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ABSTRACT The nonlinear load in AC/DC hybrid microgrid seriously affects the power transmission
quality of bidirectional AC/DC interlinking converter (BIC). In this article, an improved Fryze-Buchholz-
Depenbrock (FBD) harmonic current detection method combined with droop control is designed to suppress
harmonic current control strategy. The decoupled double synchronous reference frame phase locked loop
(DDSRF-PLL) with self decoupled network is used to eliminate the negative sequence fundamental fre-
quency component, and the accurate phase detection can also be realized when affected by nonlinear load.
The least mean square (LMS) algorithm adaptive filter can enhance the dynamic response ability when the
load current suddenly changes. To solve the problem that the cut-off frequency of low pass filter (LPF) can
not take into account the detection accuracy and response speed of FBD harmonic current detection method.
Finally, Matlab/Simulink is used for simulation verification. The simulation results show that the improved
control strategy not only realizes the bidirectional flow of power and maintains the DC bus voltage stability,
but also reduces the total harmonic distortion (THD) at point of common coupling (PCC) by 0.45% compared
with the traditional FBD control strategy. And the effectiveness and feasibility of the design method are
proved.

INDEX TERMS AC/DC hybrid microgrid, bidirectional AC/DC interlinking converter, nonlinear load,

improved FBD, droop control strategy, harmonic current suppression.

I. INTRODUCTION

In recent years, with the smart grid entering the comprehen-
sive construction stage, an AC/DC hybrid microgrid system
combines the advantages of both AC and DC microgrids
has been widely studied [1]. A typic AC/DC hybrid micro-
grid is consists of AC sub-microgrid, DC sub-microgrid and
bidirectional AC/DC converter. AC load and DC load can
be connected to AC bus and DC bus respectively. This can
greatly reduce the number of power electronic converter and
reduce unnecessary power loss, which is considered to be the
mainstream structure of the future microgrid [2], [3].

In grid-connected mode, the AC bus voltage and frequency
are maintained by the public power grid because the AC
sub-microgrid is connected to the public power grid. There-
fore, the role of BIC is to maintain the voltage stability of
DC sub-microgrid bus and control the power transmission
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between AC and DC sub-microgrids. When there are non-
linear loads in the systems, a seriously of harmonic currents
and unbalanced load currents seriously affect the power qual-
ity transmitted by BIC. Therefore, the effective detection
and compensation of harmonic current becomes particularly
important. In literature [4], a harmonic current detection
method based on instantaneous power theory (i, — iq algo-
rithm) is proposed. But i, — iy algorithm involves complex
matrix transformation, which requires a lot of work. In liter-
ature [5], proposed a harmonic detection method based on
Fourier transform, which has high detection accuracy and
can detection all harmonics. However, due to large amount
of calculation and long delay time of detection, the real-time
performance is poor. In literature [6], proposed an adaptive
detection method, which not only considers the detection
accuracy, but also ensure the response time. The detection
accuracy is affected by the grid voltage amplitude. The FBD
harmonic current detection method is proposed in litera-
ture [7], and the compensation current is calculated according
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to the decomposition characteristics of equivalent conduc-
tance to current. Compared with 7, — ig method, it does not
need complex matrix transformation, the detection effect is
basically consistent, the calculation amount of is small, and
the real-time performance is good. Based on the analysis of
harmonic detection method, corresponding control method is
needed to realize power transmission between AC and DC
sub-microgrid.

Droop control is easy to realize the power balance between
AC and DC sub-microgrids by simulating the frequency mod-
ulation characteristics of the generators, and has gradually
become the mainstream of the control strategy of BIC. In lit-
erature [8], [9], the proposed AC frequency — active power
(f — P) and AC voltage — reactive power (4, — Q) droop
control strategies are not sensitive enough to load changes
on DC side. In literature [10], a standardized control strategy
is proposed, which compares the normalized treatment of
DC bus voltage and AC frequency in the same coordinate
system, so as to control the active power. The reactive power
is controlled by the normalized AC bus voltage, and the
characteristics between AC and DC sub-microgrid are fully
considered. However, under the condition of grid connection,
the voltage and frequency of AC bus are maintained by the
public power grid and are basically maintained at the rated
value. Therefore, the literature [11] proposed the DC voltage-
active power (ugc — P) droop control. However, when the DC
bus voltage fluctuates near the rated value, the BIC will be
frequency switched, resulting in loss. In literature [12], [13],
a hierarchical droop control strategy is proposed to reduce the
frequency switching of BIC.

The above droop control strategies are all control strategies
under ideal conditions, and the situation of non-linear loads
in microgrid is not analyzed. When the current is distorted by
nonlinear load, it will cause additional power loss, interfere
with grid-connected equipment, cause instability of micro-
grid system, and seriously affect power quality [14], [15].
In literature [16], a harmonic compensation strategy for low
switching frequency of interconnected converters is proposed
based on the virtual impedance theory. The harmonic com-
pensation component is directly sent to the PWM reference
signal, which reduces the influence of the closed-loop con-
trol bandwidth on the suppression of harmonic current to a
certain extent. Its disadvantage is that the harmonic compen-
sation accuracy is poor. In literature [17], presents a parallel
operating transformer with a shared filter. This method has
strong resonance damping ability, lower risk of resonance
and better filtering performance. In literature [18], adding
a proportional resonance controller to the BIC, which can
effectively suppress the active and reactive power fluctuations
and reduce the degree of current distortion. Its disadvantage
is that it ignores the influence of negative sequence compo-
nent of grid voltage, and the proportional resonance lacks
ideal dynamic response performance. In literature [19], com-
bined with active filtering method, proposed a controllable
inductive power filtering (CIPF) method. It can effectively
reduce the risk of harmonic resonance and greatly improve
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the performance of PWM rectifier. In literature [20], pro-
posed a multi-mode control strategy for interlinking inter-
face converters, which aims to deal with unbalanced power
quality problems in a directional manner, and the scope of
application is limited. In literature [21], [22], the proposed
converter control strategy based on neural network and fuzzy
control improves the accuracy of harmonic current suppres-
sion, with slow convergence speed and complex structure.
In literature [23], a control strategy combining droop control
with FBD harmonic detection method is designed, which
can be well combined with the BIC structure. However, the
limitations of traditional PLL and LPF limit the precision of
control strategy to suppress harmonic current.

In view of the above analysis, this article adopts improved
segmented droop control to avoid frequent switching of BIC
due to voltage fluctuation of DC bus. The traditional FBD
harmonic detection method is improved by DDSRF-PLL and
LMS adaptive filter. This improved method can effectively
solve the problems of the influence of negative sequence fun-
damental component, inaccurate phase lock when voltage and
current distortion, and cut-off frequency of LPF can not take
into account the accuracy and response speed of traditional
FBD harmonic current detection method. By combining the
improved FBD harmonic current detection method and droop
control strategy, an improved FBD harmonic suppression
droop control strategy is designed. When the nonlinear load
causes the current distortion and generates the harmonic cur-
rent, this method can not only suppress the harmonic current
transmitted in the BIC, but also achieve bidirectional power
flow and maintain the DC bus voltage stability under the
non-ideal condition.

The rest of this article is shown below. Section 2 introduces
the topology of AC/DC hybrid microgrid, the droop control
strategy and topology of BIC. Section 3 introduces the har-
monic current detection method, including the principle of
FBD harmonic current detection method, DDSRF-PLL prin-
ciple and adaptive filter based on LMS. Section 4 compares
and verifies the improved method with the original method.
Section 5 summarizes this whole article.

Il. AC/DC HYBRID MICROGRID AND BIDIRECTIONAL
AC/DC INTERLINKING CONVERTER

A. SYSTEM TOPOLOGY OF AC/DC HYBRID MICROGRID
At present, the topology of typical AC/DC hybrid micro-
grid is shown in Fig. 1 [24]. It consists of AC microgrid,
DC microgrid, BIC and microgrid central controller. The
AC/DC sub-microgrid contains various distributed gener-
ation units (DG), such as photovoltaic (PV), wind power
(WTQG), battery energy storage (ESS) and local loads.

Each distributed unit in the AC/DC sub-microgrid is con-
nected to the AC and DC bus respectively through the con-
verter. The AC and DC bus realizes the necessary power
exchange and maintains system stability through the BIC.
The AC/DC hybrid microgrid is connected to the public grid
through PCC. The system operates in the grid-connected
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FIGURE 1. System topology of AC/DC hybrid microgrid.

mode, and the public grid is responsible for regulating the
voltage and frequency stability of the AC sub-microgrid.

B. DROOP CONTROL STRATEGY FOR GRID-CONNECTED
MODE

In the grid-connected mode, the public grid supports the
voltage and frequency stability of the AC microgrid bus. The
DG in the AC sub-microgrid can operate in MPPT mode.
The energy storage device is in charging, discharging and
standby state under unsaturated condition, and the excess
energy in the microgrid system is feedback to the public
grid [25]. Therefore, the main function of BIC is to ensure the
power balance in the DC sub-microgrid, maintain the voltage
stability of the DC bus, and realize the bidirectional flow of
power.

Firstly, the active power droop control is introduced.
In the grid-connected mode, the bus voltage and frequency
of AC sub-microgrid are at rated value, so the BIC trans-
mitted power is related to the DC bus voltage. The tradi-
tional (P — Ug.) droop characteristic curve formula can be
described as:

f
uge = ug, —mPgic, ()

where, uq. is the actual value of DC bus voltage, uffcf is the
reference value of DC bus voltage, m is the droop coefficient,
and Pgjc is the active power transmitted by BIC. In order to
protect the safe and stable operation of the BIC, when the
voltage of the DC bus exceeds the maximum rated value,
the active power transmitted by the BIC will be limited to
the maximum of rated transmission power. At the same time,
in order to avoid the small range fluctuation of BIC at the
rated voltage of DC bus, resulting in frequent action of power
switches tube and reducing unnecessary loss. Therefore, the
P — Uy droop control was improved and the threshold value
is set. The droop characteristic curve is shown in Figure 2.
According to the droop characteristic curve in Figure 2, the
relationship between transmission active power and voltage
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FIGURE 2. Improved P — Uy, droop characteristic curve.
can be obtained, which can be expressed as:
Ppic
sk
P BIC Udc > Udc,Hmax
Udc — Udc,Hmin
* s
P BIC Udc,Hmin = Udc = Udc,Hmax
Udc,Hmax — Udc,Hmin
=10 Udc,Lmin = Udc = Udc,Hmin
Udc — Udc,Lmin
3 9
—P BIC Udc,Lmax = Udc = Udc,Lmin
Udc,Lmax — Udc,Lmin
sk
_PBIC Udc < Udc,Lmax

2

where, Ppjc is the active power transmitted by BIC, and PEIC
is the rating of the active power transmitted by BIC. uqc Hmin
is the minimum value of the upper limit set by the threshold
of BIC, and ugc Hmax 1S the maximum value set by the upper
limit set by the threshold of BIC. ugc min is the minimum
value set by the lower threshold, and #gc 1. max 1s the maximum
value set by the lower threshold. The improved droop control
can be divided into three modes, as shown below:

(1) Inverter mode. When ugc Hmin < Ude =< Udc,Hmax>
ugc does not reach the upper limit set of threshold
value, BIC is in inverter mode. The DC sub-microgrid
transmits active power to AC sub-microgrid through
BIC, and the DC bus voltage is maintained stable by
BIC. When ugc > udc Hmax, Udc €xceeds the threshold
set limit, BIC is still in the inverter model. The power
transmitted from the BIC to the AC sub-microgrid
reaches the maximum value. The excess power in the
DC sub-microgrid is charged for the energy storage
system under the condition of unsaturated energy stor-
age system. The energy storage system and BIC jointly
maintain the DC bus voltage stability.

(2) Standby mode. When ugcimin < #dc =< UdcHmin
DC bus voltage fluctuates in a small range, and excess
or loss energy is provided by charging and discharg-
ing of the energy storage system to avoid unnecessary
switching loss. At this point, the BIC is in standby
mode without active power transmission, and the bus
voltage stability is provided by the energy storage
system.

(3) Rectifier mode. When ugeimax < Ude =< Udc.Lmin
ugc does not exceed the lower limit set by the
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FIGURE 3. Reactive power control model.

threshold. The BIC is in the rectifier mode. The
AC sub-microgrid transmits active power to the DC
sub-microgrid through BIC, and the DC bus voltage
is kept stable by the BIC. When ugc < u#dcLmax-
uge exceeds the lower limit set by the threshold, and
the BIC is still in the rectifier mode. The power
transmission from the AC sub-microgrid to the DC
sub-microgrid reaches the maximum value. Under the
condition of sufficient energy storage system, the BIC
and the AC sub-microgrid maintain the DC bus voltage
stability.

The improved BIC droop active power control increased
the threshold setting and solved the switching loss caused
by DC bus voltage fluctuation in a small range near the
rated value. At the same time, it solves the difficulty and
imprecision problem of traditional droop control due to the
calculation of droop coefficient, and has the functions of
bidirectional power flow and maintaining the voltage stability
of DC bus.

The transmission of reactive power in the system, because

the DC sub-microgrid does not exist reactive power problem.
According to Q — uucdroop control, reactive power flow of
the BIC is only related to AC bus voltage amplitude [26]. The
reactive power control of BIC is shown in Fig. 3.
Where, u,c and u are the actual value and reference
value of AC bus voltage, and the two are subtracted to obtain
Autae. Then, the reference value Q™' of reactive power to be
transmitted in the BIC is obtained by the droop control coef-
ficient Dq. In grid-connected mode, the voltage of AC bus
is supported by the public grid. At the point, u,c and u™' are
equal, so Qref = 0. Therefore, in this article, the consumption
of reactive power is all provided within the AC sub-microgrid,
reducing its burden of power transmission [27].

C. CONTROL SYSTEM DESIGN

The design of the control system adopts double-loop control
structure, and the outer loop is a power loop based on droop
control, which controls the transmission of active power. The
inner loop is the current loop, and the current tracing without
static difference is realized by decoupling processing and
PI controller. The control system design of BIC in AC/DC
hybrid microgrid is shown in Fig. 4.

The respective meanings of each parameter in the figure
are as follows: uqc is the DC bus voltage; igc is the DC side
current; Cyc is the filter capacitance on the DC side; Sa1 ~ Sco
is the power switch IGBT which is composed of a BIC; L, C
is the filter inductance and filter capacitance that make up LC
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FIGURE 4. Design of BIC control system.

filter circuit. it 4pc is the inductance current on the AC side;
Ugpe 18 the three-phase voltage on the AC side of BIC; ugapc iS
the three-phase voltage of AC bus; g, is the output of three -
phase current for ac bus.

The first is the power control part. The BIC detects
the DC bus voltage and calculates the reference value
Pt of the BIC transmission power through equa-
tion (2). According to the power -calculation equa-
tion (3), the instantaneous active power P and reactive
power Q output by the bidirectional converter can be
obtained.

Uoaioa + Uoblob + Uocloc = P
3)

1/\/g(l'iobcioa + Uocalob + Uoabloc) = Q.

By subtracting the actual value from the reference value of
power transmission, the reference value iz i iz of inductance
current of d axis and q axis is obtained by PI controller, and
then it is controlled by inner current loop. The current inner
loop control is as follows.

The switching function of BIC is defined as follows:

0 lower arm on, upper arm off
k= k=a,b,c
1 upper arm on, lower arm off

“

The three-phase voltage at AC side of BIC can be obtained
as follows:

Uabe = Skud07 k = a’b’c' (5)

According to Kirchhoff’s law, the mathematical model of
BIC in three-phase static coordinate system is established,
as shown in equation (6).

di
L Labc

~+ RiLabe = Uoabe — Uabec — UNO

dugc . . . . (6)
dr = 0383 + ipSh + icSe — idc,

where, uno is the neutral point voltage at the AC side of BIC.
In the ideal working condition, the three-phase symmetry of

C
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AC bus voltage and the zero sequence component of current
is 0. The equation (7) can be obtained as follows:

Ug
um=—§@+&+m. (7

The physical meaning of the mathematical model of BIC
in three phase static coordinate system is clear and intu-
itive. However, AC side voltage and current are time-varying
variables in the system, which is not conducive to the
analysis and design of the controller. Therefore, to convert
the three-phase sine component into the DC component,
the three-phase static coordinate system can be converted
into a two-phase synchronous rotation d-q coordinate sys-
tem by means of three-dimensional transformation [28],
as follows:

dirq . .
L7 + Rird = uod — ug + wlLirq
diy, ) )
Ld_tq + RiLq = Uoq — uq — wLirg ®)
dugc 3. . .
ek E(lLde + iLqSq) — ide-

From equation (8), it can be seen that under the d-q
coordinate system with two-phase synchronous rotation, the
d-axis and g-axis components have coupling components and
need decoupling control [29]. The decoupling equation (9) is
shown below.

ug = —(kip + f)(i;d — iLd) + Uog — wLilq

©))

g = = (kip + ~ )i = iLg) + tioq + wLira,

where k;y, k;; are the proportional and integral coefficients of
the current loop PI controller respectively, and iy, i, are
the reference currents of the inductance of d-axis and g-axis
respectively.

IIl. HARMONIC DETECTION METHOD
A. FBD HARMONIC CURRENT DETECTION METHOD
The traditional FBD harmonic current detection method was
first proposed by Fryzc and improved by Buchholz and
Depenbrock. The basic idea of FBD is to convert the load
in the actual circuit into an ideal conductance element. In this
method, the power consumption in the circuit can be equiv-
alent to the conductivity consumption without other energy
loss. According to the decomposition characteristic of equiv-
alent conductance to the current, the compensated current
component can be calculated to suppress the system harmonic
current [7].

According to literature [30], the current in the three-phase
three-wire system can be divided into positive sequence
component and negative sequence component, and the
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three-phase current to be treated is shown in equation (10).

o0
in =Y [if sin(not + ¢)) + iy sin(not + ;)]
no:ol
iy = Z[i:[ sin(nwt + ¢ — 120°)
n=1 ) (10)
+i, sin(nwt + ¢, + 120°)]
oo
i = Z[ij sin(nwt + ¢F +120°)

n=1

+i, sin(nwt + ¢, — 120%)],

where, i is the amplitude of the positive sequence compo-
nent of current, i, is the amplitude of the negative sequence
component of current, ¢, is the initial phase angle of the
positive sequence component, and ¢, is the initial phase
angle of the negative sequence component.

The traditional FBD harmonic detection method uses PLL
to generate the reference voltage which is in phase with
three-phase grid voltage, instead of the actual value. The
three-phase reference voltage is:

u, = sin(wt)
up, = sin(wt — 120°) (11
ue = sin(wt + 120°).
According to equation (12), the equivalent active conduc-
tance is calculated as follows:
Gp(1) “ala2+ ubéb + l;clc
uy + up 4 ug
o

=Y i cosl(n — Dot + ¢ ]
n=1
x

=Y iy cos[(n+ Dot + ¢, 1. (12)

n=1

The calculate of equivalent reactive conductance requires
90° phase shift of three-phase voltage phase as follows:
u; = cos(wt)
uy, = cos(wr — 120°) (13)

u* = cos(wt + 120°).

C

Then the equivalent reactive conductivity can be obtained
as follows:

Uyly + Uplp + uic

Go(t) =
W

o
=Y i sin[(n — Dot + ¢

n=1

o
— > iy sinl(n + Dot + ;1. (14)
n=1
The equivalent active and reactive conductance are filtered

through LPF to remove the AC component in the conductance
while retaining the DC component. The filtered conductance
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FIGURE 5. Traditional FBD harmonic current detection method.

value is the equivalent conductance of the fundamental wave,
as follows:

Gps(t) = if cos g

Lo (15)

Gor(t) = i] sing|",

The active and reactive conductance are multiplied by

the corresponding reference voltage to obtain the active and

reactive current components of the three-phase fundamental

wave. The three-phase fundamental positive sequence current

component is obtained by adding the conductance current
components of corresponding phase:

it = Gpr(t) - ua + Gop(t) - ul
= if(sin(wt) cos (pfr + cos(wt) sin <pr)
= iT sin(wt + (pfr)
it = Gpr(t) - up+Gop(t) - uf =i sin(wr+¢} —120°)
il] = Gpr(t) - up+Goy (1) - uf =i sin(wt+¢;" +120°).
(16)

Finally, the harmonic current component of each phase can
be obtained by subtracting the fundamental current compo-
nent from the original current. The harmonic current compo-
nent obtained is:

— il (17)

In summary, FBD harmonic current detection method does
not require complex matrix transformation and is not affected
by the zero-sequence current component. It can directly
detect the positive sequence active and reactive current com-
ponents of the fundamental wave current. The principle of
FBD harmonic current detection method is shown in Fig. 5.

However, the effect of traditional PLL is not ideal, which
affects the output of system frequency signal. In the system,
the cutoff frequency of LPF can not consider the response
speed and tracking speed of FBD algorithm. Therefore, FBD
algorithm needs to be improved.

iabc, h = iabc

B. DDSRF-PLL

The DDSRF-PLL has a self-decoupling network, which can
eliminate the negative sequence fundamental frequency com-
ponent [31]. Therefore, accurate phase detection can also be
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FIGURE 7. Adaptive filter based on LMS algorithm.

realized when the grid-connected state is affected by nonlin-
ear load. According to literature [32], the three-phase voltage
Ughc 1s transformed to the two-phase static coordinate system
ugp by Clarke, which can offset the zero-sequence component
and eliminate the influence of zero-sequence component.
When u, and ug are sent into Park transform module qu+1
and qu—l, the positive and negative sequence voltage com-

ponents are obtained as follows:
ugrt | | cos(w*) sin(w*t) Uy
Ug+1 | —sin(@*r)  cos(w*r) ug

Ug-1 cos(w*t) — sin(w*t) Ug

(18)
Ug-1 sin(w*t) cos(w*t) ug

In order to suppress the oscillation in the coordinate system
d*! and ¢*', d*! and ¢*! should be switched into the self-
decoupling network, and the positive and negative sequence
voltage after decoupling is obtained as follows:

u(’;H | g —[uz,l ocos(29*)—uz,1 - 8in(26*)]
u:;“ Ugti —[uz,l osin(29*)+uz,1 - c0s(26)]
u:,l | g —[qu ocos(29*)+u;‘+1 - sin(26*)]
u(’;,l Ug1— [_”Z“ . sin(2¢9*)—i—uz+1 - cos(260%)]

19)

Finally, the PI controller is used to make u*,; = 0 to keep
synchronization and realize phase-locked, thus obtaining the
frequency and phase information of three-phase voltage. The
structural principle of DDSRF-PLL is shown in Fig. 6.

C. ADAPTIVE FILTER BASED ON LMS
Adaptive filter is composed of digital filter with adjustable
parameters and adaptive algorithm. It can continuously adjust
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filter parameters through adaptive algorithm according to
the change of input characteristics, so as to realize accurate
tracking of reference signals [33].

Atpresent, the commonly used adaptive algorithms include
least mean square (LMS) algorithm and recursive least
power (RLS) algorithm. RLS algorithm has fast convergence
speed but large amount of computation. Compared with RLS
algorithm, LMS algorithm requires less computation, does
not need complex matrix transformation, and is easy to imple-
ment. So the research of adaptive filter is mainly in LMS
algorithm. The principle of adaptive filter based on LMS
algorithm is shown in Fig. 7.

According to Fig. 7, the signal to be measured d(n) sub-
tracts the filter output signal y(n) to form an error signal e(n).
x1(n) and x,(n) are power grid phase locked sine and cosine
signals. The weight coefficient wy(n) and w (n) of error signal
e(n) are obtained by LMS algorithm, and the weights of x(n)
and x»(n) are adjusted dynamically. The output signal y(n) of
the filter approximates the fundamental current signal, and
then e(n) can be approximately equal to the harmonic current
signal. The adaptive harmonic detection method based on
LMS algorithm can be realized by equation (20).

y(n) = x1(n) - wi(n) + xa(n) - wa(n)

e(n) = d(n) — y(n)

wi(n + 1) = wi(n) + 2pe(n) - x1(n)
wa(n + 1) = wa(n) + 2pe(n) - x2(n),

(20)
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where, w is the step length, xi(n) and x>(n) are the sines
and cosines after the phase-locked voltage of the power grid.
d(n) is composed of fundamental current signal and harmonic
current signal, considering that it is combined with FBD
harmonic current detection method. The filtering process of
active conductance Gp(¢) is similar to that of reactive conduc-
tance G (t). Take the filtering process of Gp(t) as an example,
where d(n) = Gp(t). x1(n) and x»(n) can be replaced by the
sines and cosines generated by DDSRF-PLL phase locking
signals uppsrr-pLL and ufypgpppry.- Then equation (20) can
be adjusted as:

y(n) = uppsrE-PLL - W1(1) + Uppsrp-pLL - W2 (1)
e(n) = Gp(1) — y(n)

wi(n + 1) = wi(n) + 2ue(n) - upDSRE-PLL

wa(n 4 1) = wa(n) + 2jue(n) - uppsRrE.prL-

2D

IV. ANALYSIS OF SIMULATION RESULTS

A. DROOP CONTROL STRATEGY BASED ON IMPROVED
FBD METHOD

In grid-connected mode, when the system operates under
ideal conditions, the droop control strategy can not only real-
ize the BIC power flow between the two sub-microgrids, but
also maintain the stability of the DC bus voltage together with
the energy storage system. When there are nonlinear loads
in the system, the output current of AC bus will be distorted
and the output power will be greatly disturbed, which will
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TABLE 1. Related parameters of AC/DC hybrid microgrid.

Symbol Parameters Value
u;zf AC bus rated line voltage 380V
) f‘ref AC bus rated frequency 50Hz
u;f DC bus rated frequency 700V
P AC sub-microgrid capacity 30kW
P DC sub-microgrid capacity 20kW
S BIC capacity 20kVA
P i Initial AC load 14kW
P . Initial DC load 12kW

dc_load

affect the stability and security of the whole microgrid sys-
tem. In order to suppress the harmonic current in the circuit in
the presence of nonlinear load. Firstly, FBD harmonic current
detection method is needed to detect the harmonic current
component in nonlinear load. The traditional FBD harmonic
current detection method also has some problems. When the
grid voltage and current are distorted, the traditional PLL
is not ideal. The improved FBD harmonic detection method
uses DDSRF-PLL instead of the traditional PLL to eliminate
the influence of the negative sequence component on the
positive sequence component. The cutoff frequency of the
LPF cannot give consideration to the response speed and
detection accuracy of the FBD method at the same time. The
adaptive filter based on the LMS algorithm is adopted to
automatically adjust the parameters so that the algorithm can
accurately and quickly detect the fundamental wave current
component.

Then, on the basis of droop control strategy, combined
with FBD harmonic current detection method, the harmonic
current in nonlinear load is extracted. The harmonic current
is suppressed by modifying the current at the output of AC
bus. Minimizes the fluctuation of the output power of the AC
bus to the BIC. Combined with analysis, a control strategy
based on improved harmonic suppression droop control is
designed, as shown in Fig. 8. The simulation model was built
by Maltlab/ Simulink software, and the simulation results of
the improved harmonic suppression control strategy proposed
in this article and the traditional FBD harmonic suppression
control strategy in literature [20] were compared under ideal
working conditions and nonlinear load respectively.

In this article, the battery energy storage system is designed
as an ideal condition, and the situation of oversaturation and
insufficient power is not considered temporarily. Relevant
parameters in the simulation system are shown in Table 1,
where the power is active power.

In grid-connected operation, there is no linear load in the
AC/DC hybrid microgrid, and the AC bus is directly con-
nected to the public grid, so there is no need to analyze the
frequency and voltage changes of the AC side sub-microgrid.
The DC bus voltage rating is 700V. For stable operation of
the system, the DC bus voltage fluctuation should not exceed
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FIGURE 9. System simulation results under ideal operating conditions.

10%. Therefore, set the threshold value. The upper maximum
value is 711V and the upper minimum value is 701V. The
lower limit maximum value is 689V and the minimum value
is 699V. The DC sub-microgrid capacity is 20kW, the AC
sub-microgrid capacity is 30kW, and the rated capacity of the
BIC is 20kVA. The initial load in the AC sub-microgrid is
14kW, and the initial load in the DC sub-microgrid is 12kW.
The load characteristics are all resistive load. At different
times, the load is increased so that the BIC can make the
judgment of power flow direction and realize the bidirectional
flow of power between AC-DC sub-microgrid.

B. IDEAL WORKING CONDITION
The system works in the ideal condition, without considering
the energy consumed by the transmission line. The simulation
results of the control strategy are shown in Fig. 9.

P, is the generating power of AC sub-microgrid, Pac_joad
is the load of AC sub-microgrid, P is the active power trans-
mitted by BIC, Py is the generating power of DC subnet, and

220429



IEEE Access

G. Wang et al.: Improved Harmonic Suppression Control Strategy for the Hybrid Microgrid Bidirectional AC/DC Converter

Pyc_10ad 1s the load power of DC. The initial time of 0-0.2s is
the start-up stage. As can be seen from Fig. 9(a) that the DC
side grid starts to generate electricity from the generation unit
and gradually climbs from O to the maximum power point.
At this time, it can be seen from Fig. 9(c) that the DC bus
voltage ugc < Udc Lmax. it is less than the maximum value of
the lower limit of threshold, the battery energy storage system
and the BIC jointly maintain the DC bus voltage stability.
It can be seen from Fig. 9(b) that the battery energy storage
system gradually supplies power to the DC sub-microgrid
when the DC bus voltage is lower than 689V, and when
the DC bus voltage is higher than 699V, the power supply
gradually drops to 0.

0.2s-2s in inverter mode. At 0.2s, the power generation unit
in the DC sub-microgrid reaches the maximum power point,
generating capacity is 20kW, DC side load is 12kW, and DC
bus voltage is 705V. At this time ugc Hmin < Udc < Udc,Hmax-
uqc is between the maximum and minimum value of the upper
limit of threshold setting, and the energy storage system is
in standby state. The energy supply exceeds demand in the
DC sub-microgrid, and the excess energy flows to the AC
sub-microgrid through the BIC. The BIC is in inverter mode
and transmits 8kW power to the AC sub-microgrid. The AC
sub-microgrid load is shared by the AC sub-microgrid and
DC sub-microgrid, so the AC sub-microgrid only needs 6kW
of power generation to achieve the power balance within the
whole system.

2s-4s in standby mode. At 2s, the DC sub-microgrid
increases 8kW load, and the total DC load is 20kW. The
energy in the DC sub-microgrid is balanced. The DC bus
voltage is 700V, at ugc Lmin < Ude < UdcHmin, there is no extra
power. The BIC is in standby state, the AC load is assumed by
the AC sub-microgrid, and the AC sub-microgrid generates
14kW power to achieve the energy balance within the whole
system.

4s-6s in rectifier mode. At 4s, the DC sub-microgrid
continues to increase the load of 12kW, the DC total load
increases to 32kW, and the DC bus voltage drops to 693V.
At this time, ugclmax < Ude < UdcLmin, Udc 1S between
the maximum and minimum value of the lower limit set by
the threshold, and the energy in the DC sub-microgrid is
in short supply. The BIC is in the rectifier mode. The AC
sub-microgrid transmits 12kW to the DC sub-microgrid, and
the DC load is jointly assumed by the AC sub-microgrid and
DC sub-microgrid. The AC sub-microgrid generates 26kW
power, 14kW is used for AC load consumption, and 12kW is
transmitted to the DC sub-microgrid through BIC to achieve
power balance in the whole system. It is verified that the
designed control strategy can control the BIC to maintain the
stability of DC bus voltage and power bidirectional flow.

The voltage and current of ac sub-microgrid are shown in
Fig. 10.

As can be seen from Fig. 10, the voltage within the AC sub-
microgrid is stable at 311V because the support of the utility
network does not change with the transmitted power. The
current will change with the amount of transmitted power.
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FIGURE 10. Voltage and current of AC sub-microgrid under ideal
conditions.

After 0.2s, the current of AC sub-microgrid keeps increasing.
Compared with the power curve of AC/DC sub-microgrid
in Fig. 9(a), it increases with the increase of output power.
A-phase voltage and current on AC side of BIC are shown in
Fig. 11.

In Fig. 11, 0.65s-0.9s and 4.65s-4.9s were amplified
respectively. The system is set to flow from the DC side to
the AC side as the positive reference direction. It can be seen
from Fig. 11 that the A-phase voltage and current on the AC
side are in the same phase, and the power flows from the DC
side to the AC side, so the BIC is in the inverter mode. 2s-4s,
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FIGURE 11

. A-phase voltage and current on AC side of BIC under ideal

conditions.
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FIGURE 12. THD of BIC output current under ideal condition.
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FIGURE 13. Only droop control strategy simulation results under
nonlinear load conditions.

A-phase current is basically 0, BIC is in standby state. 4s-6s,
AC side A-phase voltage and current reverse phase, power
from the AC side to the DC side, and the BIC in the rectifier
mode. The BIC in Fig. 11 is consistent with the results in
Fig. 9.

Under ideal working conditions, there is no nonlinear load
in the system. The THD output by the AC side of the BIC is
shown in Fig. 12.
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FIGURE 14. Only droop control BIC AC side A-phase voltage and current
under nonlinear load.

Figure 12 shows the degree of THD of the AC side
output of the BIC in inverter mode and rectifier mode
respectively after the system operates statically. In 0.2s-2s
inverter mode, THD is 0.05%. The THD is 0.04% in 4s-6s
rectifier mode. The THD is less than 1% both inverter
mode and rectifier mode, which meets the power quality
standards.
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FIGURE 15. Only droop control BIC AC side A-phase current THD.

C. NON-IDEAL WORKING CONDITION

When the nonlinear load is added into the system, the wave-
form is similar to the ideal condition. The AC bus current
will be distorted and generate harmonic current, which will
disturb the transmission power in BIC and affect the stability
of the system. Under the nonlinear load condition, the sim-
ulation results of only droop control strategy are shown in
Fig. 13.

In the ideal working condition, the AC side load is 14kW
linear load. In order to verify the feasibility and effectiveness
of the design method, the AC load is composed of 7kW linear
load and 7kW nonlinear load under non-ideal conditions.
By comparing Fig. 13 with Fig. 9(a), the BIC can realize
the power flow between two sub-microgrids and maintain
the balance between the whole system. However, the AC
load consumption power and BIC transmission power will
be significantly disturbed. After adding non-linear load, only
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FIGURE 16. Two methods for A-phase harmonic current extraction under
nonlinear load.

droop control strategy is used for the AC side A-phase current
of the BIC as shown on Fig.14.

In order to facilitate observation, both inverter and rectifier
parts are amplified. Because the current is very small in the
standby mode of 2s~4s, no observation is made. As can be
seen from Fig. 14, the A-phase current sinusoidal curve on
the AC side of the BIC is obviously distorted. And the THD
can be obtained through Fourier transform analysis, as shown
in Fig. 15.
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TABLE 2. Main harmonic content.

Inverter mode harmonic Rectifier mode harmonic

Number content (%) content (%)
5 9.19% 6.53%
7 3.24% 2.21%
11 1.76% 1.18%
13 0.78% 0.57%
17 0.69% 0.42%
19 0.40% 0.36%
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FIGURE 17. Power transmission of harmonic suppression droop control
strategy.

It can be seen from Fig. 15 that the main harmonics are
the 5th, 7th and 11th harmonics, and the harmonic content
is shown in Table 2. The total harmonic distortion of BIC
in inverter mode and rectifying mode is 10.02% and 7.17%
respectively, which is greater than the allowable limit of 5%
in IEEE standard. Therefore, the power quality transmitted in
BIC is unqualified, needs to be treated.

The traditional FBD harmonic current detection method
and the improved FBD harmonic current detection method
are respectively used to extract the A-phase current on the
AC side of the BIC, as shown in Fig. 16.

For the convenience of observation, the inverter part and
the rectifier part were amplified. Because the current is very
small in 2s~4s standby mode, no observation is made. It can
be seen from Fig. 16 that the improved FBD can effectively
suppress the oscillation in the current and achieve more accu-
rate tracking of the harmonic current.

The traditional FBD suppression harmonic droop control
strategy and the improved FBD suppression harmonic droop
control power transmission are shown in Fig.17.

It can be seen from Fig. 17 that the two control strategies
can realize bidirectional flow of power under nonlinear load
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FIGURE 18. The BIC AC side output current THD of traditional FDB
harmonic suppression control strategy under nonlinear load.

TABLE 3. The main harmonic content after harmonic suppression.

Traditional FBD harmonic
suppression droop control

Improved FBD harmonic
suppression droop control

Number strategy strategy

Inverter Rectifier Inverter Rectifier
mode (%) mode (%) mode (%) mode (%)

2 0.67% 0.35% 0.44% 0.18%

3 0.36% 0.21% 0.27% 0.10%

5 0.43% 0.27% 0.29% 0.19%

7 0.13% 0.11% 0.06% 0.07%

9 0.12% 0.07% 0.07% 0.03%

11 0.09% 0.06% 0.07% 0.02%

conditions. Since the two methods are basically consistent in
the transmission power diagram. Therefore, the fast Fourier
analysis of AC side current of BIC is carried out to make a
further comparison from the THD. The simulation results of
THD of AC current on the AC side of the BIC by the two
methods are shown in Fig. 18 and Fig. 19.

Under the inverter mode of 0.2s~ 0.2s, the THD of the tra-
ditional FBD harmonic suppression control strategy is 1.12%,
and the THD of the improved FBD harmonic suppression
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FIGURE 19. The BIC AC side output current THD of improved FDB
harmonic suppression control strategy under nonlinear load.

control strategy is 0.67%. Under the rectifier mode of 4S
~6s, the THD of the traditional FBD harmonic suppression
control strategy is 0.75%, and the THD of the improved FBD
harmonic suppression control strategy is 0.30%. Based on
the droop control strategy combined with the two methods
of FBD harmonic detection, both the rectifier mode and the
inverter mode had THD less than 1%, and the improved con-
trol strategy had THD reduced by 0.45%. After adopting the
harmonic suppression control strategy, the A-phase current
on the AC side of the BIC contains 2nd, 3rd, 5th, 7th, 9th and
11th harmonics, as shown in Table 3.

It can be seen from Table 3 that the harmonic suppression
control strategy can effectively suppress the harmonic current
component in the BIC and reduce the multiple harmonics
content to less than 0.5%. The improved FBD harmonic
suppression control strategy has more advantages than the tra-
ditional FBD harmonic suppression control strategy, and its
THD result is reduced by 0.45% compared with the original
method.
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V. CONCLUSION
In this article, the traditional FBD harmonic detection method
and droop control strategy are analyzed. First of all, the tradi-
tional FBD harmonic detection method adopts the traditional
PLL, which is unable to achieve accurate phase locking under
the non-ideal condition of voltage and current distortion, and
the cut-off frequency of the LPF cannot give consideration
to the response speed and detection accuracy of the FBD
method. Therefore, based on the traditional FBD harmonic
current detection method, an improved FBD harmonic cur-
rent detection method was designed by using DDSRF-PLL
and LMS adaptive filters instead of the traditional PLL and
LPF. Secondly, only in the droop control strategy, voltage
and current distortion will affect the operation of the whole
microgrid system under the non-ideal conditions. Therefore,
based on the traditional FBD harmonic suppression droop
control strategy, an improved FBD harmonic suppression
droop control strategy is designed. Finally, through the anal-
ysis of simulation results, the improved FBD harmonic sup-
pression droop control strategy can realize the bidirectional
flow of power and maintain the stability of DC bus voltage
in the grid-connected mode both ideal and non-ideal con-
ditions. Moreover, compared with original control strategy,
the improved FBD harmonic suppression control strategy
showed that THD was reduced by 0.45% in the non-ideal
condition, which proved the effectiveness and feasibility of
the method.

In this article, only a single BIC is harmonic suppression
control, not in the case of multi-converter analysis, which will
be the direction of our future research.
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