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Distributed Event-triggered Control for
Reactive, Unbalanced and Harmonic Power
Sharing in Islanded AC Microgrids

Jinghang Lu, Member,|IEEE, Ming Zhao, Saeed Golestan, Senior Member,|EEE,
Tomislav Dragicevic, Senior Member,|IEEE, Xuewei Pan, Member,|EEE, Josep Guerrero,
Fellow,IEEE,

Abstract—For several reasons, particularly due to the
mismatch in the feeder impedance, accurate power sharing
in islanded microgrids is a challenging task. To get around
this problem, a distributed event-triggered power sharing
control strategy is proposed in this paper. The suggested
technique adaptively regulates the virtual impedances at
both fundamental positive/negative sequence and
harmonic frequencies and, therefore, accurately share the
reactive, unbalanced, and harmonics powers among
distributed generation (DG) units. The proposed method
requires no information of feeder impedance and involves
exchanging information among units at only event-
triggered times, which reduces the communication burden
without affecting the system performance. The stability and
inter-event interval are analyzed in this paper. Finally,
experimental results are presented to validate the
effectiveness of the proposed scheme.

Index Terms— Event-triggered control, distributed
generation, droop control, microgrid, power sharing, virtual
impedance.

|I.  INTRODUCTION

ISTRIBUTED generation (DG) systems have been widely
installed in the power distribution systems in recent years

to meet the rising load demand with reduced negative effects on
the environment and distribution infrastructures [1]. Several
DG units are clustered together with local loads and energy
storage systems leading to the concept of a microgrid [2].
Compared to the conventional distribution system, the
microgrid can operate flexibly in either grid-connected mode or
islanded mode to supply more reliable power to customers [3].
In the islanded mode of microgrids, an essential requirement

is the proper active and reactive power sharing between DG
units. Traditionally, active power—frequency (P-w) and reactive
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power—voltage magnitude (Q-E) based droop control has been
widely applied in the system to regulate the power delivery [4]
[51[6]. However, a small mismatch in the line impedance may
cause a noticeable error in the reactive power sharing using the
O-F droop [8]. Some efforts to address this challenge of the
droop method have been made in recent years (for example, see
[7], [8]). These methods, however, still suffer from some
inaccuracies, such as sensitivity to complex loads, among
others. In addition, a fully decentralized control of grid-
connected series inverters is firstly proposed to achieve the
autonomous power balance in [9]. On the other hand, with
growing power quality issues such as harmonics and voltage
imbalance, which are attributable to the proliferation of
nonlinear loads and supplying single-phase and/or unbalanced
three-phase loads, the DG units are expected to properly share
unbalanced power and harmonic powers. The traditional droop
control, however, may not be able to achieve this objective, as
the traditional droop is derived from the fundamental voltage
model and does not take the unbalanced and harmonic powers
into account. This issue can be especially serious if a mismatch
in the line impedances exists.

In order to overcome these reactive power, unbalanced
power, and harmonic power sharing issues, various methods
have been proposed in the microgrid. These methods fall into
two categories based on if the communication link is necessary,
i.e., communication-less methods and communication-based
methods. In the communication-less methods, several
researchers directly add large virtual impedance in the control
loops at the fundamental negative and harmonic frequencies [10,
11]. These methods, however, inevitably cause the unbalance
and harmonic voltage drop even though the power sharing is
improved. In order to overcome the aforementioned method’s
drawback, a virtual harmonic impedance and the Z, — H droop
control scheme has been proposed in [12]. The exact line
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impedance is nevertheless required to design the coefficient of
the Z, — H droop, which is quite challenging to implement in
practice. In order to avoid the exact line impedance value, a
small ac signal injection method is proposed by [13]; the
injection and extraction of small ac signals still made the system
complicated to implement.

On the other hand, the communication-based methods are
proposed within the hierarchical control framework to share the
reactive power, unbalanced power, and harmonic power [14-
17]. The power sharing strategy is usually calculated and
implemented in the secondary control level, and then a
command signal is sent to the primary control level through the
communication links. The communication-based methods can
be further classified into centralized control and distributed
control strategy for the reactive, unbalanced, and harmonic
power sharing. In [17], a microgrid centralized controller
(MGCC) has been proposed to address the power sharing issue,
where a compensation signal is sent from the MGCC to the DG
units to regulate the virtual impedance. This method achieves
good performance in the power sharing, but the regulation of
the virtual impedance is achieved by adding the disturbance into
the P-w droop control. Therefore, the way of regulating the
virtual impedance may not be recommended, as this disturbance
causes active power temporary oscillation, and the critical load
at the Point of Common Coupling (PCC) may be quite sensitive
to this oscillation. A similar approach is proposed by [16],
where the closed-loop poles are analyzed. It is found that this
method may cause the closed-loop poles to move towards the
imaginary axis. Furthermore, in a centralized control concept,
the entire system relies on the MGCC and communication links.
It implies that any failure in communication links may
adversely affect the reliability of microgrid and the
effectiveness of its control system. Moreover, when a new DG
unit is connected to the microgrid system, a new
communication link between the MGCC and the new DG unit
needs be established, which may be challenging. This fact limits
the scalability of microgrids built based on the centralized
concept. To overcome the aforementioned limitations, the
distributed control methods have been introduced in the
microgrid systems to enhance the robustness and reliability of
the system [18, 19]. In recent years, the consensus-based
distributed control method has been widely adopted for
microgrids [15, 20, 21]. In the consensus control scheme, only
the local neighboring information is exchanged, and this
method becomes more attractive to the microgrids due to its
advantages in reducing consumption of the resources and
increasing reliability [22]. Several attempts have been made to
utilize a consensus-based distributed control strategy for
microgrid. In [20], the reactive power sharing is achieved by
utilizing the consensus algorithm. In addition, the consensus
distributed algorithm proposed in [21] is used to share negative
sequence current and compensate for the voltage unbalance at
the PCC. Moreover, a similar method is proposed for
unbalanced, and harmonic power sharing [15]. It should be
mentioned that in the aforementioned distributed approaches,
the information is exchanged periodically among the
neighboring DG units, which indicates a large amount of data
flows through the communication network. And this high data
flowing through communication network may have some
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Fig. 1. Structure of islanded microgrid with n DG units.

detrimental consequences, such as high costs and traffic

congestion among others. As a result, designing a

communication-saving strategy for the distributed control of

microgrids is necessary [22, 23].

With the advance of communication technologies, the event-
triggered control methods have been increasingly applied in the
microgrids [24-27]. Compared to the consensus-based
distributed control, the event-triggered controllers only transmit
information to its neighbors when the local state error exceeds
a given threshold value, hence, the amount of communication
data can be greatly reduced while maintaining an accurate
control performance [28]. In [29], for instance, a distributed
event-triggered algorithm is proposed to solve the economic
dispatch issue for microgrid. In [25-27], the event-triggered
control method is developed to restore the voltage and
frequency among DG units. While the reactive power sharing
with event-triggered control in a microgrid was studied in [24].
Although these works report the event-triggered control
application in the microgrid systems, to the best of the authors’
knowledge, the reactive, unbalanced, and harmonic power
sharing issues by applying the event-triggered control strategy
have not been discussed, and the stability of the event-triggered
control for the power sharing has not been proved as well.

In response to the issues mentioned above, this paper
proposes an event-triggered distributed control scheme for the
reactive, unbalanced and harmonic power sharing in islanded
microgrids. In order to reduce communication while
guaranteeing the power sharing accuracy, the virtual impedance
is adaptively regulated based on an event-triggered control
strategy. The main contributions of this paper are summarized
as follows:

1) A distributed event-triggered control strategy is proposed
to achieve accurate reactive power, unbalanced power and
harmonic power sharing in islanded microgrids. The
proposed control strategy significantly reduces the
utilization of communication while providing almost
identical control performance to that of traditional periodic
control scheme.

2) An event-triggered condition is designed and the stability
is proved using Lyapunov function. The lower bound of
inter-event time intervals are estimated. Thus, the Zeno
behavior can be avoided.
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Fig. 2. Equivalent circuits of the microgrid at different frequencies. (a)
Equivalent circuit at the fundamental positive-sequence frequency. (b)
Equivalent circuit at fundamental negative-sequence frequency. (c)
Equivalent circuit at harmonic frequencies.

3) The effectiveness of the proposed controllers is verified by
experimental results, which demonstrate that the proposed
approach can significantly reduce the communication
burden while guaranteeing the power-sharing accuracy.

The rest of this paper is organized as follows. The structure
of the microgrid system along with an analysis of the power

sharing control and graph theory are introduced in Section II.

Section III presents the proposed control strategy. The stability

analysis based on Lyapunov function and inter-event interval

analysis are presented in Section IV. The proposed method is
validated by experiments in Section V. Finally, the conclusion

is presented in Section VI.

Il. ISLANDED MICROGRID ANALYSIS

A. Principle of Droop Control

Fig. 1 shows the structure of an islanded microgrid, where
the DG units are interfaced to the microgrid through different
feeders. Each DG unit is comprised of a DC source, an inverter,
and an LC type filter. The microgrid also includes linear,
unbalanced, and nonlinear/harmonic loads placed at the PCC.

The power sharing of DG units in islanded microgrids, as
mentioned before, is often based on the conventional P—w and
Q-E droop controllers in DG units, which can be expressed as

W = wy—mP (D)
E = E, —nQ 2

where wy and Ej are the nominal values of the DG angular
frequency and voltage magnitude; m and n are the droop
coefficients; P and Q are the low-pass filtered active and
reactive powers, respectively. The outputs of the droop control
are fed to a reference generation unit, which generates the
fundamental reference voltage Viwopas in the stationary
reference frame for the DG unit.

A mismatch in DGs’ feeders may adversely affect the
stability and power sharing betweeen DGs. To reduce the
influence of feeder impedance, the virtual impedance (Z,;) is
introduced. Then, the voltage reference from the droop
controller is modified as

Vietap = Varoop.ap — Zvirlap 3)
where Viegqs is the voltage reference considering virtual
impedance and 7,4 is the DG output current.

B. Reactive, Unbalanced, and Harmonic Power Sharing
Analysis

To simplify the analysis, an islanded microgrid including two
DG units with the equal power rating is considered. In addition,
it is assume that the feeder impedances are inductive. Fig. 2
presents an equivalent circuit with two DG units. It can be seen
from Fig. 2(a) that DG units are modeled by controlled voltage
sources at the fundamental positive-sequence frequency (FPF).
Meanwhile, the load is considered as a passive load. From Fig.
2(a), the DG equivalent impedance Ly; at the FPF becomes:

Lei = Lpnygi + Loirg,i “4)
where Ly and Ly are the physical feeder impedance and
virtual impedance at the FPF.

In addition, the equivalent circuit at the fundamental negative
sequence frequency (FNF) is illustrated in Fig. 2(b). The
unbalanced load is modeled as a current source (/y) [30]. From
Fig.2(b), the DG equivalent fundamental negative sequence
impedance Ly, becomes:

Ly; = Lynyu,i + Loiru,i (5)
where Lynu; and Ly, are the physical feeder impedance and
virtual impedance at the fundamental negative-sequence
frequency, respectively.

Similarly, the equivalent impedance at harmonic frequencies
is given in Fig. 2(c) as

LH,i = LphyH,i + LvirH,i (6)
where Lynri and Ly, are, respectively, the physical feeder
impedance and virtual impedance at harmonic frequencies.

To achieve accurate power sharing, the same equivalent
impedance must be controlled in both DG units. Fortunately, as
it can be seen in (4)-(6), the virtual impedance provides an
efficient way for controlling the DG equivalent impedance at a
given frequency. Therefore, by regulating the virtual
impedances at fundamental positive and negative sequences
and at harmonic frequencies, proper
reactive/unbalanced/harmonic power sharing can be achieved.

Note that the DG units are assumed to be connected to the
PCC with inductive physical feeders in the islanded microgrid.
This assumption is reasonable because series coupling
inductors are normally required in the DG units to ensure the
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Fig. 3. Overall control diagram of the proposed distributed control scheme.

stability of the power sharing. In addition, DG units are often
interconnected to the distribution system with isolation
transformers, which have highly inductive leakage impedance.
Finally, even when DG units are interfaced to the PCC with
resistive line impedance, the fixed value virtual inductive
impedance can be added and pre-activated in the control
scheme. Therefore, if the preactivated virtual inductive
impedance is properly designed, the DG equivalent impedance
can be inductive.

C. Communication Network

The communication topology of a microgrid is depicted as a
graph G = (V,E,A), which consists of a set of nodes V =
(v4, V4, ..., Vy), Where v; represents DG i, a set of edges € €
V x V, and the adjacency matrix A = [a;;] € RVV. (v;,v;) €
€ denotes an edge, which means node j can transmit its own
information to node i. The graph § is said to be undirected if for
all edges (vj,vi) EE, (vi,vj) € E. The neighboring set of i is
presented as N; = {vj € V|(Vj,vi) EE I+ j}. The elements
a;; =1if (vj,vi) € &; otherwise, a;; = 0. The degree matrix
D = diag{d,, ..., dy} is a diagonal matrix with d; = |N;|. The
Laplacian matrix L is defined as L = D — A. A path from node

0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

i to node j is a sequence of edges, belong to £, which can be
expressed as {(vl-,vk), s (vk,vj)} . If there exists a path
between any nodes, the graph is said to be connected [31].

Ill. PROPOSED CONTROL SCHEME

In this paper, a distributed event-triggered control scheme is
proposed to adaptively regulate the virtual impedance. The
overall control diagram is shown in Fig. 3, which mainly
includes the primary control, distributed adaptive virtual
impedance controller as well as a communication layer. With
the proposed method, proper reactive, unbalanced, and
harmonic power sharing can be achieved by, respectively,
regulating the virtual impedances at fundamental positive
sequence, fundamental negative sequence, and selected
harmonic frequencies without any knowledge of line
impedance. Note that the proposed approach is fully distributed.
Each controller requires only the local and its neighbors’
information to achieve power sharing performance. Note also
that the controller transmits its information to neighbors only at
event-triggered times. Therefore, the communication burden is
considerably reduced compared to the traditional periodic
communication way.
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A. Power Calculation

The reactive, unbalanced, and harmonic power calculation
involves extracting the fundamental-frequency positive- and
negative-sequence components and some concerned harmonic
components. The multiple second-order generalized integrators
(SOGI)-based frequency-locked loop is used for this purpose
[32]. With the detected current and voltage components, the DG
output active power P, reactive power O, unbalanced power U
and harmonic power H can be calculated as

3 w . .
P = E_s+:>c (Veaifa + vepifs) (7)
3 . ,
Q= gﬁ (Vcﬁl;a - UCal;ﬁ) @®)
_3E) w —_\2 —_\2
= e e) + (1) ©)
H =332 (=32 4 (1) +()2+(1%,)" (10)
- 9 stwe S5a 58 7a 7B

Where E is the nominal voltage, . is the cut-off frequency
of LPF. v¢, and vep are the measured DG voltage in the
stationary reference frame. i;ra and if'ﬁ liz, and if'ﬁ) are the
fundamental positive (negative) sequence current. i3, and i B

B. Controller Design

A distributed event-triggered adaptive virtual impedance
controller is designed in this part.

1) Reactive power sharing: Construct the state model of the
reactive power sharing control as

n;Q; = Ug; (1)
where u,; denotes the input for reactive power controller.
A distributed controller can be constructed as
uqi(t) = quqi(t) (12)
where £, is a proportional gain and z,(t) is defined as
2 () = Xy ay[n;Q;(8) — nQ(0)] (13)

Under the proposed event-triggered control scheme, (13) is
redefined as

2qi(®) = XN a;[nQ;(tF) — miQi(60)] (14)
The state measurement error is defined as
eqi(®) = Qi (t]") =i Qi(0) , t € [t 6, (15)

Note that the measurement error ||eqi(t)|| is the deviation
between the latest triggering time state and the real-time state.
When ||e;()|| reaches a predefined threshold, the event is
triggered, the state estimate is equal to the actual value and
||eqi(t)|| is reset to zero. During the event time interval, no
communication is required.

Theorem 1: Assume that the communication topology § is
undirected and connected. Then, the controller in (12) and (14)

can achieve reactive power sharing if the event-triggered time
is defined as follows [26]:

td = inf{t > t7",|f,:(t) = 0} (16)
where the triggering function f;(t) can be defined as
2 1-aq|Nj| 2
£ ® = lea®]” =Lz 0 (17)

INil/aq
where 0<o¢<l, 0<aq<1/|N{.

If the reactive power is not shared accurately by each DG unit,
the sharing error generated by the local controllers is utilized to
adaptively regulate the virtual inductance as follows:

Ly = Ly = Gg(s)tg (18)
where L, is the static virtual impedance at the fundamental
positive sequence, which is used to ensure the fundamental
equivalent impedance is inductive, L, is adaptively regulated
by an integral controller to eliminate the reactive power sharing
error; and G, (s) is a proportional integral (PI) controller.

2) Unbalanced power sharing: Construct the state model of

the unbalanced power sharing control as follows:
U;

= Uyi

Urate,i (19)

where U4, 1s the unbalanced power rating of the ith DG units.
uy; denotes the input for unbalanced power controller.
A distributed controller can be construct as

uui(t) = kyzy,; (1) (20)
where k, is a proportional gain and z,(t) is defined as
U ,(tuj) U.(tui)
Z..:(t) = N_ ai_i 21

ul( ) j=1%ij Urate,j Urate,i] ( )

The state measurement error is calculated from
uidy Ui i ui
eyi(t) = = ——= t e [t t},y (22)

Urate,i Urate,i

Theorem 2: Assume that the communication topology G is
undirected and connected. Then, the controller in (20) and (21)
can achieve unbalanced power sharing if the event-triggered
time is defined as follows [26]:

e =inf{t > t},|f,u(6) = 0} (23)
where the triggering function f,,(t) can be defined as
fur® = lew®II? - 2= 7,0 24)

INi|/ay
where 0<o,<1, 0<a,<1/|Ni.

In a similar manner, the virtual impedance at fundamental
negative sequence L,, is adaptively regulated to remove the
unbalanced power sharing error as

Lv,u = _Gu(s)uui
where G, (s) is a PI controller.

3) Harmonic power sharing: Construct the state model of

the harmonic power sharing control as follows:
Hi

(25

Hrate,i - uhi (26)

where H,.,; are the harmonic power rating of the ith DG unit.
uq; denotes the input for harmonic power controller.
A distributed controller can be constructed as

Upi () = kpzpi (£) (27)
where kj, is a proportional gain and z,(?) are defined as
Hy(’) (e
() =3V q. LRk _HNk) 28
Zhl( ) J=1 aLJ Hrate,j Hrate,i] ( )
The state measurement error is defined as
Hi(tF it i hi
epi(t) = Bulte) M) , L€ [tlfcu' tliclﬁd] (29)

Hrate,i Hrate,i
Theorem 3: Assume that the communication topology G is
undirected and connected. Then, the controller in (27) and (28)
can achieve harmonic power sharing if the event-triggered time
is defined as follows [26]:
e =inf{t > ¢ |fri () = 0}
where the triggering function f;,(t) can be defined as

(30)
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1-ap|N;
fi(®) = llens (D112 — =0 |7, 1) 2
INil/an
where 0<o<1, 0<an<1/|Nj.
Finally, the virtual impedance at harmonic frequency L, is
adaptively regulated to remove the harmonic power sharing

€1ror as

G

Lyp = —Gr()up; (32)
where G (s) is a PI controller.

Once the virtual impedance is determined, its corresponding
voltage drops in the stationary reference frame can be

calculated as follows:

Viap = R;fifa - wL,,‘fi;rﬁ 33)
VU,(Zﬁ = _va,ulF[} (34)
VH,a[)’ = _va,hihﬁ' (35)

Then, the voltage reference for the double-loop voltage
controller is obtained as
- Vvir,aﬁ (36)
= Vdroop,aﬁ - Vf,aﬁ - VU.aﬁ - VH,aﬁ- (37)
4) Double-loop voltage control: The outer loop voltage
controller is implemented to regulate the output capacitor’s
voltage. The inner loop current controller is nested inside the
voltage control loop to regulate the inverter side current. The
controllers for voltage and current regulation are expressed as:

Vref,aﬁ = Vdroop,aﬁ

ks ks
G ko + 14! Vh (38)
()= ko S H(@) 50"+ (hay)’
ks
Gils) =k + 7, s (39)

where k,y and k,; are the proportional terms, ki, and k,, are
the resonant term coefficients at w, = 2w X 50 rad/s. kyy, is
the resonant coefficient term for the A" harmonics (5", 7). The
inner current loop is designed to provide sufficient damping and
protect the inductor’s current from overcurrent.

IV. STABILITY ANALYSIS

In this section, we first utilize the Lyapunov function to prove
the stability of the proposed method, taking Theorem 1 as an
example. Then, to avoid infinite event-triggered instants in a
limited time, the lower bound of inter-event interval is analyzed,
and Zeno behavior can be excluded [33], [34].

A. Proof of Theorem 1

To simplify the proof, we omit the subscript Q, abbreviate x(t)
to x, and denote q; = n;Q;. Combining (11), (12), (14) and (15),
the overall system dynamics can be written as

§=—kL(qg +e) (40)

where ¢ = [q1, 42, ., qn]T, € = [e1, €3, ..., ey]”. Similarly, we
have
z=-L(q+e) 41
where z = [z, z5, ..., Zy].
Considering the Lyapunov function candidate
V=2q"lq (42)
Then, the time derivative of (42) becomes
V=q"Lg (43)

Combining (40), then (43) can be written as

—kqTL?*(q + e) (44)
Placmg (41) into the upper equation in (44) yields
V=—kz"z—ke Lz = —k||z||* — keTLz (45)
Expanding (45) we get
V——kZz —kz Z (z -z, )
i= 1]€N
_ 2
—-kZzi _kZ|]Vi|eiZi +kz D ez (46)
i=1 i=1 i=1 jeN,
Using the inequality
[xy| S%x2+%y2,a> 0 47)
The equation in (46) can be bounded by
. N ) N 1 5 N o 2
V< -kZZ,. +k2—|N,.|e,. +k23|1v,.|zl.
i i=1 & i=1
+kz Z (48)

i=1 ]eN

Since the undirected graph G is symmetric, by interchanging
the indices of the last term, we get

a 2
ZE] Zi}f—ZjMM (49)
i=1 ]eN i=l jeN, i=1
So that
V< kZ(l a|N,|z} +k2—|N e’ (50)
i=1
Assuming that
0<a<1/IN (&2))]
Then, if the following condition holds
2 a(l—alNiI) 2
eiS—INiI/a 5, 0<o<1 (52)
We get
V<o (53)

Thus, the triggering function defined in (17) can ensure g(t)
is stable. The proof is completed.

B. Inter-event Interval Analysis

Theorem 4: Assume that the communication topology G is
undirected and connected. Consider the system in (11) with the
controller in (12) and (14). If the triggering function is defined
as (18), then the inter-event interval is lower bounded by a
positive constant .

Proof: Considering the following time derivative

1
dllell _ d (eTe)? eTe lell(z72)
—_—— = _ 4
acllzl —at g lelllzl Nzl >4

According to (15), the derivative of state measurement error
e can be written as

ée=—q (55)
Then the derivative of z in (41) is

z=-L@+é)=0 (56)
Placing (55), (56) into (54) yields
dllell ___e"e llell™2) _ llellllgll 4 llelllizIlllzll
dt||zl| llelllz| zI® ~ llelllizll llzII®
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Fig. 4. Microgrid setup in the experiment

_ il llellnzl
llzll ~ llzll?
llqll
= 57
llz]l (57)
Placing the derivative of ¢ in (40) into (57), we get
d llell IILIICllgll+lelD (58)
dat|izll — lizIl
Note that L is reversible; combining (58) with (41) yields
d |lell IIZIICllgll+lel
2 P g IHAT R
dat|lz|l — [lzIl (59)
Thus, [|e||/||z]| is upper bounded by
o< 0t d0) (60)

[IIl
where ¢(t, @) is the solution of the following differential

equations:

{q‘b = kQIILlI$ + 1) ©1)
(0, 90) = ¢o
Thus, we have
=1 (p2kiLllt _
$(,0) = o (e2KlItliT — 1) (62)
Denoting
h = arg max || (63)
13
Because |e;| < ||e|| holds, we have
lenl _ liel _ Nlel
lznl = lzal = izl (64)

Placing (61) and the triggering function in (17) into (64), we

have
g(1-alN;]) N 2k||L||T
jzazainh o N -1
DR )

(65)
Then

1 20Lll [o(i—alN;D
T am | " Wil/a +1]

Thus, the inter-event interval is lower bound, and Zeno
behavior is avoided. The proof is completed.

(66)

V. EXPERIMENTAL RESULTS

To demonstrate the effectiveness of the proposed control
technique, experiments are provided at the HIT-Shenzhen
microgrid laboratory. The microgrid setup, as shown in Fig. 4,
includes three DG units at the same power rating supplying
unbalance/nonlinear loads connected to PCC. Each DG unit
consists of a Danfoss FC302 converter with LC type filters. The
dSPACE microlabbox is chosen to be the controller in the
experiment. The communication links among three DG units
are bidirectional. The physical system parameters and control
ones are listed in Table I.

A. Case-1: Unbalanced Load

In this section, only an unbalanced RL load is connected to
PCC. The PCC voltage is 120V rms, as shown in Fig. 5. Fig. 6
shows the power sharing performance of the proposed method.
To save space, the output active powers are not shown. At 1<t;
(i.e., stage 1), the traditional droop controller is applied. It can
be observed that the reactive and unbalanced powers are shared
improperly among parallel units. This result was expected as
there is a mismatch in line impedances. At ¢=t;, the proposed
control mechanism is activated. Thanks to the action of the
proposed control strategy, the reactive and unbalanced powers
are converged to a common value after a short while. Recall
that the proposed controller adaptively regulates the virtual
impedances to compensate for the line impedance mismatches
and achieve proper power sharing among parallel units.

The corresponding phase A current waveforms of the three
DG units are shown in Fig. 7. Fig. 7(a) shows phase A current
of three DG units using the traditional droop method. It
obviously illustrates that the current magnitudes of phase A in
three DG units are not the same. This is because of the unequal
power sharing in the microgrid. After the proposed method is
activated, the phase A current of the three DG units are almost

TABLE |
EXPERIMENTAL PARAMETERS OF THE MICROGRID

Symbol Quantity Nominal Value
Vpe DC voltage 400 V
fow Switching frequency 10 kHz
Wy Nominal frequency 21tx50 rad/s
E, Nominal voltage 120 Vrms
L/Cy LC filter 1.8mH/25pF
Py/Qu Unbalanced load 5kW/4kVar
Cur/Ru. Nonlinear load 4700uF/72Q
ol Loy Static virtual impedance 0.5Q/1.5mH
m P-w droop coefficient 0.0002
n Q-E droop coefficient 0.0005
@, LPF cut-off frequency 4 rad/s
K,v/Ky, Voltage PR controller 0.04/100
Kys/Ky; 50/50
K, /K, Current PR controller 5.7/500
K,o/Kio Reactive PI controller 0.001/0.03
K,u/Kiy Unbalance PI controller 0.001/0.02
Ko/ Ky Harmonic PI controller 0.002/0.05

0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 12,2021 at 07:30:13 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3057018, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

identical, as shown in Fig. 7(b).

Fig. 8 validates the plug-and-play ability of the proposed
method. Att <t; (i.e., stage 1), all three DG units supply the
power to the unbalanced load connecting to the PCC. Fig. 8(a)
shows that the initial reactive power output of all DG units is
around 150 Var. When DG2 is disconnected at t;, the reactive
power outputs of DG1 and DG3 are increased to around 225
Var, which is reasonable because the total reactive power is 450
Var. When DG?2 is re-connected to the microgrid at t,, three
DG units equally share the total reactive power again.
Meanwhile, the unbalanced power sharing process during the
plug-and-play is shown Fig. 8(b). It is clearly observed that
unbalanced power is equally shared by three DG units during
the stage 1, and then are equally shared by DG 1 and DG3 due
to the disconnection of the DG2. Finally, at t,, when DG2 is
plugged into the microgrid, the three DG units cooperatively
share the unbalanced power.

Fig. 9 shows the power sharing performance under the load
change. Att <t (i.e., stage 1), all three DGs operate in the
steady state and accurately share the reactive and unbalanced
powers. Att =t;, an extra 50 () unbalanced load is connected
to the microgrid. Att =t,, this load is disconnected from the
microgrid. As can be seen in Fig. 9, the control system
efficiently handles the load change perfectly, and the reactive
and unbalanced powers are accurately shared among three DGs
all the time.

The proposed control methods are also studied under
communication link failure conditions, as shown in Fig. 10. At
t <t; (i.e., stage 1), the communication network is intact, and
all three DG units share the same power. At t=t;, the
communication link between DG1 and DG?2 is disconnected.

Finally, at t =t,, all the communication link failures are cleared.

As seen from Fig. 11, despite the changes of the communication
network, the power sharing performance are not affected at the
steady state.

B. Case-2: Nonlinear Load

To verify the harmonic power sharing performance, a three-
phase diode rectifier load is connected to PCC. Before t=t;
only the traditional droop method is adopted. The experimental
results are presented in Fig. 12. As it can be observed, the
traditional droop results in a poor power sharing. At t=t;, when
the proposed method is activated, the proposed control scheme
enables DGs to share reactive and harmonic powers properly
among each other.

Fig. 13(a) shows the phase-A of the output current of DGs
when the traditional droop method is active. It is observed that
there is a noticeable magnitude error among output currents of
DGs, which implies there is a power sharing mismatch among
them. With the activation of the proposed method, however, as
shown in Fig. 13(b), the output currents of DGs are almost
identical, which implies the unbalance and harmonic power are
equally shared.

The plug-and-play capability of DGs in the presence of a
nonlinear load is investigated in Fig. 14. The initial reactive
power and harmonic power output of all DG units are around
100 Var and 155Var, when DG 2 is disconnected at t; , the

reactive and harmonic power output of DG1 and DG3 is around
150 Var and 233Var. Then, DG 2 is re-connected to the
microgrid at t,, the total 300 Var reactive power and 465 Var
harmonic power are equally shared by these three DG units
again.

The power sharing performance under the load change with
nonlinear load is validated in Fig. 15. Similar to Fig. 8, the
power can be accurately shared whenever a load is connected
or disconnected from the microgrid.

The communication link failures with nonlinear loads are
also studied in Fig. 16. The changes of the communication
network are the same as in Fig. 9. Similar to the case of Fig. 10,
even though the communication link changes, the power
sharing performance is almost unaffected.

C. Case-3: Comparison with Periodic Communication

In this section, our proposed event-triggered control is
compared to the periodic communication, where its sampling
frequency is set as f,=lkHz. The experimental results of
harmonic power sharing with periodic communication is shown
in Fig. 17. Compared to the proposed event-triggered control
method in Fig. 12(b), they nearly achieve the same control
performance. However, they are achieved at a different number
of communication updates. The event-triggered time instant of
DG1 harmonic power sharing is shown in Fig. 18. It is shown
that the controller updates their communication in an aperiodic
way. In addition, the communication triggering times of these
two approaches for reactive power, unbalanced power and
harmonic power sharing are calculated during 2s period with
the controllers activated, as shown in Fig. 19. From Fig. 19, it
is concluded that the proposed event-triggered control method
has few triggering times, which can highly reduce the
communication burden among DG units.

200 _ :
150 N 77N

— 100 . . : o !/ R ‘\i \ . . /- . N

50 |\ / \ /

0L N S \ A

PCC voltage(V
2

-100 \ ’j I‘\\ /
-150 F .\.'_ _‘," + N\ . YA
-200

Fig. 5. PCC voltage with unbalanced loads
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VI. CONCLUSION

This paper proposed an event-triggered distributed control
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strategy for the reactive, unbalance and harmonic power sharing
in an islanded microgrid. Compared with the periodically
distributed method, the proposed control strategy could realize

the

accurate power sharing while highly reducing

communication data exchange, and achieving the plug-and-play
feature among the DG units. The stability of the proposed
control strategy was proved with Lyapunov function and the
Zeno behavior can be excluded. Experimental results from
microgrid laboratory demonstrated the effectiveness of the
proposed scheme.
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