z + Aioad,2 A2g Aan
A= Azi Asz2 A3zz + Aload,3 Azn ,
L ANt Ano Ans ANN + Aload,N ]
r 7 5
) H 0 0 ... 0 ©
By 0 0 My 0 0
0 Hoy 0
0 BQ 0 M2
B= » M= CH=10 0 0
0 0
0
L o 0 By 0 0 My
0 0 0 Hn

for generating both V,¢ and V,Y. In particular, the overall
control architecture is decentralized since the computation of
up;) requires the state of E% & only.

B. Conditions for stability of the closed-loop MG Cluster

For showing stability, we will use local Lyapunov functions
Vi(@) = [#1]" Pidpy. (10)

Assumption 1. The positive definite matrix P; € R>*® in (10)

fulfills
7 O1x2 | O1x2
P = 0241 77202,1' 02x2 |, (11)
O2x1 | O2x2 PAICL,'L
where
c c % v
PC L= { DP22,i DP23,i } 7DV S = { Pa4a,i Pasi } ) (12)
% P P ] Pia; D

And n; > 0 is a local parameter satisfying n; = 6Cy; , 1 € D
where & > 0 is a constant parameter, common to all MGs.
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In absence of coupling terms é[i] (t), and load terms
Aload,i[;) (t), we would like to guarantee asymptotic stability
of the nominal closed-loop MG

2 (t) = (Ay + BiK,) d () + Mydp (t).

F;

(13)

By direct calculation, one can show that F; has the following
structure

0 f12,i 0 f14,i 0
for,i | fo2,i  fo3i 0 0
F; = 0 f32,i 0 0 0
far, 0 0 faa,i fasi
L f51,4 0 0 0 0
_ ) ) ;
0 Ci 0 Cii
T -0 | GF-RE) R 0 0
L L L
= 0 -1 0 0 0 a4
(kY ;—1) o 0 (kY ,—RY,) kY,
Ly Ly, Ly
| -1 0 0 0 o |
r c v
0 Fiai | Fia,i
_ c C
=1 Foi | Faou 0
\%4 s
L Fi1: 0 Fia,i

From Lyapunov theory, asymptotic stability of (13) can be
certified by the existence of a Lyapunov function V;(i(;)) =



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2884876, IEEE

Transactions on Power Systems

[&(4]" P;dy;) where P; = P > 0 and

Qi = F{ P+ B F; 5)

is negative definite. In presence of nonzero coupling terms,
we will show that asymptotic stability can be achieved under
Assumption 1.

Based on (11) and (14), (15) can be rewritten as (16) shown
in the upper part of the next page.

Next, we provide a number of results, whose proof is shown
in Appendix, enabling one to prove the main result about the
controller design provided by Theorem 1.

Proposition 1. [13] If Q = QT < 0 and an element g;; on
the diagonal verifies q;; = 0, then

(i) The matrix QQ cannot be negative definite.
(ii) The i-th row and column of QQ have zero entries.

Lemma 1. Under Assumption 1, if Q; < 0, Q; has the
following structure

0 | Oix2 | O1x2
Qi = | 02y Qgg,i 02x2 17)
02x1 | O2x2 Q}Q,i
Furthermore, the blocks on the diagonal verify
%, <0 (18a)
{QXM <0 (18b)

Remark 1. The MG considered is not restricted to only two
DGs in one MG: the proof can be extended to (N + M) €
R DGs for each MG where N € R represents the number
of grid-feeding DGs and M € R represents the number of
grid-forming DGs. In terms of the proof, we can augment the
proposed Lyapunov matrix by adding new diagonal blocks.
The generalized Lyapunov matrix is defined as (19) shown on
upper part of the next page. To be noticed, for each sub-matrix,
the subscript does not represent the dimension of the sub-
matrix, which is only used to distinguish the different matrice.
Then the proof can just follow the step in this paper.

Remark 2. Since the blocks Q%,i and 94‘1/4,2‘ belong to R?*2,
from (18), it has that the determinants of Q%)i and 94‘1/4,1‘ are
nonnegative.

Proposition 2. Under Assumption 1, P; and QQ; have the (20)
shown in the upper part of next page , where h; = Lyi k:;/ —

(kYZfl)(k;/lfo) Moreover, if P; > 0, Q; < 0and Q; # 0,
one has

\%4
K, <1 ’“lv <1 .,
K, < RS, QR < Hu ) @n
\4 \4 \4 \4
kg, >0 0 < ky; < g (ki = D(kz; = RYY)
ti

Lemma 2. Let Assumption 1 and Proposition 2 hold. Let us
define h;(v;) = viTQLJvi, with v; € R% If Q; < 0, and
Q; # 0, then

hi(D;) = 0 <= ©; € Ker(Fy, ,).

5

Proposition 3. Let g;(w;) = wl Q;w;, Vi € D with w; €
R5. Under Assumption 1, Proposition 2, and Lemma 2, only
vectors W; in the form

_ T
wi=1] o 0 v Bi 6f]
kY _RVY
with oy, v, Bi € R, and §; = — 2’;‘, L fulfill
Consider the overall closed-loop MG cluster model
%(t) = (A + BK)X(t) + Md(t)
N (23)
z(t) = HX(t)
obtained by combining (8) and (9), with K =

diag(Ky, ..., Kn). Considering also the collective Lyapunov
function
N
V(&) =D Vi(dy) =%"Px (24)
i=1
where P = diag(P, ..., Py). One has V(%) = X7 Q% where
Q = (A +BK)"P + P(A + BK). (25)

A consequence of Proposition 1 is that, under Assumption 1,
the matrix Q cannot be negative definite. At most, one has

Q<o. (26)

Moreover, even if @); < 0 holds for all ¢ € D, the inequality
(26) might be violated because of the nonzero coupling terms
/L-j and load terms Aload,i in matrix A. The next proposition
shows that this cannot happen.

Proposition 4. If gains K; are chosen according to (21), and
the CIL R; and CPL Pcpyr; in the ZIP load for each MG

verify

Pcpri < Roj )

then QQ; < 0. Moreover, if (27) holds ¥i € D, then (26) holds.

Theorem 1. If Assumption 1 is fulfilled, the graph G.; is
connected, ZIP loads satisfy (27), and control coefficients
are chosen according to (21), then the origin of (8) is
asymptotically stable.

27

The proofs of Lemma 1 and 2, Proposition 2, 3, and 4,
Theorem 1 are provided in the Appendix.

Remark 3. The proof in Appendix D for Proposition 4 shows
that if CIL and CPL in ZIP load satisfy inequality (27),
the system is stable. From the circuit theory viewpoint, if
the inequality (27) is not verified, which means the negative
impedance due to CPL is larger than the positive impedance of
CIL, then the electrical network fails to be passive. If assuming
that the controller effects are ignored and the electrical
network is considered only under this serious condition, the
system will become unstable due to non-passivity. However,
the proposed controller for MGs can provide passivity features,
which means extra damping are integrated in the system. Thus,
if we connect MG equipped with the proposed controllers,
even though inequality (27) is not verified, the system can also

0885-8950 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



Transactions on Power Systems

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2884876, IEEE

C 1T C c V 1TV v c v
0 [F21,:)" Poos +miF1a, (Fa1,5)" Pyas +mF1a, 0 Qiai | L4y
o C T, . c c C 1T C c c _ c T c
Qi = []:12,1;] ni + 7)22,1',-7'-21,4, [‘7:22,7;] 7)22,7', + 7)22,7:-7:22,7‘, 022 - [912,1', 922,1', 022 (16)
vV T v v V 1TV v v vV T v
[]:14,i] Ni + P44,i]:41.i 02x2 []:44,i] 7744,1‘ + P44,i]:44,i [914,1'] O2x2 Q44,i
i O1x2 O1x2
c
O2x1 | Paa; | O2x2
O2x2 022
c
P, = Osx2 7)2./\/*2./\/,11 022 (19)
0 P 0
2x2 (2N +2) % (2N +2) i 2x2
O2x2 O2x2
v
L 02><2 ’P‘ZM*QMJ; d
n; 0 0 0 0 0 0 0 0 0
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survive with tolerance to a certain degree. The intuitive robust
analysis about ZIP load and a detailed passivity analysis of the
system output impedance will be given in subsection IV-C by
root locus analysis and bode diagram. The HiL test in section
VI-D will also be given to verify the passive effectiveness of
proposed controllers and the accuracy of theoretical results.

Remark 4. The design of stabilizing controller for each MG
can be conducted according to Proposition 2. In particular,
differently from the approach in [13], no optimization problem
has to be solved for computing a local controller. Indeed, it is
enough to choose control coefficient kS, kg’:i, kgi and k}fi,
k;/,p kz‘a/z fulfilling the inequalities in (21). Note that these
inequalities are always feasible, implying that a stabilizing
controller always exists. Moreover, the inequalities depend
only on the parameters Rg and Rx of the MG 1. Therefore,
the control synthesis is independent of parameters of MGs
and power lines, which means that controller design can be
executed only once for each converter in a plug-and play
fashion. From Theorem 1, local controllers also guarantee
stability of the whole MG cluster. When new MGs are plugged
in the MG cluster; if their controllers are designed as described
above, the stability of the new MG cluster can be guaranteed
by Theorem 1 (notice that the new graph G, is connected
by construction). Instead, when a MG is plugged out, the
electrical graph G.; might be disconnected and split into two
connected graphs. Yet, Theorem I can still be applied to show
the stability of each sub-cluster.

IV. ROBUSTNESS ANALYSIS

In this section, we will analyze robustness of stability to
system uncertainties, control parameters and ZIP load varia-

tions. Moreover, the passivity features induced by the proposed
controllers are shown, hence demonstrating that they provide
extra damping, hence extending the system stability margin
for CPLs. For convenience, in the following analyses, an MG
cluster consisting of two MGs is considered, and the system
and controller parameters are same as those in Section VI, (See
in Table I and IT). The analyses below are based on closed-loop
system model given in (8).

A. Robustness to system parameters uncertainties

The inequalities (21) depend only on the parameters RS
and R}, of the MG i which are the equivalent resistance of
filter inductors. If they cannot be known exactly, one can just
set a tolerance percentage o; € [0,1] in (21), which can be
rewritten as

v
klcz <1 ki <1
v v
< (—org M < Q- a0R]
, i 1
v v v \%4
k§, >0 0<kg,; < v (ky,; — D(ky; — Ryy).
ti

(28)

Moreover, since the equivalent resistance of inductors can-
not be negative, we can just choose kQCl and k;/ , to be less
than zero to guarantee stability of the whole system, which
works for all parameter uncertainties.

To further prove the robustness to uncertainties of system
parameters, Fig. 4 shows the pole-zero locus obtained by
changing the values of capacitors Cy;, inductors LS, and the
equivalent resistances thg for grid-feeding converters, induc-
tors L), and the equivalent resistances R}, for grid-forming
converters respectively. The control parameters are kept in-
variant when the system parameters are changed. One can
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notice that even though the system parameters are changed,
the whole system can be kept stable by using the same control
parameters.

B. Robustness to control parameters

In this subsection, we discuss pole-zero locus in Fig. 5
which are obtained by changing the control parameters within
the stable range. It is proved again that if the inequalities (21)
are satisfied, all the poles of the closed-loop system are located
in the right half plane (RHP) and the stability of the system
can be guaranteed. Furthermore, the locus of poles can also
provide guidelines for choosing the controller parameters so
as to improve the dynamic performance of the system.

C. Robustness to load parameters

This analysis is divided into two parts. Firstly, one MG is
considered. The CIL in ZIP load is set as R; =20 2. According
to the results given in Proposition 4, the system might become
unstable when P¢ pr; becomes larger than 482 /20 = 115.2W.
In this analysis, the power of CPL Popy; is changed from 0
W to 680 W. As shown in Fig. 6, the system can still be
stable until Popy; become 610W, after which one pair of
poles goes into the RHP. The result shows that except for
the damping from CIL, the proposed controller can provide
extra damping to compensate the negative impedance due to
CPL. In particular, from the model given in (8), the bode
diagram profile between V; and I; called the closed-loop
system output impedance [24], [25], [26] is shown in Fig. 7.
Since the phase margin is between 90 and —90 degree within
the whole frequency range, the system output impedance is
passive, which means it provides extra damping to the system.

To further illustrate effectiveness of the extra damping
induced by the proposed controller, an MG cluster consisting
of two MGs is considered. The test condition is same as before,
but the power of CPL is changed from O W to 1000 W. The
pole-zero locus in Fig. 8 shows that the system is stable within
the larger power range than before. It is because more MGs
are connected into the system, more extra damping is provided
and then the whole system can supply more CPL than before.
The analysis results will be further proved in the HiL test in
Section VI-D.

D. Region of Attraction

We would like to show that the PnP controller can provide
a large region of attraction (ROA). Based on the original
nonlinear model, we tested the stability and convergence of
system with different initial states. Since the CPL is linearized
at the voltage operating point, we considered the following two
initial voltage conditions with 200W CPL power.

In the first scenario, the initial voltage is chosen as —1V.
Normally, the voltage is started at OV initial value and finally
tracking 48V with no steady errors, thus negative initial
voltage state is a challenge to be handled. Then the state
trajectory is shown in Fig. 9. The x-axis represents the current
tracking error eC;] (t) and the y-axis represents the voltage
tracking error e[v,j (t). The red circle represents the equilibrium

point. It can be seen in Fig. 9 that even if the system starts
from the negative initial voltage value, a stable behavior is
obtained. In total, there are five states for each MG. Since
the voltage and current tracking errors converge to zero, the
integrated error states v[% (t) and v[‘if] (t) converge to constant
values. Further, the current from grid-forming converter is also
stable due to the stable voltage performance.

In the second scenario, the initial voltage is chosen as
120V, i.e. an initial voltage value that is much higher than
the nominal one. The simulation result is given in Fig. 10
which shows the tracking errors also converge to zero also in
this case.

The test shows that the system has a large region of
attraction which can make the system safe even under large
disturbance or start-up stage.

V. DESIGN OF STABILIZING LEADER-BASED SECONDARY
CONTROLLERS FOR A MG CLUSTER

The proposed primary PnP controller can achieve both the
voltage and current tracking with the local references for each
MG. However, to achieve the coordination within MG clusters,
references should be provided by the upper control layer
to achieve voltage tracking and current sharing reasonably.
Furthermore, to avoid using a centralized controller to send
the reference value for each PnP controller, a leader-based dis-
tributed controller is proposed in the secondary layer including
leader-based voltage and current controllers. In particular,
references are provided only to the leader node and then they
will be diffused through the MG thanks to the consensus
scheme.

A. Leader-based Voltage/Current Secondary Controller

The proposed secondary controller has the goal of sharing
information about reference signals in a distributed way.
Based on (13) and (14), the transfer function from voltage

Pri,V Pri,C
reference zm:f['_] and current reference zmrfl[_] to output volt-
7 7

age V; and output current IS can be written as H, (sI — F})M;
where M,; collects the second and third columns of M;. Setting
s = 0, the identity matrix is obtained which means the primary
PnP control loops can be approximated by unit-gain relations

Vi= Ve (29a)
Ig o IC,pu o IPri,pu (29b)
Icap,i 7 — “Tref,

The secondary control layer exploits a communication network
linking MGs and fulfilling the following Assumption.

Assumption 2. The communication graph G°¢¢ = (D, £9¢°)
is connected and undirected implying that communication links
within a MG cluster are bidirectional. Over each communi-
cation link (i,j) € £5, the pairs of variables (15", V;)
and (Ig—’p “,V;) are transmitted. Furthermore, the graph G5
is endowed with an additional node termed the leader node,
carrying the reference values (I f:; P VR5) and connected
to at least one node belongs to D.
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Fig. 4: Robustness analyses to system parameters.

The proposed leader-based voltage and current distributed
secondary controller can be written as:

evi = Z aij (Vi —Vj)+g: (‘/i - Vri?c) (30a)
jenee

eci = Z aij (Iic’pu - ch,pu) + gi (Izzc’pu - If:fc"pu) (30b)
jengee

where N°¢ is the set of communication neighbors of MG

1, a;; = 1 if the modules ¢ and j can communicate with
each other through a communication link, g; = 1 if MG ¢ can
receive the reference values about voltage and per-unit current
which means i € N7°¢, and N7 is the set for MGs who
can receive the reference values.

The cascade of the above equations and the PI controllers
are shown in the right part of Fig. 3 To be specific, the current
reference value I feefc P is a per-unit value considering the total
load requirement and the total system capacity. If the per-unit
values of all the output currents are equals to the reference,
it means that MGs share the loads properly according to their

own capacities.
In matrix form, (30) is given by the equations:

ev = (L+G)(V - Vi51N) (31a)
ec = (L+ G) I — I35 1n) (31b)
where ey = Lev1 ey ... eVN]T, V = [ ‘/1 Vé VN]T,
190 — ISP 1P o ISPYT, and G s a diagonal

matrix with diagonal entries equal to the gains g;. Based on
Assumption 2, L is symmetric Laplacian matrix.
Then, the error ey; and ec; are filtered by PI controllers

respectively. The outputs AV, and AItCi’p “ of the secondary
controller layer can be written as

AV —nNpvey —/Kivev (32a)

C,pu
Al - pC’eC_/KiCeC

(32b)

where AV [AVF AV ... AVN]T, AICP"
[AISP AIGP™ ... AISPYT. In addition, K,y and Ky
are proportional and integral coefficients of the leader-based
voltage controllers and K,c and K¢ are proportional and
integral coefficients of the leader-based current controllers. All
the coefficients are common to all MGs, thus these are scalar
variables.

The relationship between the primary PnP controller and the
leader-based secondary controller are shown in the right block
of Fig. 3. Exploiting the unit gain approximation of primary
loops, one obtains that (29) is replaced by

V=VEi+AV (33a)
IEP = I 4 AL (33b)
- i i ri Pri,pu

Whlf“—:’rri pyrilf%i p; [ VT%E p‘:;gm T lefvn]T’ ITef i

[Iref,’l . Iref,’Q Iref,’n: ] -
Focusing on the time derivative of (33), we get
V=-Kiy[l+Ky(L+G) ey (34a)
77" = —Kio[I + Kpo(L + G)) 'ec (34b)

B. Stability Analysis

The aim is to show that under the effect of secondary control
layer, all PCC voltage converge to the leader value V;ij and
all the output current converge to the same per-unit value

I f:;’p “. We start by introducing preliminary lemmas.

Lemma 3. Under Assumption 2, L is symmetric Laplacian
matrix. Since G = diaglg1,92,-..,9n] = 0 is a diagonal
matrix with at least one strictly positive entry, matrix L + G
is positive definite.

Corollary 1. Under the assumption of Lemma 3, for any
scalar o > 0, matrix [I + (L + G)]! is positive definite.
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Fig. 5: Pole-zero locus analyses by changing control parameters.

Lemma 4. [27] Let A, B € R"™ "™ be positive definite
matrices. If AB BA is satisfied, then AB is positive
definite.

Lemma 5. Under Lemma 4 and Corollary 1, for any scalar
Kpv > 0, the matrix (L + G)[I + K,y (L + G)]| ™! is positive
definite.

The proofs of Lemma 3, Corollary 1, and Lemma 5 are
provided in the Appendix.

We are now in a position to introduce the theorem.

Theorem 2. Based on Lemma 5, with the controller (32), the
tracking errors in (31) converge to zero.

Proof. Note that the schemes (30a)-(32a) and (30b)-(32b)
have the same structure. Then, in the following, we show
convergence to the leader reference value only for voltages.

We consider the following candidate Lyapunov function

7 = §e‘T,PSECeV, where P%¢¢ > ( (35)
The time derivative of (35) is
Z = el PoC(L + G)V
= — ivegpSec(L + G) [I + va(L + G)]_lev (36)
—K;y

65 [PSECO + OTPSec]eV

2

where O = (L + G)[I + K,v (L + G)] L.

Based on Lemma 5, matrix O is positive definite. Based
on Lyapunov theory [28], there exists positive definite matrix
P3¢ which makes P3O + OT PS¢ positive definite. (For
such the linear time-invariant system X = —OX, if the matrix

0885-8950 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information:

Transactions on Power Systems

600

400

200

=
=
< Critical Stable
E 0 x Xpep =610 W
g
2
-200
£
-400
-600
X x % x x x x x xG)x
_—
-800 | . i ]
-160 -140 -120 -100 -80 -60 -40 -20 0 20
Real Axis

Fig. 6: Pole-zero locus by changing power of CPL from 0 W

to 680 W for one MG.

Magnitude (dB)

50 - HHHH I I HHH|
90 T T

45 - 1

Phase (deg)
; <

90 - L L
10" 10°

10' 10° 10° 10*
Frequency (Hz)

Fig. 7: Closed-loop system impedance profile.

O is positive definite, the system is asymptotically stable).
Therefore
—-K;
ECE v eL[P%ec0 + 0T P5*“)ey,

—-K;
< TVo_mm(PSecO + OTPSec)||eVH2 <0
where 7,5 (P5°¢O 4+ OT P5¢¢) denotes the minimal eigen-
values of the symmetric matrix P5¢¢O + O™ PS¢, From (37),
one has that the tracking error ey goes to zero, and that all
PCC voltages converge to the reference value provided by the
leader. The convergence of output currents to the reference

value can be shown in the same way. [

Z =
(37

VI. HARDWARE-IN-LOOP TEST

In order to verify the correctness of theoretical results, real-
time HiL tests are carried out using dSPACE 1006 platform.
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The real-time test model comprises four MGs with meshed
electrical topology shown in Fig. 11. The communication
network is shown by the orange lines in the same figure. More-
over, MG 1 is the only MG receiving the leader information
from energy management system (EMS). In each sampling
period, each MG only communicate with their neighbors
which means that the communication network is distributed.
Since the communication topology is connected, the leader
information can reach each follower in the system indirectly.
The nominal voltage for the MG clusters is 48V. The electrical
setup information are shown in Table I. The control parameters
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are shown in Table II.

" Leader Information "\ _ — —_
i from EMS i

Electrical Line

[¥~ — = Communication Line|

Fig. 11: System configuration of Hardware-in-Loop test.
TABLE I: Electrical setup parameters
Parameter Symbol Value
Output capacitance Clix 22 mF
Inductance for RES LS 0.018 H
Inductor + switch loss resistance for RES RS, 02 Q
Inductance for ESS LY, 0.0018 H
Inductor + switch loss resistance for ESS R}, 0.1 Q
Switching frequency fsw 10 kHz
TABLE II: Control Parameters
Control Parameters Symbol Value
k¢, -0.01
K, 27015
Primary Control Level for Single MG k? * 40.4018
kY, -0480
kY, 0108
K, 30673
kpv 4
Secondary Control Level for MG Cluster ]l:iv 22
pC 3
kic 20

A. Case I: Instability Test

From (21), according to the system information reported
above, the controller coefficient must verify

|4
kS, <1 Frs <1
kS, <02, {k2i<Ol )
kS >0 0 < kg, < L—V(k{fi—l)(k{i—Rx)
i

(38)
At the beginning, MGs are operated separately and at ¢ = 0.5s
MGs are connected together to form the MG cluster. Then at
t = 1s,, the control coefficients are changed in order to violate
(38). Fig. 12 including six sub-figures illustrates the system
performance when each control coefficient is changed from
the stable region to the instable region. Fig. 12a to 12c show
that when control coefficients for the grid-forming converter
in MG 2 go sightly out of the stable region, the system
becomes unstable. Fig. 12d to 12f show that the same happens
when control coefficients for the grid-feeding converter in
MG 2 slightly violate the inequalities. The results show that

11

the control parameter set (21) can be tight for specific MG
clusters.

B. Case 2: Voltage/Current Tracking Test

Voltage/current offset-free tracking is verified considering
both the primary and secondary control level. At the be-
ginning, four MGs are operated separately, using different
voltage/current references. The results are shown in Figs. 13
and 14. At T'1, four MGs are connected together simultane-
ously. As shown in Fig. 13a, apart from small oscillations on
PCC voltages, the system operation is stable. Moreover, the
output currents track the local reference provided by primary
controllers as shown in Fig. 14. At T2, the proposed leader-
based voltage controller is enabled and the leader value is set
as 48V. It is illustrated in Fig. 13a that after 72, the PCC
voltages converge to the leader reference under 0.3s. Then,
at T'3, the proposed leader-based current controller is enabled
and leader value is set as 0.3p.u. Fig. 14 illustrates that the per-
unit current values can converge to the leader value within 1s.
In addition, Fig. 13b illustrates that only 0.04V oscillations
exist in the output voltages when enabling the leader-based
current controller. Furthermore, when the reference for leader-
based voltage controller is changed from 48V to 49V at T4,
the PCC voltages still track the leader reference, as shown in
Fig. 13a. Similarly, when the reference for leader-based current
controller is changed from 0.3p.u. to 0.4p.u. at T'5, the output
currents can track the new value as shown in Fig. 14. Fig. 13c
illustrates that when the reference for leader-based current is
changed, the output voltages are not affected.

C. Case 3: PnP Function Test

The PnP function for both primary and secondary con-
trollers is tested. At 71, four MGs are connected together
simultaneously. At 72 and 7T'3, the proposed leader-based
voltage/current controllers are enabled, respectively. At T4,
MG 2 is plugged out of the MG cluster, which means the
communication links and electrical lines are all disconnected
with the cluster. As shown in Figs. 15a and 15b, the other three
MGs still operate in a stable way and then keep tracking the
leader reference from the secondary control level. Meanwhile,
MG 2 can still use its own primary controller following the
reference from the primary control level which are 47.8V for
voltage and 0.25p.u. for current. At 75, MG 2 is plugged
into the cluster and the communication links of MG 2 are
also enabled. As shown in Fig. 15a and 15b after T'5, both the
output voltage and current of MG 2 start to track the reference
value of the leader node. Overall, the results show that even
in presence of plug-in/out events, the MG cluster can behave
in a stable way. And both output voltage and current tracking
performance can be guaranteed. Furthermore, during the whole
test, the control coefficients for all MGs are not changed.

D. Case 4: CPL Capacity Test

In accordance with the analysis condition in subsection
IV-C, one MG with ZIP load is considered first. The power of
CPL in the system is increased from 0 W to 600 W with 100
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Fig. 13: Voltage performance for voltage/current tracking test for Case 2.

W step. During the test, the current reference for RES is set
at 5 A and the rest amount of power is absorbed or provided
by ESS. The result are shown in Fig.16.

As shown in Fig.16a, the voltage can be stable for each
CPL increasing step until the power of CPL reach 600 W.
Meanwhile, during the same period, the current from RES
shown in Fig. 16b is tracking its reference 5 A. The current

performance from ESS is shown in Fig. 16c. At the beginning
of the test, the current from RES is larger than the total load
consumption, thus the current from ESS is negative which
means it is charged. With the increasing power of CPL, the
ESS start to provide the power into the system. When the
system is subjected to the CPL power step from 500 W to
600 W, the system become unstable. The result is identical to
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Fig. 14: Current performance for voltage/current tracking test
for Case 2.

the analysis results shown in Fig. 6 which shows that when
the CPL is increased to 600 W, a pair of pole appeared in the
RHP make the system unstable.

Then a MG cluster consisting of MG 1 and MG 3 with
ZIP loads is considered. The results are shown in Fig. 17.
The power of CPL is increased from 0 W to 1100 W step
by step during the whole test. Moreover, the different voltage
references are set for two MGs: 48 V for MG 1 and 48.2 V
for MG 3 to make the figure clear. The current references for
two RESes are same and set at 5 A. During the whole test, the
system can be kept stable. Compared with the test result with
one MG, the CPL capacity of the MG cluster is more than
twice larger than that of one MG. It means a new connected
MG can provide more damping to the system. The analysis
results in Fig. 8 also show that no pole goes into the RHP
when the power of CPL reach 1000 W. And the accuracy of
the analysis results is proven again.

E. Case 5: Communication Delay Test

In this case, the effects of communication delays on the
proposed secondary controller is studied.

Fig. 18 shows the system performance with 1000 ps com-
munication delay. At t=7'1, four MGs are connected together.
At t=T'2 and T'3, the secondary voltage and current controllers
are enabled respectively. At t=1'4, T'5, T'6, and T'7, 1000 ps
communication delay is added in the communication links 1,
2, 3 and 4 respectively. It is shown that the voltage and current
performance is not much deteriorated for delays up to 1000
WS.

Then, Fig. 19 shows the performance with 2000 ps delays.
The start procedure is same as before. Then, at t=7'4, T'5, T,
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Fig. 15: Voltage and current performance for PnP test consid-
ering both the primary and secondary level for Case 3.

and 77, the communication delay is added in the communi-
cation links 1, 2, 3 and 4 respectively. After adding delay for
MG 4, oscillation around +£0.5V exist in the output voltage
in Fig. 19a, meanwhile small oscillation exist in the current
in zoom in part of Fig. 19b. Even though oscillations exist in
the system, it can still be operated stable under this condition.
For counteracting the effect of delays, an option is to stop
the secondary controller and keep the primary regulator only.
To verify this operation, at t=1'8, the secondary controller is
disabled, after which, the oscillations disappear and both the
voltage and current are stable operated.
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FE Case 6: Measurement Noise Test

The resilience to measurement noise is studied. Results are
shown in Fig. 20 and 21. At t=T'1, four MGs are connected
together. At t=1"2 and T'3, the secondary voltage and current
controllers are enabled respectively. At t=74, the Gaussian
white noise with 24 dB signal-noise-ratio (SNR) is added
to each measured voltage and current. Notably, 24 dB SNR
means the signal is quite poor according to the standard in
[29]. It is shown in Fig. 20a and 21a that after t=7'4, the noise
is added in measured voltage and current which are used as
control inputs for proposed controllers. The good performance
of output voltage and current shown in 20b and 21b prove
that the noise can be canceled by the controller and the
performance cannot be affected under this poor measurement
circumstance. In other words, the closed-loop system can
performance as a low-pass filter to cancel the measurement
noise to a certain degree.

VII. CONCLUSION

In this paper, a hierarchical PnP Voltage/Current controller
for DC microgrid clusters with ZIP loads is proposed including
primary control level and secondary control level. In the
primary PnP controller, by choosing the control coefficients

characterized by a set of inequalities which is only related to
local parameters, the closed-loop stability can be guaranteed
for the MG clusters. In the leader-based distributed secondary
controller, both the voltage and current can track with the
information from the higher control level by distributed com-
munication strategy. Under the proposed hierarchical control
structure, each MG can achieve plug-in/out operation without
changing the control coefficients and knowing the electrical
topology of MG clusters. As in [13], the proofs of closed-loop
asymptotic stability of using the proposed controller for MG
clusters exploit structured Lyapunov functions, the LaSalle
invariance theorem and properties of graph Laplacians which
shows that these tools offer a feasible theoretical framework
for analyzing different kinds of MGs equipped with various
types PnP decentralized control architectures. For more tech-

nical details, readers can refer to our original technical report
[30].
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APPENDIX
A. Proof of Lemma 1

Proof. If @QQ; < 0 is satisfied, from Proposition 1, the first
block-row and block-column in (17) are null. Then z7 Q;z <
0, Vo € R®. Partitioning z as

where 711 € R, 25 € R2, Ty € R2.
We obtain

2" Qix = 75 Q5 @y + ¥ QY ;i
For o = 0 and 4 # 0, one has
2" Qix =7} QY, ;84 <0, VZy € R?
which means
Qy,; <0
Setting 4 = 0 and &5 # 0, one has
2T Qix = 71 05, ;32 <0, Vi, € R?

which means
Q5 <0

B. Proof of Proposition 2
Proof. Based on (11) and (14), the upper middle block of (16)
Qf, ; can be written as

[}-QCLJTPQ%J + i F i

— (kfifl) C
= Lo Pa2i T o

(KE-1) o } (39
Lo P23

From Proposition 1, Q127, should be equal to zero vector
which means

(k"lc:z - 1) C 1

szzi = _07-"" (40a)
(k01 - 1)
1LC pSs; =0 (40b)
ti

Because 7); is positive, thus it derives that
k<1 (41a)
P53 =0 (41b)

With the results (41), the diagonal item of (16) chz,i can be
direct recalculated as

[]:22 JTP22 it Pzz 1‘7:22 i =
2(k RS)

C
C kS,i C
PSa.i ‘ P33T TP
c ksc- c
—P33; T Lg D32

(42)

0

18

Again from Proposition 1, the off diagonal item of (42) should
be equal to zero which means

kS i
LC p202 K pSCZ’;,i (43)
Thus,based on (43) and P; > 0
kS >0 (44)

From Proposition 1, ); should be at least negative semidefi-
nite, thus

kS < R, 45)
Because the upper left corner 3 x 3 matrix of P; is diagonal
matrix and the matrix P; is positive definite, one has

Plai >0 (46)
Based on (11) and (14), the off diagonal of (16) Q14 ; can be
written as
[—Fzﬂ,i]TPX;,i + nifl‘fl,i =

(k}/,i_l) Vv
TV Pa4i

ti

&Y, 1) A7)
1L,V pym - Pé/s,i

v 1
—Pasit g M

From Proposition 1, QY ; is a zero vector which means

(k’Yz -1) 1
Pisi = v Piait g (482)
(kri = 1)
PYsi = v Pls. (48b)
ti

Then by explicitly computation of QZM, we can derive that

V TV vV Vv
(Fiaa,i)” Piai + PaaiFaa, =
v \4 v v
2(’“2,1‘*Rti> v (kg =R v kY
LY Paa,i LY Pys,i + A P44 i (49)
v
3, —RY) v Wi v 9 R
LY, Pys,; T Y Paa,i Y Pys,i

Based on the Lemma 1 and eq. (46)
(k3 — RY)

2
Ly

p44l<0:>k21<R (50)

Computing the determinant of QLJ, one obtains

2
det(Qz‘l/AL,i) =- lLthXs,i - LV P44 i (51)
ti

Based on the Lemma 1, the second principal minor of QLJ
which is also the determinant QXM is nonnegative. From (51),
the maximum value is zero, thus the determinant of QY ;
should be equal to zero. It follows that 7

(k%/,z _Rx)pv o kiv:ipv _ :>pv o (ké/,z _Rx)pv .
L};’ 45,4 Lx 44 4 444 k\/:Z 45,1
(52)

By solving the system of equation given by (48) and (52), it
follows that

LY (kv — R‘{)
vV _ 2 7
Daai = CZ( T ¢ (53a)
LY kY,
b5 = 53b
p4571, Ctz hl ( )
1 kY (kY —1)
\% 1
. = - 2 53
Ps5,i = Cm hs (53¢)
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where h; = L} kY — (kY —1)(kY — R})).
Because PXM is positive definite, all its principal minor
should be positive definite. Then

\%4 \% \%4
o det (%W) > 0, combining this result with (50),

the feasible parameters k;’ , and h; set should be Z; =
{kY < R} n{h <0}

L, ) ‘ LE K
C i i R
ti —
] det v T =
L” ’3,4 1 3,@( 1 )
Cii hi Cti h;
LY KY Cy . .
— g > 0, considering this result, the
Zh,;

feasible ~parameters ké/ , and h; set should be
Zy={{kY <0}n{h>0}}U{{kY >0} n{h<0}}

By combing the Z; and Z5 together, one has
Z={21}"{Z} = {ky <R} {k >0}n{h<0} (54)

Because k:‘{ > 0, the set {h < 0} can be further split. Then,
combining the set with (54), it can derive that

1
Z = (k) <13n{ky <REIN{0 <k < g (k) — Dk =R} 65)
ti

Thus, (20) can be derived by combining the result in (41b),
(43) and(53). Then, combining the results in (41a), (44), (45)
and (55), the set for control coefficients (21) is derived. [

C. Proof of Proposition 3

Proof. In the sequel, the subscript ¢ is omitted for convenience.
From (20), g(w) is equal to

0 0 0] o 0
x$-RrY) &
012 0| o 0
T T 771)22 L
[wi |wg |wi ]| o 0 ol o o Wy
\% \% ws
0 0 0| q4qa s
0 0 0| ays as
(56)

where wo, w3 € R2. Since @ is negative semidefinite, the
vectors w satisfying (22) also maximize g(-). Hence, it must
hold 9 (w) = Qw = 0, i.e.

0 0 0] 0
C C

0 2% ¢ ol o o0 o

0 0 0 0 0 l: ’1{12 ] =0 (57)

0 0 0| a¥s ais o

0 0 0| a¥s a¥s

Based on the results in Proposition 2, it is easy to show that,
by direct calculation, a set of solutions to (22) and (57) is

composed of vectors in the form
w=[a 0 v 0 0], ay€eR, (58)

Moreover, from (56), we have that (22) is also verified if there
exist vectors

- T
W= w |wl|wl ], w0, (59
such that w; € R, wy € R?and
w} Qfyws = 0. (60)
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By exploiting the result of Lemma 2, we know that vectors
w, fulfilling (60) belong to Ker(F},), which, recalling (14),
can be explicitly computed as follows

Ker(]—'zsz):{:ze]RQ:[féi1 f(‘%gi|x=0}:

kY~ RY } )

_ 2 T _
_{xeR.a_[ﬁéﬁ],ﬁER,a_ e

The proof ends by merging (58) and (59), with w; as in
(61). O

D. Proof of Proposition 4

Proof. Consider the following decomposition of matrix A

A:AD+AE+AL+A0, (62)

where Ap = diag(Ay, . .., ANN) collects the local dy-
namics only, A collects the coupling dynamic representing
the off-diagonal items of matrix A. Meanwhile, AAE =
diag(AEh N ,AgN) and AL = diag(Aload,l, ey Aload,N)

with
R - > = Oual| 1
Agi = | JeN: g G yAjoga = | FriGu O )
04x1 04x4 04x1 044
takes into account the dependence of each local state on the
neighboring MGs and the local resistive load. According to

the decomposition (62), the inequality (26) is equivalent to
show that

(Ap +BK)TP + P(Ap + BK) + 2(Az + AL)P+ ASP + PAc <0

(a) (b) (e)
(63)

By means of Proposition 1, matrix (a) = diag(Q1,...,@nN)
is negative semidefinite. Then, the contribution of (b) + (c)
in (63) is studied as follows. Matrix (b), by construction, is
block diagonal and collects on its diagonal blocks in the form

7 e
2(A5’i + Aload,i)Pi =

un O1x2 | O1x2
72RL'1CP" -2 Z R,.,lc P O1x4
_ 1t jENi ij ~ti c
= O2x1 | Paa; | O2x2
O4x1 O4xa v
O2x1 | O2x2 | Pay
=27 —2 > 7lij  Oixa
= JEN;
O4x1 O4xa
(64)
where " "
- i ~ g
Nij = 5~ NLi = (65)
R;;jC RpiCy

Considering matrix (c), each the block in position (i,7) is
equal to

(AAji)TPj + PlA” lf] S M
0 otherwise
where
. . Mij + M50 O1xa
PiAij + A};Pj = (66)
O4x1 O4x4

From (64) and (66), we notice that only the elements in
position (1, 1) of each 5 x 5 block of (b)+ (c) can be different
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[ (=2 —2 > y) e MmN ]
JEN:
721
L= ) ~ R ~ (67)
(=27iN-1—2 > 7N-1j) IN-1N
JENN -1
N1 INN—1 (=27n —2 > 1ing)
L JENN |

from zero. Hence, in order to evaluate the positive/negative
definiteness of the 5N x 5N matrix (b) + (¢), we can
equivalently consider the NV x N matrix as (67) obtained by
deleting the second to fifth rows and columns in each block
of (b) + (¢). One has L =M+ U + G, where

2 Y 7y 0 0
JEN:
0 =2 ) Ty
M = jENQ 9
' 0
0 .. 0 -2 > 7ny
L JENN |
21 0 ... 0
U= 0 _277L2
0
0 0 —2fn
and - -
0 2 mn
— 0 *
g=| ™ (68)
TIN—1N
N1 TINN-1 0

Notice that each off-diagonal element 7;; of G in (68) is equal
to
—,,{ (Thig + Tj) ifjeN;
i =19 o

otherwise (69)

At this point, from Assumption 1, one obtains that 7);; = 7;;
(see (65)) and, consequently, 77;; = 7;; = 21;; (see (69)).
Hence, —(M + G) is symmetric and has non negative off-
diagonal elements which means it is a Laplacian matrix
[31], [32] which is semi positive definite. Then, the proper-
ties of matrix —/ should be considered. Since the negative
impedance from CPL is considered, the definite property of
—U depends on the each diagonal items 7);; which is directly
related to the equivalent resistance Ry; shown in eq. (2). To
calculate in details as

T}i

1 Popri )

Nri = — (— 70

1 Ci (Ri V2 70

For each diagonal item in ngtrix U, since n; > 0 and Cy; > 0,
VO

if the condition Popr; < 5~ is satisfied, then all the diagonal
items satisfy 7r; > 0. It means matrix —/ is a zero matrix
under the worst condition or a positive-definite matrix under

the best condition, further, the matrix —{/ is a semi-positive

definite matrix between the two extreme conditions. It follows
that — L is equals to a Laplacian matrix plus a zero matrix, or
a semi-positive/positive definite diagonal matrix. As such, it
verifies £ < 0 by construction. By adding the deleted second
to fifth rows and columns in each block of (b) + (¢), we have
shown that (63) holds. O]

E. Proof of Theorem 1

Proof. From Proposition 4, V(f{) is negative semidefinite ((26)
holds). We show that the origin of the MG cluster is also
attractive by using the LaSalle invariance Theorem [33]. For
this purpose, the set R = {x € R*" : xTQx = 0} is
first computed by means of the decomposition in (63), which
coincides with

R={x:(x7" (@) +®) +(c)x =0}
= {x: ()" (@)x + )T (b)x + ()" (c)x = 0}
={x: (x)"(a)x =0} N {x: ()" [(b) + (c)] x = 0} .

X1 X2

(71

In particular, the last equality follows from the fact that matrix
(a) and (b) + (c) are negative semidefinite matrices based on
the proof of Propositions 2 and 4.

First, we characterize the set X;. By exploiting Proposition
3, it follows that
]T

Xy ={x:x=[a1 0v B101B1] --- | an 0y~ BN dnBN

(72)
ai, i, Bi € R},

Then, the elements of set X9 can be characterized using
Proposition 4. Since matrix (b) 4+ (¢) can be seen as an
“expansion’ of a matrix which is negative definite with zero
entries on the second to fifth rows and columns of each 5 x 5
block. By construction, the vectors is in the form as

Xo={x:x=[0&12 13 F14 F15 | --- | 0 &nz2 Fns Tna Ens ], 73)
T2, Tiz, Tia, Tis € R},
Hence, by merging (72) and (73), it derives that
R={x:x=[00~ B16:81|| - |00~n Bx Sx8x]1", )
Vis iy Bi € R},

To conclude the proof, it should be shown that the
largest invariant set M C R is the origin. To this pur-

pose, we consider (13), include coupling terms 5[1-], resistive
load term Ajoqq,:%i(0); set dj;; = 0 and choose %(0) =
[21(0)]...|25(0)]" € R as initial state. We aim to find
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conditions on the elements of %(0) that must hold for having
% € R. One has

2;(0) = Fi#i(0) + Ajoaa,i#:(0) + Y Ayj (£;(0) — ii(O)Z

JEN; 0
[ 1 1 1 17 ©
__Rp;Cyi < 0 Tt 0
kEi-0 | GEi-RE R, 0
xej wxe] o] 0 0
L L L v
= 0 -1 0 0 0 v
(Yi—1) o N ECTRR D Bi
LY, LY. LY,
ti ti ti 5/3
| -1 0 0 0 0 B
- L—}I -
Cii 5,
[ep®
Icg7 v
Lo T 9
ti k3,i
.0 Yi
0 ti
= = 0
k;/’i_RyiBJrké/’iéB
LY Ly; 0
=0 0
0

for all i € D. It follows that X(0) € R only if 8; = 0 and
vi = 0. Since M C R, from (74) one has M = {0}. O

E. Proof of Lemma 3

Proof. Each vector x € R™ can always be written in a unique

way as [22]
r=3%+7with# € H' and 7 € H} (75)
Then, one has
(L4 Q) =2"Li 4+ 27 Ge (76)
(76) is equivalent to the two following cases
If##0, #'Li+a2TGx >0 (77a)
——
>0 >0
If2=0, gLz +37Gz >0 (77b)
——
=0 >0
Thus, matrix L + G is positive definite matrix. O

G. Proof of Corollary 1

Proof. We recall that if « is a scalar, A is positive definite
matrix and [ is unit matrix which is also positive definite
matrix, from Woodbury matrix identity theory [34] , one has

[I+aA]™?

78
=a'AT —a A 0T AT D) T AT 78)

O

21

H. Proof of Lemma 5

Proof. From Corollary 1, matrix [I + K,y (L + G)]7! is
positive. Then, from (78), one has

(L+G)[I + Ky (L+G) ™
=K I - (Kp}})z [K;‘}(L+G)‘1 +I}_1 (L+G)!

— KM - (Kp—vl)2 [Kp—vl +(L+ G)} o

(79)
Then
I+ Ky(L+G) " (L+G)
2 —1
= K = (Kt) (D467 KL+ G) 7+ T
2 -1
=K JI- (Kp_‘}) [Kp‘vl +(L+ G)}
(30)
Comparing (79) with (80), we have
-1
(L+G)I+ Kpv(L+ Q) &1

=[I+ Ky (L+G)) (L+G)

To conclude, from Lemma 4, since both matrices (L + G) and
[I+ K,y (L+G)]~! are positive definite, combined with (81),
the matrix (L+G)[I+ Ky (L+G)]7! is positive definite. [
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