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ABSTRACT

In this paper, a new approach is proposed for voltage and current harmonics compensation in grid-connected
microgrids (MGs). If sensitive loads are connected to the point of common coupling (PCC), compensation is carried
out in order to reduce PCC voltage harmonics. In absence of sensitive loads at PCC, current harmonics compensation
scenario is selected in order to avoid excessive injection of harmonics by the main grid. In both scenarios,
compensation is performed by the interface converters of distributed generation (DG) units. Also, to decrease the
asymmetry among phase impedances of MG, a novel structure is proposed to generate virtual impedance. At
fundamental frequency, the proposed structure for the virtual impedance improves the control of the fundamental
component of power, and at harmonic frequencies, it acts to adaptively improve nonlinear load sharing among DG
units. In the structures of the proposed harmonics compensator and the proposed virtual impedance, a self-tuning filter
(STF) is used for separating the fundamental component from the harmonic components. This STF decreases the
number of phase locked loops (PLLs). Simulation results in MATLAB/SIMULINK environment show the efficiency of
the proposed approach in improving load sharing and decreasing voltage and current harmonics.

KEYWORDS: Distributed generation, Microgrid, load sharing, Voltage and current harmonics compensation,
Self-tuning filter.

1. INTRODUCTION voltage levels, has changed the voltage and current
A microgrid (MG) is a controllable network which harmonics into a common problem for the power
includes distributed generation (DG) units, energy quality of MGs. These problems might have
storage systems, and distributed loads. An MG can undesirable effects such as interruption in the
be utilized in two modes; grid-connected mode and operation of adjustable speed drives (ASDs) and
independent  (islanded) mode [1-2]. Optimal protective relays, motors and transformers
utilization of MGs removes the need for building overheating, and errors of power factor correction
new  transmission  networks,  decreases capacitors [5].
environmental pollution, reduces energy losses in DGs are usually connected to electrical systems
transmission and distribution networks, increases through a power electronic converter. The main role
power guality, and creates new approaches for using of an interface converter is to control the active and
renewable energy resources [2-4]. Also, the great reactive powers injected by the DG. In addition,
increase in using nonlinear loads at distribution using appropriate  control  approaches, these
converters can also be used to compensate for power
Received: 4 Sep. 2015 Revised: 8 Nov. 2015 quality problems. The control system of each DG
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controlling the fundamental components of powers,
are only capable of sharing the positive sequence of
the fundamental component of the load current
among DGs. But other components of the load
current such as harmonic components, are shared
based on the impedances between each DG and the
position in which the load is installed (including the
impedance of DG and line impedance). Therefore,
in previous studies, some methods have been
presented to improve the sharing of nonlinear loads
among the interface converters of DGs.

A method was presented in Ref. [6] for improving
the sharing of distortion power (D) among DGs. In
this approach, D is shared by adjusting the voltage
control bandwidth, which is done since the
voltage control gain increases as D increases
and causes the nonlinear load sharing to be
improved. However, this approach has a
disadvantage; it decreases voltage control stability
[7]. In Refs. [7-11], some methods have been
presented for sharing nonlinear load among DGs,
which are based on creating a virtual impedance on
the path of currents of harmonic components. In Ref.
[8], a control strategy was proposed for sharing
harmonic power in an islanded MG. The proposed
control strategy employed negative virtual harmonic
impedance to compensate for the effect of line
impedance on harmonic power delivery. In Ref. [7],
the harmonic current of any order was proposed to
be used for creating a voltage drop which could lead
the current by 90 degrees. By doing so, a virtual
inductance can be created at harmonic frequencies.
However, a virtual resistance is usually preferred to a
virtual inductance since its impedance value does
not depend on frequency and on the other hand, it
helps damp the system oscillations; however,
inductance will have a large impedance value at high
frequencies, disturbing the output voltage of DGs. In
this regard, in Ref. [11], fixed harmonic resistances
were used.

Using fixed values for virtual impedance which
has been proposed in Refs. [7-11] cannot lead to a
proper nonlinear load sharing in MGs which are
remarkably asymmetric from the load distribution or
lines impedance points of view.

In this paper, a structure is proposed for the virtual
impedance, to adaptively improve the nonlinear load
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sharing among DGs at harmonic frequencies. In the
proposed structure, virtual resistances with variable
values is used for different harmonic frequencies.
The value of harmonic resistance of each DG is
determined based on the amount of the nonlinear
load supplied by it. Therefore, the effect of the
asymmetry of MG impedances is significantly
decreased. However, it must be noted that a proper
nonlinear load sharing among DGs causes distortion
in DG outputs and consequently increases PCC
harmonics.

So far, several approaches have been presented
for controlling MGs, which aim to compensate for
voltage and current harmonics. In general, these
approaches either are based on autonomous control
of the interface converter of DG or use a central
controller to compensate for distortions. In this
regard, in Ref. [12], a single phase DG was
considered which acted as a shunt active filter. In
other words, DG injected harmonic currents to
improve the voltage quality. In Refs. [13-14], an
optimal control approach based on particle swarm
optimization (PSO) algorithm has been used to
improve the power quality parameters. In this
approach, PSO is responsible for optimally adjusting
the control parameters of the system in order to
satisfy the power quality requirements especially
adjusting voltage and frequency. In Ref. [11], a
control approach based on the selective
compensation of voltage harmonics was presented
for an MG, which was connected to the main grid.
In Refs. [15-18], several approaches have been
proposed for the local control of DGs, in which the
idea of resistive behavior has been used to
compensate for voltage harmonics. The authors of
[17] presented a local control technique for islanded
MGs. In their solution, in addition to power
controllers and inner control loops of voltage and
current, a load compensator was used. In this
compensator, a fundamental component virtual
impedance loop was used for improving the droop
performance of the controllers and a harmonic
virtual impedance loop was used for sharing
nonlinear load among DGs. In Ref. [18], droop
characteristics based on harmonic reactive power
were been used to share the compensation workload
among DGs. In this regard, the authors of [19]
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proposed an approach to share the compensation
workload of DGs using the free capacity of the
interface converters. In Ref. [20], a control approach
was presented for coordinating the interface
inverters of DGs and the active power filters for the
compensation of voltage harmonics in MGs.
Simulation results showed that coordinated control is
an approach which can be useful in spite of
limitation in the rated power of the interface
converters or too much distortion at the output
voltages of DGs due to participation in the
compensation for power quality problems. In Ref.
[21], a control algorithm was proposed to
compensate for voltage and current harmonics. The
proposed compensation system can be operated in
both grid-connected and islanded operations of the
MG system without changing any configuration.

In most of the aforementioned methods, voltage
harmonics compensation has been carried out at DG
output bus. However, the power quality at PCC is of
great importance because some sensitive loads
which require high power quality, might be
connected to it. Furthermore, when DGs try to
locally compensate for voltage harmonics at their
own output bus or a bus nearby, harmonic distortion
might increase at some other buses of the electrical
system (such as the sensitive load bus). Therefore,
by directly compensating for the PCC voltage
harmonics, proper power quality is guaranteed for
sensitive loads. Moreover, compensation for the
voltage harmonics of PCC causes the mutual effect
of power quality distortion at MG and the main grid
to decrease [11, 22]. On the other hand, if sensitive
loads do not exist at PCC and the mutual effects of
grid disturbances are insignificant, current
harmonics compensation scenario which is aimed to
prevent the main grid from injecting too much
harmonic currents is more important. Using current
harmonics compensation scenario decreases the
thermal tension created in the grid connection
transformer caused by the flow of harmonic currents
also, it prevents the voltage disturbances of the
adjacent buses of PCC in the main grid caused by
the flow of harmonic currents [5, 11].

In this paper, a new approach is presented for the
local control of DGs, which is aimed to compensate
for PCC voltage or main grid current harmonics.
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This compensator is capable of adjusting
compensation percentage in proportion with the
existing level of disturbance at PCC or main grid.
Also, this controller provides a proper sharing of
compensation workload, considering the nominal
capacity of DGs, which will improve the nonlinear
load sharing. In the structures of the proposed
harmonic compensator and virtual impedance
blocks, a self-tuning filter is used to separate the
harmonic component from the fundamental
components. This issue results in the reduction of the
number of the phase locked loops (PLLS).

2. CONTROL SYSTEM OF DGS OF MG
Fig. 1 shows the single line diagram of a grid-
connected MG which includes several DGs with
power electronic interface converter and some
balanced linear and nonlinear loads. The MG is
connected to the main grid through a distribution
line with the impedance of Z,, and a transformer
with the equivalent impedance of Z. As can be seen,
the harmonic voltage at PCC, (Vpccan), and the
main grid current harmonic (igasc) are extracted by
measurement blocks and sent to all the local
controllers of DGs. Considering the fact that there
may be a large distance between PCC and DGs, a
low-bandwidth communication (LBC) is used for
transmitting harmonics data. The selection of the
LBC is aimed to avoid the dependency of the
operation of the control system on the existence of a
high bandwidth (which can decrease system
reliability). It is assumed that data transmission
through LBC has a delay of 1 ms. On the other hand,
in order to make a low bandwidth sufficient for
transmission, the data to be transmitted by the LBC
must include nearly dc signals [11, 20, 22]. Thus, in
this paper, first the voltage harmonic components of
the PCC or current harmonic components of the
main grid in synchronous reference frame (dq) are
extracted and sent to local DG controllers.

The details of the scheme proposed for control
system of DGk together with its power stage are
shown in Fig. 2. As can be seen in this figure, the
voltage and current harmonics are compensated at
the local control level. The power stage of each DG
is composed of a dc link, an interface converter of
voltage source type, and an LC filter. Since the
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approach proposed in this paper is focused on
controlling DG interface converters, it is assumed in
the simulations that a nearly constant voltage is
always supplied at the dc link by the converter. As
can be seen in Fig. 2, the potential fluctuation of the
dc link voltage is taken into account by a feed-
forward loop in generating the control signals of the
converter. The local DGs control system is designed
in af reference frame, and the Clarke transformation
is used for transmitting variables from the abc frame
to aff frame [23].

As is shown in the local DG controller block, the
reference voltage of DG in the of frame (V') is
generated by the droop characteristics of the power
control, virtual impedance loop, and harmonics
compensator block. On the other hand, the instant-
aneous DG output voltage (V) is transferred to of
reference frame, and once it is compared with V', it
creates the current control reference (i",s). Finally,
the response of the current controller to the error
resulted from the difference between the current of
the inductor of the filter and the reference current,
", is returned to abc reference so that the reference
three phase voltages are created in this system of
coordination and the DG interface converter is
switched based on this reference. The details of PCC
voltage and main grid current measurement
technique are shown in the measurement unit of Fig.
2. In this regard, Vecc an OF iganc are transferred to the
dq reference frame which rotates at the speed of w,
where, w is the angular frequency of the system
extracted by the PLL.

Main grid Point of Common

Coupling (PCC)

Measurement
Block

Interface
Converter

DG,

I DC/AC
-
controller

Y — N

I_N
5

Low Bandwidth communication (LBC)

Measurement

Vag Block

Vpce abe

Fig. 1. Structure and control system of MG in grid-connected
mode.
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2.1. Controlling fundamental components of
powers

In this paper, the following droop characteristics are
used to share the powers of fundamental component
among DGs in the grid-connected mode [7, 24].

# =+ Mgy + 2P - P)

)

(2)

where, P* and Q" are the reference active and

. Mgy, =~ =
E =E +(ny +T)(Q -Q)

reactive powers, P and Q are the fundamental

components of the active and reactive powers,
respectively, @ is the reference phase angle of the
output voltage, Eo is the reference phase voltage
amplitude, my, and mj, are the proportional and
integral coefficients of the active power control and
neo and nig are the proportional and integral
coefficients of the reactive power control,
respectively. Using droop controller for sharing
power among DGs removes the need for a
communicational link between local controllers.
Also, these characteristics can cause a deviation in
the voltage amplitude and frequency of MG. An
increase in the slope of these characteristics
increases the accuracy of power sharing among DGs
and a decrease in their slope can decrease the
deviation of DGs output voltage and frequency from
their reference values. Thus, when these
characteristics are used, a trade-off must be
established between the accuracy of power sharing
and deviation amount of voltage and frequency from
their reference values.

2. 2. Inner control loops of voltage and current
Since PI controllers do not have a proper
performance in controlling non-dc variables,
proportional resonant (PR) controllers are preferred
to be used in the off reference frame [25]. In this
paper, resonant controllers of voltage and current
represented by Egs. (3) and (4) are considered. Also,
controlling the instantaneous current of the filter
inductor (/14s), instead of the DG output current
minimizes the sensitivity of the control system to
load current variations [26].

2K, @, .S

G,(s)=k,, +
/(8 =k S?+2.m, .S +(m,)?

®3)
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where, kov and kp are proportional coefficients of
voltage and current controllers, respectively. Also,
krv and ky are the resonant coefficients and « is the
cut-off frequency of the voltage and current resonant
controllers.

2. 3. Self-tuning filter
In Ref. [27], Hong-Sock investigated the integral in
the synchronous reference frame and showed that:
v, (1) =e j iU, (t)dt (5)
where, Uy and V,y are instantaneous signals before
and after integration in the synchronous reference
frame. By applying Laplace transformation to Eg.
(5), the transfer function of this Eq. is described as
follows:

Vy(S) s+ jo

HO=0,0 v+

(6)

To obtain an STF with the cut-off frequency of wn
from the transfer function of H(s), a fixed parameter,
k, was introduced in Ref. [28], by which the transfer
function of H(s) can be written as follows:
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When the parameter k is added to H(s), the
amplitude of transfer function becomes limited and
equal to the amplitude of the frequency component,
wn. Furthermore, the phase delay at the cut-off
frequency of wn is equal to zero.

By replacing the input signal X,s(s) with Uy, and
output signal Vy, with ﬁaﬁ and also simplifying
these equations, where:

%, = (1%, 0~ %, -2 %,

(8)

%, = (%[xﬁ ©-%,61-2%,6 )

where, wn is the desirable frequency at the output,
and k is the filter gain. The accuracy of extracting the
component of interest increases with the decrease in

the value of k. Also, X,4(s) and X,,4(S) can be either

the voltage or the current signals before and after
filtering, respectively. Therefore, using an STF, the
main components of distorted voltage and current
signals can be obtained without delay [28-29].
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Considering Egs. (8) and (9), the block diagram of
an STF is shown in Fig. 3.

The frequency response of STF versus variations
of parameter k for the fundamental frequency
(50Hz) is shown in Fig. 4. As can be observed, the
magnitude and phase angle of the STF transfer
function at fundamental frequency (50Hz) are equal
to 1 and O, respectively. Therefore, it can be said that
the voltage and current references are properly
tracked [29]. The STF plays a key role in the
operation of harmonics compensation and virtual
impedance blocks. Recently, STF has also been used
in the structure of a unified power quality controller
(UPQC) [29-30].

X, (85— +2 1 _(s)

<1

$p (NS —>4,()

Fig. 3. Block diagram of self-tuning filter [29].

Bode Diagram

Magnitude (dB)

Phase (deg)

10 10° 10
Frequency (rad/s)

Fig. 4. Bode diagram of STF versus variations of parameter k (50
Hz) [29].

2.4. Proposed structure for virtual impedance
As mentioned, in order to control the active and

reactive powers of the fundamental component, it is
assumed that the system impedance is mainly
inductive. Therefore, the virtual impedance is added
at fundamental frequency to make the DG output
impedance and consequently to make the total
impedance of the system more inductive. Also,
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adding a virtual resistance helps damp the
fluctuations in MG [7]. This damping can also be
achieved using a real resistance at the cost of
increasing the losses. Therefore, in order to avoid
decreased efficiency, the virtual resistance which
can be achieved by a lossless control loop is
preferred [24] and its value must be selected such
that the system impedance remains inductive.

On the other hand, in MGs, the impedance of
distribution lines has a significant impact on the
accuracy of power sharing among DGs. Thus, by
creating virtual impedance at the fundamental
frequency, the amplitude and phase of DGs output
impedance can be adjusted such that the effect of the
asymmetry of the line impedance on the accuracy of
power sharing among DGs is minimized [31]. Fig. 5
shows the basic structure of the virtual impedance in
the stationary frame, where R, and L, are the virtual
resistance and inductance, respectively, and o is the
system frequency [31].

Also, the harmonic frequencies due to nonlinear

load sharing can be improved by using a virtual
impedance. Therefore, the basic structure of the
virtual impedance shown in Fig. 5, is expanded by
adding a virtual resistance at harmonic frequencies
as shown in Fig. 6. In this figure, Rypam represents
the virtual resistance at harmonic frequencies. The
value of Rypam is adaptively determined based on the
amount of the nonlinear load supplied by each DG
to improve nonlinear load sharing among the DGs
of MG. The non-fundamental apparent power (Sn),
which can be called harmonic power, is considered
as the power that is generated by each DG unit to
supply the nonlinear load. According to Fig. 6,
Rypamis determined by Eqg. (10).
R pam = K-S, (10)
where, Ky is a small positive constant that is
determined based on the nominal power of DGs, i.e.
the greater the power of a DG, the smaller its K,
would be. Sy is calculated based on IEEE 1459-
2010 standard [32] by Eqg. (11).

S, = S./(THD, ) + (THD, )’

where, S, THD,, and THDy represent the apparent
power of the fundamental component, current THD
and output voltage THD, respectively.

(11)
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According to Eq. (11), as S, increases, the value
of Rynam increases, which is a limiting factor for S,
since the values of the resistance among DGs and
the load increase at harmonic frequencies.
Therefore, a virtual impedance is obtained which is
composed of separate virtual impedances at
fundamental and harmonics frequencies.

Extracting the harmonic and fundamental
components of the DG output current is carried out
based on Fig. 6. This is initially done by measuring
the DG output current and then transferring it from
abc domain to stationary reference frame (o). Then,
using a self-tuning filter (STF), the fundamental and
harmonic components of the DG output current are
separated. Here, since balanced harmonic conditions
are considered, only one of the sequences of the
fundamental and harmonic components will be
presented.

2. 5. Compensating for voltage or current
harmonics
Fig. 7 shows the details of the harmonics

compensation block of Fig. 2 for DG As
mentioned before, using this block, PCC voltage or
the main grid current harmonics are compensated.
As can be seen, the compensation reference for
voltage harmonics (V'ro) is generated. Finally, the
obtained value is multiplied by the ratio of the
nominal power of the converter of the DG to the

n
sum of nominal powers of all DGs (kzlso k) SO

that the compensation reference (V'c) for DGy is
generated and a part of the voltage controller
reference is built. By doing so, the compensation
workload is shared among DGs in proportion with
their nominal powers. According to Fig. 7, V'rc is
generated by Eq. (12).

Vi :vhaﬂ Orihaﬁ.Gh.(l'HD ~-THD,,)  (12)

lor,max

where, V™,is the PCC voltage harmonics and i is
the main grid current harmonics in of reference
frame. Gh is the gain of the harmonic compensation,
which is determined based on the existing level of
disturbance at PCC or the main grid. In the case of
voltage harmonics compensation, considering the
negative sign used for the injection of V'c in Fig. 7,
Gh must be positive so that a harmonic voltage is
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generated in the opposite phase of V", to decrease
harmonic distortion at PCC.

However, to compensate for the current
harmonics, a current needs to be provided by the
DGs which is in the phase with the current flowing
between the main grid and the MG, so that the main
grid share in supplying the current of harmonic load
is decreased. Therefore, Gh must be negative so that
by considering the negative sign of the V'c injecion,
, an in-phase compensation is provided.

In Eq. (12), THDy is the total harmonic distortion
index of the DG output current harmonics. Fig. 7
shows how to calculate this index. As can be seen,
first, the fundamental and harmonics components of
the current in « axis (I';and 1",) are extracted by the
STF and, once their effective values (I',and I",) are
calculated, they are used for calculating the THDy..
Since a balanced electrical system is considered
here, using # component for calculating THD; will
provide similar results. Otherwise, under unbalanced
conditions, to calculate THD, it is necessary to
extract positive and negative sequences of
harmonics, which is out of the scope of this paper.
THDy,mex IS the maximum value of THD,, which is
considered to be equal to 1 here. In other words, in
this system, the amplitude of the current harmonic
component is always smaller than that of the
fundamental component. However, a larger value
can be used for THDzm. if necessary. In this
approach, THD,, is considered as an index for the
amount of the nparticipation of each DG in
compensation so that the PCC voltage or main grid
current harmonics compensation is carried out by
injecting harmonic current of DGs and consequently
increasing THDy,. Therefore, considering (THD o max-
THD,) in Eqg. (12) causes the compensation
workload to be shared among DGs. Because
increasing workload means increasing THD,, and as
a result decreasing (THDma-THDy), it is shown
that there is an intrinsic feedback in this
compensation approach. The concept used for
sharing compensation workload is similar to sharing
powers of fundamental component among DGs of
an islanded MG.
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Fig. 6. Block diagram of the proposed virtual impedance.

3. DETERMINING CONTROL SYSTEM
PARAMETERS
In this paper, an MG with two DGs is considered.
The nominal power of DG; is twice that of DG..
Therefore, the parameters of DG can be determined
by stability analysis and the parameters of DG, can
be adjusted based on its nominal power. However,
the stability can also be analyzed for DG, and
similar results can be achieved. In this regard, in Ref.
[11], to the manner of obtaining the droop
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characteristics of the power control
described.

According to Ref. [17], the local control system
and the power stage of the DG can be modeled by

the following Equation:
Vo (8) =Gy (8) Vet (8) =Zo(5)-10(8)

was

(13)
where, Vee(S), Vo(S), and Io(s) are the reference
voltage, and measured values of voltage and current
at LC filter output, respectively, as shown in Fig. 2.
Also, Gg(s) and Zo(s) represent the transfer function
of the closed loop control system and the output
impedance of the converter, respectively, modeled
by Egs. (14) and (15).

GCl (s) = VO—(S)
Vret (9 lo(s)=0
Gy (5)G4 (518 (5 (14)
~LCs2 1 (1 +Gy (5)Gy (5))Cs + Gy (5)Gy (5)G, (5)
Vg (8)
Zo(s) =22 L/ =2Z5(8)+2Zy(s)
° Io(s) ref (s)=0 ° v (15)

where, r_is the resistance of the inductor of the LC
filter, and Gq(s) represents the transfer function of
the PWM unit, which is usually modeled as a very
short delay. Z,(s) is the virtual impedance in the
presence of the fundamental component and Z'«(s) is
the converter output impedance in the absence of the
virtual impedance. The converter output impedance
can be determined by the following Eq.:

2(5) = Ls+n +G, (s).Gd (s)

(16)

The Bode diagrams of Z'o(s) and Gg(S) in positive
sequence are shown in Figs. 8 and 9, respectively,
using the parameters presented in Table 2. It can be
seen in Fig. 8 that the magnitude and phase angle of
the closed loop transfer function at fundamental
frequency (50Hz) are equal to 1 and O, respectively.
Therefore, it can be said that the reference voltage is
properly tracked.

As mentioned, the parameters of the virtual
impedance loop at fundamental frequency should be
determined in a way that the MG has a mainly
inductive impedance. Also, a small value of virtual
resistance can help damp the system oscillations.
Accordingly, the values presented in Table 2 are

LCs? + (1 +Gy (5)Gy (9))Cs+ Gy (5)Gy (5)G (5)
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considered as parameters of the proposed virtual
impedance. It should be mentioned that since the
nominal power of DG; is half of that of DGy, its
virtual impedance values must be twice of the ones
in DG;. On the other hand, it is clear that improving
harmonic load sharing is obtained at the cost of
increasing the distortion of the DG output voltage
due to harmonic voltage drop across the virtual
resistance added at harmonic frequency. Therefore,
in order to select the value of Ky, a trade-off must be
established between the harmonic distortion and
accuracy of nonlinear load sharing. Furthermore, the
nominal powers of DGs need to be considered in
selecting the value of K..

Compensation l
mod selection |

components extraction

Fandamental & harmonic

I
I
I
L

THD Calculation |

Compensation percentage

calculation

THD,, calculation

_—— e ——_————

Ve
Fig. 7. Proposed harmonic compensation block for DGk.

4. SIMULATION RESULTS
The studied system is shown in Fig. 10. As
mentioned before, the MG has two DGs and the
nominal power of DG; is twice that of DGz The
rated values of phase voltage and frequency of the
MG are considered to be equal to 230V and 50 Hz.
A balanced three phase load with Y connection
(with the impedance of Z) and a full-wave three
phase diode rectifier are connected to PCC as linear
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and nonlinear loads, respectively. It is assumed that

the grid voltage has the fifth and seventh harmonics

of 5% (with respect to the fundamental component)
with the phase angles of -25 and 35 degrees,
respectively, which are considered to be fixed during

simulations. Based on the data provided in Table 1,

it can be seen that the value of impedance Zi; is

considered to be twice that of impedance Z1» so that
an asymmetric state is modeled for the MG. The
reference values of the active powers of DG; and

DG, are P"1=2000 W and P"=1000W and the

reference values of their reactive powers are

Q"1=500 VAr and Q";=250 V/Ar, respectively.

In order to investigate and analyze the
performance of control systems of DGs in
compensating for the voltage or current harmonics,
the simulation is carried out in a continuous way and
its results are presented in four separate periods.

e In the first period (Osec <t < 2sec), only the
virtual impedance of the fundamental
component is active and no compensation is
carried out.

e In the second period (2sec< t <3.5sec), the
harmonic virtual impedance is activated but
there is no compensation.

e In the third period (3.5sec< t <Ssec), the PCC
voltage harmonics compensation is activated.

e In the fourth period (3.5sec< t <5sec), the main
grid current harmonics compensation s
activated.

Bode Diagram

Magnitude (dB)
IIJ
[<]

Phase (deg)
=

-90 -

B I
10 10°
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Fig. 8. Bode diagram of transfer function of closed loop control
system.
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Fig. 9. Bode diagram of DG output impedance.

Table 1. Parameters of power stage of the electrical system
used to compensate for voltage and current harmonics

Distribution line of DGS| ~ Zj1, Zip (QQ-mH) 0.15-15,0.3-3

Dlstrlbytlon line of 7 (©@-mH) 045-15
nonlinear load

Distribution line+

network transformer ZgZ{Q-mH) 16
Linear load 21 (Q-mH) 50-20
Nonlinear load O, (Y, | 584 100, 235
Lai(mH)

Table 2.Parameters of control system of DGs used to
compensate for voltage and current harmonics.

Active and reactive power controllers

Mpp(rad/W) 10, 2x106
mip (rad/W.s) 104, 2x10*
DG:, DG
npo (radW)  |0.6x10%, 1.2x101
nio (rad/W.s) 10%,2x10
Virtual impedance
Rv(mH) 01,02
DG:, DG2 Lv (mH) 2,4
Kv 0.004, 0.008
kpv 0.25
Kol 0.35
Voltage and current ™ 125
controllers
Kr 250
vl axi(radfs) 1
rad/s 314
STF alrads)
k 30
) ) ka 10
Harmonic compensation
kai 92

Main grid

Local
controller

Fig. 10. Overall structure of grid-connected MG used for
simulation.

o First stage of simulation
Fig. 11 shows three phase output voltages of DGs
and PCC during the related period. As can be seen
in this figure, before activating the harmonic virtual
resistances, the output voltages of DGs are almost
sinusoidal and without harmonics, which can be
observed in Fig. 12 as small values of THD. In
fact, the results of the first stage of simulation show
that these voltage controllers have properly tracked
the reference generated by the droop characteristics
of the power controller. However, it can be seen
that in spite of nearly sinusoidal output voltages of
DGs, the PCC voltage is significantly distorted.
Indeed, the main cause of this distortion is the
harmonic voltage drop across distribution lines
connecting DGs. The variations of the active and
reactive powers of the fundamental component are
shown in Figs. 13 (a) and (b). As can be seen, the
references of the active and reactive powers are
properly tracked. Fig. 14 shows that before adding
harmonic virtual impedances at the first stage, Sy is
shared between DGs in almost reverse proportion
with their line impedance. This means that the
amount of S, supplied by DG is almost twice of
the amount supplied by DG; whereas the nominal
power of DG; is half of the nominal power of DG..
The output current of DGs and the three phase
current of the main grid are shown in Fig. 15. As
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can be observed, at the first stage, the total current
supplied by DGs is not proportional to their
nominal powers. It should be mentioned that
according to Figs. 13 (a) and (b), the fundamental
component of the load is distributed properly, but
improper nonlinear load sharing has prevented the
output current of DGs from being proportional to
their nominal powers.

In Fig. 16, the harmonic disturbance indices of
the DGs and the main grid output currents are
shown. It can be seen that, at the first stage, the
current harmonic disturbance of DG2 and the main
grid have the maximum and minimum values,
respectively. As discussed, at this stage, the existing
impedances in the system determine the harmonic
load sharing.

¢ Second stage of simulation
At the second stage of simulation, the harmonics
virtual resistances are added to the basic control

W
=3
S

structure of DGs at t=2s. These resistances are
placed on the way of harmonic currents to improve
the nonlinear load sharing between DGs. In Fig. 14,
it can be seen that once these resistances are added,
the sharing of the nonlinear load between DGs is
significantly improved but still it is not proportional
to the nominal power of DGs. Similarly, it can be
observed in Fig. 15 that the ratio of the amplitude of
the output currents of DGs has considerably
approached the ratio of their nominal powers. On the
other hand, according to the results of Figs. 11 and
12 for the second period, adding virtual resistances
at harmonic frequencies causes the output voltage of
DGs to increase and consequently increases PCC
voltage distortion. In Figs. 13 (a) and (b), it is shown
that at the second stage, the powers of fundamental
components are kept in the reference values, which
represents the efficiency
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Fig. 11. Waveforms of three phase voltages at different simulation stages.
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¢ Third stage of simulation

In the third period, the voltage harmonics
compensation units in local controllers of DGs are
activated. It can be clearly seen in Fig. 12 that the
voltage THD at PCC is significantly decreased. The
improvement in the voltage quality at PCC can also
be observed in Fig. 11. Also, it can be seen in Figs.
11 and 12 that voltage harmonics compensation is
accompanied by an increase in DG; voltage
distortion. In this regard, it must be noted that the
impedance of the distribution line of the DG; is
fairly greater than its corresponding value in DG,
and considering its nominal power, the amount of
the harmonic load supplied by this DG is greater
than the one supplied by DG.. Consequently, the
voltage drop across the line of DG; and its
harmonic virtual resistances cause a increase in
PCC voltage distortion before compensation. After
the compensation, the output voltage distortion of
this DG is increased in order to provide an almost
sinusoidal voltage at PCC after harmonic voltages
across the distribution line and virtual resistances.
On the other hand, due to the small values of the
impedance of the distribution line of DG, and
nonlinear load supplied by it, as observed in Figs.
11 and 12, the change in harmonic distortion of this
DG as a result of the activation of compensation, is
similar to PCC.

Furthermore, it is shown in Fig. 14 that during
the compensation of PCC voltage harmonics, the
powers of non-fundamental component of DG is
increased. This increase is mainly because the
current harmonics of DGs is increased so that
compensation for the voltage harmonics becomes
possible. Also, since the nominal power of the DG
is twice that of DGy, it must have a greater share in
compensation. Therefore, the results of the third
stage of simulation show a greater increase in the
power of non-fundamental component and
harmonic distortion at the output voltage and
current of DG; compared to DGs.

It can be seen in Fig. 13 that the fundamental
component powers also properly track their
reference values at the third stage. On the other
hand, it can be seen in Fig. 14 that after PCC
voltage harmonics compensation, nonlinear load
sharing between DGs is significantly improved and
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this power is shared between DGs almost in
proportion with their nominal powers. This
improvement in nonlinear load sharing between
DGs shows the efficiency of the proposed structure
for harmonic virtual resistances and the efficiency
of the solution selected for workload sharing.

o Fourth step of simulation

At this stage, the current harmonics compensation
unit of the main grid is activated instead of the
voltage harmonics compensation unit of PCC. As
can be seen in Fig. 17, the THD of the main grid
current is decreased. Also, it can be seen in this
figure that the quality of the main grid current is
improved with the increase in the disturbance of the
DGs output current, which shows that these DGs
supply a major part of harmonic current supplied by
the main grid before compensation. This fact is
shown by comparing the current waveforms of the
fourth stage with those of the second stage. This
comparison is shown in Fig. 15. The powers of the
fundamental component also track the reference
values properly. But the results are not shown since
they are very similar to those presented in Fig. 13.
Also, it is demonstrated in Figs. 15 and 18 that the
load sharing in stage 4 is significantly increased in
comparison with stage 2. The obtained results show
the proper performance of the harmonic virtual
impedances and the approach of sharing the
compensation workload.

Stepl Step2

5. COMPARING RESULTS OF THE

APPROACH PROPOSED IN [18]
In Ref. [18], an approach has been presented for for
to compensate for voltage harmonics in islanded
MGs. The block diagram of the control approach
presented in Ref. [18] is shown in Fig. 19. In Fig. 19,
H is referred to as the harminc power and is calculted
as follows:

H= A pfms + qus

where @, and ¢, are the effective values of the

oscillating parts of the active and reactive powers,
respectively. H is the non-fundamental power (Sn)
which is calculted in another way. In Fig. 19, the
reference harmonic conduction (G") is determined
based on G-H droop characteristics.

G =G, —b(H, -H) (18)
where, b is a negative fixed value which needs to be
set as the maximum possible value (from the point of
view of absolute value, while keeping the control
system stable), and it determines the slope of the drop
characteristics. Gy is a constant which, according to
Ref. [18], can be considered as zero. Hy is the rated
harmonic reactive power. In Ref. [18], no specific
method was presented for determining Ho.
However, this parameter must be set in a way that
(Ho-H) >0 is satisfied. This droop charcteristics is
considered for sharing the compensation workload
between DGs.

(17)

Step3
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Fig. 15. Waveforms of three phase output current of DGs at different simulation stages.
The second line: the current of phase a (DGa: Solid line, DG2: Dashed line)
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In this section, in order to reveal the advantages of
the proposed approach, the results obtained by
applying the method presented in Ref. [18] on the
MG shown in Fig. 10 are presented and compared to
those obatined using the proposed control approach.
According to Ref. [18], b and Ho need to be
determined based on the rated capacity of DGs.
Furthermore, for an MG consisting of two DGs (as
shown in Fig. 10), the following egaution has to be
satisfied:

bl'HO:L :bz-Hoz (19)
This equation means that the G-H characteristics

of the DG with higher capacity must have a lower

slope so that the compensation workload is shared

properly. Thus, the following values are determined

for the parameters:

b, = —-0.0005,b, = -0.001, H,, = 2000, H,, =1000

It should be noted that since the virtual harmonic
resistances are not present in the approach used in
[18], the second step of simulation (Section 4) is
eliminated. The fourth step which is related to the
compensation of current harmonics of the main
network will also be eliminated. Therefore, only at
t=3.5s harmonics compensation is activated
(equivalent to the third step described in Section 4).
Fig. 20 shows the results of sharing the fundamental
and non-fundamental (H) powers. It is seen that the
active and reactive powers are properly shared
between DGs. But due to the absence of the
harmonic virtual resistances, the non-fundamental
power is not in proportion with the capacity of DGs.
This shows the superiority of the approach presented
in this paper (by comparing Figs. 14 and 20 (c)).

The THD of the ouput voltages of DGs and the
load bus are shown in Fig. 21. It is seen that even in
the absence of the harmonic virtual resistance, the
output voltages of DGs are considerably distorted
before compensation. Since controlling the voltage
in the entire harmonic spectrum is performed by a Pl
controller, the harmonics of the output current are
not controlled properly. However, in the voltage and
current controllers proposed in this paper, a separate
resonance expression is considered for harmonics as
well as the fundamental component. Furthermore, it
is seen that after activating the compensation of
harmonics, the THD of output voltages of DGs is

reduced to some extent. However, the disturbance of
PCC voltage has a signinficant amount which can
cause problems in operation of sensitive loads. But,
considering Figs. 11 and 12, the proposed approach
significantly improves the quality of the PCC
voltage.
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6. CONCLUSION

In this paper, an approach was introduced for the
compensation of voltage or current harmonics in
grid-connected MGs, which could adjust
compensation percentage in an adaptive way, in
proportion with the existing amount of the distortion
at the PCC or main grid. In this approach which was
based on local control of DG units, harmonics
compensation was performed in two scenarios. Both
compensation scenarios were performed by DGs
interface converters. Also, in local control of DG
system, a structure was proposed for the virtual
impedance which can share the fundamental and
non-fundamental  (nonlinear load) components
among DGs in an adaptive way. The values of
harmonic resistances were determined based on the
amount of nonlinear load supplied by the DGs.
Thus, the effect of asymmetry between the
impedances of MGs was significantly decreased.
The structure proposed for virtual impedance was
capable of providing a proper nonlinear load sharing
in MGs that are significantly asymmetric from lines
impedance or load distribution points of view. The
results showed that by using the proposed approach,
the quality of PCC voltage and main grid current
was remarkably improved, also the powers of
fundamental and non-fundamental (nonlinear load)
were shared in proportion between DGs.
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