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Autonomous Control of Current and Voltage
Controlled DG Interface Inverters for Reactive
Power Sharing and Harmonics Compensation in
Islanded Microgrids

Seyyed Yousef Mousazadeh Mousavi, Alireza Jalilian, Mehdi Savaghebi, Senior Member, IEEE and
Josep M. Guerrero, Fellow, IEEE

Abstract— In microgrids, Voltage Source Inverters (VSlIs)
interfacing Distributed Generation (DG) units can be operated in
Voltage or Current Controlled Modes (VCM/CCM). In this
paper, a coordinated control of CCM and VCM units for reactive
power sharing and voltage harmonics compensation is proposed.
This decentralized control scheme is based on the local
measurement of signals. In this way, the need for communication
links is removed which results in a simpler and more reliable
structure compared to the communication based control
structures. To be more exact, the VCM units contribute to
harmonics compensation by using capacitive virtual impedance
which can fully compensate the effect of output inductance of the
LCL filters. Furthermore, an adaptive virtual admittance
regulated based on remaining capacity of the CCM units is
implemented for the CCM units. For reactive power sharing,
modified droop and reverse droop control methods are used for
VCM and CCM units, respectively. The related droop
coefficients are set by taking the limited capacity of the inverters
and the distorted power into account. An experimental prototype
is developed to evaluate the effectiveness of the proposed control
scheme. Experimental and simulation studies show that the
harmonics compensation is achieved by using only local
measurements in presence of virtual admittance/impedance
schemes of CCM/VCM units. Furthermore, it is demonstrated
that the reactive power sharing among the CCM and VCM units
is obtained based on their remaining capacities.

Index Terms— current controlled mode, Distributed
Generation (DG), harmonic compensation, microgrid, reactive
power, voltage controlled mode, voltage source inverter.

I. INTRODUCTION

OLTAGE Source Inverters (VSls) are widely used as
interfaces of Distributed Generation (DG) units in
distribution systems and microgrids (MGs) [1], [2]. They can
be operated in Current/Voltage Control Modes (CCM/VCM)
depending on the operation modes of MGs and the nature of
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DG resources [3]. In MGs, the energy storage systems and
controllable (dispatchable) DGs often act as voltage-controlled
inverters while the intermittent Renewable Energy Sources
(RESSs) based (non-dispatchable) DGs such as Photovoltaic
(PV) systems and Wind Turbines (WT) are interfaced to the
system through CCM inverters [4]. Usually, CCM units are
supposed to inject maximum available active power while
VCM units deliver active and reactive powers and control
voltage and frequency especially in the islanded operation of
MGs [5].

For VCM units, decentralized, centralized and distributed
control schemes are presented for active and reactive power
sharing [6]-[8]. In [9] and [10], the reactive power
compensation in distribution systems by DG CCM units is
discussed. In [11] and [12], the coordinated control of active
and reactive powers of VCM and CCM inverters is proposed.
The methods of [11] and [12] are based on droop and reverse
droop controls, which use local measurement. By using these
control schemes, the CCM inverters can contribute to reactive
power sharing in an islanded MG. Although, the limited
capacity of the inverters is considered in [11], this approach is
not comprehensive enough since only linear loads are taken
into account.

On the other hand, the increasing use of nonlinear loads has
led to the harmonic pollution in electrical systems [13].
Control of DGs interfacing inverters for compensation of
harmonics in MGs and DG-penetrated systems are
investigated [14]-[24].

The use of secondary control for the compensation of
harmonics by VCM units is proposed in [15] and [16]. In these
hierarchical architectures, some communication links and a
central control are required, which increases the cost and
decreases the system reliability. The harmonic compensation
using capacitive-resistive virtual impedance is presented in
[17]-[19] for VCM units. In these methods, the distorting
effect of harmonic voltage drops on the line and filter
impedances is compensated for enhancing the power quality
using local measurements. The compensation of voltage and
current is also presented in [20] where the VCM inverters can
compensate the local nonlinear load current, DG or PCC
voltages selectively. The methods presented in [15]-[20] are
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proposed for VCM units while CCM units are typically
applied and may contribute to harmonics compensation in
MGs.

Moreover, grid-connected CCM inverters are employed in
[21]-[23] for local harmonic current compensation and PCC
voltage quality enhancement. In [21], a coordinated control for
the compensation of grid voltage harmonics and local
nonlinear load current is proposed for two CCM units. Limited
capacity of the inverters is considered in compensation of
harmonics and reactive power of grid connected MG in [22].
However, in this scheme, the measurement of injected current
and a central controller is required which can increase the
complexity of the system. The harmonics compensation by
grid tied inverters considering the limited virtual admittance of
the inverter is presented in [23]. In the method of [23], the
control of active and reactive powers is achieved by using
fundamental-frequency virtual admittance while for the
harmonics compensation; a virtual admittance with a fixed
value in harmonic frequencies is applied. It should be
emphasized that the method of [21] - [23] are applied only to
grid-tied CCM inverters.

A coordinated control method for CCM and VCM units by
using a central controller (based on the communication
system) and virtual admittance is proposed in [24]. However,
in this study, the limited capacity and reactive power sharing
of the CCM and VCM units are not considered.

In the present paper, the reactive power sharing method
presented in [11] is improved by considering the distorted
power (i.e., the power drawn by nonlinear loads) according to
IEEE 1459 standard [25]. Unlike the method proposed in [24],
the harmonic compensation by CCM and VCM units is
autonomously coordinated based on the local measurements.
In this way, the need for the communication is removed
leading to a more reliable and simpler control strategy as
compared with communication-based approaches. The virtual
capacitive impedance is used in VCM units for compensation
of harmonic voltage drop on the output inductance of the LCL
filter. In this study, the virtual admittance is dynamically set
based on the remaining capacity of the inverters to share CCM
unit’s harmonic compensation efforts. This approach is
desired in application of CCM units where the reference
power varies frequently in different operating conditions.

The main contributions of the paper can be summarized as
follows:

* Proposing a communication-free control method for the
coordinated harmonic compensation and reactive power
support by CCM and VCM units based on local measurements
» Considering the distorted power and the remaining capacity
of the interface inverters for reactive power compensation of
VCM and CCM units

e Taking into account the changes in the reference power of
CCM units for harmonics and reactive power compensation
The remaining parts of the paper are presented as follows: In
Section I, the general control scheme and reactive power
control method are presented. Section Il is dedicated to
present the VCM and CCM control schemes. Simulation and
experimental results are presented in Section IV and finally,
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Fig. 1. Coordination of CCM and VCM units in an MG, (a) general scheme of
an islanded MG including CCM, VCM units, (b) reactive power droop
control, (c) reverse reactive power droop control [11]

the paper is concluded in Section V.

Il. GENERAL CONTROL SCHEME OF THE MG

General scheme for an MG including current and voltage
controlled inverters is depicted in Fig. 1(a). In this figure, Zy,
Ze and Z_ represent the virtual, filter and line impedances,
respectively and Yy is the virtual admittance. Linear and
nonlinear loads are connected to the load connection point,
hereinafter called Common Bus (CB). Typically, VCM units
control and regulate the frequency and voltage amplitude of
the MG while the maximum power values extracted from DG
units such as PV and WT are injected to the MG by CCM
inverters [26], [27].

Droop control is widely used in VCM inverters for the
autonomous sharing of active and reactive powers. Assuming
a highly inductive MG, the droop control is expressed by (1)
[28]:

w Za)o—mpP:E =Eo—an €h)

where wy and w denote the rated and actual voltage angular
frequencies. Rated and actual voltage amplitude values are
represented by E, and E, respectively. m, and n, are the
proportional coefficients related to active and reactive powers
droops of VCM units, respectively. It is worth mentioning that
even if the MG under study is not highly inductive, the
fundamental virtual inductance may help to make it inductive
enough [6]. The graphical representation of reactive power
droop control for VCM units is shown in Fig. 1(b).

The contribution of CCM inverters in the active and reactive
powers sharing is achieved by using the reverse droop control
as:

Q =i(E0_Eg) P =i(wo—wg)x 2
Ny mr
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where o and E4 represent the system actual angular
frequency and RMS voltage at the point of connection of
CCM inverters, respectively [11]. The output active and
reactive powers of the CCM unit are represented by P and Q
while mr and nr are the reverse droop coefficients for CCM
units. As mentioned before, CCM units usually deliver the
reference power which is extracted by Maximum Power Point
Tracking (MPPT) systems (in the case of PV and WT), power
curtailment strategies [26], energy management strategies
[29], [30] or emergency control [5], [26], [31]. Hence, in this
paper, it is assumed that P=P., which means that active
reverse droop of (2) does not act for CCM units and the
remaining load active power is supplied by the VCM units.
In other words, the details of generating active power
references for the CCM units are out of the scope of the
present paper. The reactive power sharing of CCM units by
reverse droop has been shown in Fig. 1(c).

By neglecting the voltage drops, the sharing of reactive
power among the DGs (including VCM and CCM units) can
be written as:

Qi_nj
Q j N
where n; and n; represent the droop/ reverse droop reactive
power coefficients (ny/n,) of i and j™ VCM/CCM units [11].
In a distorted grid, the harmonic current and voltage can
occupy the capacity of the inverters. According to IEEE 1459
standard, the apparent power (S) consists of three components
(Sn, P and Q) as described as follows [25]:

s2=s3+P?+Q*=s} +s? 4)

®)

SR =Wl W)+ VH 1%+ 1h) 5)
where S; and Sy represent the fundamental apparent and
distorted harmonics powers, respectively. V; and |, are the
RMS fundamental voltage and current while Vy and Iy
represent the RMS of harmonics contents of voltage and
current. Without significantly affecting the accuracy, Sy can
be well approximated by Sy=Vily since Vyly is the dominant
term in (5) [25].

In this paper, the power quality enhancement by the CCM
inverters is prioritized over the reactive power compensation
since an islanded MG is more prone to harmonics distortion in
comparison to a grid-connected one [15]. In other words,
when the rated capacity of the inverter is defined as S,, first
and foremost the remaining capacity of the inverter (i.e.
\/SZ — P?) is allocated to the harmonic compensation. After
computing the distorted power (Sy), the rest of capacity is
allocated to reactive power compensation. Indeed, the priority
can be given to reactive power compensation by changing the
order of calculations if it is more important for the system
operator using Kpio parameter. If the power quality
enhancement is prioritized over reactive power compensation,
the amount of this parameter should be 1. If else, the reactive
power compensation is prioritized by setting this parameter to
zero. In this paper, the amount of K, is considered equal to

1. Hence, according to the above equation, the maximum
injectable reactive power of CCM and VCM units can be
expressed as:

Quuax = /S~ P? K prio-Sh (6)

This equation shows that the available reactive power
support, in addition to the rated capacity of the inverter and P,
depends on Sy and Kpyio.

In order to use the remaining capacity of the inverters, the
reactive power droop and reverse droop control coefficients,
which are expressed in (1) and (2) respectively, are suggested
here to be calculated based on the available capacity for
reactive power support:

AE AE

Quax /52~ P2~ K prio. S

(7

nr:np:n:

where AE represents the maximum allowable voltage
amplitude deviation. By replacing this equation in (2), the
injectable reactive power of CCM units can be written by (8):

Q =i(Eo—Eg)=i(Eo—Eg)=
Ny n

®)
\/S?_Pz_Kprio-SzN
AE

(EO_Eg)

As depicted in (8) and Fig. 1(c), the CCM unit can react to
the voltage amplitude deviation (Eq-Eg). If the voltage
deviation is high, the DG contributes more to reactive power
compensation. As expressed in (8), the rate of the reaction is
dependent on 1/n. If the remaining capacity of the inverter
reaches zero, according to (8), the slope of reverse droop
shown in Fig. 1(c) will be zero and the DG cannot contribute
to reactive power compensation. If the active power of DG is
low and the DG does not contribute to harmonics
compensation, the available reactive power compensation of
DG will be increased to its maximum and the corresponding n
will be decreased to its minimum. It causes increase reverse
droop slope (see Fig. 1(c)); hence the reactive power
contribution will be increased.

It should be mentioned that since n is directly applied for
droop control of VCM units according to (1), a saturation
block is used for the denominator of (7) to avoid division by
zero.

According to (7), Eq. (3) can be rewritten as (9):

Q ySHi~PF-KprioSki
Qi \/Sg,j_P%_Kprio-S%\l,j

)
This reactive power sharing is useful in islanded microgrid,
because when the active power of CCM units is high and the
active power delivered by VCM units is low, the VCM units
can deliver more reactive power than CCM units while if the
CCM delivered power is low and VCM units deliver high
power, the CCM units can inject more reactive power to MG;
Furthermore, If harmonics compensation is prioritized over
than reactive power compensation (Kgi,=1), the DG which
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delivers more distorted power can contributes lower in
reactive power sharing by considering equal rated apparent
power (S;) and active power. It shows the advantage of the
modified droop and reverse droop control approach in
comparison to the conventional ones.

I1l. CoNTROL SCHEME OF VCM AND CCM UNITS

The control and power stages of the VCM and CCM units are
depicted in Figs. 2(a) and 2(b), respectively. As shown, the
power stages of VCM and CCM units consist of a DC link, a
three-phase inverter and an LCL filter. The control stages of
these units are discussed in the following sections.

A. VCM Unit

As depicted in Fig. 2(a), the three-phase current and voltage
variables are converted to stationary frame variables (of3) by
using Clarke’s transformation. Then, the fundamental active
and reactive powers are calculated based on the instantaneous
active and reactive power theory [32].The active and reactive
powers droop controls are based on (1). The reactive power
droop coefficient can be calculated by (7) while considering
the distorted power (Sy).

The voltage and current control loops consist of Proportional-
Resonant (PR) controllers with resonant terms at fundamental

and selected harmonic frequencies (5", 7™ and 11"). More
details about the droop and PR controllers can be found in
[33]. The fundamental and harmonics extraction in Figs 2(a)
and 2(b) are extracted by multiple second-order generalized
integrator (MSOGI) method [34].

Since the P-f and Q-V droops are valid in inductive MGs, the
inductive virtual impedance is utilized in the fundamental
frequency (i.e. fundamental component currents i1
[subscript ‘1’ represents the fundamental component] pass
through a virtual inductance). Since the parameters of the lines
are usually unknown, only the compensation of output
inductance of LCL filter (L,) is targeted by using the virtual
impedance. In order to compensate the effect of filter output
inductance L, on the voltage distortion, the capacitive virtual
impedance is inserted selectively at low-order characteristic
harmonics of order 5, 7, and 11 (i.e. h" harmonic current, i245h
passes through a virtual capacitance depending on the
sequence of the harmonics). More details about the capacitive
virtual impedance can be found in [16].

B. CCM Unit

As shown in Fig. 2(b), the interface inverter is connected
through an LCL filter. Incorporation of LCL filters can
inherently cause harmonic resonances; hence, an active
resonance damping is applied through capacitor current
feedback (see Kp in Fig. 2(b)) and control of output current is
performed through a multi-loop scheme [35]-[38]. In
summary, the current inner loop is used for improving the
dynamic and stability of the system while the tracking of the
reference current is the role of the outer loop [37].

The resonant terms of PR controller are tuned at fundamental,
5% 7% and 11" harmonic orders. Use of the PR controller can
ensure accurate tracking of i, in fundamental and selected
harmonic frequencies. In the control system, the capacitor or
output voltage of LCL filter (Vo) can be measured and used as
feedback [24]. Since the output voltage of the LCL filter (Vo)
is closer to (CB) (see Fig. 2(b)), the control of this voltage
(instead of the filter capacitor voltage) can be more effective
for providing a good voltage quality at the CB. As can be seen
in Fig. 2(b), the voltage amplitude (E) is compared to its
reference value (Eg) and the reference reactive power is
generated based on the proposed reverse control according to
(2) and (7). The reference current for injecting the reference
active and reactive powers are calculated based on the
following equation:

Iref,oc] _ [ VOl,a VOl,B]_l [P]

Lrerp Vo1 Voia Q 9)

The diagram of the virtual admittance block is depicted in Fig.
3(a). As it can be observed in this figure, after the harmonic
extraction, the RMS amount of each harmonic (Vop) is divided
by the fundamental component RMS (Vo;) in order to
calculate Hy, which denotes the individual harmonic indices of
Vo. As mentioned before, in this paper, a MSOGI is used for
the extraction of the fundamental and harmonic components of
the grid voltage and current [34]. The MSOGI accuracy and,
therefore, the calculation of Hy factors can be enhanced by
increasing the number of parallel SOGIs, but at the cost of a
high computational burden. To provide a satisfactory
compromise, four parallel SOGIs tuned at fundamental, 5",
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7" and 11™ harmonics frequencies have been selected in this
paper.

Afterward, Hy is compared to its allowable value, which is
represented by H,", and the resultant error passes through a
deadband block in order to avoid the power quality
compensation effort when it is not necessary. In other words,
the inverter should not contribute to the harmonic
compensation when H is lower than Hy,". The value of H," can
be chosen based on a power quality standard (e.g. EN 50160
standard [39] and IEEE 519 standard [40]) or the sensitivity of
the load to harmonics. Proportional controllers (Kpy 1) are used
to regulate the amount of virtual admittance in each harmonic.
The sharing of harmonic compensation effort among CCM
units is achieved by using the \/SZ — P? — (1 — K,4)Q?/S¢
gain. In order to avoid the overloading of the CCM units, the
maximum value of the conductance Gy, (Guax nn) is calculated
and applied to the dynamic limiter blocks according to Fig.
3(b). The maximum allowable value of Sy is considered to be
equal to the remaining capacity of the inverter and can be
written according to the approximation explained after
equation (5) as:

2
SN,max:\/S?_PZ_(l_ Kprio)-Q :V01-|H,max

11)

Thus, the maximum harmonic current (lyma) that can be
injected by a CCM unit is expressed as:
\/S? - Pz_ (1-K prio)-Q2

Vo1 B (12)

2 2 2 2 2 2
\/G MAx,H5V “05 T GMax, H7V “07 T+ G max,HhV “Oh

I H, max =

It should be mentioned that if K, is set to 1 (harmonics
compensation priority), the /S?—P2 for harmonics
compensation and if the variable is set to 0, the /S2 — P2 — Q2
will be dedicated to harmonics compensation; furthermore,
equation (12) with some unknown parameters can be used to
calculate the maximum admittance of 5" harmonics by

assuming Kgns as the ratio of the maximum admittance
(Conductance) of Gyp to Gps (KGh,SZGMAX,Hh/GMAX,HS):

2
SN,max:\/S?_Pz_(l_Kpri)-Q =V o1l H,max: (13)

Thus, the maxim harmonics current which can be injected by a
CCM unit is expressed as:
GMAX,H5 =

\/SE_PZ_(l_Kprio)-QZ (14)

V01\/V 205+ KZG7,5V %05+ K2611,5V2011+ K2GhsV 2on
\/S? -p2-(1-K prio)-Q2
V201\/H %5+ K2%e75H% T K115 H% 11T+ KZans H
While the maximum admittance of 7, 11" and h™ order

harmonics can be written as:
Gwmax ,H7 = KG7,5-GMAX ,H5++ GMAX Hh =

K Gh,5-G MAX ,Hh (14)

It should be mentioned that in this paper, for the sake of
simplicity, it is assumed that the ratios (K75 and Kgy5) are 1
(le GMAX,HSZGMAX,H7: GMAX,Hll) although it can be chosen
differently.

As shown in Fig. 4(b), the value of virtual admittances at each
harmonics frequency is multiplied by its related voltage in of
frame (V.55) in order to create compensation currents at this
frequency (leomnqp). Finally, the compensation currents at
different frequencies are added together to form the total
compensation current (1., ).

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed method,
some simulation and experimental results are presented. The
rated apparent power of CCM inverters are assumed 10%
higher than the maximum active power that can be extracted
from the DG prime movers (e.g. WT, PV) to provide some
room for the harmonic and reactive power compensation. The
maximum capacity of CCM DG units is also assumed to be
1500 W, and accordingly the rated apparent capacity of their
inverters is set at 1650 VA. The maximum apparent capacity
of VCM inverter is assumed to be 2500 VA.

A. Simulation Study

Fig. 4 shows an MG which is considered in the simulation
case study. This MG consists of two CCM units and one VCM
unit which supply nonlinear and linear loads. The parameters
of power and control systems are listed in Tables I and II,
respectively. As shown in Table I, the line impedance of DG;
is chosen to be two times of that of DG, for evaluating the
performance of the control system with different line
impedances.
The VCM unit operates from the beginning and then, the
simulation is performed in the following steps:
e Step 1 (1s<t<5s): Connecting CCM units (DG, and DG3)
e Step 2 (5s<t<8s): Activation of virtual impedance of
DG1 as VCM unit
e Step 3 (8s<t<lls): Activation of the proposed virtual
admittance of CCM units
e Step 4 (11s<t<15s): Activation of reactive reverse droop
without considering distorted power for CCM units
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one CCM units contribute to harmonics compensation.

The 5", 7" and 11" individual harmonics indices (Hs, H- and
Hi1) and total harmonic distortion (THD) of the CB voltage
are depicted in Fig. 5(b). As can be seen in Figs. 5(a) and 5(b),
the amount of all harmonics indices are decreased after the
activation of virtual impedance of VCM unit at t=5s. As
mentioned earlier, the compensation is achieved by using the
capacitive virtual impedance of DG; which can mitigate the
effect of output inductance of LCL filter (L,). Furthermore, the
figure shows that after the virtual admittance (conductance)
activation of CCM units in Step 3, the harmonics
compensation of the CB voltage is enhanced. In this mode, the
CCM inverters act as active filters by creating a low
impedance path for harmonic currents. Comparison of Figs.
5(a) and 5(b) shows that the harmonic indexes of CB voltage
are higher than their related indexes of DGs output voltages
which are regulated directly because of line impedances and
using the DGs output voltages (Vo, and Vo3) as local
measurements.

Fig. 5(c) shows the distorted harmonic power (Sy) of DGs. It
can be observed that after the activation of virtual impedance
of DG, at Step 2, the DG; distorted power is increased and
after the activation of virtual admittance of CCM units (DG,
and DGg) in Step 3, these DGs contribute to the compensation
of harmonics. It can be seen in this figure that DG,, which is
electrically close to the nonlinear load (Z.,<Z3), injects a
larger harmonic current than DGs. It is a desired situation
since the power transmission losses are decreased in this case
[24]. It is also shown that the entire remaining capacity of DG,
is  dedicated to the  distorted power (i.e.
Sy = V16502 — 15002 = 680) in Step 5.

Fig. 5(d) also shows the RMS amounts of 5th order harmonics
of DGs output currents (i, in Figs. 2 (a) and 2(b)), in order to
depict the sharing of 5" harmonic currents. The RMS value is
demonstrated here because Hs depends on the fundamental
component of current, and this component is changed in
different steps for the evaluation of reactive power
compensation. As depicted in this figure, after the virtual
impedance activation in Step 2, the amount of 5" order
harmonics current of DG; is increased, since the effect of the
LCL filter output inductor (L) is compensated by inserting a
virtual capacitance in 5" harmonics of DG,. Furthermore, it
shows that after the virtual admittance activation of CCM
units, the 5" harmonic order components of DG, and DG (as
CCM units) currents are increased in Step 3, since they start
harmonics compensation in this step. It can also be seen in this
fi%ure that 5" order harmonic of current of DG; is higher than
5" order harmonic current of DG; since DG, is closer to CB
than DG;. Fig. 5(e) shows the 7" harmonic current of DGs
output current.

Figs. 6(a) and 6(b) show the CB voltage before and after
compensation, respectively. This figure demonstrates a
noticeable improvement in the voltage quality. This fact can
also be confirmed by comparing the CB voltage THD in Steps
1 and 6 of Fig. 7(a).

Fig. 7(a) shows the delivered active powers by DG units. As
shown in this figure, the CCM units can inject their reference
powers (1500 W) to the MG in spite of harmonic distortion. In
other words, injecting harmonics and reactive currents by the
CCM units do not interfere with the active power injection.
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Fig. 7. Voltage waveform in simulation, (a) CB voltage waveform before
compensation (Step 1), (b) CB voltage waveform after compensation (Step 6)
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Furthermore, the result shows that the step changing of DG2
reference power at t=19s does not affect the stability of the
system. This figure also shows that by increasing the linear
load in Step 7, the active powers delivered by DG1 (as VCM
units) is increased while this powers is decreased in Step 8,
since this unit regulates the frequency of the system by droop
control without knowing about the load. It is assumed that the
CCM reference powers are calculated by different systems
such as master slave control, hierarchical control or
coordinated control of CCM and VCM units [12] and
calculation of it is not the scope of paper.

The reactive powers of the DG units are depicted in Fig. 7(b).
As shown in this figure, the CCM inverters can contribute to
the reactive power compensation after the activation of their
reverse droop controls in Step 4 based on measurement of the
DGs output voltages (Vo, and Voz). Before that, all of the
reactive power of the load is provided by DG; which is
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I Fig. 8 Experimental setup scheme

working as VCM unit. The VCM unit regulates the voltage
amplitude based on the droop control which is based on local
measurement according to (1). It should be mentioned that for
applying the proposed droop and reverse droop coefficients
based on (7), the amount of AE is assumed to be 22 V which is
lower than the 10% of rated voltage amplitude (230 V, phase
RMS corresponding to 325 V phase amplitude) according to
EN 50160 standard. After the activation of the proposed droop
and reverse droop control and considering Sy in Step 5, the
reactive power of DG; is decreased to zero since its remaining
capacity is dedicated to the harmonic compensation and SN
provision (see Fig. 5(c)). It means that the slope of reverse
droop which has been shown in Fig. 1(c) reaches zero for this
DG according to (8). It can also be seen that considering the
distorted power, DG; is prevented from overloading.

After decreasing the reference power of DG,, the DG can
contribute to reactive power support because the remaining
capacity of the inverter is increased.

The figure also shows that by increasing the reactive power
demanded by load in Step 7, the contribution of DGs is
increased in order to regulate the voltage since increasing the
reactive power demanded in load can cause a reduction in
voltage due to the impedances voltage drop, and according to
(2), the CCM units should inject more reactive power in order
to restore the voltage. It is also shown in this figure that this
contribution is decreased in Step 8, when the linear load is
decreased.

B. Experimental Results

For validation of the harmonic compensation and reactive
power sharing, two DG units (one VCM and one CCM) are
used in the experimental study by using a test system similar
to Fig. 6, but, by having only DG; and DG,. The parameters of
the experimental setup are the same as the simulation study.
Fig. 8 shows the test bed, which consists of nonlinear and
inductive loads, three-phase inverters, and dSPACE 1006
platform. A Fluke 437-11 power quality analyzer is used for
measuring the harmonic content of the CB voltage.

In the experimental study, the effectiveness of the harmonic
compensation is investigated (initially without any reactive
power support) first. At the beginning, the CCM and VCM
units  supply nonlinear and inductive loads without
compensation. Afterward, the virtual impedance of VCM unit
and the virtual admittance of CCM unit are enabled. Fig. 9
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Fig. 10. Voltage in experimental study; (a) CB voltage before compensation,
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shows the harmonic content of measured CB voltage while its
fundamental phase-voltage is 222 V. As shown in this figure,
the THD of CB voltage is decreased from 6.2% to 3.2% due to
compensation of the main individual harmonics (5", 7" and
11"™). This harmonic level is acceptable according to EN
50160 and IEEE 519 standards. Fig. 10 shows the CB voltage
waveform before and after compensation.

As explained before, in the virtual impedance approach, the
harmonic voltage drop of LCL filter is compensated by
applying a voltage in the opposite phase of the distorting
voltage drop; applying a voltage in the opposite phase of the
distorting voltage drop; hence, the capacitor voltage will be
distorted after activation of impedance in order to compensate
the voltage drop of grid side inductance of LCL filter (L,). The
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capacitor voltage of VCM units before and after virtual
impedance activation is depicted in Figs. 11(a) and 11(b),
respectively.

On the other hand, using the virtual admittance, a low
impedance path for harmonic current is provided by the CCM
unit. Figs. 12(a) and 12(b) show the CCM unit current before
and after activation of virtual admittance. These figures verify
the effectiveness of active damping method since no
resonance can be observed in the current waveforms.

To evaluate the effectiveness of the proposed method from the
reactive power sharing point of view, it is assumed that both
VCM and CCM units are contributing in harmonics
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(virtual impedance and admittance of VCM and CCM units
are activated) and afterward, the following four steps are
taken:

e Step I: Connection of CCM unit without reactive

power injection
e Step II: Activation of the reverse droop without
considering distorted power

e Step 1ll: Considering distorted power Step IV:

Changing the reference power from 1500 W to 1200 W
Fig. 13(a) shows the active powers which are delivered by the
DG units. As shown in this figure, the control system of CCM
unit can track the reference active power in different steps. As
depicted in this figure, since the frequency regulation is
achieved by the droop control of VCM unit, the active power
of the DG; (as VCM unit) is decreased after the connection of
DG, while the active power of the DG; is increased when the
reference power of the DG, is decreased. In other word, the
VCM unit (DG;) is responsible for providing the difference
between the demanded active power and the active power
derived by CCM unit (DG,). The frequency of the microgrid
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is shown in Fig. 13 (b). Fig. 13(c) shows the reactive power
of DG units. As depicted in this figure, after the activation of
reverse droop control in Step I, the CCM unit can contribute
to the reactive power support. By considering the distorted
power (Step III), the available reactive powers of CCM and
VCM units are decreased. The result shows that the CCM unit
cannot inject reactive power since all of the capacity is
dedicated to active and distorted powers in Step 111.

In Step IV, more remaining capacity is available due to the
decrease in the reference active power of CCM unit; thus, the
CCM unit contributes more to the reactive power support.

The amplitude of fundamental component of the CB voltage is
depicted in Fig. 14. As shown in this figure, in all steps, the
voltage amplitude is well above the value associated with the
maximum 22V drop which is considered for the proposed
reactive power sharing method and also specified by standard
limit of EN 50160.

V. CONCLUSION

In this paper, a decentralized harmonic compensation and
reactive power coordination method is proposed for VCM and
CCM units in an islanded MG. The harmonic compensation is
achieved by wusing virtual capacitive impedance and
conductive admittance for VCM and CCM units, respectively.
The proposed virtual admittance is adaptively changed in
different values of reference power of CCM units according to
the available capacity of the inverter. Furthermore, modified
reactive droop and reverse droop control schemes are
proposed for VCM and CCM units, respectively to take their
available capacity into account. This coordinated control of
CCM and VCM units are implemented using only local
measurement; hence, the communication systems and central
controllers are not required.

Simulation and experimental results show that by applying
virtual admittance and impedance approaches the CB voltage
harmonics compensation is achieved properly. Furthermore,
the CCM and VCM units can contribute to reactive power
compensation depending on their remaining capacity using the
proposed reactive power compensation approach. Thus, this
scheme is effective in applications such as photovoltaic
systems where the active power generation is changing
throughout the day.
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