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Abstract—A multifunctional and wireless droop control method
for distributed energy storage units (DESUs) in ac microgrids is
presented in this paper. This paper achieves the state-of-charge
(SoC) balancing by employing the SoC-based P-f droop control
method locally for the purpose to prolong the service life of DESUs
and effectively utilizing the available capability of the DESUs. Be-
sides, inspired by the conventional P-f droop control, a j Qdt —V
droop control is proposed in this paper to eliminate the reactive
power sharing errors. The det — V droop control is realized
by reducing the voltage proportional to the integration of the re-
active power instead of the reactive power itself. Meanwhile, the
voltage compensation term which is proportional to the integra-
tion of the accurately shared active power is added to this method
in order to restore the voltage to the acceptable range. The con-
trol strategy is straightforward to implement and does not require
communication links as well as the gain scheduling. This paper also
presents the analysis of the corresponding small-signal stability of
the proposed droop control method. Simulation and experimental
results are provided to validate the feasibility and effectiveness of
the proposed approach.

Index Terms—Distributed energy storage units, power sharing,
state-of-charge balancing, voltage restoration.

I. INTRODUCTION

ICROGRIDS based on the renewable energy resources

(RES) have experienced a fast development in recent
years. Microgrids are commonly comprised of RES, distributed
energy storage units (DESUs), power—electronic interfaces, and
electrically connected loads [1]-[6], seen in Fig. 1. The static
transfer switch (STS) determines the operation modes of micro-
grids, i.e., grid-connected mode or autonomous islanded mode,
and benefits both the utility and the customers regarding effi-
ciency, reliability, and power quality [7]-[9].
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Fig. 1. Configuration of ac microgrids.

DESUs such as batteries, supercapacitor, and flywheels are
very important for renewable-energy-based microgrids since
they can cope with the power fluctuations caused by the in-
termittent and stochastic character of RES. Furthermore, the
application of DESUs is also indispensible to improve the power
quality and satisfy various demand side management function
such as valley filling, peak shaving, black start, voltage support,
etc., [10]-[18]. In the grid-connected operation, the inverters of
RES and DESUs are controlled in the current control mode to
supply the nondispatchable active and reactive power. Simul-
taneously, the microgrid voltage is dictated by the utility grid
due to its large capacity. For the absence of the utility grid in
the islanded operation, the DESUs which are controlled in the
voltage control mode are required to regulate the voltage of the
microgrid and are responsible for balancing the load with RES
within their active power and reactive power limits to maintain
reliability and stability of the islanded microgrids [10], [11],
[14], [17], [18].

The DESUs are generally composed by the series—parallel-
connected battery cells, which are also called battery string.
The DESUs are connected to the common bus through power—
electronically interfaced converters. Battery management sys-
tem (BMS) and power converter system (PCS) are the two con-
trol systems of the DESUs [6], [19], [20]. The BMS is required to
supervise the condition and to realize the state-of-charge (SoC)
balancing of the battery string in a DESU. The BMS control
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strategies to balance SoC among battery cells in a DESU are
revealed in [20]-[23], whereas we would not focus on the BMS
control as it is beyond the scope of this paper. Meanwhile, the
PCS is responsible for load power sharing and SoC balancing
among different DESUs. In addition to the SoC balancing in
[6], [19], [24], and [25], the droop-control-based PCS control
methods for DESUs are also concentrated on the coordinated
control for RES and DESUs [26], [27], high-efficiency opera-
tion of DESUs [28], etc. The main objectives of this paper are
to achieve the SoC balancing and the reactive power sharing of
DESUs in microgrids through the PCS control.

The output power of the DESUs should be shared to avoid one
certain unit prematurely running out of energy [24], [25]. Vari-
ous power sharing methods have been proposed and analyzed.
A concentrated control to obtain power sharing is described in
[29]. This method directly adds current error to each inverter
unit to compensate for the voltage reference in order to elim-
inate the output current errors. However, this control scheme
must include a centralized controller, which limits the system
expansion and redundancy. Moreover, this method highly de-
pends on communications, which may risk a single point of
fault. Droop control method is a typical decentralized control
method and is often applied for power sharing without using any
critical communication between inverters. In the conventional
P-fdroop control, the reactive power sharing cannot be obtained
due to the mismatched line impedances and local loads, as op-
pose to the active power [7], [8]. In [30], an enhanced virtual
impedance control scheme to achieve the reactive power shar-
ing is proposed. The virtual line impedance can be determined
according to the value of the desired line impedance and the
knowledge of the physical line impedance, which needs to be
estimated through either online or offline method. The accurate
reactive power sharing is achieved by employing a unique ap-
proach in [31], which requires the injection of a small ac voltage
signal in the system. Extracting and processing this signal may
result in a complicated implementation. Also, injecting such
a signal may deteriorate the output voltage and line current.
Zhong [32] presents an adjustment to the reverse droop control
applied in the resistive microgrid to achieve load power sharing,
which, however, does not account for the effect of mismatched
line impedances. An enhanced strategy is introduced in [33],
which eliminates the reactive power sharing error by injecting
a small real power disturbance activated by the low-bandwidth
synchronization signals from the central controller and an in-
tegration term of Q-V droop. However, the system reliability
is deteriorated due to the necessity of synchronization signal
from a central controller. Communication links are developed
in [34] to enhance the reactive power sharing. However, the
performance of the technique is sensitive to communication de-
lays and insignificant in the presence of local load. There is an
inherent tradeoff between power sharing and voltage/frequency
regulation of the droop-control-based methods [35]. In order
to compromise this inherent tradeoff, a centralized secondary
controller was proposed in [36] to eliminate the voltage devia-
tion in dc microgrids. However, the voltage restoration cannot
be achieved if there is a failure in the centralized controller.
For higher reliability, a distributed secondary network control

system is used in [4] to ensure the reactive power sharing and
restore the frequency/voltage of the microgrids.

However, the accurate power sharing for DESUs could not
yet fulfill SoC balancing accounting for the different initial SoC.
A central control method for SoC balancing is implemented in
[37]. However, this method is implemented by employing the
central controller, which is not suitable for the dispersedly com-
posed microgrids. As the DESUs are dispersedly connected to
the common bus, droop control and its variants would be prefer-
able in the microgrid applications [38]-[40]. The droop-control-
based cooperative strategies can be classified into two manners:
distributed manner and fully decentralized manner [28]. The
control strategies in distributed manner require the parameters
obtained through a local communication network or neighbor-
to-neighbor communication link. In [24], a multiagent system
with a frequency scheduling droop control is proposed to achieve
SoC balancing for DESUs in ac microgrids. The frequency
scheduling modifies the frequency by adding the items with re-
spect to the values and average value of SoCs for all DESUs. The
average value of SoCs is available through neighbor-to-neighbor
communication, which is a distributed fashion and less expen-
sive. Correspondingly, a distributed multiagent-based algorithm
is proposed to achieve SoC balancing in dc microgrids by volt-
age scheduling, in which the voltage command is adjusted by the
parameter information obtained through neighbor-to-neighbor
communication. The transferred parameter is the ratio of one
certain DESU to the average SoC of all the other units [25].
On the other hand, the strategies in fully decentralized man-
ner use the local available information without communication,
which are more robust and cost effective. Lu et al. [6] propose a
method in dc microgrid to achieve SoC balancing and equalize
their output power only during the discharging period, in which
the droop gain is inversely proportional to the nth order of SoC.
Lu et al. [19] supplement the SoC balancing method during the
charging period, as the further study of [6]. The droop gain dur-
ing the charging period in [19] is proportional to the nth order
of SoC, as the supplementary of [6]. However, the design diffi-
culty is increased in this gain scheduling methods since droop
control coefficients have strong influence on the system stabil-
ity [41]. The droop-control-based SoC balancing methods in
decentralized manner have been studied in dc microgrids and
its applications in ac microgrids need further study.

In this paper, a fully decentralized method for the SoC balanc-
ing and the reactive power sharing in ac microgrid applications
is proposed, which is without communication links as well as
gain scheduling compared to the previously proposed method
so far. The SoC balancing and the reactive power sharing are
realized by introducing the SoC-based P-f droop control and the
J Qdt — V droop control, respectively. A voltage restoration
algorithm is introduced into this control method to compromise
the inherent tradeoff between the voltage regulation and the load
sharing accuracy of the droop method. This voltage restoration
algorithm adopts the integration of active power as the locally
compensation term to restore the voltage magnitude to the ac-
ceptable range, i.e., 5% [42].

The rest of this paper is organized as follows. Section II il-
lustrates the estimation algorithm of SoC for DESUs, analyzes
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the transient response of conventional P-f droop control, and
introduces the SoC-based P-f droop method to achieve SoC
balancing. Section III presents the [ Qdt — V' droop control to
maintain the reactive power sharing. Section IV shows a volt-
age compensation method to ensure that the voltage of PCC is
within the acceptable range. The small-signal stability analysis
is revealed in Section V followed by the simulation and experi-
mental verification of the proposed droop control in Section VI
and Section VII, respectively. Then, Section VIII reviews the
conclusion of this paper.

II. SOC-BASED P-f DROOP CONTROL TECHNIQUE

Multiple DESUs are usually dispersed and parallel operated
to enhance the reliability and increase the power capacity of the
energy storage system [24]. The structure of paralleled DESUs
is shown in Fig. 2, where Vp; (i = 1, 2, 3) is the output voltage
of the ith DESU; 4;,; is the input current of the ith interfacing
converter (output current of the ith DESU); pi,; is the input
power of the ith interfacing converter (output power of the ith
DESU); pouti (¢out: ) is the output active (reactive) power of the
ith interfacing converter; Z; is the line impedance of the ith
interfacing converter; and R; (X;) is the resistance (reactance)
of Z Q-

A. Estimation of the SoC for DESUs in
Autonomous Microgrids

To get the corresponding knowledge of DESUs, the estima-
tion algorithm of the SoC is achieved first through the basic
coulomb counting method as shown

J iindt |

Co ey
where SoC, is the initial value of SoC and Ce denotes the
capacity of a certain DESU.

The output voltage of each DESU can be regarded as constant,
for the slow change of SoC and the stability of output voltage
of each DESU in a large range of SoC [5], [6]. Furthermore,
assuming that the DESUs are in the same voltage level, it yields

@)

Meanwhile, in view of the conservation of energy in the
input and output side of the power—electronically interfaced

SoC = SoCy —

Voc1 = Voc2 = Vpes = Vpe.
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converters, it yields

Pout = Pin = VDCiirli- (3)
Combing (1) with (2) and (3), it is derived
fiindt fpoutdt
SoC = SoCy — £—— = So(Cy — =————. 4
© o~0 Ce o~0 VbcCe @

As shown in (4), the SoC is strongly influenced by SoCy and
the output active power of inverters. In other words, appropri-
ate controlling against the output active power of inverters is
beneficial to achieve the SoC balancing among the DESUs.

B. Review of Conventional Droop Control

By mimicking the parallel operation characteristic of syn-
chronous generators, the frequency and voltage droop control is
employed for active and reactive power regulation [7], which is
expressed as

&)
(6)

where w and E are the angular frequency and the magnitude
of the output voltage reference, respectively; wy and Ej are the
angular frequency and the magnitude of the output voltage at
no load, respectively; P and Q are the average value of active
power poyy and reactive power ¢, Of inverters, respectively;
and Dp and Dy are the slope of droop characteristics.

Omitting the resistance of the line impedance and assuming
that the power angle § is small enough, the active and reactive
power flow in Fig. 2 are shown in (7) and (8), respectively. The
droop method in microgrids is based on the power flow between
two nodes across the line impedance

w= wy—DpP

E= Ey—DoQ

 Vheo E-6

P= X )
~ Vpcc(E = Vpce)

Q= X (®)

where Vpcoc and E are the magnitudes of PCC voltage and
inverter output voltage, and X is the reactance of line impedance.
For the simplicity of the detail description, it is worthy to be
noted that 7~ and ¢, are the moment before and after time z,
respectively. The power angle at 7, is illustrated as

i
6t+ = / wdt.
0

With the droop method determined in (5), the frequency de-
creases with the increase of active power. The power angle §
in (9) reduces subsequently, which causes the declining of the
active power in turn according to (7). Assuming that the output
active powers of the three parallel-connected inverters are de-
fined as Py, Po, and Pj3, the relationship between them is P35 <
Py < P;. According to (5), the frequencies (w3, wo, w1 ) satisfy
w3 > wy > wi, which results in more decrease of §; than the
others. Subsequently, P reduces gradually, while P3 increases
to supply the common load. Gradually, the active powers are
equally shared in the steady state. Since the frequency of the

€))
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Fig. 3. Theoretical transient response of the SoC balancing method. (a) SoCs
of the DESUs. (b) Output voltage frequencies of the three inverters. (c) Output
active powers of the three inverters.

microgrid is unified throughout the whole system once steady-
state conditions are reached, the output real powers are shared
accurately between the inverters even with the mismatched line
impedances.

C. SoC-Based P-f Droop Control

Inspired by the transient response of conventional frequency
droop method, we propose the SoC-based P-f droop method to
achieve SoC balancing as

w=wy— KpP — Kgoc(1—S0C) (10)

where Kp and Kg,c are the droop coefficient of the SoC-based
droop control method.

Similar to the transient response of the frequency droop
method, the third term of (10) determines that the frequency
of the DESU with higher SoC droops less as compared with
the ones with lower SoC. As a result, the DESU with higher
SoC delivers larger active power compared with the ones with
lower SoC, which is beneficial to SoC balancing of DESUs. The
second term of (10) guarantees the active power sharing as an-
alyzed before. Equation (4) implies that the active power is the
slope of SoC, so accurately shared active power is necessary for
SoC balancing. Given that the three paralleled DESUs with

different initial SoCs and line impedances are parallel con-
nected, Fig. 3 describes the transient response of them controlled
by the SoC-based P-fdroop method. It can be seen from Fig. 3(a)
and (b) that the DESU with larger SoC presents higher frequency
(larger power angle according to (9)) in the transient response
than the others. Then, the DESU with higher SoC delivers more
active power according to (7), shown in Fig. 3. Considering the
estimation of SoC in (4), the SoCs become balanced gradually
under the control of the SoC-based P-f method.

III. PROPOSED REACTIVE POWER SHARING
CONTROL ALGORITHM

Load power sharing is one of the significant aspects in the
development of autonomous microgrids. However, since the re-
active power of each inverter depends on the voltage amplitudes
due to the Q-V droop, the reactive power sharing between the
inverters becomes undesirable.

Combing (5) with (7) and (9), the output active power at £, is

VoccE [, (wy — Dp P)dt
= < (1)

where P, is the active power at 7. Equation (11) depicts
that the output active power of the inverter with conventional
droop method is regulated by the historical information of active
power. Similarly, combining (6) with (8), we obtained

Vecc(Eo — Vecco)
X +VWecDg

Equation (6) presents that the conventional Q-V droop
method reduces the voltage proportionally to the current value
of the reactive power instead of the historical information of it
which results in (12). It can be seen from (12) that the output
reactive power in (12) is totally determined by the immediate
voltage and line impedances instead of the historical informa-
tion of the reactive power. Different from (5), the voltage in (6)
cannot carry the information of the reactive power conditions.
Once the steady state is reached, different inverters will operate
at different positions on the voltage droop curve, resulting in
the unshared reactive powers. The relationship of conventional
Q-V droop in (6) and the reactive power transmission in (8)
is shown in Fig. 4, taking two DESUs (DESU,/DESUs) with
mismatched line impedances for example. The solid line repre-
sents the droop control curve. The black and red dashed lines
stand for the power flow curves with the 311-V and 305-V PCC
voltages, respectively. In addition, the slope of the power flow
curve with larger line impedance is larger in Fig. 4. It shows that
the reactive power errors (Qerror1 s Qerror2) cannot be eliminated
under the conventional droop control.

Imitating the power flow of conventional P-f droop control,
the historical information of reactive power is injected into
the Q-V droop method artificially, being called the [ Qdt — V
droop control, as can be seen in

By

Q= (12)

t_
E,, =E, —KQ/ Qdt (13)
0

where E) . is the magnitude of the output voltage reference at
1, and K is the coefficient of the [ Qdt — V' droop control.
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Substituting (13) into (8), it yields

Wocc(Ey — Ko fotf Qdt — Vpce)
Qi = e

where (); . is the output reactive power at 7

Equation (14) demonstrates that the reactive power flow of
the [ Qdt — V droop method is strongly influenced by the his-
torical information of the reactive power. The reference voltage
magnitude in (13) carries the information of the reactive power
and determines the output voltage magnitude to achieve the re-
active power sharing. More specifically, with the [ Qdt — V'
droop method, the voltages of DESUs delivering more reac-
tive powers will decrease more than the others. The theoretical
transient responses of the [ Qdt — V droop method are pre-
sented in Fig. 5. Fig. 5(a) illustrates the relationship between
the [ Qdt — V droop and the reactive power transmission. The
intersections of the black lines imply the operation point at #;.
Meanwhile, the intersections of the red lines present the oper-
ation point at 5 (f; < t2). AE; and AE; stand for the voltage
droops of DESU; and DESU, from #; to fo, respectively. It
is obvious that AE; > AE,, which results in the decrease of
reactive power error (Qerrort? < Qerrortl ) Flg S(b) and (C) de-
scribes the voltage and the reactive power error, respectively.
It can be seen from Fig. 5(b) that different extents of voltage
droops are demonstrated to decrease the reactive power error.
Fig. 5(c) shows that the output reactive powers of DESUs are
gradually shared.

(14)

IV. VOLTAGE RESTORATION

In the grid-connected mode, the voltage of the microgrid is
dominated by the main grid due to the large capacity of the
utility grid. Hence, the main task of the microgrid in this mode
is to deliver the scheduled power. In the islanded mode, it is
necessary to not only dispatch the real and reactive power among
the inverters but also maintain the voltage magnitude to a certain
allowable range, i.e., 5% [42]. In autonomous microgrids,
one of the main tasks of the DESUs is to keep the voltage
magnitudes in the allowable range [17], [18], [42], whereas
there is an inherent tradeoff between the voltage accuracy and
power sharing existing in the proposed droop method. Hence,
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Fig. 5. Theoretical transient response of reactive power sharing. (a) Relation-
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voltage restoration without communication links should also
be employed into the control of the DESUs, simultaneously.
Taking full advantage of the accurately shared active power, a
compensation term proportional to the integration of the active
power is added to (13), which can be expressed as

‘- ‘-

L, =Fy—Kg Qdt + Kpv Pdt (15)
0
where Kpy is the voltage compensation coefficient.

The employment of the active power integration will not in-
fluence the performance of the reactive power sharing. As ex-
plained in Section III, the reactive power sharing is achieved
through reducing the voltage by different extents. As aforemen-
tioned, the active powers are evenly shared due to the unified
frequency and nearly decoupled with the reactive powers in the
case of the high X/R ratio line impedances. According to (15),
the same voltage compensation term is added to the voltage ref-
erence without affecting the different extents of voltage droops
to achieve reactive power sharing. More specifically, the second
term in (15) employs different extents of output voltage droops
to obtain the reactive power sharing. Meanwhile, the third term
in (15) compensates the voltage by the same extent to restore the
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Fig. 6. Regulation process of voltage restoration and reactive power sharing.
(a) Magnitude of PCC voltage. (b) Reactive power errors. (c) Different voltage
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voltage to the acceptable range. Thus, both the reactive power
sharing and voltage restoration are satisfied by (15). The volt-
age restoration together with reactive power sharing regulation
process of a system with three paralleled DESUs is described
in Fig. 6. Fig. 6(a) shows that the magnitude of PCC voltage is
restored to the acceptable range. It can be seen in Fig. 6(c) that
different extents of voltage droops are implemented to achieve
the reactive power sharing and the same voltage compensation is
added to restore the voltage magnitude. From Fig. 6(b) and (d),
we can see that the reactive powers are equally shared without
disturbing the active power sharing.

Combing (10) with (15), the whole control structure of the in-
verters is presented in Fig. 7, in which different models confined
by specific dashed lines represents their respective functions in

> of active |
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Fig. 7. Control structure of the inverters.

the control structure. The output variable V,;..¢ stands for the
reference voltage in three phases, which are then sent to the
inner voltage loop for the output voltage to track.

V. SMALL-SIGNAL STABILITY ANALYSIS

In this section, a small-signal analysis is proposed to investi-
gate the influence of the multifunctional and wireless droop con-
trol coefficients on the stability and transient response, which
provides a guideline for the designers to choose a proper value.
For the sake of the safe and efficient operation of the converters,
the droop control coefficients are first confined within the limits
as follows:

|Awmax| /Rnax < KP < |Awmax| /Pmin
|Awmax| / (1 - SOCmax) < KSOC < |Awmax| / (1 - SOCmin)

|AEmax| /Qmax < KQ < |AEma‘x‘ /Qmin
|AEmax| /Rnax < KPV < |AEmax‘ /Pmin~

Particularly, K and Kpv in (15) are further confined by the
voltage restoration. K and Kpy determine the extents of the
voltage droops and compensation, respectively. Theoretically
speaking, Kpy does not influence the reactive power sharing
performance since the reactive power sharing is achieved by
employing the different extents of voltage droops introduced by
the unshared reactive power. Due to the evenly shared active
power, Kpy only introduce the same extent of voltage com-
pensation, which does not affect the different extents of voltage
droops. Hence, the reactive power sharing has little impact on
choosing the coefficient. However, the voltage restoration is sen-
sitive to K and Kpy . Assuming that the evenly shared reactive
and active powers in the steady state are Qgpare and Pypaye, the
voltage restoration in (15) requires that

i [
KQ / Qsharedt = KQ / (QL /n)dt
0 0

t_ t_
~ Kpy / (Py/n)dt = Kpy / (Pare)dt (16)
0 0

where (01 and P, are the reactive and active power of the load,
respectively, and n implies the number of converters.
It is can be derived from (16) that

t_

t_ f
KQ/KPV %/ PLdt/ QLdt%PL/QL. (17)
0 0
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Root locus diagrams for droop control coefficient values. (a) Root lo-
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1.88¢ — 6, Ko = le =5, Kpy = 6e — 6. (d) Root locus f or 0 < Kpy
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TABLE I
PARAMETERS OF THE PROPOSED DROOP CONTROL METHOD

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

Item Symbol Nominal value Units
Filter cutoff frequency We 200 rad/s
Nominal amplitude of output voltage E 311 v
Nominal amplitude of PCC voltage Vecc 311 \%
Initial phase difference 0 0.17 rad
Line impedance X 1 Q
DC-link voltage Vbe 800 \%
Capacity of DESU Ce 100 Ah
Item Symbol  Variation Range Units
Droop Coefficient Kp 0to 1.88e-3 rad/W
Droop Coefficient Ko 0to le—4 V/var
Droop Coefficient Ksoc 0 to 6.28¢-5 rad
Compensation Coefficient Kpvy 0 to 6e-5 VIW

It is can be seen from (17) that in addition to the confined
limits above, the relationship of Kpv and K is related to the
load powers.

By setting up the small-signal model of the proposed droop
method, the root locus corresponding to the aforementioned
coefficient range can be derived. According to the root locus,
the desired value of the coefficients within their respective range
can be picked out.

Modeling the low-pass filters with a first-order description
and linearizing (7) and (8), it yields that

we V .
Ap = TTo X [Aesind + AdEcosd) (18)
Ag= ¢ 4 [Aecosd + AdEsind) (19)
4= s+ we X

where A denotes perturbed values, capital letters represent equi-
librium point values, X is the equivalent impedance including
output impedance and line impedance, etc., and w, is the cutoff
angular frequency of the low-pass filters.

Subsequently, irrespective of the time in (10) and (15), by
perturbing and linearizing the proposed droop method shown in
(10) and (15), we obtain

Aw = —KpAp+ Kgoc ASoC (20)
Ae = —ﬁAq+@Ap 1)
s S
since
Aw(s) = sAd(s) (22)
and
ASoC = — ! A (23)
B SVDC Ce p-
Substituting (22) and (23) into (20), we have
1 Ks,
AS=—=(K 59¢ ) Ap. (24)

PR sVpcaCe
Considering (18) with (19), (21), and (24), it can be found
that

SSAS 4 as* A8+ bsP AS + ¢s>AS + eAS =0 (25)



SUN et al.: MULTIFUNCTIONAL AND WIRELESS DROOP CONTROL FOR DESUs IN ISLANDED

TABLE II
SYSTEM PARAMETERS
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Terms Symbol Simulation Parameters Experimental Parameters
Line impedance R: + /Xy 0.15+j0.5Q 02+ ,1.0Q
Ry + jXy 03 +,1.0Q
R3 + /X3 0.6 +j2.0Q 0.4+ 200
Droop coefficient Kp 1.88e—4 rad/W 0.0025 rad/W
Kq le-5 V/Var 0.00155 V/Var
Ksoc 6.28e—6 rad
Compensation coefficient Kpvy 6e-6 VIW 0.00935 VIW
Common load Case study 1 P+ jO 4 kW + j2 kvar 205.9 W + ;300 Var
Case study 2 Before load change ~ After load change Before load change After load change
4 kW + j2 kvar 6 kW + j3 kvar 205.9 W + j300 Var 2059 W + j400 Var
With local load ~ Case study 3 Common load Local load Local load
4 kW + j2 kvar 2kW + j1 kVar j35.9 Var

where
a= 2w,
b Wt E cosdw. VK, + (Kg cosé — Kpysind)w,V
= W b
e w2V (EKpcosd + Kgcosd — Kpysind)
X
FEcoséw,.V Kgoc
XVDCcE
wZVQEKpKQ KsocECOS(SwgV
B X2 XVpcCe
KsocKQw?:VQE
XQVDcCG

Equation (25) shows the fifth-order small-signal model of
the closed-loop system. Through analyzing the corresponding
characteristic equation shown in (25), we can select proper co-
efficients in the proposed droop control method to achieve a
desired small-signal stability performance.

Fig. 8 depicts the root locus diagrams using the parameters
listed in Table I with a variation of the coefficients in the pro-
posed droop method. Notice that the system has five eigenvalues
(X1, Ao, A3, Ay, and A5). The two complex-conjugated poles (A
and A9) are the dominant poles according to the location of the
five poles, obtaining a second-order behavior. The arrows in-
dicate the evolution of corresponding pole with the changing
coefficients. It can be observed that the poles can be adjusted to
fix the desired small-signal stability of the closed-loop system.

Fig. 8(a) shows that with the increase of Kp within the pre-
defined range, the dominant poles (1; and X9) move from the
right half s-plane to the left, which denotes that the small-signal
stability is enhanced by increasing Kp properly. Fig. 8(b) re-
veals that by increasing K, the dominant eigenvalues (1; and
A9) move toward the unstable region making the system more
oscillatory and finally leading to instability. Fig. 8(c) denotes
the root locus with the increase of Kg,c. Similarly, neglecting
the nondominant poles, the dominant eigenvalues movement
trend is similar to Fig. 8(b), which may cause small-signal in-
stability. The root locus corresponding to the changing Kpvy is
illustrated in Fig. 8(d), where the dominant poles (1; and 15) go
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paralleled DESUs. (b) Reactive power errors. (c) Magnitude of the PCC voltage.
(d) Active power errors.
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to the left-half s-plane, resulting in better small-signal stability
performance.

It has been shown in Fig. 8 that the small-signal stability
of the closed-loop system for the proposed droop method is
sensitive to the coefficients. We can guarantee the system sta-
bility and fine tune the dynamic performance by adjusting the
droop coefficients within a wider variation of the droop coef-
ficients. Considering the aforementioned, the coefficients Kp,
Kg, Ksoc,and K py in simulation are chosen as 1.88e-6, 1e-5,
6.28e—6, and 6e-6, respectively.

VI. SIMULATION RESULTS

To test the feasibility and effectiveness of the proposed droop
control methods, an islanded microgrid consisting of three
paralleled DESUs (defined as DESU;, DESU,, and DESUj3)
are studied. The key parameters of the system are listed in
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paralleled DESUs. (b) Reactive power errors. (c) Magnitude of the PCC voltage.
(d) Active power errors.

Table II. Due to the mismatched line impedances and the dif-
ferent initial SoCs of the system, the problems mentioned in
Section I cannot be avoided. This section reveals three case stud-
ies under different conditions with the proposed droop method
to further illustrate the performance of it. In each case study,
there are three subcases with different conditions of initial SoC
of the three parallel-connected DESUs, i.e., SoCy; = SoCys
= So0Cy3, SoCy; > SoCys > SoCy3, and SoCp; < SoCpy <
SoCys, respectively. The system responses of each subcase are
presented successively, which demonstrates that the proposed
droop method can solve the problems induced by mismatched
line impedances and different initial SoC simultaneously in the
presence of load step change and local load. To test the feasibility
and effectiveness of the proposed droop control methods, an is-
landed microgrid consisting of three paralleled DESUs (defined
as DESU;, DESU,, and DESUy3) is studied. The key parame-
ters of the system are listed in Table II. Due to the mismatched
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TABLE III
REACTIVE POWER ERROR

Initial SoC SoCy1 = SoCps = SoCy3 SoCpy1 >S0Cga >So0Cy3 SoCp1 <SoCpa <SoCys
Reactive power error (kVar) Qerror12 Qerrorts  Qerror2s Qerrori2 Qerrorts  Qerror2s Qerror12 Qerror1s Qerror23
Casestudy I Conventional 2.804 4.066 1302 2.798 4.098 1.300 2.824 4.069 1.295
Improved 8.192¢6  3.173e-5  2345¢-5  4.188¢-5  2.155e4  1.73de4  —8.770e-5 —237le6  —1.782¢6
line impedances and the different initial SoCs of the system, the 0.90
problems mentioned in Section I cannot be avoided. This sec- 0.80
tion reveals three case studies under different conditions with _0.70F
the proposed droop method to further illustrate the performance :\v: 0.601
of it. In each case study, there are three subcases with different § 0307 SoC;  SoCy,  SoCs
conditions of initial SoC of the three parallel-connected DESUs, 8'28
i.e., SoCy; = SoCpy = SoCy3, SoCy; > SoCyo > SoCys, and 0'2 ) ) . ) . ) ) .
SoCy; < SoCpz < SoCys, respectively. The system responses 0505 050 o0rs L00 125 150 175 2.00
of each subcase are presented successively, which demonstrates lez;:(s)
that the proposed droop method can solve the problems induced 45 ¢
by mismatched line impedances and different initial SoC simul- 5 ‘3“5) [ 5 881 Qerort2 Opmorts Demor23
taneously in the presence of load step change and local load. % 312 L 3@(8)(22)
g25¢ 5-04
A. Case Study I: From Conventional Droop Control to é%g [ Qigig
Improved Droop Control E 1.0 '
The performance of the improved droop control and the con- § 8:(5)
ventional droop control with unequal line impedances and dif- 030 055 050 05 '1,2)0 155 150 175 2.00
ferent initial SoC is compared and tested in this case study. T‘?ﬁ‘;(s)
The line impedance, droop coefficients, and common load are 350 -
as in Table II. Figs. 9-11 show the related outcomes (SoCs, 340t l +£5%
output active error, reactive power error, and the voltage mag- % §§81
nitude of PCC) corresponding to SoCy; = SoCys = SoCys, B 310y
S0Cg1 > SoCyz > SoCys, and SoCo; < SoCgs < SoCos, re- Bom T
spectl\{ely. It can be seen that during the first 0.5' s and the = %gg 39855 v sodas
following 1 s, the DESUs are controlled by conventional droop 260 |
control and the improved droop control, respectively. In or- 2500055 050 055 100 125 150 155 2.00
der to evaluate the performance of the improved droop con- Ti?é‘)?(s)
trol, the reactive power errors of the three DESUs are defined
as Qerrorl? = Ql - QZ,QerrorlS = Ql - QSa and QerrorQS = § 40 8; Pegriz Peronis Peros
@2 — Q3. Similarly, the active power errors of the three &30 o
DESUs are known as P10 = Py — P, Porroriz = P — P, % 2.0 o4
and Perror23 = P2 - P3- g 1.0 08
Obviously, the balanced SoC is gradually achieved shown 200
in Figs. 9(a), 10(a), and 11(a). The reactive power errors in .2-1.0 3
the steady state under the conventional droop control and the < 2 s o T TS T30 T b0
improved droop control in Figs. 9(b), 10(b), and 11(b) are listed ' ' ’ ' Tifne(s) ’ ’ ' ’
in Table III. The improved droop control can achieve equal (d
reactive power sharing compared to the conventional one. The
Fig. 12.  Waveforms when SoCp1 = SoCpa = SoCyp3. (a) SoCs of the three

voltage magnitudes are limited within the acceptable range, i.e.,
+5% seen from Figs. 9(c), 10(c), and 11(c). From Figs. 9(d),
10(d), and 11(d), it can be derived that the active power sharing
does not been influenced by the reactive power sharing and
voltage restoration.

B. Case Study II: Load Step Change of Both Active and
Reactive Power

In this section, we shall investigate the capability of the pro-
posed droop method to achieve SoC balancing, power shar-

paralleled DESUs. (b) Reactive power errors. (¢) Magnitude of the PCC voltage.
(d) Active power errors.

ing, and voltage restoration confronted with a load change
of both active and reactive power from 4 kW -+ ;2 kvar to
6 kW + j3 kvar. Figs. 12-14 provide the system performance
(SoCs, output active error, reactive power error, and the volt-
age magnitude of PCC) corresponding to SoCjy; = SoCyps =
SoCysz, SoCy1 > SoCys > SoCys, and SoCy; < SoCpy <
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SoCy3 when both the active and reactive power change at 1.0 s,
respectively.

It is demonstrated that with the proposed droop methods,
SoC balancing, power sharing, and voltage restoration can be
achieved regardless of the load step change of both the active
and reactive power.

C. Case Study IlI: Local Load

In the autonomous microgrid, the location of the local loads
will affect the power flows. Since the frequency of the micro-
grid is the same in the steady state, the active power sharing is
not influenced by the local loads. However, the reactive power
sharing performance is strongly affected by the local loads. In
order to further illustrate the effectiveness of the proposed droop
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method, the corresponding outcomes are revealed in the pres-
ence of 2 kW + j1 kVar local load in DESU; .

The figures above demonstrate that the proposed droop
method can achieve SoC balancing, reactive power sharing, and
voltage restoration in the presence of local load, which further
validates the effectiveness of this method.

VII. EXPERIMENTAL RESULTS

In this section, the proposed control method is tested under a
system with two paralleled inverters. Two dc power sources
are used as the battery simulators by embedding (4) in the
DSP program to calculate the SoCs of the virtual DESUs.
The simplified diagram of the three-phase experimental setup is
shown in Fig. 2 without the DESU3;. The experimental parame-
ters are listed in Table II. The paralleled inverters are digitally
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controlled by TMS320F2812 fixed-point DSP to implement the
power and voltage control algorithm. The line impedances of the
two DESUs are set as 0.2 + j1 €2 and 0.4 + j2 €2, respectively.
Meanwhile, the local load is located in DESU;. The reactive
power sharing, the voltage restoration, and the SoC balancing
with different initial SoC are validated successively and experi-
mentally in this section.

A. Reactive Power Sharing

Case study I In this case, the two paralleled inverters are
controlled by the conventional droop method before 20 s. At ¢
= 20 s, the control method is switched from the conventional
droop control to the [ Qdt — V droop control. The stages of
the control methods are labeled on the top of the figures, so as

0.90
0.80
@0.70
S 0.60
=0.50
% 040+
3030} SoC, SoC, SoC;
020+
0.10+
00005055 050 075 1.00 125 150 175 2.00
Time(s)
(a)
=90
§ 8.0 F 0 Qerror12 Qerror1s Qerror3
= 7.0F ?E .
5 6.0 £
E 50 -
o 40t 184 188 1.92 1.96 2.00
5 4
z 3.0
220
2 1.0
s 0.0
Q _ s L L L L L L )
o 1'00.0 025 050 075 1.00 125 150 1.75 2.00
Time(s)
(b)
340 l 5%
330 |
320
%’310 B
'5 300 It RS
5% T
<
S50 | 326.55 Vece 295.45
260
2500.0 025 050 0.75 1.00 1.25 1.50 1.75 2.00
Time(s)
(©
AIOO [ —_ g; Pem)rlz Perrarl} Perror23
5 8.0 f E e
5 6.0 £-02
540 Ry 04
§2.0 U155 160 1.65 170 175 1.80
2.0.0
o
E-2.0¢F
4 . i . ’ . . . ,
'Q).O 025 050 0.75 1.00 125 150 1.75 2.00
Time(s)
(d)
Fig. 16.  Waveforms when SoCp; > SoCpa > SoCp3. (a) SoCs of the three

paralleled DESUs. (b) Reactive power errors. (c) Magnitude of the PCC voltage.
(d) Active power errors.

the following figures. The reactive and active powers of the two
inverters are shown in Fig. 18(a), which reveals that the reactive
powers are not equally shared under the conventional droop
control due to the mismatched line impedances and subsequently
shared under the [ Qdt — V droop control. It is also can be seen
from Fig. 18(a) that the active powers are properly shared due
the same system frequency. Fig. 18(b) gives the voltages of
the two inverters. Under the conventional droop control, the
voltages do not deviate from the nominal value due to the small
droop coefficients. In the [ Qdt — V' droop control, the reactive
power sharing is achieved at the price of deviation of voltage
magnitude, which requires the voltage restoration scheme.
Case study Il (load step change): In order to further validate
the effectiveness of the proposed [ Qdt —V droop method,
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the response of the proposed droop method when the common
load changes suddenly at t = 25.6 s and returns back to the
original common load at t = 33.6 s is shown in Fig. 19. The
stages of the control methods are labeled on the top of figures.
Fig. 19(a) shows that under the [ Qdt —V control method,
the reactive powers are equally shared even with the double-
changed common load. Similar to Fig. 18(b), the voltages in
Fig. 19(b) sacrifice to achieve the reactive power sharing.

Case study III (local load): Since the performance of the
reactive power sharing is strongly influenced by the local load,
the [ Qdt — V droop method is demonstrated with local load in
this section. The corresponding local load is located in DESU; .
Fig. 20 shows the reactive powers and output voltages of the
two inverters. The stages of the control methods are labeled on
the top of Fig. 20. Compared with Fig. 18(a), the reactive power
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Fig. 18. Comparison of the conventional and improved droop control.
(a) Reactive and active powers. (b) Output voltage of the two inverters.
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Fig. 19. Reactive power sharing with load step change. (a) Reactive and active
powers. (b) Output voltages of the two inverters.
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Fig. 20. f Qdt — V' droop method with local load. (a) Reactive and active
powers. (b) Output voltages of the two inverters.

error in Fig. 20(a) is much larger under the conventional droop
control due to the presence of the local load. Fig. 20(a) implies
that the [ Qdt —V droop control can eliminate the reactive
power errors with the local load, since the [ Qdt —V droop
method functions once there are reactive power errors regardless
of the disturbing sources. Fig. 20(b) further illustrates that the
reactive power sharing is achieved with the voltage deviation.

B. Voltage Restoration

Since the reactive power sharing is achieved at the price of
voltage deviation shown above and the DESUs are responsible
to support the voltage in islanded mode, it is necessary to restore
the voltage to the acceptable range. Fig. 21 shows the active and
reactive powers and the output voltages under the conventional
droop control in (5) and (6), f Qdt — V control in (13), and
voltage restoration together with [ Qdt — V' control in (15),
respectively. The stages of the control methods are also labeled
on the top of Fig. 21. From Fig. 21(b), we can see that the
voltages are restored to the acceptable range. Meanwhile, the
reactive powers in Fig. 21(a) are equally shared.

C. SoC Balancing

In the parallel-connected DESUs, the SoC balancing is one
of the critical aspects. Fig. 22 shows the corresponding SoC and
the active powers of the two DESUs with different initial SoC
under P-f'and SoC-based P-f droop control. The initial SoCs of
the two DESUs in (4) are 0.8 and 0.7, respectively. The control
stages are labeled on the top of Fig. 22. Under the P-f droop
control, the active powers are equally shared due to the unified
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Fig.21. Reactive power sharing together with voltage restoration. (a) Reactive
and active powers. (b) Output voltages of the two inverters.
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Fig. 22.  SoC balancing of the two DESUs.

frequency. However, the SoCs of the two DESUs with different
initial SoC are not balanced. Once the SoC-based P-f droop
control is employed, the active powers of the two DESUs are
regulated to achieve SoC balancing. It can be seen from Fig. 22
that the output active power of DESU; (P;) reduces combined
with the increase of active power of DESUs (P5), which results
from (10) and is helpful to achieve SoC balancing. According to
(10), the frequency of the DESU with smaller SoC reduces more
and subsequently its output active power decreases more than
the others based on (7) and (9). The SoCs of the two DESUs are
balanced under the SoC-based P-f droop control. Further efforts
in terms of several complex conditions about SoC balancing
will be made in the next step of our research.
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VIII. CONCLUSION

In this paper, a multifunctional and wireless droop method
is proposed to address the problems (SoC unbalancing, reac-
tive power sharing errors, and voltage deviation) confronted by
DESUs in autonomous microgrids. The SoC balancing is re-
alized by employing the SoC-based P-f droop control which
introduces the local measurable SoC of a certain DESU to the
conventional P-f droop method. The [Qdt-V droop method in
this paper achieves reactive power sharing through reducing the
voltage proportionally to the integration of local reactive power.
Besides, a compensation term proportional to the integration of
accurately shared active power is introduced to restore the volt-
age to the acceptable range. Furthermore, a small-signal stability
analysis is presented to illustrate the sensitivity of the coeffi-
cients in the proposed droop method to the small-signal stabil-
ity, which determines the values of coefficients to achieve better
stability and dynamic performance. The simulation and exper-
imental results demonstrate that the proposed method achieves
good results with regard to SoC balancing, power equalization,
and voltage restoration. Moreover, the proposed method makes
it more viable to form a truly distributed and redundant micro-
grid, since communications between control layers and multiple
DESUs are not necessary in the proposed control strategy.
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