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Optimized Active Disturbance Rejection Control
With Resonant Extended State Observer for Grid
Voltage Sensorless LCL-Filtered Inverter

Thuy Vi Tran”, Kyeong-Hwa Kim

Abstract—A robust optimized active disturbance rejection con-
trol (ADRC) based grid voltage sensorless current controller is
developed for an LCL-filtered grid-connected inverter (GCI) via a
predictive control approach under various sources of disturbance,
including the model uncertainties, the LCL inherent resonance phe-
nomenon, and nonideal grid environment. Aiming to improve the si-
nusoidal reference tracking performance as well as to reject lumped
sinusoidal disturbances in the control practice, a resonant extended
state observer is integrated into the ADRC structure, which guar-
antees a rigorous stable operation of inverter for bounded filter
parameter uncertainties and adverse grid voltage conditions. The
grid frequency adaptability is thoroughly considered in the con-
troller design process and synchronization technique, offering an
extra capability for GCI to operate under different grid voltage
frequency levels or even the frequency deviation caused by grid
fault events. Robustness against parameter uncertainty and system
stability is analyzed through the discrete-time frequency analysis
and pole-zero map approaches. The simulation and hardware
experiments are conducted for GCI with LCL filter parameters
designed for two typical regions (i.e., the resonance frequency is
less and greater than one-sixth of switching frequency) to vali-
date the theoretical analysis and the effectiveness of the proposed
control method.

Index Terms—Active disturbance rejection control (ADRC),
generalized predictive control (GPC), LCL-filtered grid-connected
inverter (GCI), resonant extended state observer (RESO),
uncertainties and disturbances, voltage sensorless control.

I. INTRODUCTION

OWADAYS the intensive utilization of voltage-source
inverter (VSI) for interfacing the power sources with the
unity grid is observed along with the rapid development in smart
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grid and renewable energy-based distributed generation systems.
In industrial applications, high-performance grid-connected in-
verter (GCI) systems should be achieved in views of good quality
grid-injected currents and a reliable operation under several
unexpected conditions. To meet the grid connection standard
requirements, the LCL-type filters are commonly adopted to
attenuate the high switching frequency. In comparison with other
filter types, such as L or LC, the LCL filter offers a better
harmonic suppression capability. However, it requires more
attention in controller design to damp the inherent resonance
phenomenon of LCL filter by passive [1] or active [2], [3]
manners. Besides, since the physical system uncertainties and
the external disturbances always exist, the controller design for
GCT to ensure satisfactory output performance is a challenging
task. Particularly, the LCL filter parameter variations, which
come from the aging-induced degradation or the grid impedance
variation in the weak grid, cause negative effects or even destabi-
lize the operation of inverter controllers as well as the damping
strategies that rely on the accurate system model [4], [5]. To
avoid the degradation of the active damping (AD) method under
weak grid condition, the AD method is further developed with
the capacitor current and grid voltage feedback to obtain a stable
system for a wide grid inductance variation [6]. Another method
in [7] presents the weighted average current strategy to suppress
the resonance phenomenon and a separate-structure uncertainty
and disturbance estimator to improve the system robustness
under a weak grid. However, both approaches still require extra
sensors to measure the filter capacitor or inverter-side currents.
The grid voltages are considered as the external disturbance
input to the GCI system. To fulfill the objective of injecting high-
quality active power to the main grid, the controller is required
to be robust even if the grid environment contains unbalanced
and distorted harmonics, or the grid frequency varies during
grid fault events. Those adverse factors should be taken into
consideration in the high-performance GCI current controller
design process.

To inject high-quality currents under unbalanced grid volt-
ages into the main grid, a fast phase capture scheme to ex-
tract the positive and negative sequences of unbalanced grid
voltages is associated with the conventional current regulator
for LCL-filtered GCI in [8]. Otherwise, the control approaches
in [9] and [10] demonstrate their effective operations with the
L- and LCL-filtered prototypes, respectively, under unbalanced
grid voltages and the filter parameter variations by means of
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the combination of the uncertainty and disturbance observers
(DOBSs), and current controllers. Other control schemes in [11]
design arobust state feedback current controller in which the sys-
tem uncertainties and possible time-varying system parameters
are considered by solving the linear matrix inequalities. Even
though the evaluation results of the above schemes demonstrate
strong robustness under severe test conditions, those approaches
still require additional sensors to measure the capacitor currents
for damping the resonance phenomenon of the LCL filter. The
application of robust current controllers, such as an enhanced
Lyapunov-function-based control and the sliding-mode control,
is studied in [12] and [13], respectively, to deal with several
perturbation sources as distorted unbalanced grid and system
parameter uncertainties. However, the requirement of extra filter
capacitor voltage sensors in [12] and the multiple sliding surface
formations in [13] increases the system cost as well as controller
and hardware complexity.

Various control approaches for GCI have been investigated
in the literature not only to obtain the high-quality injected
currents but also to reduce the system complexity by adopting the
sensorless operation. In particular, the full-state feedback control
with augmenting multiple control terms to deal with the distorted
grid is presented in [14] and [15]. Even though those schemes
successfully realize the grid voltage sensorless operation, they
require the accurate power inverter model; thus, the output
currents are quite sensitive to uncertainties. In [16], the Lya-
punov energy function-based control and multiple estimators are
presented to verify the capability of eliminating the grid voltage
sensors or current sensors under adverse grid voltage conditions.
Although the analytical results show a small degradation of the
model-based estimators with the filter resistance and inductance
variation up to 200% from their nominal values, a large set of grid
impedance under a weak grid has not been considered. Another
approach in [17] achieves a robust AD algorithm against the
grid inductance change by means of a sliding-mode control for
an L-filter model, which is used to simplify the actual model of
the LCL filter. The stability of the system is well validated under
large grid impedance variations; however, it is noticed that since
the inverter-side current is chosen as the controlled object, the
resonance phenomenon may still happen if the grid-side current
is directly controlled. The finite control set model predictive
control (MPC) and a sliding-mode observer-based control are
presented in [18] and [19], respectively. Owing to robust current
control schemes and multiple observers to estimate both the
grid voltages and state variables, those approaches successfully
stabilize the LCL-filtered GCIs under both internal and external
perturbations with only grid-side current sensor installation.
However, all robust control schemes mentioned above have not
taken the grid frequency variation into consideration as one of
the major disturbance sources during grid faults.

Recently, there is a particular focus on estimating and elim-
inating disturbance influences in the physical inverter systems,
which has been reported in several approaches, such as the
unknown input observer (UIO) based scheme [15], the DOB
based current controller [20], and the active disturbance rejection
control (ADRC) with extended state observer (ESO) [21], [22].
Since the UIO-based control scheme is originally constructed

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

to estimate the external disturbance only (i.e., the grid voltage
disturbances), the internal uncertainty has not been considered
yet. On the other hand, the DOB-based controller [20] formulates
the inverse of the nominal plant transfer function to estimate the
unknown plant dynamic as well. However, the requirement of
two separated observers to accomplish the control objectives in
this approach raises a concern of heavy computational burden.

The development of ESO in the ADRC concept proposed
in [23] and [24] is also based on the state-space approach as
UIO. However, the lumped internal and external disturbance
estimation sets the ADRC apart from the conventional coun-
terpart. In the GCI application, a linear ADRC-based direct
current control is implemented in the stationary frame [21]
and the synchronous reference frame (SRF) in [25] and [26]
to deal with the LCL resonance phenomenon and uncertainty in
filter circuits. By means of the ESO to estimate the output and
its derivatives as well as the lumped disturbance, the desired
control performance can be achieved by a simple linear state
feedback control algorithm with online disturbance rejection.
Although those schemes show favorable results under a large
range of filter parameter variations, the time delay in the digital
implementation is not considered in [21], and the unexpected
grid environment still challenges the control operation in [25]
and [26].

The traditional ESO with one extended state ensures the
asymptotical estimation convergence of states and the constant
or slowly varying disturbance, which is an advantageous feature
for the control scheme built in SRF. However, in case the
current controller is constructed in the stationary frame, the total
disturbance is in the form of the sinusoidal signal. It raises the
difficulty for the original ADRC scheme to completely reject
the disturbance and track the reference with high precision.
This problem is reported in the ADRC-based speed controller of
permanent magnet synchronous motor (PMSM) [27] in which
a proportional resonant (PR) regulator is utilized instead of a
proportional controller to combine the merits of ADRC and
PR controller for compensating both constant and time-varying
disturbances. Although the presented approach provides good
results for the first-order ADRC of the PMSM speed control, the
application for higher order plant as the LCL-filtered inverter has
not been studied. A higher order linear ESO is developed in [28],
known as generalized ESO, to improve the tracking performance
of time-varying disturbance. However, it is also not appropriate
to model the disturbance with an infinitely differentiable form
as the sinusoid. Furthermore, since the higher order ESO model
will narrow down the system stability margin, the order of ESO
should be considered carefully for each application [29]. The
resonant extended state observer (RESO) is first presented in
[30] in the continuous-time domain to overcome the challenge
of lumped sinusoidal disturbance. This scheme is experimentally
verified on the three-axis didactic radar platform. The modified
ESO with an integrated sinusoidal disturbance model tuned at a
fixed resonance frequency enables the asymptotic convergence
of both state and disturbance estimations.

To pursue the high-performance current controller for the
LCL-Afiltered GCI, an optimized ADRC-based current controller
is developed in this article. Aiming to fully eliminate the negative



TRAN et al.: OPTIMIZED ADRC WITH RESONANT ESO FOR GRID VOLTAGE SENSORLESS LCL-FILTERED INVERTER

effects from grid voltage disturbances and internal disturbances
caused by model uncertainties in the GCI system, a frequency
adaptive RESO and harmonic compensators are combined with
the ADRC-based controller, which achieves the objective of
output current tracking and disturbance rejection. Furthermore,
a least-mean-square-based frequency estimator technique is
adopted to extract the grid synchronization information from the
estimated disturbance of RESO, providing a grid voltage sen-
sorless operation. Inspired by the generalized predictive control
(GPC) method [31]-[33], an optimal control input is derived
by minimizing a receding-horizon performance index instead
of utilizing the pole placement method to select the feedback
gains of ADRC-based controller [21], [26]. Since the future
information of the proposed scheme is achieved by the Taylor
expansion, the optimal control law is offline explicitly derived;
thus, the heavy online computational burden of the conventional
MPC is avoided. The contributions of this article are as follows.

1) The current controller of the LCL-filtered GCI is devel-
oped based on the ADRC framework, where the proposed
frequency adaptive RESO is constructed in form of the
discrete current-type estimator to eliminate the system
delay caused by the digital implementation.

2) The control law via GPC is derived for the third-order
LCLfiltered GCI to form an optimal robust current
control scheme.

3) The following adverse disturbance sources are taken into
account in the design process: distorted and unbalanced
grid voltages, grid frequency variations, filter circuit un-
certainties, and weak grid with identical or different grid
impedance values among three phases.

4) The robustness against the internal and external distur-
bances, together with the stability of the proposed ap-
proach, is investigated through the discrete-time frequency
analysis and pole-zero map approach.

The feasibility and effectiveness of the proposed scheme are
verified by simulation and experiments with fair comparisons
to the conventional approach to demonstrate the performance of
the proposed scheme.

II. SYSTEM DESCRIPTION

A three-phase GCI configuration is represented in Fig. 1,
which includes the dc-link capacitor, VSI, and LCL filter. In
this figure, the LCL filter is constituted by the inverter-side
inductor L,, the grid-side inductor L, and the filter capacitor
Cy, while L, is the grid inductor to represent the weak grid
condition. The system state variables including the inverter-side
currents, grid-side currents, and capacitor voltages are defined
as 17, 15, and v7 (superscript x represents the reference frame of
variables), respectively. The inverter voltage v; and grid voltage
v3 measured at the point of common coupling (PCC) play the
role of a control input and a disturbance of the GClI system, vy is
the actual grid voltage behind the grid inductor L,. It should be
noted that all parasitic resistances of L, Lo, and L, are ignored
to consider the worst case of zero passive damping.

The objective of the current controller is to provide the high-
quality grid-injected currents even in the presence of various
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Fig. 1. Control block diagram of the LCL-filtered GCI system with the
proposed current control scheme.

internal disturbances caused by parameter uncertainties and
external disturbances from the grid. To improve the robustness
of the GCI and obtain good reference tracking performance, a
resonant-ADRC-based current control combining the RESO is
employed. In the proposed control structure, multiple resonant
controllers tuned at the low-order harmonics of the grid are
adopted as an effective method to maintain good output currents
from the severe distorted grid. Meanwhile, the ADRC-based
controller associated with RESO plays the main role to deal
with the unbalanced grid voltages and internal uncertainties.

Generally, the grid synchronization task is accomplished
by means of the phase-locked loop (PLL) with the measured
voltages at PCC, which are distorted or unbalanced under ad-
verse grid conditions. Therefore, for the purpose of not only
eliminating the grid voltage sensors but also overcoming those
negative effects, the grid frequency and phase angle estima-
tor are presented to extract the grid voltage information from
estimated disturbances.

A. Model of GCI System

The linear dynamic model of the inverter system in the sta-
tionary frame is given for the o- and (3-axis as follows:

Ly () = v (1) — 2B (1) (1)
ChoPD(t) = i (t) — is” (t) )
Lyis® D (1) = w2 (1) — 57 (1) 3)

where superscript (n) describes the nth time derivative, L] =
Ly + ALy, Ly = Ly + ALy, and C'; = Cy + ACY, the prime
symbol denotes the actual uncertain system parameter, and A is
the parameter error between the actual and nominal quantities.

B. Integral Chain Form of GCI System

The key idea that makes the ADRC approach apart from the
conventional schemes is to consider both internal disturbances
and external disturbances as a lumped disturbance, which is esti-
mated by an observer and eliminated in real time via the control
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input [23], [24]. To facilitate the idea, the uncertain inverter
model is first transformed to the integral chain form, in which
the system output of the grid-side current, first-order derivative
term, and second-order derivative term in the stationary frame
are expressed as follows [21]:

:c’fﬁ = igﬁ (4)
«@ a 1 « «
g’ = 23 = I (vcﬁ - Udﬁ) (5)
2
o 1 a
208 — 1525(1) = 7 (Ugﬁu) B Udﬁ(l))
2
1 (»aﬂ aﬂ) 1 aB(1)
= o (i) - g (©)
LyCY 1 2 L,
aﬂ(l):#(qﬁ_ aﬁ)_ 1 (m_ aﬁ)
323 L/IL/zc} Uz Uc LIQQC}. UC /Ud
I &
_ fg”dﬁ(Q)’ 7

From (5)—(7), the integral chain form of the GCI system is
presented in the state space as

mrlxﬁ(l) x?ﬂ
25" | = A | 257 | + Bof + Dy’
x;ﬁ(l) xgﬁ
(e} « « T
y*? = Clay”? 25" 23”] ®)
where
010 0 0
A= |001|, B=|0|, D={0], b,
0no bo 1

1 1 1
T L. T (Llcf - L20f>

C=[100], g“ﬁzgjﬁ(vgﬂ)—i—gf‘ﬂ(xgﬂ 0™ w)

» Uy
1 1
By _ B B(2)
ggﬁ(vda )__L/ILIQC},UZC _[721}3
ggﬁ(mgﬂ,v?ﬂ,w) = Ana:gﬁ + Abovglﬁ + w.

g*? describes a lumped disturbance that includes internal
disturbances of the system caused by parametric uncertain-
ties g?ﬂ (z5” ,vfﬁ ,w) , and the external disturbance g2*(v5*)
from the grid voltages. Moreover, it is worth to define An=

1 .
,(ﬁcﬁrfc,f)—n, Ab, = TI50, b, is caused by the LCL

filter parameter mismatches, and w is the unknown dynamic.

III. PROPOSED FREQUENCY ADAPTIVE RESO

The proposed frequency adaptive RESO is employed to es-
timate both integral chain states and sinusoidal lumped distur-
bance. In this section, the RESO structure is presented in the
discrete-time domain, and the grid voltage sensorless operation
of the GCI system is elaborated.
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A. Discrete Current-Type Frequency Adaptive RESO

Based on the measured grid-side currents, state variables x‘f’B s

xgﬁ ,and xg‘ﬁ and a sinusoidal lumped disturbance are estimated
by means of a RESO. The proposed RESO is constructed by
augmenting a frequency adaptive sinusoidal model having the
extended states 25 and i?ﬂ into the system model (8) in which
the variable :ﬁffﬂ is the estimated quantity of lumped disturbance
go‘ﬁ , and i'?ﬁ is the auxiliary variable to form the sinusoidal
model. Furthermore, to overcome the system delay caused by
the digital implementation, the proposed observer is constructed
in the discrete current-type form as follows [15], [28]:

(k) = x(k) + L(y*’ (k) — Hx(k)) )
%(k+ 1) = ®%(k) + Do’ (k) + ®L(y*? (k) — Hx(k))

(10)

where % =[27 237 257 07 2277 is  the  esti-

mated state vector with a current time step update,

x =297 257 257 2P z¢P]T is the output from the
predictive-type estimator.

0 0
Ade 0 0 Bde

P — 1 0|, T=

0 0 02cos(wTy) 1 0

000 -1 0 0

1 11"

lo 0
L= ||, H= |0

ly 0

l5 0

Age and By, are the discretized counterparts of matrices A
and B, respectively, w is the estimated grid frequency obtained
from the grid frequency estimator, and 7', is the sampling time.
The current-type estimator gain vector L is designed to ensure
that the discrete characteristic equation |71 — & + LH®| is
asymptotically stable. It is noticed that the proposed observer
form has the capability to update the frequency online, which
ensures to maintain the stability of the observer even under the
grid frequency variation. As a result, a RESO can be constructed
by using (9) and (10) not only to estimate the system states
ifﬁ , 9?;35 ,and ;?:gfﬁ but also to estimate the lumped disturbance
term g*° by means of the extended states ﬁ?fﬁ and :%?ﬁ and a
frequency adaptive sinusoidal model.

B. Inverter Synchronization by Estimated Disturbance

In (8), it is obvious that the lumped disturbance term g’
is dominated by the component of f’ug‘ﬁ /LY LyCY, which is
exceedingly larger than the remaining terms, and contains the
information on the grid frequency and phase angle. As a result,
the estimated lumped disturbance ifﬁ can be effectively utilized
to accomplish the synchronization task. Clearly, the performance
of the conventional PLL is severely degraded by the unbalanced
inputs. Therefore, rather than utilizing both disturbance states of
«and (3 axes to extract the grid information by the PLL approach,
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Fig.2. Control block diagram of the grid frequency and phase angle estimator.

the estimator block diagram, as presented in Fig. 2, is imple-
mented. The block diagram shows that only the disturbance state
2§ of the a-axis is fed to the proposed estimator through a gain
factor k, while a balanced quadrature 3-axis signal is regenerated
via the orthogonal signal generator [34], [35]. This step provides
the highly accurate estimation performance of grid frequency
and phase angle even under unbalanced grid condition. The pure
sinusoidal quantities from the orthogonal signal generator are
fed to the least-mean-square-based grid frequency estimator to
produce the estimated grid frequency and phase angle. These
estimated parameters are used to adaptively adjust the current
controller and RESO to avoid the performance degradation due
to the mismatched frequency information.

The proposed grid frequency and phase angle estimator in
Fig. 2 are mainly constructed by an adjustable sinusoidal signal
model and an adaptive learning rule [35]. The adaptive learning
rule is derived to produce the estimated grid frequency w with
online for minimizing the estimation error between the reference
sinusoidal signal f7* and the output of the adjustable sinusoidal
signal model ff“. Generally, the output of the adjustable si-
nusoidal signal model having the estimated frequency w as
oscillation frequency is presented in the discrete-time domain
as

Felk +1) = (k) — @To f} (k)
FP(k+1) = (k) + T f2 (k).

Y
(12)

It can be implied from (11) and (12) that the signal ff“ well
converges to f{* as the estimated frequency w reaches close to
the actual w. Thus, an adaptive learning rule is developed based
on the least-mean-square algorithm to minimize the estimation
parameter error ey (k), defined as [36]

ep(k) = f(k) — (k).

From (13), the adaptive learning rule to estimate w is calcu-
lated iteratively using the following:

AT fE (k= Ves (k)
e+ [T (k- 1))

(13)

Sk +1) = (k) + (14)

where 7y is an adaption gain and ¢ is a small value to avoid the
division by zero.
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Finally, for the synchronization purpose, the estimated grid
phase angle is directly derived from the outputs of the orthogonal
signal generator using the following:

N B
0 = arctan 71@ .
1

The effectiveness of the proposed synchronization technique
is demonstrated in Section V.

15)

IV. OPTIMIZED RESONANT-ADRC-BASED
CURRENT CONTROLLER

In this section, an optimized resonant-ADRC-based reference
tracking problem is solved to ensure that the output current of
the perturbed GCI system asymptotically tracks a reference. To
study the robustness and the stability of the proposed approach,
a two-degree-of-freedom (2-DOF) internal model control struc-
ture [37], [38] is developed for the proposed control scheme in
the discrete-time domain. It is noted that since the system model
in the a-axis and (-axis is independent, the current controller
can be designed for the a-axis, then applied it for the [S-axis
without the loss of generality.

A. ADRC-Based Controller Design

Inspired by the generalized MPC proposed by Chen et al.
[31], a generalized performance index with the tracking error
consideration is introduced for the GCI system as follows:

2 (16)

Tr — % - 2
J:f/ ly t+7)—y(t+7)] dr
0
where Tp is the predictive period, y is the prediction of the
inverter output y*, and y* is the prediction of the output current
reference y** within the horizon time interval.

It is noted that the relative degree of the LCL-filtered GCI
system is 3, where the relative degree is the number of differen-
tiations of the inverter output current y* before the control input
vi* appears explicitly. By means of the Taylor series expansion,
the future output y and its reference f of the GCI system with
the relative degree of 3 are presented as

3+r
yl+7) =y () +7y* V() + -+ mya(‘%” (t)
= S(7)y () (17)
5*(t +7) Ay () + Tya*(l)(t) L Tt yu*(3+7') (t)
(3+4r)!
=Sy () (18)
where S (r)=[17...&5y), ¥t =@y O@)

eyt ET @y () = [y () y D () oy )]
and r is the control order with the definition mentioned in [31].
In this article, r is selected as 1 for facilitating the practical
implementation.
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Rewriting the cost function (16) in terms of (17) and (18)

yields o 0 Tra &
_1n\gT 33 31 - 3x1 33 ¥31
RV Ty T . oy =M S gll]M [NW?)} {%gl S11}M
=3 [ EO-yOISETON O -yOlir NSNS
(22)
_ l[y* (1) — y(t)]Tg [y*(t) — y(t)] (19) . Taking the partial derivative of J in (22) with respect to v§"
2 yields
- Ir aJ ON(v;) I
here & = [ ST (P - _ ? ST & M
where & bf\y (1)S(7)dr v, < Dv, > [S731 S
1 Tp TP’fy TPPfs Tr'fy T
2 5 N (v, _
Tp Tp® Te® Jy TP4/6 Tr® [o4 <8 a\(}w)) S N(v). (23)

= | Tr?/y TPPfy TP*[y Tr®/15 TP®/sg
3 4 5 6 7

TP4 /6 TP5 /o TP;/ 12 TP7 /36 TPS/ 144 Letting ;2% = 0, the optimized control input v{"*(t) is ob-

Tr" Jo4 TP’ Jo4 TP® J4g TP' /144 TP [576

L= ) . tained as
The matrix & is divided into the submatrices as

oy _ [&—1AT
S & N(vi") = [S7195 T2 | M 24)
S = |28 03 Q0) . .. . o . o
ST S in which I 5 is a 2x2 identity matrix. Considering the expres-
sion of N(v{*) in (21), the first row of (24) can be written as
where
, bovg” () + g% = [k1 k2 ks 10] M (25)
L Tp 70/ T°fe Tr" foa 336 168 8
g3 = Tp Tp? Tefy |, Sar= | Tp')s Tr°foy with [k ko k3] = [573 572 7] is the first row of matrix
Tp? [y TP Jo Te® /4 Te® /1o Tr®/4g 37187
o6, T As a result, the optimal control input of the GCI is expressed
Sy =5 /36 P8/144 as follows:
Tr' /140 TP [576 | . ) )
v (t) = o[k ( ( ) y* (1) + ka(y>* D (2) — y M (1))
The tracking error [y*(t) — y(t)] is expressed as sy () — g @ (1) + 5O (1) — go1)).
(26)
Y (t) — y*(¢) It is worth to note that, in practical implementation, y*(r),
y W () — oM (1) v (1), y*@(7), and g* are replaced by their estimates generated
[y"(t) —y®)] = Yy @) (t) — (1) by the observer in (9) as follows:

ax(3) — b _ sa
I Y 0 (8) = a3 (8) — 85(0) + kaly™(0) - 35(0)

Fha(y () — 25 () + y P (2) — nig () — 25 (2)]-
031 @1 (27)
N(v$) Since the prediction time 7'p is a positive constant, the char-
acteristic equation of the proposed controller represented as

P(s) = 8% + k3s® + kas + ky (28)

|

)

) is always Hurwitz stable. Thus, the given optimal control input

)|, N(v$) in (27) ensures that the output state trajectory is driven to track

) the reference asymptotically.

) It is clearly shown that the controller gains are obtained as a
function of the predictive period Tp. Unlike the linear quadratic

_ [ bovi(t) + ga(t)] v regulator-based approach that requires to tune multiple design

( 3

bo’Uf (1)(t) + g_]a(l) t) factors, the optimal gain selection in (25) is determined based
0 on only one design parameter 7p, which further reduces the
= i g% = g% o laborious work.
[Ua(l)(t):| 9 g +nxy

Substituting (20) and (21) into (19), the cost function J is B Robustness and Stability Analysis

expressed as The ARDC structure can be established as a 2-DOF form to
analyze the robustness and stability of the system [37], [38]. The

J— 1 M 03,1 r N33 Sa1 M 03,1 proposed state-space ADRC-based controller comprised of the
) O IN(vE) ST S I N(v9) discrete current-type RESO and linear state feedback controller
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Equivalent framework of ADRC in view of the 2-DOF form.

Fig. 3.

is expressed as
%(k+1)=[® — LH®|x(k) + [I' — LHTJu(k)
+Ly“(k+1) (29)
u(k) = K[r(k) — %(k)] — GX(k) (30)
where K = ;-[k1 ko k3 10], G =3-[07000], u(k) =

v (k)
r(k) = [y (k) y> O (k) y>@ (k) y> @ (k) 0] T
Taking the Z-transform into (29) and (30) yields

2%(z) = [® — LH®]X(2) + [I' — LHTu(2) 4+ Lzy“(2)
€2y

u(z) = K[r(z) — %(2)] — GX(z) = Kr(z) — (K + G)%(2)
(32)

where r(2) = Z{[1 s s* s° O]TR(S)} and R(s) is the Laplace
transform of the current reference y**. By substituting u(z) in
(32) into (31), X(z) is solved as

Then, substituting (33) as shown at bottom of this page into
(32) yields u(z) into two parts according to the reference signal
r(z) and the measured output y(z) as

u(z) = C1(2)Fr(2) = Ca(2)2y°(2)
where F,.(z) = Z{Kr(s)}
Ci(z)=1— (K+ G)[?I1 — [ — LH®]

(34)

+ [ — LHI)(K + G)] '[T' — LHT]
Ca(z) = (K+ G)[zI — [® — LH®]
+ [ — LAT)(K + G)]"'L.

The structure of the proposed controller can be depicted in
Fig. 3. The numerical simulations are carried out in the frequency
domain to study the robustness and stability of the proposed
ADRC-based current controller. It is observed from the system
model (8) that the parameter variations in the filter inductances
L, and Lo, and the grid impedance L, caused by weak grid have
a similar effect to the system behavior; therefore, the analysis
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Fig. 4. Frequency response of the transfer functions under grid inductor
variations. (a) Gy4(2). (b) Ger(s).

for only L, variations is considered together with the effect of
the filter capacitor Cy variation. To conduct the robustness and
stability analysis, in this section, the LCL filter parameters are
designed for GCI in the low-frequency region, where L1, L, and
Cy are chosen as 1.7 mH, 1 mH, and 30 uF, respectively. The
controller parameters for the optimized ADRC control law and
the observer gains are set as

ky =4.779 x 10", ko = 1.243 x 108, k3 = 1.539 x 10*

I, = 0865, Iy = 6489 x 10°, I3 = 25 x 107,
I, =5.019 x 10'° [ = —4.665 x 10'°.

To verify the disturbance rejection and tracking performance
of the proposed current controller, the transfer function from
the disturbance D(z) to the system output Y(z) and the transfer
function from reference R(s) to tracking error E(s) are obtained
as follows:

Gﬂwzgg (35)

Accordingly, the frequency responses of Gg,(z) and G,(s)
are presented in Fig. 4(a) and (b), respectively, under the grid
inductance variation from stiff grid (L, = 0 mH) to weak grid (L,
= 5 mH). Obviously, the proposed ADRC combined with the

%(2) = [-1 - [® — LH®| + [T — LHT|(K + G)]"'[T — LHT] Kr(=)
+[21 — [® — LH®] + [I' — LHT|(K + G)] 'L2y“(2)

(33)
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Fig. 6. Pole-zero map of the ADRC-based current controller under

parameter variations.

RESO provides complete disturbance rejection and ideal track-
ing performance at the fundamental frequency w with significant
low gain magnitude in G4,(z) and G.,(s) even under the weak
grid and stiff grid. In case of the filter capacitor deviation from
20to 40 pFin Fig. 5, the frequency responses also reveal that the
proposed controller is quite immune to the capacitor variations
as expected.

The system stability is investigated with the pole-zero plot
analysis under three different sets of LCL filter parameters. By
using the closed-loop transfer function from the reference R(z)
to the output Y(z) inferred from Fig. 3, the closed-loop poles’
locations are examined to verify the stability of the proposed
scheme in specific cases. Fig. 6 shows the locations of poles and
zeros for three different cases. The first case corresponds to the
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LCL filter parameters having the nominal values. In the second
case, Ly varies by —40%, L, varies by 500%, and Cy varies by
—33% from their nominal values. Finally, the last case shows
the results for L1 variation of —40%, Lo variation of 300%, and
Cy variation of —33% from their nominal values. Obviously,
the locations of the closed-loop poles in those cases are still
maintained in the unit circle, which demonstrates the stability
of the proposed control scheme under severe filter parametric
variations. Furthermore, the experimental results in Section V
are also presented to evaluate the robustness and stability of the
proposed scheme.

C. Frequency Adaptive Harmonic Compensators

In the literature [15], [20], the effectiveness of the resonant
controller designed in the discrete-time domain has been demon-
strated to reject selected harmonics with the frequency adaptive
capability. In the proposed scheme, the resonant controller in
the z-domain given by (37) is integrated with the ADRC-based
current controller to suppress the distorted harmonics from the
grid as follows:

PRy (2)
2 4 2 4
22 _ <2_ (hW,QTS) + (h";z;s) ) z+ (1 _ (thTS) + (}“’;Z;‘s) )

22—2cos(hwTs)z+1

(37)

where £ is the harmonic order. Based on (37), the output of the
resonant controller is obtained as

o) =27 {37, gPRa(:) [R(:) ~ Y(2)]]
(38)
where gy, is the control gain. Consequently, this output is added
with the optimized ADRC-based control input in (27) to form
the final control law as

vy (t) = U;-X* (t) + ’UPR(t). 39)

The resonant control gains are tuned by an iterative process
for experimental verification to achieve the best performance.

V. SIMULATION AND EXPERIMENTAL RESULTS

For the purpose of validating the effectiveness and feasibility
of the proposed current controller, both the simulation and ex-
perimental tests are carried out by using the PSIM software and
the hardware prototype with the construction following Figs. 1
and 7. In the experimental platform in Fig. 7, the ac power source
(PACIFIC 320-ASX) is utilized to emulate the unity grid in both
ideal and nonideal conditions. A digital signal processor (DSP)
TMS320F28335 control board is used to execute the proposed
algorithm in real time with the measured inputs from the dc-link
voltage and grid-side current sensors. It is worth to note that,
the grid voltage sensors are still installed for the comparison
purpose only, without the utilization in the control algorithm.
Two LCL filter sets designed in the high region with Cy = 4.5
p1F and low region with C; = 30 uF (i.e., the LCL resonance
frequency is greater and less than one-sixth sampling frequency,
respectively) are used in the experimental tests to demonstrate
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Fig. 7. Experimental setup.
TABLE I
SYSTEM PARAMETERS OF GCI

Symbol  Parameter Value Units
L inverter-side filter inductor 1.7 mH
L> grid-side filter inductor 1.0 mH
” grid inductance 0.0,1.0,3.0,5.0 mH
Cr filter capacitor 30.0/4.5 uF
Ve DC link voltage 420 v
Va grid voltage (line-to-line rms) 220 \%
Iz grid frequency 60/50 Hz
Sfow switching frequency 10 kHz
Jsamp sampling frequency 10 kHz

—

Compute the grid

freguency fimd

phase angle

setup See Eq. (14) and (15)
Implement the
current controller

See Eq. (27), (39)

Compute the
prediction-type
estimated states

See Eq. (10)
Compute the
current-type Space
estimated states
See Eq. (9) vector
modulation
Fig. 8. Flowchart of the proposed voltage sensorless control scheme.

the applicability and flexibility of the control design process.
The detailed system parameters are listed in Table I. The control
flow chart of the proposed sensorless current control, which is
implemented in the simulation and experiment, is presented in
Fig. 8.

A.  Simulation Results

The objective of this simulation is to verify the tracking perfor-
mance of output currents from the proposed ADRC grid voltage
sensorless controller under adverse and perturbed conditions.
First, the grid environment containing harmonic distortion at
5th and 7th with the magnitude of 5% of fundamental grid
component and 11th with the magnitude of 3% of fundamental
grid component is represented in Fig. 9(a), which results in
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Fig. 9. Simulation of current response under distorted grid voltages under

the nominal LCL filter set: L1 = 1.7 mH, Cy = 30 pF, and Ly = 1 mH. (a)
Three-phase grid voltages. (b) Three-phase grid currents under current reference
change from 4 to 7 A. (c) Estimated grid phase angle. (d) FFT result of the
three-phase grid currents.

the voltage total harmonic distortion (THD) of 7.68%. The
dynamic performance of the grid-injected phase currents under
the nominal LCL filter set (L; = 1.7mH, Ly = 1.0 mH, and Cy =
30.0 uF) is shown in Fig. 9(b) when the reference has a step jump
from4to7 A at 0.4 s. A fast transient response without overshoot
can be observed. Also, quite sinusoidal waveforms and good
synchronization, as shown in Fig. 9(b) and (c), are achieved
regardless of the influence from the distorted grid conditions,
resulting in a low current THD value of 3.1%. The current fast
Fourier transform (FFT) spectrum in Fig. 9(d) also confirms the
negligible magnitude of current at the contaminated harmonic
orders from the grid.

The next test is conducted to verify the robustness of the
proposed strategy against LCL parametric variations and severe
disturbances from the main grid. In particular, the LCL filter
setup is varied by —40% in L, and by —33% in Cy. In addition,
different variations in three phases of the grid-side inductors
are applied as Ls in phase a (denoted as Ls,) increases to five
times the nominal value, while the Lo in phases b and ¢ (denoted
as Loy and Ly .) is set as three times the nominal value. As an
external disturbance, the grid includes unbalanced and distorted
grid voltages as well as the grid frequency jump in a wide range
of 10 Hz. It can be seen that the test condition simulates the
worst case of parametric variation and grid condition to verify
the performance of the proposed scheme. As shown in Fig. 10(a),
phase a grid voltage is dropped by 30% comparing with the
nominal voltage value, and all phase voltages contain the same
harmonic levels as Fig. 9. Moreover, the grid frequency jumps
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Fig. 10.  Simulation of current response under distorted and unbalanced grid

voltages with the grid frequency variation from 60 to 50 Hz at 0.6 s, and the LCL
parameter variations as: L1 = 1 mH, Cy =20 pF, Lo = 5 mH, Lo = 3 mH,
and Lo . = 3 mH. (a) Three-phase grid voltages. (b) Three-phase grid currents.
(c) Estimated grid phase angle. (d) Estimated grid frequency.

suddenly from 60 to 50 Hz at 0.6 s. The grid-current responses
are found in Fig. 10(b) in which phase currents reach the steady
state with quite sinusoidal waveforms and zero tracking error
at the grid frequency of 60 Hz. At 0.6 s, the grid frequency
jump causes a transient period in the grid-injected currents,
which lasts around 50 ms. However, it can be observed that the
overshoot currents are just a maximum of 40% and the currents
quickly converge to stable sinusoidal waveforms with a new grid
frequency of 50 Hz. Evidently, the proposed strategy well damps
the inherent LCL resonance phenomenon as well as attenuates
all the severe influences from internal and external disturbances
to ensure a reliable operation.

The superior current responses are achieved due to the dis-
turbance estimation and rejection capability of the proposed
ADRC-based control combining the harmonic compensation
from resonant controllers. Furthermore, by means of the high-
performance grid frequency and phase angle estimator, as well
as the frequency adaptability feature enabled in the RESO and
resonant controllers, the synchronization between the inverter
and main grid is guaranteed. As a result, optimal performance is
ensured even with only the grid-current sensors measurement.

B. Experimental Results

1) LCL Filterin Low Region: Similar to the simulation setup,
the LCL filter resonance frequency is designed in the low region
by choosing C; with 30 pF. The first experiment is conducted
under distorted grid condition, as shown in Fig. 11(a), with the
harmonic contamination level equal to the simulation. The peak
value of the grid-injected current reference is selected to4 A. The
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Fig. 11.  Experimental results of current response under distorted grid voltages
with L1 = 1.7 mH, Lo = 1 mH, and Cy = 30 pF. (a) Three-phase grid voltages.
(b) Steady-state three-phase grid currents. (c) FFT result of phase a current.
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Fig. 12. Experimental results of current response under distorted and un-
balanced grid voltages with L1 = 1 mH, Lo = 5 mH, and Cy = 20 uF. (a)
Three-phase grid voltages. (b) Steady-state three-phase grid currents.

steady-state tracking performance of the grid-current controlled
by the proposed ADRC-based strategy is shown in Fig. 11(b).
It can be observed that good sinusoidal current waveforms are
obtained without the effect of distorted harmonics. To assess
the grid-injected current quality, phase difference between the
output current and measured grid voltage in phase a and the
current FFT spectrum are also shown in Fig. 11(b) and (c),
respectively. The phase a current FFT result shows unnoticeable
magnitudes at low-order harmonics, which well agrees with the
simulation result in Fig. 9(d). Moreover, the appropriate match
between the phase angles of current and grid voltage in Fig. 11(b)
demonstrates the effectiveness of the synchronization technique
even without voltage sensor installation.

In the next test, the robustness of the proposed current
controller against the severe parametric mismatches and ad-
verse grid conditions is evaluated. Particularly, the three-phase
inverter-side inductor and capacitor values are reduced to 1 mH
and 20 uF, respectively, while the grid-side inductors vary in a
wide range up to 5 mH to demonstrate the impact in a weak grid.
At the same time, the background grid voltages have not only
distorted harmonics but also unbalanced condition with both
phase a and phase b voltage drop compared with the nominal
voltage value, as shown in Fig. 12(a). Fig. 12(b) depicts the
steady-state performance of the output currents controlled by
the proposed scheme. As expected, the phase currents are kept at
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Fig. 13.  Experimental results of current response under distorted and unbal-
anced grid voltages with L1 = 1 mH, Ly, = 5 mH, Loy, =3 mH, Lo, =3 mH,
and Cy = 20 uF. (a) Three-phase grid voltages. (b) Steady-state three-phase
grid currents.

balanced sinusoidal waveforms. The experimental verifications
in terms of the effective damping and high robustness operation
confirm the notable properties of the proposed control strat-
egy. In particular, the influences of unbalanced grid voltages
and parameter mismatch in the LCL filter are dealt with as a
lumped sinusoidal disturbance. Since the proposed RESO is
able to provide estimations for system states and disturbance,
it facilitates the resonant-ADRC current controller to achieve
the optimized tracking performance. Furthermore, the proposed
grid frequency and phase angle estimations are immune to the
effects of unbalanced and distorted grid conditions; therefore,
the high-quality injected power is guaranteed.

One of the prominent characteristics of the proposed current
control brought by the ADRC concept is that the filter parameters
in three phases are not required to be exactly the same. It well
reflects the condition in control practice, especially when the
manufacturing tolerance is common in industrial circuit compo-
nents. To verify the system performance under this situation in
the experiment, the grid-side inductors are selected as the same
value as the simulation in Fig. 10 in which the grid inductor
in phase a is 5 mH, while those in other phases are 3 mH. In
this experiment, the grid phase currents in Fig. 13(b) also show
satisfactory waveforms under distorted and unbalanced voltages,
as depicted in Fig. 13(a), which is well matched to the simulation
in Fig. 10(b). The stable current responses in both simulation and
experiment under such severe parameter variation effectively
verify the theoretical stability analysis in Section IV.

2) LCL Filter in High Region: The dynamic performance of
the proposed strategy is further tested experimentally for the
inverter system with an LCL filter designed in the high region
(Cy=4.5 pF).

Fig. 14 shows the experimental results of start-up instant under
distorted grid with Ly = 1.7 mH, Ly = 1 mH, and Cy = 4.5 uF.
Fig. 14(b) shows the start-up instant of the proposed current
controller under distorted grid voltages in Fig. 14(a) in which
the grid voltages contain distorted harmonic at 5th, 7th, 11th, and
13th with a magnitude of 5% of fundamental grid component.
In Fig. 14(b), the grid currents in the stationary frame are shown
together with the estimated grid phase angle 6 from the proposed
estimator and the phase angle # obtained for the synchronous ref-
erence frame phase-locked loop (SRF-PLL) with the measured
grid voltages from sensors. Even though the proposed scheme
does not apply any extra start-up process to estimate the actual
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Fig. 14.  Experimental results of grid currents at start-up instant and three-

phase grid voltage sag under distorted grid with L; = 1.7 mH, Ly = 1| mH,
and Cy = 4.5 puF. (a) Three-phase distorted grid voltages. (b) Grid-current in the
stationary frame and comparison between 6 and 6 at the start-up instant.
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Fig. 15.  Experimental results of grid currents under three-phase distorted grid
voltage sag from 180 to 140 V with L; = 1.7 mH, Ly = 1 mH, and Cy = 4.5
pF. (a) Three-phase distorted grid voltages. (b) Three-phase grid-side current
and the g-axis grid voltage.

grid information, the sensorless operation still can be started
softly and stably with rapidly damped overshoot currents. Also,
the estimated grid phase angle well tracks the actual one during
less than 10 ms.

Fig. 15 shows the grid-current responses under sudden three-
phase distorted grid voltages sag from 180 to 140V, as displayed
in Fig. 15(a). At the voltage sag instant, the grid currents en-
counter a short transient period with an overshoot of 7 A, then
the output currents are recovered back to the steady state in a
few cycles, as presented in Fig. 15(b).

In the next tests, the current reference step change and the
grid frequency variation in a range of 10 Hz are considered
to verify the dynamic response of the proposed current control
scheme. The current responses with the nominal filter parameters
are evaluated first in Fig. 16 in which the grid voltages contain
distorted harmonic at 5th, 7th, 11th, and 13th, together with
voltage drops in phases a and b, as shown in Fig. 16(a). It can be
observed in Fig. 16(b) that good sinusoidal grid currents under
steady-state condition and a fast reference tracking under current
reference change from 2 to 4 A are achieved.

The experimental results of current response under distorted
and unbalanced grid voltages and the grid frequency variation are
represented in Fig. 17. Under rapid grid frequency variation from
60 to 50 Hz in Fig. 17(a), an oscillation of the grid-side currents
is observed during the transient time in Fig. 17(b). However,
the estimated frequency f and phase angle 6 by the proposed
estimator well converge to the actual fand # within only one and
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Fig. 16. Experimental results of current response under distorted and un-
balanced grid voltages with L1 = 1.7 mH, Ly = 1 mH, and Cy = 4.5 uF.
(a) Three-phase grid voltages. (b) Three-phase grid currents under the current
reference change.
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Fig. 17.  Experimental results of current response under distorted unbalanced

grid voltages and grid frequency variation from 60 to 50 Hz with L; = 1.7 mH,
Lz = 1 mH, and Cy = 4.5 pF. (a) Three-phase grid voltages. (b) Three-phase
grid currents (¢) a-axis grid current, estimated grid frequency f , and comparison
between 6 and 6.

half fundamental period, as shown in Fig. 17(c). Accordingly, the
grid currents are successfully stabilized within four fundamental
periods. This overshoot phenomenon of 7 A, which is within the
range of system protection, and the acceptable transient time
well demonstrate the dynamic performance of the synchroniza-
tion technique and the frequency adaptability of the proposed
grid voltage sensorless current controller.

Next, the proposed controller is experimentally tested under
the variations of LCL parameters from their nominal values as
follows: the inverter-side inductors L, and the grid-side induc-
tors Lo are increased to three times and five times, respectively,
while the filter capacitors are decreased to two-third times of the
nominal quantities. The background grid environment still con-
tains both distorted unbalanced disturbances and grid frequency
variation, as shown in Fig. 18(a). The corresponding results of
grid-side currents are presented in Fig. 18(b). Obviously, the
grid-injected currents show stable and balanced waveforms in
the steady state with good tracking of current phase angle to
the grid phase angle, which indicates that the synchronization
task of the controller is unaffected by the adverse grid condition.
The dynamic performance of the controller is also tested under
the grid frequency variation in a range of 10 Hz, as given in
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Fig. 18.  Experimental results of current response under distorted and unbal-
anced grid voltages with L1 =3 mH, Ly = 5mH, Cy= 3 uF, and grid frequency
change from 60 to 50 Hz. (a) Three-phase grid voltages. (b) Steady-state
three-phase grid currents at 60 Hz. (c) Three-phase grid currents under grid
frequency variation from 60 to 50 Hz.
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Fig. 19. Experimental results of current response under distorted and unbal-
anced grid voltages with L1 = 3 mH, Lo, = 5 mH, L2y, =3 mH, Ly, =1
mH, and Cy = 3 uF (a) Steady-state three-phase grid currents at 60 Hz. (b)
Three-phase grid currents under grid frequency variation from 60 to 50 Hz.

(c) a-axis grid current, estimated grid frequency f , and comparison between 6
and 6.

Fig. 18(c). It is noticed that the similarity between the current
responses in Fig. 17(b) and 18(c) is observed. In both figures, the
total transient period lasts around four grid fundamental periods
and estimated grid frequency rapidly tracks the actual quantity.
These responses further validate the capability of the proposed
controller in terms of immunity to the internal disturbances
caused by parametric uncertainties and external disturbances
from the grid environment.

Finally, the condition of unbalanced grid inductances in three
phases is considered as Ly, = 1 mH, Lo, = 3 mH, and Ly, =
5 mH, whereas the inverter-side inductors and filter capacitors
are kept the same, as shown in Fig. 18. In spite of adverse
distorted unbalanced grid voltages and grid frequency variation,
as shown in Fig. 18(a), as well as the model uncertainty in the
LCL filter, the steady-state grid-injected currents at 60 Hz are
perfectly stable and satisfactory, as depicted in Fig. 19(a). These
results are consistent with the experimental results for the LCL
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TABLE II
EXECUTION TIME OF THE PROPOSED SENSORLESS CONTROL SCHEME
Full algorithm 88 us
Space vector modulation + data acquisition + etc. 43 ps
Resonant extended observer (RESO) 18 us
ADRC-based current controller 27 ps

filter designed in the low region in Fig. 13. Fig. 19(b) exhibits
the transient response of the current controller with the grid
frequency variation. Similar to the last two experiments, the
transient response is desirably fast and injected current quality
is high, which proves the effectiveness and reliability of the
proposed control strategy for an LCL-filtered inverter system
even in the presence of extremely severe operating conditions.
Moreover, Fig. 19(c) shows the a-axis grid current and the
estimated grid frequency f , which converges well to the actual
value f within a short transient period of 40 ms. This figure also
displays that the estimated phase angle 6 almost overlaps with
the phase angle 6 obtained from the SRF-PLL.

The execution time to implement the proposed grid volt-
age sensorless current controller in DSP is represented for
individual routines in Table II. The total execution time of
the proposed control scheme takes 88% of the sampling pe-
riod, which is acceptable and easily implemented with the
commercial DSP.

C. Comparison

To demonstrate the improvement of the proposed optimized
ADRC with the RESO method, a fair comparison with the con-
ventional ADRC-based current control approach with ESO, as
presented in [21], is conducted for LCL-filtered GCI. To evaluate
the performance of the proposed and conventional ADRC-based
methods in terms of disturbance rejection and robustness against
parametric uncertainties, both the controllers are designed with
the nominal LCL filter as L1 = 1.7 mH, Ly = 1 mH, and Cy =
4.5 pF. The current controller design is kept the same for two
controllers. The ESO with one extended state, as represented in
[21], is compared with the proposed RESO with two extended
states and a sinusoidal disturbance model.

Fig. 20 shows the experimental results of grid-current re-
sponses with ADRC-based current controllers under severe LCL
parameter variations to L; = 3 mH, Ly, =5 mH, Ly, = 3 mH,
Ly, = 1mH, and Cy= 3 uF. Obviously, both ADRC-based cur-
rent controllers successfully stabilize the system even under such
system uncertainties. However, the current response in Fig. 20(a)
shows distortion and a visible reference tracking error. On the
other hand, the current response of the proposed grid voltage
sensorless controller with RESO in Fig. 20(b) demonstrates
superior performance with zero tracking error even without the
grid voltage sensing devices.

The results, as shown in the above simulations and experi-
ments, illustrate that the proposed optimized ADRC approach
offers an effective and reliable operation in all test conditions
no matter the elimination of the grid voltage sensors. The high
performance is successfully achieved by inheriting the merits
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Fig. 20. Experimental results of grid-current responses with ADRC-based
current controllers under the LCL parameter variations to L1 =3 mH, Lo, =5
mH, Loy, =3 mH, Lz = 1 mH, and Cy = 3 uF. (a) ADRC-current controller
with ESO [21]. (b) ADRC-current controller with proposed RESO.

of the traditional ADRC, RESO, and resonant compensators to
deal with adverse internal and external disturbances.

VI. CONCLUSION

This article has presented an optimized ADRC with RESO
for a grid voltage sensorless LCL-filtered inverter, which is
subject to various sources of disturbance, including the model
uncertainties, the LCL inherent resonance phenomenon, and
external disturbances from the grid environment. To overcome
the challenges induced by the digital implementation delay and
disturbance in sinusoidal form, the discrete current-type RESO
has been proposed to provide the estimates for both the states
and lumped disturbance. By means of the generalized predictive
controller and the incorporation of the harmonic compensator
together with the direct disturbance rejection, an optimized
tracking controller is realized. The robustness and stability
of the proposed scheme have been demonstrated under inter-
nal uncertainties by the discrete-time frequency analysis and
pole-zero map approaches. Moreover, through the least-mean-
square-based synchronization technique, the grid information is
instantly extracted from the disturbance estimation instead of
the measured grid voltages. As a result, the proposed method
successfully fulfills the desired control objectives by utilizing
only the sensor measurements from the dc-link voltage and
grid-side currents. The comprehensive simulation and experi-
mental tests have been carried out to verify the effectiveness
and feasibility of the proposed optimized ADRC with RESO for
a grid voltage sensorless LCL-filtered inverter in several severe
operation conditions.
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