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ABSTRACT In order to solve the influence of nonlinear and unbalanced mixed loads on output voltage
of microsource inverters in microgrid, this paper proposes a comprehensive strategy which can be used to
accurate power distribution, harmonic suppression, negative-sequence voltage component suppression, and
stability improvement. On one hand, a fundamental control strategy is proposed upon the conventional droop
control; the problem of accurate reactive power distribution is solved by introducing virtual impedance to
inverters, while considering the aggravating problem of stability because of introducing virtual impedance,
a secondary power balance controller is added to improve the stability of voltage and frequency. On the other
hand, the fractional frequency harmonic control strategy and negative-sequence voltage control strategy are
proposed to solve the influence of mixed loads, which focus on eliminating specific harmonics caused by
the nonlinear loads and the negative sequence component of the voltage. The power quality of microgrid can
be improved effectively. Finally, small signal analysis is used to analyze the stability of the multiconverter
parallel system after introducing the whole control strategy. The simulation results show that the strategy
proposed in this paper has a great performance on distributing reactive power, regulating and eliminating
harmonic components, eliminating negative-sequence components and stabilizing output voltage of inverters
and frequency, and improving the power quality of multiinverter-based microgrid.

INDEX TERMS Microgrid, mixed loads, power quality, harmonic suppression, negative sequence voltage.

I. INTRODUCTION

With the increase of energy demands, it is becoming an
inevitable trend to make full use of distributed generations
(DGs), since they have substantial advantages such as power
loss reduction, greenhouse gas emission reduction, flexible
voltage regulation, peak-load shaving, higher power qual-
ity, supply reliability enhancement compared with traditional
centralized generations [1]. Large-scale distributed power
supply interconnection makes microgrid, which can be used
as a powerful supplement and effective support for large
power grid. There is no doubt that this kind of distributed gen-
eration interconnection of microgrid will be one of the trends
of power system development [2]. It is worth noting that
the safe and reliable operation of microgrid with distributed

energy is an important prerequisite. However, the microgrid
is close to the load and is easily affected by the load. The
increase of unbalanced load and nonlinear load will have an
impact on the power quality of the whole microgrid. In severe
cases, it can lead to the collapse of the microgrid system itself
and influence the voltage and frequency of the distribution
network [3].

The micro-source inverter plays a very important role
in microgrid. As distributed generations are connected to
microgrid via inverter, the control strategy of inverters will
influence on system stability and power quality. Among all
the inverter control strategies, droop control is considered
as the best strategy at present [4], which can distribute the
output power of inverters properly under island mode of
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microgrid, even there is no common communication line
among DGs, meanwhile, the voltage and frequency can be
controlled within related national standards by this strategy.
However, there are some shortages in conventional droop
control strategy. Firstly, system reactive power cannot be
distributed accurately while equivalent impedance of micro
sources is different. Secondly, there are no suppression mea-
sures for harmonic and the voltage negative sequence com-
ponents under traditional droop control. The magnitude of
harmonic power varies with the amount of non-linear loads
integrated into microgrid. The existence of harmonic power
will have an effect on system devices, including transformers,
capacitors and electric rotating machines. Unbalanced load
directly affects the stability of the system, which may cause
damage of power electronics equipment in the microgrid [5].

There is a voltage and current double-loop control strategy
for inverter [6], which takes advantage of the inner current
loop to improve inverter dynamic performance. The repetitive
control theory and PID control strategy are combined to
improve static and dynamic performance of inverters, but
they lead to a considerably complex system [7]. The vir-
tual impedance technique was introduced to a UPS parallel
system to realize current sharing control [8]. By increasing
a virtual inductance control loop upon the output voltage
and inductance current double loop controller, the control
accuracy and current sharing performance of UPS paral-
lel system were improved, while with the consideration of
the load type, the nonlinear load may have an effect on
conventional virtual impedance control performance. In [9],
by transforming to «f coordinate system, the fundamental
and harmonic components were convenient for PI and PR
control respectively, then the combination of these series of
currents was set as the reference signal of inverter output volt-
age. While the harmonic suppression effects may unsatisfac-
tory when the current waveforms were in serious distortion.
On the basis of symmetrical components theory, Dan et al.
[10] analyzed a system with unbalanced load, and proposed
a control scheme which is the combination of fundamental
disturbance instantaneous value feedback PI controller and
harmonic repetitive controller, though the output voltage was
high qualified, the PI controller cannot eliminate dynamic
error and repetitive control, and the repetitive controller just
has the ability to regulate the recur distortions. A three-
dimensional space vector pulse width modulation strategy
was proposed in [11] and [12], which was merely effective
when the unbalanced degree of load was slight. In fact,
by increasing an observer and a predicter before the voltage
loop, the control effect was similar [13]. A robust distributed
voltage control strategy was proposed to suppress unbalanced
load and specific harmonic components, while its ability of
elimination is limited [14]. The resonance controller was
used to solve the problem carried by unbalanced or harmonic
linear load, which was complex and with low calculation rate
[15]. In [16], a control strategy which combines double loop
structure and internal model control is proposed. This method
is a better solution for nonlinear load, and has little effect
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on unbalanced load. In addition, the paper only analyzes the
single-phase situation, and the power is low. It is necessary to
explore further the measures to reduce the harmonics in large
power. In [17], the relationship between amplitudes of the
active power oscillations and the reactive power oscillations
resulting from unbalanced grid voltage conditions has been
deduced for the first time and the hierarchical control of DG
is proposed to reduce power oscillations, which provides a
new way for addressing such challenges. Simulation results
show that the proposed control scheme with less injecting
negative-sequence current than traditional control methods
can effectively limit both active power and reactive power
oscillations. It proposed in [18] that the three-phase four-
bridge arm inverter topology can eliminate zero sequence
component distortion, but the switching frequency is low,
and the regulation bandwidth is limited, which is not suitable
for the input and output of the inverter with electrical isola-
tion. In [19], a control strategy for power quality improve-
ment under mixed loads is proposed. This control strategy
adds many harmonic compensation and negative sequence
unbalance compensation under the fundamental wave control
strategy, which can improve the power quality, but the article
only analyzes the single inverter, and does not explore the
parallel characteristics of multiple inverters. A three-phase
unbalanced compensation control strategy based on improved
sigmoid P-f droop control is proposed by Biying et al. [20]
and Qunhai and Ningning [21], which is controlled by each
phase individually, but the inverter structure is complex, and
the three-phase circuit is coupled by the transformer common
ground wire.

This paper proposes a comprehensive strategy for accurate
power distribution, harmonic suppression, negative sequence
voltage component suppression, and stability improvement
of multi-inverter-based microgrid, since the output voltage
and frequency of microgrid are all consist of fundamental,
harmonic and negative sequence components, the strategy
contains two parts accordingly. On one hand, a fundamental
control strategy is proposed upon the conventional droop
control, the problem of accurate reactive power distribution
is solved by introducing virtual impedance to inverters, while
considering the aggravating problem of stability because of
introducing virtual impedance, a secondary power balance
controller is added to improve the stability of voltage and
frequency. On the other hand, the fractional frequency har-
monic control strategy and negative sequence component are
proposed to solve the influence of nonlinear loads and unbal-
anced loads, microgrid inverters and the distribution network
on output voltage of inverters, which are focus on eliminating
specific harmonics caused by the nonlinear loads and neg-
ative sequence component by unbalanced loads, microgrid
converters and the distribution network, so the power qual-
ity of microgrid can be improved effectively. Finally, small
signal analysis is used to analyze the stability of the multi-
converter parallel system after introducing the whole control
strategy. Above all, this paper proposes a comprehensive
strategy which aims at improving the power quality of
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FIGURE 1. Circuit of a multi-inverter-based microgrid system.

microgrid further. The novelty of the proposed approach
mainly lies in two-folds: the fundamental control strat-
egy is improved by adding adaptive virtual impedance and
secondary power balance control strategies; what’s more,
the harmonics and unbalance components of microgrid are
suppressed by adding fractional frequency harmonic and neg-
ative sequence components suppression strategy. In addition,
the stability of this microgrid control system is analyzed by
small signal analysis method. Following this, a micro-gird
system simulation model is built in RTLAB to verify the
effectiveness of the proposed strategy.

The paper is organized as follows. Section2 introduces
the method to model the multi-inverter-based microgrid sys-
tem. Section3 proposes the comprehensive strategy for accu-
rate power distribution, stability improvement and harmonic
suppression of multi-inverter-based microgrid. Section4 ana-
lyzes the stability of the multi-converter parallel system after
introducing the comprehensive control strategy. Simulation
and experimental results to prove the effectiveness of the
strategy are demonstrated in Section 5. Section6 concludes
the paper.

Il. INTRODUCTION OF A MULTI-INVERTER-BASED
MICROGRID SYSTEM

A. CIRCUIT OF A MULTI-INVERTER-BASED MICROGRID
SYSTEM

There are two inverters in classical multi-inverter-based
microgrid system, which are paralleled to supply power to
the common load through line impedances, the mathematical
model of the system can be illustrated as shown in Fig. 1,
where each inverter is modeled as a reference voltage with
an output impedance, and the load is modeled as a current
source or combinations of voltage and current sources.

B. INTRODUCTION OF A CONVENTIONAL DROOP
CONTROLLER

The schematic diagram of droop control of inverter shown
in Fig. 2. Droop controller is an important part of inverter
droop control.

In conventional droop control, droop controllers calcu-
late frequency and voltage magnitude on the basis of micro
sources droop characteristic curve, and then the reference
voltage Uy is acquired, next the output voltage of each
inverter will track its reference voltage by double closed-loop
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FIGURE 3. Double closed loop structure diagram of voltage and current.

feedback voltage-source controller. The double closed-loop
feedback voltage-source controller is shown as Fig. 3.

In a microgrid with nonlinear loads, conventional droop
control can be used to achieve the accurate distribution of
active power. The traditional frequency and voltage droop
controller is shown in (1):

fdroopi Zf,* —m;(P — P;k)
Udroopi = U,* —ni(Q — Q;k)

where fl* and fyo0pi are reference and instructive frequency;
U l.* and Ugyoopi are reference and instructive voltage; m; and n;
are coefficients of droop control; P and Q are average active
and reactive power after filtering; P} and Q7 are rate active
and reactive power.

Though active power can be accurately distributed under
steady state by conventional droop control, the equivalent
impedance differences will lead to reactive power distribution
problem. There is an effective method to solve such problem
by introducing virtual impedance into reference signal, which
can be shown as (2):

Vref = Vdroop —Zyi (2)

ey

C. THE MECHANISM OF HARMONIC PRODUCTION IN
MICROGRID

While there are nonlinear loads in microgrid, the output
current of inverter will include fundamental and harmonic
components, which is represented as ior and i, respectively,
then the inverter output voltage is:

Uyg = GV(S)Uref - Zof(s)iof — Zon(8)ion 3
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where
Gy (s) = Gu (s) KipKpwym
Ssz Cr+[rrer +KipKpwm 15+ Gy (9)KipKpwm +1
4
Kyp
Gu($)=Kup + — &)
Z,6(s) = sLy+rr +KipKpwm
of §2Ls Cr +[rrc+KipKpwm 15+ Gu (9)KipKpwi + 1

(6)

Where Gy (s) is voltage gain, Gy(s) is voltage loop pro-
portional gain; Z,r(s) and Z,;,(s) are fundamental and har-
monic equivalent impedance with the same mathematical
expression.

Since formula (3) neglects the harmonic components,
so there are no harmonic components in reference voltage,
when considering non-linear loads, it may lead to inverter out-
put voltage distortion, the Total Harmonic Distortion (THD)
will be deteriorate as well. In GB-T 15549-1993 ‘“‘Power
quality Harmonics in public supply network”, it can be seen
that THD values of 220 kV and 110 kV do not exceed 2%,
THD values of 35 kV and 66 kV do not exceed 3.0%, THD
values of 10 kV and 6 kV do not exceed 4%, THD values
of 0.38 kV do not exceed 2%.

D. THE MECHANISM OF UNBALANCE OF THREE-PHASE
VOLTAGE IN MICROGRID
While there are unbalance loads in microgrid, the three-phase
voltage of the microgrid is presented asymmetrically. The
asymmetrical three-phase voltage can be decomposed into
positive sequence component, negative sequence component,
and zero sequence component by symmetrical component
method. There is a positive sequence component with the
forward rotation of the synchronous rotational speed wg and
the negative sequence component with the contrarotation of
the synchronous rotational speed —wy. It is worth noting that
there is no zero-sequence component in the system if no zero-
sequence path.

The voltage at PCC in the ¢ — B coordinate system is
expressed as (7):

Eop = ewa;q Lt e—wad;_ (7

where:

Ef . =Ef +jEF
! dq+ d+ J q+ (8)

— — o+
Egy— =E4_ +JE,

In (8), the superscript represents positive and negative
sequence components; the subscript represents a positive and
negative direction synchronous rotating coordinate system.

The three-phase voltage unbalance factor is used to mea-
sure the degree of the three-phase voltage deviation, which is
the ratio of the negative sequence component to the positive
sequence component. It will affect the normal operation of
the microgrid if the three-phase voltage is not balanced, and
unable to meet user needs. In GB-T 15543-2008 ‘“‘Power
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quality Three-voltage unbalance”, it can be seen that the
negative sequence voltage unbalance caused by the user does
not exceed 1.3% for a short time, and does not exceed 2.6%
for a long time. Normally, the negative sequence voltage
unbalance of the PCC does not exceed 2.0% for a short time,
and does not exceed 4.0% for a long time.

Ill. COMPREHENSIVE STRATEGY FOR ACCURATE
REACTIVE POWER DISTRIBUTION, HARMONIC
SUPPRESSION, NEGATIVE SEQUENCE VOLTAGE
SUPPRESSION AND STABILITY IMPROVEMENT OF
MULTI-INVERTER-BASED MICROGRID

It is difficult to accurately distribute reactive power and effec-
tively improve the stability of voltage and frequency under
abrupt load variation depending on conventional droop con-
trollers, let alone suppress harmonic components in microgrid
which caused by many reasons. Therefore, a comprehensive
strategy for accurately distributing reactive power, improving
stability and suppressing harmonic of multi-inverter-based
microgrid is proposed in this paper. Upon conventional droop
control, an adaptive virtual impedance control loop is intro-
duced to achieve the accurate distribution of reactive power
of inverters in fundamental frequency, considering this pro-
cess may add the problem of voltage stability, a secondary
balance controller is added to improve the stability of voltage
and frequency, the fundamental problems are settled com-
pletely so far. Next, the control strategy this paper proposed
is further refined by introducing fractional frequency har-
monic suppression strategy, which can solve the harmonic
problem perfectly, therefore, the power quality of microgrid
is improved eventually. The main control block diagram is
shown in Fig. 4.

In Fig. 4, Ly is the filter inductance; Ry is the filter resis-
tance; Cy is the filter capacitance; Ry is the line resistance;
Liine is the line inductance; R, is the reference resistance;
Xer 1s the reference reactance; R; is the calculated value of
line resistance, X; is the calculated value of line inductance;
Piine 1s the line active power; Qyine is the line reactive power;
P;, pr is the active power that passes through the low pass
filter; Q;, pr is the reactive power that passes through the
low pass filter; E* is an reference voltage; f* is an reference
frequency; E, is the nth harmonic voltage; Py, is the active
power of the nth harmonic; Q,, is the reactive power of the
nth harmonic.

A. FUNDAMENTAL WAVE ADAPTIVE VIRTUAL IMPEDANCE
DROOPING CONTROL STRATEGY
In order to achieve accurate distribution of reactive power of
inverters, an adaptive virtual impedance control loop is intro-
duced upon conventional droop control. The control block
diagram is shown in Fig. 5.

The output voltage function of the inverter with virtual
impedance is

Uo(s) = G(5)Uper (5) — [G()Z(5) + Zeg(9)] Io(s)  (9)
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FIGURE 5. Inverter control block diagram with virtual impedance.

And the inverter equivalent output impedance can be
The outpower values of the inverter can be calculated obtained by

b
Y PiAi + OB
Ri=—5—3— (14)
Pi = Y [R(U; — Ecoss:) + XiEsind 10 Pi+o
;= B0 [Ri(U; — Ecosé;) + X;Esins;] ~ (10) + _ PiBi— Qi as)
Ui P4
Q; = == [—R;Esind; + X;(U; — Ecosé;)] (11)
Ry + X; Then the virtual impedance of each micro source is calcu-
lated by:
Where R; and X; are the power equivalent output resistance
and reactance, which is defined by inverter output power and Ryi = Ry — R; (16)
the power injected to the PCC. Xyi = Xper — X 17)

VOLUME 6, 2018 30907



IEEE Access

H. Dong et al.: Comprehensive Strategy for Power Quality Improvement

lh
(2w 2] 2o

FIGURE 6. System equivalent circuit containing different frequencies.

where R,.f, X,er stand for reference impedance, which meet-
ing the impedance matching relationship, in addition to, the
reference impedance should reduce the line resistance and
enhance the circuit inductance, so it is desirable:

Ryer = min(R)X,or = max(X;)

According to the formula (12)—(17), the adaptive virtual
impedance control strategy can accurately distribute reactive
power, meeting the requirement of the power decoupling and
stability margin. More importantly, it not only can make
the power equivalent impedance R;, X; adapt the change of
the local load, but also can adjust the reference impedance
Ryef, Xrer through the microgrid central controller, according
to the actual operating conditions and operating parameters to
meet the decoupling and stability margin of the micro-source
power.

The line impedance parameters Rjj,e;, Xiinei Will be identi-
fied respectively with RLS (Recursive Least Square). At the
same time, due to the information transmission requirements
of the existing power grid, the low-speed communication
line is used to collect grid bus information, and the line
impedance parameters is calculated to complete the adaptive
virtual impedance calculation.

B. FRACTIONAL FREQUENCY HARMONIC DROOPING
CONTROL STRATEGY
According to the circuit superposition theorem, a linear cir-
cuit with different frequencies can be analyzed separately at
each frequency. Tu et al. [22] confirmed that any harmonic,
e.g., the hth harmonic can be extracted for separate analysis
and control when the whole system enters steady state, so the
harmonic droop control strategy is proposed to eliminate the
5th, 7th harmonics generated by nonlinear loads. In order
to reduce the harmonic voltage of the system, the harmonic
voltage compensation value is calculated by the harmonic
droop control strategy. The system equivalent schematic is
shown in Fig. 6.

Single-Inverter System Equivalent Diagram is shown
in Fig. 7.

then the output voltage of inverter can be obtained:

Vo, =EL8 —Z,.6
= FEcosé —ZylcosO +j(Esiné — Z,Isinf) (18)
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The phase angle difference § is the phase angle difference
between the voltage source and the current source, when it is
very small, (19) and (20) can be obtained:

P ~ EI — Z,I* cos 0 (19)
O ~ EIS§ — Z,I” sin6 (20)

From (19) and (20), it can be found that whether the
impedance of the line is inductive, resistive or capacitive,
the correlation between P and E, Q and § can be concluded.
Thus, the hth harmonic droop controller can be shown as

E, = E* —n,Py 21
wp = 0" —mpQy, (22)

where Pj, and Qj, are the calculated values of active power
and reactive power under the hth harmonic frequency; nj, and
my, are the corresponding hth harmonic droop coefficients; Ej,
is the rms of the hth harmonic voltage, and the wy, is the hth
harmonic voltage angle frequency. The amplitude and angular
frequency of specific harmonic voltage can be eliminated by
this control strategy, and the reference value of harmonic volt-
age on the dg axis can be obtained through voltage synthesis
and coordinate transformation. The modulated wave is used
to turn on and turn off the inverter switch tube so as to produce
appropriate output voltage, so the PCC harmonic voltage can
be suppressed effectively.

C. NEGATIVE SEQUENCE VOLTAGE CONTROL STRATEGY
The output voltage of the inverter is unbalanced when the
load is not balanced. According to the theorem of symmetric
component method, the output voltage of the inverter can
be equivalent to the superposition of the positive sequence
component and the negative sequence component of the fun-
damental wave.

In the dg coordinate system, the positive component of
the fundamental wave is DC component, and the negative
sequence component is the AC component o with a fre-
quency of 2w while the whole system is stable. One of the
major reasons that the negative sequence component leads to
the asymmetric voltage. Therefore, as long as the negative
sequence is suppressed to O, the three-phase symmetrical
voltage can be output.
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The reference value of the negative sequence compensation
is calculated as follows (23) and (24):

Uuds Ugs
ugs | =Tns | ups
uos Ucs

—cos Swt —cos(Swt+ ZT”) —cos(Swt — 2?”)

=—| sinSwt sin(Swt—i—%”) sin(Swt — %”)
1/32 1/+/2 1/+/2
Us sin Swt
Us sin(Swt +2F)
Us sin(Swt — )
0
=105 (23)
0
UdIN Ug]
ugin | =Tn1 | upi
UOIN Ucl
coswt cos(wt+ 2?”) cos(wt — %”)
= | —sinwt —sin(wt+3-) —sin(wr —F-
V2 12 1/+/2
Uj sin wt
Uj sin(wt — ZT”)
Ui sin(wt + ZT”)
—U] sin 2wt
= | Ujcos2wt (24)
0

Therefore, the reference value of the negative sequence com-
pensation is (25)

ugy | | —Uisin2wt
[M;N ] o |: Ui cos 2wt @5)

D. A SECONDARY BALANCE CONTROL STRATEGY

The traditional droop control can realize automatic regulation
of P/f and Q/V, but the essence of which is a kind of deviating
regulation. Considering the addition of the virtual impedance
will increase the degree of deviation, which is harmful to the
voltage stability. Harmonic suppression control strategy and
unbalanced suppression control strategy are more demanding
for stability. Therefore, a secondary balance control strategy
is added to stabilize the output voltage of converters, as well
as improve the stability of frequency, the compensation fre-
quency and voltage of this strategy can be derived by formula
(26) and formula (27):

5 = kpoll* —f) + kio / (F* — fydt (26)
SU = pE(U*—U)+kiE/(U*—U)dt 27

where f* and f are rated frequency and operational frequency
of the microgrid; U* and U are rated voltage and opera-
tional voltage. The frequency compensation signal §f and
voltage compensation signal § U obtained from the secondary
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balance controller are sent to each micro source, then the
droop curves of micro sources will turn to be appropriate
translations. Although the deviation from the primary control
can be removed by the secondary control, the accurate power
distribution will be decreased. It is impossible to eliminate
the error AQ of power distribution.

For this reason, this paper proposes modified secondary
control method for adjusting the frequency and voltage to
bear the proportion of load power. Firstly, the MGCC calcu-
lates the proportion of the load based on the actual operating
conditions and capacity of all the n micro-sources, that is,
the load distribution factor k;.

S‘
ki= —

~ n
> xS
i=1

Which x; indicates the operating status of the ith inverter.
If it is out of service, x; will be taken 0, otherwise x; = 1. S; is
the capacity of each micro source. Then, the reference value
Q7 of the reactive power of each micro-source is calculated
according to the following formula:

(28)

O _ L __Si
20 anxisi
i=1
O =kiy_ 0O (29)

The reference value Q7 of the reactive power is subtracted
by the actual reactive power, the result value will be trans-
mitted to the local micro-source controller, which go through
the PI regulator, the command signal is superimposed on the
secondary voltage control signal and the micro source droop
curve is translated.

kiE % kis
8Ui = (kpe + T)(U —U)+ (kps + T)(ki Z Qi — 0
(30)

where Q; is the reactive power that the micro-source actually
outputs.

Until now not only the reactive power can be distributed
accurately, but also the stability of voltage and frequency
can be improved effectively, hence the combination of adap-
tive virtual impedance drooping control, fractional frequency
Harmonic drooping control, negative sequence voltage con-
trol and secondary balance control strategy in fundamental
frequency is achieved completely.

IV. STABILITY ANALYSIS OF THE MULTI-CONVERTER
PARALLEL SYSTEM AFTER INTRODUCING THE
COMPREHENSIVE CONTROL STRATEGY
The detailed derivation of a fundamental droop controller
small signal model has been shown in [23], so this paper just
focuses on the harmonic droop controller model. The block
diagram of the harmonic droop control is shown in Fig. 8.
The harmonic droop control structure contains the har-
monic power calculation module, the low pass filter module
and the harmonic droop module, which is similar to the
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Vodh ——] Vodh Logn+ Vogh I, we_|
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W

FIGURE 8. Harmonic droop control block diagram.

fundamental droop control structure. The small signal model
of harmonic power droop controller can be written as the
form of state space function, and the expression of state space
expression are:

A'(Sh Adp, Aijagh
APy, =Aph APy, +Bph Avodqh +Bpwhchomh
AQy AQp Alodgh
(31)
AS
[ Ao }:[th} AP, (32)
AVoaz’qh CPVh AQp
Where:
[0 0 —my, —1
App =10 —w. 0 Byon = 0
_0 0 —w 0
[0 0 0 0 0 0
Bph =10 0 wcloan wcloqh e Vodn choqh
_0 0 wclogh —@clogn —@cVogh @cVodn
0 —ny O
Cpo = [0 0 —my ] Cpop = [0 0 o} (33)

where voq;, and v, represent the output harmonic voltages
of inverter in dg coordinate system; ioq;, and i,q, represent the
output harmonic currents of inverter in dq coordinate system;
the Pj, is the active power of the hth harmonic; the Qj is
the hth harmonic reactive power; w, represents the cut-off
frequency of the low pass filter; my, is the reactive power
drooping coefficient of the hth harmonic; ny, is the active
power drooping coefficient of the hth harmonic; wy, is the hth
harmonic angular frequency; @comn is the common angular
frequency in the hth harmonic coordinate system; Jy is the
hth harmonic angle.

The linearization of harmonic drooping voltage loop
is the same as fundamental linearization, and lineariz-
ing the differential equation of the line and load,
the state space equation of the line and load can be
obtained [22].

The state space model of the fundamental droop control
strategy in the multi-inverter-based microgrid is:

The small signal state space model of the fundamental
wave droop control strategy in the microgrid can be shown
as follow (34) and (35):

Axmg = AmgAXmg (34)
Axmg = [AS AP AQ  Adaq Ayyg
Alldg  Avodq  Alodq  Alloaddg ] (35)
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FIGURE 9. (a) The active power coefficient mp root locus of the
fundamental wave; (b) The reactive power coefficient ng root locus of the
fundamental wave.
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FIGURE 10. (a) The reactive power coefficient mp, root locus of the
harmonic wave; (b) The active power coefficient ngp, root locus of the
harmonic wave.

The small signal state space model of the harmonic wave
droop control strategy in microgrid can be shown as follow
(36) and (37):

Ax‘mgh = AmghAxmgh (36)
Axmgh = [A8) APy AQpAdaq  Ailggh

AVodgh  Aiodgh  Aftoaddgh] (37)

The small signal state space model of the negative sequence

droop control strategy in microgrid can be shown as follow
(38) and (39):

Axr;lgub = Amgub A)Cmgub (38)
Axmgb = [A8us  APwp  AQuy  Adgqus  Adldqub
A Vodqub A iodqub A iloaddqub] (39)

The state space model of the harmonic droop control strategy
in the multi-inverter-based microgrid is:

Ax.mga = Amganmga (40)
i AXmg AXmg
AXmga = | AXmgh AXmga = | AXmgh 41
L Axmgub Axmgub
[Amg O 0
Amga = 0 Amgh 0 (42)
L 0 0 Amgub

where x,,, is the state variable under fundamental frequency;
iloaddq 1 a load fundamental current; A, is a fundamental
state matrix; X,gj, is the state variable under the hth harmonic
frequency; ijpaddagn is the hth harmonic load current; Aygp
is the Ath harmonic state matrix; ijpaddqusr 1 the negative
sequence load current; A,g,p is the negative sequence state
matrix; Xg, is the comprehensive state variable under all
frequencies; Ayg, is the comprehensive state matrix.
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FIGURE 12. (a) The root locus of the parameters used in the experiment;
(b) Part of the A graph is magnified.

The stability analysis of the proposed comprehensive strat-
egy is shown in Figs. 9-12.

From Fig. 9 (a), when the active power drooping coefficient
my, varies from O to 1, the overall trend of the system root
locus move towards the right side with the increase of n,,, and
reaches the right half plane eventually, the system gradually
loses its stability. Namely, the system becomes instability if
the my, is too large. From Fig.9 (b), when the reactive power
drooping coefficient n, varies from O to 1, the overall trend
of the system root locus move towards the right side with the
increase of n,, and reaches the right half plane eventually,
the system gradually loses its stability. Namely, the system
also becomes instability if n, is too large.

From Fig.10 (a), when m,), varies from O to 1, the overall
trend of the system root locus move towards the right side
with the increase of myy, the system stability is weakened
gradually. The Fig.11 (a) is the same effect as Fig.10 (a). From
Fig.10 (b), when ng, varies from O to 1, the overall trend of
the system root locus move towards the right side with the
increase of ny;, and reaches the right half plane eventually, t
the system stability is also weakened gradually. The Fig.11
(b) is the same effect as Fig. 10 (b)

Fig. 12 shows the root locus of the proposed multi-inverter-
based microgrid system with comprehensive control strategy,
which proves that all eigenvalues are located in the left half
plane, namely the system controlled by the comprehensive
strategy is stable.

V. SIMULATION AND EXPERIMENTAL ANALYSIS

A. SIMULATION ANALYSIS

Simulations are built in MATLAB2014B, and the 5th, 7th
harmonics components are injected in the model. The inverter
output phase voltage amplitude is 311V, and the frequency
is 50Hz.In order to verify the effectiveness of the proposed
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FIGURE 13. The simulation model in MATLAB2014B.
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FIGURE 14. (a) Reactive power allocation of DG1 and DG2 without
control strategy; (b) Reactive power allocation of DG1 and DG2 with
control strategy.

control strategy, the simulation analysis is carried out accord-
ing to the following steps:

Step 1: Adaptive virtual impedance drooping control strat-
egy. The proportional distribution problem of reactive power
between micro sources will be verified.

Step 2: Fractional frequency Harmonic drooping control
strategy. The effect of eliminating the 5th and 7th harmonics
will be verified.

Step 3: Negative sequence voltage control strategy. The
decrease of the negative sequence voltage content will be
proved.

Step 4: A secondary balance control strategy. The precision
adjustment of voltage and frequency will be proved will be
proved. At the same time, the effectiveness of the compre-
hensive control strategy is verified.

The simulation model in MATLAB2014B is shown
in Fig. 13.

The simulation parameters are shown in TABLE I:

Simulation 1: Adaptive virtual impedance drooping control
strategy.
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TABLE 1. Information of simulation parameters.

Name Symbol Value
Main circuit Ly 0.6x10°H
Main circuit Ry 1x10°Q
Main circuit U 700V
Main circuit Liie 2.8x10° H
Main circuit Riine 4.28%x102 Q
Virtual impedance Riei 2.14x10-3 Q
Virtual impedance Ry 2.14x10-3 Q
Virtual impedance p o 1.284x107!
Virtual impedance X2 1.284x10°!
Fundamental wave droop I* 50Hz
Fundamental wave droop U* 311V
Fundamental wave droop ml:m2 1:1
Fundamental wave droop ml 1x107
Fundamental wave droop m2 1x107
Fundamental wave droop nl:n2 1:1
Fundamental wave droop nl 3x10°
Fundamental wave droop n2 3x10°
Fundamental wave droop kup 10
Fundamental wave droop ki 100
Fundamental wave droop ki 5
Harmonic wave droop I* 0Hz
Harmonic wave droop U* ov
Harmonic wave droop ml:m2 1:1
Harmonic wave droop ml -1.361x107
Harmonic wave droop m2 -1.361x107
Harmonic wave droop nl:n2 1:1
Harmonic wave droop nl 2.609x107
Harmonic wave droop n2 -2.609x102
Harmonic wave droop kup 10
Harmonic wave droop kui 50
Negative sequence droop f* 0 Hz
Negative sequence droop U* ov
Negative sequence droop ml:m2 1:1
Negative sequence droop ml -1.361x107
Negative sequence droop m2 -1.361x107
Negative sequence droop nl:n2 1:1
Negative sequence droop nl 2.609x107
Negative sequence droop n2 -2.609x107
Negative sequence droop kup 10
Negative sequence droop ki 2

Simulation 1 conditions: The capacity of the two inverters
is the same, and the impedance of the line is different. The
results of the simulation are shown in Fig. 14.

In Fig. 14(a), it can be seen that the reactive power of the
DG1 and DG?2 inverters is not proportionately distributed, and
the circulation is easily formed between the inverters. In Fig.
14(b), it can be seen that the reactive power distribution is
improved effectively after the virtual impedance is added, and
the reactive power distribution is more accurate.

Simulation 2: Fractional frequency Harmonic drooping
control strategy.

Simulation 2: The capacity of the two inverters is the same,
and the impedance of the line is different. The 5th and 7th
harmonics are injected into the system. The results of the
simulation are shown in Fig. 15.

From Fig. 15(a) and (b), it can be seen that there are Sth
and 7th harmonics in the system, and the voltage waveform
of the PCC point has been distorted. From Fig. 15(c) and (d),
the voltage waveform is obviously improved after adding
fractional frequency harmonic drooping control strategy.
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FIGURE 15. (a) FFT of voltage without the harmonic droop control
strategy; (b) Voltage waveform without the harmonic droop control
strategy; (c) FFT of voltage without the harmonic droop control strategy;
(d) Voltage waveform with the harmonic droop control strategy.

At the same time, it is found through FFT that 5th and
7th harmonics are almost eliminated after the addition of
the fractional frequency harmonic drooping control strat-
egy, which proves the effectiveness of the harmonic control
strategy.

Simulation 3: Negative sequence voltage control strategy

Simulation 3: The capacity of the two inverters is the
same, and the impedance of the line is different. The 5th and
7th harmonics are injected into the system. Load resistance
Ri = Ry = 10022, R3 = 10L2. The results of the simulation
are shown in Fig. 16.

In Fig. 16(a), it can be seen that the value of negative
sequence voltage is 9.24V. In other words, value of unbalance
factor is 4.2% beyond the standard value. The waveform of
voltage has been distorted. In Fig. 16(b), it can be seen that
the value of the negative sequence voltage is reduced from
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FIGURE 16. (a) The value of negative sequence voltage without negative
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sequence voltage with negative sequence voltage droop control strategy.

Frequency(Hz)
_>
_>

50.18Hz
% i 2 3 4 5 6 7 8 s 10
Time(s)
(a)
350
216V 220V
’>‘300 -
T
0750 # ¢ ww E
G :
> 200 4
150
0 1 2 3 a 5 3 7 8 s 10
Time(s)
(b)

FIGURE 17. (a) frequency; (b) The value of PCC voltage.

9.24V t0 0.12V with negative sequence voltage droop control
strategy. The value of unbalance factor is 0.05%, and this
value meets the standard requirements. The value of negative
sequence voltage is reduced and the problem of unbalanced
three-phase voltage is eliminated.

Simulation 4: A secondary balance control strategy.

Simulation 4: The capacity of the two inverters is the same,
and the impedance of the line is different. The 5th and 7th
harmonics are injected into the system. Load resistance R| =
Ry, = 10082, R3 = 10L2. The results of the simulation are
shown in Fig. 16. All the control strategies of Simulation 1,
Simulation 2, and Simulation 3 run. The secondary balance
is not activated during 0-5s, and it is activated during 5-10s.
The results of the simulation are shown in Fig. 17.
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TABLE 2. The effects of control strategy simulation.

Simulation Simulation]  Simulation2 Simulation Simulation4
effect 3
Reactive power YES NO NO YES
distribution
Harmonic NO YES YES YES
suppression
Unbalance NO NO YES YES
suppression
Voltage and
frequency NO NO NO YES
stabilization
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FIGURE 18. The hardware-in-loop (front); (b) The hardware-in-loop
(back).

From Fig. 17 (a) and (b), it can be seen that frequency
deviates from the standard value, and the voltage of PCC is
216V less than 220V during 0-5s. A secondary balance con-
trol strategy control strategy is activated at 5s. The frequency
is fast back to 50Hz, and the voltage of PCC is rapidly rising
to 220V. It can be seen that the effect of A secondary balance
control strategy is effective.

According to these four simulations, it can be seen that
the comprehensive strategy this paper proposed can guarantee
the accurate distribution of active power and reactive power
between micro sources. The 5th, 7th harmonics components
can be effectively suppressed. Meanwhile. The unbalance of
PCC voltage can be effectively controlled. The voltage of
PCC and frequency can be stabilized at 220V and 50Hz. The
effects of these four simulations are shown in TABLE.II

B. EXPERIMENTAL ANALYSIS

In this paper, the experimental research is carried out in the
Microgrid Simulation Laboratory of Electric Power Research
Institute of Liaoning Electric Power Co., Ltd. of State Grid.
Simulation models are built in the real time simulation plat-
form RTLAB, and the hardware-in-loop(HIL) is formed. the
nonlinear load is added in the experiment, and the data acqui-
sition system DEWES5000 is used to record the waveform and
data.

Experimental conditions in this paper: the two micro
sources are DG1 and DG?2, the active power reference value
Prs = 20kW, and the reactive power reference value
Orer = OkVar. The active power of the linear load is 20kW,

30913



IEEE Access

H. Dong et al.: Comprehensive Strategy for Power Quality Improvement

Comprehensive control strategy
DGl P! gy

v

DG2 The ratio of active power
between DG1 and DG2(1: 1)

(@)

Comprehensive control strategy

DGl

The ratio of reactive power
DG2 between DG1 and DG2(1:1)

\

(b)

Traditional control strategy

(©

Traditional control strategy

4 2.38%2.34% 4

(d)

Traditional control strategy

4 216V 4

(e)

Traditional control strategy

®

FIGURE 19. (a) Active power distribution between DG1 and DG2;

(b) Reactive power distribution between DG1 and DG2; (c) FFT of voltage
with traditional control strategy; (d) The value of negative sequence
voltage with traditional control strategy; (e) The value of PCC voltage;

(f) frequency.

and the reactive power is OkW. The active power of the non-
linear load is 20kW, the reactive power OKW. Line resistance
of DG1isR; = 1.07%1072Q, inductance L; = 0.7 10~>H.
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FIGURE 20. (a) FFT of voltage with comprehensive control strategy;
(b) The value of negative sequence voltage with control strategy; (c) The
value of PCC voltage; (d) frequency.

Line resistance of DG2 is R, = 4.28 % 1072€, inductance
L, = 2.8 % 107H. The experimental environment is shown
in Fig. 18.

Experimental 1: Fundamental wave adaptive virtual
impedance drooping control strategy: linear load + nonlinear
load + unbalance load. The results of the experimental are
shown in Fig. 19.

In Fig. 19(a) and 19(b), it can be seen that fundamen-
tal wave adaptive virtual impedance drooping control strat-
egy can realize the accurate allocation of active power and
reactive power between micro sources. Compared with the
traditional droop control, the circulation problem caused by
the unbalance of the reactive power distribution between the
micro sources is reduced. However, the control strategy can-
not suppress harmonic and the negative sequence component
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of voltage. for nonlinear load and unbalanced load when the
nonlinear load and unbalanced load in the system. In Fig.
19(c), the existence of 5th, 7th, 11th, and 13th harmonics
in the system. In Fig. 19(d), the unbalance factor of voltage
beyond the standard. At the same time, the voltage and fre-
quency cannot be accurately stabilized at 220V and 50Hz

Experimental 2: Comprehensive control strategy: linear
load + nonlinear load + unbalance load. The results of the
experimental are shown in Fig. 20.

In Fig. 20(a), it can be seen that the 5th and 7th harmonics
are eliminated. This method can be widely used for the elimi-
nation of any harmonics. The voltage unbalance is reduced to
about 0.05%, which meets the requirements of the standard.
From Fig. 20(c) and 20(d), the voltage and frequency can be
accurately stabilized at 220V and 50Hz. The comprehensive
control strategy is effective, and the stability of the system is
improved.

VI. CONCLUSION

This paper proposes a comprehensive strategy for accurate
power distribution, harmonic suppression, voltage negative
sequence component suppression, and stability improvement
of multi-inverter-based microgrid, with the combination of
virtual impedance droop control and secondary power bal-
ance control, the active and reactive can be distributed accu-
rately, meanwhile the stability of voltage and frequency are
obviously improved, next a harmonic suppression control
strategy is introduced to suppress harmonic components in
microgrid. Furthermore, small signal analysis is used to ana-
lyze the stability of the proposed multi-converter parallel sys-
tem after introducing the comprehensive theory. The simula-
tion and experimental of results certify that proposed the strat-
egy has great performance on accurate reactive power dis-
tribution, harmonic suppression, voltage negative sequence
component suppression, stability improvement.
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