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Abstract

This paper presents a control strategy to enhance the accuracy of reactive power sharing between paralleled three-phase

inverters in an islanded microgrid. In this study, the mismatch of power sharing when the line impedances have significant
differences between inverters connected to a microgrid has been solved, the accuracy of the reactive power sharing in an islanded
microgrid is increased, the voltage droop slope is tuned to compensate for the mismatch of voltage drops across the line

impedances by using an enhanced droop controller. The proposed method ensures accurate power sharing even if the microgrid

has local loads at the output of the inverters. The control model has been simulated by MATLAB/Simulink with two or three

inverters connected in parallel. Simulation results demonstrate the accuracy of the implemented control method. Furthermore, in

order to validate the theoretical analysis and simulation results, an experimental setup was built in the laboratory. Results

obtained from the experimental setup verify the effectiveness of the proposed method.
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I. INTRODUCTION

Microgrids are attracting a lot of attention since they can
alleviate the stress of main transmission systems, reduce
feeder losses and improve the quality of power systems.
Microgrids consist of multiple parallel-connected distributed
generation (DG) units with coordinated control strategies,
which are able to operate in both grid-connected and islanded
modes. It is important to maintain systematic stabilities and
achieve load power sharing among numerous parallel-
connected DG units when islanded microgrids are concerned.
However, the poor active and reactive power sharing problems
due to the influence of the impedance mismatch of DG feeders
and the different ratings of DG units are inevitable when a
conventional droop control scheme is adopted. The control
strategies for islanded microgrid are usually divided into two
main types [1], [2]. The first type is made up of communication-
based control techniques including concentrated control, master/
slave control and distributed control. Although these techniques
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can achieve an excellent power sharing, they require
communication lines between modules which may increase the
cost of systems. Long distance communication lines are easy to
disrupt and reduce both system reliability and expandability.
The second type is based on the droop control technique, and it
is widely used in conventional power systems [2]-[11]. The
reason for the popularity of this droop control technique is that
it provides a decentralized control capability that does not
depend on external communication links. These techniques
enable the “plug-and-play” interface and increase the reliability
of systems. However, communications can be used in addition
to the droop control method in order to enhance the system
performance without reducing reliability [12]-[22].

Traditional droop control techniques have some drawbacks

in terms of power sharing for the following reasons.

e The line impedances are not available and different from
each other, which has a significant effect on power sharing
due to different voltage drops. When the impedances of
the lines connecting inverters to the common connection
point are different, a current imbalance appears since the
load sharing error increases [1].

e The heterogeneous line impedance, including the resistor
and capacitance, is not suitable for the conventional
droop control with pure resistors or pure capacitance
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applied for the low voltage distribution [1], [22].
Moreover, with a heterogeneous line impedance, the
active and reactive powers interact with each other,
which leads to difficulty for the separate control [1].

Although frequency droop techniques can achieve accurate
real power sharing, they typically result in poor reactive
power sharing due to mismatches in the impedances of the
DG unit feeders and the different ratings of the DG units
[22]-[24]. Consequently, the problem of reactive power
sharing in islanded microgrids has received considerable
attention in the literature and many control techniques have
been developed to address this issue [24], [25]. In addition,
an adaptive voltage droop control was presented in [26] to
share the reactive power. The effect of the mismatched feeder
impedance is compensated by adaptive droop coefficients and
reactive power sharing can be achieved. This method is
immune to communication delay. However, nonlinear and
unbalanced loads are not considered. An enhanced control
strategy was presented in [27] to accurately share reactive
power, where the active power disturbance is adopted to
identify the error of the reactive power sharing and is
eliminated by using a slow integral term. Unfortunately, the
signal injection method deteriorates the power quality and
affects the systematic stability. To regulate unbalanced power
and reactive power, an adaptive inverse control with an
enhanced droop control algorithm has been implemented to
adjust the weight coefficients of digital filters in real time
[28]. However, the reactive power sharing of an islanded MG
might be poor if the microgrid has local loads at the output of
the DGs. Since a communication delay always exists in
hierarchical control, the output correction signals sent to the
primary control need a time delay due to the communication
lines, which results in damage to microgrid systems. To
achieve a better active and reactive power sharing, the
delay caused by low bandwidth
communication lines need to be considered.

It is difficult to share reactive power accurately under a
mismatched feeder impedance, nonlinear loads and unbalanced
load conditions by the enhanced droop control. As a
supplement of the enhanced droop control, methods based on
virtual impedance or improved virtual impedance, have been
proposed to share the active and reactive powers [29]-[34].
Although inductive virtual impedance can enhance the
capacity of the reactive power sharing under mismatched
feeder impedance conditions, the virtual impedance reduces
the voltage of microgrids.

The problem of the reactive power sharing in islanded
microgrids has received a lot of attention in the literature and
many control techniques have been developed to address this
issue [35]-[37], where a mixed H2/Ho based on a voltage
control loop and a sliding-mode-control (SMC) based on a
current loop, is used as a replacement for the conventional
proportional-plus-integral-based cascaded control. This

communication
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Fig. 1. Block diagram of inverters in an islanded microgrid.

controller can improve the sustainability of the control system
if the microgrid has both nonlinear loads and unbalanced
loads. However, the mathematical model for SMC controllers
is relatively complex, especially when there are local loads.

The focus of this paper is a proposed method for controlling

parallel connected inverters in an islanded microgrid to allow
for power sharing according to the ratio of the rated power of
the inverters under the following conditions.

e There are significant differences in the line parameters
from the inverters to the point of common coupling
(PCC).

e The microgrid has the local loads connected at the
output of the inverters.

II. ISLANDED MICROGRID CONTROL

A. The Proposed Control Method

The structure of an islanded microgrid is made up of many
inverters connected in parallel. A block diagram of inverters,
where each inverter is connected to a common bus at the PCC
through the line impedance, is shown in Fig. 1. In addition,
the loads of a microgrid are also connected to the common
bus. The implemented controller contains two control loops,
where the outer loop power control divides the capacity of
each inverter, and the inner loop control makes the voltage
and current output of the inverters similar to their references.

B. The Principle of the Proposed Control Method

The principle of the droop control method is explained by
considering the equivalent circuit of an inverter connected to
an AC bus. The analysis method is based on Thevenin
theorem as shown in Fig. 2.
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Fig. 2. Diagrams. (a) Equivalent schematic of an inverter connected
to loads. (b) Vector diagram of the voltage and current.

The active and reactive powers supplied by the inverter are
calculated as follows:

P = a5z [RV = Vpcecosd) + XVpecsind] (1)
V .
Q= X2 [=RVpccsind + X(V — Vpeccoss)] )

When the angle 6 is small and X>>R, equations (1) and (2)
are rewritten as:

XP
= 3)
VVecc
XQ
V =Vpee = A “)

From (3) and (4), the basis of well-known frequency and
voltage droop regulation through active and reactive powers
are calculated by:

©— 0y =—my(P — Pp) %)

V—=Vy=-mg(Q — Qo) (6)

where Vo and wo are the nominal amplitude voltage and
frequency of the inverter, V and o are the measured amplitude
voltage and frequency of the inverter, P and Q are the active
power and reactive power output of the inverter, Po and Qo are
the nominal active power of the inverter and the nominal
reactive power of the inverter, and m, and m, are the active
and reactive droop coefficients, which are calculated as
follows:

— Vo = Vinin
a Qmax - QO

The impedance of the lines connecting the inverters to the

m _wo_wmin_m
p_ _ ’
Pmax PO

(M

PCC is significantly different, the load sharing accuracy is
difficult to achieve and the voltage adjustment is difficult
since it depends on the parameters of the system. From (5)
and (6), the following are obtained:

Mg1Q1 = MgpQs = = = MgnQn = AVpas (8)

mp1P1 = mpzpz = . = mp‘ran = Awmax (9)

Suppose power sharing is controlled for an islanded
microgrid that has two parallel inverters. Then it is possible
to obtain the following from equation (6):

Vi =Vy —mg 101 Mg, = Vo —Vy = AV
_ = _ _ (10)
Vo =Vy —my,0Q, MgpQy = Vo —V, = AV,

According to equation (10), it can be seen that as a
condition for two inverters to achieve reactive power sharing
to the correct ratio, they must satisfy the following constraint:

AV, = AV, =V, =V, (11)
Then:
My10:=My2 0, (12)
Equation (4) can be rewritten as:
v
Q = £(V = Vicccoso) (13)

Replacing equation (13) into equation (12) yields:

V; 12
mgys X_i (V1 = Vpeccosdy) = mg, X_E(Vz — Vpcccos6,) (14)

From equation (11) and equation (14), the following
condition must be met for the two inverters to achieve
reactive power sharing to the correct ratio:

Mg1 _ Mg2

X1 X,
5, =6, (15)
Vi=V,

Similar to active power sharing, according to equation (5)
it is possible to write:
{a’1 = Wy — My, Py
Wy = Wy — My Py
{mP1P1 = wo—w; =Aw;
Mp Py = Wy — W, = Aw,

(16)

According to equation (16), it can be seen that as a
condition for two inverters to share active power to the
correct ratio, they must satisfy the following constraint:

Aw; = Aw, = w; = w, (17)
Then:

My, Pi=m,, P, (18)

Equation (3) can be rewritten as:

P = ZELsing (19)
Replace equation (19) into equation (18) yields:
- —Vﬂz“ sind; =my, —VZZ’Z’CC sind, (20)

From equation (17) and equation (20), the following
condition must be met for two inverters to achieve reactive
power sharing to the correct ratio:



Control Strategy for Accurate Reactive Power Sharing in ... 1023

Mmp1 _ Mpa
X1 X2

5, =6, 2n
V=V,

Combined with conditions (15) and (21), there are also
conditions to active and reactive power sharing in accordance
with the norm ratio for two inverters:

Mmp1 _ X1
(mpz X2
- @)
Mma1 _ X1
Mgz Xz

To satisfy (22), it is necessary to choose droop coefficients
that are proportional to the line impedance. If the system is
adjusted to meet these requirements, the droop affects the
quality of the frequency and voltage.

In this paper, a controller is proposed to ensure accurate
power sharing of parallel inverters without adjusting the
droop coefficients.

C. Analyze the Effect of Local Loads on Reactive Power
Sharing

Active power sharing based on frequency droop is not
affected by local loads. However, local loads affecting
reactive power sharing during islanding operation [20]-[34],
is showed in Fig. 3.

A number of things can be seen in Fig. 3.

When the microgrid does not have local loads, the slope
kq1.2 1s obtained as follows:

Vo 1,2=Vo

N (23)

Qo_1,2
When the microgrid has local loads, the slope kq is
obtained as follows:

Vo 1,2=Vo

kgi2 = (24)

Qo_1,2—Qo_local1,2
Where:

Vo: the nominal amplitude voltage at the PCC.
Vo_1.2: the nominal amplitude voltage of the inverters 1, 2.
Qo_12: the nominal reactive power of the inverters 1, 2.

Qo 1ocal 1,2: the nominal reactive power of the local loads 1, 2.

Different local loads or different inverters leading to
reactive power sharing is inaccurate as shown in Fig. 4 and
Fig. 5.

According to Fig. 4, when the microgrid has local load 1,
the slope kq1 is obtained as follows:

V -V
k.. = 0.1,2—Vo 25
a1 Qo_1,2—CQo_locall @3)

According to Fig. 4, when the microgrid has local load 2,
the slope kq2 is obtained as follows:

k Vo 12—Vo

a2 = (26)

Qo_1,2—CQo_localz
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Fig. 3. Reactive power flows of two inverters with local loads
and line impedances are the same.
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Fig. 4. Reactive power flows of two identical inverters and
different local loads.
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Fig. 5. Reactive power flows of two different inverters and
different local loads.

According to Fig. 5, when the microgrid has local load 1,
the slope kq1 is obtained as follows:

Vo 1—Vo

kql = (27)

Qo_1—Qo_local1

According to Fig. 5, when the microgrid has local load 2,
the slope kq1 is obtained as follows:
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Vo 2—Vo

qu = (28)

Qo_2—Qo_localz
Where:

Vo_1: the nominal amplitude voltage of inverter 1.
Vo 2: the nominal amplitude voltage of inverter 2.
Qo_1: the nominal reactive power of inverter 1.

Qo 2: the nominal reactive power of inverter 2.

Qo _ocal 1: the nominal reactive power of local load 1.
Qo 1ocal 2: the nominal reactive power of local load 2.

Figs. 3, 4 and 5 show that when a microgrid has local loads
at the output of the inverters, which changes the output
voltage of the inverters, the voltage of the local loads is equal
to the voltage at the PCC. Therefore, the local loads make an
offset in the output voltage of the inverters, which is the
cause of the mismatch for reactive power sharing in islanded
microgrids.

In the general case, the slope kqi can write as follows:

Vi=Vpcc _ AV

kg = 29
a Qi Qi 9)
Vi is voltage at the output of the inverter.
Vecc is voltage at the PCC.
Qi is the reactive power at the output of the inverter.
Where:
szvi_vpcc =R12+L% (30)
Equation (30) can be written as:
. di .
AV; = Riyg + Ld—ztd — wLiy, (31)
. d’:Zq .
AV, = Rizq + L? + wliyy 32)

i2 is the current running through the line impedance.
R(Q) is the line resistor, and L(H) is the line inductance.

D. Proposed Droop Controller

A number of things can be seen in Fig. 6.

- If Vpee<Vmin (the minimum allowable voltage), the
reactive power at the output of the inverters is larger
than its maximum value (Qi>Qimax and Q2>Q2max).
This reactive power sharing inaccurately leads to the
risk of exceeding the inverter current ratings.
Moreover, Vpee<Vmin, Which is unacceptable to the
sensitive loads.

- If Vpee>Vimin, the reactive power at the output of
inverters is smaller than its maximum value (Q1<Q1max
and Q2<Q2max). In this case, the power sharing is made
possible, which ensures the quality of the voltage
delivered to loads.

- If Vpee=Vo, the reactive power at the output of the
inverters is equal to its rated value (Qi1=Qo.1 and
Q2=Qo-2). In this case, the power sharing is made
possible, which ensures the quality of the voltage
delivered to loads.
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Fig. 6. Reactive power flows of two inverters and line
impedances that are different.

On the other hand, as shown in Fig. 6, if the k slope is not
considered, which can lead to one or more of the inverters
generating reactive power beyond the maximum limit. In
addition, the minimum system voltage (voltage at the PCC) is
Vmin. As a result, there are risks of operating DG systems
beyond the maximum rating and the microgrid voltage
dropping below the minimum allowable value. To realize
accurate power sharing, the accuracy of reactive power
sharing in islanding microgrid operation can be enhanced by

incorporating the slope kg = %and modifying the voltage

droop slope (Q/V). This method is shown as follows.

- If Vpee=Vo, Fig. 6 shows the output voltages of the
inverters: Vo.1, Vo-2,.. Vo, slope kai:

Vo i~V
kg = ——= 33
a Qo_i (33)

Equation (33) can be written as:
Voi="Vo+kgi-Qo (34)

— If Vpee=Vmin, Fig. 6 shows the output voltages of the
inverters: Vi min, V2 min,... Vnmin, slope kgi:

kql — lml"n. min (35)
Qimax

Equation (35) can be written as:
Vimin = Vimin + kqi- Qimax (36)
Equations (34) and (36) can be obtained by the voltage
droop slope (Q/V):

m.. = Vo i—Vimin 37)

qt QO_i_Qimax

The droop control (Q/V) is given by:

Vi=Vo;—mgi(Qo: —Q;) (3%)
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E. Proposed Droop Controller when the Microgrid has
Local Loads
When the microgrid has local loads, the slope kqi can
written as follows:

V-V AV
k .= —i"7PCC 39
@ Qi—Qiocali Qi—Qiocal i (39)
Quocal i 18 the reactive power of local loads.
- If Vpec=V, slope kai:
VoV
ky= —=—— 40
a Qo_i=Qojycqr i (40)
Equation (40) can be written as:
Voi = Vo +kgi-(Qoi — Qojppg ;) (41)
- If Vpcc:Vmin, Slope kqil
kql — min min (42)

Qimax— QO_local_i

Equation (42) can be written as:

Vimin = Vinin + kqi- (Qimax - QO_local_i) (43)

Equations (41) and (43) can be obtained by the voltage
droop slope (Q/V):

Vo i—Vimin
myy; =—— 44
s Qo_i—Qimax ( )

The droop control (Q/V) is given by:

Vi =Vo; —mgi(Qo: — Qi) (45)

The proposed droop controller is formed from equations
(39) to (45).

A block diagram of the proposed controller for an islanded
microgrid is shown in Fig. 7.

F. Virtual Impedance

As presented in [20]-[27], based on Fig. 7, the virtual
impedance can be established by:

Uy = Zyiy = Ryiy + Ly 2 (46)
Equation (46) can be written as:
Vay = LqRy + Ly 222 — 15 wL, (47)
Vg = baqRy + Ly =2 + ipq0l, (48)
Equations (47) and (48) can be written as:
Vay = lpqRy — 54Xy (49)
Vgy = laqRy + 120X, (50)

Where: Ry is a virtual resistor (Q2), and Xv= oLy is a virtual
reactance (€2).

G. Voltage Controller and Current Controller

The voltage controller and the current controller are based
on a theorem as shown in Fig. 7.

Where:

R is a line resistor (Q2), and L is a line inductor (H).

Rt is a line resistor of the filter (Q2), and L is a line inductor
of the filter (H).

Based on Fig. 8, the following equations can be obtained:

ey (51
i =1, ar T
di
Viny = Lfd_tl + Rfll + Ve (52)
Equations (51) and (52) can be written as:
. . dvcd .y
l1g =g +C P wCvgqtiy (53)
dv,
b = lpq + Cd—;" + wCvgy + 1 (54)
diyg . .
Vinvd = Lf W + Rflld - wallq + Vea (55)
diy . .
Ul‘nvq = Lf d—tq + Rfllq + (})Lflld + ch (56)

1) Voltage Controller:
Equations (53) and (54) can be written as:

. . dvcd .y
(lld =g + CW— wCvq+ iy =
Aid + iZd - O)Cch + lt’i (57)
. . dch .
lig = lq + C7+vacd +ig =
Aig + i + wCvq + I (58)

Where:
Big = by (0ia = Vea) + iy [ (Wi = vedde (59)
Aig = kpy(Vig = Veq) + ki f(vc*q — Vgq)dt (60)
Equations (57) to (60) are for the voltage controller in Fig.
9(a).
2) Current Controller:
Equations (55) and (56) can be written as:
diyg . .
W + Rflld - (‘)Lfllq + Vea
= Avg — wlslyg + Veq (61)

(vinvd = Lf

liq . .
Vinvg = Ly It + Reiyg + wlfiyg + vgg
= Avg + wlfiyg + Vg (62)

Where:
Avy = kpi(ifq — i1a) + ki f (ifq —ii)dt  (63)

Ay, = kpi(qq - ilq) + ki f(ifq - ilq)dt (64)
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Fig. 7. Block diagram of the proposed controller for an islanded microgrid.
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Fig. 9. Schematics. (a) Voltage controller. (b) Current controller.
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TABLE I
PARAMETERS FOR THE CONTROLLERS
Parameters Values Parameters Values
Filter resistance R/(Q2) 0.2 Rate voltage V¢, , (V) 310
Filter capacitance C (uF) 50 Droop coefficient m, (V/Var) 1.7e-3
Switching frequency f; (kHz) 5 Droop coefficient m, (rad/s /W) le-4
Rate frequency fy(Hz) 50 Line impedance 1 0.8Q2; 0.6mH
Rate power (kVA) 4 Line impedance 2 0.6Q; 0.4mH
Virtual impedance 1 2.4Q; 1.8mH
Virtual impedance 2 1.8Q; 1.2mH
2000 : ;
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< 1200
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= 1000
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Fig. 10. Power sharing of public loads. (a) Real power. (b)
Reactive power.

Equations (61) to (64) are for the current controller in Fig.
9(b).

III. SIMULATION RESULTS AND DISCUSSION

A microgrid with two or three parallel inverters, as shown
in Fig. 1, is simulated by MATLAB/Simulink. All of the
simulation parameters of the system are given in Table 1.

A. Simulation for the Power Sharing of Two Identical
Inverters, where the Line Impedances are Different,
and the Local Loads and Public Loads are Changed

Simulation results for this case including the real power
output, reactive power output, current output and load voltage
are shown in Fig. 10.

Fig. 10 shows that the proposed controller achieves good
power sharing of public loads when the power of schematic

Fig. 11. Power sharing of local loads. (a) Real power. (b) Reactive

power.

loads are changed.

Fig. 11 shows that the proposed controller achieves good

power sharing of local loads when the power of schematic

loads are changed.

Fig. 12 shows that the proposed controller achieves good

power sharing of total loads when the power of the loads are

changed.

Total output power of each inverter during the period from

0Os to 4s:

P = O’S(Plocall + Piocarz + Ppublic)
= 0,5(1355 + 800 + 3290) = 2722W

Q= O’S(Qlocall + Qiocar2 + qublic)
= 0,5(350 + 410 + 2200) = 1480Var

Total output power of each inverter during the period from

4s to 8s:
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Fig. 13. Voltage at the PCC.

P = 0:5(Plocall + Piocaiz + Ppublic)
=0,5(1180 + 880 + 1100) = 1580W

Q= OvS(Qlocall + Qiocar2 + qublic)
= 0,5(520 + 750 + 470) = 870Var

Total output power of each inverter during the period from
8s to 12s:

P = O'S(Plocall + Piocar2 + Ppublic)
= 0,5(1090 + 980 + 2280) = 2175W

Q= OJS(Qlocall + Quocarz + qublic) =0,5(330 + 510 + 1780)
=1310Var

Fig. 13 shows the voltage quality at the PCC. The voltage
quality is always guaranteed by the proposed controller.

B. Simulation for the Power Sharing of Three Identical
Inverters, where the Line Impedances are Different,
and the Local Loads and Public Loads are Changed

Fig. 14 shows that the proposed control method provides
good power sharing. Figs. 14 accurately shows real and
reactive power with a 1:1:1 ratio.

Total output power of each inverter during the period from
0Os to 4s:

1
P = § (Plocall + Plocalz + Plocal 3t Ppublic)

1
= 5(700 + 1300 + 1300 + 4000)
= 2433W

1
Q= § (Qlocall + Qiocar2 + Quocar s + qublic)

1
= 5(410 + 340 + 250 + 3200) = 1400Var

Total output power of each inverter during the period from
4s to 8s:

1
p= § (Plocall + Piocaiz + Pocars + Ppublic)

1
= 3 (550 + 850 + 850 + 750) = 1000W
1
Q= g(Qlocall + Quocat 2 + Quocaiz + qublic)
1
= 5(450 + 700 + 550 + 550) = 750Var

Total output power of each inverter during the period from
8s to 12s:

1
P = 3 (Plocall + Pocar2 + Procarz + Ppublic)
1

= 3 (1000 + 850 + 990 + 2350) = 1700W
1
Q= §(Qlocall + Qiocat 2 + Qrocars + qublic)
1
= 5(550 + 270 + 320 + 2250) = 1230Var

IV. HARDWARE IMPLEMENTATION USING A DSP

In this paper, a practical model has been developed for
testing the proposed method. The developed hardware model
consists of three 3-phase inverters, Semikron drivers, LEM
HX 20P and LV-25P, which are used as voltage and current
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Fig. 15. Hardware setup for the experiment.

sensors, as shown in Fig. 15. The proposed control method has clamp meter. The experiment has been carried out on three test
been implemented on a TMS320F28335 DSP controller and cases with different ratios for the real and reactive powers. The
the results obtained from the experiment have been captured by results obtained from the experiment verify the advantages of

a Tektronix TDS2014B oscilloscope and a Fluke 345 PQ the proposed control method through case studies.
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Fig. 18. Voltage at the PCC.

A. Case Study 1: P1:P2 = 1:1, Q1:Q2 = 1:1, the Line
Impedances are Difference and the Load Changes

For this case, the ratio of the active and reactive power is
1:1 for two inverters with a load fixed at a pre-determined
value. In addition, the line impedances are different. The
measured power outputs for the two inverters are shown in
Fig. 16 and Fig. 17. The loads are changed from 950 W to
1160W and from 350Var to 550Var. The power sharing
errors in this case are very small.

Fig. 18 shows the voltage quality at the PCC. The voltage
quality is always guaranteed with the proposed controller.

B. Case Study 2: P1:P2:P3 = 1:1:1, Q1:02:03 = 1:1:1,
the Line Impedances are Difference and the Load
Changes

Fig. 19 and Fig. 20 show the active and reactive powers of
the three inverters in case of load changes. It can be seen that
the ratio of the active and reactive powers is still kept at 1:1:1

P1 (kW)
225 P2 (kW) .
P3 (k)

P (kW)

51612018 30s/Div 5i6/2018

Fig. 19. Real power sharing.
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Fig. 20. Reactive power sharing.
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Fig. 21. Voltage at the PCC.

when the load increases and decreases. The loads are changed
from 1000 W to 1570W and from 400Var to 970Var. The
power sharing errors in this case are very small.

Fig. 21 shows the voltage quality at the PCC. The voltage
quality is always guaranteed with the proposed controller.

C. Case Study 3: P1:P2:P3 = 4:2:1, Q1:Q2:03 = 4:2:1,
the Line Impedances are Difference and the Load
Changes
This case corresponds to the ratio of the active and reactive

powers being 4:2:1, and load changes steps within pre-

determined limits. The measured active power outputs for
three inverters are shown in Fig. 22, 23 and 24. The obtained
active power outputs for the three inverters increase within

the limits as P1=2000W, P> = 1000W and P3;= S00W; and Q

= 800Var, Q2 = 400Var and Q3= 200Var. These results
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Fig. 22. Real power sharing.
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Fig. 23. Reactive power sharing.
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Fig. 24. Voltage at the PCC.

demonstrate the response capability of the system based on
the new control strategy when the load continuously changes
online with a constant ratio. The active power sharing errors
in this case are very small.

Fig. 24 shows the voltage quality at the PCC. The voltage
quality is always guaranteed with the proposed controller.

V. CONCLUSION

This paper has proposed a new method to achieve an
accurate load sharing ratio between paralleled inverters in
islanded microgrids. In this study, the voltage droop slope is
tuned to compensate for mismatch in the voltage drops across

the line impedances by using an improved droop controller.
This method ensures accurate power sharing even if a
microgrid has local loads. In addition, the accuracy of the
power sharing based on the proposed method does not use
communication. MATLAB/Simulink simulation results and
hardware experiments have demonstrated the superiority of
the proposed strategy in any case with any ratio.
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