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In the contemporary distribution network, unbalanced and harmonic distortions have been
considered some major power quality problems, which have escalated especially due to
the high penetration of unbalanced and nonlinear loads. This study first analyzes the
dispute around the distortion restraint and grid-connected unbalanced/harmonic current
suppression quantitatively and proposes a distributed control strategy that facilitates an
effective suppression of output voltage and grid-connected current, with accurate
unbalanced/harmonic power sharing. Compared with the majority of existing studies
only addressing the voltage-controlled mode (VCM) inverters, our scheme can also be
applied to current-controlled mode (CCM) inverters without adding additional current
regulation loops. The proposed control strategy is independent of line parameters and
robust to load changes. The corresponding small-signal dynamic model is constructed to
analyze the system stability and the controller hardware-in-the-loop simulations aid in
determining the outcome of the proposed strategy.

Keywords: cooperative control, distributed generation, unbalanced and harmonic distortion mitigation, power
sharing, distribution network

INTRODUCTION

With the continuous advancement of smart grid construction, renewable energy resources are
connected to the distribution network in the form of distributed generation (DG) (Zheng et al.,
2017). Meanwhile, the high-density distributed generations are connected to the distribution
network, which change the radial structure of the traditional distribution network and increase
the difficulty of the distribution network control (Koutsoukis et al., 2018). With the extensive
application of nonlinear loads, unbalanced loads, and power electronic equipment, harmonic
and unbalanced voltage management has become an issue that cannot be ignored in the
distribution network. The distribution network is connected to the main grid through the
point of common coupling (PCC) (Kulmala et al., 2014), so the voltage quality of PCC is critical.
The loads and generators will be affected by unbalanced or harmonic currents if the PCC voltage
is three-phase unbalanced or distorted (Liu et al., 2019a). Meanwhile, the poor harmonic/
unbalanced power sharing will also cause some inverters to be overloaded and affect
equipment life.
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FIGURE 1 | Structural diagram of the distribution network with VCM and
CCM inverters.
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FIGURE 2 | Equivalent circuit with a VCM and a CCM.

Some control methods have been proposed to achieve
harmonic/unbalanced voltage suppression and accurate power
sharing. Using resistive active power filters (APF) (Hashempour
et al, 2016; Lee and Hu, 2016; Sun et al,, 2016) to absorb
harmonic and unbalanced currents is the traditional solution,
but this strategy is highly dependent on line parameters.
Considering the similarity in structure between grid-connected
inverter and APF, and the fact that there are a large number of
DGs connected to the distribution network, the grid-connected
inverter can be used to control the power quality of the
distribution network while generating electricity. In De and
Ramanarayanan (2010)and Vandoorn et al. (2012), the
harmonic/unbalanced power sharing is achieved by adding
virtual impedance in the control loop of the negative and
harmonic sequence of DGs, but the substantial virtual
impedance leads to the degradation of the output voltage
quality. Some researchers applied droop control to negative
sequence and harmonic frequencies, contributing to the
improvement of the voltage quality of PCC, but the sharing of
harmonic and unbalanced power was only slightly ameliorated
(Moussa et al., 2018; Zhong, 2019). To improve the control effect,
the control strategy combining virtual impedance and droop
control is proposed (Sreekumar and Khadkikar, 2016; Vijay
et al., 2021), but the droop coefficient selection needs precise
line-impedance parameters. By injecting a small signal and
measuring the voltage drop caused by the small signal, the
accurate line impedance can be calculated (Liu et al., 2019b),
but this method is quite complicated to implement in the existing
distribution network. These are all decentralized control

Distributed Control in Distribution Network

TABLE 1 | Electrical and control system parameters.

Parameter Value Parameter Value

MG voltage 380V/50 Hz Connection impedance

DC voltage 600 V R1/X4 0.2/0.3Q

DGi.s 20 kW, 10kVar Rio/Xi 2 0.1/0.22

Droop coefficients Ria/X 3 0.08/0.15Q

VCM mig 0.00001 rad/(w*s) Ria/Xia 0.08/0.15 Q
Nig 0.00075 V/Var Ris/Xi5 0.19/0.37Q

Primary voltage loop PI controller Grid impedance

VCM 0.5/5000 Rio/Xig 0.12/0.8 Q

Primary current loop PI controller Loads

VCM 10/1600 R 10Q

CCM 1.1/200 Ru 2.5Q0

Harmonic/Unbalanced controller R./L, 3.35260/0.0092H

Ko/ K Kvi 1.7/0.3/120 DVR controller

Synchronous controller Kpp/Kpi 1.3/100

Koo/Koi 0.25/15 — —

methods, which do not require communication lines, but the
non-error control effect is challenging to achieve.

The outputs of all DGs are collected through the centralized
controller (He and Li, 2012; He et al., 2015; Hoang and Lee, 2019),
and then commands are issued to balance the difference between
line impedances. However, the centralized control relies too
much on the global controller and the communication link,
and any damage to the communication link can lead to the
failure of the whole network control. In addition, the entire
communication network needs to be rebuilt when a new DG
is added, which cannot meet the requirement of plug-and-play
DGs. Therefore, distributed control strategies have been widely
used in DG control. In distributed control, each DG only needs to
communicate with its neighbors, which enhances the reliability
and flexibility of the system (Tang et al., 2015; Golsorkhi et al.,
2021; Lu et al., 2022). In (Golsorkhi et al., 2021), the sharing of
harmonic and negative sequence power is adopted as the second
control objective in hierarchical control. In Lu et al. (20220, the
event-triggered mechanism is used to reduce the distributed
network’s communication traffic while maintaining the
distribution of superior harmonic and unbalanced control effects.

Although a variety of methods have been proposed to control
harmonic and unbalanced voltage, most of the existing literature
focuses on the control strategies of voltage-controlled mode
(VCM) inverters, whereas the coordinated control in different
modes, that is, VCM and current-controlled mode (CCM), is
barely studied. Moreover, when some harmonic and unbalanced
control strategies are extended to CCM inverters, additional
current regulation loops need to be added (Liu et al, 2016;
Campos-Gaona et al, 2017), and even droop-based control
strategies (Sreekumar and Khadkikar, 2016; Moussa et al,
2018; Zhong, 2019) are difficult to apply for CCM inverters.
The method of Zhao et al. (2018) considers the coexistence of
VCM and CCM, but the VCM inverter only plays the role of
voltage and frequency support, and the CCM inverter suppresses
harmonics by adding a feedforward compensation loop. In He
et al. (2017), a coordinated control for the compensation of grid
voltage harmonics and the local nonlinear load current is
proposed for two CCM units without any VCM units. In the
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method of Zeng et al. (2014), harmonic compensation is achieved
by adding a fixed virtual admittance in the control loop of CCM
inverters. It should be noted that the method of Zhao et al. (2018)
and Zeng et al. (2014) is only applicable to CCM inverters. There
is also a small amount of literature considering the coordinated
control of VCM and CCM. In Mousazadeh Mousavi et al. (2018),
control strategies based on droop (VCM) and reverse droop
(CCM) have been proposed, but this decentralized strategy is
difficult to reduce the harmonic THD to extremely low values.
The aforementioned studies all believe that the main grid side is
pure, and the suppression of harmonic/unbalanced current on
the connecting line when there are unbalanced and harmonic
sources on the main grid side is rarely considered.

In order to solve the aforementioned problems, the
relationship between PCC voltage suppression, VCM and
CCM power sharing, and grid-connected current suppression
is comprehensively and theoretically analyzed first in this study
when the main grid side contains harmonic/unbalanced sources.
Then, a consensus-based distributed suppression scheme is

Distributed Control in Distribution Network

proposed, which suppresses unbalanced and harmonic loads
and shares the power between VCM and CCM inverters.
Meanwhile, a small-signal model of the proposed strategy is
established, and its stability under parameter changes is
analyzed. The main contributions of this study are
summarized as follows:

1) To quantitatively evaluate the effect of unbalanced power
sharing and power quality recovery, a control strategy is
proposed to ensure accurate unbalanced power sharing
between VCM and CCM inverters, in contrast to most of
the existing studies that only address the VCM.

2) The conflict between PCC voltage suppression and grid-
connected harmonic/unbalanced current suppression is
analyzed when the main grid side contains harmonic/
unbalanced sources, and a corresponding strategy is
proposed to suppress them simultaneously by the dynamic
voltage regulator (DVR).

3) Compared with the centralized control strategy, the proposed
strategy based on the distributed consensus algorithm can
improve the reliability and scalability of DGs.

This study is organized as follows: The Problem Formulation
section introduces and theoretically analyzes the distribution
network system with VCM and CCM inverters. The Proposed
Control Scheme section shows the proposed distributed control
strategy for VCM and CCM, and explores the stability by
establishing a small-signal model. In the Simulation Results
section, the effectiveness of the strategy is verified by real-time
experimental results. Finally, the Conclusion section concludes
the study.

PROBLEM FORMULATION

Figure 1 shows a distribution network composed of multiple
parallel DGs including VCM and CCM inverters. Each DG is
connected to the network through its filter and connection

FIGURE 4 | Feasible ranges for the test case.
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FIGURE 6 | Proposed power sharing based on distributed control.

impedance, while linear loads, nonlinear loads, and unbalanced
loads are all in the distribution network.

To simplify the analysis, Figure 2 depicts an equivalent circuit
consisting of a voltage-controlled inverter and a current-controlled

inverter in parallel, where the superscript h represents the harmonic
or unbalanced component of the relevant variable. The unbalanced
component can be regarded as the -1 harmonic (when
h = -1 represents the unbalanced component) because it affects
the negative sequence-equivalent circuit. At the same time, the VCM
inverter is modeled as a controlled voltage source ug; connected in
series with the output impedance Z,,, the CCM inverter is modeled as
a controlled current source iy, connected in parallel with the output
impedance Z,, and the nonlinear and unbalanced loads at PCC are
assumed to be current sources i/ in the analysis. The harmonic and
unbalanced voltage on the main grid side is considered voltage
sources.where i, and i, are the output currents of DG1 and
DG2; !, and ", are the output voltages of DG1 and DG2,
respectively; Z' and 7', (7", and Z!,) are the output impedances
(line impedances) of DG1 and DG2, respectively; uhpOC is the PCC
harmonic/unbalanced voltage; Zg is the impedance of the grid-
connected line; and ug is the harmonic/unbalanced component of
the grid voltage. The hth DG output current and the PCC voltage are
expressed as:

h h h
Zg +Zy+Z,

o = (Zh +20)(Zh + 2ty + 20y + 22(2l, + Z0) u
z(zly + 1) "
(zh +2h)(2! + 2!, + 2}) + Z!(2}, + 21) L
77}, " W
(zhy + zl)(2h + 2zl + Z0)) + Z) (2] + 21 2
zh+ 7! N

22+ 2+ 2+ 7 + (2 + 20 (25 + 2)"
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Zh
g h
o2 (2 + 21)(2h + zb, + 28) + 2! (28 + 21, Ha

z;(zf1 +Z0) p
(2t + z))(2h + 2zl + 20)) + 2! (2] + 21) L

()
zj'z(z;' +Z! o+ zf;l) p
(zh, +zb)(2h + 2zl + Z0)) + 2! (2] + 21) 2
Z?l + Z(}:l o
ZNZh + 2z + 2l + Z0) + (20 + 2 ) (2l + 20)
W z)(zl + Z1,) ,
u = u
P (zh +Zh )z + 2l + 2by) + 2020 + 28,) ot
. 242k + 24) (21 + 21 )
' (2!, + 2 ) (2! + 2!, + 21) + 2 (2!, + 21,) ™
(3)
, 2,2zl + 7)) N
' (2t +28)(Z + 2l + 28) + 2 (28 + Z1) e
(Zfl + Zi’l)(Zi'z + Zgz) h

+ u..
Zy(Zy + Ziy + Zy + Zyy) + (26 + 23, ) (2 + Z2y)
The hth grid-connected current i;’, can be simply expressed as:

Zfz + Z,l;z h
(zh + zi'l)(zg +Zh+ Zh) + z‘,’;(zf2 +Z0) Ha

| (24 +25)(2h + 21 ,
(zh + 2} )(2h + zb, + 20)) + Z! (2}, + 21 L

. zl(zh + Zl)
' (2, + zb) (2! + 2} + 28) + 28 (2} + 20

h
152

Zo+ 2y + 2o+ 2y,
Zy(Zy + Ziy + 2y + Z3y) + (24 + 23, ) (26, + 20y

h
ug.

)

The system parameters of VCM and CCM in Table 1 are
taken, and then the curves of output current i, i, PCC voltage
uhpcc, and grid-connected harmonic current z'g with uﬁ’l and
ug, are drawn as shown in Figure 3.

The red, blue, and yellow sections in Figure 3 represent
VCM and CCM outputs that satisfy power sharing (ilgl = iﬁz),
PCC voltage suppression (uhpcc = 0), and grid-connected
current suppression (ig = 0), respectively. To formulate the
problem more clearly, the intersection between hypersurfaces
i, and i", and the intersection between hypersurfaces uhpcc, ig,
and the zero plane is projected onto the (u?l, ui’z) plane.
Figure 4 shows the feasible range, where the red grid
represents the range of 0-5% of the PCC voltage, the yellow
grid represents the range of 0-5% of the grid-connected
current, and there is a small part in the area where the two
grids intersect with the feasible domain. However, the upper
limit of the voltage VUF is only 2%, and with the increase of the
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FIGURE 7 | Flow chart of the distribution network control.

harmonic voltage THD on the main grid side, the feasible
region will gradually shrink until it disappears. Therefore,
considering the sensitive loads at PCC, we need to ensure
that the harmonic and unbalanced voltages are zero, and it is
difficult to suppress the voltage and harmonic current at the
same time.

It can be seen from the aforementioned analysis that
power sharing and voltage compensation can be achieved
between VCM and CCM inverters. Therefore, this study
proposes a closed-loop control method directly acting on
the modulation signal to achieve high-precision power
sharing. At the same time, a dynamic voltage regulator
(DVR) is added to suppress the grid-connected current for
the large harmonic and unbalanced components on the main
grid side.
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PROPOSED CONTROL SCHEME

In order to suppress harmonics and unbalanced voltage and
share corresponding to power between VCM and CCM
inverters, a control scheme that acts directly on the
modulated signal was proposed in this section. The control
structure is shown in Figure 5, and the appropriate unbalanced
voltage (unbalanced current) compensation was calculated
through two parts of suitable virtual impedances.
Meanwhile, due to the conflict between the grid-connected
suppression and the PCC voltage complete
suppression, the grid-connected harmonic/unbalanced
current is suppressed by DVR. The proposed control
strategy for both VCM and CCM inverters is described in
detail in the following section.

current

Unbalanced Voltage Suppression and

Unbalanced Power Sharing
For accurate power sharing and PCC voltage suppression, the

virtual ~unbalanced/harmonic impedance of DGi (Z%;
i=-1, -5,--+, n) consists of two controllable parts:
h h h
Zyiwi = L = Ly (5)

where Z}4; is the impedance to ensure the power sharing, and
Z%; is the negative impedance to ensure the voltage quality
of PCC.

The proposed method of unbalanced power sharing
based on distributed control is as shown in Figure 6. The
unbalanced current sharing can represent the power
sharing due to the output voltage of DGs being within a
certain range,where a;; is the adjacency element of the
distributed communication topology, a;>0 means that DG;
can receive information from DG, and otherwise a;; = 0. If each
node i € {1,. . ., n} assigned a scalar value x;, the average
consensus update rule is for node i to adjust its value
according to:

% =x+C J Y (31— 3 )t ©)

This average process will lead all variables x; to converge to a
common value X; = X; = const, when the communication network
is connected. Under the consensus control, DGs’ unbalanced
current sharing error can be solved. The current correction is
provided to every DG based on the average consensus rule to

calculate virtual impedance:

. _ h h
laidq - laidq + CI J szNi aij(lojdq loidq>dt' (7)

where i", and i" , are the average estimators of harmonic
currents from DG; and DGj; N; is a collection of DGs
connected to DG and C; is a constant for the coefficient of
the integrator.

After acquiring the average harmonic current correction, the
virtual impedance 71 can be calculated as:

Distributed Control in Distribution Network

k it h o
Zy = (l; + kar‘) : <lgidq - ’ﬁidq>’ 8)

where kg, and kg are the proportional coefficients and
integral coefficient of the PI controller in the d, q
coordinate system.

Then, the second virtual impedance part Z; is calculated by
the PCC voltage components extracted by the low-pass filter:

Zl"/i = kVii J,(ufef - ugcc) (9)
where 1", and u}z,cc represent the target value and the actual
value of the hth unbalanced PCC voltage, respectively. In this
study, in order to completely suppress harmonic and
unbalanced components, the target value is generally set
to zero.

Then, (8) and (9) were substituted into (5) to get the virtual
impedance Z".. under the hth unbalanced component.

It should be noted that the calculation of the averaged virtual
impedance does not require the information of line impedance
between each DG and PCC.

Once the virtual impedance of each DG is determined, the
VCM voltage compensation and CCM current compensation are
calculated as follows:

h _ :h rzh
e (10)
ho zh
I = Uy; viri

Finally, VCM inverters generate the output voltage signal
through the conventional voltage and current double loop, and
CCM inverters only need the current loop to generate the output
current signal.

Grid-Connected Unbalanced Current

Suppression

The smooth on/off-grid switching and grid-connected current
suppression need to be considered in a distribution network
with harmonic and unbalanced voltage on the main grid side.
In the islanded mode, the frequency and voltage of the
distribution network are determined by all DGs and loads,
so coordinated control of each distributed unit is required. The
switching process between islanded and grid-connected mode
is as follows:

As shown in Figure 7, it is necessary to reduce the
harmonic voltage THD and unbalanced voltage VUF at
PCC to the specified range before grid connection.
According to the IEEE 519-1992 standard (IEEE, 2010), the
PCC voltage needs to meet the following conditions: 1) the
voltage single harmonic HD" < 3% and the voltage total
harmonic THD <5%; 2) the maximum allowable voltage
unbalance VUF is 2%. In order to ensure stable operation
and avoid interference, the control target in this study is more
stringent. The target values of PCC harmonic voltage and
unbalance are set to zero. At the same time, the phase angle
difference between PCC and the grid side will bring the impact
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of active power, so it is also necessary to pre-synchronize the
fundamental phase angle:

AB = <%+k0,,) (0, - Opcc), (11)

where Af is the adjustment amount of the output phase angle of
the VCM inverter; kg, and ky; are the proportional coefficient and
integral coefficient of the phase angle pre-synchronization
controller, respectively.

After the grid-connected operation, the grid-connected
harmonic and unbalanced currents appeared caused by the
harmonic and unbalanced voltage on the main grid side.
Based on the analysis in the Problem Formulation section, it is
difficult to achieve both the PCC voltage suppression and the
complete suppression of the grid-connected current only by the
local controller. Therefore, the DVR controlled by a grid-
connected current loop is applied in the system.

Then, the equations of the PCC voltage and grid-connected
harmonic current are changed as follows:

Y 24(2h +2) .
P (zh +Zh)(Zh+ 2l + 2by) + 20 (20 + 28) ot

z)(zh + 2 ) (2l + Z0) B

(zh + 22k + 20, + 2}) + Z) (2], + 21) L
. z0,7}(2h + Z}) p
(28, + zb)(2h + 2! + Zl)) + 2zl + Z0) ™
(zh +zl)(zly + 22y) )
’ Zh(Zh + 2l + 20 + 20 ) + (20 + 20 ) (2l + Z0) (e

Il
T

h
- uDVR)’
(12)
h h
-h Zcz + Z02

h
" (zh + 2} )(2h + zb, + Z0,) + Z! (2}, + 21, “a

L @en)men)
(28 + 2z ) (2 + Zby + Z0)) + 2 (2l + 20,) "
) 24(2, + 7 ;
(Zf,‘2 + Zi'z)(Z;' +ZM + Zf,‘l) + Z;‘(Zfl + Zf,‘l) 2
_ Z?l + Zgl + Z?z + Zf:z ( u"
ZY(Zh + Zh + Zh + Z0) + (20 + 20 )(Zh + Z0,) * °

h
- uDVR)’

(13)

From Equations 12, 13, it can be known that the influence of
harmonic and unbalanced voltage on the grid side can be
eliminated through DVR. So, the output voltage of DVR can
be calculated by the difference between the grid-connected
current and the target value:
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FIGURE 8 | Equivalent circuit with DVR.

kp; ,
u’[l)vn = (kDp + :) : (0 - l;), (14)

The phase angle needs to be maintained when the distribution
network changed to the islanded mode, and DVR should stop
when the grid is disconnected. Of course, the control effect of the
local PCC voltage suppression and power sharing controller is not
affected.

Stability Analysis

In order to analyze the stability of this harmonic/unbalanced
control scheme, a small-signal dynamic model based on Figure 8
is established in this section. The small-signal model of the system
consists of three parts: the VCM inverter, the CCM inverter, and
the grid-connected control. Given the focus of this study, the
proposed model only considers the harmonics/unbalance
control loop.

The VCM inverter can be expressed as

h hoA sh h h
dhig, R, Aiyy, b, Athaa ~ Aty
— =t whAl +
dt Lh olq Lh
el el
h h Ak h o (15)
dAlolq el Alaqu +h Auslq - Aupccq
== whAl +—
dt h old Lh
el el

where R”, and L”, are the hth equivalent output resistance and
inductance of the VCM inverter R, = R}, + R, and L, = L, +
L!"; Rb; and R, (L%, and L)) are the output and transmission
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FIGURE 9 | Eigenvalues with control parameter change 0.3 < kyp <2.1.
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FIGURE 10 | Structure diagram and controller hardware-in-the-loop platform of the simulation distribution network.

line resistances (inductances), respectively; Aif,’l qsand Aif,’l qarethe
output unbalanced currents at dq axes, respectively. Then, the
unbalanced outputs ul, and Auflq of VCM are generated
according to Equation 10.

The CCM inverter can be expressed as

o o h h
dA’szd ?zA‘ﬁzd P s
P TR e s T

dt L, L,

h h A :h h h

dAlqu _ Rc2A102q A h Auulq - Aupccq
7 + 7

c2

where R, and L", are the equivalent hth resistance and
inductance of the transmission line of the CCM inverter; the
local output voltage Auly;and Auﬁzq of the CCM inverter can be
calculated by the following equations.

Augzd = Rhﬁz (Aigzd - Ai}?zd) + L}?z (Aihzlzd - A’;zd) (17)
Audly, = Rl (Adly, — Adly ) + Ll (Adly, — Al ).

The corresponding virtual impedance of each DG can be
expressed as
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AZIhﬂd _ ki Axpiq i kai Axgia
AZ?;,‘ q kH,-,' Ax ‘Hiq kai AxHiq
Azzlid _ | kv Axvy
AZViq kVii Aqu ’
(18)
. h
[ AX Hig ] _ ZjeNiaif(CfAlgjd - CiA’oid)
. - h
AX pig ZjeN,»aij(chlﬂjq - CiAl,,;q) (19)
Ax vd | _ 0- Auﬁccd
Ax Vq B 0- Augccq ’
where Axpiqq and Axyqq are the auxiliary states.
The grid-connected part can be expressed as
h B A sk h h h
dAlgd RgAlgd " Aupypa + Aupccd - Augd
= ———+ wpAi,_ +
dt L 8 L
h h A ih h h h (20)
dAzgq ~ _RgA'gq AP+ AuDVRq + Aupccq - Augq
a I e L ’
4 4

where R;’ and Lg are the grid-connected equivalent resistance and
inductance; Aigd and Aigq are the grid-connected currents at the

d-axis and g-axis, respectively. The output voltage value of DVR
can be calculated as follows:

Au;[')VRd _ kpi Axpyra + kDp Ax]éVRd
Aupyr, kpi || Axpvrg kpp || Axpvrg
. h
Axpyra | _ | 0—Aigy
Ax DVRq 0- Al‘Zq ’
(21)

where Axpyrqq is also an auxiliary state. Finally, the three parts
are connected in series through the PCC voltage Au;{,w according
to Kirchhoff’s law:

Au"

_ ph( A h i b R Ash h h
b = RE(Aif + Adly + Al — Ail) + LL<A1L + A+ AL

.
- Alg>,

where R} and L! are the equivalent resistance and
inductance of the loads at PCC. By combining the
formulas (15)-(22), the state equation of the entire
system can be expressed as

x=Ax+ Dd,

(22)

(23)

where state x includes [Aiﬁldq, Aif,lqu, Aigdq, AXmidg AXm2dgs
Axyqq, and AxDVqu]T; d includes Aiqu and the harmonic/
unbalanced voltage Augdq contained in the grid.

In this section, the effect of parameter perturbation is
studied as an example of the proportional coefficient in the
virtual impedance calculation section. Because there are six
eigenvalues of the system far away from the imaginary axis, the
remaining eight eigenvalues closer to the imaginary axis will
have a greater impact on the system stability. The changing
trend of the eigenvalues with the increase of the parameter kg,
is shown in the figure. As shown in Figure 9, all eigenvalues
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FIGURE 13 | Simulation results of proposed control with unbalanced and harmonic voltage on the main grid side. (A) Harmonic and unbalanced voltage at PCC
and THD of voltage at different times. (B) Harmonic and unbalanced grid-connected current and THD of current at different times. (C) Power performance of unbalanced
5th and 7th harmonic power.

are in the left half-plane when the parameter kp, gradually
increases from 0.3 to 2.1, and except for the fixed eigenvalues
A1 and A,, the rest of the eigenvalues are all changing in the
direction away from the imaginary axis, thus indicating that
the control system has good stability.

SIMULATION RESULTS

In order to verify the effectiveness of the proposed strategy,
the strategy was applied to a test distribution network
composed of three VCM inverters and two CCM inverters
through the controller hardware-in-the-loop platform, as
shown in Figure 10. The main circuit structure of the
distribution network is constructed by RT-LAB (real-time
simulator, OPAL-RT5700), and five DSPs (TMS320F28377)
act as controllers of VCM and CCM inverters, respectively.
The switchboard is utilized for auto-addressing of data
exchange among the real time-simulator and local and
adjacent DSPs through the UDP/IP communication
protocol. The communication frequency is set to 2.5 kHz.
The nonlinear loads consist of rectifiers, filters, and load Ry,
the unbalanced loads Ry consist of loads connected only to
AB phases, and the linear loads are resistive and inductive. In
this test distribution network, the 5th and 7th harmonics
account for a very high proportion and are considered to be
the main harmonic frequencies. The specific control
parameters are listed in Table 1.

Voltage Suppression and Power Sharing

Performance

In this case, the performance of the proposed voltage suppression
and power sharing control strategy are investigated. At first, the
distribution network ran smoothly with only linear loads. There
are only two steps:

Stepl. Input nonlinear and unbalanced loads at t = 0.5s, the
resistance part of the nonlinear load at this time Ryy, = 100, and
the unbalanced load between AB phases is Ryp = 2.5Q.

Step2. 5th and 7th harmonic, unbalanced voltage suppression, and
corresponding power sharing controllers are activated at t = 2s.

It can be seen from Figure 11 that the PCC voltage quality is
greatly improved after the strategy application. As shown in the
1st result plot of Figure 11A, before the strategy was applied, the
PCC voltage VUF reached 4.9%, and the voltage THD reached
8.53%, which exceeded the limit standards of VUF<2% and
THD<5%. After the strategy was applied, we can see the
voltage VUF is reduced to 0.2%, and the voltage THD is
reduced to 1.23% in the 2nd result plot of Figure 11A. The
change in the PCC voltage VUF is shown in Figure 12. It can be
seen that the voltage VUF reaches a very low value of about 0.5s.
However, in this simulation, only the 5th and 7th harmonic
controllers with the highest content are added, and the higher
harmonics are not suppressed, so the harmonics can theoretically
be reduced to near zero. The 1st, 2nd, and 3rd of result plots of
Figure 11B show the unbalanced 5th and 7th harmonic power
output of 5 DGs, respectively. It can be seen from Figure 11B that
during Step 1, the generation of harmonic/unbalanced voltage
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leads to the failure of corresponding power sharing, but under the
control of the proposed strategy, the unbalanced fifth and seventh
harmonic power are quickly shared and the voltage suppression is
completed at the same time. Therefore, the effectiveness of the
proposed harmonic control scheme is verified.

With Unbalanced and Harmonic Voltage on
the Main Grid Side

This case not only shows the robustness of the proposed strategy
to load changes but also shows the whole process of grid
connection. There are the following six steps:

Step 1. Input nonlinear and unbalanced loads at t = 0.5s, the
resistance of the nonlinear load RNL is changed to 60, and the
unbalanced load between AB phases is RUL = 2.5Q.

Step 2. 5th and 7th harmonics and unbalanced voltage
suppression and corresponding power sharing controllers are
activated at t = 2s.

Step 3. The pre-synchronization of grid connection is performed
at t = 4s.

Step 4. The grid connection operation is performed at t = 4.5s.

Step 5. The harmonic and unbalanced sources on the main grid
side are input at t = 5s, containing 6% unbalanced, 10% fifth
harmonic, and 5% seventh harmonic voltage.

Step 6. DVR on the grid-connected current suppression
controller is added at t = 5.5s.

As shown in the Ist and 2nd result plots of Figure 13A, the
voltage of PCC was also improved after the strategy was applied,
the VUF was reduced from 5.03 to 0.24%, and the THD was
reduced from 9.95 to 1.89%. The specific harmonic FFT analysis
is shown in the 3rd plot of Figure 13A; the 5th and 7th harmonics
have been basically reduced to zero, but there are still some high-
order harmonics. The 1st and 2nd result plots of Figure 13B show
the control effect of grid-connected current after adding grid-side
harmonics and unbalanced sources. It is also seen that the grid-
connected current distortion before the strategy application is
obvious, the current THD is as high as 28.83%, and the current
unbalance factor (CUF) is as high as 7.83%. After the control
application of DVR, CUF is reduced to 0.19%, THD is reduced to
1.25%, and the grid-connected current returns to a smooth sine.

The 1st, 2nd, and 3rd of result plots of Figure 13C show the
unbalanced 5th and 7th harmonic power output of 5 DGs,
respectively. It can be seen from Figure 13C that in the Step
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