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In some configurations, microgrid is connected to an AC grid via voltage source converters (VSCs), supply-
ing local non-linear loads (NLLs) of the microgrid connected to the output of the VSC. In such condition,
the produced current distortions of the NLLs may flow through the AC grid due to low impedance. Hence,
the microgrid should compensate the current distortions, which have been generated by the NLLs. On the
other hand, when the AC grid has voltage harmonics, they amplify the produced distortions of the NLLs.
To harness these distortions, this paper proposes a new multifunctional control method of the grid con-
necting microgrid VSC, which can decompose the current distortions into two components originated by
the NLLs, and other one by the AC grid voltage harmonics. Then, VSC-based grid-connected microgrid
can operate in two compensation modes. The first operation mode includes the compensation of distor-
tions only with considering NLLs contribution. While in the second mode, VSC tries to compensate the
distortions with considering contributions of both NLLs and AC grid voltage harmonics. In this mode,
the proposed method is able to limit the total harmonic distortion level of AC grid side current in the
standard limitation (less than 5%). The effectiveness of the proposed control method is studied using the
simulations and experiments.
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NOMENCLATURE P(t) Instantaneous power
n Order of harmonic i SOGI gain
é(rad) Phase difference between PCC voltage and NLLs cur- D(s),Q(s) Orthogonal signals generated by SOGI

rent s Laplace domain operator
w(rad/ sec) Grid angular frequency V4, Vy  Voltage in dq frame
T Transposition of the matrix Iy, 14 Current in dq frame
Vpee (0) Voltage of point of common coupling Zmc, Zg(Q)  Line impedance of microgrid and main grid
INpis(A)  Current of nonlinear loads

. 1. INTRODUCTION

T Park transformation
Vyeedy (v) Voltage of point of common coupling in dq frame There are various configurations of grid-connected microgrids.

Inrrs—dq(A)  Current of nonlinear loads in dq frame

One of them can be seen in Fig. 1. As it can be seen in this figure,
it has a non-linear load (NLL) connected to point of common
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coupling (PCC) [1]. Considering the behavior of NLLs, one of
the important issues of this structure is power quality improve-
ment. The local non-linear loads (NLLs) are absorbing a wide
spectrum of current harmonics. But, when the AC main grid
contains voltage harmonics, they can affect the spectrum of the
current harmonics of the NLLs, and thereby, increase the total
harmonic distortion (THD) [2]. For the structure presented in
Fig. 1, many solutions have been presented for controlling VSCs
in different applications. For example, for renewable energy
sources (RESs), the converters control reactive power to adjust
voltages within an acceptance range, while they also deliver
active power to the power system [3]. In [4] different meth-
ods have been suggested for controlling of active and reactive
powers flow in a single-phase microgrid when it operates in
grid-connected mode. To this end, proposed methods have been
developed based on dq frame calculation, and their performance
has been compared with other methods considering different
condition. However, this paper addresses active and reactive
powers flow in single-phase system, but it doesn’t evaluate the
proposed methods in the presence of distortions. Among all
methods, droop control method is an effective method to control
a VSC-based microgrid for independently delivering active and
reactive powers from DC side to AC side. Although, it has been
widely accepted that the droop control only takes effect at the
fundamental frequency and has little influence on the mentioned
performance in a distorted environment [5].

Moreover, there are many papers focusing on the reactive
power control, which include unity power factor method, active
power-dependent method, dynamic operational method, etc.
The aim of the unity power factor method is to have converters
without any reactive power injection. This method is in complete
compliance with the previous version of IEEE Standard 1547
and UL1741, which specify that distributed resources should
not actively regulate voltage at PCC [6]. It is worthy to be noted
that in some cases such as lack or shortage of power in renew-
able resources, the performance of this method is not suitable
as the control unit of microgrid. The active power-dependent
method has been proposed by German grid codes [7]. This solu-
tion adjusts the reactive power flow back to the grid based on
active power output of the converter; thus, it provides a kind
of voltage regulation according to output active power varia-
tions. In [8], a dynamic operational method is presented, where
the converter could generate inductive or capacitive reactive
powers at different voltage levels. This method can operate
in three states including normal and voltage fluctuating states.
In fluctuating state, reactive power is modulated in order to
mitigate voltage fluctuations caused by transient movement.
So, it is obvious that this method could not contribute to solve
power quality issues, which are stem from main grid side or
local loads. In [9] a novel secondary control strategy for the VSC-
based microgrid in suggested. This strategy restores the voltage
and frequency deviations by utilizing only local variables with
high bandwidth. However, this control method could handle
voltage and frequency deviations, but its performance can be
influenced by noise and distortions due to its high bandwidth.
A multifunctional control scheme to control the VSC-based grid-
connected microgrid has been proposed using instantaneous
symmetrical components theory in [10]. Based on this method,
VSC-based microgrid operates in three modes including (1) as
a bidirectional power sharing converter to control power flow
from DC side to AC side and vice versa, (2) for damping the
oscillations using filter in the control algorithm, and (3) as a
power quality compensator to mitigate current harmonics of

non-linear loads and reactive power compensation in PCC to
purify main grid from any distortions with unit power factor. It
seems that this method is suitable for VSC-based microgrid due
to its multifunctional performance, however, the performance of
this method has not been evaluated with considering PCC volt-
age harmonics. The state-of-art power system support functions
are summarized in [11] for the purpose of enhancing operations
in grid-connected VSC-based microgrids. In this paper a useful
review has been carried out with associated to power system
support functions including reactive power control, fault ride-
through and harmonic compensation. This paper emphasizes
that developing new control methods with multifunctional oper-
ation abilities is very important for avoiding extra cost and high
reliability. In pertaining to harmonic mitigation, flexible control
of grid-connected VSC-based microgrid may be utilized to offer
the possibility of power quality improvement. As a result, the
harmonic compensation function could be integrated with the
control scheme by modifying the control strategies [12]. This is
especially attractive considering that DC side of VSC does not
always act at full capacity, and the available capacity can be used
to realize harmonic compensation without additional costs.

Also, some papers have focused on the mitigation of the
harmonics of local non-linear loads, using the multi-resonance
controller (MRC) based harmonic elimination method, repetitive
controller (RC) based harmonic elimination method, optimized
model predictive control (MPC) method, etc. The MRC method
could easily compensate low-order harmonics of NLLs, though
the discretization of multiple resonant controllers would result
in a heavy calculation burden, and the fundamental frequency
variation would affect the performance [13]. In [14], a new con-
trol method is proposed for microgrid-connected voltage source
converters (VSCs), which generally contain voltage and cur-
rent control loops. The voltage of the point of common coupling
(PCC) is analyzed by recursive least squares (RLS) algorithm and
its fundamental positive symmetric components are extracted
by the voltage control loop. Using the fundamental positive
symmetric component, the required active and reactive powers
are injected into the main grid via the microgrid-connected VSC
without any distortions. In [15], a computational method has
been used based on the recursive least squares with the vari-
able forgetting factor (VFF-RLS). The prominent features of the
proposed method are its high accuracy and speed, as well as
identification with a low rate of signal samples. The main aim of
the proposed method is to identify the contribution and extent
of harmonics and unbalanced in a Microgrid equipped with
advanced metering infrastructure (AMI).

In [16], a resonant controller with self-tuned gains is pre-
sented for improvement of VSC-based microgrid in the presence
of voltage and frequency variations. This method imposes a
constant sampling time which allows controllers to be used in
variable frequency environments. Nevertheless, the controllers
with self-tuned gains can solve the disadvantages of voltage
and frequency variations, but it can lead to decreasing the sta-
bility of whole control system due to its parameter changing. In
[17], resonant controller guidelines are given to increase stability
margins and to eliminate typical three-phase harmonics +6n+1
with n a natural number. This work helps the overall control
performance of a resonant controller where this design can be
used to opt the controller parameters. A detailed analysis about
the model and control parameters design is made, and therefore,
the procedure may be followed for any system that needs a reso-
nant controller. The repetitive controller method could reject the
harmonics of NLLs below the Nyquist frequency using a simple
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phase compensator. This method could remove the harmonics
using less calculation than the resonant controller method, but it
presented a much slower dynamic response than the resonant
controller method [18]. Meanwhile, in [19] a model predictive
control method is employed for a distorted environment. The
control dynamic tracks references quickly and accurately. How-
ever, the variable switching frequency makes the filter parameter
design more difficult, and the computation effort is higher, since
all the states need to be tested before to select the best control ac-
tuation to minimize a specified cost function. Besides, the MPC
method could mitigate the harmonics of NLLs, but the same as
the MRC and RC methods, it had heavy calculations. Never-
theless, all of these control methods were more beneficial than
employing extra devices such as shunt active power filter (APF)
or passive power filter (PPF), imposing more costs, complexity,
and maintenance [20]. As mentioned before, another impor-
tant point is the effect of the main grid voltage harmonics on
the current harmonics’ elimination of NLLs. This phenomenon
influences the performance of the control system, for example,
the phase-locked loop (PLL) can be affected by distortions. In
[21], a complete review of PLLs has been presented including
the stationary reference frame PLL (¢fPLL) and a decoupled
double synchronous reference frame PLL (ddsrfPLL). Also, it
has proposed a new PLL, called decoupled stationary reference
frame PLL (dxBPLL), to improve the performance under non-
ideal conditions. The daBPLL has a suitable performance in
the presence of voltage distortions, but it has a sophisticated
structure [22].

In the presence of the background voltage harmonics, the
absorbed distortions of the NLLs will increase in comparison
with ideal conditions which is without voltage harmonics. In
other words, the microgrid is in charge of the distortion’s com-
pensation of the NLLs, however, these distortions consist of two
parts. The first part of the distortions is related to the behavior
of the NLLs. The microgrid should compensate these distortions
because of its responsibility. The second part of the distortions
is generated due to the main grid voltage harmonics, and as a re-
sult, this part should not be compensated by the microgrid. Then,
the microgrid can operate in two modes. In the first mode, it just
compensates the first part of the distortions, and neglects the
effect of the main grid voltage harmonics. In the second mode,
it participates in the compensation of the distortion’s contribu-
tions of both NLLs and the main grid voltage harmonics. The
first mode can be called as the partial compensation mode, and
the second mode can be termed as the full compensation mode.
Note that the full compensation mode can have an economic
benefit for the microgrid, in case of participation in ancillary
service market of the grid. Accordingly, this paper suggests a
novel multifunctional control strategy for the grid connecting
microgrid converter considering the contribution of the grid
voltage harmonics. To this end, the proposed control method
calculates the total distortion powers of the NLLs absorbed by
them, and then it separates the contribution of the NLLs as well
as the contribution of the main grid voltage harmonics.

The proposed control method can enhance the power quality
in two compensation modes. It uses the power-based calculation
approach for the compensation of distortions instead of calculat-
ing harmonics extraction. Note that in both compensation modes
the microgrid transfers the required active and reactive power
simultaneously. In addition, for the proper synchronization of
the microgrid with the polluted main grid, a second-order gener-
ation integrator frequency locked loop (SOGI-FLL) is exploited
due to its prominent features such as easy implementation and

the ability of reference phase tracking in the presence of voltage
harmonics. In fact, the purpose of paper is identification of ori-
gin of distortions at PCC. In other words, these distortions can be
generated by non-linear loads and background voltage harmon-
ics of the grid. To this end, the proposed control method utilizes
the instantaneous power theory for segregation of contribution
of the non-linear loads and the main grid. After identifying the
origin of distortions, the proposed control method can compen-
sate the distortion contribution of the non-linear loads, the main
grid or both of them in different compensation modes. Thanks
to computation based on the instantaneous power theory, the
proposed control method has a simple structure with low calcu-
lation volume, and as a result, its implementation can be done
by popular microcontroller. In addition, this low calculation
volume leads to fast response with high accuracy. As it will
be shown in simulation and experiment results the suggested
control method can reduce THD of current within standard lim-
itation in full compensation mode. Moreover, in the case that
it does not need to compensate the contribution of main grid
voltage harmonic, it can only compensate contribution of NLLs
with high accuracy in both segregation of contributions and
compensation of target contribution.

The rest of this paper is arranged as follows. Section 2 deals
with the distortion of NLLs. Section 3 proposes the multifunc-
tional control method. Sections 4 and 5 provide the simulation
and experimental results for validation of the proposed method.
Eventually, section 6 concludes the paper.

2. DISTORTIONS OF NLLS

As can be seen from Fig. 1, NLLs are usually connected to the
AC side of VSC, and current distortions generated by them, may
flow via the AC grid. Hence, the power quality of the main
grid decreases. As mentioned, if the main grid contains the back-
ground voltage harmonics, they can affect the current distortions
of the NLLs. So, the distortions absorbed by the NLLs are di-
vided into two parts. The first part, regardless of the background
voltage harmonic, is termed as the distortion’s contribution of
the NLLs (DC-NLLs), and the other one, including the NLLs and
the grid harmonics, is named as the distortion’s contribution of
the grid (DC-G). Here, the microgrid can operate in three modes:
1. it only transfers the active and reactive powers without con-
sidering the DC-NLLs and DC-G, 2. it can carry over both active
and reactive powers, and simultaneously compensates the DC-
NLLs, and 3. it can accomplish the power transfers, and at the
same time, it compensates both the DC-NLLs and DC-G. The
frequency mapping of PCC voltage, as well as NLLs current
can be exploited in time domain and rotational frame (dq) for
calculating instantaneous powers. By neglecting the background
voltage harmonics, the vectors of the PCC voltage, as well as
the NLLs current can be stated as (1) and (2) in the time domain,
respectively

Va vg sin(wt)
Vpeel = | v, | = | vpsin(wt—2m7/3) (1)
Ve ve sin(wt + 27/3)
[oe)
S Y. Ly sin(nwt — 6y)
la n—1
[INtLs) = | iy | = 21 I, sin(nwt — 6, — 27/3) ()]
e
fc | Y. Iy sin(nwt — 8, +27/3)

n—1
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Fig. 1. The studied microgrid

where, n is order of harmonic, J represents the phase difference
between PCC voltage and NLLs current, and w denotes the grid
angular frequency. Equations (1) and (2) can be transferred to
the rotating frame by (3) and (4).

[T]-[Vpec] ©)]
[T].[InLLs] @

where, T is the Park transformation matrix, which is obtained as

©).

[Vpcc—dq] =

(INLLs—dq] =

cos(wt) cos(wt —27/3) cos(wt +2m/3)
2
[T] = 3| sin(wt) —sin(wt —27/3) —sin(wt +27/3)
V2 V2 V2
(5)
Accordingly, the instantaneous power can be computed by (6).
P(t) = [Vpcc]r'[INLLS] = [Vpcc—dq]T'[INLLs—dq]T (6)

where, the superscript T denotes the transposition of the matrix.
Considering the main grid voltage harmonics as (7), the instanta-
neous power can be calculated by (3) and (6) in the time domain
and dgq rotational frame.

(o]
Y. Van sin(nwt)

vu n—1
[ee)
Vol = | v | = Z Vi sin(nwt — 271/3) ?)
n
Uc Z Ve sin(nwt +27t/3)

n—1

For more clarity, the frequency mapping of the PCC voltage
and the NLLs current are demonstrated in Fig. 2 based on
(6). Note that in Fig. 2(a), the main grid voltage is given
by (1) and it is free of harmonics, while in Fig. 2(b), (7) is
assumed to be the main grid voltage, which contains back-
ground voltage harmonics. Based on Fig. 2(a), and ne-
glecting the background voltage harmonics, the NLLs con-
sume the DC power (Pdc) and the even-orders of the power
[ee)

(i-e-rPZw(rud/ sec)” Pme(md/ sec)’ mél Pme(rud/ sec) ,and etc). How-

ever, in the presence of the background voltage harmonics, it is
obvious that the NLLs absorb the several components of the DC

power (i.e, Py, Pdc'P C,etc) as well as other even-orders of the

power(i.e, Py, P dc’ ): szw(md/sec ): me (rad/ sec)’ and etc.),

as illustrated in Fig. 2(b). Hence, regarding power consumption,
the background voltage harmonics contribute to higher values
of DC power and other components of the powers. In other
words, it can be deduced that the DC-NLLs produce the distor-
tion power components as (8), with the sum of the DC-NLLs and
DC-G being equal to (9). Eventually, the DC-G can be computed
by (8), (9) and (10), as follows:

(o)
Ppc-NiLs = E Pme rad/ sec) + Pme(rad/ sec) )(8)

Instantaneous power
components in time domain
and dq rotational frame

NLLs current

PCC voltage

\
\
\
J

PCC voltage

Instantaneous power
NLLs current components in time domain
and dq rotational frame

I R adlse

[

I =) SO

| d d/sec)

|

| P, -

\

(b)

Fig. 2. The frequency mapping of PCC voltage and NLLs cur-
rent (a) without background voltage harmonics, (b) in the
presence of background voltage harmonics

Protal =PL;C+P£;C+PL;HC+"'+ ©)
© U "
mél (P2mw(rud/ sec) +P2mw(rad/ sec) + Pme(md/ sec) +)
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Ppc-G = Prota = Poc-Nits = Py + P + ot o)
mél(szw(Md/ sec) + PZmaJ(md/ sec) + )

Note that in (10), the distorted DC powers ( P:i C,P[;C and etc.) are
in accordance with the phase difference between the same order
harmonics of PCC voltage and the NLLs current. Comparison
of DC and oscillating terms of (10) is given in (11). Based on (11),
the PDC-PS can be approximately obtained by (12).

" 7

(o)
Pdc + Pdc +.. << Z (Pme(md/ sec) + Pme(md/ sec) + )(11)

m=1

" "

[ee]
Ppc—c ~ Zl(Pme(md/ sec) + Pme(md/ sec) + ) 12

m=
The aforementioned assessment proves that the background
voltage harmonics has an adverse effect on the absorbed power
by the NLLs, and at the same time, the distortions contribution
of the main grid can be detected by evaluating the absorbed
power of the NLLs. Hence, in this article, a novel multifunc-
tional control approach is introduced for controlling the grid-
connecting microgrid VSC, in order to determine the distortions
contribution of the main grid voltage harmonics. Meanwhile,
the microgrid VSC can operate in full compensation mode, and
as a result, it can compensate the distortions of the background

voltage harmonics and the NLLs current.

3. PROPOSED
METHOD

The proposed multifunctional control strategy has been dis-
played in Fig. 3. According to this sketch, the suggested method
consists of two control layers. Note that Fig. 3 has been divided
into Fig. 3(a), 3(b) and 3(c), which shows overall configuration
of control and power sections, compensation mode in DC-NLLs
mode and full compensation mode, respectively. The proposed
method can completely segregate the contribution of non-linear
loads distortions from the contribution of distorted main grid.
Then it can compensate the contributions of both or each of
them. This method is based on the instantaneous power theory,
which computes distortion powers, and exploits them to gener-
ate the reference signals. For proper synchronization of the VSC
with the main grid, the SOGI-FLL is embedded in the proposed
structure. This type of the PLL can detect the reference phase
of grid in the presence of background voltage harmonics, as
well as, when a disturbance occurs in the grid such as frequency
oscillations or phase jumping. Indeed, the SOGI-FLL is a tight
band filter, which passes fundamental component of its input
signal. The sketch of SOGI-FLL is demonstrated in Fig. 4(a).
Accordingly, SOGI-FLL can produce two orthogonal signals in
accordance with the fundamental frequency, where the funda-
mental frequency is tracked by FLL. The transfer functions of
the generated orthogonal signals are given by (13) and (14).

MULTIFUNCTIONAL CONTROL

2 'yw’s

D(s) = s) = - (13)
©) Vpce $2 + w”
Vy 'yw’Z

§) = ——(s) = - (14)
Q(s) Voce ) 21

where, Vd and Vq are the output orthogonal signals. Also, v
and & present the gain of SOGI-FLL and its resonance filter,

respectively. Finally, s is the frequency domain operator. Note
that when the main grid is free of any frequency oscillation, w'is
equal to w. The bode plot of aforementioned transfer functions
is demonstrated in Fig. 4(b). Here, it is assumed that and are
equal to 2 and 314 (rad/sec), respectively. The key point is the
effect ofy on the performance of SOGI-FLL, as can be seen in
Fig. 4(b). According to this figure, (13) and (14), the variation of
v leads to altered the bandwidth of SOGI-FLL. In other words,
increasing 7 enhances the bandwidth, and vice versa. Regarding
dynamic response, choosing a large value of 7y is effective, which
will cause a vast bandwidth. On the other hands, this selection
leads to the generation of poor-quality orthogonal signals when
there are background voltage harmonics. As the detrimental
components of the voltage can pass to the output signals. Hence,
a trade-off should be established between the precision and
speed of response for selecting . The gain of SOGI-FLL shifts
the bode plot vertically, while moves the bode plot horizontally
in accordance with the determined resonance frequency by the
FLL. The reference phase of the main grid can be obtained as
(15).
wt = tanfl(v—d) (15)
Uq
where, Vd and Vq present the inverse Laplace transform of
Vd and Vq, respectively. Based on (15), this reference phase
can be used in park transformation and its inverse transforma-
tion. Further, the sinusoidal wave generation unit produces the
virtual pure three-phase voltage as (16).

Da 04 sin(wt)
WPCC] = 0y |= Oy sin(wt — 271/3) (16)
D¢ Oc sin(wt + 271/3)

In the first control layer, the voltages of DC bus, and VSC output

are adjusted. Then the required active and reactive powers are
calculated using their reference values. For this purpose, the DC
bus voltage of microgrid is compared with its setpoint value,
and at the same time, the output AC voltage of VSC is compared
with its setpoint value. The obtained error signals are crossed
via the PI controllers for their regulation, and eventually, the
output signals of PI controllers are added to the setpoint powers
values. Accordingly, the reference current in dq frame (linj-d
and linj-q) can be gained using (17) and (18), which has been
stated by (19).

Pinj = 3(Vpcc—dlinj—a + Vpcc—qlinj—q) 17)
Qinj = 3(Vpcc—dlinj—g — Vecc—glinj—a) (18)

Lij—a | _ 1y Vpcc—a  Vpce—q Piyj
=% 02 R R
Linj—q Vicc—at Vicc—q | Vpcc—g —Vpcc-a Qinj

(19)
where, Vpce_g Vpcc_q and can be gained by applying (5) on
(16); hence, the obtained reference current used in (17) and (18)
will be pursuant to the fundamental of main grid voltage, which
is one of the advantages of suggested control strategy. In fact,
based on this control layer the VSC tries to deliver active and re-
active powers from DC side to the AC side with minimum THD
level without considering the main grid voltage harmonics at
PCC. Also, the aim of suggested second control layer is compen-
sating for DC-NLLs while considering the background voltage
harmonics. Notably, it can compensate both the DC-NLLs and

|
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Fig. 4. (a) SOGI-FLL, and (b) the bode plot of D(s) and Q(s)

DC-G in the full compensation mode. According to the men-
tioned approach in the previous section, PCC voltage (Vpcc),
current of the NLLs (Iynrs), and virtual PCC voltage (Vpcc ) are
transferred to dq frame by employing the Park transformation.
Then, the powers are computed as (20)-(23).

P =Py + P =3(Vpcc—alnirs—a + Vecc—gINLLs—g)  (20)

Q = Qac + Q =3(Vpcc—dINLLs—g — Vpcc—gINLLs—a)  21)

P =Py +P =3(Vpcc—alnris—a + Vpcc—gINLLs—g)  (22)

Q = Quc +Q =3(Vpcc—alNris—g — Vpcc—qInLis—a)  (23)

Note that (20) and (21) denote the absorbed powers by NLLs in
the presence of background voltage harmonics, while (22) and
(23) express them after ignoring the background voltage har-
monics. In addition, for both conditions, the absorbed powers
consist of DC and oscillation parts, which are identified by dc
subscript and tilde superscript, respectively. Accordingly, for
separating these two parts, low pass filters (LPFs) are utilized for
all powers, whereby the total active and reactive oscillating pow-
ers can be obtained as (24) and (25). It is worthy to be noted that
several types of LPF can be employed to separate DC part from
oscillation part such as Butterworth LPF and wavelet-based LPE.
In [23] a complete review has been done on the performance of
LPF for achieving a suitable response in terms of high accuracy
and low delay. On the other hands, the key point is that (24)
and (25) illustrate the distortion powers absorbed by the NLLs,
considering the background voltage harmonics. Thanks to the
virtual PCC voltage, (26) and (27) only provide the distortion
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powers absorbed by NLLs without considering the background
voltage harmonics.

Prota = P — Py, (24)
Qrotar = Q — Quc (25)
Ppc-niLs = P— Py (26)
Qpe-niLs = Q — Que 27

Ppc—c = Protar — Poc—nirs = (P — Pye) — (Pge — Bge) (28

As aresult, (24) and (26), as well as (25) and (27) can be employed
for the extraction of main grid voltage harmonics contribution
on the absorbed distortions of NLLs. For this purpose, by sub-
tracting (24) and (26), as well as (25) and (27), the distortions
contribution of the main grid can be achieved as (28) and (29).

Qpc-6 = Qrotat — Qpc-nNiLs = (Q — Que) — (Que — Qdc() )
29

Finally, the reference current (IDC-G-d, IDC-G-q) in accordance
with the contribution of the main grid voltage harmonics can be
obtained by (30) and (31) in dq frame, which has been demon-
strated as (32). Note that the reason to use VPCC in dq frame in
(30) and (31) is to find current which is responsible for distortion
powers at PCC.

Ppc—c = 3(Vpcc—alpc—G—a + Vrcc—qIpc—c—¢) (30)

Qpc-¢ = 3(Vpcc—alpc—c—q — Vrcc—gIpc—c-a) 61
Simultaneously, for compensation of the distortion’s contribu-
tion of the NLLs, similar to (30) and (31), the current of NLLs
distortion powers (without considering the main grid voltage
harmonics) in dq frame can be calculated using (26), (27) and
generated virtual PCC voltage by SOGI-FLL as (33) and (34).
Finally, current can be obtained in the matrix form as (35).

Ipc-G-a | _ I Vpcc—a  Vpcc—q
Ipc—G—4 Vece-i+Vecc—s" Vpcc—qg  —Vpcc-d
Ppc-¢
Qpc-c

(32)

Ppc-nrts = 3(Vpec—alpc—Nrrs—a + Vecc—gIpc—NrLs—q)
(33)

Qpc-nrrs = 3(Vpcc—alpc-Nrrs—q + Vpcc—gIpc—NiLs—d)

(34)
Ipc-NLLs—d s Vpcc—a  Vpcc—q
Ipc-NLLs—q -+ VheeatVice— Vpcc—q  —Vpec—d
[ Ppc_NLLs ]
Qpc-NLLs
(35)

According to the aforementioned explanations, the grid-
connecting VSC can operate in two different modes. In the

first mode, equations including (17), (18), (31) and (32) are used
to achieve the reference current. By solving (17) and (18), as well
as (33) and (34), the reference current can be gained through
their summation in dq frame. This mode provides the DC-NLLs
compensation mode, so in this mode DC-NLLs are mitigated
by the VSC without considering the main grid voltage harmon-
ics. Also, the proposed control method can eliminate the DC-G,
which is generated by the background voltage harmonic. For
this purpose, the results of (30) and (31) will be added to the
reference current that obtained in the DC-NLLs compensation
mode, then the full compensation mode will be gained. In full
compensation mode, the grid-connecting microgrid VSC can de-
liver the required powers, and simultaneously compensates both
DC-NLLs and DC-G. Note that the reference current calculated
in both modes should be transferred into the time domain via the
inverse Park transformation. Finally, by applying the hysteresis
current controller (HCC), suitable switching pulses are provided
for the VSC. The reference current signals are demonstrated by
(36) and (37) for the DC-NLLs and full compensation modes,
respectively, where T-1 is the inverse Park transformation.

Ireffu Ipc_NiLs—d + Iinjfd
_ 1
Legp | =T | Ipc-NLLs—g + linj—q (36)
Iref—c 0
Lref-a Ipc—c-a+Ipc-nNrrs—d + Linj—a
-1
Iref_b =T " IDchfq + IDC*NLLsfq + Iinij

Iref—c 0
(37)

4. SIMULATION RESULTS

The effectiveness of the suggested multifunctional control strat-
egy is investigated by the MATLAB software. The system is
exhibited in Fig. 5, which involves a grid-connecting VSC, lo-
cal non-linear loads (NLLs), and AC grid containing voltage
harmonics. Note that in this figure, the NLLs are modeled as a
diode rectifier with Lyrs, Rnprs and Cyprs on DC side. Other
parameters of the studied system have been provided in Table
1. Referring to Fig. 3, the first control layer in the suggested

Pover system

Lp

PV and
battery
storage

Le Tcow Veed

Voe Pulses
:'" Control™s - ----------:
method ;@ --cc-eeeeocoee
..... DClink voltage
_____ PCCwoltage
..... VSC output current

_____ Non-linear loads current
Fig. 5. The studied system

control approach tries to keep the DC bus voltage of microgrid
in a fixed value without any fluctuation, so it can be assumed
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Table 1. The parameters of studied system

Parameters Definition Value
f Main grid frequency 50 Hz
LC Inductance of the VSC output 5mH
VrefPCC PCC voltage 400V
Equivalent inductance,
LNLLs, RNLLs 10 mH, 25 W
resistance and capacitance
and CNLLs and 500 mF
of the non-linear loads
LP Inductance of the main grid 1mH
C DC-link capacitance 4 mF
Reference values of the 25 kW and
Pref and Qref
injected powers 500 VAR
g SOGI-FLL gain 2
VrefDC DC Voltage reference 750 V
ki and kp Parameters of PI controller 0.1and 1.6
Cut-off frequency
fcandn 30 Hz and 2

and order of LPF

that the DC bus of microgrid is constant. The waveform of PCC
voltage is demonstrated in Fig. 6, which contains 3rd and 5th
order harmonics with values of 0.12 pu and 0.07 pu, respectively.
According to the explained frequency mapping of the PCC volt-
age and NLLs current, these voltage harmonics can generate
extra distortions, which are not in accordance with the NLLs. As
mentioned before, the proposed multifunctional control method
can separate the distortions contribution of NLLs from the contri-
bution of PCC voltage harmonics. It can also compensate them
in different compensation modes. The spectrum analysis of PCC
voltage shows that its THD value is equal to 13.9%. Note that
these background voltage harmonics can cause remarkable dis-
tortions. For example, if this PCC voltage is applied to a linear
load, this load approximately consumes 19% distortion power
more than that of the same load in case of having pure sinusoidal
PCC voltage. As can be seen in Fig. 7(c), it is obvious that the

=50 Hz THD=13.9%

\m /%\ m/ \

\/\ aann

Time (s)

PCC voltage (V)
O

-310 /

Fig. 6. PCC voltage with 3rd and 5th order harmonics

background voltage harmonics have a vital role in the degree of
distortions of NLLs current. In particular, the harmonic orders
of 3rd, 5th, 13th, and 19th increase the distortions of polluted
PCC voltage. In other words, the PCC voltage harmonics lead to
elevated THD of NLLs current from 26.5% to 32.6%, while their
fundamental component is approximately constant. Hence, the
distortion components of NLLs current will increase by 1.22 A
based on Fig. 7(a) and 7(c), which is imposed by the background
voltage harmonics. On the other hands, when the PCC voltage
is considered to be free of harmonics, the distortion components
of NLLs current will be equal to 5.3 A based on Fig. 7(b) and 7(c).
Accordingly, the total distortion of NLLs current in the presence
of PCC voltage harmonics are equal to 6.52 A. In this situation, if
the grid-connecting VSC is not equipped with the compensation
control loops, all the mentioned components tend to flow via
the AC grid because of grid’s small impedance. As a result, the
proposed multifunctional control method not only compensates
these distortions, but also it can distinguish between DC-NLLs
and DC-G. So, the suggested control strategy only compensates
the DC-NLLs in the DC-NLLs compensation mode, and both
of them in the full compensation mode. The effectiveness of
proposed multifunctional control approach has been assessed in
the following section.
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Fig. 7. Current waveform of NLLs (a) in the presence of PCC
voltage harmonics, (b) without PCC voltage harmonics, and (c)
the spectrum analysis of current waveform of NLLs
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A. DC-NLLs Compensation Mode

In this mode, the grid-connecting VSC only tries to suppress the
distortions contribution of the NLLs. Further, the microgrid VSC
transfers the powers between DC and AC sides, simultaneously.
Total distortion powers of NLLs are depicted in Fig. 8(a), con-
sidering the PCC voltage harmonics and absorbed by NLLs. On
the other hand, by subtracting the distortions contribution of the
main grid (DC-G) from the total distortion powers, produced by
PCC voltage harmonics, DC-NLLs can be achieved as shown in
Fig. 8(b). Based on Figs. 8(a) and 8(b), the existence of 3rd and
5th PCC voltage harmonics results in increased peak-to-peak dis-
tortions of powers equal to 4 kW and 1 kVAR. For more clarity,

=100 Hz B=16 kVAR
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Fig. 8. The waveforms of total distortion powers, and (b) the
waveforms of showing distortion contribution of NLLs (DC-
NLLs)

the spectrum analysis of total distortion powers and DC-NLLs
have been illustrated in Figs. 9(a) and 9(b), respectively, where
the frequency of fundamental component is equal to 100 Hz,
while the other components are the integer multiplier of 100 Hz.
Note that the DC component of powers is in accordance with
the fundamental of NLLs current, as well as the PCC voltage,
filtered by LPFs. Using Figs. 9(a) and 9(b) and comparing the
total distortion powers and DC-NLLs for both active and reac-
tive distortion powers, the NLLs have less contribution. For 1st,
2nd, 3rd, 4th and 5th orders of active distortion powers, the PCC
voltage harmonics have a greater effect on the distortion powers.
In the DC-NLLs compensation mode, the grid-connecting VSC
only rectifies the DC-NLLs of powers, as shown in Figs. 9(a)
and 9(b). Difference between the total distortion powers and

DC-NLLs denotes the DC-G, caused by the background voltage
harmonics. It is obvious that the extracted DC-NLLs will be com-
pensated by the suggested multifunctional control strategy; and
as a result, the waveforms of VSC output and AC grid currents
are obtained as Figs. 10(a) and 10(b). Note that in this mode,
the microgrid VSC compensates the DC-NLLs while it injects
the required powers. According to Fig. 10(a), the suggested
control strategy supplies the powers with THD of 8.02%. In
this situation, the AC grid is only subjected to THD of 6.53%,
which is in accordance with the PCC voltage harmonics. Fig. 11
shows the power contribution and the compensation percentage
of grid-connecting VSC in the DC-NLLs compensation mode
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B. Full Compensation Mode

The aim of this mode is full compensation; as a result, the AC
grid will not be subjected to the any distortion. To this end,
the suggested control strategy extracts the powers of DC-G, as
depicted in Fig. 12. Note that DC-NLLs are similar to Fig. 8(b).
Hence, the sum of these two distortion powers is exploited to
generate the suitable reference signal for switching of the VSC.
Based on Fig. 12, the PCC voltage harmonics produce a peak-
to-peak distortion powers equal to 4.5 kW and 2 kVAR. The
spectrum of total distortion powers and the powers of DC-G
have been illustrated in Fig. 13. Accordingly, a part of total
distortion powers is formed out of the powers of DC-G, which
is relate to the PCC voltage harmonics. However, considering
Fig. 9 and Fig. 13, a major part of the total distortion powers is
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the powers of DC-NLLs, but the effect of DC-G is not ignorable.
Notably, in the presence of PCC voltage harmonics or NLLs,
the powers of DC-G have more contribution in the total distor-
tion powers. In full compensation mode, grid-connecting VSC
deals with the compensation of total distortion powers or the
sum of powers of DC-NLLs and DC-G. Thus, the current of AC
grid will be compensated, while the VSC supplies the distortion
powers of NLLs. The waveforms of VSC output and AC grid
currents have been given in Fig. 14(a) and 14(b), respectively.
Fig. 14(a) indicates that the microgrid VSC compensates the AC
grid current by injecting current with THD of 9.82% in the full
compensation mode. Hence, the THD of AC grid decreases to
1.65%, which is acceptable in the IEEE Standard 1547. In this
mode, all distortion powers of NLLs, both powers of DC-NLLs
and DC-G, are compensated by VSC. The summary of simula-
tion results and the comparison of suggested control strategy
with the previous works are listed in Table 2. Referring to
Table 2, compared to previous control methods [19], [24] and
[25], the proposed multifunctional control method has a better
performance, and it can distinguish between the DC-NLLs and
DC-G, while the other methods cannot realize this capability.
According to this table, the suggested control approach has great
function in comparison with previous methods in terms of dis-
tortions compensation of the grid-side current. However, some
methods such as [26] and [27] have more functions including
maximum power extraction from PV array and seamless transi-
tion from grid connected mode to standalone mode, but unlike
these methods, the suggested control strategy can separate the
distortions contribution of the NLLs and main grid, and as a
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Fig. 11. Power contribution and compensation percentage in
DC-NLLSs compensation mode
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Fig. 12. The powers of main grid (DC-G)

result, compensation of these distortions can be accomplished
by the proposed method in two modes. Nevertheless, in both
[24] and [25], the control methods involve many functions that
leads to increasing the complexity of control system. So, their im-
plementation needs to high performance microcontrollers. Plus,
the dynamic response and stability of system can be affected by
the sophisticated control structures.

5. EXPERIMENTAL RESULTS

For validation of explained theory, as well as the provided simu-
lation results, the prototype of grid-connecting microgrid VSC
is implemented based on the suggested multifunctional control
approach. To this end, the Texas TMS320F2812 microprocessor
(DSP) is employed as a unit control. LV25-P and LEM-LA28-P
voltage and current transducers have been employed in the hard-
ware prototype to measure and generate suitable feedback. The
required signals are sampled by transducers, and then are ap-
plied to the interfacing board for eliminating any noises. Further,
the requirements of protection and signal shifting are accom-
plished by the interfacing board. Finally, after synthesizing the
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Table 2. The simulation results and performance comparison of with similar control methods

Reference  Control method THD of NLLs THD-CGC* Reduction percent Ability for-DC-NLLs and DC-G-Separation
[19] Optimized MPC 28.43% 2.66% 90.60% No
[24] PR 30.95% 6.37% 79.41% No
[25] VAM 23.63% 5.8% 75.45% No
[26] Multifunction 25% 5.5% 78% No
[27] VEXLMS 20.66% 3.99% 81% No
proposed  multifunctional 32.60% 1.65% 94.93% Yes

*THD of the compensated grid current.

voltage and current signals by the interfacing board, they are fed
to the DSP board for generating suitable switching pulses of the
IGBTs of VSC. The hardware of implemented microgrid VSC is
shown in Fig. 15. Due to the limitation of the measurement tools,
the waveforms of a single-phase of the three-phase system have
been exhibited Both compensation modes are investigated. The
single-phase waveforms of NLLs current and the PCC voltage
have been depicted in Fig. 16(a), and their spectrum is demon-
strated in Figs. 16(b) and 16(c), respectively. As can be seen
from Fig. 16(b), NLLs absorb the current with the THD of 20.4%,
where the THD of PCC voltage is equal to 8.3% according to
Fig. 16(c). Hence, the distortions of PCC voltage will affect the
distortions of NLLs. In other words, the THD of NLLs (20.4%) is
not due to the behavior of NLLs, as the PCC voltage harmonics
has an adverse effect on the THD of NLLs. In the DC-NLLs
compensation mode, the current waveforms of VSC output and
the AC grid have been illustrated in Figs. 17(a) and 17(b), re-
spectively. In addition, Figs. 17(c) and 17(d) reveal the spectrum
of VSC output and the AC grid currents, respectively. On the
other hands, in the full compensation mode, the waveforms of
VSC output and the AC grid currents have been depicted in
Figs. 18(a) and 18(b), respectively. Eventually, the spectrum of
currents of VSC output and the AC grid are demonstrated in Fig.
18(c) and 18(d), respectively. As can be seen in Fig. 17, in the
DC-NLLs compensation mode, the microgrid VSC can compen-
sate the distortion contribution of NLLs neglecting the effect of
harmonics of PCC voltage. THD of the grid current is obtained
8.2%, where this value is in accordance with harmonics of PCC
voltage. On the other hands, Fig. 18 shows that the suggested
control strategy can compensate for all absorbed distortions of
NLLs (considering the effect of harmonics of PCC voltage), and
hence, the THD of AC grid is obtained 3.1%.

6. CONCLUSION

The paper has presented a novel multifunctional control ap-
proach for a grid-connecting microgrid VSC considering the
main grid voltage harmonics. This new control method has
been established based on the instantaneous power calculation
instead of the evaluation of current harmonics of the NLLs. Due
to the effect of the PCC voltage harmonics on the absorbed dis-
tortions by the local NLLs, the suggested control strategy can
distinguish between the contribution of the PCC voltage har-
monics, as well as the contribution of NLLs. Thus, through
operation in the DC-NLLs compensation mode, the microgrid
VSC has compensated the powers of the DC-NLLs neglecting
the effect of the PCC voltage harmonics, and simultaneously,

transferring the required powers.

On the other hand, in full compensation mode, the VSC has
compensated all distortions created by the NLLs and PCC volt-
age harmonics. In this operation mode, the microgrid gains
commercial benefit from the AC grid in ancillary service market
because of the compensation of the distortion’s contribution of
the AC grid. The prominent feature of the suggested control
strategy is its ability in separating the distortion contribution
of the NLLs from the distortion contribution of the PCC volt-
age harmonics, and then their compensation in two selective
modes. For validations of proposed control method, both sim-
ulations and experimental results have been presented in two
operations modes. Based on experimental results, when the
THD of main grid voltage distortions and absorbed current by
NLLs are 8.3% and 20.4%respectively, the VSC based microgrid
reduces the main grid side current THD equal to 8.2% and 3.1%
in DC-NLLs and full compensation operation modes, respec-
tively. These results prove the effectiveness of the proposed
control method; however, its performance can be completed by
adding new control loops for contribution to enhance of other
phenomena such as balancing of grid, which can be investigated
in future researches.
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