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Abstract: High-order filters, such as LCL, are more commonly employed in grid-connected inverters
(GclIs) as an interference element for the better attenuation of switching harmonics. However, LCL
filters may have resonance poles and antiresonance zeros in the frequency response with inverter
side current. This may affect the stability of the system and limit the control bandwidth with the
simple single-loop PI control. This becomes severe with the introduction of grid impedance due to
the large distance between renewable energy sources and the power grid. To mitigate this effect,
active damping and sensorless damping is preferred with pre-information about grid impedance.
In this paper, linear active disturbance rejection control (ADRC) is introduced, first to L filter type
Gcl and later extended to LCL filter type Gcls with minimum modification. From the frequency
analysis, it is shown that the characteristics of the proposed control scheme remain the same even
with a change in filter order and grid impedance. The resonance poles and antiresonance zeros
in the LCL filter are compensated via the pole-zero cancelation technique. In addition to this, the
preserve bandwidth, simple control design, and decoupled current control are also achieved with
the proposed method. The robustness of the proposed method is compared with the single-loop PI
control under different filter types and grid impedance uncertainty through MATLAB simulation
and experimental outcomes.

Keywords: active disturbance rejection control (ADRC); extended state observer (ESO); grid-connected
inverter; LCL filter; grid impedance; resonance and antiresonance effect

1. Introduction

Offshore wind energy is a promising industry that has the potential to transform
and decarbonize the distributed generation system. Offshore wind farms are integrated
with the central power grid via pulse-width modulated (PWM) grid-connected inverters
(Gcl). The high switching frequency of the PWM Gcl may generate harmonics in the high
frequency range [1]. To mitigate the harmonics pollution, a first-order inductive (L) filter
or inductive-capacitive-inductive (LCL) filter is usually interfaced between the Gcl and
the power grid. Generally, LCL filters are superior in terms of their size, weight, cost, and
harmonics attenuation compared to L filters [1].

Oscillation or instability of the Gcl may arise due to inherent resonance in LCL fil-
ters [1]. To resolve this resonance issue, different active and passive damping approaches
have been developed in the literature with the proportional-integral (PI) controller [2-7].
The single-loop voltage-oriented PI control for either the grid side current or inverter side
current as a feedback has been studied and analyzed without any damping technique [8].
However, in this method, L approximation control structure is utilized for LCL filters
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whose stability may deteriorate around the resonance frequency and limit the bandwidth
of the control. Another shortcoming is the assumption of the decoupled current control
and grid voltage disturbance rejection with the feedforward technique, which is generally
dependent on the filter type [9]. To further narrow the choice of current feedback with the
LCL filter, the inherent resonance damping and switch protection can be achieved with the
inverter side current [10]. However, careful design of the LCL filter is still needed with a
single-loop PI control to locate the resonance and antiresonance frequencies in the stable
location [4,8]. This makes the control design rely completely on the LCL filter design, which
may ignore the uncertainty and inaccuracy in the grid parameters.

Generally, the stability of an LCL filter type Gcl is linked with the filter design, con-
troller design, and grid network state at the point of common coupling (PCC). Based
on the offshore wind energy, the power grid may possess large grid impedance at the
PCC due to the long high-voltage AC (HVAC) lines and integrated transformers [11-13].
This makes the control and LCL filter design even more challenging due to the change in
resonance and antiresonance frequencies. The antiresonance effect in the LCL filter may
limit the bandwidth of the single-loop PI control further due to the proximity of the control
bandwidth [4]. Hence, it can be concluded that the single-loop PI control, with the proper
design of the LCL filter, may remain oscillatory and only low stability margins are achieved
with the grid impedance variation.

The disturbance observer is introduced in the LCL filter type Gcls to mitigate the
resonant harmonics [14-19]. In this context, the active disturbance rejection control (ADRC)
can measure the external, internal, and uncertain dynamic disturbance with the extended
state observer (ESO) and requires the minimum information about the plant [20,21]. In
recent studies, the concept of ADRC has been introduced to the LCL filter type Gcl to
mitigate the uncertain harmonics linked with the grid impedance variation, which may
affect the stability of the system [22-25]. Additionally, it has been revealed that the order of
ADRC and ESO can be reduced to further simplify the control design. The reduced-order
ESO (RESO)-based linear ADRC has got a higher damping ratio, more effective dynamic
compensation, and reduced complexity compared to the full-order ESO (FESO)- based
ADRC [24]. With the ADRC, we can reduce an inherently complicated and uncertain
system to a simple cascade integral plant, which can be controlled easily [22,26].

In this paper,

e  The first-order linear ADRC with FESO and RESO is proposed for the L and LCL filter
type Gcl with the inverter side current control separately.

e  The proposed controller is first designed for the L filter type Gcl, and later a similar
design is adopted for the LCL filter type Gcl with minimum tuning.

e  The resonance poles in the LCL filter are effectively cancelled out with the pole-zero
cancellation technique. In addition, the effect of antiresonance is greatly reduced by
applying a pole near antiresonance zero.

e  The control parameters contributing to antiresonance peak reduction are discussed in
detail in this paper.

e  The resonance poles and antiresonance zeros cancellation can enhance the stability of
the controller and overcome the bandwidth limitations.

e  The effectiveness of the pole-zero cancellation technique of the proposed controller is
analyzed by frequency response analysis using Bode plots under different LCL filter
design and grid impedance variations.

e The model-independent characteristics of the proposed control are explained
from the robust performance of the control with either L or LCL filters under grid
impedance uncertainty.

e  The robustness of the proposed controller is related with the conventional single-loop
PI control via simulation and only RESO based ADRC is compared with the conven-
tional control via experimental results under different configurations of the plant.
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The mathematical model and frequency response analysis of the Gcl with L and LCL
filters are addressed in Section 2. The single-loop PI control design and its stability is
analyzed in Section 3. In Section 4, the proposed control expression and stability analysis
are presented. The experimental verification to prove the analysis achieved in preceding
sections is shown in Section 5, and concluding remarks are drawn in Section 6.

2. Mathematical Modeling of the System and Frequency Response Analysis

The three-phase Gcl system, with either the L filter or the LCL filter, is shown in
Figure 1 where the inverter is provided with the constant DC voltage V;.. The voltage vpcc
at the PCC is sensed to synchronize the current and grid voltage with the phase-locked
loop. The grid impedance is mainly inductive, represented by L4, which may include the
line inductance Ly;,, of high-voltage transmission line and leakage inductance L. of the
power transformers. The grid voltage, inverter side voltage, grid side current, and inverter
side current are denoted by v, v, igr, and iy, respectively, with k used as an index for
three phases 4, b, and c. In this section, the mathematical model of the L and LCL filter is
presented and, afterward, their frequency response characteristics are analyzed with the
grid impedance variation.
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Figure 1. Three-phase Gcl with L or LCL filter.

2.1. Mathematical Model of L Filter Type Gcl

The equivalent single-phase circuit diagram for the L filter type Gcl is shown in
Figure 2a. The inductor L and equivalent resistor Ry are the parameters of the L filter. It is
worth noting that sensing either the grid side current ig or inverter side current i results
in the same mathematical model [8].

(a)
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o
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Figure 2. Equivalent single-phase circuits of Gcl (a) With L filter; (b) With LCL filter.



Energies 2021, 14, 5276

40f21

Phase (deg)

Magnitude (dB)

S
S

o
S

-90

-135

-180

The transfer function relating vy to iy for the L filter type Gcl, in consonance with
Figure 2a, can be expressed as

ik (s) 1

Gllk'v’k (S) Ul'k(S) S(L k+Lgrid) + Rk ( )

2.2. Mathematical Model of LCL Filter Type Gcl

The equivalent single-phase circuit for the LCL filter type Gcl is shown in Figure 2b.
The grid side inductor Lg, inverter inductor Ly, with their equivalent resistors Rk and Ry,
and the filter capacitor Cy (where vy is the voltage across Cy) are the parameters of the
LCL filter.

To achieve switch protection, inherent damping features, and operation under high
grid impedance, the current i; is chosen for the system modeling and controller design
in this paper [10,22]. The transfer function relating vj; to ij, in accordance with Figure 2b,
after ignoring the resistances Ry and Ry, can be expressed as

ix(s) 1 $2+w?
Uik(s> sLix Sz"'w%es

Giy o (s) = 2
where wyes= 27 f,,, and w,= 27 f, representing the filter resonance and antiresonance
frequencies, respectively, are computed as

Lig+Log + Loyi 1
ik Lok grid and w, =

-—_ 3
LixLerCae (L gk + Lgria) Cpe )

Wres =

2.3. Frequency Response Analysis

The frequency response characteristics are divided into three different frequency re-
gions. Region I is defined as a low frequency region, where the range covers the control
bandwidth. Region II is termed as a resonance region, and Region III is a high frequency
region where the range covers the switching and sampling frequencies. The frequency
response characteristics of the L and LCL filter are analyzed individually under the grid
impedance variations using the Bode plots, as shown in Figure 3a,b, using system param-
eters defined in Table 1. The characteristic frequency response for the L filter type Gcl
does not vary in all three regions of the frequencies, even under Lg,; variations as shown
in Figure 3a. With the LCL filter, the high frequency resonance poles and antiresonance
zeros, located in Region I, create positive and negative peaks in the frequency response
characteristics as shown in Figure 3b. This, in turn, makes the LCL filter characteristics
different from those of the L filter in Region II. As the L4 increases, the resonance and
antiresonance effect may deteriorate and challenge the stable LCL filter design.

Bode Diagram Bode Diagram
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Figure 3. Frequency response characteristics of the system under Lg;g variations (a) L filter type Gcl; (b) LCL filter type Gcl.
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Table 1. System parameters.
Element Symbol Parameter Value p. u. Values
Veab Line-to-line voltage 208V
P Nominal power 1.4 kVA
] fe Base frequency 60 Hz
Grid
Leyia Grid impedance (0, 4 mH) 0-4.8%
fsw Switching frequency 20 kHz
Ve DC-link voltage 400V
I filter Ly Inductor 20 mH 24.4%

Ry Equivalent resistance of Ly 10
L Inverter side inductor 2mH 2.4%
Lk Grid side inductor 2mH 2.4%

LCL filter Rix Equivalent resistance of Ly 050
Rek Equivalent resistance of Lgy 050
C Filter capacitor 1 uF 1.1%
fe Control bandwidth 1kHz

Controller Wo Observer bandwidth 4w,
fs Sampling frequency 40 kHz

3. Conventional Single-Loop PI Current Control Modeling and Analysis
3.1. Control Modeling

The block diagram of the single-loop PI current control is shown in Figure 4. The
inverter side current ij after the abc—dg transformation i;4, is chosen as the system variable
for the control. The reference currents 74 s and i;; s are driven by active and reactive
power references, respectively. The control dynamics, expressed by Gp;(s), are given as

K:
Gpr(s)= w, x (Kp + ;) 4)
where, the proportional gain K, and integral gain K; are derived as

Ky = %,—’;lc, K; = ‘1/% for the L filter type Gcl
Lik+Lgk Rik+ng

5
Ky = =%, Ky = === for the LCL filter type Gcl ©)

and w.= 27t f . is the control bandwidth selected based on the desired controller performance.

—> VdC —> qiklvik (S) —> >

Figure 4. Block diagram of single-loop PI control for L or LCL filter type Gcl.
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Phase (deg)

Due to the single-loop control structure for the LCL filter, the dynamics associated
with igp and vg are completely ignored in the stability and performance analysis [22]. The
coupling effect in the inverter side current and grid voltage disturbances are compensated
by the feedforward technique in the control signal u4, [22]. However, it is not possible
to achieve a perfect decoupled system due to the presence of delay in the loop [8]. Addi-
tionally, the grid voltage disturbance rejection with the feedforward technique depends
on the filter type [9]. Consequently, in the stability analysis, decoupling and grid voltage
disturbance rejection are also discarded. Besides, to avoid integrator saturation in the PI
controller, an anti-windup mechanism can be adopted for each d and q current controllers.

Due to the discrete nature of the control algorithm, the computational and processing
delay is also considered in the loop gain (not shown in Figure 4), equal to one sample
period T; delay. The loop gain transfer function, G,y _pi(z), with the single-loop PI control
for the L and LCL filter, using ZOH for discretization, (from Figure 5) is computed as [27]

Gop_p1(z)= 2" Z{V4Gpi(s)G(s)} 6)

3.2. Frequency Response Analysis

The frequency response characteristics of the single-loop PI control with the L and
LCL filter type Gcl are analyzed by Bode plot and root locus. The impact of grid impedance
change on the magnitude and phase of the loop gain transfer function is investigated
thoroughly. The similar frequency response characteristics of the L filter type Gcl can be
observed in all three regions of frequencies, as shown in Figure 5a, under grid impedance
Lgyiq variation. The low frequency pole of L filter type Gl is cancelled by zero in the Region
I'as shown in Figure 5b. This pole-zero cancellation is affected with the change in L,y as
shown in Figure 5b. However, its impact on stability is negligible due to pole frequency
being lower than the bandwidth of the control. The stability margins achieved with the
single-loop PI control are provided in Table 2.
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Figure 5. Frequency response of Loop gain for L filter type Gcl with single-loop PI control under Ly, variation (a) Using

Bode Plots; (b) Root Loci.

The loop gain frequency response characteristics of the LCL filter type Gcl in Region II
remain affected by the resonance and antiresonance peaks with the single-loop PI control
structure, as shown in Figure 6a. When Ly, is considered in the loop, the change in the
resonance and antiresonance magnitude and frequency in Region II can be observed. In
addition, the effective control bandwidth f. is reduced with an increase in Ly because of
the antiresonance peak approaching the selected 1 kHz bandwidth, as shown in Figure 6a
and Table 3. This may cause a slower reference tracking and poor disturbance rejection
capability [4,8].
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Table 2. Stability Analysis of Single-loop PI Control for the L Filter Type Gcl.

Grid Impedance Bandwidth Gain Margin Phase Margin
Levia (mH) f. (Hz) GM (dB) PM (°)
0 1000 16.1 76.5
1 953 16.5 771
2 910 16.9 77.7
3 870 17.3 78.2
4 834 17.7 78.7

Root Locus

Bode Diagram
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Figure 6. Loop gain Bode plots for the LCL filter type Gcl with single-loop PI control under Lgyiq variation (a) Using Bode

Plots; (b) Using Root loci.

Table 3. Stability analysis of single-loop PI control for the LCL filter type Gcl.

Grid Resonance

Impedance Frequency Bandwidth Gain Margin Phase Mgrgin
Lgyig (mH) F oo (kH2) f. (Hz) GM (dB) PM (°)

0 5.03 970 6.03 14.7

1 4.59 768 6.6 18.7

2 4.35 643 6.84 20.8

3 421 550 6.96 22.1

4 411 478 7.04 229

The Nyquist stability criterion reveals that the stability of the LCL filter type Gcl in
Region II of Figure 6a, due to the close vicinity of —180° phase crossing, changes with an
increase in the grid impedance Ly,;; as shown in Table 3. The slight increase in the PM can
be achieved at a low resonance frequency with high grid impedance, as shown in Table 3.
Additionally, resonance poles remain near the boundary of the unit circle, which reflects
lower stability margins, as shown in Figure 6b.

For system dynamics compensation, preserving the bandwidth, and robust stability of
the controller, it is necessary to cancel out not only resonance poles but also antiresonance
zeros present in the frequency response of the LCL filter type Gcl. In addition, with the LCL
filter, the simple proportional feedforward technique for the decoupling and grid voltage
disturbance may not work effectively with the single-loop PI control [8]. For this reason,
different controller structures with PI are advised along with an appropriately designed
LCL filter, and the prior information about the grid impedance is required [28].
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4. Current Control with the Proposed Linear ADRC
4.1. Control Modeling

The commonly used block diagram of the first-order linear ADRC is shown in Figure 7
where the only required information is the order of the system and the controller gain
parameter b. To proceed with the first-order ADRC, the L filter type Gcl transfer function,
derived in (3), is adopted for the control design. Subsequently, a similar control configura-
tion without order modification is applied to the LCL filter type Gcl to show the simplicity
of the design. The transfer function of the L filter type Gcl can be rewritten to match with
the general structure of the linear ADRC as

‘ _yls) 1
Gliklvik (S) - @ - SLT+Rk' (7)

where y = i and u = vj. In the time domain, (7) can be transformed to

1 R
u
! W : 1/b 1 (Blikvik(s) y:

Z1 ESO

A

Figure 7. General block diagram of the first-order linear ADRC, adapted with permission from [22],
Copyright 2021 Elsevier.

This can generally be represented by
x1=bu + xo 9)

where the gain parameter b, the only difference with the proposed control structures for
the L and LCL filter type Gcl, is initially opted as

b :%’: for the L filter type Gcl

10
= Lik"/gCLgk for the LCL filter type Gcl (10)
and the system states x; and x; are computed from (11) and (12) as
1=y
R (11)
{ 0= —b)u—riy=hy d 1)

where 1 (y, d, t) represents a generalized disturbance function, which describes the system
variable to the control by y, and disturbances and system uncertainties by d. Based on (9)
and (11), the state space model with the extended state can be represented as

[2]:{85“2%{”‘%“]” (12)

y=[1 o]{xl] (13)

and
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The second-order ESO used to estimate 21 and £, tracking x; and xy, respectively, is
constructed as [24]

[z”:{g g)Hi”%é]bH{%ﬂ(y—ﬁl) (14)

where the observer gains [ f; B, | areselected as [ 2wy wg ], and wy represent the

observer bandwidth [23]. Note that wy (>0) , which is the only tuning parameter of ESO,

determines the convergence rate of the ESO, selected as four times of w, in this paper [22].
The estimated state Z; can be compensated by the controller, shown in Figure 7, as

N> -

_up— 2o
b

(15)

here, 1 is the output of the controller. By substituting (15) into (9), the original system can
be approximated as

y(t) = ug (16)

Note that, by applying the first-order ADRC, the system is approximated as a sim-
ple integrator without any dynamic uncertainty, as shown in (16). Therefore, simple
proportional control can be employed as

up= we(r —y) (17)

where 7 is the reference and y = Z; and w, is the control bandwidth. With some straightfor-
ward deductions from (14), the estimated extended state Z, of FESO, after taking Laplace
transform, can be derived as

wi{sy(s) —bu(s)}
(s +w0)2

Z(s) = (18)

The construction of the linear ESO, as shown in (14), represents FESO. However, to
estimate generalized disturbance function /4 only, the order of the ESO can be reduced as
the system state x; is directly available for measurement. The RESO can be constructed
with 2, to track x,= h as [23]

22 = —wq Zp — wobu + woy (19)

By applying the Laplace transform, (19) is converted to

22(5) _ wO{SyS(Sj» ;fu(s)} (20)

Then, by substituting (17) and (18) for FESO-based ADRC into (15), the control signal
is derived as ) )
u(s) ~@elsE@0)? (r(s) ~y(s)} __«hy(s) o

bs(s + 2wyq) b(s + 2wq)
Similarly, substituting (17) and (20), for RESO based ADRC, into (15), results in

_we(s+two){r—y(s)}  woy(s)
u(s) = o - (22)

The block diagram of the current controller for either FESO- or RESO-based ADRC,
based on (21) and (22) with u equal to u,, for the L or LCL filter type Gcl, is shown in
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Figure 8 where G.(s) and G,(s) can be obtained from the first and second terms on the
right side of (21) and (22) for the FESO- and RESO-based ADRC, respectively, as

_ we(s+wp)? _ w§
Ge(s) = %, Ge(S) = 5125, For FEO based ADRC 23)

Ge(s) = “lren) G, (5) = <0 For RESO based ADRC

Figure 8. Block diagram of the current control of an L or LCL filter type Gcl with either FESO- or RESO-based linear ADRC.

The input to the system v instead of u, as in Figure 8, is obtained by
V= Vi taq(s) (24)

The block diagram, shown in Figure 8, contains the inner and outer loop with FESO
and RESO dynamics. The differences in Figures 7 and 8 are the feedback signal y replaced
by i;4, instead of ij; after the abc—dq transformation, and reference r by iz, rr. The coupling
effect and the grid voltage variation due to the uncertainty in L,y are considered as
disturbances estimated by FESO or RESO and compensated in the control law of the
linear ADRC.

The loop gain transfer function Gy, _aprc (z) for the L filter type Gcl or LCL filter type
Gcl with FESO- and RESO-based ADRC with the consideration of one sampling delay for
the computation, based on Figure 8 using ZOH for discretization, can be derived as

Vdc GC (S) Gi,'k,Ziik (S) }
1 + VdC GE Giikfvik (S)

Gop_ADRC(Z): le{ (25)

The stability of the proposed controller structures with FESO- and RESO-based ADRC
for the L and LCL filter type Gcl is analyzed separately. In addition, the control parameters’
impact on the proposed controller performance and robustness is discussed in detail.

4.2. Stability Analysis with FESO-Based ADRC
4.2.1. For L Filter Type Gcl

The frequency response characteristics of the L filter type Gcl remain the same in all
three regions of frequencies, as shown in loop gain Bode plots in Figure 9, even under
grid impedance change. The frequency response characteristics of the L filter type Gcl
with FESO-based ADRC matches with the single-loop PI control dynamics. However,
with FESO-based ADRC, the control bandwidth is preserved, as shown in Table 4, and the
feedforward technique for the decoupling, and grid voltage disturbance are not required.
The grid voltage disturbances and coupling effect are being treated as disturbances in the
generalized disturbance function and estimated by FESO. In addition, with changes in
the grid impedance, a low frequency pole cancellation is not affected, which makes the
FESO-based ADRC robust to the parameter uncertainty as shown in Figure 10.
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Table 4. Stability Analysis of FESO-Based ADRC for the L Filter Type Gcl.
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Figure 10. Pole-zero map of loop gain transfer function for L filter type Gcl with FESO-based ADRC (a) For Lg;iy = 0;

(b) Lgrid =4 mH.

4.2.2. For LCL Filter Type Gcl

The frequency response characteristics of the loop gain transfer function are analyzed
using Bode plots and pole-zero map with FESO-based ADRC for the LCL filter type Gcl.
First, the characteristics of loop gain are compared with the variation in the gain parameter
b to reduce the modification in the proposed control structures for the L and LCL filter type
Gcl, as shown in Figure 11. It is clear that FESO-based ADRC can successfully compensate
the resonance effect with the pole-zero cancellation technique. In addition, the presence of
an antiresonance peak can also be reduced with a decrease in b, as shown in Figure 11a,
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until two proposed control structures for the L and LCL filter type Gcl match, where by, can
be derived as

b
bm:Eformzl,Z,&... (26)

with b derived from (8) and (9) for the LCL filter type Gcl. With the decrease in b, the ADRC
introduces a pole near the antiresonance zero as indicated in Figure 11b. The two proposed
control structures for the L and LCL filter type Gcl become identical with the adoption
of b as bs. However, the variation in b has some limitations with the FESO-based control
structure as shown in Figure 11a in the Region III. The control structure becomes marginally
stable with the adoption of b as b3 and unstable as by according to the Nyquist stability
criterion. This limitation arises from the control poles introduced by FESO-based ADRC, as
shown in Figure 11b, whose locus may go out of the unit circle with a decrease in b. With
a decrease in the gain parameter b, a slight increase in the bandwidth is also observed as
indicated in Figure 11a; however, this can be ignored here.
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Figure 11. Loop gain frequency response using FESO-based ADRC for LCL filter type Gcl under variation in gain parameter
b (a) Using Bode Plots; (b) Using root loci.

The observer bandwidth wy also plays an important role in the resonance and antires-
onance peak reduction present in the frequency characteristics of the LCL filter, as shown
in Figure 12a, with FESO-based ADRC. However, the observer bandwidth is limited by the
measurement noise, and it is selected as 4w, in this paper [22].
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Figure 12. Loop gain Bode plots for LCL filter type Gcl with FESO-based ADRC (a) Under observer bandwidth variation;
(b) Under grid impedance variation.
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The resonance effect in the LCL filter is effectively mitigated, as shown in Figure 12b,
even under grid impedance change where the value of b is selected as b,. However, due to
the antiresonance peak in the loop gain bode plot, the bandwidth of the control is limited
as shown in Table 5. To preserve the bandwidth of the control, it is necessary to mitigate
the antiresonance peak. For this reason, RESO-based ADRC control structure is employed
in this paper.

Table 5. Stability Analysis of FESO Based ADRC for the LCL Filter Type Gcl.

Grid Impedance Resonance Frequency Bandwidth Gain Margin Phase Margin
Lgyiq (mH) fres (kHz) f. (Hz) GM (dB) PM (°)
0 5.03 1000 3.31 89.5
1 4.59 989 3.39 85.3
2 4.35 969 3.42 81.2
3 421 945 3.44 77.3
4 4.11 918 3.45 73.6

4.3. Stability Analysis of RESO-Based ADRC
For L Filter Type Gcl

The frequency response characteristics of the L filter type Gcl does not change in all
three regions of the frequency, as shown in Figure 13, with grid impedance variations. The
control bandwidth is also preserved, which creates the performance of the control-like
FESO-based ADRC with the L filter type Gcl, as illustrated in Table 6. However, the simple
control design is achieved by adopting RESO with the ADRC. The low frequency pole of
the L filter type Gcl is cancelled by the pole-zero cancellation technique, in the same way as
FESO-based ADRC, even under grid impedance change, as shown in Figure 14a,b, without
control tuning.

Bode Diagram
R —0 —1ImH —2mH —3r
— | Lyjg=—=0 —1imH —2mH —3mH
~Qfp————= —_——
jas]
=
e
2
‘g
2
=

o
S

'
©
(=]

Phase (deg)

Frequency (Hz)

Figure 13. Loop gain frequency response characteristics of the L filter type Gcl with RESO-based
ADRC under grid impedance variation.
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Table 6. Stability Analysis of RESO Based ADRC for the L Filter Type Gcl.

Grid Impedance Bandwidth Gain Margin Phase Margin
Lgyia (mH) £. (Hz) GM (dB) PM (°)
0 1000 16.1 76.5
1 996 16.3 75.9
2 993 16.5 75.3
3 990 16.7 74.7
4 987 16.9 74.1
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Figure 14. Root locus of loop gain transfer function for L filter type Gcl with RESO-based ADRC: (a) For L, = 0; (b) For

L
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rid = 4 mH.

The stability of RESO-based ADRC for the LCL filter type Gcl is also analyzed with
Bode plots and pole-zero maps against variations in gain parameter b as shown in Figure 15.
It can be seen from Figure 15a that the magnitude of the antiresonance peak decreases with
a decrease in b, which may create a similar controller configuration for the L and LCL filter
type Gcl with b adopted as bs. In addition, a further decrease in b is also possible with
RESO-based ADRC as it does not make the controller unstable, unlike FESO-based ADRC.
With the continuous decrease in b, the pole introduced by RESO-based ADRC comes near
the antiresonance zero and pole-zero cancellation also takes place as shown in Figure 15b.
In addition, the wy can be a very crucial factor with resonance and antiresonance peak
reduction with RESO-based ADRC as with FESO-based ADRC.

90
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Figure 15. The frequency response of the loop gain using RESO-based ADRC for the LCL filter type Gcl under variations in

gain parameter b (a) Using Bode plot; (b) Using pole-zero map.
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Magnitude (dB)

Phase (deg)
|

The loop gain frequency response characteristics of the LCL filter type Gcl with
conventional PI control, FESO- and RESO-based ADRC are compared in Figure 16a with
Bode plots. The characteristics, shown for FESO- and RESO-based ADRC, are under
the nominal value of b selected from (8) and (9). The resonance effect is completely
compensated by FESO- and RESO-based ADRC and the antiresonance peak is greatly
reduced in comparison with conventional PI control. Due to the higher damping ratio, the
antiresonance peak can be reduced further when RESO-based ADRC control configuration
is chosen as shown in Figure 16a. It is also clearly mentioned that the stability margins
are significantly improved with the proposed ADRC in comparison with conventional
PI control. Due to the simplicity of control design, more effective compensation of the
resonance and antiresonance peak, high robustness, and the preserved bandwidth, the
RESO-based ADRC is adopted for the control design in this paper.

) Bode Diagram
—PI—=FESO based ADRC —RESO based ADR(“

Bode Diagram
Lyig ={=0 —ImH —2mH —3mH

Y~

Magnitude (dB)

gf

agopm—t e e

Phase (deg)

Frequency (Hz) Frequency (Hz)

(@) (b)

Figure 16. Loop gain frequency response characteristics (a) PI, FESO, and RESP-based ADRC comparison; (b) with the
RESO-based ADRC under L, variation.

Using (25), the frequency response characteristics of loop gain transfer function using
RESO-based ADRC with Bode plots are shown in Figure 16b with variations in Lg,s. The
gain parameter b is selected as bs to make it similar to the L filter type Gcl. The resonance
poles in the Region II of the LCL filter type Gcl are perfectly damped by RESO-based ADRC
by using pole-zero cancellation, as shown Figures 16b and 17, even under grid impedance
variations. However, a small variation is observed in Region II, as shown in Figure 16b,
because the antiresonance peak compensation depends on Cg, Lgi4, wo, and gain parameter
b. Fortunately, this variation can be ignored as it does not affect the bandwidth or stability
of the proposed controller. The performance and robustness of the proposed controller is
preserved, even under the grid impedance variation, as shown in Table 7. In addition, the
stability of the proposed control is sus tained with an increase in the resonance frequency,
by decreasing the filter capacitance Cg of the LCL filter type Gel beyond the limits of the
conventional single-loop PI control i.e., fres< f,/6 as shown in Figure 18 [22].

Table 7. Stability Analysis with the Proposed RESO Based ADRC for the LCL Filter Type Gcl.

Grid Impedance Resonance Frequency Bandwidth Gain Margin Phase Margin
Leyig (mH) foos (kH2) f. (Hz) GM (dB) PM (°)
0 5.03 1000 10.4 87.4
1 4.59 1000 10.4 86.5
2 4.35 1000 10.4 85.6
3 4.21 999 10.4 84.6
4 4.11 997 10.4 83.4
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Figure 17. Root locus of loop gain transfer function for the LCL filter type Gcl with RESO-based ADRC (a) For Ly = 0;

(b) For Lgyjg =4 mH.
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Figure 18. Loop gain Bode plots under different filter capacitance Cy of the LCL filter type Gcl.

5. Experimental Results

The series of experiments were performed on a three-phase Gcl system with either L
or LCL filter. To introduce inductance L,,;; into the grid, an additional inductor was added
in series with the grid side inductor Lg;. Additionally, a three-phase transformer was used
to isolate the inverter from the grid, and the leakage inductance of the transformer was
also included in Lg;;. The complete experimental setup is shown in Figure 19.

5.1. Performance Comparison with the L Filter Type Gcl

By setting the bandwidth w, as 1 kHz with the L filter type Gcl, the settling time T
with the conventional single-loop PI control and proposed RESO-based ADRC due to the
assumption of the system as a simple integrator was found to be approximately 900 ps [26].
From the reference tracking of i;; and i;; components of the inverter side current iy, shown
in Figure 20, it was verified that the proposed and conventional control method followed
the calculated Ts and achieved the selected bandwidth for the control. However, due to
the existence of the coupling between i;; and i;;, the proposed control seemed to have
better decoupling characteristics than its counterpart single-loop PI control. The impact of
the grid impedance L,y variations on the performance of the proposed and conventional
single-loop PI control with the L filter type Gcl was negligible; hence, only one waveform
is shown in this paper with zero Lgy.
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Figure 19. Experimental setup of the three-phase LCL filter type Gcl under grid impedance, reprinted with permission
from [22] Copyright 2021 Elsevier.
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Figure 20. Current tracking ijq and i;, for L filter type Gel with Lg, 4= 0 (a) single-loop PI control; (b) RESO-based ADRC.

5.2. Performance Comparison with the LCL Filter Type Gcl

The current tracking results of 7;; and i;; components of the inverter side current with
the LCL filter type Gcl are shown in Figure 21 with zero grid impedance for the proposed
and conventional single-loop PI control. The proposed RESO-based ADRC can produce
the required T, whereas the slower control dynamics are observed with the single-loop PI
control in the case of the LCL filter. The different filter configurations have no impact on the
proposed RESO-based ADRC control performance, which proves the model-independent
characteristics of the control. Furthermore, oscillations in the transient state clearly explain
the resonance effect present in the single-loop PI control structure, which may grow further
if the parasitic resistance Rgx and Ry of the LCL filter are lowered. In comparison, the linear
ADRC not only compensates the resonance and antiresonance effects present in the LCL
filter but also achieves better decoupled control.

Due to effective dynamic compensation with the proposed method, it is also possible
to increase the resonance frequency by lowering filter capacitance Cy or filter inductances
Ly and L. The effect of an increase in the resonance frequency, by adopting Cg= 0.5 pF,
on the performance of the proposed and single-loop PI control can be seen in Figure 22,
where the single-loop PI control becomes unstable, however RESO-based ADRC maintains
its stability. The performance comparison of the proposed and conventional single-loop PI
control, with Cg = 0.5 uF, can also be verified from the three-phase inverter side current i;
as shown in Figure 23.
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Figure 21. Current tracking of ijy and i;; with Lg,;;= 0 (a) single-loop PI control; (b) RESO-based ADRC.
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Figure 22. Current tracking of ijq and i;; with Cg = 0.5 uF (a) Single-loop PI control; (b) RESO-based ADRC.
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Figure 23. Three-phase inverter side current with Cg = 0.5 uF (a) Single-loop PI control; (b) RESO-based ADRC.

The controller performance, under Lg;; = 4 mH, can be seen in Figure 24 for the
single-loop PI control and the proposed RESO-based ADRC. The oscillations in single-loop
PI control are reduced somehow due to increases in the stability margin with an increase in
the grid impedance Lg,;;. However, the controller dynamics are affected with an increase
in the Lg;;y due to the closeness of the controller bandwidth w, and the antiresonance peak
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as described in Section 3. In contrast, similar control dynamics are achieved, even under
high grid impedance, with the proposed method without any controller modification or
tuning. Furthermore, the model-independent characteristics can also be verified from the
tracking response, which remains the same under grid impedance uncertainty.

LeCro LeCroy

lig_ref (ZA/diV) 2AJd lia_ref (2A/diV) lia (A/dIV

TS — TS (—

fig_ref (LA/diV) iiq (LA/div) liq_rer(LA/div) iiq (LA/div)
= Time (2ms/div) = Time (2ms/div)

3 3

(a) (b)
Figure 24. Current tracking of ijq and i;; with L¢3 = 4mH (a) Single-loop PI control; (b) RESO based-ADRC.

The performance of the proposed RESO-based ADRC, based on its bandwidth preser-
vation, can also be verified from the settling time T from the three-phase inverter side
current along with its d-component current reference, with Lg,;; = 4 mH (Figure 25).

LeCroy
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t . y EELAL

@) (b)
Figure 25. Three-phase inverter side current with Lg;;q = 4 mH (a) Single-loop PI control; (b) RESO-based ADRC.

6. Conclusions

The resonance and antiresonance peaks present in the LCL filter type Gcl with the
inverter side current are effectively damped with the RESO-based ADRC using the pole-
zero cancellation technique, without any prior information about the plant. Increased
robustness of the controller, along with faster dynamics (even under grid impedance
uncertainty or different filter configuration) were demonstrated with a frequency response
method and verified experimentally. The simplicity of the proposed control design is
explained based on the adoption of the similar control design for both the L and LCL filter
type Gcls plants.
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