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Abstract: The parallel operation of multiple LCL-type converters will result in a deviation of the
resonant frequency and resonance phenomena. The occurrence of harmonic resonance can cause
problems such as an increase in harmonic voltage and current. This can lead to the malfunction
of relay protection and automatic devices, causing damage to system equipment. In severe cases,
it can cause accidents and threaten the safe operation of the power system. A hybrid damping
active disturbance rejection control (HD-ADRC) method is proposed in this paper to suppress the
harmonic resonance of parallel LCL-type converters. First, a third-order linear disturbance rejection
controller (LADRC) including the linear extended-state observer and the error-feedback control
rate is designed based on LCL-type converter model analysis. The proposed method considers
the resonance couplings caused by both internal and external disturbances as the total disturbance,
thus improving the anti-disturbance capabilities as well as the operational stability of converters in
parallel. Then, a hybrid damping control is proposed to reconstruct the damping characteristics of
converters to suppress the parallel resonance spike and reduce the resonance frequency offset. And
the parameter selection of the control system is optimized through a stability analysis of the tracking
performance and anti-disturbance performance of the HD-ADRC controller. Finally, all the theoretical
considerations are verified by simulation and experimental results based on the Matlab/Simulink
2018B and dSpace platform. The simulation and experimental results show that the PI controller gives
a THD of 5.33%, which is reduced to 4.66% by employing the HD-LADRC, indicating an improved
decoupling between the converters working in parallel with the proposed control scheme.

Keywords: hybrid damping active disturbance rejection control; linear active disturbance rejection
controller; LCL-type converter; resonance suppression

1. Introduction

As a representative of distributed generation (DG), PV power can be consumed at
or near the user site, which reduces the line loss of long-distance transmission, improves
voltage distribution, and increases the operational reliability of the distribution system [1-4].
However, power electronic converters are always required as an interface between PV
and the utility grid. Most grid-connected converters employ the conventional three-phase
full-bridge topology, where the switching behavior of the semiconductor devices generates
harmonics. To address the issue, relevant standards are formulated to ensure a stringent
regulation of supply quality. One of the effective harmonic suppression methods is to add
passive filter networks on the output side of the grid-tied converters, such as L-type filters,
LCL filters, and other improved filter networks [5-7].

Compared to L-type filters, an LCL-type filter needs smaller filter inductance and
thus a reduced size. Also, it provides better attenuation of high-frequency harmonic
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currents, limits the inrush current in the filter capacitor, and increases the robustness of
the converter [8]. However, the risk of resonance brought by its third-order characteristic
is the biggest safety hazard [9,10]. Furthermore, the operations of parallel converters are
affected by a variety of factors, such as the grid impedance, hardware parameters, and
the number of operating converters, all contributing to possible resonance among parallel
converters [11-13].

Both passive and active damping methods have been proposed to suppress the reso-
nance caused by LCL-type filters [14,15]. Passive damping directly improves the damping
characteristics by adding passive components to the filter network [16]. However, the extra
passive devices add to the circuit complexity and bring up filter size, costs, and system
loss, which limit its use in practice. To address these shortcomings, active damping is
proposed, and it can be broadly classified into three categories: single-loop control [8],
multi-loop control [17], and complex control [18]. Unlike passive damping to add actual
components, active damping employs a virtual damping form to the feedback control loop
to avoid aforementioned drawbacks while still achieving adequate damping characteristics.
In the literature, Ref. [19] proposed a phase lead compensator to compensate system phase
margin in the Vpcc feedback loop, which will decrease the phase shift of the resonance
frequency. A hybrid active damping method is studied in [20] to suppress the resonance
peak value, which combines the capacitor-current-feedback and unit PCC voltage feedfor-
ward. For an LCL-equipped high-speed permanent magnet synchronous motor, a flexible
active damping method is proposed in [21]. In the paper, the damping ratio of the LCL
resonance can be freely designed using the proposed high-order partial-state (virtual output
voltage and the capacitor current) feedback. In [22], the resonance characteristics of parallel
systems are divided into two categories: static and dynamic resonance, and then a hybrid
multi-resonance suppression method based on the improved dual-division-summation
(D-D-X) method, and a virtual admittance strategy is proposed. An active disturbance re-
jection control (ADRC) control scheme is proposed in [23] for the LCL-type grid-connected
inverter. With the proposed strategy, only the grid-injected current is sensed to achieve
the objectives of grid-injected current direct control and robust resonance damping for
the LCL-type grid-connected inverter. The shunt capacitor harmonic voltage is regulated
in [24] according to a term that is associated with both the harmonic load current and the
HAPF harmonic line current. In [25], only the resonance mechanism and characteristics
of a real large-scale PV plant are explored, and the practical case of harmonic resonance
in the studied PV plant is investigated. The voltage transmission equations are derived
in [26] to analyze the transmission characteristics of harmonic voltages along a long feeder.
And a new control strategy for inverters is proposed to suppress the multiple resonances in
current and the amplification of harmonic voltages. The authors of [27] propose a general
stability control concept for power converters from the view of the impedance magnitude.
However, the active damping relies on the accuracy of the components’ parameters, which
varies gradually due to the environment and other factors. This shifts the resonance point
and eventually has a negative impact on the robustness of the control.

The active disturbance rejection control (ADRC) balances the overshoot and response
speed to improve the robustness of the converter. The authors of [28] proposed a lin-
earization method for ADRC (LADRC) to reduce the complexity of parameter tuning
by classifying the control parameters into controller bandwidth and observer bandwidth
without affecting the controller performance. In essence, the LADRC introduces an expan-
sive state observer that estimates and compensates for disturbances. In [29], an adaptive
LADRC is proposed to facilitate parameter tuning of the controller and realize the real-
time self-adaptive optimization of parameters. A LADRC is applied to PLL in [30], and
the system stabilities of the grid-connected inverters with LADRC-PLL and PI-PLL are
compared. The grid-connected inverter with LADRC-PLL has better adaptability to the
weak grid and demonstrates a certain ability to suppress the sub- and super- synchronous
oscillation. A modified linear extended-state observer is designed in [31] to estimate the
value and differential value of total disturbance, significantly reducing the estimated error.
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In [32], a robust active damping method based on LADRC is proposed for PWM converters,
and the Padé approximation is used to reduce the order of the controlled object transfer
function. This improves the power quality and dynamic performance in the presence of
parameter uncertainty and external disturbances. A LADRC control strategy is proposed
for a three-phase voltage-based PWM rectifier in [33]. A linear extended-state observer is
used to observe and compensate the coupling variables and external disturbances in the
PWM rectifier model in two identical step coordinate systems. In order to reduce the capac-
ity of the active power filter and improve its dynamic tracking speed and anti-interference
capability for harmonic currents, a fuzzy LADRC for the external voltage loop control of
the injected hybrid power filter is proposed in [34]. The introduced fuzzy control solves the
difficult problem of controller parameter rectification and proves the stability of the system
using the Lyapunov stability definition. However, only the control system’s coupling and
the immunity of the converter are studied in the above studies. So far, the interactive
coupling and resonance characteristics among multiple LCL-type converters have yet to
be considered.

In this paper, an HD-ADRC method is proposed to suppress the harmonic resonance
of parallel LCL-type converters, where both the internal and external disturbances are
lumped together as total disturbances.

The contribution of this paper is summarized as follows:

(1) A third-order linear disturbance rejection controller (LADRC) with a linear extended-
state observer and an error feedback control rate is designed based on LCL-type
converter model analysis.

(2) A hybrid damping control is proposed to reconstruct the damping characteristics
of converters to suppress the parallel resonance spike and to reduce the resonance
frequency offset.

(8) The parameter selection of the control system is optimized through the stability analysis
of tracking performance and anti-disturbance performance of the HD-ADRC controller.

2. Analysis of Fault Propagation Mechanism in DC Sub-Grid Coupling Characteristics
Analysis of Parallel LCL-Type Converter

2.1. Modeling of the LCL-Type Converter

The topology of the LCL-type converter is shown in Figure 1. Ideal conditions are
assumed to facilitate the converter modeling. According to Kirchhoff’s law, the filter is
described in the time domain as [35]:

dig, _ 1 1
T = Mk T Uk
d . .
7 = Ly — Ligy k=a,b,c 1)
dlzk 1

1
A T LMk T TyMpec
where, iy is the converter side current, 1 is filter capacitor voltage, iy is the grid side
current, uyy is the converter output voltage, and . is the voltage of PCC. Transform (1)
to dq0:

diyg _  .: 1 1
diltd = wzlq - fl”cd + H”ld
dilq o . 1 1
W — _(,Ulld - Hucq + Hulq
dugg 1. 1.
ddg = ¢clid — ¢lod T Wiy @)
Uy 1. 1.
ddt = Clg — ?1211 - w;/‘cd
1 .
,,thd = Wiy, + fzucd - fzudpcc
dizq - . 1 1
= —Wiyg + T, Yeq — 1, Ugpec
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Figure 1. Topology of the LCL-type converter.

As suggested in (2), the dg components of grid side current iy are coupled, which affects
the response time and control accuracy of the feedback control. In addition, the inherent third
order of the LCL filter would exacerbate the coupling and thus control performance.

2.2. Modeling of Parallel LCL-Type Converters

It is worth noting that the output current of a converter is affected not only by the grid
impedance, but also other converters operating in parallel. In order to observe the coupling
mechanism of paralleled converters, a single converter is first modeled in Figure 2, where
the open-loop transfer function of the converter with its feedback control are written as

follows [36]:
— . , _ Gi(s)Gino(s)

GO(S) =G;j (S)Gznv(S)GLCL (S> - S3L1L2C ¥+ S(Ll I Lz) ©)
where G;(s) is the transfer function of the PI controller, G; ¢z (s) is the transfer function of the
LCL filter, Gj;,(s) is the gain of the transform bridge including digital control delay. G;,,(s)
is expressed as:

_ Ude
Gino(s) = (15Tss +1) (4)

where ug. is the DC voltage, and Ts is the sampling period.

Figure 2. Control block of the LCL-type converter.

The output current of the converter is:

. Gols) - Gy (s) a1 412 413
i(s) = T;%i;@SIZWf(S)'_ f;%i;gjllpcc(s) a1 a4 43 )

a31 azp as3
= Gt(s)inef(S) - qu (S)Upcc(s)

where Gt(s) is the Norton equivalent controlled-current source coefficient, Gt(s)i2ref(s) is
the equivalent controlled-current source, and Yeq(s) is the equivalent output admittance of
the converter.

_ Gi(5)Gino(s)
Gi(s) = $3L1LyC+s(L1+Ly ) +G;(5)Gino (s) (6)
Y (S) o 52L1C+1
eq T $PL1LyC+s(L1+L)+Gi(s)Gipo (s)

The Norton equivalent model of a converter and the utility grid is obtained from (6),
where Y¢4(s) is the equivalent admittance of the converter.
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Ideally, if the grid impedance is neglected, the equivalent admittance of the converter
can be corrected to cancel the pole of the right half plane to improve the stability of the
system. However, in the presence of a weak grid, the grid impedance, coupled with
aggregated converters, is often found to be the essential factor for harmonic resonances
and stability problems. Now, the Norton model can be extended to a system of n paralleled
converters as shown in Figure 3, where i is the i-th converter.

>

+
/1, (s) 2(8) 12(5)

T Upee(s?)

)
Y:m (s) g2 (s) quu (s)

G ()35 (5)

Figure 3. Norton equivalent circuit for multi-parallel converters.

According to Kirchhoff’s law, the relationship between the controlled-current source
and the voltage at PCC can be obtained as follows:

27:1 Gtj(s)Ijoref(s) — Upcc (s) 7:1 Yoqi(s) = Yg(s)[Upcc(s) — Ug(s)] 7)

Substituting Formula (5) into (7), the output current of the i-th converter is obtained
as follows:

121'(5) = Fi(s)li2ref(s) - 27:1,]‘?&1‘ Pjt(S)Ieref(S) - S,‘(S)Ug(s) 8)

where (f Yeqj (5)+Y5(5))

() = (o) =L Yeqj(8) Y (S

Fl(s) th(s) ( ;1:1 qu](5)+Yg(S))
Gii(8) Yeqj(s)

Pi(s) = T Yog (5) + Yy (5) ©)
Si(s) =

qui(s)Yg (S)
]r'l:l quj(s) + Yg(s)

In the parallel converters system, (8) gives a functional expression of the i-th converter
output current. It is also clear that converters are coupled with the grid impedance to
form a complex high-order coupling network. The essential factors affecting the output
current of a converter include the reference current and the output reference current of
other converters, as well as the grid voltage. When the grid impedance Zg is equal to 0
(Yg tends towards infinity), the output current of the converter is only linked to its own
output reference current and becomes independent of other converters. When taking grid
impedance Zg into consideration, the coupling between converters becomes an essential
factor in causing harmonic resonances and instability.

3. Hybrid Damping-Linear Active Disturbance Rejection Control Framework

Putting the above essential factors causing coupling problems in perspective, a reso-
nance suppression scheme based on Hybrid Damping-linear Active Disturbance Rejection
Control (HD-LADRC) is proposed in this paper. Figure 4 shows HD-LADRC diagram for
parallel LCL-type converters, which consists of a Linear Extended-State Observer (LESO),
Linear-State Error Feedback (LSEF), differential feedforward compensation, and a hybrid
damping controller [37-40].
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Figure 4. HD-LADRC diagram.

3.1. LADRC

The third-order time domain model of the grid-connected current can be rewritten as
the sum of the standard estimator and total disturbance. The expression is shown as:
%
gﬁd = boug + Abug + foq +wa = boug + fa
A

qu

(10)

where by = 1/(L1CL,) is the approximate estimation of the system control gain and Ab is the

system modeling error. 11; and uy are the dg axis components of the control system output,

respectively. foz and fo, are dq axis components of internal disturbances including coupling

components. wy and w, are dq axis components of external disturbances, respectively. Since

the LADRC lumps all the effects as disturbances, in the following analysis the dq axis

control variables are decoupled, and the lower subscript discrimination is not carried out.
The fourth-order linear extended-state observer is:

2 B 10 012 0 B
Z» B 01 0|| 2 0 B2
. = u
7 By 000 1 ||z | T m [MT g Y
. —B4 0 0 0 Z4 0 Ba (11)
Zy

A-LC B B
y =1 0 0 -0 |Z

c

The system matrix A-LC is a Horwitz matrix. According to the bandwidth tuning
method, the system matrix needs to be configured in the left half-plane of the system. In
this case, the characteristic equation of the system is:

A(s) = [sT = (A-LC)| = s* + B15° + Bas® + P15 + Ba = (s + wp)? (12)

where B1, B2, B3, Ba, and wy are observer gains and bandwidth, respectively. The rela-
tionship between observer gain and bandwidth can be expressed as: B = 4wy, B2 = 6wy?,
B3 = 4wo?, Py = wo®.

By selecting an appropriate observer bandwidth, the state matrix can be adjusted to
have all the characteristic roots in the left half-plane. And the observed states zj, zp, z3, and
z4 converge to the grid side current I, the first- and second-order differential, and the total
disturbances, respectively, in such a way that the stability is maintained.

Based on the estimated system state variables and total disturbances, the output of the
control system is designed as:

I 2
bo

where 1 is the proportional feedback controller of the system, which is expressed as:

(13)

ug =kp(v —z1) — k1zo — kpz3 (14)
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where ky, k1, and k, are the controller gains. Considering the stability operation of the
system, all the poles need to be placed at the controller bandwidth w,. According to the
parameter tuning method in [24], the relationship between the controller gain and the
controller bandwidth can be obtained as follows: k, = w3, kg = 3w, ky = 3w,.

It is noticed from (13) and (14) that LSEF consists of two parts: feedback control 1(/bg
for fast dynamic response and disturbance compensation —z4/by to minimize the control
error and to gain an improved anti-interference ability. Thus, the system can be equivalent
to the integral series type.

Ug — Z
i = bou+ f = by Ob 2 =g+ (f —z4) ~ ug (15)

0

It is clearly demonstrated by (15) that (11)—(14) constitute the third-order LADRC for
LCL-type converter.

3.2. Hybrid Damping Controller

In the presence of weak grid, the number of paralleled units becomes an essential
factor in terms of the resonance characteristic. As suggested in [23], the increase in the
number of converters is equivalent to the increase in the grid impedance; that is, the parallel
operation of n converters is equivalent to the increase in the grid impedance by n times,
when the converters are operated in parallel. The LCL-type filter gain is written as:

— Ginv _ Ginv 1
$3L1(Ly +nLg)C+s(Ly + Ly +nLg)  sLi(Ly+nLg)Cg2 1 (27rfr)2

Grew(s) (16)

where 7 is the number of converters, and L, is the equivalent grid impedance. The resonant

frequency can be rewritten as:
1 Li+Ly+nL
fo= e\ D nie (17)
27\l Ly(L2 +nLg)C

where 1L, is the equivalent model when 7 converters are connected in parallel. The change
in the grid impedance L, has a greater impact on the resonance frequency, and the resonance
frequency is a decreasing function of L.

In response to the above problems, this paper proposes the hybrid damping control
strategy given in Figure 4, which simultaneously suppresses the resonant frequency offset
and resonant spikes. The hybrid damping control method uses a combination of capacitance
current feedback and capacitance voltage feedback control. According to Figure 4, the
LCL-type filter gain can be derived as:

I Ginv
Grew(s) = SL1 (Ly+nLg)C+52(La+nLg)CGipg Ze+5[L1+(La+nLg) +(La+1Lg) Giny Y|
— Ginv (27Tf7)2 (18)
sLy(Ly+nLg)C(27fy ) 52+5Gi27fc+(2nf,,)2

where resonance frequency f, can be modified as:

1 \/Ll + (Lo +nLg) + (Ly + nLg)Gino Yc (19)

fr=5z Li(Ly +nLg)C

According to (18), the LCL-type filter gain is equivalent to the product of the first-order
system and the second-order oscillation system after hybrid damping control. The LCL-type
filter gain has a pole at the origin and a pair of conjugate poles. Therefore, the capacitance
current feedback coefficient and the capacitance voltage feedback coefficient can be adjusted
through the second-order oscillation link. By reconstructing the damping characteristics of
the system, the resonance frequency shift and resonance spikes can be suppressed.
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The standard form of the second-order oscillation link is given by:

2
S) — S (27Tfn) 5 (20)
s2+28(27fn) + (27tfn)

where ¢ is the damping coefficient, and f, is the natural frequency of the system without
damping. We then convert (20) to the complex frequency domain:

1

G(] w) = 2 aoaf (21)
1—- 7 +j2¢ 8
where the amplitude and phase expressions are given by:
Alw) = 1
2
(1—%) +4§2% )
N
¢(w) = —arctan gf}”z
1—L

The minimum resonance peak point occurs when the damping coefficient is at 0.707.
And the resonance frequency gradually increases and tends to the natural frequency with-
out damping as the damping coefficient decreases. As the damping coefficient approaches
0, the system resonance peak reaches oo, which corresponds to an undamped system. The
damping coefficient is usually set to 0.707.

The capacitance current feedback impedance can be adjusted according to the second-
order oscillation link:

ZC _ 47T§L1fr (23)
Gino
With the damping coefficient set to 0.707, the resonance peak can be calculated as:
i ( _ﬁ)2+452ﬁ =0 (24)
dw fi fi

The expression is derived as:

fr:fn\/1_2§2 (25)

Combining (19) and (25), the capacitance voltage feedback coefficient can be adjusted as:

v 472 f2(1 = 28%) Ly (Ly + nLg)C — Ly — (La 4 nLg)
C =

(LZ + nLg)Ginv (26)

To verify the harmonic resonance suppression effect, the Bode diagram of the LCL filter
network is drawn in Figure 5 by substituting Formulas (23) and (26) and the parameters in
Table 1 into Formula (18). Clearly, as the number of parallel converters increases from two
to six, the resonance gain remains unchanged, but the resonance frequency shifts towards
the lower frequency end. The red and green curves demonstrate approximately the same
peak resonance suppression gain, while the proposed control has a reduced frequency
offset, indicating a reduced probability of harmonic resonance in the paralleled setup. In
summary, the hybrid damping control proposed in this paper has improved effects on
the impedance reconstruction for the parallel converter system. It can effectively reduce
the resonant frequency offset and suppress the resonant spike and therefore improves the
impedance characteristics of the parallel converter system.
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Figure 5. Comparison of resonance characteristics of LCL filter network.
Table 1. A Brief Description of the Literature.
Ref Disturbance Model of Resonant Peak Resonant Frequency Parallel Resonance
) LCL-Type Converter Suppression Offset Suppression Suppression
The proposed model Vv Vv Vv Vv
[14] v
[15] v Vv
[16] v
(8] Vv Vv
[17] v v
[19] v
[20] v v
[21] v v
[22] v Vv v
(23] v i
[24] v v
[25] v
[26] Vv
[27] v
4. Stability Analysis of LADRC
The Laplace transform of (11), (13), and (14) is performed as:
sZ(s) = (A-LC)Z(s) + BU(s) + LY (s) 2
M (s) H
ues) = v (s) - Hz(s)

where H = [kpkik; 1], and Mgs) = s+ kps? + ks + ky. The output of the control system can
be rewritten as:

_ M(s) N(s)
U(s) = WV(S) boR(s)Y(s) (28)
where:
M(s) = (s +wo)*(s + wc)’ (29)
N(s) = (w§+ 12wiwc + 18wiw? + dwow?)s®
+(Bwiwe + 12wiw? + bwiw?)s® (30)

+(Bwiw? + dwiw?)s+wiw?

R(s) = s*+ (4wp 4 3we)s® + (6w3 + 3w? + 12wpw, s

+ (4w + w? + 18wiw, + 12ww?)s (1)
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Geo(s) =

From Figure 4 and (28), the equivalent model of HD-LADRC in the frequency domain
is shown in 6. At this time, the relationship between the output and input of the converter
can be obtained:

_ Giny(5)Hi (s)Ha (s)
Y(s) = s3L1CL2+52CL2G1M(S)ZC+SL]JrlsL2+sGi,,U(s)YCLerGiM(s)HZ(s) V(s) 32
_ 52L1C+SCG,'7,U(S)Zc+va(S)Yc+l u ( ) ( )
SL1CL +52CL2 G (5) Z +5L1+5La+ Ging ()P (5) 8 \°
M N
where Hy(s) = %, Hy(s) = boT(Z)'

The internal coupling of a converter and the external coupling between the multiple
converters both contribute to the fluctuation of the grid-connected voltage, and it can be
regarded as the total disturbance in the control scheme. Also from the analysis, the system
output includes a reference signal tracking control and total disturbance compensation.
The reference signal tracking control is mainly affected by the controller bandwidth we.
And the control system can quickly track the input variables by adjusting the controller
bandwidth w.. However, the total disturbance compensation control is more sensitive to
the observer bandwidth wy, which is the main factor affecting the stability and control
accuracy of the control system.

From Figure 6, the transfer function between the input and output can be obtained
as follows:

) Gino(s)Hi(s)Ha(s)

V(S) B S3L1CL2 + SZCLZGinv(S)ZC + SLl + SLZ + SGinv(S)YCLZ + Ginv(S)H2(s)

(33)

V(‘S¢|H1(S)

Figure 6. Equivalent block diagram of LCL-type converter control system in frequency domain.

In (33), the difference between the HD-LADRC and the traditional LADRC is that
the molecular expression in the transfer function is different. At this time, the traditional
LADRC control is the same as the analysis based on HD-LADRC control; that is, the
system zero position is fixed. In the transfer function based on the HD-LADRC control, the
second-order differential term of the denominator increases the capacitor current feedback
coefficient, and the first-order differential term increases the capacitor voltage feedback
coefficient. The system poles can be optimized by adjusting the value of the feedback
coefficient. Then, the stability of system operation is improved.

Figure 7 shows the Bode diagram of the system transfer function. Figure 7a shows
the influence of the controller bandwidth w, on the amplitude frequency characteristics
of the system. It can be seen from the figure that the reference signal tracking ability is
enhanced with the increase in the controller bandwidth w.. However, the high-frequency
attenuation ability is reduced. Figure 7b shows the influence of the observer bandwidth
wo on the amplitude frequency characteristics of the system. The control gains and high
frequency attenuation ability of the system hardly change with the bandwidth of the
observer. However, a larger observer bandwidth wg will cause output noise.
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Figure 7. Bode diagram of reference signal tracking system.

5. Simulation and Experimental Verification

A simulation model of three LCL-type converters operating in parallel is built in Mat-
lab/Simulink for verification. Three operating cases are studied to verify the internal de-
coupling in a single converter, decoupling among parallel converters, and anti-disturbance
performance of the proposed control, respectively. The proposed control strategy is verified
by two 30 kW converter prototypes. The AC and DC interfaces of the converter are con-
nected to the DC and AC power sources, respectively. The insulated gate bipolar transistor
(IGBT) modules from Infineon (FF225R17ME4) are used. Table 2 shows the detailed param-
eters. Transient and steady-state experiments are carried out to verify the effectiveness of
the proposed control method. The oscilloscope from Teledyne Lecroy is used to measure
the waveforms. The hardware tests setup diagram with two paralleled converters at the
same power rating is shown in Figure 8.

Table 2. Parameters of simulation and experimental setup.

Parameters Value
DC-Link 800 V
Ly, Ly 3mH, 1 mH

Cr 15 uF

DC Capacitor 1100 uF
AC Source Voltage 220V

Switching Frequency 10 kHz
0.707
we 4500

wo 9000
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Converter 1

Figure 8. Studied system and hardware tests setup.

Case 1: Comparative analysis of the internal decoupling in a single converter.

Figure 9 shows the dgq axis components of the output current of a single converter
using conventional PI in comparison with the proposed control. Upon the active power
load switching at 0.5 s, the output currents iy under both control schemes have similar
transients, roughly dropping from 4 A to 1 A. In the meantime, the PI control stabilizes i, at
around 2.7 A and fluctuates by 1.64 A at most. In contrast, the proposed HD-LADRC has a
much lower i, that stabilizes at about 1.2 A, and the largest fluctuation is around 1.39 A. It
is obvious that better decoupling between dg components can be attained using proposed
HD-LADRC where lower i; and less fluctuations are observed.

- 0.2 0.3 0.4 0.5 0.6 0.7 0.8
/s
(a) dq axis components of output current using conventional PI control
10
5
< \
3 i
0
=5
10
> 0.93 1.39
« } .
< lraa N N |
0
02 03 04 05 0.6 0.7 08
t/s

(b) dq axis components of output current using proposed control

Figure 9. Internal coupling suppression effects of the converter control system.
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Case 2: Comparative analysis of the internal decoupling in a single converter.

Figure 10 compares the Total Harmonic Distortions (THD) of the output current of a
converter working in parallel with another converter using either PI or HD-LADRC. The PI
gives a THD of 5.33% which is reduced to 4.66% employing the HD-LADRC, indicating an
improved decoupling between among the converters working in parallel by the proposed
control scheme.
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(b) THD of output current using the proposed control

Figure 10. Coupling suppression effect among multi-converters.
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Experimental waveforms are given in Figure 11, where, clearly, the output current
under PI control contains more distortions compared to the current when using HD-LADRC.
This suggests that the output current is more effectively suppressed with HD-LADRC.

e o
t/ms(20ms/div)
(a) output current using PI control
*KI}VVKAEM
8. :
£ YOOI /”\/< V¥
| A\ X /\ A /
% : \!/ / \‘ \/ // \‘ \{/ // \‘ \ /\. \ /\
f (VIS A S AT S A

t/ms(20ms/div)
(b) output current using HD-LADRC control

Figure 11. Experimental waveforms of output currents of parallel LCL-type converters under steady-
state operation.

Figure 12 compares the output current of parallel converters using different control
schemes under load-switching operations. It can be seen that at 0.5 s, when load switching
occurs, the output current fluctuates greatly and takes about one cycle to reaches the
steady state when using PI control. In contrast, when the proposed HD-LADRC control is
adopted, the response is faster and the output current fluctuates less upon the disturbance.
Therefore, the proposed control offers better reference signal tracking, faster responses, and
thus improved system anti-disturbance performance.

107 T

phase current (A)

time (s)

(a) phase current using PI control
10 T T

J 1

A AN AR A h i hn i
AN e/

10| 1 L 1 1
03 04 0.5 0.6 07
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phase current (A)

(b) phase current using the proposed control

Figure 12. Comparison and verification of anti-disturbance performance.
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Case 3: Comparative analysis of anti-disturbance performance in parallel converter system.

Experimental results are given in Figure 13, where output currents using different
control strategies during transient load switching are compared. Both have good anti-
disturbance performance, and the steady state is reached again within 5 ms. By observing
the results more closely, the transient response under HD-LADRC is less fluctuating, and the
anti-disturbance performance is improved. Furthermore, the power transmission efficiency
of converters is increased to a certain extent under HD-LADRC control framework.
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(a) experimental waveform of output current using PI control during load switching
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(b) experimental waveform of output current using HD-LADRC control during load switching

Figure 13. Experimental waveforms diagram of parallel LCL-type converters under load switch.

6. Discussion

The LCL-type converters operating in parallel will have an additional offset resonance
peak on the bases of the inherent resonance peak due to internal and external disturbances
such as modeling errors, the number of parallel converters, grid impedance, and control
parameter differences. Traditional virtual damping control will have difficulty meeting
the parallel resonance suppression requirements. This paper proposes a parallel resonance
suppression method based on hybrid damping active disturbance rejection control. The
superior performance of active disturbance rejection control, which can balance system
overshoot and response time, has been verified by comparing the performance of active
disturbance rejection control and traditional PID control. However, due to the large number
and complex tuning of control parameters, linearization analysis was conducted on the
active disturbance rejection control to optimize the parameter tuning method. On the
basis of analyzing the state space model of LCL-type converters and combining with
the relevant principles of linear self-disturbance rejection control, a current inner-loop
controller based on third-order linear active disturbance rejection control is designed. The
multi-dimensional coupling generated by the number of parallel units, grid impedance,
parameter perturbation, etc. in the parallel converter system is classified as the total system
disturbance and compensated, which will reduce the offset of the resonant point and reduce
the coupling degree of the parallel converter system. A hybrid damping control method is
designed to reduce the occurrence of overvoltage, overcurrent, and other situations. This
control mainly includes capacitor current feedback control to suppress system resonance
peaks and capacitor voltage feedback control to reduce the resonance frequency offset.
In addition, the controller parameter tuning method is optimized to improve control
robustness by analyzing the anti-interference ability of the converter control system. Finally,
the feasibility and effectiveness of the proposed control method were verified through
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simulation and experimental analysis. The Total Harmonic Distortions (THD) of the output
current of a converter working in parallel with another converter using either PI or HD-
LADRC is compared. The PI gives a THD of 5.33% which is reduced to 4.66% when
employing the HD-LADRC. Compared with the research results of existing reference
literature, Table 3 gives the THD data under different control methods, where Method I
employs a conventional LCL filter. Method II adopts an ILCL filter without HD-LADRC
control [7]. Method III uses a CLCL filter with an LEZSCC controller [11]. Method IV is the
proposed HD-LADRC resonance suppression scheme. Table 3 gives the THD parameters
under different control methods, which indicate an improved decoupling between among
the converters working in parallel by the proposed control scheme. By observing the
results more closely, the transient response under HD-LADRC is less fluctuating, and
the anti-disturbance performance is improved. Furthermore, the power transmission
efficiency of converters is increased to a certain extent under the HD-LADRC control
framework. The research results indicate that the hybrid damping active disturbance
rejection control proposed in this paper has better reference signal tracking and disturbance
rejection performance compared to traditional PI control, which can effectively reduce the
coupling between parallel converters and reduce the risk of parallel resonance induction.

Table 3. THD of grid side current with different methods.

Methods THD Value
Method—I 5.33%
Method—II 12.88%

Method—III 9.56%
Method—IV 4.66%

7. Conclusions

In this paper, an HD-ADRC method is proposed to suppress the harmonic resonance of
parallel LCL-type converters, where both the internal and external disturbances are lumped
as total disturbances. A third-order linear disturbance rejection controller (LADRC) with
a linear extended-state observer and an error feedback control rate is designed based on
LCL-type converter model analysis. A hybrid damping control is proposed to reconstruct
the damping characteristics of converters to suppress the parallel resonance spike and
to reduce the resonance frequency offset. The parameter selection of the control system
is optimized through the stability analysis of tracking performance and anti-disturbance
performance of the HD-ADRC controller. The simulation and experimental results show
that the PI controller gives a THD of 5.33%, which is reduced to 4.66% when employing the
HD-LADRC, indicating an improved decoupling between among the converters working
in parallel by the proposed control scheme. The HD-LADRC control strategy proposed in
this paper has a good decoupling ability for the parallel converter. However, the third-order
control scheme will lead to a calculation time extension, which will affect the dynamic
performance of the control system. In the follow-up study, we will focus on the reduction
of the order operation of the LADRC control strategy to improve the response ability of the
control system and the difficulty of parameter tuning.
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i converter side current Uye DC voltage
Ucke filter capacitor voltage Ts sampling period
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ik grid side current Gt(s) controlled-current source
coefficient
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t tput volt: G
ik converter output voltage 1(8)iaref (5) controlled-current source
equivalent output
u 1t f PCC Yeq(s .
pee vottage o eq(s) admittance of the converter
. dg components of converter transfer function of PI
ld, g . . Gi (S)
side current iy controller
L dgq components of grid side transfer function of LCL
ind, Iog - Grer(s) .
current iy filter
. ain of the transform bridge
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U, (s ideal grid voltage wg, W .
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. proportional feedback
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controller of the system
by controller gain ky, k1 and kp controller gains
u control output ¢ damping coefficient
natural frequency of the
Yy system output fu equency ot ¥
system without damping
observation values of the approximate estimation of
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system state variables the system control gain
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