IEEE TRANSACTIONS ON SMART GRID, VOL. 4, NO. 1, MARCH 2013

321

Stability Enhancement of Decentralized Inverter
Control Through Wireless Communications
in Microgrids

Hao Liang, Student Member, IEEE, Bong Jun Choi, Member, IEEE, Weihua Zhuang, Fellow, IEEE, and
Xuemin Shen, Fellow, I[EEE

Abstract—Decentralized inverter control is essential in dis-
tributed generation (DG) microgrids for low deployment/oper-
ation cost and high reliability. However, decentralized inverter
control suffers from a limited system stability mainly because of
the lack of communications among different inverters. In this
paper, we investigate stability enhancement of the droop based de-
centralized inverter control in microgrids. Specifically, we propose
a power sharing based control strategy which incorporates the
information of the total real and reactive power generation of all
DG units. The information is acquired by a wireless network (such
as a WiFi, ZigBee, and/or cellular communication network) in a
decentralized manner. Based on the desired power sharing of each
DG unit and the acquired information of total generation, addi-
tional control terms are added to the traditional droop controller.
We evaluate the performance of the proposed control strategy
based on small-signal stability analysis. As timely communication
may not be established for a microgrid with low-cost wireless
communication devices, two kinds of analytical models are devel-
oped with respect to negligible and nonnegligible communication
delays, respectively. Extensive numerical results are presented
to demonstrate the system stability under the proposed control
strategy with respect to different communication delays.

Index Terms—Delay, droop control, inverter, microgrid, smart
grid, stability, wireless network.

I. INTRODUCTION

ISTRIBUTED generation (DG) of electricity based on re-

newable energy sources such as wind and solar is gaining
more and more interests all over the world because of ever-
growing concerns on energy cost, energy security, and environ-
mental issues. Although DG has a great potential for economic
and environmental benefits, how to establish efficient and reli-
able control over a large number of DG units is one of the primal
problems to be solved in the near future. One promising solution
to this problem is the microgrid, which interconnects a group of
DG units and loads at a distribution voltage level in a local area
such as an university or a residential community [1], [2]. Micro-
grids are established based on localized control and can operate
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in either a grid-connected mode or an islanded mode, which sig-
nificantly reduces the complexity of DG unit control. In order to
avoid high capital expenditure and low reliability in microgrid
operation, decentralized control is indispensable [3].

In this paper, we investigate one of the critical control prob-
lems in microgrids, i.e., the droop based decentralized inverter
control. The main objective is to achieve efficient real and reac-
tive power sharing while maintaining the microgrid frequency
and voltage [4]. Featured by a decentralized control strategy
without a communication network infrastructure, the traditional
droop control strategy emulates the droop characteristics of syn-
chronous generators based on local estimates on real and reac-
tive power generation. However, in a typical microgrid applica-
tion where the ratio of line resistance to line reactance is high,
the coupling between real and reactive power control deterio-
rates the system stability [5]. Several methods can be used to
improve the stability of traditional droop control in microgrids.
For instance, an adaptive transient droop function can be added
to damp the oscillatory modes of the power sharing controller
[4], while the transient droop gains can be adaptively sched-
uled based on a small-signal analysis with respect to the loading
trajectory of each DG unit. The virtual impedance method can
be used to decouple the real and reactive power control [6],
[7], especially for the transformer coupled DG units which al-
ready have significant output inductance [8]. In order to avoid
the complexity in impedance design, the virtual frequency and
voltage frame based droop control strategy can be used [9]. The
frequency and voltage are transformed to a virtual frame for
a completely decoupled relationship between real and reactive
power.

In comparison with the existing approaches which improve
the traditional droop control strategy of individual inverters, we
address the stability enhancement of droop control by estab-
lishing coordination among the inverters based on a wireless
network. The objective of this research is to introduce limited
communication overhead to improve the stability while main-
taining the decentralized structure of the traditional droop con-
trol strategy. A power sharing based control strategy is pro-
posed based on the information provided by a wireless net-
work, i.e., the total real and reactive power generation of all
DG units. The information acquisition is completed in a decen-
tralized manner in accordance with the decentralized inverter
control. By evaluating the differences between the desired and
actual real and reactive power sharing of each DG unit, addi-
tional control terms are incorporated in the traditional droop
controller to improve the system stability. Specifically, a pro-
portional term is incorporated in the frequency droop control to
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Fig. 1. The configuration of a microgrid with wireless communications among
inverters.

damp the oscillation in real power sharing without affecting the
original droop gain. On the other hand, an integral term is in-
corporated in the voltage droop control to correct the inaccurate
reactive power sharing based on the traditional droop control.
As timely communication may not be established for a micro-
grid with a low-cost wireless network infrastructure, the com-
munication delay may adversely affect the performance of mi-
crogrid control [2], [10]. Therefore, we extend our previously
proposed power sharing based control strategy [1] by consid-
ering the impact of communication delay. Analytical models are
established to evaluation the stability of microgrids under our
proposed control strategy with different communication delay
values. To facilitate the analysis, we decompose the small-signal
model of the microgrid with respect to the traditional droop
control terms and the power sharing based control terms, re-
spectively, and use an approximation algorithm to calculate the
modes of the small-signal model. Numerical results indicate that
our proposed control strategy can improve system stability as
compared with the traditional droop control strategy when the
communication delay is small.

The remainder of this paper is organized as follows. Section I1
describes the system model. Section III presents the proposed
power sharing based control strategy. The performance analysis
with respect to negligible and nonnegligible communication de-
lays is presented in Section I'V and Section V, respectively. Nu-
merical results are presented in Section VI. Section VII con-
cludes this research work.

II. SYSTEM MODEL

Consider an islanded microgrid with parallel-connected in-
verters, as shown in Fig. 1. In the microgrid, there are GG in-
verters (corresponding to the DG units), H loads, N nodes (or
connection points), and L power transmission lines. Each line in
the microgrid interconnects a pair of two nodes, while each node
is connected to an inverter and/or a load. Without loss of gener-
ality, we order the elements in the microgrid such that the sets
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Fig. 2. The block diagram of an inverter controller.

of inverters, loads, nodes, and lines are given by {1,2,---,G},
{1,2,---,H},{1,2,---,N}, and {1,2,---, L}, respectively.
A wireless network is established to provide wireless commu-
nication links among the inverters. Each inverter is equipped
with a wireless communication device which can communicate
with a certain set of inverters. The wireless network is consid-
ered to be strongly connected, i.e., there exists a communication
(possibly multi-hop) path between any pair of two inverters.

The droop based decentralized inverter control strategy is
considered [4], [5]. As shown in Fig. 2, the controller of each
individual inverter consists of three parts, i.e., the power con-
troller, voltage controller, and current controller. In this work,
we consider the stability of power controller, while the voltage
and current controllers are based on traditional proportional-in-
tegral (PI) controllers. The D-Q reference frame transforma-
tion is considered, where the d-axis and g-axis of the refer-
ence frame of each inverter are rotating at the reference fre-
quency [11]. Based on the traditional droop control strategy,
the reference frequency and output d-axis voltage of inverter
g (g € {1,2,---,G}) are determined by the power controller
and are given by

(J.)E’?ld,r. =wy — K(szd,P(g) (l)
rU}(??zdr’Od = V0,0d — KC(ngdyQ(y) (2)
7)gigz(lr,oq =0 (3)

where wq and vy .4 are the nominal set points of frequency and

d-axis output voltage, respectively, while K 1(792 4r and K, éj’z dr

are the frequency and voltage droop gains with respect to certain

ranges of frequency and voltage magnitude, [w,(fi)n, Wx(rggx] and
(9) (9

min.od Umax.od)» TESpectively, given by

@ _ (0

[v

(9) _ Wmax — Wiy
K== @
B (9) L 11(9.) p
g _ “max,o min,o
KQf(I'r - Egzx ‘ (5)

In (1)—(3), we use the subscript “—dr” to denote the values de-
termined based on the traditional droop control strategy. Since
no communication network is available for traditional droop
trol. w9 (9) dvl9) ltow'® (@)

control, wp” 4., Vg 4 og-a0d vR” ,  areequaltowr’, vy g,
and 'Ug‘")oq in Fig. 2.

The inputs of the power controller, i.e., the real power (P{))
and reactive power (Q9)), are calculated based on the low-pass



LIANG et al.: STABILITY ENHANCEMENT OF DECENTRALIZED INVERTER CONTROL THROUGH WIRELESS COMMUNICATIONS 323

filtered (with cutoff frequency w.) values of p'?) and ¢9), re-
spectively, given by

@) _7)(9) (9) + (@)

oq Yoq
(y) _w(y) (g) 2,(y) (9)

(6)
@)
(9)

The output wy;” of the power controller is used by the pulse-
width modulation (PWM) inverter as reference frequency, while
the reference voltage of the PWM inverter needs to be regulated
by the following voltage and current controllers.

Based on the references provided by the power controller,

vg’)o{, and 'Uglq, the output of the voltage controller is given

by

@ K, [ (9) (g) YK / Ug)g o vf,?,)} gt

‘Rid = YR.od — Uod

— wOwa(y) + Fz'(g) ®)
lg?g)lq :Kp'v |:U§§q>nq - + Knv / UI%(])OQ - (])i| d

+ wy Cfvéfl) + F'L(()‘?I) 9)

where K, and K, are the proportional and integral gains of
the voltage controller, respectively, while C'y and F' are the ca-
pacitance of the LC filter and feedforward gain, respectively. On
the other hand, based on the references provided by the voltage
controller, 1%’)1 4 and 1%1 4 the output of the current controller is

given by

8o =1 [0 ] 1 [ [0 9]

— wo LI (10)

’Ug)lq =K, [lg)u; z(g)} + K; {I%)lq — i, } dt

+ wOquz(()z) (11)

where K,; and K;; are the proportional and integral gains of
the current controller, respectively, while L is the inductance
of the LC filter.

The rationale behind the traditional droop control strategy
is that the microgrid frequency and voltage can be considered
as two virtual communication links among the inverters. How-
ever, this kind of virtual communication is effective only when
the transmission lines are mainly inductive, based on which the
control of real and reactive power generation can be decoupled
[9]. For a typical microgrid configuration where the line resis-
tance is significant as compared with line inductance, the real
and reactive power control is coupled such that the traditional
droop control [with respect to (1)—(3)] deteriorates the system
stability.

III. THE POWER SHARING BASED CONTROL STRATEGY

In order to improve the system stability under decentralized
inverter control, we propose a power sharing based control
strategy which utilizes the mformatlon with respect to the
total real power generation (Ptot = Z P( 7)) and reactive
power generation (Qior = Z,i:l Q(’)) of all DG units, as
shown in Fig. 2. The grey control blocks correspond to the
modified blocks as compared with the traditional droop control
strategy. Auxiliary control terms are added to the traditional
droop controller, which correspond to the differences between

desired and actual sharing of real and reactive power of each
DG unit. The information is acquired by the wireless network
in a decentralized manner.

A. Controller Design

According to the power sharing based control strategy, the
reference frequency and voltages of inverter g are, respectively,
given by

WD =09 LK [wg>pm _ p(g)] (12)
Vit =V aros + K qh/ |08 Quoe - @] at - (13)
v =0 (14)

where K 1(3"25 , and K S’L ;, are the control gains with respect to

the real and reactive power sharing, respectively, while ozgf) and
o

unit g, respectively. Obviously, we have Z
ZG,1 ozg] )= 1.

The rationale behind the controller is to use the actual sharing
of real and reactive power to fine tune the reference frequency
and voltage of each inverter. With a larger difference, the
frequency (or voltage) reference of an individual inverter is
adjusted more significantly, and vice versa. The adjustment
is stopped when the desired sharing is achieved. Note that an
integral term is used for the voltage reference since the reactive
power sharing of a tradition droop controller is inaccurate
for microgrid applications [12]. It is worth mentioning that
our proposed control strategy reduces to the traditional droop
control strategy by letting K ;5 (o) "o =0and Ky (g 7o =0

are the desired sharing of real and reactive power by DG

_ (ygf) 1 and

B. Decentralized Information Acquisition

The information acquisition is carried out based on the
wireless network in a decentralized manner. Here, we consider
a multiagent coordination based decentralized information
acquisition scheme which can be applied to wireless networks!
such as WiFi, ZigBee, and cellular communication networks
[10], [15]. The communication is fully decentralized such
that each inverter only needs to communicate with its direct
neighbors to calculate the total generation of all DG units in the
microgrid (i.e., P, and (Q¢,:). The convergence of the informa-
tion acquisition is guaranteed based on the average consensus
theory [16]-[18]. We omit the details of the communication
protocol design here because of the space limitation. However,
in achieving convergence among the multiagent coordination
results with certain accuracy, we need to take into account that
a communication delay 7 may exist as shown in Fig. 2, which
corresponds to the period between the information (i.e., P(*)
and Q) fori € {1,2,---,G}) measurement and the control
decision making.2

The delay T depends on the wireless network. If a long-range
low-delay wireless network such as a cellular communication
network is available, the communication delay is negligible.
The reference frequency and voltage provided by the proposed
control strategy are given by (12)—(14). On the other hand, for

IAn extension of the multiagent coordination scheme to wireline (or power
line) communication networks is straightforward [13], [14].

2The clock synchronization in microgrids can also be done in a decentralized
manner [18], which is out of the scope of this paper.
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most of the microgrids where operation cost is one of the major
concerns, relying on a high-performance network infrastructure
is impractical [4]. Alternatively, low-cost wireless communi-
cation devices such as WiFi and ZigBee devices can be used
to establish the network infrastructure [3]. For these types of
low-cost wireless networks, the communication delay is non-
negligible? (7 > 0) in obtaining accurate information acquired
by each inverter. The reference frequency and voltage are given

by

( K(y) . [ (g)ptot(f —7) = PO - T)}
+wif (1) (15)
U%{ld :Kglzsh / [()‘(Q Qror(t — 7) Q(g)(t _ T)}
+ Ug:\?zd'r,od(t) (16)
wg’?)oq =0 (17)

where w}é’id,( t) and U(g)d, q(t) are given by (1) and (2), re-

spectively, at time ¢. Since the communication delay may ad-
versely affect the system stability under our proposed control
strategy, we will establish analytical models in the following
two sections for performance evaluation with respect to negli-
gible and nonnegligible communication delays, respectively.

IV. STABILITY ANALYSIS FOR NEGLIGIBLE COMMUNICATION
DELAY

In this section, we present a small-signal model for the perfor-
mance evaluation of our proposed control strategy. The small-
signal model is obtained by linearizing the system state equa-
tions at certain operation point. The model can effectively char-
acterize the system stability subject to small disturbances such
as load changes (in contrast to large disturbances such as fault
and loss of generation) [19], and is widely used to evaluate the
stability of decentralized inverter control. In comparison with
the small-signal models of traditional droop control strategy,
new system states are included in the power controller model
since an auxiliary integral term is used for voltage reference cal-
culation. Moreover, in order to capture the effect of introducing
a wireless network, the coupling relation among the inverters is
established.

In the following analysis, we first establish the model of
individual inverter by incorporating new system states and
power sharing information. The model is further decomposed
into two components in the analysis of combined inverters
and microgrid, corresponding to the traditional droop control
term (with new system states) and power sharing control term,
respectively. The purpose of the decomposition is to separate
the model based on the information obtained from the wireless
network from that based on the local information of each
inverter, and to facilitate the stability analysis for nonnegligible
communication delay, to be discussed in Section V.

A. Model of Individual Inverter

In this subsection, the small-signal model for a single inverter
is devised. Our focus is on a model for the power controller,
while the models of voltage controller, current controller, LC

3The delay can be potentially reduced by selectively introducing additional
long-range communication links such as cellular communication links, at an
extra monetary cost [10].
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filter, coupling inductance, and output on common reference
frame follow the models of traditional droop controller [4], [5].

1) Power Controller: Our proposed power controller incor-
porates the total real and reactive power generation information
of all DG units (i.e., P+ and (J4,¢). The small-signal state equa-
tions of the power controller are given by

A6 = [ K@

P—dr

+ Z [K<g>

APW = waAP + wed g)AU(g> + we I(g)AU
+ cho(j)Azgi’} + chO(qg)Azog)
— wAQW + wcfo(?Av((j’i) —w
—w VP A +w VALY

_|_K(g)bh (o) _ K(g)bh} AP

g)AP(’)} — Aweom (18)

(19)

2G = e

(20)
where Ié(g,), LSZ), V;((?), and Vo(qg> are the initial values of the
inverter output current and voltage, respectively.

Denote Sc(gg ) as integrator state of the power controller, which
is a new system state we introduced for each inverter in com-

parison with the model of traditional droop controller. Then, the
small-signal model of the integrator is given by

&
ASY =l 3" AQW - AQW

G
1} AQW 4+ ol STAQW.

=1
_ |9
- [a 5

i=1
i#yg

The small-signal model with respect to the output reference
voltage of the power controller is given by

2

A =~ KS 809 + K LASY ()
Avg) =0, (23)

For the inverter, inverter g, whose reference frame is selected
as the common reference frame, there is one more small-signal
model with res ect to the common reference frequency. Since
AWeom = Aw ) for the specific inverter, we have

Aweom = [_K%’zdr + K(y) sh® (g) K(g) eh} AP

+ Z (K0 aPD] . 24y
=1
iFtg

2) Voltage Controller, Current Controller, LC Filter, Cou-
pling Inductance, and Output on Common Reference Frame:
Since traditional PI controllers are used for both voltage and
current controllers, additional states [Sﬂ{), St )] and [$19) 54)]
are defined for the integrators of the Voltage and current con-
trollers, respectively. Moreover, in order to connect each in-
verter to the system, the output current and voltage should be
converted with respect to the common reference frame. Let the
output current of 1nverter g on the common reference frame

(9) | (q)]

be L(()(BQ = [iyp tsq)] - and denote the bus voltage of node n

on the common reference frame as ’U((;;))Q = [U,%) UZEZ;] . The

small-signal models are given in [5].
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3) Small-Signal Model of Individual Inverter: For inverter g,
denote the state space of the small-signal model as Az(9), which
includes the state spaces of the power controller, voltage con-
troller, current controller, LCL filter, and coupling inductance,
given by a 14-element vector

Az = [A(s‘(ﬂ) APW AQW ASY ASY) ASY) ASY)
T
ASE A ALY Auly) Aol Al 2] 25)

In addition to state Aqt(g) , the small-signal model of in-
verter g has inputs AP™ (i € {1,2,---,G),i # g), AQ®

where matrix Agg ) is defined with respect to the state variables,
given by

AP = A 4l @7)

14x14
and Agﬁ) and Ag‘%) are given at the bottom of the page. The
matrices Big ), Bcg,?n, Bl(ﬁfz, and Bg), are defined with respect
to the inputs. We have

; ' ™A™ AT 0 0
(i € {1,2,--,GLi # g), Au,p, = [Avyyp, Avyy] , and ' .
AWy, . Then, the small-signal model of inverter g is given by : :
80| ey when|  ew
AED = AP Az + B Avl, + B, Aweom -—5 - L
a » a . sin (5((]9)) _ cos (5((]9))
+> BAzD 3 B Az (26) -k Lo Tiba
; | ; ’ Bl =[-10 -+ Olfs, (29)
I _wlo -
0 Kg° . 0 0 0 0
0 —We 0 0 0 0
0 0 —we 0 0 0
0 0 (() : (0) 0 0
0 0 _Kngdr Kngsh 0 0
0 0 0 - 0( > 0 0
0 0 K,,K ng & KoK ngs h K. 0
(9) 0 0 0 0 0 Kiu
A7 = @) o) K KpKp KKK KK, ,
0 _KPfdrqu < ]Lf < }Lf Ly 0
(9) (9) KpiKiy
0 Ky~ . 1y 0 0 0 I,
0 ~KY v 0 0 0
(9) (9)
( 0) ( ) K]ffdr‘/of 0 0
v in (689) v ) cos (889 ) (9) )
PL L -K;, 1 0 0 0 0
v cos(68) v gin (8¢
| (s l i in(87) Ky, 1% 0 0 0 0 Juve
I 0 0 0 0 0 0 0 7
0 0 0 0 wcl(gf;) wclﬁg) wCVO(j) wc%(qy)
0 0 0 0 wCLg‘Z) wclgg) —wC,VO(,‘Iq) wCVO(j)
0 0 0 0 0 0 0 0
0 0 0 0 -1 0 0 0
0 0 0 0 0 -1 0 0
Q 0 -1 0 — va —Wwo Cf F 0
Aﬁ%) - RIE-ZK ’ 1+18 K fv_clK U;OKCf e ’ !
— 'fo L Wyys — W0  — f; e OL; L Lfm 0
Kii _ Ry+K,: woCfKp 14K, Ky, FK,;
0 Ly Wo T Weys T fo ; Lff - Ly 0 Ly
1 1 .
0 0 oy 0 0 Wsys &5 0
0 0 0 CL[ Weys 0 0 —CL[
0 0 0 o 0 4 Weys
.
] 0 0 0 0 - ~Wsys ~I. -14xs
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Letting Bg)l = [bg)t(] k)]

(¢) o .
plo) k _{on -1, ifj=4andk =3 30
Q=g - k) 0 otherwise 0)
(9) e _ _ .
B9 ik :{% ifj=4and k=3 3
Qirg U k) 0, otherwise. S
Denote ng as [b(g)(] k)], q,- We have
by (G )
( K(g) " (9) K(y) " ifj=1k=2
I(g) [K(y) eh (y) K(g) <;h:| , lszg7 l-,:2
1P [k, ,ag’) K@), ifj=10,k=2
v [K}f}shag? fK;gjsh} . ifj=11,k=2
VDK 0l - K, i =12,k=2
1 [KE ol - K@, itg=13k=2
1 [KE 0l - K] =14 k=2
L0, otherwise
(32)
K@ghagﬁ), ifj=1,k=2
IOKY o, ifj=9k=2
1KY oD ifj=10k=2
_JVvPRY o9 ifj=11k=2
7‘/;5(.;1)‘[((9) e (9)’ lfJ: 12’ k=2
1KY o\ ifj=13k=2
[(S?)K(g)bh W ifj=14,k=2
0, otherwise.
(33)

By converting the output current of inverter g to the common
reference frame, we have (34) at the bottom of the page. Without
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loss of generality, select the reference frame of inverter 1 as
the common reference frame. Taking account of (24), the small-
signal model of the common reference frame is given by

G
chom, = conl,OAw(l) + Z Ccom,,iA-T(i)

(35)
=1
Ccom,i - K(l) N e g-}) K](lebhi| f’; ifi=1 (36)
K(l) Qhag)eg otherwise

where ¢, is the gth unit vector (of size 14), with the gth element
being 1 and all other elements being zero.

B. Combined Inverter Model

Since the information of total generation (Py,: and Gsyt) is
used by each individual inverter, the correlation among different
inverters should be considered in the combined inverter model.
The states of all inverters are given by
(37)

T
AxX = [A:L'(l) Az . A:L'(G)]

Denote the states of all bus voltage and generator output current
as Avypo and Ai,pg, respectively, given by

v 1T

Avypg = [A U AU}EZ)@)Q A’Uéj;é)}

T
Alypg = [A;%Q AilDy - Aig%)Q} (38)
Then, the small-signal model of all inverters is given by

Ax :AlAX—I—BlM/lAV[,DQ (39)
Al,pg =C1Ax (40)
AwCGTTI, = CCO?TI,AX' (41)

In (39), matrix A; can be decomposed into two components
Ay 4oand Ay, (A = Ay_g4r + Ay_4), corresponding

AiffBQ = [O{y)}T Az
_[ I(d sin ((5(g>) 19 cos (669))} [
0
47 = ()
cos ((5(()y))
i sin ((5(()5'))

19 6in (6(()9)) 159 cos (6(‘(’))} ]
0

(.) (34)

—sin (6[()51))

cos ((Ség))

- 14x2.
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to the traditional droop control term and power sharing based
control term, respectively, where

|:A(1) + Béi?nccom,()] 0 to 0
I:Ba(t?)gnccom.o} A(2) tee 0
Alfdr = )
I:B((IOG’H)W/CCOWI,U} 0 A(G)

(42)
and the value of A;_,; is given at the bottom of this page.
Similarly, C.,m in (41) can be decomposed into two compo-
nents Ccom—d'r and Ccom—sh (Ccom = Ccom—dr +Cco’m—sh)'
Based on (35) and (36), we have

Ccomfsh - [Ccom,(] 0-- 0]1><14G (43)
Ccom—d'r = [Ccorn,l Ccom,Z e OCU"”vG]lxl-/lG' (44)
In (39), M} = [m](4,7)]scxon 18 @ matrix which maps the

nodes to the inverters. If inverter g is connected to node 7, we
have 0 (2g — 1,2 — 1) = m/(2g,2n) = 1, and 0 otherwise.
The matrices B; and C; are given by

B 0 ... 0
o B® ... 0
B=| (45)
Lo o Bl
- . ]
[Cﬂ 0 0
T
0 c® 0
C, = [ ! } (46)
; e
0 0 [CI(G)]

C. Network Model

The network model specifies how the lines and loads are con-
nected to the nodes in the microgrid. We consider the standard
model in this work [5]. Denote the state variable for all lines by

T
Aizpg = [AilDy Aifpy -+ A, ] 47)

T
where Aié%Q = [Aié% Afélc)?] is the state variable of line {.
Then, the small-signal model of the network is given by

AiQDQ = AQAiQDQ + Bs, AVI)DQ + Bau Aweom (48)
where the matrices As, Bs,, and Bo,, are defined for the
output current, bus voltage, and common reference frame,
respectivelX, given at the bottom of the next page. The matrix
BSL) = [b;’,’v (i, )] 32 » Which is incorporated in B, is given

by

—— if (4, 7)=(1,2n1 — 1) or (2,2n;)
M o line
boo(e0)=3 —1/LD | if(i,5)= (1,200 — 1) or (2, 2n2)
0, otherwise
(49)
where 11 and ns are indices (in {1, 2, - - -, N'}) of the two nodes

which are connected by line /, respectively.
Similarly, we can define the load model. Denote the states of
the (RL) loads in the microgrid as
. T
Aispg = Al AiDg -+ Ak ] (50)
T
where Aigh) = [ALE}B Aaé}g] is the state of the small-signal
model of load &. Then, the small-signal model of all loads in the
microgrid is given by
Aispg = A3Aispg + BswAvipg + BswAweom  (51)
where matrices A3, Bs,,, and By, are given at the bottom of the

next page. The matrix BY" = [b.g?,)(i,j)]QXQN in B3, is given
by

1
b (i, j) = { R

if (¢2,7) = (1,2n — 1) or (2,2n

(o) = (L0 = or (2,20) o
otherwise
where n is the index of the node connecting to load A.

Let R be a sufficiently large (virtual) resistance which con-
nects each node to the ground. Then, the relations among the
node voltages can be represented by the currents of the inverters,
loads, and transmission lines, given by

Avypg = Ry(Mii,pg + Maiapg + Msispg)  (53)
where My = [m1(7,7)]sn x2¢ i @ matrix which maps the in-
verters to the nodes. If inverter ¢ is connected to node 7, we

(B oo + B+ BG] Bk Cooms + B + B
I:Bt(fgzn(jcom,l + B}(:'Qy)l + B((;,)l] I:ngzn CCU"L’Z + BEDZv)Q + Bg>2i|

Alfsh =

@) (@

(B Cuons + B + B] [BCooms + B + BE)]

I:BL(¢1127L Ccom,G + BS)G + B8)G:|
(B Coom, + BEY + B G

(&) (G)

[B((Evl Ccom,,G + Bg’GC)v‘ + Bécé}
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have m1(2n — 1,29 — 1) = m1(2n,2g) = 1 and 0 other-
wise. Similarly, denoting My = [ma(%, §)]5x oy, and Mz =
[m3(4,7)]on «opg for the lines and loads, we have ms(2n —
1,2l = 1) = m2(2n,2l) = 1 and m2(2n — 1,20 — 1) =
ma(2n,20) = —1 if line { is entering and leaving the node n,
respectively, while s (2n — 1,2h — 1) = mg(2n,2h) = —1if
the load % is connected to node 7, and 0 otherwise.

D. Microgrid Model

The small-signal model of the entire microgrid is given by

Bk
13D 13DQ

where A4 can be decomposed into two components
Agridfdr and Agr'i,dfsh (Agr'i,d = Agr'i,dfdr + Agri,dfsh)
with respect to the traditional droop control term and power
sharing based control term, respectively, given at the bottom
of the page, while Ry is a 2V x 2N diagonal matrix with all
diagonal elements equal to B . Obviously, the size of A ;.4 is
(14G+ 2L 4+ 2H) x (14G + 2L + 2H).

E. System Stability Evaluation

The system stability is reflected by the eigenvalues of ma-
trix A 4,;4, which are determined by the characteristic equation
det W(A) = 0. The characteristic matrix ¥(A) is given by

V(A=A — Agria (55)
where I is a (14G + 2L + 2H) x (14G + 2L + 2H) identity
matrix. The eigenvalues are often referred to as modes, which
reveal different frequency components in the system and the
corresponding damping. If the real part of a mode is larger than
zero, the system becomes unstable, and vice versa. The modes
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with smaller real parts are better damped in comparison to the
modes with larger real parts.

V. STABILITY ANALYSIS FOR NONNEGLIGIBLE
COMMUNICATION DELAY

With communication delay 7, the small-signal model of the
microgrid is given by

Ax() Ax(t)
Alspo(t) | = Agrid—dr | Alapg(?)
AigDQ (f) AigDQ (1’)
Ax(t — )
+Aia—sn | Alapg(t—7) (56)

AigDQ(t — 7')

Note that the matrices A g,jq—qr and A ;555 are readily ob-
tained based on the decomposed model in the previous section.
The system stability with respect to different modes is evaluated
by solving the characteristic equation det £2(A, 7) = 0 based on
the characteristic matrix, given by

52()\/ T) = )\I() - Agr'i,dfdr - Ag'ridfshei)”—' (57)

It is worth mentioning that, as the communication delay 7 ap-
proaches zero, we have the following property with respect to
the characteristic matrix (57):

hHB Q()\,T) = hHlO [)\I(] — Agridfd‘r — Agv,id,she—h]

= )‘IO - Ay'r“id—dr - Ag'r"id—sh
= )‘IO - Agrid
= T(N). (58)

In other words, the stability analysis reduces to the negligible
communication delay case as 7 — 0.

IR 0 B By,
(2) 2v (2) 1 l ()
a | 0 A 0 | || P g [ e [
(L) ~Wsys _Rline le:ne 71;)%
Lo 0 AP By B
A o 0 BV BY
(2) (2) (2) R h (h)
A | O A Ol g | B | g, | Pow | 4m_ ~R{ LG, Wsys o _ | I3g
3 . . 3v . 3w . 3 —w _R(h) /L(h) duw 7I(h)
: : : : sys ‘load load 3D
Lo 0 AP B B
[Ai_4r + BIM{RyM,; C] [Bi M/ Ry Ms;] [Bi MRy M;]
Agig—ar = | [BawRaM1Cy 4+ B, Coom—ar] [A2 + Ba,RyMs] B2, RyMs]
| B3, RyM;1C1 + B3, Coom—dr] (B3, Ry Mo] [As + B3, RyMj3]
[ A1 ] 0 - 0
Ag”‘di'ﬁ:h = [BZcho'rn—sh] : .
L [B3cho'rn—sh] o - 0
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However, in comparison with the negligible communication
delay case, the characteristic equation for the nonnegligible
communication delay case has infinite number of roots since
it is transcendental. Therefore, only a reduced set of roots can
be obtained based on approximation. We adopt the method
proposed in [20] based on the calculation of the eigenvalues of
the following matrix

6@ I,

(I) =
Ag'r'id—sh 0---0 Ag'rid—dr

(39

where & represents the Kroneckers product. Matrix O consists
of the first M rows of matrix @ = —2Dy, /7, where Dy; =
[d31(i 5)) (a1 41)x (a141) 8 the Chebyshev’s differentiation ma-
trix of order M, given by

(11(71)1+j

Ty Ti#Ed
1 Bi-1 L. ]
_1 . fi— LM 41
dulijy={ 2Ty HISIALMAL G
= iz =1
with di1 = dpgy1 = 2andds = -+ = dyy = 1, and 3
(k S Ovl:"',M) given by

km
O = cos (M) . (61)
The value of M corresponds to the number of nodes for Cheby-
shev’s discretization which determines the computational pre-
cision and complexity.

VI. NUMERICAL RESULTS

We use the droop control test system proposed in [5] as an
example for performance evaluation. The microgrid consists of
three generators, two lines, and two loads. The three genera-
tors have the same capacities and configurations. The desired
sharing of the real and reactive power among the three gener-
ators are the same, i.e., ozgf) = g) = 1/3 forg € {1,2,3}.
With traditional droop control strategy (or equivalently, the real

power sharing gain K 1(3925 » = 0 and the reactive power sharing

gain K (S"ZS , = 0), the trace of the low-frequency modes which
are sensitive to frequency and voltage droop gains is shown in
Fig. 3. We can see that the low-frequency modes move towards
two different directions as the frequency droop gain (K I(fl ar)
increases from 1 x 107° to 1.2 x 10~ *. Although some modes
move towards the stable region with negative real parts, the
other modes which are close to the imaginary axis move signif-
icantly towards the unstable region with positive real parts. On
the other hand, the low-frequency modes move slightly towards
the stable region as the voltage droop gain (K| gz 4) increases.
Although increasing the voltage droop gain can potentially im-
prove microgrid stability, the low-frequency modes are gener-
ally less sensitive to the voltage droop gain than that to the fre-
quency droop gain [5], which makes the stability enhancement
less effective. Moreover, a change in the voltage droop gain may
affect the sharing of reactive power among the DG units, which
is not desired in microgrid operation. On the other hand, the in-
formation exchange based on a wireless network can potentially
improve the microgrid stability. In the following performance
evaluation, we use the modes marked by squares and circles in
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Unstable région

100

Imaginary
(61
o o

|
a
o

<A b rgp i st WW ......... ....................... ..... 4

X Voltage droop gain: 64
b Voltage droop galn 167

-20 o 20
Real

-150 3 5
~80 ~60 ~40

Fig. 3. Trace of low-frequency modes versus frequency and voltage droop
gains for traditional droop control strategy.
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Fig. 4. Trace of low-frequency modes versus real power sharing gain.

Fig. 3 (which correspond to frequency droop gains 1 x 10~ and
5 x 1075, respectively) as reference points.

Fig. 4 demonstrates the impact of real power sharing gain.
The reactive power sharing gain is zero. The frequency and
voltage droop gains of the reference points with respect to the
traditional droop control strategy are given by 5 x 102 and 6 x
10~*, respectively, while the corresponding modes are marked
by circles in Fig. 3. Similar to the change in frequency droop
gain, the low-frequency modes move towards two different di-
rections as the real power sharing gain increases (from 0 to
6.7 x 107°). Since some of the modes which are close to the
imaginary axis move slightly towards the unstable region, the
stability improvement by adjusting the real power sharing gain
is not obvious, mainly because the real power sharing based on
traditional droop control is already accurate in microgrid oper-
ation [9].

Next, we fix the real power sharing gain to zero (the corre-
sponding modes are marked by squares in Fig. 3) and investigate
the impact of reactive power sharing gain. Note that the orig-
inal microgrid is unstable since the modes marked by squares in
Fig. 3 are in the unstable region. The impact of reactive power
sharing gain is shown in Fig. 5. We observe that the low-fre-
quency modes which are in the unstable region move towards
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Fig. 5. Trace of low-frequency modes versus reactive power sharing gain.

the stable region as the reactive power sharing gain increases
(from 0 to 0.1) such that the microgrid can be stabilized. The
reason is that, the information provided by the wireless network
can correct the reactive power sharing error based on an addi-
tional integral control term [12]. According to traditional droop
control strategy, the inverters at different locations of microgrid
share different amount of reactive power as the load changes
significantly, due to the fact that the line impedance is not neg-
ligible. This is also known as one of the major limitations of
traditional droop control in microgrid [5]. On the other hand,
by sharing the reactive power among the DG units evenly, the
temporary overloading of DG units can be avoided and the mi-
crogrid stability can be improved based on our proposed control
strategy.

From Figs. 4 and 5, we see that the proposed control strategy
can improve system stability (especially by adjusting the reac-
tive power sharing gain) given that the communication delay
is negligible. To investigate how the communication delay can
affect the system stability, the trace of the modes when commu-
nication delay increases from 0 to 50 ms is shown in Fig. 6. We
choose M = 2 for the Chebyshev’s discretization [20]. The fre-
quency droop gain, voltage droop gain, real power sharing gain,
and reactive power sharing gain are setto 1 x 104, 1 x 104,
0, and 1 x 102, respectively. The reference points with respect
to the performance without communication delay are marked
by diamonds in Figs. 5 and 6, respectively. We only show the
low-frequency modes which are close to the imaginary axis
since these modes dominate the system stability as the com-
munication delay changes. We can see that the low-frequency
modes move towards the unstable region as the communication
delay increases. The system becomes unstable again when the
communication delay is large (i.e., more than 20 ms for the mi-
crogrid under consideration). How to mitigate the negative ef-
fect of communication delay to further improve system stability
needs further study.

VII. CONCLUSIONS

In this paper, we investigate the stability enhancement of de-
centralized inverter control in distributed generation microgrids.
A wireless network is established to acquire the information of
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Fig. 6. Impact of communication delay on the locations of different modes.

total real and reactive power generation of all DG units. A power
sharing based control strategy is proposed, which introduces ad-
ditional terms to the traditional droop control strategy to capture
the differences between the desired and actual real and reactive
power generation. An analytical model is developed to evaluate
the small-signal stability of the microgrid under our proposed
control strategy. Numerical results indicate that, our proposed
control strategy can improve the system stability when the com-
munication delay is small.

Future work includes the communication delay reduction
based on communication protocol design, and the voltage
stability improvement while maintaining an accurate reactive
power sharing among the DG units. Moreover, how to improve
microgrid stability under packet losses in multiagent coordi-
nation over an unreliable wireless channel [21] is critical but
needs further investigation.
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