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A Unified Distributed Cooperative Control of DC
Microgrids Using Consensus Protocol

Yu Li, Student Member, IEEE, Zhenbin Zhang, Senior Member, IEEE,
Tomislav Dragicevi¢ Senior Member, IEEE, and Jose Rodriguez, Fellow, IEEE

Abstract—In this work, we propose an effective and simple
control approach for islanded DC microgrids that allows each
distributed generator (DG) to achieve accurate voltage regulation
and power-sharing. An improved dynamic consensus protocol,
which is robust to measurement noise and states initialization, is
employed to enable each agent to locally calculate the average bus
voltage with a sparse cyber network. On this basis, we propose a
cooperative controller that merges the voltage regulation and
power-sharing objectives in a unified fashion. The proposed
approach only uses neighbors’ voltage information to regulates
the average bus voltage to its nominal value while maintaining
proportional power-sharing or optimal power dispatch. This
significantly simplifies its implementation and reduces the com-
munication bandwidth requirement. A global model of the DC
microgrid considering the cyber network is established in the
form of a state-space-model, where the reference voltage vector
corresponds to the input and the average bus voltage vector
denotes the state. Then, the input-to-state stability analysis is
carried out. To the end, comprehensive hardware-in-the-loop
(HiL) tests are conducted to validate the effectiveness of the
proposed control strategy. The proposed control strategy exhibits
plug-and-play capability, and it is resilient to message update rate
and communication failure.

Index Terms—Cooperative control, DC microgrids, distributed
control, load sharing, stability analysis

I. INTRODUCTION

OWADAYS, with the large scale penetration of dis-

tributed generations (DGs), the power system is devel-
oping rapidly towards a more distributed and more power-
electronics-based paradigm [1]. To fully exploit the potential
of DGs and realize the reliable energy supply to the load,
microgrids are regarded as the most promising solution [2]-
[5]. According to their operation forms, microgrids can be
divided into three categories, i.e., alternate current (AC), direct
current (DC), and AC-DC Hybrid microgrids [6]. Recently,
considering the DC nature of DGs and modern loads, the DC
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Fig. 1. The general architecture of a multiple buses islanded DC microgrid
with heterogeneous DGs and energy storage equipment.
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microgrids that allow the system to have fewer conversion
stages are gaining more attention. Moreover, the absence of
concepts of frequency synchronization and reactive power in
a DC system significantly simplifies its operation and control.
A DC microgrid is capable of providing energy for local
loads with multiple buses through heterogeneous DGs and
energy storage equipment [7], in islanded mode (see Fig.1).
Several critical challenges arise for its efficient and reliable
operation [8]. Specifically, (i) high-quality voltage regulation,
(ii) the proportional power-sharing or optimal power dispatch
and, (iii) scalability and plug-and-play (PnP) capability are
essential. To address the above challenges, a variety of control
strategies have been reported. To date, using communication
while retaining a distributed architecture is considered as a
key technique [9]. Recent works in this field are remarkably
effective. In [10], the average voltage and current regulators
are added on a basic primary controller to achieve power-
sharing and voltage restoration simultaneously. Accordingly,
this method can be categorized as voltage-shifting method.
A hybrid method with both voltage-shifting and droop slope-
adjusting approach is proposed in [11], which improves the
dynamic load sharing performance. However, both methods
require each agent to collect information from all the other
nodes to obtain the average voltage and current. This is known
as broadcast Gossip algorithm in communications [12].
Alternatively, a sparse communication network is adopted
using the dynamic consensus algorithm (see more details in
Section III) in [13]. A voltage regulator is introduced to correct
the voltage deviation, meanwhile a current regulator is applied
to ensure the proportional load sharing. Only neighbors’ data is
used for its implementation. This cooperative control shows its
excellent autonomy and adaptability characteristics. However,
the parameter tuning process is relatively complex, and the

1949-3053 (c) 2020 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.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on December 04,2020 at 07:21:40 UTC from IEEE Xplore. Restrictions apply.



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/TSG.2020.3041378, IEEE

Transactions on Smart Grid

TABLE I
KEY FEATURES OF DIFFERENT CONTROL STRATEGY

voltage ower
? P X data exchange
regulation sharing
. voltage current estimated voltage
Nasirian et al.[13] g g
regulator regulator & measured current
restoring power estimated voltage

Hamad et al. [14] .

voltage term  sharing term & estimated power

Trip et al. [16]
The proposed

a unified controller measured current

a unified controller estimated voltage

control strategy

! Assume the rated power of each DG is constant during operation.

large-signal stability analysis is not conducted. A multiagent
supervisory control for precise power management in isolated
dc microgrids is presented in [14]. The average consensus the-
ory is employed along with two power management strategies,
achieving power-sharing and optimal power dispatch, respec-
tively. In [15], a consensus-based algorithm is presented to
achieve proportional power-sharing and regulation of weighted
geometric mean of bus voltage in DC microgrids. The load
sharing error and voltage regulation error are derived and
maneuvered to zero to realize the above two control objectives.
A sufficient condition that stabilizes the system with ZIP loads
(constant impedance, constant current, and constant power
loads) is established. However, the important performance
metrics of the proposed method, e.g. PnP capability and
resiliency to communication failure, are not comprehensively
investigated.

In summary, all the above methods use two separate con-
trollers to generate two compensation terms to address the
voltage deviation and power-sharing inaccuracy, respectively.
Although these methods have an intuitive physical concept,
the controller parameters design and tuning processes are
complex. Furthermore, both voltage and current information
from its nearest-neighbor are shared through the communica-
tion network resulting in high data throughput. To that end,
an effective and simple controller with low communication
bandwidth is desired which potentially enhances system relia-
bility. In [16], a distributed averaging control scheme achieves
current sharing and average voltage regulation requiring only
the measurements of the generated current. Thus, the voltage
observer is omitted. This control approach is also independent
of the microgrid parameters and the topology of the commu-
nication network. However, extending the control scheme to
different converter types, such as boost converters, needs to
be further investigated.

Motivated by the above observation, we propose a simple
distributed control strategy that enables each DG to achieve
accurate voltage regulation and power-sharing. The proposed
approach merges the voltage regulation and power-sharing ob-
jectives in a unified controller, and its optimal parameters are
extremely straightforward to obtain. To highlight the salience
of this work, a comparison between the proposed approach
and state-of-the-art methods are conducted in TABLEI. The
main contributions of this work are summarized as below.

1) A new cooperative control framework that requires only
the neighborhood voltage information (current knowledge
is unnecessary) is proposed, reducing communication
and measurement dependency. The proposed controller is
independent of the line impedance of the microgrid and it
is able to simultaneously regulate the voltage and power-
sharing. Moreover, the proposed method, as a framework,
allows the system to incorporate different power man-
agement strategies flexibly (e.g., optimal power dispatch
functionality).

2) The proposed observer is insensitive to the state-variable
initialization and is robust to measurement noises, which
are discussed in detail. On this basis, the plug-and-play
capability of the proposed solution is realized, which per-
mits flexible departure or return of any agents associated
with the system. The global DC microgrid model is built
considering the communication network. To this end,
the input-to-state stability analysis of the DC microgrid
is conducted, proving the correctness of the proposed
cooperative control.

3) A full state-variable Finite Control Set Model Predictive
Control (FCS-MPC), as the inner controller, is proposed,
which enables the output voltage to track its reference
rapidly.

4) The proposed cooperative control is comprehensively
validated for different scenarios via a lab-built real-time
hardware-in-the-loop (HiL) test-bench. Primary imple-
mentation guidelines are provided and discussed as well.

The remaining of this paper is organized as follows. One

of the state-of-the-art cooperative control for DC microgrids
is reviewed in Section II. Section III describes the dynamic
consensus problem in DC microgrids. Section IV presents
the proposed distributed controller. The global modeling and
stability analysis is conducted in Section V. Section VI evalu-
ates the performance of the proposed scheme through the HiLL
results. Section VII concludes this work.

II. STATE OF THE ART OF COOPERATIVE CONTROL IN DC
MICROGRIDS

To facilitate the comparative study, one of the state-of-the
art control method in DC microgrids is briefly reviewed in
this section. In [13], a cooperative control scheme that only
shares information with its immediate neighbors was devel-
oped. First, a voltage observer is introduced to estimate the
global average voltage. Then, the voltage set point is generated
by a voltage regulator and a current regulator. Specifically,
the voltage regulator generates a voltage correction term to
restore the voltage deviation. Meanwhile, the current regulator
compares the local per-unit current of each converter with
its neighbors’. Accordingly, this current regulator provides a
second voltage correction term to synchronize per-unit currents
and, thus, guarantees proportional power-sharing. Fig. 2 shows
the proposed distributed cooperative control in [13].

The local voltage set point v is

vf = v, — RYiS+ H(s) (vl —00") + Gi(s) &, (1)

(kpo+222) (kpe+-2ic)
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Fig. 2. Distributed cooperative control proposed in [13].
where
t
—bus _ —bus —bus
;"0 (1) = () —|—/ E a;j (vj (1) —v; (T))dT7 (2a)
0 JEN;
R . -puU _ -pU
0; = g ca;j (zj i ) (2b)

JEN;

H;(s) and G;(s) are PI controllers for voltage restoration and
power-sharing, respectively. kyy, Kiy, kpe, Kic are correspond-
ing coefficients of PI controllers. a;; is the 7,j element of
adjacency matrix, and A is the set containing all neighbors
of node i. These definitions will be further clarified in the
subsequent section. ¢ is a coupling coefficient, whereas i?”
and " are per-unit current of ¢ and j node, respectively.

This distributed method uses a sparse communication net-
work for data exchange, and shows superior expandability and
PnP capability. However, there are two separate controllers
need to be properly designed, and considerable tuning effort
is mandatory to maximize system performance. Moreover, for
each converter, both estimated voltages and local measured
currents are shared with its neighbors. This potentially implies
high communication bandwidth requirement.

III. DYNAMIC CONSENSUS PROBLEM IN DC MICROGRIDS

Consensus problem has attracted significant attention in the
control community. The insight of this problem is that several
spatially distributed agents must reach a common output value
without recourse to a central controller or global communica-
tion. The distributed control of microgrids inherently requires
tight coordination among DGs in a dynamic fashion, which
is a suitable study case for the dynamic consensus algorithm.
This section aims to provide a brief overview of the dynamic
consensus problem in DC microgrids.

A. Notation of Graph Theory

As shown in Fig.3, an undirected (bidirectional) graph
with N nodes can be illustrated as G = (V,&), where
V = {1,..,N} is the agent set and £ C V x V is the
edge set [17]. An edge is (i,j) € &, only if agent node j
sends information to node ¢. Considering the interested graph
is undirected, (i,75) € £ < (4,4) € € holds. The associated

Node

Edge

Fig. 3. An undirected graph with N nodes.

weighted adjacency matrix A = [a;;] of graph G is an N x N
matrix where a;; > 0 if (¢,j) € £, and a;; = 0, otherwise.
N; = {jl(i,j) € £} denotes the set of all neighbors of node
i. The weighted degree of node i is, d; = Zjvzl a;;. Finally,
the Laplacian matrix is constructed from the adjacency matrix
and degree matrix as follows

L=D- Ag. 3)

B. Dynamic Average Consensus Problem

Consider a group with N agents where each agent is able
to (i) send and receive information with its neighbors, (ii) and
perform local status updating using local measurements and
shared information. The variable r;(t) is referred to as the
reference signal (or input) of node ¢ at time t. The average
value of the reference inputs from all agents is denoted as

N
r(t) = % >_ril®): )

7(t) is called dynamic average of the reference signals since
r;(t) are time-varying variables.
The classical algorithm for dynamic consensus is [18]
i(t) == aij(z:i(t)—x;(t))+74(t),i € {1,2,..N}, (5)
JEN;
which is the differential form of (2a). To obtain the global

format, let © = [, 72,...,xn]" and © = [ry,79,....,7n] " be
the state and input vectors, respectively. We have
(t) = —Lx(t) + 7(t). (6)

C. Dynamic Average Consensus in DC Microgrids

As stated, the dynamic average consensus algorithm should
be completely distributed, where each agent only obtains
information from its neighbors. This feature perfectly fits the
demand for a sparse communication network in microgrids.
Based on the above interpretation, we let the observed global
average bus voltage vP"(¢) of node i match the consensus
state x;(t), while local output voltage v;(t) of node ¢ corre-
sponds to the input signal r;(t).

Indeed, the most desired scenario is that all bus voltages
are regulated to the nominal value. However, this contradicts
the power-sharing requirement because there are voltage drops
in the power lines between the DGs (see Fig.1). Therefore,
weighted average bus voltages [19] or weighted geometric
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mean of the bus voltages [15], can be used as alternatives
to achieve global voltage regulation. Herein, the observed
average bus voltage as the regulation target is directly adopted.
Note that other regulation targets are also compatible with the
proposed approach.

Specifically, in a DC microgrid with complicated con-
nections (see Fig.1), a properly designed dynamic average
consensus algorithm Will ensure the global average bus voltage

oY converge to ZL 1 Vi(t). Consequently, each DG shares
the global information of average bus voltage. To this end, the
ultimate goal of controlling a DC microgrid is to regulate the
global average voltage to the nominal value while ensuring
proportional power-sharing between DGs.

D. Improved Dynamic Consensus Algorithm

Although the classical dynamic consensus algorithm (5) or
(6) is effective for cooperative control in microgrids, two major
concerns are still not fully addressed from the implementation
perspective. (i) One concern is that it requires the explicit
derivative of the measurements which is sensitive to the
noise. (ii) The other one is the initialization condition of the
consensus state should satisfy Zil oPUS(tg) = Zf\il v; (to).
Nevertheless, the arrival and departure of an agent will break
this condition if no re-initialization is implemented.

The first concern can be resolved by a simple algebraic ma-
nipulation, i.e., defining a new internal variable p; = v; — P,
for i € {1,...N}. In this way, the derivative of the measured
input signal is eliminated. However, the arrival and departure
of an agent still limits the implementation of the algorithm.
To overcome the initialization problem, herein, an improved
dynamic consensus algorithm [17] is introduced

o = p; + i, (7a)
pi=—api— > ai (0P —0P")+ > bii(gi—q;), (7b)
jeNz ]EN
— Z b7] (,l—}E)US _ ﬁ})us), (7C)
JEN;

where a > 0 is a global observer parameter. As observed

from (7), an integral term, ¢, and two adjacency matrices,
e.g. Lp = [a;j]nxn and Ly = [b;;]nxn, are introduced. In
contrast to (5), the additional integral term provides robustness
to the state initialization. In particular, 7P converges to
+ Zfil v; exponentially with arbitrary initial states z;(to)
and ¢;(to), for all ¢ € {1,...N}. The rigorous proof of this
conclusion can be found in [20].

IV. UNIFIED DISTRIBUTED COOPERATIVE CONTROL

In this section, we develop an effective distributed coopera-
tive control approach to achieve bus voltage regulation and
power-sharing simultaneously. The proposed algorithm em-
beds the above two control objectives into a unified controller.

A. Voltage Regulation and power-sharing

The proposed approach consists of two main parts, i.e., a
voltage regulator and a bus voltage observer, see Fig. 4. Herein,
the former is explained in detail, and the latter will be carefully

- _Av. * .
‘l_°>€ \&b N )—”‘ G () i I! ﬂ !
! ‘-(7% = ‘ Il |DGS/EESs| |
| g A k|
I 0 i

"G |
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Fig. 4. The block diagram of the proposed unified distributed cooperative
control.

discussed in the subsequent subsection. As observed in Fig. 3,
firstly, the error v, between nominal bus voltage v]_ and the
estimated average bus voltage oS at node 7 is amplified by
K,, ie.

vae = Kyp(v3, — T}}’”S). ®)

Then, Awvyy, i.e. the difference between v 4. and the voltage
drop on the (internal) virtual resistance ¢ - I27, is sent into
G.(s). Herein, we design a simple compensator as

1
s+a’

where the global observer parameter 0 <« <1 holds to make
sure the dc gain of G.(s) is considerably large. This entails
the frequency characteristic of G(s) similar to an integrator,
while guarantees all poles of the system are in the left half-
plane. To this end, the dynamics of voltage reference value v}
is obtained, i.e.,

0f = —avj + (vae — 17 -RY) = (vac —7-R7).  (10)

From v} to v;, a typical reference tracking problem is
achieved using FCS-MPC in this work (see Sec. IV-C). Rig-
orously, it can not be described using a transfer function since
FCS-MPC is a nonlinear control law. A describing function
(DF) method has been used to characterize the dynamics of
FCS-MPC controlled power converters in [21]. The study
implies that the dynamics of the FCS-MPC based inner control
loop are much faster than the outer loop [21], [22], the control
of power converters can be regarded as an ideal controlled
voltage source to simplify the analysis of the higher tier
control.

To understand the proposed control approach, the average
global voltage 7P is assumed to be obtained with the help of
the bus voltage observer. G.(s) is able to eliminate the steady-
state error since it has a pole approaches to zero. Hence, in
the steady state, the input of the G.(s) is approximately zero,
i.e Avipy, = (vae — 92+ R?) ~ 0. Discarding the residuals, we
obtained,

3

K, (vl — 57™)

=

11
i R? Y
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Note 77" = 77" establishes in finite time for all 4, j €
V as long as the consensus is achieved for all the agents.
Consequently, the numerator of (11) is a constant if K, is
identical for all the agents, i.e.

iR = K, (v}, — ") = Constant. (12)

Further, the load current can be shared proportionally to its
power rating if
i

= (13)
Rj

CEIRSe

all 4, j € V. S; and S; are the power ratings of the corre-
sponding DG. (13) is a quite mild condition to be satisfied.

Moreover, an additional benefit of the proposed approach
lies in its intrinsic voltage restoration capability. The following
equation is obtained by some algebraic manipulation on (11)
13- RY

K,
From (14), one can conclude that the equivalent voltage
droop is much reduced if K, is considerably large. Thus
far, both voltage regulation and power-sharing are achieved
simultaneously with a unified fashion. More specifically, only
a voltage closed control loop with ¢ - R? as a feedback term
is employed instead of applying two separate voltage and
current regulators. This effectively simplifies the controller
structure and tuning procedure, meanwhile theoretically cuts
the communication bandwidth requirement in half.

—~bus __ . *
Ui = Vqc —

(14)

Remark 1. As explained in Sec. I and II, the state-of-the-
art methods almost universally adopt two separate regulators.
For a specific agent, it exchanges local bus voltage and
output current information with its neighbors. Alternatively,
the proposed approach only needs to exchange the estimated
bus voltage information which reduces communication burden.

B. Global Average Bus Voltage Observer

To close the control loop, the global bus voltage needs to be
estimated by each agent. As described in part C of Sec. III, the
global bus voltage ¥ matches to the consensus state, while
the local output voltage v; corresponds to the input signal
of node 7. Herein, the improved consensus observer of (7) is
adopted for each individual agent. According to the notation
of graph theory, the global dynamic consensus observer is

P =p+o, (15a)
p=—a-p— Lpt"" + L] q, (15b)

G = —L5". (15¢)

where v = [vg,...,on]T, B°% = [pPus L oR]T, p =

[ph "'7pN]T’ q= [QIa ] QN]T'

This algorithm drives a group of agents to asymptotically
converge to the average of the reference inputs. Note the
presence of L; does not bring more communication burden,
since L] = Lp for a undirected weight-balanced graph. In
(15), the necessity of using explicit knowledge of the derivative
of v is removed. More importantly, the special initialization
requirement is eliminated, hence, enhancing the robustness of
the algorithm.

C. Full State-Variable FCS-MPC

As the reference is generated by the outer loop, the remain-
ing task is to track the reference through the manipulation
of power converters. FCS-MPC has been proved a promising
method for power converter control. It offers many advantages,
e.g. being simple to apply in a multi-variable system and
straightforward to include constraints. More importantly, su-
perior dynamic performance can be obtained compared to the
linear controller [23]-[26]. Therefore, FCS-MPC is selected
in this work.

Loads/EESs

Fig. 5. Bidirectional Boost converter circuit.

Without losing generality, bidirectional Boost converters are
considered as the interlinking converters (see Fig.5). As well
investigated, the presence of right-half-plane (RHP) zero in
the small-signal control-to-output transfer function makes it a
formidable task to have a high control bandwidth. To overcome
the sluggish dynamic response of the conventional control, a
two-step full state-variable FCS-MPC algorithm is proposed
in [27] and [28]. It is employed to achieve the reference
tracking in this work. The recent work has proved that the full-
state variable FCS-MPC is able to overcome the drawback of
non-minimum phase system, hence, to resolve the problem of
voltage dip and poor dynamical performance of conventional
control method during transient. For simplicity, the subscript
1 for the th agent is omitted. The dynamics of the Boost
converter is

U
Lo — Vi, — Ryip — (1 — w)v,,
at
(16)
;8 _ 1wy~
f dt L 0

where V;,, is the input voltage. Ly and Ry correspond to the
inductor and its equivalent serious resistor. 77, represents the
inductor current. C'y is the output filter capacitor. v, and i,
are the output voltage and output current, respectively. u €
U = {0,1} denotes the input. u = 0 if S; is turned off and
So is turned on, and v = 1, otherwise. The discrete prediction
equations can be obtained using forward Euler method

(1) = (L T2 i (k)4 2 (Vi (F) — (1 () ),
ol 1) = v (k) -2 (1) HEFEEED g

A7)

For FCS-MPC, long-horizon might be desired for the ap-
plications with extremely low switching frequency to enhance
system steady-state performance. Nevertheless, short-horizon
usually achieves considerable satisfactory performance as the
switching frequency reaches several kHz. In this work, a two-
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step prediction horizon is considered. Then, the cost function
is defined as

J=|x(k+1)—a*(k+ 1)\|?;,
k+1

+ ek +2) — 2" (k+2)lp + D AullAue;,
=k

(18)

where & = [if,v,]  are the state variables. =* = [i%,v*]"

are the reference of state variables. @ and P are the weighting
matrix which are positive semi-definite. A\, > 0 is the
weighting factor for switching effort, and Auy = up — up_1.
I€llg =€ TQ¢ denotes the squared weighted Euclidean norm.
To this end, the MPC optimal problem is formulated as

U(k) = in J 19
(k) = arg opin (192)
subject to : (17), and u € U = {0,1}, (19b)

where U(k) = [u(k),u(k +1)]T €U x U.

For the optimal problem (19), the number of admissible
control elements is 22 = 4 in total. Therefore, the compu-
tational burden is mild, and the real-time implementation is
practical. By enumerating all switching states, the optimal
solution which minimizes the cost function (18) is obtained,
and the first element is applied to the Boost converter. The full
state-variable FCS-MPC algorithm can be depicted in the form
of pseudo code in Algorithm 1, where u,, and J,, denote
the optimal solution and optimal cost, respectively.

Algorithm 1 Full State-Variable FCS-MPC
1: function FsvFcsMpc(v*, i,, xr)
2: Initialize J,), = +o0

3: iz:iO+Cf~dv*/dt

4 x* = [i}, v*]

5: for:=1:2do

6: Predict state variable @ (k + 1) using (17)
7: for j =1:2do

8: Predict state variable (k + 2) using (17)
9: Calculate J using (18)

10: if J < J,, then

11: Jop=J

12: Uop = Uk (Z)

13: end if

14: end for

15: end for

16: return u,,

17: end function

D. Further Discussions

Two aspects of interest in a dc microgrid are further
discussed in this part. One is about the feasibility of the
proposed algorithm with different power management strategy,
such as optimal power dispatch. Recall (13), the internal
virtual resistance is designed inversely proportional to their
power ratings to realize power-sharing. Alternatively, it can be
defined as a function of interested variable, typically, output

power. Specifically, an optimal (economic) power dispatch
problem can be defined as

min Z Cz(PL)

S22

(20)

The operating cost of the ¢-th DG are described by a quadratic
function [14], [29], i.e.,

Ci = aciP} + bei Py + cei, 21

where a.;, be;, and c.; are the corresponding cost coefficients.
Then the incremental cost is

ICZ = QGCiPZ‘ + bci- (22)

Without considering the power losses and power limit con-
straint, a unique optimal solution of (20) can be found as
IC; = X+, where \* is the optimal incremental cost for
DG units. Hence, the incremental cost of all DGs should
be identical in the steady-state to achieve the optimal power
dispatch. Motivated by the above observation, instead of using
i Y, let the incremental cost 1C; as the feedback term. Then
(12) becomes

IC; = K, (v}, — 5°") = Constant. (23)

Therefore, all IC; converges to its optimal value by adjusting
its output voltage, achieving the optimal power dispatch. The
validation of the IC-based optimal power dispatch scheme is
carried out in Sec. VL.

The other concern is about the output impedance character-
istic. Usually, constant power load (CPL) is of interest in a
dc microgrid since it shows a negative incremental resistance.
This might introduce instability if not enough damping is
provided. To date, virtual impedance is recognized as the most
promising method to overcome this problem. Accordingly, it
can be easily incorporated into the proposed control framework
as shown in Fig. 6. In Sec.VI, the test results show the
effectiveness of virtual impedance when CPLs are fed.

G
<— FCS-MPC

Fig. 6. Incorporating a virtual resistance into the proposed control framework,
where Zi, denotes the virtual impedance.

Remark 2. The control variable RS proposed in this Sec.
1V, namely internal virtual resistance, is intrinsically different
from the concept of output virtual resistance R.i.. In contrast
to formulating the desired output impedance, the aim of
accommodating R is to guarantee power-sharing.

V. GLOBAL MODELING AND STABILITY ANALYSIS

Based on the proposed distributed controller, a global model
of the DC microgrid is developed in this section. Then, the
stability analysis is conducted.
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Fig. 7. The block diagram of the global DC microgrid model.

A. Global Modeling

Herein, the dynamics and non-linearity of the FCS-MPC
controlled Boost converter are omitted, i.e, assuming that
the output voltage of each converter tracks their reference

without any error and delay. Then let i° = [i¢, ...,i%]" and
vt = [v,. Fyees Ure f]T be the global output current and global

voltage reference. R° = diag{R?} and K, = diag{K,}
are the feedback resistance matrix and the voltage error gain
matrix, respectively.

The block diagram of the system global model is depicted
in Fig.7. Accordingly, the global dynamics can be obtained

—buS) — R°i°. (24)

0=—av+ K,(v" - %

Substitute (24) into global dynamic consensus equation (15),
~bus

and define the new state variable = [5°"*, g, v] ". The global
model of the DC microgrid can be obtained,
o\ (—al—Lp—K, LI\ (o"*
q) —L: 0 q
N (25)
= Ax + Bu + Byd.

K’U ref -R° -0
—I—(O)v +(O)z
——

B. Input-to-State Stability of DC Microgrids

As observed, the associated global model of (25) is a Linear
Time-Invariant (LTI) system. v*' corresponds to the input w,
and 2° denotes the disturbance d. Hence, the classical criterion
of state-space stability can be employed.

Proposition: Input-to-State Stability (ISS) of (25). Let Lp
and L1 be Laplacian matrices corresponding to strongly
connected and weight-balanced undirected digraphs. Suppose
that the observer parameter o > 0, and the input and
disturbance are bound, i.e., supy< <, ||[v"(7)|| < oo, and
SUPg<,<¢ |[2°(7)|| < oo. Then for any initial states x(ty) €
RN, q(to) € RN, the dynamics of (25) are ISS.

Proof: Let » = 1/y/n € RY. Hence, Lir = L{ r = 0,
where 1 € RY denotes the vector of n ones. Define Q, €

7

RN*(N=1) be such that T, = [r, Q,] is an orthogonal matrix,

ie., T,T,) =T,' T, = I. Consider the coordinate change
z2=T ", y=Tq. (26)
In the transformed coordinate, considering rTQT. = 0 the

dynamics of (25) become
-r LPQT )

. [—a— K,
= 0 —(a+ Ky)In-1-QLpQ

0 0 K,U’I" ref Rr
+ (0 Q;FLITQT>:’~/+ (KyQT>U (ROQTZ ) ) (27)
. (0 0
Y7o Q') ”

Note that the dynamic of the first element y; of y is g1 = 0,
which means y; is a constant. This yields the conclusion that
y1 does not influence the stability of the system. By dropping
Y1, one can obtain Yo,y = [y2,...,yn] = Q, q. Then, the
remaining system dynamics are

z z
. =A
(yQ:N> b (y2;N

where the corresponding matrices are shown at the bottom of
this page. We have left to show that A, is Hurwitz.

One can observe that A, is block upper triangular. The
upper left scalar block of (—a—K,) is Hurwitz. The remaining

) + Bnv™ + By myi®, (28)

(2n — 2) x (2n — 2) lower right block is written as
(a+ K )n1-QLpQ, Q| LIQ>

F= . 29

< ~Q/LiQ, @9

Invoking Lemma 1 and Lemma 2 (see appendix) [20] , F is

Hurwitz. Consequently, A, is Hurwitz, i.e., all eigenvalues
of Ar, has strictly negative real part. The solution of (27) can
be written as

(uetts) == (srut)

. (30)
+ / A (Bryv™ + By i) dr.
0
For a Hurwitz matrix Ay, by using the bound
|e™!|| < ke, ¢ € R 31

The determination of x and A is given in [17] and [30], and
can be set as

A= _Amax(ATr)a k=1, (32)

—a—K, —r"LpQ, 0 K,rT —RorT
An= 0 —(a+K, )[N 1—QLrQ, Q] LIQ , Bnv=|K, Q , Bgmn=|—-R°QT
0 7Q LIQT 0
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where Apax (Aty) is the maximum eigenvalue of matrix Ar,.
An upper bound on the norm of the trajectories (30) for ¢t €

R>q is obtained as
=(1) )
y2:n (1)

z(t) ~At
(vt <7
+ / ke 20 (| By || ||[0™ ()| + | B ||| 0™ ()] dr
0

(snto)]

KR r <0
5 (1B s [0 41| sup 1501 )
A 0<r<t 0<r<t
(33)
Since supg<,<; ||v™(7)|| < oo and supyc, <, [|i°(7)|| < oo,
the zero-input response decays to zero exponentially, whereas
the zero-state response is bounded for every bounded input
and disturbance. Therefore, the dynamics of (25) are ISS. B

< ke At

VI. IMPLEMENTATION AND VALIDATION

Real-time HiL test of a low voltage autonomous DC mi-
crogrid is used to validate the proposed control strategy. The
test is implemented on PLECS RT Boxes (see Fig.8). One
of the RT Box is used to emulates the power stage of the dc
microgrid. The switching behavior of the power converters is
modeled to obtain accurate results. The other one is used as
a real-time controller to run the proposed cooperative control
algorithm. The PWM signals generated by the controller are
captured by the plant emulator with a time resolution of
less than 10ns. Then, the controller receives the feedback
signals coming from the plant emulator using analog-to-digital
(AD) input channels. Therefore, the test bench is close to
the physical system considering the time delays of sampling,
transmission, and calculation.

Fig. 8. Real-time HiL and experimental test bench. A: Plant emulator. B: Real-
time controller. C: Monitor. D: Power conversion system. (power converters,
sensors, and interfaces, which are not used in this work.) E: Power supply.

The system consisting of four DG units with its corre-
sponding communication network (see Fig.9). The feeder
impedances are modeled by series-connected inductance and
resistance. Then common loads are fed by all DGs via
interfacing DC-DC converters. The local load-1 to load-4
are 20€2, 3002, 302 and 4012, respectively. The common bus
load is initially 20€2. Other key parameters and the controller
coefficients are given in TABLEIL

$HE09

Common
Loads

B

DG3

Fig. 9. The set-up of a low voltage DC microgrid test bench and its
corresponding communication network topology.

TABLE I
KEY PARAMETERS OF THE TEST BENCH

Value
88 V
1:1:1:1

Parameters

Bus Nominal Voltage: V.. 7

Power Rating Ratio

Feeder Impedance: Zr,1 R=0.1Q2, L=100uH
Feeder Impedance: Zj,o R=0.8Q2, L=200uH
Feeder Impedance: Zy,3 R=0.25Q, L=150pH
Feeder Impedance: Z 4 R=0.5Q2, L=80pH
Proportional Gain Matrix: K, diag{200}
Output Resistance Matrix: R° diag{10}
Incremental cost coefficients: ac1~4 | 0.05,0.025,0.03,0.01
Incremental cost coefficients: be1~.4 5,10, 10,20
Data Exchange Period: Tcom 4 ms

A. Implementation

Before evaluating the controller performance, several critical
implementation issues from an engineering perspective are
considered and summarized as following design guidelines.
Guideline 1. The output voltage and the internal state variable
(i.e. inductor current) of the power converter should be strictly
limited below the predefined protection threshold for safety
consideration. This can be easily realized by adding soft
constraints to the cost function of FCS-MPC controller [22].
Guideline 2. The consensus algorithm is implemented in a
low refresh rate due to communication bandwidth restriction.
Whereas local measurement of the output voltage v, has a
much higher updating rate. Feeding v, into a lower pass filter
is an effective solution for removing switching noise, and
therefore, enhancing system performance.

Guideline 3. The compensator of G.(s) shown in (9) should
be reset at the instant of enabling the corresponding converter,
to eliminate the non-zero initial disturbance.

B. Comparative study

Fig. 10 comparatively evaluates the control performance of
the scheme proposed in [13] and the proposal in this work. The
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(b) Performance of the proposed control strategy in this work.

Fig. 10. Comparative performance evaluation.

test condition is the same for both methods. A load step change
disturbance is conducted to investigate the voltage regulation
and power-sharing performance during transient process. At
t = 0.2s, a step load change on the common bus from 20
Q to 4 ) happens, and then steps back at ¢ = 1.2s. From
top to bottom are output currents and output voltages of each
DG. As observed, both methods achieve voltage regulation
and power-sharing in the steady-state. Nevertheless, the control
scheme proposed in [13] has a sudden voltage drop and rise
during the load changes. A relatively long regulation process
is observed which degrades the power quality. In contrast, the
proposed control strategy can achieve the new current sharing
status rapidly without drastic voltage changes. In general,
the proposed solution outperforms its counterpart in terms of
voltage regulation during load changes.

C. Resiliency of Communication Failure

A communication failure between DG-1 and DG-2 is delib-
erately configured and tested (see Fig.9). To minimize the
effect of communication failure, we design a time-varying
communication graph by employing a handshake mechanism.
In particular, a handshake flag is transmitted with the shared

16 T T T T
ot —— oy —— o3 —— i
Step Down

Communication
Failure

Current (A)
«©

Voltage (V)

©
&
T

Vo4 |

|— Vo1 — vy — Vo3

@®
N
o

0.2 0.4 0.6 0.8 1 1.2
Time (s)

Fig. 11. Communication failure resiliency evaluation.

information between each neighbor agents. The departure of
the flag indicates a communication failure between the agents.
Then, the corresponding elements of the adjacent matrix Ag
is set as 0. Meanwhile, the remaining connection is changed
accordingly to maintain a constant in-degree matrix D™. This
method entails a minimum influence on the observer during
the transient process of the communication topology. For
instance, the communication between DG-1 and DG-2 is lost
at t = 0.2s. Then, in agent-1, as; becomes 0, while a4; times
2 to maintain di" unchanged. Afterward, the load step-up and
step-down happens at 0.4s and 0.8s, respectively.

The test result is interpreted in Fig.11. Thanks to the
optimal redundancy design of the cyber network, the link
failure will not break the graphical connectivity. The consensus
of the average voltage across the microgrid is still shared
by all DGs. Besides, the designed handshake mechanism
guarantees a smooth transition. As depicted in Fig. 11, the DGs
achieve voltage regulation and power-sharing during the load
change transient processes. Consequently, the performance
is not compromised under such a fault condition. This test
result indicates that the proposed control scheme is resilient
to communication failure.

D. Evaluation of Plug-and-Play Capability

The plug-and-play capability is evaluated by disabling and
enabling both communication and output power of a DG unit.
The same handshake mechanism is employed. Specifically, the
power converter of DG-1 shuts down at £ = 0.2s immediately
due to a failure of the power converter. It is plugged-in
at t = 0.6s assuming the fault is removed. Fig. 12 shows
the dynamic process. As one can observe, the remaining
converters automatically re-distribute the load accurately when
DG-1 shuts down. The remaining average bus voltage is
regulated around the rated value. However, agent-1 is excluded
from group, and the voltage on bus-1 is determined by its
external circuit. Accordingly, as the DG-1 plugs back, the
communication is established again. Afterward, all four DGs
share the load automatically without compromising voltage
regulation performance.
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Fig. 12. Plug-and-play capability evaluation of the proposed controller.

E. Effect of Message Update Rate

The realistic implementation of the dynamic consensus
algorithm is usually realized using the Euler discretization
method. The information update rate can be altered accord-
ing to the communication configuration. Therefore, it makes
considerable engineering sense to evaluate the control per-
formance under different message update rate. Another two
scenarios of data exchange periods are evaluated. The test
results with Ti.o,n = 1ms and T, = 8ms are shown in
Fig. 13. From the observation of the results, the output currents
converge to the identical value under both situations. With
the increase of T, the steady-state current ripple increases,
meanwhile the settling time becomes longer. Nevertheless, as
the message update rate 7.y, increases to 8ms, the controller
still achieves acceptable load sharing performance.

F. Load Change on a local bus

The feeder impedance affects the power-sharing perfor-
mance directly. To examine the control performance with
respect to the variation of feeder impedance, an extreme test
condition, i.e., load change occurs on the local bus-2, is
carried out. The result is shown in Fig. 14. The output current
of DG-2 has the greatest surge since the transient power is
directly provided by this node. Nevertheless, the proposed
control strategy is independent of microgrid parameters. The
unbalanced output currents are eliminated rapidly, meanwhile,
the average voltage is maintained around the rated value.

G. Evaluation of optimal power dispatch

As discussed, the proposed control strategy is able to
accommodate other power management flexibly. Two typical
scenarios are tested. The first one assumes the power rating
ratio of the DGs is 1:1:2:2. Then, the proportional power-
sharing can be achieved by setting R} : RS : R3 : Rf =
2:2:1:1. Fig. 15(a) shows that the control objectives are
accomplished considering the load disturbance.

The second test is to validate the IC-based optimal power
dispatch (see Sec. IV-D). The incremental cost based optimal
power dispatch is test by applying the IC as the feedback term.
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Fig. 13. Effect of message update rate evaluation.
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Fig. 14. Evaluation of load change on a local bus.

Fig. 15(b) illustrates the DG’s output power, output voltage,
and incremental cost. The incremental cost coefficients are
collected in TABLEIIL. As expected, the ICs are converge
to the optimal solution rapidly governed by the cooperative
controller, realizing the optimal power dispatch.
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H. Evaluation of feeding constant power loads

As discussed in Sec. IV-D, the output virtual impedance can
be integrated into the proposed framework. To test its effective-
ness, a CPL connected to the common bus is considered. Since
the main contribution of this work is to propose a distributed
cooperative controller for a dc microgrid, a simple virtual
resistor (VR) is designed for this test. The resistance of the
feeder impedance is reduced to 0.05€2, where the damping is
not sufficient. Fig. 16 depicts the test results. VR is disabled at
the beginning of the test, and insufficient damping is provided
in this situation, leading to a highly distorted output current.
To damp the system, a 0.252 VR is inserted at ¢ = 0.6s.
As expected, the output current of each DG converges to the
average value, and the oscillations are mitigated effectively. A

11

Voltage (V)

Time (s)

Fig. 16. Evaluation of feeding CPLs.

sudden voltage drop is observed at the instant of activating the
VR. Nevertheless, the output voltages are restored rapidly due
to the voltage regulation capability of the proposed cooperative
controller. This shows the effectiveness of the VR.

1. Evaluation of over current protection function

As discussed in the implementation of Guideline 1, the
internal inductor current should be limited to a predefined level
to guarantee the safe operation of the power converter. This
can be realized by adding soft constraints to the cost function
of FCS-MPC. To validate this function, a 12A inductor current
threshold is configured. Two test scenarios, i.e., (a) hard
protection without current limiter and (b) soft protection with
current limiter, are conducted. The test results are presented in
Fig. 17. As one can observe, when the current limiter function
is disabled, DG-2 is shunted down as the inductor current
exceeds the threshold during the process of load change at
t = 0.2s. DG-2 is not able to return to the normal operation
until a restart command is received. On the contrary, the
inductor current can be limited below its threshold strictly, i.e.
12A, instead of shunting down the power converter. This soft
protection mechanism allows DG-2 to offer the most power it
can provide while assuring its safe operation. Therefore, this
function enhances the resiliency of the system.

VII. CONCLUSION

In this work, a distributed cooperative control approach
is proposed for islanded DC microgrids. In particular, an
improved dynamic consensus algorithm is employed to esti-
mate the average global bus voltage at each distributed agent.
Both voltage regulation and load sharing control objectives
are achieved using a unified voltage closed-loop controller.
Thereby, the proposed approach simplifies the controller struc-
ture and facilitates the parameter design. Thereafter, we use a
full state-variable MPC by manipulating the power switches
directly to achieve rapid reference tracking. Moreover, the
global model of the DC microgrid considering the cyber net-
work is established. Based on this, the input-to-state stability
analysis is conducted. To the end, implementation guidelines
are given, and comprehensive real-time HiL test is illustrated
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Fig. 17. Comparative study of over current protection function.

for different operating conditions. The proposed approach
exhibits superior performance, considering the mitigation of
voltage deviation, the accurate load sharing, the capacity of
plug-and-play, the robustness to message update rate, and the
resiliency to communication failure.

APPENDIX

The following two lemmas are found in [20]. To facilitate
readability, they are re-written here.

Lemma 1: Suppose matrix A, B € RP*P are such that
A+ AT <0 and B is invertible. Then the matrix

A BT
-B 0
is Hurwitz.

Lemma 2: Suppose the matrix A € RP*P has rank p — 1,
and let ¢, r € R? be left and right eigen-vectors, respectively
of its zero eigenvalue. Let B € RP*(P~1) be a marix whose
columns form a basis for span {¢}* (be orthogonal with ¢),
and let C € RP*(P—1 whose columns form a basis for span
{r}+ (be orthogonal with r). Then BT AC is invertible.
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