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Abstract

High penetration level of PV sources in low-voltage distribution network (LVDN) leads to the voltage fluctuation problem, which
may limit the maximal PV power generation due to the security issues of distribution networks. This paper proposes a distributed
voltage regulation method by sharing the power of distributed heterogeneous battery energy storage systems (BESS) properly.
With the help of local voltage/power droop controller, BESS absorbs power from LVDN when nodal voltage is above the upper
limit, and injects power to LVDN when nodal voltage is lower than the bottom limit. The voltage regulation burden is properly
shared among BESSs not only according to the capacities but also the state of charge (SoC). Moreover, even the communication
network among BESSs is time-varying, the proposed method is able to regulate nodal voltages. For an extreme scenario with
communication failures, the proposed method can also guarantee the voltage regulation and power sharing locally. Furthermore, a
dynamic event-triggered communication strategy is designed for BESS aiming at reducing communication burden. Four simulation
cases are designed on MATLAB/Simulink to validate the effectiveness of the proposed method. The results show that the proposed
method is capable of maintaining nodal voltages within the normal range, and achieves the proportional regulation and SoC balance

among different BESS with reduced communications.

Keywords: Voltage regulation, Low-voltage distribution network, Battery Energy Storage System (BESS), Event-triggered

control, SoC balancing

1. Introduction

Integration of photovoltaic (PV) systems in Distribution Net-
works (DN), brings various benefits to our society due to its
environmentally friendly energy and the declining price [1, 2].
Penetration of PV resources is rapidly growing in various ways,
e.g., PV station, rooftop PV, distributed PV. However, one of the
major issues is the voltage fluctuation, especially in the long and
radial low-voltage DN, which affects the system operation and
needs to be concerned [3, 4].

Connection of PV systems turned the original passive DN in-
to the modern active DN, since the one-way direction of power
flow becomes two-way directions of power flow. Voltage rise
issues occur toward the end of a distribution feeder whenever
the surplus power flows from PV sources to the point of com-
mon coupling (PCC), namely, the power supply of PV sources
is higher than the power demand of loads. Thus, consumers to-
wards the end of network suffer from the voltage rise problem.
PV sources may be disconnected from the network due to the
protection purpose if the voltage magnitudes are out of the nor-
mal range. Over-voltage problems will in turn lead to the low
harvesting efficiency of PV energy.
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Different strategies have been investigated to regulate nodal
voltages, including switching on/off capacitors [5] and adjust-
ing tap positions of tap-changing transformers [6, 7], adjusting
active and reactive power of distributed generators (DG) [8],
curtailment of PV power [9, 10, 11] and adjustment of battery
energy storage systems (BESS) power [12, 13, 14]. Usual-
ly, nodal voltage is regulated by adjusting the active/reactive
power injected/absorbed into/from networks at some related
nodes. The proper power injection/absorption at those n-
odes is obtained from optimizing power flow model with volt-
age constraints or designing local power/voltage droop con-
troller. Thus, based on the method obtaining proper pow-
er injection/absorption, voltage regulation strategies can be
classified into two categories, i.e., optimization based strate-
gies [15, 16, 17, 18, 19, 20, 21, 22] and feedback controller
based strategies [10, 23, 24, 25, 26, 27, 28].

By solving the optimal power flow problem, optimization
based voltage regulation strategies can obtain the power refer-
ences for the adjustable units, such as DG, BESS, PV systems,
and even capacitors and on-load tap changers (OLTC) [22, 29,
30]. Reference [15] proposed a scenario based Volt/var control
model to schedule the reactive power of DG in order to drive
voltage into the normal range. In [16], a mixed-integer second-
order cone programming (MISOCP) model was formulated to
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regulate voltage of distribution network by adjusting reactive
and active power of DG. While in [17], a randomized algo-
rithm is proposed to achieve voltage regulation in distribution
networks via coordinated regulation of the active and reactive
power of DGs. By partitioning distribution network, a double-
layer voltage control strategy is proposed in reference [18] to
optimize the active and reactive power outputs of PV units. By
control the active and reactive transmission of soft open point,
a combined decentralized and local voltage control strategy is
provided in [19] to smoothen the frequent voltage fluctuation-
s. Focusing on voltage regulation problem of wind farms, an
online optimization method is proposed in [20] to adjust re-
active power outputs of wind turbines and static synchronous
compensators coordinately. In [22], a distributed coordinated
voltage control scheme is designed to control reactive power of
static synchronous compensators, DG and OLTC to drive nodal
voltages to be close to the nominal value in the distribution net-
work. Two-timescale voltage control model is proposed in [31]
to regulate the reactive power of inverters and to control shunt
capacitors, where the outputs of inverters are adjusted in fast
timescale (in minutes) and the states (on or off) of shunt capac-
itors are adjusted in slow time-scale (in hours).

Nodal voltages are always theoretically restrained in the nor-
mal range since the reference of nodal power is optimized
by solving the optimal power flow problem with voltage con-
straints. It is difficult and time-consuming to solve an opti-
mal power flow management problem because of the nonlin-
ear and non-convex property. For that reason, the DistFlow
model or relaxation method is often adopted to build the op-
timal power flow model [15, 17, 20, 32, 30]. Normally, these
approaches which are optimizing reactive power in distribu-
tion network need to be aware of the knowledge of distribu-
tion networks so that voltage is regulated by adjusting reactive
power. Besides, voltage rising problem is dominated by ac-
tive power injection in low voltage distribution networks with
high resistance-reactance ratio. Therefore, voltage regulation
method by optimizing reactive power seems not very effective
to regulate nodal voltages in low-voltage DN. Moreover, opti-
mized reactive/active power references are sent to DG/PVs only
after solving the relevant voltage regulation optimization prob-
lems. Thus, voltage regulation speed mainly depends on the
convergence speed of optimization algorithms.

On the other hand, methods with stable voltage feedback
controller are simple and have high scalability to the imple-
mentation, since only voltage is used in the local voltage con-
troller [10, 16, 23, 25, 26, 28, 33, 34]. Due to the declining
cost of BESS, the household BESS or the combination of PV
and BESS is installed widely in communities and consumers’
side [25, 28]. BESS can absorb the surplus power from the net-
work such that voltage-rise problem can be mitigated, mean-
while BESS injects power to the grid such that the voltage-
dip problem can also be solved. BESS maximizes the usage
of PV energy since no power curtailment of PV occurs. En-
ergy storage unit installed at the consumer’ side was adopted
to mitigate nodal voltage rise caused by PV power, where a
leader-following consensus algorithm was used to coordinate
the power of energy storage unit [34]. However, the energy

capacity constraint of storage unit was not considered. While
in [23], a coordinated control strategy, composed of distributed
ESS power control and localized SoC control, was designed to
drive nodal voltages into the normal range. Mehdi et.al pro-
posed a distributed control strategy for BESS aiming at achiev-
ing voltage regulation of low-voltage DN, where two consen-
sus algorithms were designed for sharing regulation burden ac-
cording to BESS capacities and SoC values, respectively. Fur-
thermore, consensus algorithm was used to adjust the power of
plug-in electric vehicles such that nodal voltages can be regu-
lated cooperatively. When the capacities of electric vehicles are
not available, voltage regulation was achieved by curtailing PV
power. In order to achieve proportional power curtailment of
PV, another similar consensus algorithm was used [10]. Sim-
ilarly, reactive power sharing strategy of single-phase PV in-
verters was proposed to drive system voltage into the normal
range in low-voltage DN [26]. In [28], a distributed voltage
regulation method robust to the bounded communication delay
was investigated. In [33], measurement data from distribution
phasor measurement units was adopted to calculate the nodal
voltage-power sensitivity, according to which voltage regula-
tion was achieved locally.

In the aforementioned references [10, 23, 25, 26, 28, 33, 34],
local voltage/power droop controller is the key to achieve volt-
age regulation. And consensus algorithms are adopted to share
the voltage regulation burden among BESS and PV sources, so
that each BESS or PV participates to voltage regulation cooper-
atively. However, methods in these references need continuous
and perfect communications among agents which is communi-
cation costly. And the parameter differences of BESS are not
fully considered in these references. In operations, communi-
cations may be imperfect owing to data congestions or natu-
ral destructions. In a DN, BESS with different capacities and
working efficiencies may be installed at the various nodes. This
paper brings a high-efficient method to control/manage the dis-
tributed and heterogenous BESS to fulfill the target of voltage
regulation. To cover these gaps, a distributed even-triggered
voltage regulation method by sharing BESS power considering
both the time-varying communication networks and communi-
cation link failures is proposed. Moreover, the parameter dif-
ferences of BESS, such as capacities and charging/discharging
efficiencies, are considered in this paper. To conclude, the con-
tribution of this paper is represented as

e Compared with the centralized methods in voltage regula-
tion, a novel distributed optimal strategy with high scala-
bility, free of single-point failure, for voltage regulation in
LVDN with high penetrated PV systems is proposed us-
ing heterogeneous BESS, which not only maintains the
bus voltage within the normal range but also guarantees
the proper power sharing.

e An optimal control gain is designed for SoC balancing and
proportional power sharing of BESS with different param-
eters, even if the communication network among BESS is
time-varying.

e Compared with the aforementioned distributed approaches



in [19, 22, 31] and in [10, 20, 25, 26, 28, 35], a dynamic
event-triggered communication strategy using self-states
for BESS power and energy sharing is designed in order
to reduce the communication burden.

e The proposed method is also robust to the communication
link failures. The nodal voltage regulation, energy and
power sharing can be achieved locally, even if the com-
munication link failures occur.

This paper is organized as follows. In Section 2, the mod-
el of voltage regulation and power sharing are formulated.
Distributed event-triggered power control strategy for hetero-
geneous BESS over constant communication network, time-
varying communication networks and communication link fail-
ures are introduced in Section 3. Simulation experiments and
the results analysis are presented in Section 4. Section 5 con-
cludes the paper.

2. Problem Formulation

2.1. Voltage Limits Violation Issues of Distribution Networks

Fig. 1 shows a distribution network with n nodes, where node
voltages are decided by power line flows Pp,.; and Qpine.;, POW-
er line resistance Lg; and reactance Ly; and neighbors’ voltage
amplitude V;_; [36, 35], which are show in equation (1).
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Figure 1: Low voltage distribution network with n nodes.
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In term with equation (1), one can see voltage V; will be larger
than V;_; when power Ppiy. ;-1 and Qpinei—1 are negative (re-
verse power flow) caused by PV generation. Meanwhile, in
low-voltage distribution network with high penetration of PV,
the ratio of Lg;/Lyx; is relative large, thus, voltage rise issues
are mainly caused by PV active power injection.

BESSs are widely adopted to solve voltage regulation prob-
lems, since BESS can absorb or inject power from/to distribu-
tion network. A low-voltage distribution network with BESS
and PV sources is shown in Fig.2. When power supply of PV is
higher than power demand of loads, BESS can absorb surplus
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Figure 2: Distribution network with a group of heterogeneous BESS, PV
sources and loads.

power from LVDN in order to keep power balance. On the con-
trary, BESS will provide power to LVDN when load demand
is higher than power supply of PV. Apart from keeping power
balance, BESS can be used to mitigate voltage rise/voltage dip
issues caused by PV and load demand. To conclude, BESS are
available to work in two modes, voltage regulation mode and
power sharing mode.

e To drive voltage magnitude into the normal range, when
Vi(t) > Vyax, BESS absorb power from LVDN.

e To drive voltage magnitude into the normal range, when
Vi(t) < Viin, BESS provide power to LVDN.

e When V,,;,, < Vi(f) < V,uax, BESS share voltage regulation
burden according to its capacity and SoC.

2.2. BESS Model and Control

Traditionally, battery energy storage systems (BESS) are
composed of battery packages, DC/AC converter, LCL filter,
and converter controller. The control model of BESS with volt-
age regulation is shown in Fig. 3. In voltage regulation mod-
e, BESS calculates power set-point according to the controller
(4), while in power sharing mode, BESS calculates set-point
according to the controller (6). The setpoint of BESS power
is then sent to the primary control loops. Moreover, the basic
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i

calculation

Calculate power | o
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Figure 3: The control model of BESS.

method to calculate the state of charge (SoC) of battery is based
on coulomb counting [37, 38], which is

SoCi(t) = —%I,-(t), )



where 7; is the Coulombic efficiency. Normally, the output volt-
age of BESS is close to the reference point [39], thus, equation
(2) can be formulated as

Ci Vi (3)

SoCH(1) = ——1—Py(),
Pi(t) = v; - Ii(),

i=1,---,N,

where c;(Ah), v;(V), n; and P;(¢)(kW) are BESS capacity, work-
ing voltage, efficiency and power output of BESS.

2.3. PV Model and Control

The model of PV system is shown in Fig. 4. PV model is
composed of maximal power point tracking (MPPT) control,
DC voltage control and DC/AC controller. By controlling DC
voltage Uy, DC power is converted into AC power. PV power
output is dominated by solar irradiation. In simulation, one can
change solar irradiation signal to change PV power output. In
the control process, PV works in MPPT mode, that is, the power
outputs of PV depend on solar irradiation.

PV
Armay

Figure 4: The control model of PV system.

2.4. Voltage Regulation Mode

When voltage violation problems occur, BESS works in volt-
age regulation mode. When voltage limits violations occur, the
power output of BESS i is adjusted as following rules

Pi(t) = a1 Viax = Vi(®), Vi® > Viyax,
Pi(t) = a3 (Vipin — Vz(l)) , Vi) < Viin, “4)
Pi(t) = Ui(), Viin £ Vi(1) £ Viyay.

where Vi, Ve and U;(?) are the minimal and maximal limits
of node voltages, control input of BESS i, respectively. Positive
a) and a, are coefficients of droop control. When nodal voltage
of BESS i is larger than the upper limit, BESS i absorbs the
surplus power. On the contrary, BESS i injects power into the
DN when nodal voltage is below the bottom limit. The third
term of equation (4) shows that when nodal voltage is within
the normal range, the power outputs of BESS are adjusted by
U;(t) which derives from the distributed control method to be
designed later.

2.5. Power Sharing Mode

In order to enhance the work efficiency of BESS, BESS with
large capacity should share more power than BESS with small
capacity. Besides, during the operation, to avoid sudden shut-
down of some BESS caused by low/high SoC, system power
should be shared accordingly to the SoC and capacity. A BESS
with high SoC and large capacity will provide more power
when PV power is in a shortage, and a BESS with low SoC and
small capacity will provide less power. Therefore, following
objectives and constraints should be satisfied during the power
sharing mode

lim [SoCi(1) = SoC;(n)| = 0, i, j=1,--- .,
Py Pl
tliglo Ti_ Cj =0,i,j=1,-,n,
PI™ < Pi(0) < PP, )
SoCM" < SoCi(t) < SoC™™,
C = [_Clvl’... ﬂ’ ,_C”V”]’iz 1,---.n,
m ni Mn

where Plf”i” and P/"** are the minimal and maximal power out-
puts of BESS, meanwhile § OC;"i” and S oC'"** are the minimal
and maximal SoC values of BESS. C; is the iy, entry of the vec-
tor C, which is defined as ¢;v;/n;. According to the definition
of parameter C, if proportions of all BESS become converged,
BESS with larger capacity c¢; will provide more power mean-
while BESS with small capacity provide less power.

The flowchart of operation and process to solve the voltage
regulation and power sharing is shown in Fig.5. Each BESS
measures the nodal voltage magnitude and its power output.
Then BESS chooses different working modes according to the
nodal voltage magnitudes. If voltage is varying in the nor-
mal range, i.e., Vyyin < Vi(f) < Viax, BESS adjusts its power
to achieve proportional power sharing and SoC sharing, using
controller (5). If voltage is not in the normal range (V;(¢) < Vyuin
or Viyax < Vi(1)), BESS adjusts its power outputs according to
controller (4).

3. Distributed Event-triggered Control Methods for Het-
erogeneous BESS

3.1. Distributed Controller Design over Time-invariant Bal-
anced Graph

As illustrated in Fig.2, the communication network of n
BESS can be regarded as an unbalanced graph G(N, E), where
BESS is regarded as a node in communication network, and
each edge is the communication link between two BESSs. De-
note A = [a;jl.xn as the adjacent matrix of a graph where
a;jj = aj; = 1if and only if there is a communication link be-
tween node i and node j. Otherwise a;; = aj; = 0. While the
Laplacian matrix L = [Ljjluxx is defined as L = D — A, where
diagonal matrix D is the out-degree matrix of graph G{(N, E).
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Figure 5: Flowchart of voltage regulation and power sharing process.

In order to share power among BESS according to their ca-
pacities and SoC, control method is designed as

Ui0) = 1 ) LiySoC;(0)+ Coa Y C7' LiyP5(0),
Jjen; Jjen; (6)

Term 1

Term 2

where ) and 3, are the feedback control gains to be designed.
C™' =diag[C7',--- ,C;!], and Cy is the minimal entry of vec-
tor C. n; is the set of neighbors of BESS i. L = [Ljjlx, is
the Laplacian matrix of a balanced graph G;. In (6), Term 1
is designed to ensure SoC synchronized, and Term 2 is used to
guarantee proportional power sharing. Feedback control gains
Bi1, B are designed to guarantee the stability of control laws
(6).

In controller (6), information of SoC;(¢) and P;(¢) are trans-
mitted over the communication network. In order to reduce
communication burden, event-triggered information delivery s-
trategy and controller are designed by (7) and (9),

Ji (§oCi(0), Pi(1))

= ((S oCi(t) - § 0Ci(t};))2 + (P - P i(tfc))z) (7

- m (S OCi([]i)z + P,'(l‘;;)z) S

where positive parameter § needs to be designed to maintain
system stability. Meanwhile, the event-triggered time instant is
defined as

thyy = inf {t> 1 | fi(t) > 0}. (8)

In equation #,, = inf {t > it fi(r) > 0}, 7t is the k™ triggered
time instant of BESS i, and tf{ 4 isthe k + 1"" possible triggered
time instant of BESS i. Coherently, for the i BESS, the dis-
tributed controller with event-triggered information transmis-

sion strategy (7) can be designed as

Uity = B1 Y LijSoCi(t]) + Cofa )" C7'LisPy(x)), o
Jjen; Jjeni

Term 1

Term 2

wherei=1,--- ,n.

Next is to find reasonable feedback control gain 8, 8, and
parameter 0 to ensure that controller (9) is stable.

Theorem 1: For a connected and balanced graph, the pro-
posed objectives (5) can be fulfilled if feedback control gain
K = [B1,02] and parameter ¢ of controller (9) satisfy the fol-
lowing condition

K =aB"P,
2 4 (10)
B+

where positive matrix P > 0 is a solution of following equality

PA+A"P-aPBB'P+bQ <0 (1D

where 0 < a < %,bz

- 2., A = [0,a12;0,0], app=1e-3,
=[0,11",and Qis a positive constant matrix. A, J, are the
smallest nonzero eigenvalues of matrix L and W = CoLC™'L
separatively, 4, is the largest eigenvalue of matrix L.

Remark 1: Theorem 1 provides a guideline to choose the
control gain K = [f,5,] and 6 which guarantee the controller
(9) stable. In theorem 1, system matrix A is designed according
to the model of SoC and power outputs of BESS. The matrix Q
is a given positive matrix related to the control performance, de-
scribed by expression (17). While the weighted control matrix
W = CoLC~'L is used to achieve the proportional power shar-
ing of BESS. For a system with given parameters, Laplacian
matrix L and weighted matrix W are all known. So feedback
control gain K can be obtained by choosing proper Q, a and
b and solving inequality (11). With the chosen ¢ and obtained
control gain K, controller (9) is designed. During power shar-
ing model, the proposed event-triggered control method (9),
containing SoC synchronization term and proportional conver-
gence term, can also ensure the mentioned objectives. Besides,
communication times among BESS can be reduced owing to the
event-triggered information transmission strategy. From (7), it
can be seen that the event-function is only decided by its states,
which simplifies the design of event-triggered strategy.

Proof: Combine (3) and (6), the state model of BESS with
controller (9) is obtained as

X(t) = (I, ® A — CoC™'L® (BK)) (X(1) + e(1)).. (12)
where ¢;(1) = X;(1) - X;(t), and e(r) = [ey(t)), - ,em DL,

is a state error vector, and state variable X;(r) is
[SoCi(), Pi(t)/C;]T. Choose Lyapunov function candidate as

V) = —XT(t)(L ® P)X(2). 13)

And the time derivative of V() along the trajectory of system



(13) is

V(o) = XT(t)(L ®A-Wo B)X(t)
+ XT(t)(L QA-We ,uB)e(t)
=& (V' Lve A—v' Wy e B) &)
+& (0 (V' Lve A-v Wy ® B)&(r)
<& (1eA-T®B)&) (14)
+&' () (A0 A~ J® B)e(r)

= > w(uA-
i=1

.\ Z €1y (LA - J;B) 2,0,
i=1

JiB) &)

where A = A24PA B — pBRTP, W = CoLC™'L, and v is the
orthogonal matrix associated with matrix W, and &(f) = (V! ®
DL)X(1), &) = (vT ® L)e(t). Using inequality (11), it derives

V() <= ) B 0061 + )| el (00D

i=1 i=1

< 15
-8B E 0w + 2 Z gwooaw
i=1

<ol (-l + Aﬁnfi(t)n lleol).

Noting equality [[E(0)|* = [le®I, EDIF = IX@I*, and in-
equality xT -y < |Ixll - Iyl for any vector x, y € R", it derives

V(@) QI (-BIXOIP + ZUXOIl - lle@)l]) — (16)

Using inequality [le(®)| < (lfr) lle( + X or |le®| <

ar l)2 5||X(t)|| following inequality is obtained

2

y 2 n
V(@) S”Q”(_/lz + ax0=0

)||X(r)||2. (17)

Thus the range of parameter ¢ for a stabilized controller (6) can
be obtained as

2
0<d<—2—. (18)
2 T A

The proof is completed.
Theorem 2: The proposed strategy (9) excludes Zeno behav-
ior.

Proof: The time derivative of |e;()|| over the interval [t;;, o, 1)

I

dllell _ e’ ei() <
dt lle: (Il

de; (I)H %0

M
—AXi(D) + B )| WiX;(1})
j=1

19)

—AXH() = Xi(0) + AXi(t}) + B Y WyKX (1)
=1

< A - Xio)| + [lAXie) + B Y WiKX ;).

J=1

Choose the maximal value of ”AX,(tj{) +B Z’;:l
6, it derives

WUKX](I;{)“ as

dlle (t)II
Al (X (2 Xi())|| + 6
< IIAIl||(Xi(5) = X:o)| )
= [|All le; (DIl + 6.
Thus, it derives
lle(Dll < — (MI0=11) — 1), @1
(1Al ( )
Then, it follows that
i O (A, )
°<||ef(’k+l)'|ﬁm<e ) —1). (22)
Finally, the inequality #,, — 7, > HfllH ln(% + 1) > 0is

deduced. Therefore, the time interval between two consecutive
event-triggered instants is strictly larger than zero. The proof is
completed.

3.2. Distributed Controller Design over Time-varying Graphs

Successful information delivery between two nodes can be
hold back, due to congestion in communication networks or
break-down of links therein. When these phenomena occur,
the communication graphs among nodes are time-varying. This
section extends the proposed strategy (9) into an application
with time-varying communication networks. For example, as
shown in Fig. 6, communication link between node 2 and node
3 breaks down at t = ¢;. Att = t,, communication link between
node 1 and node 2 breaks down. At ¢t = t3, communication
link between node 1 and node 4 as well as link between node 4
and node 3 break down. The communication graphs are chang-
ing from G; — G, — Gj3 and the information is not delivered
successfully at those time instants #;, t, 3 (f; < t» < 13). As-
sume that the time-varying communication networks are a set
of jointly connected time-varying graphs, which guarantees that
the information of one node can be shared by other nodes even-
tually. Following theorem 3 is provided.

Theorem 3: For a set of time-varying communication net-
works, which are jointly connected balanced graphs, the pro-
posed objectives (5) can also be achieved if feedback control
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gain k = [fB},52] and parameter ¢ of controller (9) satisfy the
following condition,

K= aBTP,
()2 (23)
< T N0 4 0
()2 + ,(1)?

where positive matrix P > 0 is a solution of following equality,

PA+ATP - aPBB'P+bQ <0 (24)

where 0 < a < 2112(?)), b > 21,(t). A,(t) and J,(¢) are the smallest
nonzero eigenvalnues of a set of time-varying matrixes L(f) and
W(t) separatively, and 4,() is the largest eigenvalue of a set of
time-varying matrixes L(?).

Proof: The proof is omitted since it is similar with proofs of
theorem 1 and 2.

Remark 2: For a set of balanced time-varying communi-
cation networks, feedback control gain (23) of controller (9)
guarantees convergence and synchronization of BESS with-
out Zeno behavior. The proof is similar with that of theo-
rem 1. Since, for a given positive matrix Q, if the eigenval-
ues are set as Ay(f) = min{Ay(t,1),- -+, A2(t,), -} and A,(¢) =
max{A,(t,1), -+, A (t,)), -}, where t,;, vi=0,--- ,¢,---,1s the
set of time-instants when the communication network changes,
the proposed controller (23) is also stable. With the predefined
eigenvalues A,(7) and 4,(¢), the stability and convergence can
also be ensured. Meanwhile, the symmetry property of ma-
trix W(t), derived from the balanced communication networks,
guarantees the power invariant performance of BESS, which
further maintains the entire BESS power invariant during the
control process. For a properly designed feedback control gain
kx and 6, power sharing and SoC synchronization objectives
can be achieved, even if the link between two nodes is broken
down caused by data congestion or the temporary malfunction
of links. It is worth noting that the events of network changing
is prior to the events of event-triggered information transmis-
sion, since communication network is enforced to change due
to the unexpected events, like links malfunction or data con-
gestion. If the communication network changes, the states of
BESS are immediately transmitted over the networks.

Corollary: Assume that the original connected graph G is
divided into m subgraphs Gk, (k = 1,---, m), which are all
strongly connected and balanced, caused by link failures. Using

the proposed controller (23), proportional power sharing and

SoC balancing of BESS will be achieved locally, i.e., —P D

s, = C"k(]j)9 S()Cl,k(t) = s = SOC[,k(t)’ (l = 19' YA k =
1,---,m), when t goes to co. n; is the number of BESS in each

subgraph.

Remark 3: The corollary represents an extreme condition
that the original communication network is divided into several
subgraphs permanently. Under the circumstance, power propor-
tions and SoC values of BESS in each subgraph still converge
to the same value, respectively. However, the global conver-
gence fails to converge because no information sharing among
different subgraphs. For a set of balanced time-varying com-
munication networks, only if the graphs are jointly connected,
global convergence can be eventually fulfilled since informa-
tion sharing between two consecutive graphs always occurs.

Discussion: In order design control gain K = [3},5,] and the
event-triggered parameter J, theorem 1 is proposed. Theorem
1 is used to find stable control gain K and ¢ so that controller
(9) is able to achieve the balance of the SoC and proportions of
BESS, namely control objective (5). Theorem 2 is to explain
that the proposed event-triggered control strategy (9) excludes
the Zeno behavior, namely, the time interval between any two
consecutive triggered instants is larger than zero. In other word-
s, the control strategy (9) needs finite triggered events to con-
vergence. Theorem 3 is an extension of theorem 1. For any
balanced graphs, theorem 1 provides the guideline to choose
control gain K and 6. While theorem 3 provides the guideline
to choose the conservative control gain K and § in order to guar-
antee the convergence of SoC and proportions of BESS even if
the communication network is time-varying or switching. From
the proof of theorem 1, one can know that the eigenvalues of
Laplacian matrix L(f) and W = CoL(t)C~'L(¢) have significan-
t impact on the convergence of the controller (9). Thus, for
the condition that the communication network is time-varying,
one can choose a conservative control gain K and ¢ to maintain
convergence and stability. The performance of the proposed
controller (9) is validated by numerical analysis in section 3.3.
For theorem 3, section 4.3 and 4.4 show the effectiveness of
the proposed controller even if the communication network is
time-varying.

This approach is proposed to achieve voltage regulation and
power sharing in LVDN with high-penetrated PV and distribut-
ed BESS. In order to further enhance the performance of nodal
voltages, the design of optimal voltage regulator, which can
accommodate power flow constraints and voltage uncertainty,
is an interesting topic. Besides, the design of power sharing
controller (9) with event-triggered communication strategy is
based on the linearized, time-invariant model and certain model
of BESS. For these situations with time-varying, uncertain and
nonlinear model of BESS, further investigation of the proposed
controller (9) is required. Moreover, the performance of the
proposed controller needs to be further studied when commu-
nication links are threatened by cyber attacks. These concerns
will be the future research motivations.
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Figure 7: The states of BESS with a = 0.1, b = 120, Q = [98¢3,1/120] and x = [-98.9949, 0.4459]. (a) power outputs of BESS; (b)proportions and SoC values
of BESS. (c) the triggered events of various BESS with o = 0.1; (d) power outputs of BESS; (e) proportions and SoC values of BESS. (f) the triggered events of

various BESS with o~ = 0.1.

3.3. Numerical Analysis

This section investigates the convergence of the proposed
power and energy sharing control methods presented in (10)
and (23). Assume that there are four BESSs with different pa-
rameters installed in a low-voltage DN. Initial values of SoC
are 68%, 65%, 63% and 61%, respectively. Capacities of BESS
are 158(Ah), 225(Ah), 186(Ah), 252(Ah) and output voltages
of BESS are 220, 216, 218, 215(V). Efficiencies of BESS
are 0.88, 0.91, 0.97 and 0.94. Initial values of BESS power
are 7.5, 9.0, 10.5 and 3.0 (kW). The results obtained from the
time-varying communication networks (illustrated by Fig.6) are
shown in Fig.7.

From Fig.7(a) and (b), it can be seen that BESS provide
power according to capacities C;, since after using the con-
trol method, proportions of BESS power gradually converge.
Moreover, SoC values of BESS also converge to the same val-
ue. During the control, the sum power of BESS remains un-
changed, which can be seen in Fig. 7(a). From Fig. 7(a) and
parameters of different BESS, it can be seen that BESS 1 with
the smallest capacity and high SoC value at the initial time
provides the smallest power after convergence. While BESS
4 with the largest capacity and low SoC value at the initial time
provides the largest power when SoC and proportions are con-
verged. Therefore, according to controller (9), during the power
sharing mode, BESS adjusts its power not only depends on SoC
value but also its capacity. In this way, in a low-voltage DN, the
voltage regulation burden will be shared more by BESS with
large capacity.

Besides, it can be observed that even if the communication
network among BESS is time-varying, the convergence of pro-

portions and SoC can be achieved. Fig. 7(c) shows the trig-
gered events of various BESS in which zero shows un-triggered
events and positive values show the triggered events. These un-
triggered events show that information transmission does not
occur, that is, at those instants BESS does not send it states
to neighbors. BESS sends its states at these triggered instants.
During a control process, the more un-triggered events mean-
s the less communications among BESS. However, it should
be noted that the event-triggered function f; (S oC(t), P;(t)) also
depends on control period/time duration ¢. As the control goes
on, the last term of event-triggered function f; (S oC;(t), Pi(t))
decreases, which may lead to more communications among
BESS. Moreover, the variation of BESS states is also affected
by voltage fluctuation. If states of BESS satisfy the triggered
function, BESS will send its states to neighbors. Therefore,
communication times among BESS also depend on the sever-
ity of voltage fluctuation. In practice, one can set a threshold
or iteration stop criterion for states variables, namely, when the
deviation of state variables is within the threshold, the control
process stops and the event-triggered function is reset. When
the control process stops, no communication will occur.

It can be concluded that communications among BESS are
reduced since only the triggered information is delivered. Tab.1
shows the impacts of parameter § on average communication
times (C.T.), from which it can be observed that without event-
triggered information delivery strategy (7) and (8), the num-
ber of communication attempts is equal to the sampling times
(600). Meanwhile communication times reduce by a large mar-
gin when the strategies (7) and (8) are adopted. And, with the
increasing of 9, the average communication times of each a-



gent decrease. Even when ¢ = 0.02, more than sixty percent of
communication times reduced. However, a proper parameter §
should be chosen carefully in order to balance the reduction of
communication times and system performance.

Table 1: Impacts of § to Communication Times

Parameter 6=0.1 6=0.08 6=0.05 6=0.02
C.T. 211 223 245 273

Fig.7 (d), (e) and (f) are the results which are used to show
that BESS can smoothen the power fluctuation in a LVDN.
Fig.7 (d) shows that BESS can provide/absorb power to/from
LVDN even if the system mismatch power fluctuates drastical-
ly. It can be seen that the BESS power outputs can track the sys-
tem power mismatch by using the proposed controller. Fig.7 (e)
shows the results that SoC and proportions of BESS are gradu-
ally synchronized even if system power is changing. While the
triggered events are showing in Fig.7 (e), where it can be ob-
served that communication is reduced since there is a good deal
of un-triggered events during the control process. Results from
Fig.7 illustrated that the proposed power sharing controller (9)
is capable to achieve SoC and proportion synchronization with
reduced communication even if the system mismatch power and
communication networks are all fluctuating.

4. Case Studies

This section validates the effectiveness of the proposed con-
trol and voltage regulation strategy of BESS. In simulations, a
realistic low-voltage distribution network of southwest China,
shown in Fig. 1, is built in MATLAB, where 9 PV stations and
9 BESSs with different parameters are installed in the distribu-
tion network. The resistance and reactance of the distribution
lines are 0.35Q/km and 0.06Q2/km, respectively. The length of
distribution line cables are also illustrated in Fig. 1.
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Figure 8: The fluctuation of system power and voltages. (a) the PV power and
load demand; (b) nodal voltage amplitudes.

Moreover, the parameters of BESS and PV stations are listed
in Tab. 2 and Tab. 3. The PV active power output and load
demand of the distribution network are shown in Fig. 8. From
Fig.8, it can be seen that PV power varies from zero to 120
kW, meanwhile load demand is changing from 30 to 80 kW.
During about 10:00 am to 6:00 pm, the total PV power output is

larger than load demand, which in turn leads to the voltage-rise
problem. When load demand is higher than PV power output,
nodal voltages of some nodes are below the lower limit, shown

in Fig8.
Table 2: Parameters of BESS

Sources P"*  PM(kW) C; States

BESS; 100 -100 100 (kWh)  SoC=60%
BESS, 150 -150 150 (kWh) SoC=58%
BESS; 200 -200 200 (kWh)  SoC=62%
BESS; 250 -250 250 (kWh)  SoC=66%
BESS;s 180 -180 180 (kWh) SoC=56%
BESSq 120 -120 120 (kWh)  SoC=54%
BESS, 110 -110 110 (kWh)  SoC=52%
BESS; 160 -160 160 (kWh) SoC=68%
BESSy, 220 -220 220 (kWh)  SoC=70%

Table 3: Parameters of PV Stations

Sources rpv, PV, PV; PV, PVs
PrrERW) 12 24 9 15 18
P (kW) 0 0 0 0 0

Sources PVs PV, PVg PVy
P (kW) 12 15 18 24
P (kW) 0 0 0 0

4.1. Performance with BESS: without energy and power shar-
ing method

In this section, nine BESSs with different parameters are
connected to the low-voltage DN. Each BESS adjusts the out-
put power according to the controller (4) with U;(t) = 0, i =
I, ---, 9. The PV power outputs and load demand are shown
in Fig.8(a). The power outputs, SoC and system voltages are
shown in Fig. 9, from which it can be seen that BESS pow-
er outputs are changing from -16 kW to 30 kW, meanwhile the
SoC values are varying from 20% to 80%. This is because some
of BESSs inject power to LVDN in order to drive nodal voltages
above the lower limit, while other BESSs absorb power from
gird to drive nodal voltages below the upper limit, which leads
to the divergence of SoC values. From about 5:00 am to 10:00
am, SoC values of BESS; 39 reach to the low limit. BESS759
fail to inject power into LVDN to drive voltages back to the
normal range. Thus, voltages of these nodes are below the low-
er voltage limit (0.95 p.u.). Power outputs and SoC values of
BESS , maintain unchanged, since voltages at these nodes are
always within the normal range.

4.2. Performance with BESS: Energy and power sharing
method

In this section, BESS with energy and power sharing method

is adopted to regulate system voltage, while PV power outputs
and load demand are shown in Fig.8(a). The simulation results
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Figure 9: The fluctuation of BESS power and nodal voltages. (a) the PV power and load demand; (b) the SoC of BESS. (c) nodal voltage amplitudes with

a) = ap =40 (W/V).

are shown in Fig. 10 and Fig. 11. From Fig. 10, it can be seen
that BESS power outputs are changing from -10 kW to 10 kW,
proportions of BESS are changing from -0.04 to 0.035, and SoC
values of BESS are varying from 25% to 75%. From Fig. 11(a),
it can be seen that nodal voltages fluctuate in the normal range
at most of time, except the time instants with the rapid PV pow-
er fluctuations. All BESSs participate in the voltage regulation
cooperatively. Thanks to the designed control method (9), SoC
values and proportions of BESS are converged even with the
condition that BESS participates in the process of voltage reg-
ulation.

In addition, with the proposed event-triggered information
delivery strategy, the states of BESS are transmitted over the
communication network only when the trigger function satis-
fies. The triggered events are shown in Fig. 11(b), from which
it is observed that communication times decrease.
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Figure 11: (a) the fluctuation of system voltages; (b) the triggered events of
BESS.

4.3. Performance with BESS and Time-varying Communica-
tion Networks

This section investigates the impact of time-varying com-
munication networks on system performance. As shown in
Fig. 12, the communication networks among distributed BESS
are changing from G, to G,, from G, to G3 and from G3 to
G periodically. The simulation results with the proposed con-
trol method are shown in Fig. 13. In Fig. 13(c), it can be seen
that nodal voltages are varying in the normal range at most of
time even though the communication links between BESSs are
disconnected. Therefore, the proposed method is capable to
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Figure 12: The time-varying communication networks.

adapt the time-varying networks with guaranteed performance
as long as the feedback control gain is designed in term of
(23). It can be observed in Fig. 13(a) and (b) that the pow-
er outputs, SoC values and proportions of BESS are gradual-
ly converging with the results obtained from the time-varying
communication networks. However, it should be noted that the
time-varying communication network should be continuously
connected, which ensures that the local information could be
shared globally.

BESS 1 }‘""@"-Jﬂ BESS 3
Operator
(| BEss s [t BESS 8 [irnee
G

13

.....[l BESS5
Gy

aH BESS 5
i

J BESS 1 }4"'" BESS 2 <-~~’B BESS 3
=
Operator 1

o

Figure 14: The original communication network is divided into several sub-
graphs.

4.4. Impacts of Communication Link Failures

As shown in Fig.14, the original communication network G
is divided into tree subgraphs G, Gi2 and G153 from ¢ = O :
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00 to ¢t = 6 : 00, and then divided into two subgraphs G
and Gy, from¢ = 6 : 00 tor = 14 : 00. After 14 : 00,
the communication network becomes to G;. The simulation
results are shown in Fig.15, from which it can be seen from
t=0:00tot = 6 : 00, the proportions and SoC values of
BESS in each subgraphs converge to the same value, however
the average values of each subgraphs are different. From ¢ = 6 :
00 to ¢ = 14 : 00, the proportions and SoC values of BESS; 539
and BESS, 5675 converge, respectively. After ¢ 14 : 00,
proportions and SoC values of all BESS converge gradually,
shown in Fig.15(a) and (b). However, the system voltages still
vary in the normal range because BESS regulates voltage by
using the local droop control.

4.5. Impacts of BESS Constraints

This section investigates the impacts of constraints of BESS
on the voltage performance. Fig.16 (a) and (b) are the obtained
results when the range of SoC is set as [35%, 70%]. It can be
seen from Fig.16 (a) that during about 8 : 00 to 12 : 00 and
23 : 00 to 24 : 00 SoC of BESS reaches to the low bound (35%)
due to the discharging, and during about 16 : 00 to 21 : 00,
SoC of BESS reaches to the high bound (70%). When SoC
reaches the low bound, BESS will not provide power to LVDN
so that nodal voltages can not be driven into the normal range.
On the contrary, BESS ceases to charge when SoC reaches its
high bound which in turn leads nodal voltages to remain above

11

the upper voltage limit. The impacts on voltage regulation are
shown in Fig.16 (b).

Fig.16 (c) and (d) are the results when considering BESS
power constraints. This case study investigates the voltage reg-
ulation performance when BESS power is constrained into a
small range. It can be seen from Fig.16 (c) that BESS power
outputs are all constrained into the range of [-5, 5] (kW). Un-
der this case study, fluctuation of nodal voltages is shown in
Fig.16 (d). When nodal voltage is high than the upper voltage
limit, BESS can not absorb surplus power from LVDN because
of the power constraints. On the other hand, BESS also can to
provide enough power to LVDN when nodal voltage is below
the bottom voltage limit. This is verified by results in Fig.16 (d).
Constraints of BESS SoC and power are important to achieve n-
odal voltage regulation in LVDN. Under the extreme situations
when BESS can not provide/absorb active power to/from LVD-
N because of constraints, curtailing PV active power outputs is
one possible way to achieve voltage regulation in LVDN.

5. Conclusion

In order to drive the system voltages of LVDN with high pen-
etrated PV systems into the normal range, this paper proposed
a distributed voltage regulation method with distributed hetero-
geneous BESS. It has been shown that system voltages are re-
stored by proper power sharing among heterogeneous BESS.
Besides, communication burdens are relieved largely by using
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values of BESS with constraints; (b) fluctuation of nodal voltages with SoC
constraints; (c) power outputs of BESS with constraints; (d) fluctuation of nodal
voltages with power constraints.
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the dynamic event-triggered communication strategy. Even if
the communication network among BESS changes, the pro-
posed method also ensures a satisfied performance. Four sim-
ulation case studies based on LVDN of a real village from the
south-west China are provided to validate the effectiveness of
the proposed method. Studies show that for a LVDN with high-
penetrated PV systems, nodal voltages could violate the up-
per/lower limits. With the adjustment of BESS power, which
may be with different parameters, nodal voltages can be driv-
en into the normal range in a short time. Future works may
include investigating the effects of communication delays and
cyber attacks on the communication networks.
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