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Abstract—This paper studies microgrids where loads are sup-
plied by parallel-connected inverters controlled by decentral-
ized active power/voltage frequency and reactive power-/voltage-
magnitude droop control laws. A paralleled ac system, such as a
multiinverter microgrid, is susceptible to circulating currents due
to differences in voltage magnitude, frequency, phase angle, or dc
offset. Circulating currents due to differences in voltage magnitude
and dc offset have been known issues reported in literature. How-
ever, an in-depth analysis of the problem is required to ascertain
the deviation of the system-operating condition from the desired
condition. This paper provides a mathematical model that predicts
the effect of voltage-magnitude offsets on reactive power sharing
between inverters. Simulation and experimental results verify the
accuracy of the analytical results obtained from the mathemati-
cal model. We examine the effect of dc-circulating currents and
propose a simple capacitor emulation control law implemented in
software to eliminate dc-circulating currents. This solution is a
possible alternative for hardware implementation to eliminate dc-
circulating currents. The effectiveness of the capacitor emulation
control law has been verified through experimental results.

Index Terms—Capacitor emulation, circulating currents, decen-
tralized control, droop control laws, microgrids, voltage offsets.

I. INTRODUCTION

HE PARALLEL connection of dc—ac inverters is an excel-

lent approach toward fabricating large-capacity reliable ac
power supplies [1]-[13]. This paper considers the case of an ac
system comprising parallel-connected inverters supplying asso-
ciated loads operating in isolation to the main ac grid. This ac
system is termed as a microgrid [3]. The parallel connection of
inverters that are essentially controlled voltage sources results in
a system that is very sensitive to disturbances and offsets. This
paper will examine in detail the effect of offsets in the output
voltages of the inverters.

To enable inverters to share power demanded by loads in the
microgrid according to their maximum capacities, the inverters
are controlled to emulate synchronous generators in conven-
tional power systems. The frequency of the output voltage w is
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varied as a function of the active power p supplied by the invert-
ers through the p—w control law. The magnitude of the output
voltage V' is varied as a function of the reactive power ¢ supplied
by the inverters through the g—V droop control law. Voltage con-
trollers are then implemented for the inverter voltages to track
the references set by the droop control laws [1]-[13]. The volt-
age controllers have a high bandwidth and fast dynamics, and
therefore, do not play a significant role in the steady-state op-
erating point of the system in comparison to the droop control
laws [11], [12].

The circulating currents can originate due to several factors,
and this paper will discuss them. Detailed examination will be
provided to circulating currents due to differences in output-
voltage magnitudes of the inverters and differences in the dc
offsets present in the inverter output voltages. The difference in
voltage magnitudes between inverters causes the flow of reac-
tive power between them. Due to the ¢—V droop control laws,
the difference in voltage magnitudes is regulated in such a man-
ner that the inverters share the reactive power demanded by
the loads in the microgrid. However, minor fluctuations in the
voltage magnitudes will cause the reactive power supplied by
the inverters to deviate from the desired values. The sharing
of reactive power between the inverters and their output volt-
age magnitudes will, therefore, be decided also by the network
topology and circuit laws [7], [8], [12], [14].

Another cause of circulating currents is due to a dc offset
present in the output voltages of the inverters [13], [15]. These
dc offsets may occur due to a measurement offset in the inverter
controllers, irregular switching of inverter legs, or fluctuations in
the dc-bus voltage of the inverter [15]. The dc components in the
voltages will be limited only by the resistances of the cables and,
therefore, the dc components in the currents between the invert-
ers will be large, even for small differences in the dc components
in output voltages. The dc current will disrupt the droop con-
trol laws by causing large fluctuations in the voltage frequency
and magnitude. Moreover, the dc currents will cause additional
losses in the microgrid, thereby reducing its efficiency. Both
software solutions [13] and hardware solutions [15] to elimi-
nate the dc offsets have been found in literature. Xie et al. [13]
proposed a method, where the dc components in the circulat-
ing currents are extracted and fed to a closed-loop control that
introduces the appropriate dc component in the inverter output
voltages. Rhodes and Jodlowski [15] consider the case, where
the isolating transformer connected at the output of the inverter
saturates due to dc offsets in the inverter output voltage. A dif-
ferential amplifier is designed in hardware that will detect the dc
offsets from the positive and negative peaks of the transformer
magnetizing current. In the absence of the isolating transformer,
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Fig. 1. Power flow between two voltage sources.

the dc offsets in the output voltage can be detected by a saturable
reactor connected in the sensing circuit.

The outline of the paper is as follows. Section II provides a
basic overview of the origins of circulating currents between
voltage sources connected in parallel. Section III describes the
topology of the inverter and microgrid. The active and reactive
power flows between inverters are derived. Section IV presents
the droop control laws and the application of the ¢—V droop
control law along with the reactive power balance equations in
developing a mathematical model. Section V verifies the mathe-
matical model using transient simulations. Section VI provides
experimental results for a three-inverter-ring-connected micro-
grid and a further verification of the reactive power mathemati-
cal model. Section VII proposes a controller for eliminating dc
offsets from inverter voltages and verifies it by presenting an
experimental result.

II. EXAMINATION OF CIRCULATING CURRENTS

Fig. 1 shows two voltage sources connected together by a
cable. This simple circuit will be used to illustrate the circulating
currents that may flow between inverters that are connected by a
cable. Fig. 1 shows two voltage sources of angular frequencies
wy, and w, and voltage magnitudes V' and (V + AV). The
voltage sources differ in phase by an angle ¢.

The current 7,,,, flowing from source m to source n is written
as [2]

Vel lwntto) (V4 AV)el(@n)

mn — 1
! Z77LTL ( )
Equation (1) can be simplified to

@00 gillon —o)td] _ 1] _ AV win. (o)

T =
Zmn Zmn

Equation (2) allows us to examine how the circulating current is
affected by different factors. The following cases will examine
each factor in detail.

A wy =w, =w(say), AV =0,¢#0

Substituting the aforementioned values in (2), the circulating
current is, therefore, written as

oI (1) [em - 1}. 3)

tmn =
mn

For a microgrid, the impedances Z,,, of the interconnecting
cables will be smaller than the impedances of the transmission
lines in conventional power systems. Therefore, the phase angles
between voltage sources in a microgrid will be much smaller
than that of a power system, which leads to the approximation
cos ¢ ~ 1 and sin ¢ ~ ¢. As aresult, the circulating current be-
tween two voltage sources at the same frequency and without

any voltage offset will be small. The smaller the impedance
Zmn, the smaller has to be the phase-angle difference ¢, and
therefore, the design of the droop control laws will have to be
done taking into consideration the impedances of the intercon-
necting cables. Thus, the ratio between phase-angle differences
and cable impedance ¢/Z,,,, is of importance. It is to be noted
that the phase-angle difference ¢ between the voltage sources is
essential for active power flow.

B. w, =w, =w(say), AV £0,¢=0

Substituting the aforementioned values in (2), the circulating
current is, therefore, written as

AV
Zmn

From (4), it can be seen that the circulating current originates
due to the offset AV in the voltage magnitude. If the offsets
in the voltage magnitude are chosen to be small with respect to
the cable impedances by appropriately designing the ¢—V" droop
control laws, the circulating current will, therefore, be small. As
will be shown in the later section, this offset will cause reactive
power flow from one voltage source to the other.

e/t 4)

tmn = —

C. wy #wy, AV=0,¢=0

Substituting the aforementioned values in (2), the circulating
current is, therefore, written as

v

T =
Zmn

Due to the [e/(“m ~“n)! — 1] term, the magnitude of the circu-
lating current can attain very large values, since the impedance
Zmn of the cable is small. Furthermore, the circulating current
will have a low-frequency envelope of (w,,, — wy,).

6j<“’ﬂ t) [6j<wm —wn )t __ 1] (5)

D. DC Components in the Voltage

For simplicity, the general equation of (2) for circulating
currents did not contain a dc component to maintain it to be
an equation containing only ac quantities. Before writing the
equation for circulating current caused by dc components in
the voltages, an important point must be noted with respect
to dc voltages. With the assumption that the network is linear,
using superposition theorem, the network can be divided into
the ac-equivalent network and the dc-equivalent network. In the
dc-equivalent network, the dc component of the voltages are
limited only by the resistance of the cables during steady state
as the inductance of the cable plays no role.

The circulating current can be rewritten considering the dc
components as follows:

= YV it [ilten —en)tre] _q]

bn =
Zmn,

de _ ,.de
_ AV ellwnt) Y~ Un ) (6)
Z’UL n Rﬂl n
The last term in (6) for circulating current contains the dc com-
ponent. In microgrids, where the inverters are in close proximity,

the resistance of the cables can be negligible. Therefore, very



356
Sl S;; S') ifu, Lf’ Rf éica
_— L —
A - LI H—
Lo S leh
L B 00 -
:_V 7’./' Lec
de —
C /T _]_ | oot c
Cy = Ve EVfb L V!
S4 S(i \ SQ \ — - _ N
N n
Inverter with LC filter
Fig. 2. Topology of the inverters.

small differences in the dc component of the inverter voltages
can result in large dc components in the circulating current. In
a later section, a solution will be presented to eliminate the dc
components in the inverter voltages.

E. Focus of the Paper

Four cases have been described earlier with the expressions of
circulating current written in each case. This paper will describe
in detail Case B, where the magnitudes of the voltage sources
differ, and Case D, where the dc components in the voltage
sources differ. Case A, where the voltage sources differ by a
phase angle has received detailed treatment in reported litera-
ture. Case C, where the voltage sources have different frequen-
cies has been proved to be an unacceptable operating condition
that in turn laid the foundation for p—w droops.

III. SYSTEM TOPOLOGY AND POWER FLOW EQUATIONS

This section will begin with a description of the inverter
topology and the topology of the microgrid chosen for anal-
ysis and simulation study. The topology of the microgrid used
for hardware verification will be provided in a later section.
In the topologies of the three-phase microgrid and the three-
phase inverter, parameters are assumed to be equal in all phases
without any mutual coupling between the phases. Moreover, the
entire three-phase system is assumed to be a three-wire system
without a neutral wire.

Fig. 2 shows the topology of the three-phase three-wire in-
verter. The energy source for the inverter has been assumed
to be a constant voltage source V.. In practice, this would be
either be the output of a rectifier fed by an ac supply or an
alternative energy source, such as a microturbine, diesel gen-
erator, photovoltaic panel, fuel cell. The switches S;—Sg are
insulated gate bipolar transistors (IGBTs) with their associated
antiparallel diodes. The inductor L; and the capacitor C'y form
a low-pass L—C' filter. The voltages vs,, vsy, and vy, across
the filter capacitor bank C'y are the output voltages of the in-
verter. Details about the design and control of the inverter of the
topology of Fig. 2 can be found in [16].

Fig. 3 is a single line diagram showing the topology of a three-
phase four-inverter-meshed microgrid. The topology of Fig. 3
has been selected for analysis and simulation, as it presents a mi-
crogrid with sufficient complexity. However, the experimental
results will be presented for a simpler microgrid. In the figure,
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the load at bus 5 is a remote load not supported locally by a
inverter. Therefore, an inverter (Inverter 5) is shown in dotted
lines. This inverter is a fictitious inverter that will be included
in the mathematical model to examine the case of a remote load
connected at a bus not supported by a inverter. The significance
of a fictitious inverter will be discussed after the mathematical
model of the microgrid has been derived. In the following dis-
cussion, Inverter 5 will be assumed to be a real inverter and the
microgrid will be assumed to be a five-inverter microgrid.

Lio, Los, L3y, Lys, L13, L5, and Lo are the inductances
of the interconnecting cables between the inverters with the re-
sistances of the cables being neglected. Fig. 3 also shows the
power flowing in the interconnecting cables between the in-
verters. The terminology used for the power flowing between
inverters is described taking the interconnection between In-
verter 1 and Inverter 2 as an example. sj2 = p12 + jqi2 is the
complex power flowing in the cable connecting Inverter 1 and
Inverter 2 with p1o and ¢;2 being the active and reactive power
flow, respectively. s1, So, s3, S4, and S5 are the complex powers
supplied by the inverters. sz1, Sr2, Sp3, Sp4, and Sp5 are the
complex power demanded by the loads connected locally to the
five inverters. For analysis, these loads are assumed to be linear,
balanced three-phase loads.

Fig. 3 shows the output-voltages vectors of the inverters as
complex quantities in polar form. The output voltages of the in-
verters shown are Vfl = V1461, VfQ = V5 /09, Vfg = V37263,
V4 = VyiLdy, and V 5 = V5 /85. The magnitudes Vi, Vs, Vi,
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V4, and V5 are assumed to be the rms values of the line-to-neutral
output voltages. The angles 1, 2, d3, d4, J5 are measured with
respect to an arbitrary reference frame and in the figure are
shown in an arbitrary manner. The voltage vectors V s, V sa,
Vv 135 vV r4,and vV 5 are rotating with angular frequencies of w1,
wsy, ws, wy, and wy, respectively. The reference frame is rotat-
ing with an angular frequency of w. However, at steady state,
W] = Wy = w3 = Wy = wy = w, l.e., all the vectors and the ref-
erence frame are rotating with the same angular frequency. It is
to be noted that the vector diagram of Fig. 3 is only for the pur-
pose of deriving the following mathematical model. In reality,
the phase-angle differences between the voltage vectors will be
very small and the sequence of the vectors will depend on the
active power demanded by the loads in the microgrid.

The assumptions necessary for the subsequent analysis to
follow will be listed in the following.

1) The microgrid has been assumed to be a three-phase-
balanced system with all loads being three-phase-balanced
loads and network parameters being equal in all three
phases.

2) The resistance of the feeders are negligible as compared
to the inductive reactances, and therefore, have been
neglected.

3) The microgrid has been assumed to cover a small area and,
therefore, the cable impedances are small. As a result, a
small phase-angle difference and voltage-magnitude dif-
ference are required to cause active and reactive power
flow between the inverters.

4) The p—w droop control laws produce a steady-state devia-
tion in frequency up to 1% of the nominal frequency, while
the ¢—V droop control laws produce a state deviation in
voltage magnitude up to 2%—-4% of the nominal voltage
magnitude of the microgrid.

5) The internal dynamics of the inverter are neglected, since
the voltage controllers proposed in [16] have a high band-
width with fast transient responses. The inverters are,
therefore, assumed to be ideal voltage sources that are
exactly equal to the references set by the droop control
laws [11], [12].

It is to be noted that the assumption of balanced three-phase
three-wire system is important. In such a balanced three-phase
system, the power flows marked in Fig. 3 will be constant values
at steady state. However, if the system is unbalanced due to
inequality of the line inductances in the three phases or due to
the connection of unbalanced or nonlinear load, the power flows
will not be constant values at steady state.

Fig. 3 shows the power flows between the five inverters. The
expression for the power flow from any Inverter m toward an-
other Inverter n is given by

Vo s BV
Pmn w Lmn mn w Lm R mn
_ 3‘/771, (Vm - Vn CcOos 577”1,) ~ 3‘/m (‘/m - Vn)
Qmn = ~ . (7)
wLm n WLmn

In a microgrid, the impedances of the interconnecting cables
is low, as the distances between inverters is significantly lesser

than that of a conventional transmission system. Therefore, for
a particular flow of power through a cable, the phase-angle
difference 9,,,, = d,, — J,, between inverters is small. In (7), the
approximation of sin d,,,, & d,,, and cos d,,, ~ 1 is valid [2].

From (7), it can be observed that the active power flow p,,,,
depends, to a large extent, on the phase-angle difference 9,,,,,
while the reactive power flow ¢,,,,, depends, to a large extent, on
the voltage-magnitude difference V,,, — V,,. Therefore, the ac-
tive power and reactive power flowing between inverters can
be controlled by controlling the phase-angle difference and
voltage-magnitude difference of the inverters, respectively. The
phase-angle difference is controlled by controlling the frequency
of the output voltages of the inverters. This is the underlying
principle behind the droop control strategy that will be analyzed
in this paper.

IV. REACTIVE POWER SHARING AND
VOLTAGE-MAGNITUDE PROFILE

The droop control strategy consists of two droop laws. The
droop controller is applied to every inverter in the microgrid and
it requires the measurement of variables local to the inverter. The
droop controller laws for Inverter m are written as [1]-[13]

Wy = Wo — kpmpm
Vin =V — kqm qm 8)

where wj and Vj are the nominal angular frequency and voltage
magnitude for the microgrid, while w,,, and V,,, are the angular
frequency and output-voltage magnitude of Inverter m. k,,,,, and
kqm are the p—w and g-V droop control gains of Inverter m,
respectively. In the following analysis, the g—V droop control
law will be analyzed in detail. A further approximation can be
made to the reactive power flow equation in (7). The ¢—V" droop
control law of (8) produces a droop in the inverter output voltage
magnitude up to 2%—4% of the nominal voltage to ensure that
voltage regulation in the microgrid remains acceptable. There-
fore, the reactive power flowing from Inverter m to Inverter n
is written as

~ 3%(‘/;n - an)

Gmn ~

(C))

WLmn

where the magnitude of Inverter m output voltage V,,, has been
approximated to the nominal voltage magnitude V).

The reactive power balance equation at each inverter is written
as follows:

g1 = qi2 + q13 + q15 + qr1
G2 = @21 + G23 + @25 + qr2
g3 = g31 +q32 +q31 +qrL3
G4 = qa3 + Qa5 + qr4

45 =51 +g52 + G54 + qLs- (10)
By substituting (9) and (8) into (10) and suitably rearranging

the equation, the following matrix equation is obtained:

(1+20a,a)a=a an



358

where
Ak = diag(kql ) kq?a kq37 kq47 qu)
q= [fh 92 43 44 %]T
qr = [QLl qr2 49r3 4qr4 QL5]T
and
dio + diz +dis —di2 —di3
—di2 dig + daz + das —da3
A, = —di3 —da3 dy3 + dog + d3a4
0 0 —dsy
—dy5 —das 0
0 —d5
0 —das
—d3y 0 (12)
dsq + dys —dys
—dys dy5 + das + dys

In the matrix A, the coefficient d,,,,, = 1/L,,,.

The aforementioned matrix equation of (11) provides a
method of designing the droop control gains of the inverters.
Equation (11) can be simplified to the following form:

w

AAq= —(ar —q).

3V (13)

The g—w droop control gains in matrix Aj can be designed
so that the inverters share the reactive power demanded by the
loads qz in a desired manner, namely, q. Equation (13) can
be compared with the standard matrix equation Ax = b, where
A=A,x=A;q,andb = w/3V;(q; — q). From an inspec-
tion of the matrix A, in (12), it can be observed that the rows and
columns of A, add up to zero. This property of the matrix A,
will hold good for any arbitrary microgrid due to the mathemat-
ical model being formulated from the reactive power balance
laws. Hence, matrix A, turns out to be singular. Therefore, a
solution for (13) will exist when the rows of (q; — q) add up
to zero. Moreover, a unique solution to the matrix equation will
not exist due to the singularity of A,. The inverters can share
reactive power in a nonunique manner similar to the sharing of
active power due to the p—w droop control laws, where the ratio
of the p—w droop control gains are what matter.

The stability of the microgrid with respect to the g—V" droop
control law is examined by an alternative matrix equation de-
rived from (8), (9), and (10). Substituting the reactive power
flow equation in (7) into (10) and then substituting the resulting
equation into the ¢—V droop control law in (8), the following
matrix equation can be obtained:

( 3V (14)

I + TAkAq)V + Aqu = V()
where

V=W V» Vi Vi V5|¥
Vo=V Vo Vo b V"
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Equation (14) does not contain any dynamics, i.e., the d/dt(V)
is absent. Therefore, for a finite deviation in the reactive power
demand of the load and for finite values of ¢—V droop control
gains, the microgrid will always be stable. However, the ¢—V'
droop law will not result in the reactive power demand of the
loads to be shared in accordance with the droop control gains,
since the voltage magnitudes of the inverters are constrained by
network parameters and network topology. The matrix equation
of (11) can be used to compute the reactive power supplied by
the inverters for the reactive power demand of the load, as will
be shown soon.

The aforementioned discussions have provided us with the
following proofs with which the case of a remote load can be
considered. In the mathematical models of (14), instability of the
microgrid does not occur for any nonzero finite value of the g—V'
droop control gain k,. With reference to the microgrid topology
of Fig. 3, let us assume that Inverter 5 does not exist and that
only a load is connected at that bus drawing a reactive power
of qr5. The mathematical models of (14) and (11) assume that
every load in the microgrid is local to an inverter. To continue
using these models, we consider a fictitious inverter (Inverter
5) at the remote load. This inverter should supply a negligible
amount of reactive power so as to capture the behavior of the
microgrid with the remaining four inverters.

The droop control gain k5 of Inverter 5 is designed as follows.
At steady state, the voltage magnitudes of the inverters will
be approximately equal. Therefore, the following equation is
written for steady state:

nmqr =mnage = =N5qs. (15)
From (15), it is evident that in order to make the reactive power
contribution g5 of Inverter 5 to be negligible with respect to the
other inverters, the droop control gain kg5 is made much larger
than the other inverters. For example, if the droop control gain
kg5 is made 100 times larger than the control gains of other
inverters, g5 should be approximately 1% of the contributions
of other inverters. In the following section, which validates the
model of (11), this design criterion will be used.

V. REACTIVE POWER CONTRIBUTION OF INVERTERS

Equation (11) provides a method to calculate the change in
the reactive power supplied by the inverters for a change in the
reactive power demanded by the loads in the microgrid. Two
methods are used to validate the expression. In this subsection,
the expression will be verified by comparing it with a complete
transient simulation of the four-inverter-meshed microgrid of
Fig. 3 performed in C+4+. In the following section, the ex-
pression of (11) will be verified by experimental results on a
three-inverter-ring-connected microgrid.

Table II lists the inductances of the interconnecting cables
between the inverters, as shown in Fig. 3. The stability of the
system is examined with all the parameters in per unit (p.u.).
Therefore, a base system has been chosen with respect to which
all the p.u. values of the chosen system are calculated. Table II1
lists the parameters of the base system.
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TABLE I
CHANGE IN REACTIVE POWER SUPPLIED BY INVERTERS FOR kg1 = kg2 = k3 = kqa = ky5 = 0.021 P.U.

g1 =0.253 | qr1 =033 | qr1 =0.986 | qr1 = 0.9806 | qr1 = 0.969
qr2 = 0.337 | qr.2 =0.33 | qr2 =0.329 | gqr2 =0.3217 | qr2 = 0.969
qr3 =0.253 | qr3 =0.99 | qr3 =0.493 | qr3 = 0.981 qr,3 = 0.485
dr4a = 0.253 dr4a = 0.25 dr4a = 0.246 dr4 = 0.2453 qdra = 0.969
qrs = 0.202 qrs = 0.25 qrs = 0.985 qrLs = 0.9792 qrs = 0.967
Simulation | 0.3254 0.5417 0.7772 0.8943 1.101
q1 Numerical 0.3237 0.5395 0.7628 0.8795 1.088
Error % 0.51% 0.41% 1.93% 1.68% 1.21%
Simulation | 0.3263 0.541 0.7620 0.8788 1.098
g2 | Numerical 0.3231 0.5392 0.7576 0.8743 1.087
Error % 0.69% 0.31% 0.67% 0.51% 1.05%
Simulation | 0.324 0.551 0.7608 0.8857 1.0839
g3 | Numerical 0.3233 0.5426 0.7572 0.8767 1.088
Error % 0.2% 1.54% 0.47% 1.03% 0.40%
Simulation | 0.3253 0.54 0.7600 0.8772 1.106
q4 | Numerical 0.3238 0.5388 0.7571 0.8738 1.089
Error % 0.47% 0.22% 0.38% 0.38% 1.51%
TABLE II
INDUCTANCES OF INTERCONNECTING CABLES Inv 2
Li2 = L2z = Lga = L13 = 150u H K2 ;
L4s = 200p H, Ls; = 250p H, Las = 450u H 1“2
Zia ]
TABLE Il lsz
BASE-SYSTEM PARAMETERS 1
Base KVA = 5, Vigse = 400 V (L-L)
Lpase = 0.101 H, Base w = 100 7 rad/s
In the transient simulation in C-+-, the loads connected at the
buses are considered to be balanced resistive—inductive loads Inv 3
that draw active and reactive power. Different values of the
load resistance and inductance are chosen, such different cases i ) ) )
Fig. 5. Experimental setup of the Microgrid.

are generated, and the reactive power demanded by the loads
is recorded. Subsequently, the reactive power supplied by the
inverters is also recorded. The reactive power demanded by the
loads obtained from the transient simulation are fed to model of
(11), and the analytical values of the reactive power supplied by
the inverters are calculated.

The results of the simulation study are listed in Table I. Five
different cases of loading have been considered, as shown in
Table I. The first case considers the microgrid to be lightly
loaded with the reactive power demanded by the loads in the
microgrid being less than 0.5 p.u. The remaining cases consider
heavier loads (>0.8 p.u.) connected at one or more bus. Finally,
the fifth case considers a heavily loaded microgrid, where only
one load draws a reactive power less than 0.5 p.u. The results
in Table I contain results from the C++4 simulation, analyti-
cal results obtained from substituting change in reactive power
demand into (11), and the percentage error between them cal-
culated as follows:

Gi(sim) — Gi(anal)
qi(sim)

%Error = x 100. (16)

As can be seen from Table I, a close agreement exists between
the C++ simulations and the analytical results obtained from
the reactive power model of (11). The highest percentage error
encountered in the study is 1.93%. Therefore, the simulation
results validate the reactive power model of (11). As a final con-
firmation, the following section will present the experimental
results.

VI. EXPERIMENTAL RESULTS

The microgrid topology chosen for experimental verification
is a three-inverter-ring-connected microgrid shown in Fig. 5.
Each inverter has a local load: Z; 1, Z;, and Z 3 for Inverter
1, Inverter 2, and Inverter 3, respectively. The inverters are con-
nected to their local loads directly, but are connected to the
microgrid through contactors K1, K2, and K3 controlled by
synchronizing circuits. The synchronizing circuit closes an ac
contactor when the output voltage of the inverter is in-phase
with the microgrid voltage at the point of connection, thereby
reducing transients at the moment of inverter interconnection.
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TABLE IV
PARAMETERS OF THE INVERTERS

Inverter
Dc bus voltage = 250 V, Switching frequency = 5 kHz
Ly =3 mH, 25A, Lc = 400uH, 25A, Cy = 200uF, 440V
Inductances emulating interconnecting cables
L12 = ISOMH, L23 = 150/,LH, L13 = QOO/LH

TABLE V
DETAILS OF LOADS
Zr11 | Resistive load of six 250V, 200W incandescent lamps.
Tunable inductor load of 22 mH, 25A
Zr12 | Resistive load of four 250V, 200W incandescent lamps.
Zr13 | Resistive load of six 250V, 200W incandescent lamps.

Table IV lists the parameters of the inverters whose topology
has been shown in Fig. 2. The L;—C'; filter parameters have
been chosen so as to provide a resonant frequency of 205 Hz.
As also listed in Table IV, the pulsewidth-modulation switching
frequency of the inverter is 5 kHz. Therefore, as will be shown in
the experimental results, the high-frequency switching harmon-
ics are sufficiently attenuated so as to produce smooth sinusoidal
waveforms. Another additional inductor L. has been listed in
Table I'V. This inductor L. is an interfacing inductor that is con-
nected at the output of the inverter. This inductor reduces the
effects of transients in the microgrid, such as the interconnection
or disconnection of another inverter. However, this inductor has
been limited in size to ensure that the transient response of the
inverter is not adversely affected.

Table V lists the details of the loads Z;,1, Z;9,and Z3. Z11
consists of a resistive lamp load drawing only active power and a
reactor that draws reactive power. 21 and Zp 3 are purely resis-
tive lamp loads drawing only active power. The nominal angular
frequency and voltage magnitude are chosen as wy = 1007 rad/s
and Vp = 85 V. The droop control gains of the inverters are
chosen to be equal with k,1 = kp» = k,3 = 0.0125 rad/(W-s)
and kg1 = kyo = kg3 = 10~% V/VAR. With respect to the the-
ory presented in Section III, the active power should be shared
equally, as the frequency of all inverters have to be equal in
steady state. However, the reactive power will be shared accord-
ing to (11). In this experiment, the reactors are not turned ON
or OFF to produce a transient. However, the inverters can be
connected to the microgrid through the contactors K1, K2, and
K3. Therefore, initially the inverters will operate in standalone
mode supplying the load local to them and by closing K1, K2,
and K3, these will be brought in parallel to form the micro-
grid. With only load 71, demanding reactive power, this will be
equivalent to gz, being nonzero, while the others gz, and qr3
are zero.

The standalone operation of the inverters, where they are
feeding their own local loads, is shown in Fig. 6. The phase a,
output voltages and output currents of the inverters are plotted
together with one common scale for the voltages and another
common scale for the currents. As can be seen from the figure,
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the load local to Inverter 1 draws a current much larger as com-
pared to the loads local to Inverter 2 and Inverter 3. This is due to
the fact that the entire reactive power load is concentrated near
Inverter 1. Upon parallel operation of the inverters to form a mi-
crogrid, it is expected that the currents will be of approximately
equal magnitude. Fig. 7 shows the phase a output voltages of
the inverters when the contactors K1, K2, and K3 are closed
and the microgrid has been formed. As can be observed, the
inverter output voltages have equal magnitudes and have almost
unnoticeable phase differences between them.

Fig. 8 shows the phase a output currents of the three inverters.
As can be seen from the figure, the currents are approximately
in-phase with the magnitudes of Inverter 2, and Inverter 3 output
currents being approximately equal. However, the output current
of Inverter 1 is larger than that of Inverter 2 and Inverter 3.
The reason for this difference lies in the fact that the reactive
power load is concentrated at Inverter 1. As stated earlier, the



IYER et al.: ANALYSIS AND MITIGATION OF VOLTAGE OFFSETS IN MULTI-INVERTER MICROGRIDS 361

400

§ 350 4
< 300 .
£ 250 4
& 200 :
=150 1
& 100 .
50 :

0 . : . . .
0o 05 1 15 2 25 3

Time (s)

(a)

1200 T T T T T
1000

q1. @2, g3 (VAR)
g

0 05 1 15 2 25 3
Time (s)
(W)

Fig. 9. Active and reactive power supplied by the inverters. (a) Active power
supplied by the inverters. (b) Reactive power supplied by the inverters.

active power supplied by all inverters will be equal, as the p—w
droop control gains are equal for all inverters. However, despite
the g—V droop control gains being equal, the reactive power
supplied by the inverters will not be equal, as the output voltage
magnitudes of the inverters are constrained by the network laws.
This will be evident from the plots of the powers supplied by
the inverters.

The reactive power demanded by the three phase load reactor
is 2200 VAR at the nominal line-to-neutral voltage Vj = 85 V.
Upon substitution of g;; = 2200 VAR, ¢z =0, and g3 =0
in (11), the reactive power supplied by the inverters are com-
puted to be ¢ = 900.85 VAR, ¢» = 659.35 VAR, and ¢3 =
639.79 VAR. Fig. 9(b) shows the reactive power supplied by the
inverters. As expected, the reactive power supplied is not equal,
as the voltage profiles are dependent on the network topology.
Comparing the experimental results of the reactive powers sup-
plied by the inverters with the numerical values obtained from
(11), the error is found to be negligible. The difference in the
reactive power obtained with respect to (11) can be attributed
to the approximations made in obtaining (11), and in the errors
and offsets in the measurement of voltages and currents in the
experimental setup. Fig. 9(a) shows the three inverters sharing
the active power demanded by the loads in the microgrid equally
as expected.

VII. CORRECTION OF DC OFESET

Section II described the origin of dc-circulating currents due
to dc components in the inverter output voltages. The dc com-
ponents appear in the inverter output voltages due to offsets
generated in the conditioning of the measured signals by cir-
cuits based on operational amplifiers. These signal-conditioning
circuits are essential when the input to the analog to digital con-
verter (ADC) is unipolar; for example —0 to 5 V. As a result,
the measured signals have to be attenuated and level shifted.
These processes produce a dc offset in the signals fed to the

ADC. Moreover, the dc offset varies with temperature, drift of
parametric values of electronic components, etc. Other causes
for a dc offset to appear in the output voltage are the switching
delays in the two IGBTs of inverter legs and fluctuations in the
dc-bus voltage of the inverter.

This section will describe a method to eliminate dc offsets
based on a fundamental network property. An ac capacitor con-
nected in series with the circuit has the property of blocking dc
current from flowing in the circuit. This is due to the ac capacitor
in effect offering a very large impedance to dc. Connecting an
ac capacitor at the output of the inverter is not desirable due to
the increased bulk of the inverter. The ac capacitor is, therefore,
emulated in the controller as will be described in the follow-
ing. This emulation also provides a flexibility in changing the
value of the capacitor by merely changing the code in the DSP
processor.

If the desired ac voltage as set by the droop control laws is
Vfret, then we denote the desired inverter output voltage with
ac-capacitor emulation by v,,.t. The emulator control law is
written as

Voref = Vfref — i /Z(’dt o))
Cout

where C,; is the emulated ac capacitor. The effect of the afore-

mentioned controller can be examined with respect to an exam-

ple. Assume the inverter output current .. to have the following

components:

ic = Igc + I sin(wt) + I3 sin(3wt) + 1.5 sin(bwt). (18)

The integral of the aforementioned current will provide the fol-
lowing expression with initial conditions being neglected:

Ic Ir" Ic5
/z’cdt = Iq.t + Ul cos(wt) + 3—; cos(3wt) + o cos(bwt).

(19)
In (19), the angular frequency w = 1007 rad/s. The contribution
of the aforementioned integral with respect to fundamental and
higher harmonics will be negligible. However, the contribution
due to the dc component of current /4. will be a dc component
continuously increasing with time. The ﬁ in the controller
equation (17) can be interpreted as a gain constant.

The operation of the controller is as follows. A positive dc
offset 14, in the current i, will be due to the presence of a dc
offset in the inverter output voltage that is larger than the dc
offsets in other inverter voltages. Due to the control law of (17),
the desired inverter output voltages will contain a dc offset that
decreases with time. The decrease in the dc offset in the inverter
output voltage causes the dc offset in the inverter output current
1. to decrease. At steady state, the dc offset in the output voltages
of all the inverter units will be equal and the dc offsets in the
inverter output currents will be zero.

The capacitor emulation law of (17) has been implemented
in DSP and is associated with every inverter in the microgrid.
A virtual series capacitor of 100 mF has been emulated in DSP.
The effect of the controller is best seen at the moment of in-
terconnection of a inverter to a microgrid. Fig. 10 shows the
output current in phase a of Inverter 3 when it is connected to
a microgrid with Inverter 1 and Inverter 2 already operating in
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parallel. As can be seen from Fig. 10, immediately following
the interconnection of Inverter 3, a large negative dc offset can
be seen in the current 7.,3. As time progresses, the dc offset de-
creases, and finally becomes zero. The time taken to eliminate
the dc offset in the output current can be varied by changing the
capacitor Cl,,¢ emulated in (17).

The value of the capacitor chosen for the aforementioned case
is such that the capacitive reactance is small and does not disturb
the predominantly inductive nature of the microgrid. This can
be observed from the slow decay of the dc component in the
inverter output current. The value of the capacitor can be de-
creased so as to increase the capacitive reactance at fundamental
frequency (50 Hz). This might result in faster transients, where
the dc components will be eliminated faster as seen from (17).
However, larger capacitive reactances due to smaller emulated
capacitances may result in stability issues due to resonance with
the inductances of the interconnecting cables. Therefore, if fast
transients are desired, stability analysis is required to obtain the
lower limit of capacitance that can be emulated.

VIII. CONCLUSION

The paper has provided a detailed analysis of the origin of cir-
culating currents leading to imperfect sharing of reactive power
by inverters and dc-circulating currents. The issue of imperfect
sharing of reactive power by inverters has been addressed in
the literature. However, a model to predict the nature in which
load reactive power demand will be shared has not been pro-
posed in the literature. Such a model is essential to understand
the extent of the problem with respect to microgrid topologies
and ¢—V droop control gains. The paper has proposed a math-
ematical model that can be written by mere inspection of the
microgrid topology and a knowledge of the interconnecting ca-
ble inductances. This model can also be used to design the ¢—V'
droop control gains, if the reactive power to be shared between
inverters is known for a given load demand profile. The effec-
tiveness of the model has been verified through simulations and
experimental results.

The presence of dc-circulating currents can disrupt the oper-
ation of the microgrid due to very large current flows that may
lead to nuisance tripping. Moreover, dc-circulating currents are
generated due to dc offsets in inverter voltages that vary with
electronic components values, noise, etc. As a result, a micro-
grid may become susceptible to dc-circulating currents at a later
stage due to component ageing. The paper has proposed a simple
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and computationally light controller to eliminate dc-circulating
currents. The effectiveness of the controller has been shown
through experimental results.
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