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Abstract

This paper presents DG based droop controlled parallel inverter systems with virtual impedance considering the unequal
resistive-inductive combined line impedance condition. This causes a reactive power sharing error and dynamic performance
degradation. Each of these drawbacks can be solved by adding the feedforward term of each line impedance voltage drop or
injecting the virtual inductor. However, if the line impedances are high enough because of the long distance between the DG and
the PCC or if the capacity of the system is large so that the output current is very large, this leads to a high virtual inductor
voltage drop which causes reductions of the output voltage and power. Therefore, the line impedance voltage drops and the
virtual inductor and resistor voltage drop compensation methods have been considered to solve these problems. The proposed
method has been verified in comparison with the conventional droop method through PSIM simulation and low-scale

experimental results.
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I. INTRODUCTION

Due to the demand for eco-friendly solutions and stable
local power supplies, concerns about the DG (Distributed
Generation) systems are growing due to the microgrid
concept being increasingly considered as a local power
supply network system [1]. A microgrid is an integration of
RES (Renewable Energy Sources) such as the photovoltaic or
wind power generators and fuel cell with an engine generator,
batteries, etc. It has been issued due to its flexibility and
capability as a reliable power supply. A microgrid is usually
connected to the main grid by DG through parallel inverters
located near the local loads. The flexible operation of a full
system is possible because DG improves the accessibility of
local loads and realizes the local control of DG. Therefore,
microgrid differs from the centralized generation which is
mainly composed of large-scale generation such as thermal
power generation or nuclear power generation [2].

A DG Dbased microgrid operates in either the
grid-connected mode or the islanded mode [3]. In the
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grid-connected mode, a microgrid can be defined as a current
source because it supplies power to the main grid by
synchronizing the phase of the PCC (Point of Common
Coupling) voltage. However, when a grid fault occurs or a
strategic islanding is needed, it has to be transferred to the
islanded mode by opening the static switch which connects
the microgrid to the PCC. Then, the microgrid is defined as a
voltage source because it can supply the full load demand
with only the local DG units instead of the main grid. In the
islanded mode, the DG based parallel inverters have to supply
the high quality power and the full local load demands with
load sharing among inverters [2].

One method for the load sharing of parallel inverters is the
master-slave control [4], [5]. In this method, one voltage
controlled inverter is operated as a master module and the
other current controlled inverters are operated as slave
modules. It is simple and shows very good performance in
term of load sharing despite the unequal line impedances by
the mutual communication among the inverters. However, its
drawback becomes more serious when a control failure
occurs in the master module. This is a problem because the
control of the slave modules are mainly affected by the
control of the master module due to the intercommunication
line between master and slave inverters [4]. It can also cause
a transient overcurrent problem due to communication delays.
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To overcome these problems, frequency and voltage droop
control methods are usually used to realize the load sharing
and to maintain the frequency and voltage of the PCC without
communications among the parallel inverters [6]-[17]. In
addition, this also guarantees reliable operation of the parallel
inverters even under the DG unit’s hot swap connection.
However, the DG based droop controlled parallel inverter
operation when the line impedances between the inverters
and the PCC are unequal
inductive-resistive combined lines, can cause a reactive
power sharing error and a dynamic performance degradation
due to the unequal line voltage drop and the PQ power

and when there are

coupling, respectively.

To reduce the reactive power sharing error and to avoid the
mutual interference between P-Q and w-E, several solutions
have been proposed. In [6], the virtual power frame droop
method has been used by transforming P and Q to virtual
power through the R/X ratio of the line impedance to
decouple the power coupling. In [7], the virtual
frequency-voltage frame droop method has been used
through the R/X ratio of the line impedance by the same
token as the previous method. However, these two methods
are limited because they need the same R/X ratio on each line
impedance of DGs. In [9]-[17], the virtual impedance has
been proposed to decouple the P-Q coupling by making the
system overall impedance dominant. It has advantages in
terms of decoupling the power without the same R/X ratio of
line impedances among the DGs. In addition, to compensate
the aforementioned reactive power sharing error due to the
unequal line voltage drop, the feedforward term of the line
voltage drop has been considered [2], [9]. In these approaches,
the calculation of the line voltage drop is based on the power
flow analysis according to the R and X values and the output
power. Hence, the reactive power sharing error due to the
unequal line voltage drops can be significantly reduced
without using the high voltage droop coefficient. Note that a
higher voltage droop coefficient realizes a faster dynamic and
a more accurate power sharing. However, this can cause
system instability due to the increase of the droop coefficient.

However, if the line impedances are high enough because
of the long distance between the DG and the PCC or if the
capacity of that system is large and the output current is very
large, then it results in a high virtual inductor voltage drop
which causes a reduction of the output voltage and power
[11]. Note that the virtual impedance voltage drop is obtained
through the multiplication of both the virtual impedance
value and the output current [12]. Hence, the line impedance
voltage drop and the virtual inductor voltage drop estimation
have been considered in this paper. This paper shows that it is
possible to adopt a selection method of the virtual impedance
through small-signal modeling for the analysis of the
transient state [13].

In addition, the case of injecting the virtual resistor which

Fig. 1. Equivalent circuit of distributed generation system.

can achieve better performance under the condition of
resistive line impedances has been considered so that each
DG based parallel inverter operates within the range of its
rated output voltage and power. The proposed method has
been verified in comparison with the conventional droop
method through PSIM and Matlab simulations and low-scale
experimental results.

II. DROOP CONTROL AND SYSTEM MODELING

A. Conventional Droop Control

Fig. 1 shows an equivalent circuit of a distributed
generation system. Based on this model, equations about both
the real and reactive powers can be obtained for a DG system.
The line impedance is represented as Z = Ze/® = R + jX.
Then, the complex power which flows through the
transmission line is as follows:

S—prquv T v[EY)

2
i(0— —j6
_VE i0-9) _V -] (1)
Z Z
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= o0 —6) + jsin(0 - 9) ——(cos0— jsin)

Here, Ez¢ is the output voltage of the distributed
generation, Z is the impedance between the PCC and the DG
system, and V is the PCC voltage. It is considered to be
0 = 90° because the line impedance is assumed to be the
dominant inductive component in the conventional droop
method. The above equation can be simplified as follows:

VE
P ~—sin 2
5 o 2

Q;%(ECOS¢—V) 3)

The phase of the PCC voltage ¢ can be assumed to be 0
because it is very small in practice. Hence, (2) and (3) can be
simplified as follows:

XP XQ
o~ YR E-V= A O]

Equation (4) shows that the inverter phase and voltage are
proportional to the real power and the reactive power,
respectively. Note that controlling the angular frequency w
instead of controlling the phase ¢ has to be selected in the
droop control for smoother transient dynamics and system

stability. Finally, the P—w and Q—E droop control

equations can be obtained as follows [6]:
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Fig. 2. Current voltage control scheme for distributed generation interfaced with inverter.

w* = Whom — kw-(Pref - P)
E = Enom - kv(Qref - Q)

@nom + Nominal frequency

®)
(6)

Eom : Nominal voltage

*
@ : Reference frequency

E": Reference voltage
k,, : Frequency-P droop coefficient
k, : Voltage-Q droop coefficient

On the other hand, if the droop method adopts the
predominant resistive line condition as the distribution line,
the droop equations need to be changed to the following
equations due to the different coupling between P —w and

Q—E.
W= Wy + kwv(Qref 7Q)
E* = Enom - kv(Pref - P)

(M
®)

B. System Modeling and Virtual Inductor Method

The conventional droop has been considered since the
inductive component is dominant more than the resistive
component in the line impedance. However, the line
impedance in a real system sometimes contains a resistive
component somewhat in accordance with the type of system.
Hence, the mutual interference component occurs in the
relation between the real and reactive power. The injection of
the virtual inductance method to the inductive-resistive
complex line reduces the mutual interference so that the
conventional droop method can be more effective.

Fig. 2 represents the overall control scheme of the droop
control in this paper. As shown in this figure, the inductor

current and the filter capacitor voltage have been used as a
feedback. Additionally, the output currents which flow
through the line have also been used for the calculation of the
output power and the voltage drop at the virtual impedance.
The voltage and current controller is designed as PI-P
controllers and their gains have been selected through the
root-locus analysis with deliberation. However, the
conventional virtual inductor voltage drop calculation with
differentiation cannot be a good application because of the
noise amplification due to the differentiation. Furthermore,
this can be more serious when the inverter supplies power to
non-linear loads. Therefore, avoiding high frequency
problems by adding a high pass filter has been studied [12,
14]. However, it is not easy to select the filter cutoff
frequency and it is complicated because this frequency should
be changed according to the configuration of the system and
load. Hence, this paper adopts a simple voltage drop
calculation method of virtual impedance without
differentiation by considering the complexity mentioned in

[9].
(Vg + V) = ja)XO(Id + jlq):a)Xo(—Iq + jld) )

X, : Virtual reactance

@ :System angular frequency

As shown in Fig. 3, the differentiation can be avoided by
simplifying sX, to jwX, for the calculation of the d- and
g-components of the reactance voltage drop. Therefore, (9)
which adopts the d-q synchronous reference frame improves
the noise attenuation at high frequency. Figure 4 represents
the virtual resistor implementation which gives more
advantages under resistive predominant line impedance
conditions such as a low voltage line cable. Note that using a
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Fig. 3. Virtual inductor scheme without differentiation.
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Fig. 4. Virtual resistor scheme.

virtual resistor is preferable to a virtual inductor in a
predominantly resistive line, otherwise a larger virtual
inductor is needed to be dominant when compared with the
resistive component.

C. Proposed Active and Reactive Power Sharing

As mentioned in the introduction, a reactive power sharing
error occurs due to the unequal voltage drops when the line
impedances of parallel inverters are unbalanced. If the
voltage droop coefficient is very large for compensating the
reactive power error, then there may be an unstable transient
response and steady-state oscillations. Note that although the
ramp function can be used for improving the transient
dynamics, the steady-state oscillation may still exist due to
the high steady-state voltage droop coefficient.

In [9], the conventional droop method has been modified
by using saved information which consists of both resistive
and inductance components analyzed by changes of the real
and reactive power in the grid-connected mode. However,
this kind of analysis is quite complicate because it is difficult
to know the effect the real and reactive power may have on
the voltage drop at line impedances. Additionally, it may be
necessary to use a low-pass filter for smoothening the
measured real and reactive power. Therefore, in this paper,
the impedance voltage drop is calculated by considering the
islanded mode firstly. Then, the reference voltages are
modified with these calculated variables. The modified
reference voltage is given as (10).

* 2 R

Enom =Enom +-5——
3 VPCC, peak

2 (X+X
et + 22 X0) o (10)
3Vpce , peak

E:(,m : Proposed rated voltage
VPCC, peak : Peak value of the PCC rated voltage

By using (10), it is possible to realize the zero steady-state
error of the reactive power and the transient load sharing
performance of the real power. From (10), the
voltage-reactive power droop equation can be obtained as

(11).
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Fig. 5. Proposed droop algorithm for inductive line.
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The details of (11) are shown in Fig. 5. In a high capacity
system, the output current which flows through the line is
very large. Hence, it makes the voltage drop at the virtual
inductance larger than the nominal voltage which causes an
output power reduction due to the reference voltage reduction
caused by the big virtual impedance voltage drop. Therefore,
by using (10) and (11), it can be improved to achieve zero
reactive power sharing error and the high performance of real
power sharing. Additionally, when line impedances are
predominantly resistive, the resistive droop equation can be
considered as Fig. 6. With the conventional resistive droop,
the opposite of reactive power sharing is correct but a real
power sharing error occurs due to the unbalanced line
impedance. As a result, the resistive droop equation is
proposed as (12) as in (11).

* 2 (R+Ry)
Eref = Enom +_\Tok ref
P pea
2 (12)
3 VPCC 0 Qref — v(Pref -P)
, peal

As shown in (12), the voltage-real power droop has been
used and the voltage drops of both the line impedance and the
virtual resistor have been considered to reduce the real power
sharing error [16].

D. Small Signal Modeling and System Stability Analysis
The system stability can be analyzed by using the linearized
equation of small signal modeling in the transient state [17].
The conventional droop control has treated small signal
modeling without considering the virtual inductor. In this
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paper, the virtual inductor has been considered in the small
signal modeling and its validity has been checked through
Matlab simulation as proposed in [13].
The DG output voltage E is defined as ey + jeg, and
the output current iy + jig is shown as (13).
.. E-V 1 ,
ig + Jig=—=—=-1(eg —V)cosf +eqsind]
z z
. (13)
j .
— Z[(ed —V)sint —eq cost]

The small signal equation for the current can be obtained

by the linearizing (13).
aly = %(Aed cos@ +agy sin &) (14)
alg = —%(Aed sin@ —agq cos 0) (15)

Equation (14) can be obtained from (1) by transforming to
the dg-synchronous reference frame.
P+ iq=V(ig + jig) =V -ig = JV -iq (16)
By using (11), the linearized equation of (14) is given as
following:

ap=Vaig Z%(Aed cos 6 +agy sin6) (17)
VIR Vv .
ag=-Valg _2(Aed Sln@—Aeq cos ) (18)

Equations (7) and (8) can be transferred to (17) and (18)
based on the d-q voltage frame.

* " . .
Ed - Enom - kv(Qref -Q)+ XO[S+ J'q (19)

@

E;‘:—x{ De ]id (20)

S+,

a, : Cut-off frequency of low pass filter

It is possible to change (5), (7), and (18) to the small signal
description as shown in from (19) to (21) (The error of the
output and reference voltage is assumed as ‘0’).

a0 =k, e ap 21
S+,
agy =k, ag+ X, De aly (22)
+ o, S+,
28 =X — 24 (23)
S+,

The above equations are rewritten by replacing aw with
¢ and considering a low pass filter.

2d+ Dead = K, ap (24)
a8y + @ a8y = K, a0 + Xoa)cAiq (25)
28y + @08y = —X @ 2y (26)

Then (27) shows the phase of inverter ¢, and (28) shows

Aeq .

£ 45 0 5 0 5
Real part

Fig. 7. System root locus with various X, from 0 to 1.5mH.

e
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d €4

Finally, the state space equation matrix can be obtained as
(29) from the above equations.

sp | To 1 o a8
A& =la -, b A¢ (29)
Aéd C 0 d Aed

Where:

2. .2
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Z ed
o (X, —k\V ) &f +eg
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a, (kY =X, )sin 8 L% (X, —kyV )cosd &g
Z Z €q

Equation (29) can be expressed as aX =AX and the
system stability can be confirmed by using the value of

c=cosd

d=-w,+

A|S| - A| =0. Fig. 7 represents the Matlab simulation results

based on (29) from the small signal modeling. Each
parameter is same as the parameters for the simulation.

This represents the root locus for the eigenvalue of the
state equation when the virtual inductance X, changes

from 0 to 1.5mH. As shown in this figure, one root moves to
the left side and the other two roots move to the stable area
on the right side. The stable area of the virtual inductance of
DGI1 is 0 to 0.265mH and it is 0 to 0.8mH for DG2.
Therefore, the maximum virtual inductance can be sclected as
0.265mH which satisfies both areas. Through this selected
virtual inductance, the stability and effectiveness are satisfied
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FOR DROOP CONTROLLED PARALLEL INVERTERS

Parameters Value
Pret 100 [kW]
Qret 6.6 [kVar]
Ve 158 [V]

Frequency droop K,
Voltage droop K,

Filter capacitor Cj

—1x107 [rad/W]
~1x1077 [V/Var]
2100 [uF]

Filter inductance L 15 [uH]

0.02[Q ], 0.08 [mH]
0.15[Q],0.17 [mH]
Switching frequency f, 8 [kHz]

0.265 [mH]

DGl line impedance
DQG2 line impedance

Virtual inductance X,

simultaneously. The selected virtual inductance has also been
adopted for the PSIM simulation.

III. SIMULATION

Table I shows the parameters of the parallel inverters for
the simulation. The virtual inductance has been selected as
0.265mH from the small signal analysis. The line impedances
are intentionally unbalanced and the line impedance of DG2
is assigned so that the resistive component is more
predominant than the inductive component to validate the
effect of the virtual inductor.

Fig. 8 represents the droop performances with two parallel
inverters based on the virtual inductor method for three
different types of conditions (a, b, ¢) and the conventional
droop method using a high voltage droop coefficient with or
without the ramp function at the transient state (d, ¢). The
total simulation time is 2sec and the droop control is applied
after 1sec. Fig. 8(a) shows the real and reactive powers, and
the circulating current. Here, the unrated real power and
reactive power sharing errors occur due to the high virtual
impedance voltage drop and the unbalanced line impedances,
respectively. Fig. 8(b) shows that the reactive power sharing
error can be reduced after considering each voltage drop of
the unbalanced line impedance [2]. The circulating current is
also reduced to that of Fig. 8(a). However, the total value of
the real power sharing is still smaller than the rated real
power value. Fig. 8(c) adopts the voltage drop of the line
impedances and the voltage drop of the virtual inductance
based on (11). Compared with Fig. 8(b), Fig. 8(c)
simultaneously achieves a reduction of the reactive power
sharing error and the correct rated real power sharing. In
addition, it is possible to use the high voltage droop
coefficient instead of the line impedance voltage drop offset
as shown in Fig. 8(d). However, its dynamic response
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Fig. 8. Droop performances with two parallel inverters using
virtual inductor method (top: active power, middle: reactive
power, bottom: circulating current): (a) Conventional droop
control considering equations (5) and (6), (b) droop control
considering line impedance, (c) proposed droop control
considering virtual inductance, (d) conventional droop control
using high voltage droop gain, (e) conventional droop control
using high voltage droop gain with ramp function in transient.
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Time !IJJ
(b)
Fig. 9. Reactive power sharing errors under unequal line
impedances with conventional droop control from 0.5 to 1.5sec
and from 2.5 to 4sec and proposed droop control from 1.5 to
2.5sec and from 4 to 5.5sec: (a) Unequal line resistance and two
times increase at 2.5sec, (b) unequal line inductance and two
times increase at 2.5sec.

shows some oscillations which can be assumed to be unstable
characteristics. Therefore, the ramp output of the voltage
droop has been adopted in Fig. 8(e) to reduce the transient
droop oscillation. However, although the dynamic response
can be improved to be stable with the ramp function, the
steady state oscillation still occurs due to the high voltage
droop coefficient. Therefore, the proposed droop method
considering the line impedance and virtual impedance voltage
drop offset guarantees the correct real and reactive sharing
performance and system stability in both the transient and
steady states.

Fig. 9 represents the reactive power sharing error under
different line impedance conditions. The conventional droop
control is used during the periods of 0.5~1.5sec and 2.5~4sec.
In addition, the proposed droop control is used during the
periods of 1.5~2.5sec and 4~5.5sec. In Fig. 9(a), the line
impedance of DG1 is 0.05Q and 0.08mH, and that of DG2
is 0.08 Q2 and 0.08mH until 2.5sec. After that, the line
resistance of DG2 becomes two times greater as 0.16 Q2 to
test the validity of the proposed droop performance in various
line resistance conditions. In Fig. 9(b), the line impedance of
DG1 is 0.05Q and 0.04mH, and that of DG2 is 0.05Q and
0.06mH until 2.5sec. After 2.5sec the line inductance of DG2
becomes two times greater as 0.12mH to test the validity of
the proposed droop performance in various inductive line
conditions. As shown in Fig. 9, there are reactive power
sharing errors due to the unequal line impedances under the
conventional drop method. However, the reactive power
sharing error can be reduced by using the proposed droop
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Fig. 10. Proposed droop performances with various virtual
inductance (top: active power, bottom: reactive power): (a)

Without X, (b) X ,=0.07mH, (¢) X ,=0.265mH.

method regardless of the various line impedances.

Fig. 10 represents the real and reactive powers when the
proposed droop control is adopted with three different values
for the virtual inductance. As in Fig. 8, the droop control and
virtual inductor methods are applied at lsec. The virtual
inductance values are OmH, 0.07mH, and 0.265mH in Figs.
10(a), 10(b), and 10(c), respectively. As shown in these
figures, the larger virtual inductance value is, the faster and
more correct the sharing of the real and reactive powers
becomes. Note that an excessive increase of the virtual
impedance which exceeds the right half plane on the root
locus causes system instability.

Fig. 11 represents the droop performances of the real and
reactive powers with the resistive droop (7) and (8) on a
predominantly resistive line. Unlike Fig. 8(a), the reactive
power sharing is correct, and the real power sharing error
occurs in Fig. 11(a) due to the changed relation between the
line component and the power flow. In addition, the unrated
real power problem also remains same as in Fig. 8(a).
Therefore, the line impedance voltage drop offset has been
adopted in Fig. 11(b). However, the shared real powers are
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Fig. 11. Droop performance of real and reactive power with
resistive droop equation (7) and (8) on resistive line (DGI:
0.03Q and 0.008mH, DG2: 0.15Q and 0.033mH): (a)
Conventional resistive droop control, (b) resistive droop control
considering only the line impedance, (c) proposed droop control
considering full resistive (12).

still different from the rated value due to the high virtual

impedance voltage drop. In Fig. 11(c), the resistive droop (12)

has been fully adopted. As shown in these figures, the real
and reactive power sharing error is almost zero and the real
power rating is recovered to its rated value.

Fig. 12 represents the current waveforms under the
proposed droop method with various virtual inductances. The
virtual inductance value of each figure is 0, 0.265, 0.8mH. In
the case of Fig. 12(b), its sharing dynamic response is faster
and more correct than that of Fig. 12(a).

The virtual inductance of Fig. 12(c) is in the stable region
of the small signal modeling of DG2. However, it is in the
unstable region of the small signal modeling of DG1. That is
why its current waveform is oscillating unstably. Hence, the
validity of the small signal modeling in this paper is verified.

IV. EXPERIMENTAL RESULTS

Table II represent the parameters of the droop control used
for the experiments. As shown in Table II, the experimental
setup is much lower scale than that of the simulation setup
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Fig. 12. Proposed droop performances with various virtual
inductance (output current) (a) without Xo, (b) X0=0.265mH, (c)
X0=0.8mH.
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TABLEII

EXPERIMENT PARAMETERS OF DISTRIBUTED GENERATION SYSTEM
FOR DROOP CONTROLLED PARALLEL INVERTERS

Parameters Value
Pref (casel) 800 [W]
Qref (casel) 35 [Var]
Pret (casel) 460 [W]
Qrer (casel) 26 [Var]

Ve 190 [V]

Frequency droop K,
Voltage droop k,
Filter capacitor Cj
Filter inductance L¢

DG line impedance
DG@G?2 line impedance

Switching frequency f,

Virtual inductor X,

Virtual resistor R,

~1.5x107* [rad/W]
~1x107° [V/Var]
100 [uF]

2 [mH]
2[Q], 150 [uH]
0.8 [Q1], 520 [uH]
2,8 [kHz]

8 [mH]
11Q]
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Fig. 13. Experimental results of droop performances with two

parallel inverters using virtual inductor method (top: active
power, middle: reactive power, bottom: output current).
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Fig. 14. Droop performances with two parallel inverters using
virtual resistor method (top: active power, middle: reactive
power, bottom: output current).

due to the power capacity of the laboratory.

Fig. 13 represents the droop performances using the virtual
inductor method with two control transient characteristics. At
@ in Fig. 13, the conventional droop control is started. Then,
a reactive power sharing error occurred due to the unequal
line impedance voltage drop. The real powers of two
inverters are well shared but its shared power is reduced to
less than its reference value due to the previously mentioned
large virtual inductor voltage drop. Therefore, (11) is adopted
at @ in Fig. 1 to reduce the reactive power sharing error and
to change the unrated shared power to its rate value.

Fig. 14 represents the droop performances using the virtual
resistor method with three control transient characteristics. At
@ in Fig. 14, the conventional droop control is started. Then,
a real power sharing error occurred although the reactive
powers are not well shared when compared to the case of the
virtual inductor. In addition, the real power does not satisfy
its rated value. Therefore, at @ in Fig. 14, the line

impedance voltage drop compensation is adopted to reduce
the real power sharing error. As shown in (12), consideration
of the virtual resistor effect has been implemented to change
the real power to its rated value at & in Fig. 14. Each
current waveform of the system shows the current sharing
performances when the conventional or the proposed droop
has been adopted. Finally, it is verified that the proposed
droop method realizes the real and reactive power sharing
along with the rated real power regulation.

V. CONCLUSION

The proposed droop method in this paper is based on a
virtual impedance selected by a small signal stability analysis.
Additionally, it has considered voltage drops at unequal line
impedances which cause a reactive power sharing error as
well as those at virtual impedances which cause a rated real
power reduction. Consequently, the real and reactive power
sharing can be properly realized. Hence, the circulating
current of the inverter has also been minimized. Validation of
the proposed droop method and virtual impedance selection
have been provided by PSIM, MATLAB simulations and
experimental results.
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