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It is a very crucial problem to make a microgrid operated reasonably and stably. Considering the nonlinear mathematics model of
inverter established in this paper, the input-output feedback linearization method is used to transform the nonlinear mathematics
model of inverters to a linear tracking synchronization and consensus regulation control problem. Based on the linear mathematics
model and multiagent consensus algorithm, a decentralized coordinated controller is proposed to make amplitudes and angles of
voltages from inverters be consensus and active and reactive power shared in the desired ratio. The proposed control is totally
distributed because each inverter only requires local and one neighbor’s information with sparse communication structure based
on multiagent system. The hybrid consensus algorithm is used to keep the amplitude of the output voltages following the leader
and the angles of output voltage as consensus. Then the microgrid can be operated more efficiently and the circulating current
between DGs can be effectively suppressed. The effectiveness of the proposed method is proved through simulation results of a

typical microgrid system.

1. Introduction

More and more AC and DC distributed generations (DGs)
are connected to the systems which requires more flexible
and modular control systems. Hence, microgrids can play this
role when mass grid independency is unfitted. In a microgrid,
DGs are controlled to deliver desired power to the system;
meanwhile, to minimize circulating current is another impor-
tant control objective in order to keep microgrid be operated
stably. In general, many control methods for such a microgrid
system are proposed which can be categorized as centralized
control [1, 2] and decentralized control [3-6]. Both of the two
control methods are based on the conventional droop control
[7-10].

The centralized control requires a complex commu-
nication network with two-way communication that can
adversely affect the stability of the system. The droop control
achieves the active and reactive power being shared propor-
tionally by controlling system frequency and fundamental
voltage amplitudes conventionally [11]. Since no commu-
nication is needed between inverters by this method, it is

attractive. However, the conventional droop controller has
several drawbacks that limit its application area, such as load-
dependent frequency and deviation of voltage amplitude,
high dependency on the inverter output-impedance, and
large circulating current between inverters [9, 12-14]. In [15],
a strategy to improve the control technique is proposed by
changing the droop coefficient and estimating the effect of
the line impedance value. However, this strategy is quite
complicated and sensitive [16]. Meanwhile, the conventional
droop control is a linear method, but the inverter is a
nonlinear model [10]; thus, the microgrid cannot be effec-
tively controlled only by droop control. Thus, the nonlinear
factors should be considered in the control method. The
input-output feedback linearization is used to transform the
nonlinear heterogeneous dynamics of DGs to linear system
[17]. Meanwhile, in order to make power shared without
deviation in either the frequency or the amplitude of the
output voltage, some communication should also be added
in the system.

Considering the above limitations, the decentralized
coordinated control with minimal communication is an



effective way to control DGs. Meanwhile, the distance
between the inverters may make an intercommunication
between all inverters impractical in a real system.

Recently, multiagent systems are extensively studied due
to their flexibility and computational efficiency. The authors
of [18] design the consensus algorithm considering an active
leader agent followed by other agents. Considering that every
DG unit is an agent in the multiagent system, the decentral-
ized coordinated control with multiagent consensus protocol
is used in this paper. In addition, because slight differences
in phases and amplitudes of the inverters output voltages can
cause large circulating currents [19], circulating currents are
not well suppressed only by controlling the output voltage
amplitude. A new droop control based on the angle of the
output voltage, referred to as angle droop, is proposed and has
more advantages than frequency droop control [20, 21]. Thus,
in order to regulate the angle and amplitudes of voltage at
the same time to suppress the circulating currents, the angle-
active droop control is used to combine with the reactive-
voltage control in this paper. Then the amplitudes of output
voltages are controlled by the leader consensus algorithm to
track the leader’s information which comes from one DG in
the microgrid. Meanwhile, the angles of output voltages are
controlled by the leaderless consensus algorithm to achieve
the average consensus.

In this paper, hybrid multiagent consensus algorithm is
used to address the tracking synchronization problem about
amplitudes of output voltages and the consensus regulation
problem about angles by using the input-output feedback
linearization. This method is superior to the scalar control
by which only amplitudes of the voltage are controlled. A
decentralized coordinated controller based on angle-active
power droop control and voltage-reactive power droop con-
trol is designed to make active and reactive power shared
proportionally and suppress circulating currents between
DGs. The multiagent consensus algorithm is used to calculate
the deviation of angle and amplitudes between inverters
by using the leaderless consensus algorithm and the leader
consensus algorithm. Then the calculation results are used as
the feedback values. The main contributions of this paper are
given as follows.

(1) By using feedback linearization method combined
with hybrid multiagent consensus algorithm, the
power can be shared proportionally and the angles
and amplitudes of output voltage can be kept consen-
sus.

(2) By using hybrid multiagent consensus algorithm,
the amplitude of output voltages and angles can be
controlled more reasonably and economically.

(3) The control method requires only a sparse communi-
cation structure which can be more reliable.

(4) The circulating current between inverters can be
effectively suppressed; thus, energy conservation and
the stability operation of the microgrid can be
achieved.

This paper is organized as follows. In Section 2, the
dynamical model of single-inverter-based DGs is established.
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Section 3 discusses the process of the combination of the
input-output feedback linearization and hybrid multiagent
consensus algorithm. Section 4 discusses the analysis of
circulating current between parallel inverters. In Section 5,
the effectiveness of the proposed method is verified by
comparing simulation results of conventional control method
and proposed control method. Section 6 concludes the paper.

2. Nonlinear Model of Single-Phase Inverter

The proposed control method is designed based on the large
signal dynamical model of single-phase inverters in DGs.
There are power calculation, voltage and current controllers,
and second order generalized integrator in the control loops
to adjust the amplitude and angle of output voltage. The
control block diagram of a DG based on a single-phase
inverter is presented in Figure 1.

Because the single-phase inverters are studied in this
paper, the output voltage and current from inverters should
be divided into the a-f3 components first by using a second
order generalized as shown in Figure 2 [22].

The phase of output voltage from the ith DG §; can be
expressed as

8 = w, o

1 1

where §; is the angle of voltage from ith DG and w; is the
frequency of ith DG.

So, instead of using the common reference frame, regu-
lating angles of output voltages can make the d-q reference
frames rotated synchronously.

There are second order generalized integrator, park
transformation, power calculation, low-pass filter, and droop
controller in the power controller shown in Figure 3. The
power controller can provide the amplitude reference of
voltage v ,; for the first stage bridge and the angle reference
of output voltage ;" for the second stage bridge. The 6,
which is used to make the park transformation is calculated
by making the reference v, = 0. The instantaneous active and
reactive power can be expressed as

(Vodilodi + Voqiloqi)
bi = >

>

2)
(Vodiloqi - Voqilodi)

qiz P >

where v,4; and v,; are d-q axis output voltage components for
ith DG, iyy; and i,y are d-q axis output current components
for ith DG, and p; and g; are instantaneous active and reactive
power for ith DG.
The differential equations of the active and reactive power
can be expressed as
P, = —w.P; + w;p;,
, ©)
Q; = ~w,Q; + W g

where P, and Q; are the average active and reactive power for
ith DG and w,; is cutoft frequency of power filter.
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FIGURE I: Block diagram of a DG based on a single-phase inverter.

The block diagram of the voltage controller is shown
in Figure 4. The input differential equations of the voltage
controller are presented as

Voi(ioi)

+

FIGURE 2: Second order generalized integrator.

The angle-active power and amplitude-reactive power
droop controllers are presented as

1
=,
' m; (aseti - 8;*) (4)
1
Q=——"-—"— 5
n; (Vseti - ngi) ( )
Vogi = 0, (6)

where m; is the angle-active droop parameter for ith DG, #;
is the voltage-reactive droop parameter for ith DG, 8, is the
set value of angle-active droop control for ith DG, v is the
set value of voltage-reactive droop control for ith DG, &; is
the reference of voltage angle for ith DG, and v,;; and v,
are the d-q axis reference of voltage amplitude in the voltage
controller for ith DG.

Equations (3) are inserted into (2) and it yields

seti

P = w,p; + +

m; (81 - 6seti) (7)
. B W,
Qi = wq; + <

n; (v;di - Vseti) ‘

¢odi = Veti — niQi ~ Vodi>
(8)

H %
¢oqi = Voqi = Vogi>

where ¢,;; and ¢,,; are the d-q axis auxiliary state variables in
the voltage controller for ith DG.

Then the assist terms in the voltage controller are as
follows:

ASSy; = Fiygi — 0,C fVogi>

_ )
ASSy; = Figg + 0,C iVoais

where F is the feedforward parameter in the voltage con-
troller, Cy; is the filter capacitor for ith DG, and ASS;; and
ASS,; are the d-q axis auxiliary variables used to be the
decoupling terms and the feedforward terms.

The outputs of the voltage controller are presented as

ok *
hai = kaodi (Vodi = Vodi) + KivodiPodi + ASSai»
(10)
ok *
llqi = quoqi (Voqi - qui) + kiVoqi¢oqi + Assqi>

where i;;; and i, qi are d-q axis current reference in the current
controller for ith DG, ko4 and kgyoq; are the d-q axis
proportion parameters in the voltage controller for ith DG,
and kiy,g; and kjy,,; are the d-g axis integral parameters in
the voltage controller for ith DG.

The block diagram of the current controller is shown
in Figure 5. The input differential equations of the current
controller are presented as

YVai = il*di — iigi>
(11)

. ok .
Yai = hgi ~ lgio
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FIGURE 4: The block diagram of the voltage controller.
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FIGURE 5: The block diagram of the current controller.

where y,; and y,; are the d-q axis auxiliary state variables in
the current controller for ith DG and i, and i, are the d-q
axis filter current components for ith DG.

The outputs of the current controller are presented as

* . ok .
Vigi = —WiL fifyg; + kpildi (irgi = 1a1) + KinaiVar
(12)

*

. ok .
Vigi = WL ifyg; + k pitgi (llqi - ’lqi) +k;

1ilquqi’

where v;;; and v, . are d-q axis output of current controller
for ith DG, L 4 is the filter inductance for ith DG, k;4; and
kg are the d-q axis proportion parameters in the current
controller for ith DG, and k,;; and k;;,; are the d-q axis
integral parameters in the current controller for ith DG.

output connector considering the R-L line parameters are as
follows:

. Ry
Ui = _L_lldi T Wil + T (Vidi = Vodi) »
fi i
. Ry
lgi = _L_fllqi - wilg; + Z (Viqi - Voqi) >
1 1

. . .
Vodi = WiVogi T C. (i1di = Toai)
& (14)

Vogi = ~WiVodi + C (llqi - loqi) >
fi
. i
logi = Wilggi T+ . (Vodi = Veai) = L_’odi>
ci ci
fo_ 1 B R,
loqi = —Wilog; + L. Voqi Vbqi L 'loqi'
ct ci

From (1), (7)-(8), (11), and (14), the model of ith DG can be
rewritten into a matrix formation as follows:

x = P (x) + Gu,
(15)
y = Hx,

where the state vector is

x= [51" P, Qi bais P> Vai> Vai» t1di> tigio Vodis Vogin Lodi> ioqi] .
(16)

The detailed expression of P(x), G, and H can be found
in the Appendix.
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3. Designing Decentralized Coordinated
Controller by Feedback Linearization

In this subsection, the hybrid multiagent consensus algo-
rithm is used to control the amplitudes and angles of output
voltages. To make amplitudes of output voltages follow the
leader is considered the tracking synchronization problem
and to make the angles of output voltages consensus is
considered consensus regulation problem. Every DG can be
seen as an agent with two control inputs and two outputs. The
control signals are calculated by using the error between local
and one of the neighbors information. The information about
leader can come from one DG in the system.

In this section, the graph theory and feedback lin-
earization designation based on the multiagent protocol are
illustrated, respectively.

3.1. Graph Theory. The decentralized coordinated controller
should use a communication network called directed graph
which can be expressed as G, = (V, Eg, Ag) [23]. The set of
nodes in the network can be expressed as V5 = {v;, v,,...,v,},
the set of edges can be expressed as E; € V x Vg, and the
weighted adjacency matrix can be expressed as A = [a]
with nonnegative adjacency element a;;. An edge rooted at
node jand ended at nodei is denoted by (v;, v;), which means
that information can be acquired from node j to node i. For
a graph with 0-1 adjacency elements, the in-degree and out-
degree of node v; are defined as

1]]

-

Il
—_

deg,, (v;) = ) a;. (17)

deg;, (v;) = Zaji
=1

J

The degree matrix of diagraph G, is a diagonal matrix A =
[Aj;], where Aj; = Oforalli # jand A;; = deg,,(v;). The
graph Laplacian associated with the digraph G, is defined as

L(G,)=A-Ac (18)

3.2. Designation of Feedback Linearization. The 8.; and v
are selected as the control inputs to keep the angle §; and the

amplitude v,; of the ith DG consensus. Because v,,; is zero,
the amplitude of output voltage is
Voi = Vodi- (19)

: T
The inputs of the system are u = [,y Viu] and

the outputs of the system are y = [J; vodi]T. From the
above discussion, the model established is a MIMO nonlinear
system. Then the feedback linearization method is used to
design the decentralized coordinated controller.

The d,,; is used as the input to control angles of all output
voltages to be consensus between DGs and the v, is used
as the input to control the amplitude of output voltage to be
consensus with the leader’s voltage y|.,der2 = Vies-

Because it is difficult to find the relationship between
input and output directly in such a nonlinear system, the
input-output feedback linearization is used to transform the
nonlinear system into linear system and find the relationship.

The process of feedback linearization in this MIMO nonlinear
system described in (15) is as follows [24].

First, the relative degree [r},1,,...,7,,] should be calcu-
lated.

The control variables are shown up after one derivative of
output; thus, the relative degree of this nonlinear system is
[1,1].

Second, according to the relative degree, a decoupling
matrix A(x) which should be nonsingular should be calcu-
lated as given in (20) and another vector b(x) is calculated at
the same time as in (21). The L fh,-(x) in (20) and (21) is the
Lie derivative of h;(x) with the respect to f and is defined as
L shi(x) = (0(h;)[0x;) f-

Consider
L, L” 'hy (x) e L, Lrl 'hy (x)

A(x) = : : ,  (20)
L, Lrl 'h, (x) - L, L“ 'h,, (x)
b(x) = Lk (0)-- Ly h,, (x)]T. (21)

Because the relative degree of this nonlinear system is
[1, 1], the decoupling matrix is calculated as

0 0
A - Ly L%hy Ly Lhy =<wci65et1 0 ) (22)
' L Loh L thz 0 wczvsetl

It is obvious that matrix A;(x) is nonsingular. Addition-
ally, matrix 4;(x) is given as

b (x) = [Lshy (x) Lshy ()], (23)
where
Lsh (x) = w; + w, (Oseii = 87 ) = mycw i Py,
thZ (x) = Wi (Vseti - V:;di) + niwciqz + wzvoqz (24)
+ = (g = Toai) -

Third, the control law of a MIMO nonlinear system is
defined as

u(x) = A7 (%) [-b(x) + v (x)], (25)
where v(x) = [v, ---v,,]" = [yirl) . --yf;'")]T.

From (22) and (23), the control law u;(x) can be defined
as in (25). The appropriate v;(x) can be calculated as in (26)
to provide the synchronization:

v; (x) = A; (%) u; (%) + b (x), (26)

T
where v, = [, v,a]".
The nonlinear system can be transformed into linear

system as
Yir) _ (1 0\ (via
(%,2) - (0 1) (Vi,z>’ @)

T .
where y; = [)’i,l J’i,z] > Yin = 9, and Yi2 = Vodi> for alli.



Using the feedback linearization, the nonlinear system
(15) is transformed to the linear system (27). Equation (27)
presents the ith DG. It is obvious that the v;, and v;, can be
designed, respectively.

From Section 3.1, DGs can communicate with their
neighbors based on the digraph G, and in this paper only
one can communicate with the leader. The hybrid consensus
algorithm consists of two kinds of consensus algorithms. One
of the algorithms is called leaderless consensus algorithm
which is used to control the angles of output voltages and
the other one of the algorithm is called leader consensus
algorithm which is used to control the amplitudes of output
voltages.

The control of the angles from DGs is a consensus
regulation problem which means the leaderless consensus
algorithm is used. Thus, the errors about the angles between
the DGs can be calculated as

€1 = Z a;j ()’i,1 - yj,l)’ (28)
JEN;
where e;, represents the error of angles of output voltage
about the ith DG.
To make all of the amplitude of output voltages equal
to the leader’s information, the tracking error about the
amplitude of the output voltage and the reference information

yleader,Z 18 glven as

€ip = Z ajj (J’i,z - J’j,z) + &5 (Vio = Vieader2) (29)

JEN;

where e; , represents the error of amplitudes of output voltage
about the ith DG. If node i observes the leader’s amplitude
information, edge (Vie,qer2> ¥;) is said to exist with weighting
gain g;, = 1. Denote the pinning matrix by E, = diagl{e;,} €
RNxN )

Because a microgrid includes N DGs, the errors can be
written into matrix as

e, =(L+E))Y,, (30)
e = (L+E,) (Y, — Vieer2) » (31
where
e =[e, ey en,1]T,
e, =le ey en,z]T,
Yy =g yaa o )’n,l]T, (32)

Y, = [)’1,2 Yoo 0 Vn2

Yleader,z = 1Nyleader,Z'

The system (28) can be rewritten as

Y, = Iyvy,
) (33)
Y, = Iyvys
T T
where v, = [V Vo1 o Va1l Vo = (Vo Voo o0 Vaal -
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The relationship between e;, e, and v,, v, should be
designed in order to keep the system stable with the control
input. The relationship can be established by the coupling
gain and the feedback control gain. The design of the coupling
gain and feedback control gain can be chosen according to the
theory about optimal and nonlinear control in [24]. For the
sake of space, the designation of the feedback control gain and
coupling gain is not included in this paper.

In this paper, only the stability of the system (33) is proved
as follows.

Proof. Because the angle controller is the same as the ampli-
tude controller, if one of the controllers is proved to be stable,
the other one should be stable. In this section, the Y, = Iyv,
is proved to be stable under some conditions.

Inserting (31) into (33), the system can be as

YZ = —ck (L + EZ) (YZ - Yleader,Z) . (34)
Defining 8, = Y, ~ Y} ,q4cr.2» choose the Lyapunov function
as
1or
V= 582 Ps,, (35)

where PT = Pand P is the positive and definite matrix. Then
the derivative of (35) is expressed as

V =08,P5, =8, P (Y, ~ Vieagerp) - (36)

Then,
V =8, P8, = 8, P(~ck (L + E,)) &, (37)
Then, according to [25], the matrix —ck(L + E,) can be

Hurwitz. Therefore, given any positive number g, the positive
definite matrix P can be chosen as

P(=ck(L+E,)) + (~ck(L+E,)) P=-uly.  (38)
Then, inserting (38) into (37),
V =61 Pé,
= 20T (P -k (L + Ey) + (~ok (L+E))' P, (39)
= -£5]1,.

Then, (39) shows that V < 0. Thus, the internal dynamics
are asymptotically stable. The proof is completed. O

4. Circulating Current Analysis

In order to illustrate the effectiveness of proposed method
focusing on the problem of circulating current between
inverters, the relationship between a circulating current and
amplitude and angle of output voltage is analyzed in this
section. The simplified circuit schematic is shown in Figure 6.
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FIGURE 6: Simplified circuit diagram for two inverters.

From the circuit scheme, the following circuit equations
can be expressed for two inverters:

I =1, + 1L, (40)

v =27, (I, +1,), (41)
L -

i=-t (42)
Zkl
W,

L=-2 1% (43)
ZkZ

where v,) = E /¢y, vy, = Byl Z = Ry + jXp, Zyy =
Ry + jXyp> and Zyy = Ryy + j X

The load current is the phasor summation of the current
of all the parallel inverters as given in (41). The load voltage is
related to the load current and the impedance of load. From
(41)-(44), the bus voltage of load ¥ can be presented as

Vp1 =V . sz_VL>
Z Zia

Zkli/pz + Zkzi’pl

- i+ Zig + ZnZigl Zy,
(44)

The circulating current between two inverters is equal to
half of the difference current given in
R 7T S
Iy =1 -1, =2 - — (45)
Zia Zia

Inserting (45) into (46), the current can be presented
by using the angle and amplitude of output voltage from
inverters as

2(Vpy = ) + (ZiaVpr = ZiaVpa) 12,

(46)
Zin+Zip+t ZinZinlZy

2A1, =

Assuming that the equivalent load impedance of bus is
resistive, the impedance Z; is replaced by R;. Meanwhile,
even though it is a microgrid in a small area, it is reasonable
to illustrate that the impedance of the connection between
inverters is inductive through designing the inductive virtual
impedance [15]; in this paper, it is not discussed in detail.
Thus, it means that X; > R;; then the circulating current
is given as follows:

2 (vpl - va) +j (szvpl - Xkli/p2) /Ry

. (47)
J (X + Xip) = Xy Xpo /R,

2A1, =

In order to analyze the active and reactive circulating
current, respectively, (48) is decomposed into two parts as

2AI; =1, - jI,. (48)

For convenience, the following variables are defined:

X X
g -fep,  p-Yop
RL RL
X X5\
A= (X +X0) + (%) ,
L
2 2 2 (49)
5 XuXi, + 2R Xy + 2R} X,
Ry Xy, ’
C X0 Xjy + 2R Xjo + 2R Xy

R Xjq

Then active and reactive current between inverters can be
presented, respectively, as follows:

I, = (E; [(Xy, = Xyy) cos ¢y + Bsin¢, |

- E; [(Xk1 = Xya2) cos ¢y + Csin¢2]) (A7

(50)

—
Il

r (Ei [(Xyy — Xyp) singy + Bcos ¢, |
(51)
! . -1
- E, [(Xj = Xp1) sing, + Cc0s¢2]) (A).
In order to analyze the circulating current, it is assumed

that X;; = X;, = X and then (51) and (52) can be rewritten
as

L ((xk+4RD) /R,) (Eysingy — Eysings) o)

a A b
- ((Xi + 4Ri) /RL) (E'1 cos¢, — E; cos qbz). (53)
4 A

From (52) and (53), it is found that if the amplitude and
angle of output voltage can be kept as consensus, the active
and reactive current can be suppressed effectively. Thus, the
proposed method can suppress the circulating current.

5. Simulation Results

Figure 7 shows the diagram of the typical microgrid test
system. The configuration of DGs which are connected in
series is considered in this microgrid. Because it is the
typical microgrid system, the simulation results can be more
convincing. The system data and simulation parameters are
listed in Table 1. It is assumed that the total power demand
in the microgrid can be supplied by the DGs and no load
shedding is required.

5.1. Case 1: Conventional Controller. In this case, the desired
active and reactive ratio of DG-1, DG-2,and DG-31is1:1.33: 2.
The DG-1 is chosen as the system leader. The simulation
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FIGURE 7: Diagram of the microgrid test system.

TABLE 1: System parameters.

System quantities Values
System frequency 50 Hz
DC voltage 600V
Leader information

Voltage Ip.u.

Line impedance
Z,=2,=2;,=2,
Load ratings
Ld,
Ld,
Ld,
Ld,
Ld,
DG ratings
DG-1
DG-2
DG-3
Output inductances

Droop coefficients
Active power-angle
my
m,
ms
Reactive power-voltage
n
n,

s

0.74 + j2.4 % 107 Q

10 KW and 6 kVAr
11.L1KW and 7 kVAr
10.1 KW and 5 kVAr
9.1 KW and 5kVAr
11.1 KW and 5 kVAr

20 KW and 10 kVAr
26.6 KW and 13.2 kVAr
40 KW and 20 kVAr

30 uH
22.53 uH
15uH

2 %107 rad/w
1.5 % 10~ rad/w
1107 rad/w

1% 107* rad/VAr
0.75 % 107* rad/VAr
0.5 % 10 ~* rad/VAr

process is as follows which is divided into 4 steps: first, at
the beginning, load,, load;, load,, and load; are connected
in the microgrid; second, at 0.3s, load, is connected in the
microgrid; third, at 0.6s, load; and load; are disconnected
from the system; fourth, at 0.8 s, load; is connected in the
microgrid again. The load power is shared by DG-1, DG-2,
and DG-3 all the time. The system can be operated stably.
However, due to the weak controller, from 0.3s to Is,
the load cannot be shared in the desired ratio of 1:1.33:2 as
shown in Figures 8 and 9. Meanwhile, the amplitudes and
angles of output voltage from different DGs cannot be kept as
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x10*
2.5

W)

Active power (
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0 01 02 03 04 05 06 07 08 09 1
Time (s)
— DG-1
— DG-2
— DG-3

FIGURE 8: Active power sharing in Case 1.

x10*

Reactive power (kVAr)

0 01 02 03 04 05 06 07 08 09 1
Time (s)

— DG-1
— DG-2
— DG-3

FIGURE 9: Reactive power sharing in Case 1.

consensus as shown in Figures 10 and 11. Because the power
cannot be shared in the desired ratio shown in Figures 8 and 9,
the amplitudes of output voltages are not in the desired ratio
and the deviation angles between four outputs voltages are
obvious, as shown in Figures 10 and 11. Thus, the circulating
currents between DGs are very large in the system. In order to
illustrate the problem of the conventional controller, Figure 11
is partially enlarged from 0.2 s to 1s, which is overlaid on the
low left of the original figures.
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FIGURE 10: Angles of output voltages from 4 DGs in Case 1.
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FIGURE 11: The p.u. value of output voltages from 4 DGs in Case 1.

5.2. Case 2: Proposed Controller. The performance of the
proposed controller can be verified though the simulation
in Case 2. In order to compare with the simulation results
in Case 1, the microgrid is operated at similar situation as
described in Case 1. The proposed controller is started at
0.2 s and the communication topology is shown in Figure 12.
Compared with results in Case 1, the load can be shared
in the desired ratio by DGs as shown in Figures 13 and 14.
The amplitudes can be controlled to track with the leader’s
information and the angles of output from DGs can be kept
as consensus as shown in Figures 15 and 16, respectively.
Meanwhile, the deviation angles between four output voltages
are very small as shown in Figure 15. From the discussion
in Section 4, the circulating current between DGs can be

Leader
value

DG-1 DG-2 DG-3

FIGURE 12: The communication topology for proposed controller.
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FIGURE 13: Active power sharing in Case 2.
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FIGURE 14: Reactive power sharing in Case 2.

reduced largely. In addition, from Figures 15 and 16, it can
also be concluded that the amplitude of output voltage can
track the leader quickly. In addition, when the amplitudes
of voltage are consensus, the power flow can be shared
more reasonably. In order to illustrate the effectiveness of
the proposed controller, Figure 16 is partially enlarged from
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FIGURE 15: Angles of output voltages from 4 DGs in Case 2.
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FIGURE 16: The p.u. value of output voltages from 4 DGs in Case 2.

0.2s to 1s, which is overlaid on the low left of the original
figures.

Meanwhile, from Case 2, it can be proved that the pro-
posed controller can make the amplitude of output voltages
keep tracking with the leader and make angles of output
voltages kept as consensus.

6. Conclusion

The control issues of multiple inverters in the microgrid
were investigated in this paper. The nonlinear mathematics
model of inverters is discussed and the feedback linearization
method is used to transform this nonlinear model into
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the linear model. The hybrid multiagent consensus algorithm
is used to control the amplitudes and angles of output
voltages. In general, this method can also be used in a kind
of problems of the coordinated control. In this paper, the
first benefit of the proposed method is that the circulating
can be effectively suppressed and the power can be shared
in the desired ratio through combining with the angle-active
power droop controller and voltage-reactive droop controller.
The second benefit is that, by using the hybrid multia-
gent consensus algorithm with the two kinds of consensus
algorithm, the system can be controlled more reasonably
and economically. The third benefit is that the distributed
coordinated controller only requires local and one neighbor’s
information with sparse communication structure which can
make the microgrid more reliable.
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