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Line-Independent Plug-and-Play Voltage
Stabilization and %, Gain Performance of
DC Microgrids

Mahdieh S. Sadabadi

Abstract— The plug-and-play nature of distributed gener-
ation (DG) units in converter-interfaced microgrids imposes
significant challenges from the control point of view, mainly
caused by the time-varying microgrid structure. In this pa-
per, we propose a systematic plug-and-play decentralized
voltage control solution for DC microgrids. The proposed
control approach guarantees the stable operation and sat-
isfactory performance of microgrids under the arbitrary in-
terconnection of DG units. Based on the Lyapunov method,
concise stability and .%, gain voltage tracking performance
certificates for DC microgrids are derived. The main fea-
ture of the proposed control approach is the decentralized
design of local voltage controllers in DC microgrods. The
proposed voltage control framework is applied to a case
study of a multiple-DG DC microgrid in MATLAB/Simscape
Electrical environment.

Index Terms— DC microgrids, Plug-and-play voltage con-
trol, Stability and transient performance, %, gain, Decen-
tralized control.

[. INTRODUCTION

Direct Current (DC) microgrids are drawing continually
increasing attention over Alternating Current (AC) microgrids
due to their advantages in higher efficiency, high reliabil-
ity, reduced losses, and natural integration with renewable
energy sources and energy storage resources [1]. With the
recent advances in power electronics technologies, converter-
interfaced DC microgrids are becoming more prevalent while
posing a number of significant different control challenges.
The challenges include stability issues due to the low-inertia
characteristics of power electronics-based generations as well
as uncertainties affecting the microgrid topology regarding
system expandability, flexibility, and plug-and-play (PnP)
functionality of distributed generation (DG) units. The plug-
and-play operation of DG units affects the topology and global
model of DC microgrids. However, the local loads in DC
microgrids have to be stabilized without retuning the microgrid
control system, in the absence of any communication link.
Under the PnP functionality of DG units, classical control
approaches which rely on a global model of the microgrids
need to retune their control system in order to guarantee the
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stability of DC microgrid with a new topology. Therefore,
due to importance of the plug-and-play problem in flexible
and expandable microgrids, it is required to develop scalable
control strategies for microgrids, where the design of a local
controller for a DG unit is not based on the knowledge
of the whole microgrid and the complexity of local control
design is independent of the microgrid size. In a plug-and-play
control system, the flexibility in the structure of the microgrids
is reflected in the control architectures. As a result, when
the microgrid topology changes, the control structure can be
updated while ensuring the stable operation of the microgrids.
A significant challenge in DC microgrids under the plug-and-
play operation of DG units is to ensure voltage stability by
means of the decentralized control of each DG unit [2].

The plug-and-play voltage control approaches in DC mi-
crogrids can be categorized as droop-based and non-droop-
based control methods. The droop-based control category
brings several advantages to microgrids including ease of
implementation, expandability, and reliability with the plug-
and-play feature [2], [3]. Despite the potential benefits of the
droop-based control strategy, it comes at the cost of instability
issues, slow dynamic responses, and dependency on the line
impedance [4]. In recent years, non-droop-based control tech-
niques have gained increasing popularity for voltage control
of converter-interfaced DC microgrids. This class of microgrid
control is based on advanced control approaches. Examples
of these non-droop-based control approaches are [4]-[9] in
which stabilizing PnP voltage control techniques have been
developed. Although these approaches stabilize the voltage
of DC microgrids, they do not guarantee that the transient
behaviour of microgrids during the PnP operations of DG units
is preserved. As a result, they might result in the poor system-
wide performance of microgrids and cause performance deteri-
oration under plug-in and/or plug-out of DG units. Unsatisfac-
tory transient behaviour in islanded microgrids might lead to
a risk of hardware damages because of equipment operating
ranges and safety concerns. Yet, a systematic plug-and-play
voltage control approach, which considers both stability and
transient performance of microgrids, is highly desirable to
facilitate the seamless integration and/or disconnection of any
DG units without a need for redesigning the local voltage
controllers.

Motivated by the aforementioned challenges and due to the
importance of the transient response of voltages in microgrids,



we develop a novel line-independent PnP voltage control
approach that delivers the stable operation and satisfactory
voltage-tracking performance of microgrids with flexible struc-
tures. In the proposed PnP voltage control technique, the
design of decentralized PnP voltage controllers is formulated
as a loop shaping control problem, which guarantees the
satisfactory %> gain voltage tracking performance of DC
microgrids with dynamic resistive-inductive-capacitive lines.
We show that the desired performance specifications in mi-
crogrids can be cast as a convex optimization problem with
Linear Matrix Inequality (LMI) constraints. The solution of
the optimization problem is in terms of a decentralized two-
degree-of-freedom (2DOF) feedback-feedforward local volt-
age controller that fulfills specific % gain voltage tracking
performance specifications. By virtue of this description and
use of the results from the Lyapunov method, the stability and
voltage-tracking performance specifications of DC microgrids
under the PnP operation of DG units are preserved. One of
the main features of our proposed control strategy is that
the complexity of the proposed optimization problem grows
linearly with the number of DG units, making the approach
feasible to deal with large-scale problems.

The proposed control strategy in this paper offers the
following main features: (i) The plug-and-play operation of
DG units does not influence the stable operation and reliability
of microgrids, this differs from [6], where the plug-in or plug-
out of DG units requires the redesigning of all or neighbouring
local voltage controllers. (ii) The proposed voltage control
approach incorporates dynamic resistive-inductive-capacitive
lines, which are neglected in [5]-[8]. (iii) The design of decen-
tralized voltage controllers is decentralized and independent
of the parameters and the bounds of distribution lines, which
are required in [5], [6], [8]. (iv) The proposed voltage control
method guarantees the stability and desired %> gain voltage
tracking performance of microgrids under the plug-and-play
operation of DG units. This performance specification has not
been considered in [4]-[9].

Notation: The notation used in this paper is standard. In
particular, 0, is an n x 1 zero vector and I, is an n xn
Identity matrix. The symbols X7 and % denote the transpose
of matrix X and a symmetric term in a symmetric matrix.
Throughout the paper, col(x;) = [ x] xI ... x! ]T and
[a] = diag(ay,ay,...,a,). For a symmetric matrix X, the pos-
itive definite and negative definite operators are respectively
shown by X > 0 and X < 0. We define the sets R>o:={x €
R |x>0} and Rsg:={x€R |x > 0}. Gpax and Oy, denote
the maximum and minimum singular value, respectively.

1. DC MICROGRID MODEL

Consider a DC microgrid composed of n converter-
interfaced DG units connected through m distribution lines.
Each DG unit consists of a DC-DC buck converter, a resistive-
inductive-capacitive filter with the parameters (R;,,L;;,C;;) and
a local load connected at the Point Of Interconnection (POI). It
is assumed that the loads at POIs are constant impedance. The
energy source of each DG unit is represented by a DC voltage
source Vg.;. An electrical scheme of a DG unit is shown in
Fig. 1.

l

DC-DC converter

Fig. 1. A schematic diagram of DG i connected to DG j via line k.

DG Units Dynamics: The dynamics of the DG unit i are
described as follows:
Ltiiti (t) = _Rrilti (t) - ‘/l(t) +Vd(,,dl(t)7
m
. (1)
CVit) = 1,(1) = YVi(t) = Y Badi (),
k=1
where C;, = C,, + X1, |Bi| Ci, Vi(t) € R, L,(t) €R, di(t) € R,
I(t) € R, and ¥; € Ry are the voltage at POI i, the filter
current, the duty cycle of DC-DC converter i, the distribution
line current, and the load conductance, respectively. The term
P that defines the direction of the distribution line current
is formulated as follows:
1 if line k leaves DG i,
By ={ —1  if line k enters DG i, 2)
0 otherwise.

fori=1,...,.nand k=1,...,m.

Parameter Uncertainty in Shunt Capacitance Ct,-f Due to
the plug-and-play operation of DG units, C}i is subject to
parameter uncertainties. In general, C'z,- can be written as
C‘,i = C;; + Yre.#; Ck, Where i is the set of lines connected

at POI i which can vary over time. The variations in C’,,. can
be modeled as the following polytopic uncertainty matrix

C,(A)=AC,+(1-21)C,;, 0<A<I, 3)

where G, = C;; and C_',,. =G, + Yke A, Ck» obtained from the
total maximum possible case of the lines connected to POI i.

Line Dynamics: DG units are connected via distribution
lines. In this letter, we focus on DC microgrids with a gen-
eral resistive-inductive-capacitive line model (7-model [10]).
Clearly, this can be applied to low-voltage DC networks which
mainly have static (resistive) power lines, as well as medium-
voltage and high-voltage DC microgrids where the power lines
are not purely resistive and the line inductances are substantial
[4]. The line k is modeled by the following equation:

ijk(t) = —Rili (1) + i %ﬂ(Vj([).
=

4)
where (Ry,Ly) are the distribution line parameters.

[1l. VOLTAGE REGULATION IN DC MICROGRIDS

This section presents the voltage control problem in DC
microgrids. The voltage control of microgrids is based on
a hierarchical control mechanism composed of higher-level
control, for instance a current-sharing scheme or a power man-
agement system, and primary control [7]. The main function
of the higher-level control system is to maintain the optimal
and efficient operation of microgrids [11] and determines
appropriate voltage setpoints V;* for the primary control level.
The primary control is equipped with local voltage regulators



that measure the voltage at their corresponding POIs and
then provide the voltage tracking according to the reference
setpoints.

The main objective of this paper is to design decentralized
local voltage controllers for DG units that (i) guarantee the
voltage stability and maintain the voltages at POIs within
desired ranges V;* £ AV;, where AV; is usually around 10%
of V* [12]-[14], under the plug-and-play operation of DG
units and (ii) fulfill desired voltage tracking performance
specifications according to IEEE standards in [14] and in spite
of the electrical coupling amongst DG units.

A. % Gain Voltage Tracking Performance Specifications

To achieve the aforementioned objectives and track the
voltage references V;* based on desired reference tracking
performance, the % gain of the error signal ¢;(t) = V" —V;(¢)
to the reference voltages V;* should be minimized. To this end,
we formulate the desired voltage tracking performance of DC
microgrid as a loop shaping problem, by shaping the closed-
loop sensitivity transfer function. To achieve a certain closed-
loop bandwidth and limit the impact of output disturbances
on the voltage tracking error, the following %, optimization
problem is considered:

min  [[W(s5)S(s)]|, (5)
where S(s) is the sensitivity function describing the transfer
function from the reference voltage V* to the load voltage
errors V* —V(¢) and W(s) = [W;(s)] is a low-pass filter. The
weighting filter W (s) is designed based on desired reference
tracking performance, according to IEEE standards in [14],
and output disturbance rejection [15] (page 376). The main
objective of (5) is to shape S(s) such that S(j®) is small in the
low frequencies and large in high frequencies. The shaping of
S(j) also helps in disturbance rejection as disturbances usu-
ally have frequency content concentrated in the low-frequency
range.

A common choice of the weighting filter W;(s), i=1,...,n,
is given as:
=+ o
M,
Wi(s) = = , 6
i(s) s+ g ©

where @] is the desired closed-loop bandwidth and M; is the
maximum peak value of the frequency response of the sensitiv-
ity function [15] (pp. 56-58). Choosing the parameter & << 1
in (6) ensures approximate integral action with S(0) ~ 0 [15]
(pp. 83-84). Furthermore, a large value of @; yields a fast
voltage response [15]. The low-pass filter W;(s), i € {1,...,n},
is represented in the state-space framework as follows:

1) = Awvilt) + Buei(t),

(1) = Cupyilt) + Dyei(t),
where ¢;(r) is the voltage error signal, v;(r) is the state of
the first-order weighting filter W;(s) in (6), and z;(¢) is the
performance output that is used to satisfy the loop-shaping
characteristics of DC microgrid. The state-space matrices
Ay, €R, By, €R, C,, €R, and D,, € R are obtained from
the transfer function W;(s) given in (6).

(7

B. Structure of Proposed Local Voltage Controllers

We consider a two-degree-of-freedom (2DOF) feedback-
feedforward voltage control framework with a decentralized
architecture in the form of

ui(t) = Kixi(t) + Ki s Vi', (®)

for i = 1,...,n, where x;(t) = [Vi(z) L.(¢) vi(2)]" € R**! and
K; e R3 and K; s € R are the feedback and the feedforward
control gains, respectively. To design the control gains, obtain
the dynamics of the weighted sensitivity function WS, and
solve the %, optimization problem in (5), in the following
the dynamics of DG units is augmented with the dynamics of

the weighting filters in (7).
Given a weighting filter W;(s) with the state-state model in
(7), the augmented model of DG i is obtained as follows:

m
Xi= (Agi (l) +BiKi)x,- + (Bv,- JrB,'K,"’f)Vi* +BI[. (l) Z By,
k=1

. Ry 1 & &)
L(t)=——L(t)+— ) BVt
k(1) ka()+Lk; Vi),
J_
Zi(l):CVixi(l)+Dvi‘/[*7
fori=1,...,nand k=1,...,m, where
[ Y 1
am am ° 0 0
)= |l o [ Be| n | Bl 0
L 7BW[ 0 AWi "
1
Gy (4)
B (A) = 0 ,Cy=] —Dw; 0 Cu |, Dy, =Dy,

0

IV. PROPOSED VOLTAGE CONTROL STRATEGY (10

This section proposes a line-independent scalable voltage

control design strategy for DC microgrids in (9). The pro-

posed control approach originates from the idea of % gain

minimization of the closed-loop microgrid in Section III and
is formulated by a set of linear matrix inequalities.

A. Local Conditions Implying 4, Gain Minimization

If the coupling term Y|' , Bulk(t) in (9) is zero, the
Sz, certificate |[W(s)S(s)|| < ¥ can be achieved by simply
minimizing the %, norm of the closed-loop model of each
DG. In the following, it is shown that under some specific
conditions stated in the following assumption, the design of
local voltage controller for each DG in a no-coupling case
is a sufficient condition for the . gain minimization of the
overall DC microgrid in (9) with couplings amongst the DG
units.

Assumption 1: K; ¢, G;, and H; = K;G; are designed using
the following linear matrix inequality (LMI) condition:

AiGi+GAT +BH,+HIBI  «  «
(By; +BiK; £)T -7 x | <0 (11)
v; i DV,' -1
fori=1,...,n, where
. -Y, 1 0
_|.nlo _ 1 Ry
~By, 0 Ay,



where 1 € Ry and %, € R**? - 0.

Remark 1: The block-diagonal structure of G; in (12) is
a source of conservatism in the LMI constraints in (11).
However, it is the price to convert the voltage control design
problem to a scalable line-independent design approach.

Considering Assumption 1, the main results of this letter
are presented in the following theorem:

Theorem 1: Let Assumption 1 holds. The conditions in
(11) guarantees that |[W(s)S(s)[|e <7, ¥ = max }}/,-, for

(S n

i Jeeey
the overall DC microgrid in (9)-(10) under the plug-and-play
operation of DG units.

Proof: We propose the following quadratic Lyapunov
function ¥ for the overall microgrid system in (9)-(10):

V=Y xl ()P(A)xi(t) +— Z[k WLk (1),  (13)
i=1
where P;(A) > 0 is structured as follows:
14 T
Py = [T g s
02 pi

The time derivative of ¥ along the closed-loop trajectories
in (9) is obtained as follows:

¥ = ixiTQi(l)x
i=1

+ i (x,»TP,(l)BI (A
i=1

n
+ Y x! P(A)(By, + BiK; )V +

i=1 i

2 m 1 m
=Y IR +- Y, (Zl{%’]kVJerT@kaIk)
=1 Nz \j=1 j=1

m m
)Y, Bk + Y, Izﬂisz(l)Pi(l)xi>

Vi*(By, + BiK; 1) Pi(A)x;

~- -

1

15)
where Qi(1) = (A, (1) +BiKi)TP(X) + P,(1)(Ag, (1) + BiK;).

By direct calculat10n and invoking the spemﬁc structure of
P(A) in (14), it yields that

Y (xiTPi(/l)BIi(l)Z Bl + Y IkngikB]T,-(/l)Pi(l)xi>
=1

k=1 k=1

1 m n T n T T (16)
=Y\ Yk Bpvi+ ) V] Bjdi | =0.
N =1 \j=1 j=1
Therefore, ¥ can be rewritten as follows:
V= ZxTQ, Z1k Rl + Zx Pi(A)(By,; +BiKi p)V;
Y VT By + Bk ) TR
i=1
(17

Since 17 > 0 and —IkT R I, <0, one obtains that
n T
; X Qi(A)  F(A)(By; +BiK; r) X;
Moreover, by direct calculation it can be shown that

0i(A) x| _ On; *
(B, +BiKip)TP(X) 0 |~ | (By,+BiKip)TG:' 0 |
(19)

where Q,, = G;l (A; + BiK;) +
are defined in (12). As a result,

£ 0]

Since Assumption 1 holds, the inequality condition in (11)
is satisfied. It can be shown that the condition in (11) is
equivalent to the existence of & € R~ such that the following
inequality, referred to as dissipation inequality [16] (page 45),
is satisfied:

v

] e
g( ex! xi+ Vit < z,).

Asaresult, ¥ <Y |
one obtains that

(Ai +B:K)TG;! and (G;,A))

in‘ * Xi
(+BiKip)TG 0 } [ Vi } 20

G; Bvl+BK,f) }[ Xi }
(1)

(*&xiTxi + Vi TVi* - ziTz,-) . Therefore,

¥ < —ex!x+ PV — T, (22)

where y= max 7% and €= min ¢&. The above dissipation
ic{l,...,n} ie{l,...,n}
inequality implies that ||W(s)S(s) |~ < ¥. [ |

B. Plug-and-Play Design of Local Voltage Controllers

Considering the set of linear matrix inequities given in
(11), K; and K;; are obtained from the following convex
optimization problem:

min o Y+ i + a3 ;6;
n.B:,0:.Yi,Hi %Ki LY 2ibi A
subject to
[ AGi+GAT +B;H; +HI BT« «
(By, +BiK; £)T -7 x | <0, (23
L viJi Dy, -1
_[.n |0}
G;= { R } =0, (23b)
[ G Ix —Bi13 HT
L oL } =0, { H 4 =<0. (23¢)
for i=1,...,n, where @y ;, 0 ;, and 03 ; are positive weights

characterizing a trade-off between the voltage tracking per-
formance and the norm of the control gains. By solving the
convex optimization problem in (23), the feedforward gain
K; y is obtained. The feedback gain of the voltage control is
expressed as K; = HiGi_l.

Remark 2: The LMI constraints in (23c) penalize aggres-
sive control actions and make the feedback control gains norm-
bounded as ||K;|[2 < \/B:&: [6].

Remark 3: (Plug-and-Play Operation of DG Units) The
line-independent and scalable properties of the proposed con-
trol strategy provides a plug-and-play feature where DGs units
can be connected or disconnected over the time. When DG j,
j€{l1,...,n}, with the % gain ¥; is unplugged, the microgrid
stability and voltage tracking performance with the .2 gain of

. ma } " % are preserved. In the case that a new DG, let’s
i€{l,...,n}i#j

say DG n+1 is plugged into DC microgrid, the microgrid
remains stable. Furthermore, the .%> gain voltage tracking
performance level changes to max (¥, ¥,+1), provided that the
DG n+1 has an % gain of ¥%,;. Note that the optimization

problem in (23) is C;,(2)-independent.
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Fig. 2. Layout of DC microgrid under study.

Remark 4: (Robustness to Parameter Uncertainty in Load
Conductance) In the case of the parameter uncertainty in the
load conductance Y;, i € {1,...,n},i.e. ¥; <Y; <V;, matrix A; in
(12) has a polytopic uncertainty with two vertices. The vertices
Alie {1,....,n} and j = 1,2, are built by replacing Y; in A;
by ¥; and ¥;. In this case, we can show that [|[W(s)S(s)]|e <7y
for all values of Y; in the uncertainty interval if the condition
given in (11) is satisfied for both A! and A? with a common
H;, K; ¢, and G; as structured in (12).

C. Analysis of Steady-state Errors in Voltage Tracking

We recall that E(s) = S(s)V*(s), where E(s) and V*(s) are
the Laplace transform of the voltage error e(¢) and the voltage
setpoint and S(s) is the sensitivity function defined in Section
III. According to the final value theorem, it can be shown that
steady-state error of e(¢) to constant reference setpoints V*
can be obtained as follows:

esy = lim e(r) = S(O)V*. (24)
Furthermore, it can be shown that
lessll2 < Omax(S(0))[V*|l2- (25)

Small steady-state errors are guaranteed if O, (S(0)) is
sufficiently small. In the proposed method in this letter,
Omax(S(j®)) is minimized in low frequencies by consid-
ering the cost function ||W(jo)S(jo)|l~ in (5). In fact,
IW(jw)S(jow)|l» <y implies that the following condition is
satisfied [17] (Chapter 20):

. Y
o SUO) = 5wy
The above inequality holds for all frequencies including @ =
0 which is the frequency of our interest. Since W(0) =
diag (S—ll,,é) (Equation (6)), Gin(W(0)) = %lx, where

(26)

Em

max _§g. Therefore, Gyqx(S(0)) < Y€max. As a result,

&, =
M ey

”esSHZ < Yemax ||V |2- 27

If & in W;(s) in (6) is chosen to be zero, €y, = 0. Therefore
Omax(S(0)) = 0 and ey = 0. This guarantee integral action in
the voltage controllers [17] (Chapter 20). However, to avoid
numerical problems in the control design, &; is usually chosen
to have a small positive value [15] (page 60). Selecting & << 1
in W;(s) in (6) and minimizing 7 via the optimization problem
(23) make 7Y€, very small. Hence, it ensures approximate
integral action with S(0) ~ 0 ( [15] (pp. 83-84)) and therefore
e;(t) =~ 0. Note that microgrid voltage control systems should
maintain the voltages within desired ranges [12], [14]. In
islanded microgrids, the maximum voltage variation margin
around the voltage setpoints is usually about £10% [14].

V. SIMULATION CASE STUDIES

The performance of the proposed plug-and-play voltage
control approach is illustrated through a case study of a DC
microgrid with a mesh topology, composed of n =6 DG units
connected through m = 6 distribution lines. The topology and
electrical parameters of the microgrid under study are given
in Fig. 2 and Tables I-II in [5], respectively. It is assumed
that a higher-level control system sends the voltage setpoints
Vi =50V, Vi =48V, V;f =477V, V) =48V, V&' =478V,
and V¢ =48.1V to the local voltage controllers of DG units.
This voltage level of 48V (£5%) is usually used in telecom
sectors. The parameters of the weighting filters W;(s) in (6)
are set as M; =2, o =80, and & =0.001 fori=1,...,6. Each
DG unit is equipped with a local voltage controller (K;,K; r),
i=1,...,6, designed by the convex optimization problem in
(23), which is solved using YALMIP [18] and MOSEK!'. The
simulation case studies are conducted in MATLAB/Simscape
Electrical environment.

A. Performance Evaluation

In order to assess the performance of the proposed line-
independent PnP voltage control strategy, the following case
studies are carried out: The voltage reference of DG 1 is
stepped down from S0V to 48V at ¢t = 1s and stepped up to
50V at t = 2s (Voltage Tracking). Next, it is assumed that
DG 6 is disconnected from DC microgrid in Fig. 2 at t = 3s
(PnP Functionality of DG Units). The plug-out operation
influences the dynamics of the microgrid. However, due to
the line-independent feature of the proposed voltage control
mechanism, it does not require to update the local voltage
controllers of other DG units. Finally, the load at POI 1 is
suddenly increased by 33% at t = 4s (Robustness to Load
Changes).

The transient behaviour of the DG units is depicted in Fig. 3.
From Fig. 3 one can observe that the local voltage controllers
track the reference setpoints with a rise time of about 0.1s
and with no overshoot. Furthermore, the effect of voltage
changes on the voltage signals of POI 2 and POI 3 is small.
Moreover, the results verify that the proposed 2DOF voltage
control strategy provides satisfactory transient performance in
terms of robustness to uncertainties affecting the loads and the
structure of the microgrids.

B. Comparison with Proposed Control Approach in [6]

In this case study, the performance of the proposed voltage
control strategy is compared with the control approach in [6]
for the case of constant impedance loads. To this end, it is
assumed that due to a fault the line 2 connecting DG 1 to
DG 3 is disconnected at t = 5s. The line disconnection affects
the topology of DC microgrid in Fig. 2. Fig. 4 illustrates the
dynamic responses of these two DG units. The results of the
comparison reveal the improvements in the transient behaviour
of DC microgrids by using the proposed line-independent
2DOF voltage control approach in this paper.

lwww.mosek . com
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Fig. 3. Dynamic responses of DC microgrid in Fig. 2: (a) voltage at POI 1, (b) voltage at POls 2,3, (c) voltage at POls 4,5, (d) duty cycles of DC-DC
converter of DG 1, (e) duty cycles of DC-DC converter of DG 2 and DG 3, and (f) duty cycles of DC-DC converter of DG 4 and DG 5.
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Fig. 4. Dynamic responses of DG 1 and DG 3 due to line 2 disconnec-
tion at r = 5s via the proposed control approach in this letter (Approach I)
and in [6] (Approach Il): (a)-(b) voltage signal at POI 1 and POI 3, (c)-(d)
duty cycle of DC-DC converter of DG 1 and DG 3.

VI. CONCLUSION

Voltage control of converter-interfaced DC microgrids is
challenging due to the uncertain structure of microgrids as
a result of the plug-and-play functionality of distributed
generation (DG) units. In this paper, we develop a novel
plug-and-play voltage control approach for microgrids with
flexible structures. The proposed control strategy provides
concise stability and .%, gain voltage tracking performance
certificates for DC microgrids and facilitates the plug-and-play
capabilities of DG units. Time-domain simulation case studies
illustrate the feasibility and viability of the proposed voltage
control strategy for DC microgrids.
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