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Abstract: In this paper, a distributed synergetic control based on multi-agent systems is proposed
to solve the problems of frequency and voltage errors, system stability and power sharing accuracy
in the traditional droop control of microgrids. Starting with power flow equations, we build the
secondary-order dynamic model of DG, which consists of three parts: (1) active power allocation;
(2) active power-frequency; and (3) reactive power-voltage droop control. Considering time-delays in
communication networks, a leaderless synergetic control algorithm is proposed to allocate the active
power in inverse proportion to the droop coefficient, and the synergetic control with a virtual leader
is proposed to control the system frequency and voltage to keep at the expected value. Besides, the
direct Lyapunov method is introduced to verify the globally asymptotical stability. Moreover, the
impacts of communication disturbance are also discussed from the aspects of control precision and
system stability. Finally, based on a test microgrid, numerous cases are designed as illustration, and
the simulation results validate the proposed method.

Keywords: microgrid; adaptive droop control; multi-agent system; time-delays; globally
asymptotical stability

1. Introduction

Distributed generations (DGs), especially renewable energy sources (RES), are drawing increasing
attention around the world due to their advantages of lower energy consumption, high efficiency,
economic and environmental benefits [1,2]. However, the output power of small-scale DGs, such
as wind turbines, fuel cells, gas engines and energy storage, poses many challenges for electrical
power systems, especially for distribution systems. Microgrids (MGs) are proposed to solve the
interconnection problems of individual DGs [1-22].

A MG can work in both grid-connected and islanded modes. In normal operation, the MG
connects to the main grid, where an inverter-based DG usually works in power mode in order to
export the pre-set power to the main grid, and most system dynamics are dictated by the main grid
due to the relatively small size of DGs [17]. In the event of disturbances, the MG disconnects from
the main grid and operates in islanded mode. In this situation, it is important to continue to provide
adequate power for the load, and DGs are responsible for maintaining the system frequency and
voltage, and sharing the active and reactive power properly [6,7,9,10]. Proper controls with centralized
or decentralized structures are necessary to maintain operations stable and economically efficient.
Among them, distributed control is the most desirable option because the communication network in
centralized control is complex and spans a large geographical area [3,5-13].

In an inverter-based MG, there is no synchronous generator, and the system inertia is very small.
Based on the power flow of a transmission Adaptive Droop Control (AC) system with highly inductive
impedance, the frequency/voltage droop control is applied so that parallel-connected DGs can allocate
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the active and reactive power in proportion to the rated value [5-8,10], where the active power is
mostly controlled by the frequency and the reactive power is mainly controlled by the amplitude
voltage [5].

However, most previous works have shown that the droop parameters have a significant effect
on the power sharing accuracy, small signal stability (SSS), and frequency and voltage drops [10-18].
In droop-controlled MG, a high gain frequency droop is required to ensure proper load sharing. Pogaku
et al. investigated in [10] the SSS, including the controller, output filter and coupling inductor, and the
results showed that a high gain frequency droop has a negative impact on SSS and decreases the system
oscillation damping. Therefore, the energy management system of MG is designed after considering
the SSS [11-13]. Some other works have emphasized power sharing accuracy. In [14], the original
frequency and voltage are transformed into the virtual frame to decouple the relationship between
active and reactive power completely, and the power sharing control in virtual frame is given. In [15],
the virtual impedance is proposed to properly adjust the output impedances of DGs. However, the
aforementioned controls need to know the network parameters and operation point at the beginning,
and thus, they are not practical. In [16], the active power-voltage and reactive power-frequency
droop control are proposed for resistive grids, but the active power sharing is poor. Since the
power angle changes along with the frequency, the power angle-active power droop is proposed
in [17] so that the frequency error is avoided. Meanwhile, auxiliary loop and other improved droop
methods [14,16,17,21-24], such as adaptive droop control [14], arctan power-frequency droop [21]
and virtual flux droop control [22], are introduced to improve the SSS and power sharing accuracy.
However, the problems in traditional droop control are only partly solved in these previous works.

In traditional controls, the communication network is avoided, and each DG regulates its output
according to the sampled data. However, the inter-communication network among DGs is necessary
due to the requirements of the energy management system and protection of the MG. Therefore,
the distributed control based on the spare-communication network can be used to solve the
aforementioned problems. Recently, distributed strategies have been widely used in power
systems [25-30]. Among them, multi-agent systems (MASs) are drawing increasingly attention because
the requirements for a central controller and complex communication network are reduced. In a MAS,
an agent, with self-organizing and self-learning ability, can work alone to reach some individual goals.
However, it can only accomplish easy tasks because its ability to work, learn, process information and
make decisions is limited. By organizing and coordinating all the agents, MASs can handle problems
which are much more complicated and time-consuming, and have several advantages over traditional
approaches, such as higher reliability and robustness of the control system. Recently, MASs have been
widely used to develop complex systems and to achieve the objectives of distributed management,
monitoring and control of microgrid [27-29].

In this paper, an improved synergetic control based on a MAS is proposed to design the droop
parameters adaptively, where the MG is seen as a MAS, and the DG is considered as an agent. This
paper makes the following contributions:

e Distributed synergetic control is used to design the droop parameters adaptively, in which each
DG only requires the local and neighbor’s information.

e  The general synergetic control algorithm considering the time-delays in communication network
is proposed to adjust the initial frequency wy and voltage V; in droop control adaptively, which
are used to compensate the frequency and voltage drops, respectively. Therefore, the system
frequency and voltage are always at the expected value.

e  The improved control strategy can effectively reduce the effects of the disturbance on the control
precision and stability of the communication.

e  Under the proposed control, the MG system has the globally asymptotic stability which has been
verified by the direct Lyapunov method. Therefore, the effect of droop coefficients on stability in
traditional and improved controls has been eliminated.
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This paper is organized as follows: Section 2 discusses the dynamic model of the MAS-based MG
based on power sharing of parallel-connected DGs. In Section 3, the adaptive droop control based on
distributed synergetic method is presented, and the direct Lyapunov method is used to analyze the
system stability. In Section 4, simulations based on a test MG are given to verify the adaptive droop
control and the corresponding analysis and discussion are presented in Section 5. Section 6 concludes
the paper.

2. Dynamic Model of VSC-Based DG

In a MG, most DGs connect to the power grid through voltage source converters (VSCs), and the
typical structure is illustrated in Figure 1. The typical VSC is comprised of several parts, including the
power-sharing controller (the droop controller), voltage and current controller, inverter and switching
process, output filter, coupling inductance, and a primary source [9]. The details of each part are
described in [10], where the input is considered fixed. Because the dynamics of voltage and current
controllers are much faster than that of power controller, the combination of inverter, output filter,
and primary sources can be seen as an ideal controllable voltage source, where the frequency and
amplitude voltage are decided by the power controller [31].
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Figure 1. Typical structure of a VSC-based DG.

The power flow of the power grid is illustrated in Figure 2. By simplifying the basic power flow,
we can obtain the relationship between power and voltage.
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Figure 2. Power flow in MG. (a) Voltage vector; (b) power flow.

XPL — RQL = V1V2 sin((51 — 52) (1)
RPp + XQp = VE — V1 Vacos(8y — &) (2)
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In high voltage AC transmission line, R can be neglected, and the phase difference is very small,
i.e., sin § = d and cos  ~ 1. Then, the power flow can be simplified as follows:

Vi V- Vi V-
P = 1X2 sin(6; — 6) ~ %A(S )

1% 1%
Qr = Xl(vl Vs cos(6) — 8y)) ~ YlAV (4)

where Ad = 51 - 52 and AV = Vl - Vz.
Therefore, the active and reactive power of DG can be regulated by drooping the system frequency
and the node amplitude voltage, respectively:

wj = wo: —m;P;
le —1n;Q; ®)
Vq*l = 0

where the subscript of i is the sequence of DG in the MG.

Equation (5) expresses the traditional droop control, and Figure 3 illustrates the control diagram,
where LPF is the low pass filter, which is used to prevent the switch disturbance and w is the
cut-off frequency.
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Figure 3. Control diagram of the traditional droop.

In traditional droop control, wy and Vp with a fixed value are designed to keep the system
frequency and voltage in a prospective range. Therefore, these two parameters are usually neglected
in SSS, and improved controls are usually to design the droop coefficients [21] or use the auxiliary
control [16,17] to improve the system stability and power sharing accuracy. However, the problems of
system stability, frequency and voltage deviation also exist. In response to these problems, this paper
aims to design wy and V.

By differentiating the traditional droop control in Equation (5), we can obtain:

Wi = Woj — MiP; = Xy (6)

Vi = Voi — miQ; = %y (7)

Equations (6) and (7) show the first-order dynamic model of DG. The first-order system is a
time-delay control system, and only the differential value can be controlled directly. In this paper, a
secondary-order model is used by expanding the first-order model in Equations (6) and (7):

xwi = Uewi (8)

J‘Cvi = Ucypi (9)

By properly designing the auxiliary variable of u.,,; and u.,;, the MG can work at the expected
frequency and voltage. Meanwhile, it should be noted that once the auxiliary control is applied to
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the frequency control, the active power of DG must be allocated in inverse proportion to the droop
coefficients, i.e.,:
m Py =myPy = -+ =myPy (10)

In power controller, the droop coefficients are designed as a constant according to the operation

range of frequency and DG capacity, where mi are set based on the rated active power of DGs Py; [10],
which is equivalent to Pp—;l = P% == PIZ’]‘n , where Py is the rated active power.

Then, the secondary-order model of active power allocation can be derived by differentiating
Equation (10) and using the same way in Equation (8):

miPi = Xpi (11)
Xpj = Ucpj

Therefore, the active power can be allocated in inverse proportion to the droop coefficients by
designing u.p. Therefore, the combination of Equations (6)-(9) and (11) forms the whole dynamic
model of an islanded MG. The next section describes the design of the synergetic control based on the
above models.

3. Adaptive Droop Control Based on MAS

In islanded MG, the DG is considered as an agent, which has the ability to regulate its work state
by sampling the system frequency and node voltage. However, the DG cannot finish the missions of
the whole system due to the lack of system information. For example, the traditional droop control
is a full self-management control, where the DG only needs its sampled data to regulate the output
power, but the system may be unstable [10]. Therefore, this paper tries to propose a synergetic control
to design the droop parameters adaptively based on the distributed communication network. In this
synergetic control, each DG only needs to send its power and voltage to the neighbors and receive
the same information from them. Based on these information, the DG regulates the droop parameters
to export an expected power to the grid which is unknown at first, so that the MG can work at an
expectant state. In this section, firstly the communication network is modelled by diagraph theorem.

3.1. Graph Theorem

In a MAS, the spare communication network is usually expressed by a digraph [25,29]. In the
communication network, an agent is seen as a node, and the edge between two DGs is considered as a
link. In this paper, a test MG illustrated in Figure 4 and the communication network without leaders
in Figure 5 is studied. A digraph is usually depicted as G = (V, ¢, A) with a non-empty node finite set
V ={v1,v2,--- ,un}, asetof edges € € (V x V) that is the Cartesian product of V, and the associated
adjacency matrix A = [a;;] € RN*N. In this paper, the communication network is assumed to be
time-invariant, and A is constant. In G, the edge (v]-, vi) means that node i receives the information
from node j, and (v;, v;) denotes the edge from node i to itself, which is usually neglected. a;; is the
weight of edge (v]-, v;), and a; > 0, if (U]', v;) € & which means that node j is a neighbor of node i;
otherwise a;; = 0. In a diagraph, the set of neighbors of node i is denoted as N; = {v}| (v}, v;) € &}.
In the MG, because DGs exchange information through a communication bus, the non-directed
diagraph is considered, which means that node i not only receives the information from node j, and
also sends the corresponding information to node j at the same time. Usually, the Laplacian matrix of
the digraph is used to express the communication relation defined as L = [I;;]eR"*", where I;; = — a;;
ifi # j,and [;; = 0. In this paper, the weight of each edge is 1, the Laplacian matrix of the test MG is:

(12)
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Figure 4. Test MG system.

Figure 5. Communication network.

3.2. Active Power Control

In an islanded MG, the active power of a DG is allocated in inverse proportion to the droop
coefficient so that the MG can work in a large range of loads due to the small capacity. Therefore,
the active power allocation is designed first. To achieve the precise allocation of active power,
we assume that the DG can communicate with the neighbors through diagraph G. Because the
active power of a DG changes along with the loads, the synergetic control without leaders is adopted
to design the auxiliary variable in Equation (11). The auxiliary control variable considering time-delays
in communication is discussed in [27]. Here, the general control algorithm considering time-delays is
provided to obtain the auxiliary variable:

Ucpi = Ucpai + Ucppi (13)
n
Uepai = —kp1 ) aiif (AmPyj) (13a)
j=Liti
4 k
ucPﬁi = 2 aijsign(xpji)|xpﬁ‘ P2 (13b)
i=1,ij

AmPij =m;P;(t) — ij]-(t —tg) (13¢)
xpji = Xpj(t —tg) — xp;(t) (13d)

f(x) >0, x>0
f(x)=0, x=0; (13e)

f(x) <0, x<0.

. 1, when x >0
sign(x) = —1,when x <0 (136)
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where u.p,; and ucpg; are two individual parts of u.p;, and the details are given in Equations (13a) and
(13b), respectively. In Equation (13), u.p,; is used to directly control (m;P;) in Equation (13c) to be the
same, and u.pp; is used to control the differential of (m;P;) to be the same. kp; is non-negative.

The combination of Equations (11) and (13) forms the differential-algebraic equations (DAEs) of
the active power allocation in an islanded MG. By setting all the differentials be zero, the solutions of
the DAEs can be obtained:

m;P;(t) = m]'P]‘(t —tg) (14)

WliPi(l’) = m]P](t — td) (15)

When the system works at the balance point, u.p; in Equation (13) is zero. Then, Equation (11)
can be rewritten as:
m;P;(t) = Wl]‘P]'<t —t;) =0 (16)

This means that the active power of each DG is constant when the MG works in a stable state.
However, we cannot come to this conclusion just by using the traditional first-order model in [27,28].
Then, combined with the analysis results in Equations (14) and (16), we can obtain that the equilibrium
points of the system mean that the active power of each DG is allocated in inverse proportion to
the droop coefficients, and the errors in each DG is 0 when the system works at the stable state.
Furthermore, the system stability needs to be analyzed. In this paper, the direct Lyapunov method is
used to show the globally asymptotic stability.

In a control system, the behavior of a system about its equilibrium point can be investigated by
using Lyapunov theorem [31,32]. Lyapunov’s stability theorem allows us to verify the stability of the
MG system by analyzing an energy function V(x), also called as the Lyapunov function. According to
the direct Lyapunov method, the system has the globally asymptotical stability when the following
four conditions about V (x) are satisfied:

1 V(o) =

2 V(x)> 0 for all x #0;
(3) V(x) — o0 as ||x| — oo;
4) V(x) <O0forall x # 0.

To analyze the stability of the active power control in Equation (13), the following energy function
is considered:

V(x) = %2 X3, + %2 Z kpyaiiF(AmPy) (17)

where F(x) is the integral of f(x), i.e., f(x) = dFd—(tx)
According to the characteristics of the sub-functions in Equation (17), we know that the first three
conditions in Lyapunov theorem are always satisfied. Then, only the last one should be considered.
By differentiating the energy function, we can obtain:

Y. Y kpuayf(AmPy)(mP); (18)

i=1j=1,j#i

N\H

n
x) = ZxPiuch
i=1

where (mP)l] = m;P;(t) — ijj(t —t).

Then, adding the synergetic control in Equation (13) into it, yields:

n n ) 1 n n
x) =Y ajixp; Y (—kpif(AmP;) +518"(xpji)|xpp| +§2 Y. kpiajjf(AmPy)xpij (19
i=1 j=1,j#i i=1j=1,j%i
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For the first and third part in Equation (19), the following equation is satisfied:
n

n 1 n n
Y xpi Y kpiajif (AmPy) EZ Y. kpiajif (AmP;j)xp;; (20)

i=1  j=1,j#i i=1j=1,j#i

Thus, V(x) can be simplified as follows after adding Equation (20) into Equation (19):

14 n .
EZ Yo aii(xpi(t) — xpi(t — tg))sign(xpj(t — tg) — xpi(t))|xp;(t — tg) — xpi(f)|kp2 (21)
i=1j=1,j%#i

By analyzing the characteristics in Equation (21), we know that V(x) < 0 for all x # 0. Therefore,
the Lyapunov theorem conditions are always satisfied, and the MG has globally asymptotic stability
under the synergetic control in Equation (13) in spite of the time-delays in communication. However,
in the traditional control method, the time-delays have a negative impact on the system stability, and
the report of synergetic control with time-delays is small. Especially, the previous works mostly focus
on seeking the maximum time-delays in the traditional control so that the system can work at the
stable state [33].

3.3. Active Power-Frequency Droop Control

In traditional droop control, the system frequency is varied along with the loads due to the
constant value of wy;. In power systems, the expected frequency is the rated value, which is known at
first and can be considered as the virtual leader in frequency control. The communication network
with a virtual leader is illustrated in Figure 6, in which the virtual leader is the agent with the target
frequency. Generally, the virtual leader is the MG central controller (MGCC). Similarly, taking the
time-delays into consideration, u; is obtained by Equation (22) based on its own and the received
information with time-delays from the neighbors.

< N
/Rated frequency
\ and voltage /
/\ ~ ¢

thEal_Le’ade

Figure 6. Diagraph with a virtual leader.

Ucwi = Uewai T Ucwpi + Ui (22)
n
Ucwni = Z az]g wz] (22a)
J:LJ#Z

— - / ka

Uewpi = ), ijsign(Xuwji) | Xwji (22b)
=14

Ucwyi = kw3[_kw1f(wiL) + Sign(xwLi) ‘xwLi|kw2] (22¢)
wij = wi(t) — wj(t —tg) (22d)

wip = w; — Wi, (22e)



Energies 2016, 9, 1057 9 of 19

Xewji = Xej(t = tg) — Xewi(t) (22f)
Xwli = XwL — Xwi (22g)

g(x)>0, x>0
g(x) =0, x=0; (22h)
g(x) <0, x<0.

where the subscript of L means the virtual leader; i, tewpi 14 Ueyri are three individual parts of
Ucwi, Which are given from Equations (22a) to (22c), respectively. In Equation (22), 1, is to directly
control the output frequency of each DG to be the same; u,; is used to control the differential
frequency to be the same, and 1, is used to control the front two parts to synchronize to the virtual
leader with the rated frequency. k,,; and k.3 are non-negative, i.e., k.1, kw3 > 0. Because the value of
the virtual leader is set as constant at the beginning, the time-delays from the virtual leader to DG are
considered as zero.

Similarly, the solution of DAEs consisted by Equations (6), (8) and (22) can be obtained through
making all the differential be zero, i.e.,:

wi(t) = wj(t—t3) = wn (23)

@it) = dojlt—tg) =0 24)

which means that the frequency of each DG can be controlled to be the same with the virtual leader,
and the fluctuation is near to zero.
Meanwhile, the following energy function is considered to verify the stability:

12 n n
V(x) = x(UlL + EZ Z wlaz] wij) + kalkwi’)G(wiL) (25)

i=1j=1,j#i i=1

N —
.M:

Il
A

1

where G(x) is the integral of ¢(x), i.e., g(x) = %S‘x)

Obviously, the first three conditions in Lyapunov theorem are always satisfied. By differentiating
Equation (25) and adding the synergetic control equation into it, we can obtain:

. 1 n n
V(x Z] Xeil (Uewai + Ucwpi + ucw'yz + Z kwtkwsg(wip)wir + EZ] 127& wlal/g wl] wl] (26)
i= i=1j=1,j#i

Suppose that £,,; = x,; — X1, We can obtain:
Xwi(t) — Xwj(t — tg) = Rwi — £wj(t — ta) (27)
Then, adding Equations (22) and (27) into Equation (25), and utilizing the analysis results in

Equation (20), V(x) can be simplified as:

n n
: . . s |k s s s 1k
V = X eoi 2 alj51gn(iji) |iji| “2 4 kw32 xwi31gn(_xwi)|_xwi‘ «“ (28)
j=1,j#i i=1

'MS

Il
MR

According to the analysis results in Equation (21), we know that the conditions in the
Lyapunov theorem are always satisfied, which means that the islanded MG has globally asymptotic
stability under the synergetic active power-frequency droop control despite the impacts of
communication time-delays.
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Therefore, combining with the agent model in Equations (6) and (8), the adaptive droop control
and the synergetic control in Equation (22), the active power-frequency droop control can be written

as follows: )
Wy = / (m;P; + / egoidlt)dt + Wy (29)

where wg is the initial value of w,; in the traditional droop control.

Because the active power allocation of DG is in inverse proportion to the droop coefficients, the
active power in Equation (29) is no more than the output active power of DG. Then, by combining with
the analysis result of the active power allocation in Equation (13) and the traditional droop control in
Equation (5), the proposed active power-frequency droop control is:

w; = / ( / uepidt + / Ueeidt)dt + wyig — m; P; (30)

According to the above control equation, the block diagram of the adaptive active power-frequency
control is illustrated in Figure 7.

i $
e p=ugi, +ui
Uy U, —> s“+(u
L+
i’

X, i ”L'maf + u:-mﬁ "'-‘r-_a Ve \ (I)e )

Dy +u, wy o NG P4

mpP o " . T

| X (0]
m P, Upp, T U pp Lo mp o0
DTl S

Synergetic control

Figure 7. Diagram of the adaptive frequency droop control.

3.4. Reactive Power-Voltage Droop Control

In power systems, the reactive power of a VSC-based DG does not consume the primary source,
and its allocation does not satisfy the characteristics of active power allocation because the voltage at
each node is not the same. Meanwhile, we only consider the amplitude voltage, and the reactive power
is allocated according to the power flow. Like the system frequency control, the expected voltage is
known at the beginning, which can be considered as the virtual leader in voltage control. Then, the
reactive power-voltage droop control can be designed likely with the active power-frequency droop
control, and the auxiliary variable u,; is chosen as follows:

Ucy = Ucpai + Ucopi T Ucpryi (31)
n
Ueoni = —ko1 Y, ij, §(Vaij) (3la)
=T
& k
Ueopi = ), @isign(Xoji)|xosi| (31b)
i=T,i#]
Ucoyi = kU?)[_kZ)lg(VdLi) + Sign(vai)|vai|kvz] (31c)
Viij = Vai(t) — Vgi(t — tg) (31d)

Xoji = Xpj(t — tg) — Xoi(t) (31e)
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where ¢y, Ueppi and ey, are three individual parts of u,;, that are given from Equations (31a) to
(31c), respectively. 1.y, is used to directly control the output voltage of each DG to be the same; u1.,;
is used to control the differential voltage to be the same, and u,,; is used to control the front two
parts to synchronize to the virtual leader with the expected voltage. k;; and k.3 are non-negative, i.e.,
ky1, kyz > 0. Because the value of the virtual leader is set as constant at the beginning, the time-delays
from the virtual leader to DG are considered as zero.

According to the analysis in active power-frequency droop control, the equilibrium point of the
control is the purpose of the voltage droop control. Meanwhile, the MG is globally asymptotically
stable under the synergetic control.

Therefore, by combining all equations of voltage control in Equations (7) and (9), the proposed
reactive power-voltage control in Equation (31), the adaptive voltage control is:

V= / (niQi + / uwidt)dt + Voio — 1;Q; (32)

where V, is the initial value of V,; in traditional droop control.
Correspondingly, the block diagram of the adaptive reactive power-voltage droop control is
illustrated in Figure 8.

i, » . . @,
d>’a q=u,l, —uli, i» N 0
Uy u,—> ST,
LPF h
/ V N

Synergetic control Vo

Figure 8. Diagram of adaptive voltage droop control.

3.5. Performance with Disturbance in Communication Network

In practical islanded MGs, the noise may have a negative effect on the traditional distributed
control, such as the disturbances in communication network. Consequently, the control results may be
not perfect and the system may be unstable. However, the proposed synergetic control also has a good
performance with disturbances on communication network.

Suppose that J,; and 6, are the disturbances of the communication network in wj and X/,
respectively. Then, adding the disturbances to Equations (22d) and (22e), we can obtain:

Wij = wi(t) — (wj(t — tg) + dwj) (33)

fwji = (xw]'(t - td) + 5ij) - xwi(t) (34)

Similarly, the equilibrium point of the system can be obtained by setting all the differentials to be
zero. Based on Equations (8), (22a)—(22c), (33) and (34), we can obtain:

wi(t) = w]-(t —tg) + 5(4;]’ = WN (35)

xwi(t) = ij(t - td) + 5ij =0 (36)

The above two equations show that the frequency of DG can be regulated to be the same
as the virtual leader and the differential is zero despite the impacts of disturbance in the
communication network.
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Furthermore, we can also reach the conclusion that the MG has globally asymptotic stability when
replacing w;; with @;; in Equation (25). Therefore, the proposed control method has good performance,
despite the disturbance in the communication networks.

4. Simulation and Results

In this section, a test MG illustrated in Figure 4 [29] is used to verify the proposed control, and the
parameters are given in Table 1.

Table 1. Parameters of the MG system.

DGs Rcl = RCZ = Rc3 = Rc4 Lcl = LCZ = LC3 = Lc4
020 1 mH
Line; and Lineg Line,
Lines RLinel = RLine3 LLinel = LLine3 RLineZ LLineZ
0.23 Q) 0.318 mH 0.35 Q) 1.847 mH
Load; Loads
Py (kW) Q1 (kVar) P3 (kW) Qs (kVar)
36 36 45.9 22.8
Loads
Load,
P2 (kW) Q2 (kVar)
36 36

The rated power of DG1, DG2, DG3 and DG4 is 100 kVA, 100 kVA, 75 kVA and 75 kVA, respectively.
The expected voltage and frequency in the virtual leader are set as the rated, where the voltage
amplitude is 311 V (maximum value) and the system frequency is 50 Hz.

The control functions f(x) and g(x) must be chosen to satisfy the constraints in Equations (13e)
and (22h). In this paper, we choose the following equation:

2
f@) =5 =170 37)
Consequently, F(x) and G(x) are:
F(x) = G(x) = Ln(1 + x?) (38)

It should be noted that other functions meeting the constraints in Equation (13e) can be adopted
in the synergetic control, such as f(x) = x* when k is odd.

To verify the effectiveness of the proposed control, simulations of the traditional droop control
are also done. The droop parameters and control gains in synergetic control are given in Table 2. The
simulations and the results are done in EMTP and Matlab, respectively. Three cases are simulated to
verify the effectiveness of the proposed control strategy.
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Table 2. Droop parameters and synergetic control gains.

mp; = mpp nQ1 =nQ2 mp3 = mpy4 ngs = No4
Primary 0.000094 0.0013 0.000125 0.0015
Control V., o
330V 325.3 rad/s
Frequency k5“(’)1 kowé g(é}(B)
k k k
Control Gains Voltage 1;%) Ové ;3
kp1 kpo

Active power 500 0.8

4.1. Case Study I: Simulation without Time-Delays and Disturbance

13 of 19

In this case, simulations without time-delays and disturbance in the communication network
are used to show the performance of the proposed control strategy, and the comparison between the
adaptive droop control and the traditional method is analyzed. The whole simulation time is 4 s, and
Load; connects to the grid at t =2 s. Figures 9 and 10 depicts the results of the proposed control and

the traditional control, respectively.

226 35 ‘ :
|—D61 -=-DG2 ==~DG3 " DG4 ——DGL ===DG2 =="DG3 """ DG4
324 ] 30k 1
322 26.17 kW
25k s
& 19.78 kKW 19.68 kW
@ = 20r 2
& 318 1 ] ) o
; T *4«-..‘.}ﬂf‘?_‘fﬂ_._.-_._..-_._.- 4
316 f
314.165 (rads) 314.148 (rad’s) 10 i
314*’ T oo ¥ .
i 2 Sody
apol B 1=2.65 | 5
L 1 L 1 L 1 0 - L L L 1
3105 05 1 15 5 25 3 35 2 0 05 1 i§ @2 58 3 35 4
Timels) Time(s)
(a) (b)
330 . . ; . . : 35, ) . . : _
[—DG1 ===DG2 ='=+DG3 " DG4 | —DGL ===DG2 =="DE3 """ DG4
30- 2927 kVar |
325 i [T R
| 28.35 kVar
25- 1
i 4 2041 kvar
g » zo;-f A - b e
g | i i
g =3 . H
° < 15 i |
> L A
315 I f_ 12.07 kVar !
...................... '
; - 10 -y 1
- s 13 LIV ]
310/ £ | e
S 5K 1
30974V
305 3 i i i i i d . i ; ‘ j
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 a
Time(s) Time(s)
(0) (d)

Figure 9. Cont.
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Figure 9. Simulation results without time-delays and disturbance. (a) Frequency; (b) active power of
each DG; (c) voltage; (d) reactive power of each DG; (e) adaptive w,;; (f) adaptive V.
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Figure 10. Simulation results with the traditional droop control. (a) Frequency; (b) active power of

each DG; (c) voltage; (d) reactive power of each DG.

4.2. Case Study II: Simulation with Time-Delays

This case investigates the performance when the time-delays in communication network are taken
into consideration. In the simulation, the time-delays at each edge of the graph is set as 0.5 s, and
Load?2 connects to the grid at f = 10 s. The simulation results are illustrated in Figure 11.
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Figure 11. Simulation results with time-delays. (a) Active power; (b) reactive power.

4.3. Case Study 3: Simulation with Time-Delays and Disturbance

In this case, both the time-delays and disturbance are considered in communication network to
verify the effectiveness of the proposed control. In this simulation case, the high frequency disturbing
signals are injected into the received information from DG; to DG;, where J,,; = 1.25sin(27t500¢) and
dpj = 50sin(27t500t) are the disturbances for frequency and active power, respectively. The time-delays
is also 0.5 s. The simulation results are illustrated in Figure 12.
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Figure 12. Simulation results with time-delays and disturbances. (a) Active power; (b) reactive power.

5. Analysis and Discussion

As shown in Figure 9e, w,; changes along with the loads under the synergetic control. As a
result, the system frequency is always at the rated (314.16 rad/s) with little disturbance, as shown in
Figure 9a. However, in Figure 10a, although the initial stable frequency has been regulated around
the rated value by setting w,;, it drops to 310.87 rad /s when Load, connects to the grid at t =2 s due
to the constant value of w,;. Meanwhile, in Figure 9a, we know that all DGs work to the expected
frequency after a regulation time of about 0.6 s. Therefore, the synergetic control can keep the system
frequency near the expected value, and prevent the disturbances while the loads change. At the same
time, the active power allocation among DGs is in inverse proportion to the droop coefficients under
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the operation of synergetic control without leaders, which is the same with that in traditional droop
control, as illustrated in Figures 9b and 10b.

In Figure 9c¢, the amplitude voltage of each DG is the rated value at the initial stable state under the
proposed voltage control, while it varies from 307 to 314 V in traditional droop control, as illustrated
in Figure 10c. In particular, the output voltages of DG drops a lot in traditional droop control when
Load2 connects to the system, while they can be kept at the rated value in the proposed control because
of the adaptive regulation of V{;, as shown in Figure 9f. The simulation results show that the voltage
amplitude of DG can be kept stable at the expected value regardless of the disturbance of loads under
the proposed voltage control. As a result, the active and reactive power under the proposed control is
higher than that in traditional control because: (1) the loss of active power increases in transmission
lines; and (2) the increased reactive power is used to compensate the voltage droop by line inductance,
as shown in Figure 9b,d and Figure 10b,d. Meanwhile, since the voltage of DG is always around the
expected and the reactive power flow is allocated locally, the output reactive power that is close to the
loads is larger than the remote one. Correspondingly, in Figure 9d, the reactive power of DG2 increases
more than others.

From Figure 12, we can see that the MG can work at a stable state in spite of the impacts of
disturbances, in which the active and reactive power of each DG is the same with that without
disturbance. Thus, the proposed adaptive droop works properly under the case with time-delays and
disturbances. However, the control time increases to 4 s, which is 0.6 s in the case without time-delays
and disturbances and 3 s in the case that there is only time-delays.

During the period of 10 s~10.5 s, the active and reactive power of DG are allocated in inverse
proportion to the droop coefficients because that the information received from the neighbors is not
updated in time. After the time-delays, the synergetic control in Equations (13), (22) and (31) works
to control the frequency and voltage to be the expected value, and the system works at a new stable
state after about 2.5 s. The simulation results indicate that the proposed control strategy has a good
performance despite of the time-delays in communication. By comparing the simulation results in s 9
and 11, we can see that the control time is much longer than that without time-delays.

To verify the effectiveness of the adaptive control strategy, the comparisons with the improved
or adaptive droop control in [17,21,22,24] are done, and the results are shown in Table 3. In [17]
and [22], the power angle-active power droop is used instead of the frequency-active power control,
the frequency error is eliminated consequently. Moreover, the system in [17] is stable due to the
utilization of a stabilizer, but the voltage error still exists. Although the nonlinear droop control in [21]
has a good system stability performance, the active power allocation is not proportional to its rated
value. The adaptive virtual impedance in [24] can enhance the reactive power allocation among DGs,
but the system may be unstable and the frequency and voltage errors are not eliminated.

Table 3. Comparison with the improved control methods.

COFI;Z?lri:::§gy Communication Fre};lrlrl:?cy Vgi;z%e SStZlS)ti(;int‘ly Active Power Allocation

Synergetic control necessary No No stable proportional to the rated
[17] unnecessary No Yes stable proportional to the rated
[21] unnecessary Yes Yes stable nonlinear with the frequency
[22] unnecessary No Yes SSS proportional to the rated
[24] unnecessary Yes Yes SSS proportional to the rated

6. Conclusions

Distributed control of islanded MGs makes the system more reliable because the central controller
and the complex communication network are avoided. In this paper, distributed control based on
MAS is adopted to adaptively design the droop parameters. The concept of a general control algorithm
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considering time-delays in communication network is proposed in this paper. In the proposed control,
the DG regulates its output power to work at an expected state by setting the auxiliary variable with
the power and voltage of the neighbors and itself. Because the output active power of DG changes
along with the loads and cannot be obtained at the beginning, the synergetic control without leaders is
used to design the auxiliary variable in active power allocation. Meanwhile, the synergetic control
with a virtual leader is proposed to design the auxiliary variables in order to control the system
frequency and voltage at the expected. The MG system has the globally asymptotical stability under
the synergetic control, which has been proved by the direct Lyapunov method. Moreover, the impacts
of and disturbance on control precision and system stability are discussed. Simulation results have
also verified the effectiveness.
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Abbreviations

Py the active power in the transmission line
Q the reactive power in the transmission line
P; the active power of DG;

Q; the reactive power of DG;

Vv amplitude voltage of the node

o voltage phase of the node

R resistance of the transmission line

X reactance of the transmission line

AS power angle

AV voltage drop

wj frequency of DG;

%7 amplitude voltage in d-axis

Vi amplitude voltage in g-axis

wo; frequency when the active power is zero
Voi voltage when there active power is zero
m; droop coefficient in active power control
n; droop coefficient in reactive power control
Xw frequency first derivative in Rad/s

Xy voltage first derivative in V/s

Xp active power first derivative in W/s

Ui control variables in frequency control
Ucyi control variables in voltage control

Ucp; control variables in active power control
t time-delays in communication

kp1, kpa control gains in active power control
kw1, kw2, kws  control gains in frequency control

ko1, koo, ko3 control gains in voltage control
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