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ABSTRACT 1In order to avoid overuse of a certain battery energy storage system (BESS) and prolong the
cycle life of battery in AC microgrid, an improved SoC-based droop control based on multi-agent system
(MAS) is proposed for achieving State of Charge (SoC) balance of multiple BESS units. A proportional-
integral (PI) adjustment item using the average SoC is added to the P-f droop to regulate the charging and
discharging power of BESS, then SoC changes towards in the direction of consistency and finally reaches
equalization. The dynamic average consensus algorithm is utilized to obtain the average SoC. The proposed
SoC-based droop method needs not to be changed in different operating mode of BESS and can achieve
SoC balance regardless of whether the capacities of different batteries are the same, which improve the
applicability of this method. A complete small-signal state space model including all BESS units is built and
analyzed to select the appropriate control parameters of the improved droop. The impact of communication
time delay on the improved droop method for balancing SoC is investigated and the effectiveness of the

proposed strategy is verified through the simulation results of different case studies.

INDEX TERMS BESS, SoC-based droop control, SoC balance, small-signal state space model.

I. INTRODUCTION

Aiming at reducing greenhouse gas emissions for facing
the challenges of serious environmental pollution, various
measures including using renewable energy sources (RESs)
such as wind turbine (WT) and photovoltaic (PV) for power
generation are adopted. Although wind and solar energy are
inexhaustible to provide clean energy, they change with the
variation of weather, resulting in the output power of RESs to
be random, intermittent, and fluctuating [1]. Problems such as
deterioration of power quality and system stability arise when
large scales of RESs are connected to power grid. Therefore,
U.S. Department of Energy proposed to construct Microgrid
for integrating RESs, energy storage system (ESS) and loads
instead of connecting the RESs to the power grid directly,
which can mitigate the intermittent impacts of RESs on power
grid since the ESS can restraint the uncertainty volatility of
RESs. Furthermore, the output power of RESs in microgrid
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is directly supplied to the local load basically instead of first
uploading to the power grid and then providing energy for
load, which can promote the in-situ consumption of RESs
output power.

The maximum power point tracking (MPPT) algorithm [2]
is usually used by RESs, but it does not emphasize the real-
time matching of RESs generation and load consumption.
Both the RESs output fluctuation and load variation can cause
a supply-demand imbalance in a microgrid [3]. To overcome
this problem, the RESs output is reduced when renewable
energy generation exceeds load demand [4], and operating
load shedding when load demand exceeds the maximum
RESs output [5]. However, these approaches will lower the
energy usage efficiency and may cause the dissatisfaction of
power users. ESS can restraint RESs output fluctuation and
load variation. An AC microgrid composed of RESs, ESSs,
loads and communication network is shown in Fig.1, in which
battery energy storage system (BESS) consisting of battery
and the control system is usually used as the backup device
to maintain the power balance of supply-demand sides.
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FIGURE 1. Schematic diagram of an AC microgrid including
communication network.

BESS can absorb the excess power of RESs or discharge to
compensate the power shortage of microgrid, which provide
the microgrid with several extra values such as renewable
smoothing, higher grid efficiency and improved power qual-
ity [6], [7]. Since the price of battery is still very expensive
at present, the effective application of BESS is particularly
important. A crucial factor to check whether the battery is in
a healthy state is State of Charge (SoC), and the SoC should
be maintained in a safe range for avoiding fast degradation to
the battery. In [8], an autonomous active power control based
on SoC and bus frequency to coordinate RES, ESS and load is
presented, and the SoC of ESS can be kept in a safe limit. But
the strategy does not consider the coordinated control among
different ESS units. Generally, there are multiple BESS units
involved in the power balancing process in microgrid. Some
of them may be overcharged or over discharged if there is
no control on SoC balance of BESS [9], [10]. Thus the SoC
among different BESS units should be balanced to prevent
overuse and uneven degradation in some of the units and
prolong their service life, and this paper mainly focuses on
achieving SoC balance among different BESS units.

Aiming at balancing SoC of BESS in microgrid, several
major approaches are presented and mainly divided into
three categories. One is centralized control [11]-[13], which
requires a centralized controller to coordinate all BESS units
for charging or discharging. In [11], SoC equalization can be
achieved by adding a weighted factor into droop coefficient
and the strategy is based on centralized control architecture in
islanded AC microgrids. However, it is susceptible to single-
point failures. Another is decentralized control [14]-[16].
In [14] and [15], a double-quadrant SoC-based control
method to change droop coefficients are presented. The droop
coefficient is proportional to the nth order of SoC in charging
mode and inversely proportional to the nth order of SoC
in discharging mode. However, the control method should
be changed in different operating mode of BESS, which is
inconvenient in practical application [16]. In [16], a rising
coefficient about SoC used as an adjusting variable is added to
the droop control, and then SoC changes towards consistency.
The third is distributed control [17]-[20]. Multi-agent system
(MAS) based on the sparse communication network provides
a flexible cooperation among different BESS units with-
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out using a centralized controller [19], which improves the
reliability of microgrids compared with centralized control.
In [20], a frequency scheduling instead of adaptive droop gain
to regulate the output of ESS is presented, in which the aver-
age SoC calculated by distributed agents is used to generate
a frequency adjusting variable. Similar to [16], the variable
that regulates the power output in droop control is essentially
aproportional adjustment item, and it may take a long time for
proportional regulator to achieve the approximate consistency
of SoC.

Since distributed control allows coordination among mul-
tiple BESS units without data centralization which improves
system’s robustness compared with centralized control, and
has more flexibility compared with fully decentralized con-
trol [21]-[23], this paper uses distributed method to bal-
ance SoC based on a sparse communication network. For an
autonomous AC microgrid without central control system as
shown in Fig. 1, droop control is used for BESS to provide
frequency and voltage support. It is desired that a unified
improved droop control strategy is adopted to control the
BESS unit with higher SoC to deliver more power than others
in discharging process, and to absorb less power in charg-
ing process. Meanwhile, considering that changing droop
coefficient usually leads to stability issues, this paper uses
frequency scheduling to modify droop control for regulating
power output. If a frequency adjusting variable about SoC
is added to the droop control, different BESS units can rea-
sonably distribute their power outputs to make SoC changes
in the direction of consistency. Based on the above ideas,
the paper uses average SoC value to obtain the frequency
adjusting variable. By extending [20], a proportional-integral
(PI) adjustment item is used to modify droop control, in which
the main function of the integral item is to accelerate SoC
balance. Thus the improved SoC-based droop control can
achieve SoC equalization rapidly and there is no need to
change the control method in different operating mode of
BESS.

To obtain the average SoC value, the dynamic average
consensus algorithm [24]-[26] based on MAS is adopted.
Each BESS unit is assigned with an agent to collect the local
information and exchange them with neighboring agents to
obtain the global information through a sparse communica-
tion network. Then the agent calculates average SoC value
through dynamic average consensus algorithm, and generates
a frequency adjusting variable to regulate the output power of
local BESS. Small signal analysis is implemented to design
the relevant control parameters and ensure stability of the
improved SoC-based droop control. The effectiveness and
advanced features of the proposed method is verified through
different case studies.

The rest of this paper is organized as follows. The improved
SoC-based droop control utilizing average SoC value is
proposed in Section II. The control parameters of the pro-
posed method are designed through small signal analysis in
Section III. In Section IV, simulation results of different case
studies are analyzed. Finally, Section V concludes this paper.
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Il. SoC BALANCE CONTROL USING DYNAMIC AVERAGE
CONSENSUS

A. SoC BALANCE CONTROL

As mentioned above, RESs usually operate in MPPT mode to
feed the load consumption, and the mismatch between RESs
output and load demand is balanced by BESS using droop
control. For the jth BESS unit shown in Fig. 1, the conven-
tional P-f droop is given by

fi=fa—mPg ; (D

where f;, m; and Pp_; are the output frequency, droop coeffi-
cient of P-f and charging or discharging power of jth BESS
unit, respectively. f;, is the nominal frequency.

The battery of a BESS unit is usually connected to the AC
common bus via a bidirectional DC/AC converter. The output
current and voltage of battery are practically the input current
and voltage of its converter, then the output power of battery
equals to that of converter if the power loss in the converter
is omitted, i.e.,

Pi =Pb_j = Vb_jipj ()

where p;, pp_j, Vip_j and i_; are the output power of converter,
the output power, voltage and current of battery for the jth
BESS unit, respectively.

The output power of converter, i.e., pj, is set to be negative
if BESS is charging or battery absorbs power, while p; is
set to be positive if BESS is discharging or battery releases
power. The SoC varies along with the charging or discharging
of BESS. Since the premise of achieving SoC balance is
estimating the SoC of battery, and the paper mainly focuses
on balancing SoC instead of the precise SoC estimation,
the common SoC estimation, which is based on the assume
that all the input voltages of converters are equal [19], is used
as follows

[ ip_jdt _ SoCo i — [ pjdt

Cej Ej
where SoCq_j and Ce; are the initial value of SoC and battery
capacity for the jth BESS unit, respectively. E; = Ce V).

After the output power of converter passed through a low-
pass filter, the fundamental component of p; is obtained to
improve power quality, thus the relationship between p; and
Pp_jin (1) is as follows

Pp j = wcpj/(s + wc) “

where o, is the cut-off frequency of the low-pass filter.
The change amount of SoC in a short period of time can be
obtained based on (3), that is

ASOC]' ~ —(ijl‘)/Ej (®)]

SoC;j = SoCy j — 3)

where At denotes a short period of time.

Combining (4) and (5), we can see that the change amounts
of SoC for all BESS units will be equal in a short period
of time as long as the ratio of output power to capacity of
each BESS unit is equal to that of other units, that is, if
Pp 1/[Ey = PpolEy = = Pp n/En, we will have
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ASoC1 = ASoCy; = ... = ASoCy for N BESS units.
Furthermore, the output frequencies of all BESS units oper-
ated in parallel are equal at steady state, and then m1Pp | =
maPp 2 = ... = myPp y is satisfied according to (1).
From the above analysis, we can deduce (6) if Pg |/E; =
Pp 2/Ey = ... = Pp N/Ey.

1 1 1
Pgi1:Ppor:...:PpN=—:1—: ... —
mp  mo my

=E|:Ey:....Ey 6)

Equation (6) shows that once the droop coefficients of P-
f for all BESS units are set to be inversely proportional to
their capacities, the ratio of output power to capacity of each
BESS unit is equal to that of other units, and then the change
amounts of SoC will be equal, i.e., ASoC; = ASoC, =
... = ASoCy, in a short period of time, or in other words,
all SoCs change at the same rate with the regulating of (1)
regardless of whether different battery capacities are equal
once the droop coefficients are set to be inversely proportional
to their capacities.

In order to achieve SoC balance when BESSs have dif-
ferent SoCs, the rates of change of different SoCs should be
unequal to make all SoCs change towards consistency. From
another perspective, the process of SoC balance is actually the
process that different SoCs approach and reach the average
SoC. Thus a proportional-integral (PI) adjustment item about
the average SoC value is used to modify (1), that is

f]" =fo— mj[PBJ' - mP(SOCj — 80Cqye)
_ksjkml [ (S()Cj — S0Cyye)dt]

L iflSOCj — 80Cqye| = dsoc
0, if|SoCj — SoCyye| < dsoc

where SoC,,. is the average SoC value. k,p and k,; are the
proportional and integral parameters of the PI item, respec-
tively. ky; is a judgment signal according to the difference
between SoC; and SoCye. dsoc is a very small threshold to
judge whether SoC reaches SoCye. It is deemed that SoC;
reaches SoC,,. if the absolute value of the difference between
SoCj and SoCy, is less than ds,c, then kg changes from 1 to
0 and the integral item in (7) is eliminated. Meanwhile, the
proportional item, i.e., kyp(S0Cj-S0Cyye), is almost zero due
to [SoCj-SoCuye| < dsoc, then the PI adjustment item can be
ignored. Hence, after SoC; reaches SoCyye, (7) is basically the
conventional P-f droop, which is (1).

In order to explain why SoC; can approach and reach
SoCg4ye under the regulation of (7), we assume that there
exists a virtual BESS unit operated in parallel with the jth
BESS unit, which is set to be the j'th BESS unit and its SoC
is SoCuye, i.e., S0C’j = SoC . The capacity of the j'th
battery is equal to that of the jth battery, and then the droop
coefficients of the two BESS units are equal, thus

f]‘_’ =f,— mj[P;BJ‘ — kmp(SOCj, — S0Cyye)

—k;jka / (Son/ — S0Cgye)dt]

where kg = { @)
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L ifISoC]
0, ifISoC

— S0Cuve| = dsoc

where k., =
v — 80Cquvel < dsoc

where f/ = f; since the two units operated in parallel.
Combining (7) and (8), we have

PB_j - P}g = mP(SOCj — S0Caye)

_Jj
kit / (SoCj — SoCave)dt  (9)

Assuming that SoC; > SoC’}, i.e., SoC; > SoC 4y, then
Pp_j will be larger than P}, .. There will be Pg_; > P} > 0
in discharging state. The absolute value of ASoC; is larger
than that of ASoC’; according to (4) and (5). Hence, SoC;
decreases faster than SoC’; and the value of [SoC;-SoC’j| also
decreases. Until [SoCj-SoC’j| < dsoc, i.€., |S0Cj-SoCyye| <
dsoc, SoCjis deemed to reach SoC’;. Meanwhile, ky; becomes
zero and the Plitem can be ignored, which resulting in Pp_; ~
P% .. After that, they decrease at the same rate.

If the two BESS units are in charging state, there will be
0 > Pp_j > Py ;based on the assume that SoCj >SoC’;. The
absolute value of ASoC; is less than that of ASoC”; according
to (4) and (5). Hence, SoC; increases more slowly than SoC’;
and the value of [SoCj-SoCy.| decreases. After |SoCj-SoCye|
is less than dg,c, SoCj and SoC’; will increase at the same
rate, which is like the discharging case. In other words, SoC;
will approach and reach SoC’; regardless of the two BESS
units are in charging or discharging state if SoC; >SoC’;.

Assuming that SoC; < Son, re., SoC; < SoCgye, P B_j
will be smaller than P’ - There willbe 0 < Pp_; < Py,
which will cause SoC; to decrease more slowly than SoC’; in
discharging process, or Pp j < PQ; . < 0, which will cause
SoC; to increase faster than SoC’; in charging process. Similar
to the case in SoC; > SoC’j, SoC; will also approach and
reach SoC’; in the case of SoC; < SoC’; regardless of the
two BESS units are in charging or discharging state. When
the different SoCs of all BESSs reach SoC,,., SoC balance
is achieved by using the proposed SoC-based droop control,
i.e. (7). After that, the PI item in (7) is almost zero and (7) is
basically (1). Then all SoCs change at the same rate.

B. DYNAMIC AVERAGE CONSENSUS ALGORITHM

In order to get the average SoC in a distributed way, a sparse
communication network based on MAS is used for the agent
of each BESS unit to communicate with its neighboring
agents to obtain their SoC information, and then calculate the
SoCyye through dynamic average consensus algorithm. The
dynamic average consensus algorithm executed by the agent
j is as follows

0Cave jk + 1) = SoCi(k) + & Y y(k + 1)
leN; (10)
le(k +D= y/l(k) + SOCave_l(k) - Socave_j(k)
where k denotes a iteration counter value. N; represents a

set of the neighboring agents that communicate with agent
J»in which agent [ belongs to Nj and [ # j. SoCye_j is used as
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FIGURE 2. Control structure of a BESS unit.

the average SoC, i.e., S0Cgye, in (7) for the jth BESS unit.
vji(k) is an additional variable for the neighbor agent [ of
agent j, which stores the cumulative disagreement of the two
agents, and yj; (0) = O.« is a scaling factor, which is set
according to the convergence speed and stability comprehen-
sively [20], [26]. As long as the value of « is set properly, all
average SoCs can converge to acommon value after a number
of iterations, i.e., S0Cype 1 = S0Cgpe 2 = ... = S0Cgape N

IIl. SYSTEM DESIGN METHOD

A. CONTROL PARAMETERS DESIGN OF SoC-BASED
DROOP

The control structure of a BESS unit is shown in Fig. 2.
The complete small signal model including all BESS units
is deduced to set the control parameters of the proposed SoC-
based droop properly. The jth battery is connected to common
bus via a converter, a LC filter and coupling inductor which
is used to remove the harmonic currents [27]. The inductance
current of LC filter, output voltage and current of the jth BESS
unit are converted to d-q axis voltages and currents, which
are ijggj, Uodgj and ioqgj, respectively. The output active and
reactive power, i.e., P; and Qj, are obtained by using u,qg;
and ipqgj, i.€.,

Pj = CUc("fodjiodj + uoqjioqj)/(s + wc)

Qj = wc(uodjioqj - uoqjiodj)/(s + wc)

The P; in (11) is actually the Pp_; in (7), which is used
in the improved droop control. Q; is used in Q-V droop
control, which is V; = V,,-n; 0}, to generate the d-axis voltage

(1)
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reference of voltage & current dual-loop control, i.e., u: 4 =
V;. The g-axis voltage reference of voltage & current dual-
loop control is zero, i.e., u}, . = 0.n; is the droop coefficient
in Q-V, and V,, is the nominal voltage. In addition, the f; in
(7) is passed through an integrator to generate the angular of
voltage reference, i.e., ;.

Different from using f; to regulate Pp ; directly for the jth
BESS unit in actual control structure, all the variables from
their converter reference of each BESS unit should be convert
to a common frame [28] to establish a complete small-signal
state space model since there is more than one BESS unit,
thus the angle difference between the jth converter reference
and the common d-q frame is as follows

ej = fzn(é — feom)dt (12)

where f.,; is the frequency of the common frame taken by
the converter of the first BESS unit usually, i.e., feom = f1.
To linearize 6;, f; in (7) should be linearized first. f; con-
tains SoC; and SoCyy,, in which SoC; can be regarded as
the integral of p; and SoCyy. can be expressed as (SoCy +
SoCy ... +8oCy)/N during the derivation. Thus f; is actually
an expression of p;. Furthermore, there is the integral of
pj perturbation in the linearization process of f}, thus we
introduce additional variables to express the integral of p;
perturbation for simplifying the linearization of f;.

Let ¢ = [ Apjdt, then % = Apj. Let § = [ ¢idt, then

% = ¢;. The perturbation of f}, i.e., Af;, can be expressed as
mjkyp &
A]S' = —mjAPBJ+ N ' E
I#]
_(N — 21’)’ljkmp . % n mjk]zka Z%
J 1%
_(N — Dmjkgjking i (13)
N E;

Linearizing (11), (12), ¢; and ¢;, the small-signal power
controller model can be obtained as (14), in which including
the outputs of the power controller, i.e., [Af}, Au* ]T.

odgj
AY, A A6
AP AP; AP,
AQ; | =Apj | AQ; [+ A | AQ
9 g 1% q
& & &
Alijggj
+ BP.U Auadq/ + chom[Afcom]
| Alodgj
1| AP; AP
[ =[] ag |+ [4]] 2e
o T g 17 &
& &
0 0 —n 0 0
Auyj = [0 0 0 0 0]’ (14
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where
- 0 o o oo0]”
—27my —o. 0 00
0 0 —w. 00
NE;
2w (N — Dmikgik
7( )mj sjkml 0 0 00
i NE; il
—0 00 2amikpp 27 mjkgikpy
NE; NE;
A — 000 0 0
FE=100 0 0 0 ’
000 0 0
L0 0O 0 0
0 0 0 o o7l"
0 0 0 0 0
Bpi — 0 wclodj a)CIO(/j IOdj 0
Pjj = 0 U)cloqj —wclodj qu/ 0
0 U)CUudj _wCUOqj Ugdj 0
| 0 @cUpgj wcUodj Uogj O
— 0 =T — 0 -T
0 0
Ag=| W= Dmknp | A= | mikne |
NE; NE
—(N — Dmjkgik miksiKmi
i NE; L NE;

Biom=[-22 0 0 0 o] .

The voltage control loop in voltage & current dual-loop
includes PI regulators to compare uyqq; With i) dqj’ and feed-
forward terms to compensate for output current disturbances
[26]. The outputs of voltage control loop are i} o which are
used as the reference inputs of current control loop in voltage
& current dual-loop. The current control loop also has PI
regulators to compare i}, . and #j44j, and finally generate the
PWM signal, i.e., ”quj’ which is shown in Fig. 2. The u;.kdqj
is basically the output voltages of the converter, i.e., u;."dqj =
Uiqgj. Thus we have

2 . — * J— . " o — * J— .
Qdj = Upgj — Uodjs  Pgj = Upgj — Uogj

l;kdj = kvP(u:dj — Uodj) + kv @dj — @nCrltog
+Giygj s
l;k(ﬂ = kvP(qu,' — Uogj) + kv g + 0 Crutog;
+Giogi
y . — i .4 . y . — 7k .. .
Ydj = Yigj — bdj>  Vgj = ligj — ligj
Ui = kip(iig; — liaj) + Kir vaj — @nLyiigj (16)
Ug; = kir(iiy; — ligj) + Kir Vgj + @nLyiiaj

where k,p and k,; are the proportional and integral coeffi-
cients of the PI regulators in voltage control loop. kjp and
ki; are the proportional and integral coefficients of the PI
regulators in current control loop. w, is the rated angular
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frequency, w, = 2mf,. G is feed-forward control gain. Ly
and Cy are the inductance and capacitance of LC filter. ¢ ;
and ¢; are the defined voltage difference state variables, and
vaj and y,; are the defined current difference state variables
in the voltage & current dual-loop.

Linearizing (15), (16) to be

. Aiigai
A@gj A@gi Au® . idgj
[Azd]} = [0] [Azdj} + Bui [Augdj] + Bua | Autoqagj
qa a oqj Aiodqj
ALE,. AQ; Au* . idgj
|:Alikd]:| =Gy [Azdj} + Dy [Auidj} + Dy Auodqj
iqj qa oqj Aiodqj
(17)
where
1 0 00-1 0 00O
Bu=1o 1]’ 3"2_[00 0 —100]’

c, — kyr 0}’ Du1:|:k6P 0]

L 0 kvl kVP
Doy — [0 0 —kp —w0,Cr G O
u2 _0 O Cl)an _kVP 0 G .
Ayqj AYigj A, [ Mg |
o] 87T [ 35] |
Yaj Vigj Ligj Aipgyj
At Ay AjtL B Aljggj -
28]l 25 o[22
iqf Vigj iqj | Aiodgj |
(18)
where
10 -1 0 0 0 0 O
Bil:_o 1:|, Biz_[() -1 0 0 0 0]
L _k,‘I 0 o kip 0
Cz—_o kilil’ Dzl—[o kiPi|’
Dp = [ ki —ouly 0000 .
7 Loy —kiep 0 0 0 0O

The equations about LC filter and coupling inductor are
—R 1 1

: . .
lidi = —lidj T Wligj + T UWigj — T Uodj
N T
ligj = ——ligj — Wlidj + T—ligj — T—Uogj

L | Ly Ly
Uodj = —~lidj — —~lodj + WUogj

G G 19
N 1
Uogj = C_f’iqj - C_f’w]j — Wlodj
. —R 1 1
iodj = —lodj + Wiogj + —Uodj — — Ubdj

L, L. L.
. R , i 1
logi = L_Llqu — Wipgj + L—uoq/ — L—ubq;

c c c

where Ry is the resistance of LC filter. L. and R, are the
inductance and resistance of coupling inductor. w is angular
frequency, w = 2mf. upq; and upy; are the voltages at the
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connection point between the jth BESS unit and the AC
bus. Let wg = 27 fy denotes the system steady-state angular
frequency, and then (19) is linearized to be

A;idqj Aiidqj At
A%lodqj =A, Auodqj + Bo1 |:Au;d]:|
Aipdgj Aipdgj q]
Aupgi
+Bo [ Auid{] + By [Af]  (20)
qj
where
-_R . _
o = 0 0 0
Ly Ly
—w __Rf 0 __1 0 0
0
. Ly Lf .
— 0 0 wy — 0
A, =| © | Cr Ll
0 — —wy O 0o —
Gy . X Gy
0 0 T 0 3 S wy
U D 2
0 0 0 — —wo
L L. Lo _
- _ ~ <
LI 0 0
Lf | 0 0
O 5 0 o
B()l = 0 ({ ’ B()2 - _1 £
— 0
0 0 L.
0 0 0 __1
0 0 L L

y T
Boy =27 [Lig —ligj Uogg  —Uodj logi  —logi] -

The upg; and up,; should be translated to the common frame
to connect the jth converter to the whole system model [27].
Thus [Aupyj, Auhq,-]T in (20) are expressed as

Ab;
AP;
Aubdj A Aupp . ]'
[Aubq; = A Aupg + Be; Ag_QJ @b
J
§j

where upp and upp are the voltages at the connection point
between the first BESS unit that is taken as common frame
and AC bus, i.e., upp and upg are actually the upg1 and upg1,
sin p;

cosfy; |’

A [ cos 6;
bj = i On:
— sin 6y,

By — —Upp sinfy; + Upg costy; 0 0 0 0
0 = —Upp cosbpj — Upgsinfp; 0 0 0 0 |°

Combining with (14), (17), (18), (20) and (21), the small-
signal model of the jth BESS unit is obtained as

[A%] = Aji [Ax] + Bjil Auppol

+Bjcom[AfC0m] + ZAjl[Axl]
I#]
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where [ Afcom] = Fr1[Ax1]

+) FalAx)] (22)
1#1

where AXj = [AQj, APj, AQ]', $js &js A‘quﬁ Aquj, Aiidqj,
Attpdgj, NipagilT, Axi = [A6, AP, AQy, &, &1, Agagls
AVagl, Diiggls Attodgl, Nioagr]” . Axj is a state vector for jth
BESS unit including 15 varibles, and Ax; is a state vector
for /th BESS unit including 15 varibles. [Auppg] = [Aupp,
Auppl”,

0 chom
0 0
Bjj = 0 ’ Bjcom = 0 )
L Bo2Abj |52 0 Jis5
- T
Ar11
0
Fr1 = 0 )
L 0 15x1
T
Apy 000 Aryy
0 000 0
Ajl = 0 000 AR :
L BogiAjt 00 0 Jy5.45 0 Jis5
Fp=[Am000] s,
Apjj 0 0 Bpjj
By1Ayji 0 0 3
, ) ' B+
Ajj — BllDLllAUj} Btlcu 0 BilDuZ
Bo1Di1 D1 Ay Ao+
+Bo2By; Bo1Di1 Cy Bo1Ci Bo1Din+
_+B0ﬁAﬁj BolDilDuz_ 15%15

For N BESS units operated in parallel in microgrid, a com-
plete small-signal state space model including 15xN state
varibles is as follows

[Ax] = Ap[Ax] + Byl Auppol (23)
where [Ax] = [Ax], Axa, ..., Axn]T,
Ay
A11 Az1 + Bacomfr1 - .. AN1+BneomFr1
_ | Az An+BcomfFr2 ... AN2 + BNcomFf2 ’
AN Aon+BocomFN - .. ANN+BNecomFIN | sy 15n
By

= [311 By ... BNN]ZTX]SN'

Since the SoC balance is the subject in this paper, the con-
trol parameters of the proposed improved P-f droop method
are mainly investigated based on the state matrix of the model
described in (23), i.e., Aps. A microgrid consisting of four
BESS units is shown in Fig. 3, and the relevant structure
and control parameters are shown in Table 1, in which n| =
ny = n3 = n4. In order to obtain the appropriate values of
kmp and kyy, kg, j = 1, 2, 3, 4, should be set to be one in
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FIGURE 3. System of BESSs for small signal analysis.
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FIGURE 4. Eigenvalue analysis of the SoC based droop (a) Eigenvalue
trace with k;,,p increasing, (b) Eigenvalue trace with k,, increasing.

the small signal analysis. Ay, and the relevant structure and
control parameters are used to calculate the root locus of low-
frequency eigenvalues with the variations of k,,p and k;,,;. The
root locus of dominant eigenvalues are shown as Fig. 4(a) and
Fig. 4(b), in which k;,p increasing from 0.1 to 30 in Fig. 4(a),
and k,; increasing from 0.0001 to 0.075 in Fig. 4(b).

Fig. 4(a) shows that the eigenvalues marked with A3 are on
the real axis and close to the origin when k;,p is small. Com-
pared with A1 and A,, which are far away from the imaginary
axis, A3 is the most dominant and crucial for system stability.
However, the system is in an overdamped state since A3 is
on the real axis. With k,p increases, A3 moves away from
the imaginary axis, but A; and X, move towards it. When
A1 and X, are closer to the imaginary axis than A3, A and
A2 become the dominant eigenvalues. Then the system is in
an underdamped state since A1 and A, are on the complex
plane. The damping ratio of the system will be decreased
with A or A, gradually approaches the imaginary axis, which
causes a more oscillating transient process. It should be noted
that the transient process is slow before the system reaches
stability when its damping is large, that is system is in an
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overdamped state, while the transient process will be more
and more oscillatory when the damping ratio of system is
decreased [27]. Although the system is ultimately stable for
knp increasing from 0.1 to 30 since all the low-frequency
eigenvalues are in the left half-plane as shown in Fig. 4(a),
what we expect is that the system has neither too much
damping nor a more oscillating transient process. Thus the
low-frequency dominant eigenvalue can neither be on the real
axis nor very close to the imaginary axis. The k;,p is set to be
25 based on the above analysis. The selection of ks is very
similar to that of k,,p, so we will not go into details here. The
k1 1s set to be 0.045 in this paper since the corresponding
low-frequency dominant eigenvalues are in complex plane
and they are not very close to the imaginary axis as shown
in Fig. 4(b), which ensures that the transient process of system
is neither too slow nor too oscillatory.

B. PARAMETERS DESIGN OF DYNAMIC AVERAGE
CONSENSUS ALGORITHM

The average SoC is calculated by the agent of each BESS unit
using (10). It is desired that the average SoC can be obtained
stably and rapidly. Actually, the dynamic average consensus
algorithm can converge the SoC discovered by each agent to
a common value as long as the studied topology is connected
which has been proved in [20], [25]. In order to select the
appropriate value of « for obtaining the average SoC in each
agent, we tested the four BESS units as shown in Fig. 3, which
has four agents. Assuming the initial values of the four state
variables, i.e., x(j), j = 1, 2, 3, 4, are 30, 40, 50 and 60,
respectively. The convergent results with different values of
« are shown in Fig. 5.

Fig. 5(a) and 5(b) show that the four state variables can
converge to a common value with « = 0.1 and & = 0.25, but
the convergent speed with @ = 0.1 is slower than that with
o = 0.25. The four state variables have some fluctuations in
the process of convergence with « = 0.4, and they cannot
converge when « is 0.5. The consensus algorithm will be
divergent if « is greater than 0.5 as shown in Fig. 5(e). It can
be seen that the consensus algorithm converges very slowly
when « is very small, but the algorithm will diverge when «
is very large.

IV. SIMULATION VERIFICATION

The MATLAB/simulink model of the microgrid shown
in Fig. 6 is built to verify the proposed SoC-based droop
control for balancing SoC. The AC microgrid running in
autonomous mode consists of four paralleled BESS units
and their agents, a PV generation unit, a WT generation
unit and several loads. The « in (12) is set to be 0.25. The
PV and WT units are used as RESs and operated in MPPT
mode. Assuming that the total active power output of PV
and WT is 30kW, and the RESs output is not shown in the
simulation diagram since it is not the focus of the paper. The
initial values of SoC1, SoC,, SoC3 and SoC4 are 70%, 60%,
80% and 90% as shown in Fig. 6. The BESS uses droop
control to supply frequency and voltage support to the system.
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TABLE 1. System structure and control parameters.

Item Symbol Value

LC Filter L/ 2.3mH/
inductance/capacitor C/ 11.02puF/
/resistance R, 0.01Q
Coupling inductor L./R. 1mH/0.2Q

inductance/ resistance

Line impedance of line;» Li2/R1» 0.2mH/0.4Q
Line impedance of line,4 L14/Rys 0.23mH/0.5Q
Line impedance of lines4 L3y/R3y 0.3mH/0.6Q
Nominal frequency/voltage Tl Vi S0Hz/311V
Upper and lower limits of  fo./ 50.5Hz/
frequency variation range fonin 49.5Hz
Cut-off frequency o} 30rad/s
Threshold of SoC ds.c 0.01%
Capacities of BESS E\/ 25000(Ah-V)!/
units 1/2/3/4 E,f 37500(Ah-V)/
Esf 37500(Ah-V)/
E,4 50000(Ah-V)™!
Frequency droop coefficients  m,/ 0.05Hz/kW/
myf 0.0333Hz/kW/
ms/ 0.0333Hz/kW/
my 0.025Hz/kW
Voltage droop coefficients ni/ny/ns/ng 1.5V/kVar
Resistance of RL loads Riguat/Rivadr’ 14.4Q/14.4Q/
Rioass 14.4Q
Inductance of RL loads Lipaai 'Lioasz!  0.23H/0.23H/
Ligars 0.23H
Voltage control of dual loop  kyp, kus 2,85
Current control of dual loop kiP, kil 10, 200s™

The impedance values of load;, load; and loads are given
in Table 1. Loads = Rjpuq4+jXioaq4, in which Rjpgq4 = 3.6Q2
and Xjoaqa = 27fLipada, Livada = 0.23H. The capacity
ratio of the four batteries is 1:1.5:1.5:2, thus m: my: m3:
mgy = 6 : 4 : 4 : 3 as shown in Table 1. The capacity
of BESS unit 2 is equal to that of BESS unit 3, which is
used to verify the proposed strategy can balance SoC when
different batteries have the same capacity. While the capacity
of BESS unit 2 is different from that of BESS unit 1, or that of
BESS unit 4, which is used to verify the proposed strategy can
balance SoC in the case that different batteries have different
capacities. Since voltage and reactive power are not the focus
of this paper, they are not analyzed in simulation.
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A. SoC BALANCE VERIFICATION

In this case study, the simulation is divided into 4 stages
for verifying the effectiveness of the proposed strategy. The
simulation results are shown in Fig. 7. Fig. 7(a), Fig. 7(b),
Fig. 7(c) and Fig. 7(d) shows the active power outputs, SoCs,
output frequencies and the judgment signals, i.e., kg, j =
1,2,3,4, of the four BESS units, respectively.

Stage 1 (0 ~ T7): Loady, load; and load4 are connected to
the system during this stage. The conventional P-f droop, i.e.,
(1), is used for BESS. Fig. 7(a) shows that all active powers
are positive, which illustrates that the RESs output cannot
meet the load consumption. P = 5kW, P, = P3 = 7.5kW
and P4 = 10kW at stage 1, and SoC1, SoC>, SoC3 and SoCy
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FIGURE 7. Simulation results in SoC balance verification: (a) Active
power; (b) SoC; (c) Frequency; (d) Judgment signal.

decrease at the same rate as shown in Fig. 7(b), which shows
that once the droop coefficients of P-f are set to be inversely
proportional to their capacities, the rate of change of SoC will
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be equal. Since the SoC-based droop is not activated, kg = 0,
j=1,2,34

Stage 2 (T1 ~ T»): The SoC-based droop is activated at
the time of 7. Since the difference between SoCj, j = 1,
2, 3, 4, and SoC,y, is larger than dg,c, Fig. 7(d) shows that
ksj = 1 in this stage. Fig. 7(a) shows that the active power of
each BESS unit changes to a new value under the regulation
of PI item in (7) at the time of T, which causes all SoCs
starting to converge. The PI item varies with the variation of
(S0oCj-SoCqye), which results in the variation of Pj, but all
SoCs always change towards consistency during stage 2 as
shown in Fig. 7(b).

Stage 3 (7> ~ T3): Loads is connected at the time of 75 to
investigate the impact of step load changes on the proposed
strategy. After loads is connected, all BESS units increase
their active power outputs, but all SoCs continue converging,
which illustrates that there is no effect on SoC balance of the
load variation.

Stage 4 (after 73): Load;, loads and loads are cut out at
the time of T3, and then all active powers become negative
values as shown in Fig. 7(a), which illustrates that all BESS
units start to absorb the excess power of RESs. Fig. 7(b)
shows that all SoCs continue to change towards consistency
during stage 4, which illustrates that the proposed strategy
can make different SoCs change towards consistency by using
a unified control method in both charging and discharging
state. Finally, SoC balance is achieved at the time of Tj.
Fig. 7(d) shows that ky; becomes zero, and then the PI item
in (7) is almost zero for each BESS unit. After that, all BESS
units absorb the power according to the inversely ratio of the
P-f droop coefficients and all SoCs vary at the same rate.

Fig. 7(c) shows that the output frequencies of all BESS
units are always kept in a safe range, i.e., [49.5Hz, 50.5Hz],
during the whole process. It should be noted that the out
power of some unit may be limited by PI in some case, but
other units can output or absorb more power through the
regulation of the proposed strategy since it is a coordinated
control strategy for all BESS units to reasonably distribute
the total power shortage or surplus power.

B. THE FUNCTION OF INTEGRAL ITEM IN THE PROPOSED
DROOP

The proposed SoC-based droop control, i.e., (7), can be
expressed in another way, that is

ﬁ =[fu+ mjka(SOCj — S0Caye)
+ mjkgikimg / (SoCj — SoCyye)dt] — miPp

1, lf|SOC/ = 80Caye| = dsoc

. (24)
O, lf|SOCj — SOCave| < dsgc

where kg = {
Equation (24) shows that the proposed droop is actually a
frequency scheduling method by adding a proportional item
and an integral item into the nominal frequency. A similar
frequency scheduling approach has been proposed in [20], in
which the adjustment item is a proportional item. In order
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to investigate the function of the integral item in the pro-
posed method of this paper for demonstrating the advantages,
a comparative case is studied by comparing the method pro-
posed in this paper, i.e., (7), with the frequency scheduling
approach containing only proportional item as proposed in
[20]. Load;, load, and loads are connected to the system and
the RESs output cannot meet the load consumption, and then
BESS is in discharging state. The active powers of the four
BESS units under the regulation of the method proposed in
this paper are shown in Fig. 8(a), and that under the regulation
of the method containing only proportional item are shown
in Fig. 8(b). The SoCs of the four BESS units under the
regulation of the method proposed in this paper are shown
in Fig. 9(a), and that under the regulation of the method
containing only proportional item are shown in Fig. 9(b).
Fig. 8(a) and Fig. 8(b) show that the differences between
different active powers under the regulation of (7) are larger
than that between different active powers under the regula-
tion of the method containing only proportional item before
SoC reaches balance, e.g. the difference between P, and P3
in Fig. 8(a) is larger than that between P, and P3 in Fig. 8(b)
at the time of 1500s, which shows that SoC; and SoC3 will
converge to a common value faster by using (7) than that by
using the method in [20]. Fig. 9(a) and Fig. 9(b) intuitively
show that the SoC balance is achieved at the time of 77 by
using the method proposed in this paper, but the SoC has
not reached balance at 77 by using the method containing
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FIGURE 10. The dynamics of active power, frequency and SoC under different delay: (a) Time delay is 0.01s; (b) Time delay is 0.1s; (c) Time delay is 1s.

only proportional item. The simulation results in this case
study demonstrate that the integral item in (7) can speed up
SoC balance, and rapid SoC equalization can avoid over-
charge or deep discharge in some of the storage unit more
effectively and improve the effective utilization of BESS.

C. THE IMPACT OF COMMUNICATION DELAY

Since the proposed SoC-based droop relies on MAS to
exchange information and there is usually time delay in actual
sparse communication network, the impact of different time
delay on the proposed method is investigated in this case
study. Loadj, load, and loads are connected to the system
at the beginning and loads is connected at the time of 77.
Fig. 10(a), Fig. 10(b) and Fig. 10(c) show the dynamics of
active powers, frequencies and SoCs under the time delay
of 0.01s, 0.1s and 1s, respectively. Fig. 10(a) shows that
the active powers and output frequencies of the four BESS
units vary smoothly to new state values after load changes
at T, and the SoC continues changing towards consistency
and finally achieves balance. Fig. 10(b) shows that the active
powers and output frequencies have very small fluctuations
after loads is connected, but the dynamic convergence char-
acteristics of SoC are almost unaffected. Fig. 10(c) shows
that the active powers and output frequencies fluctuate obvi-
ously after load changes. However, the dynamic convergence
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characteristics of SoC are almost unaffected just like the case
in Fig. 10(b), which is due to the time constant of the SoC
estimation based on integrator is generally large. The simula-
tion results of this case study show that the proposed method
can achieve SoC balance even if the communication network
has a certain time delay and reasonable time delay has almost
no effect on the dynamic convergence characteristics of SoC.

V. CONCLUSION

This paper focused on balancing SoC by regulating the charg-
ing and discharging power of BESS. The conclusions of this
study are as follows:

1) An improved SoC-based droop control is proposed to
achieve SoC balance for multiple BESS units by utilizing
MAS. A proportional-integral adjustment item using average
SoC is added to the nominal frequency for regulating the
charging and discharging power of BESS, and the proposed
method need not be changed in different operating mode
compared with the adaptive droop gain methods. In addition,
the function of integral item in improved droop control is
investigated and simulation results show that it can speed up
SoC balance.

2) In order to select the appropriate control parameters
of the improved droop control, the small-signal state space
model of BESS is built. The model includes the state variables
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of all BESS units, thus the control parameters can be set
reasonably through small signal analysis no matter how many
BESS units are included in the system, which improves
the applicability of the proposed method. Simulation results
show that the proposed method can balance SoC effectively
regardless of whether the capacities of different batteries are
the same based on the setting control parameters.

3) The impact of a certain time delay on SoC balance is
investigated. Simulation results show that even if there is a
certain time delay in communication network, it has almost
no effect on SoC balance by using the improved droop based
on MAS, which improves the system reliability.
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