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Adaptive Control of Grid-Connected Inverters
With Nonlinear LC Filters

Hossein Safamehr

Abstract—Distributed generation is an effective solution to clean,
reliable, and cost-efficient energy supply. In this framework, in-
verters play a key role as energy converters. Accordingly, this
article investigates the utilization of nonlinear inductive—capacitive
(LQ) filters for grid-connected inverters. Nonlinear LC filters are
made of inductors with nonlinear B-H curves, which makes them
have a smaller volume, less dissipation loss, and lower cost. The
main drawback of using these filters, however, is their nonlinear
current-dependent characteristics. To harness the undesirable im-
pacts of nonlinear filters on the system performance, an adaptive
observer-based control scheme is developed in this article. The
proposed controller is based on a concurrent estimation of non-
linear inductor values, capacitor voltages, and grid-side currents.
Based on its fast adaptation to plant changes, this scheme provides
an improved stability margin and an inherent resonant damping
characteristic under grid impedance uncertainty. Compared with
the conventional approaches, this method requires no extra sensors.
A comparative simulation and experimental analysis, based on a
three-phase 7-kW inverter, is provided to validate the efficacy of
the proposed control strategy.

Index Terms—Adaptive observer, grid-connected inverter,
Lyapunov function, nonlinear LC filter, PR control.

I. INTRODUCTION

VER the past decade or two, the use of renewable energy
O resources and distributed generations (DGs) has grown
dramatically. This development provides the traditional energy
systems with more market efficiency and grid reliability. As
more and more DGs and microgrids appear, a more intelligent
and interactive electrical system will be developed. The intelli-
gent energy systems, comprising distributed energy resources,
demand-response programming [1], and advanced inverters,
help human societies with a clean and reliable energy future.
In microgrids, inverters play a crucial role. A grid-connected
inverter converts the dc input of alocal electrical power generator
to an ac output with acceptable specifications based on the grid
constraints [2]. Thus, the cost and performance of the inverters
directly affect the operation of the microgrids.
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A grid-connected inverter is equipped with a low-pass fil-
ter in the output. Inductive (L), inductive—capacitive (LC),
and inductive—capacitive—inductive (LCL) filters are commonly
used in voltage-fed converters to attenuate the produced high-
voltage harmonics at their outputs [3]. Although traditional
L-type filters benefit from simplicity, they require a large in-
ductor to suppress the harmonics. On the other hand, LC and
LCL-type filters provide a higher harmonic attenuation. These
filters, however, suffer from the potential resonance issue [4],
[5]. Indeed, an LC-type filter is a second-order filter, but it acts
like an LCL filter when connected to a grid inductance. It should
also be noted that the resonance frequency of these LCL circuits
varies by the variations of the grid impedance [6]. In general,
grid impedance may vary due to power system configuration
changes, transmission line maintenances, fault occurrence, etc.

Different active and passive damping methods have been
proposed, in the literature, to suppress the resonance issue.
Passive methods, such as a series resistor with the filter capacitor,
benefits from simplicity. However, these methods suffer from
problems such as power loss, lower attenuation, and increasing
the number of elements [7]. Active damping methods, on the
other hand, are based on the utilization of control frameworks,
such as proportional-resonant (PR) control [8], optimal con-
trol [9], and robust control [10]. Adaptive control frameworks
are also a group of active methods that use online grid impedance
measurements to control the impacts of grid impedance varia-
tions [11], [12], [13].

The optimal design of LC and LCL filters is widely discussed
in the literature. In the proposed algorithms, various design goals
have been followed, including filter inductance ratio, resonance
frequency [14], reactive power ratio, and current ripples [15],
[16]. In these algorithms, cost factors are not generally con-
sidered, directly. In line with this issue, a precise look at filter
elements can be beneficial. In LC and LCL filters, inductors im-
pose high cost and space requirements. Generally, inductors are
designed to operate linearly. As a consequence, a considerable
capacity of the inductor cores remains unused. In other words,
a significant reduction in size and cost of filters is achievable if
the cores of the inductors are allowed to work in their nonlinear
region of the B-H curve. By using this idea, nonlinear LC and
LCL filters emerge.

Nonlinear inductors in power electronics circuits are inves-
tigated in several articles [17], [18], [19]. In these studies, the
nonlinear behavior of the inductor is caused by reasons such as
current and temperature variations. Likewise, the use of nonlin-
ear inductors in grid-connected inverters is limited to a few works
in recent years [2], [20], [21], [22]. In [20] a model predictive
controller is presented to handle inductance variations due to
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inductor current changes. This scheme benefits from offline cal-
culations but loses optimality under large parameter variations.
In [2], a combinational feedback framework is utilized to handle
the effect of powder cores soft-saturation effect. This strategy is
a transparent framework based on the weighted feedback of the
inverter- and grid-side currents. The need for extra sensors and an
accurate selection of feedback weights are the main challenges
in this strategy. In [21], a model-based compensation method is
proposed to handle nonlinear L-type filters. The impacts of grid
impedance variations are not investigated in this study. Finally,
the authors in [22] present a robust control scheme based on
linear matrix inequalities where inductor nonlinearity and grid
impedance variations are considered as system uncertainties. In
this article, the resonant damping approach is not explicitly taken
into account, while both nonlinear inductors and grid impedance
variations exist.

In accordance with the discussed challenges, this article pro-
poses an adaptive control scheme to handle the use of nonlinear
LC filters in grid-connected inverters. The use of nonlinear filters
entails serious impacts on both the total harmonic distortion
(THD) of the inverter output current and the resonance frequency
of the filter, which is exposed to grid impedance variations. In
summary, this article provides as contribution a control scheme
with three main features. First, the undesirable behavior of the
nonlinear inductors is described by a time-varying model, and
then, is compensated adaptively. Second, a concurrent estima-
tion of the nonlinear inductor value, capacitor voltage, and grid-
side current is provided by developing a Lyapunov-based ob-
server. This observer eliminates the need for additional sensors to
handle the existing nonlinearities. Finally, the proposed control
scheme provides an inherent active resonance damping under
grid impedance variations or weak grid connections. To validate
the performance of the introduced scheme, both simulation and
experimental results are provided.

In the sequence, Section II introduces the system modeling.
Section III presents the control strategy and the challenges. In
Section IV, the adaptive observer design procedure is provided.
Section V presents the stability and robustness analysis of the
control scheme. Section VI provides the experimental results
validating the proposal. Finally, Section VII concludes this
article.

II. SYSTEM MODELING AND PROBLEM FORMULATION

In this section, the system modeling and the characteristics of
nonlinear inductors are studied.

A. System Modeling

The system topology of a three-phase grid-connected inverter
with a nonlinear LC filter is shown in Fig. 1. This topology
comprises a three-phase inverter and a low-pass LC filter. The
filter is connected to the grid through an isolating transformer.
The combination of the LC filter and the inductances of the
transformer and the grid acts as a resonant circuit. This LCL
circuit may cause serious problems at its resonance frequency.
By utilizing nonlinear inductors in the LC filters, the time-
varying inductances of the filter and the grid make the resonance
frequency shift over time.

In reality, the filter inductances are functions of the inverter-
side currents. Therefore, they form a nonlinear model. In this
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Fig. 1. Three-phase grid-connected inverter topology with nonlinear LC filter
and time-varying grid inductances.

sense, the voltage—current equation of a nonlinear inductor is

given by
o(t) = | L) + =i 2 = L2 M
where the nonlinear inductor is modeled by a time-varying
effective inductance L.(t) [23]. The different values of in-
ductances in each phase would introduce coupling between
them. However, this coupling could be assumed small enough
to be neglected [22]. Moreover, since there is no path for the
zero-sequence currents, the system can be represented in the
stationary reference frame by three single-phase systems.

Accordingly, the single-line state-space time-varying model
of the inverter can be written as

#(t) = A(t)a(t) + B(t)u(t)

L), ] di) di(t)

y = Cux(t)

where :
_ -1
1; 0 (1)% Ly (t)

a(t)= L, |, At)= |0 = L=
V. 1 f Op
- Cy ¥
-1 T
o Vi (1) 0

Bt)y=1 0 %i m(t){‘};v(t)},c— (1)
L O 0

R,=Rr+ Ry, L, =Ly + L,. 2)

Here, Vi, is the inverter output voltage. V is the grid voltage.
Ve, I;, and I, are the capacitor voltage, the inverter-side current,
and the grid-side current, respectively. C'y and Ly(t) are the
capacitor and nonlinear inductor of the LC filter, respectively.
Zr = Ry + jwLy is the equivalent impedance of the isolating
transformer, and Z;, = R, + jwL, is the grid impedance where
w = 27 f is the angular frequency.

From the dynamical point of view, the values of both L (t)
and L, change over time but with different rates of variation.
While C/ is constant, the value of L f(t) changes by the instan-
taneous current flowing through the inductor winding. The L,
variation is, however, much slower, so it can be considered as
an uncertain parameter.

So, the characteristic polynomial of the system (2) is

Li(t)L,Cs® + Ly(t)CpRys* + (Ly(t) + Ly)s + R, = 0.
3

From (3), it can be noticed how time-varying parameters
affect the resonance frequency of the system. The nominal plant
parameters are presented in Table I. In the following, the nominal
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TABLE I
NOMINAL SYSTEM PARAMETERS

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

INDUCTOR PARAMETERS

TABLE II

Parameter Linear Inductor Ly  Nonlinear Inductor Ly
Inductor value 6.8 mH 6.8 mH
Core manufacturer Magnetics Magnetics
Core material Kool My Kool My
Core part number 0077102A7 0077908A7
Core cross section 358 mm? 221 mm?
Core volume 86,900 mm?3 43,400 mm?3
Number of stacks 5 1
Number of winding Turns 201 575
Maximum flux density 0.44 T 0.86 T
Core permeability variation 20 % 85 %

on a current cycle

Notation Quantity Value
P, Inverter nominal power 7 kW
E, Grid line to line voltage 380 V
fq Grid frequency 50 Hz
Ssw Switching frequency 10.02 kHz
L¢/Cy  Filter inductance/capacitance 6.8 mH/5.5 u F
Lt /Ry Transformer inductance/resistance 1 mH/0.1
Lg nom Grid equivalent inductance 2 mH
Lg min Minimum grid inductance 0.5 mH
L g max Maximum grid inductance 8 mH
R, Grid equivalent resistance 0.1
1 ; ==
T o5t I
& 7’
g 7’
E= 4
[ = 7’
o 7/
o
5.05+ 4 —
[ -7 = -Kool Mp
1____7—""’ | —Ferrite |
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Fig.2. Typical magnetization curves of Kool My powder cores [25] and ferrite

cores.

value of the grid impedance is represented by Lg nom and its
variations are considered as Ly € [Lg min; Lg max]-

B. Nonlinear Inductor

Powder cores are distributed air gap cores that are suitable
for high-frequency applications. Compared with ferrite cores,
powder ones have remarkable characteristics, such as higher
saturation flux density, less sensitivity to temperature changes,
and a softer saturation curve. The magnetization curves of a
typical powder core and a ferrite core is compared in Fig. 2.

Generally, an inductor is designed such that it operates lin-
early. In a linear inductor, the core is not utilized by its whole
capacity. So, bigger cores are required, which means higher
cost, power dissipation, and space-occupancy. As a solution to
this deficiency, the assumption of linearity could be relaxed.
Accordingly, the inductors of the LC filter, listed in Table I,
are designed for both linear and nonlinear cases. The related
parameters are compared in Table II. In the linear design [24], the
maximum flux density of the core is considered 0.44 T, whereas
it is increased to 0.86 T in the nonlinear case. Increasing the
maximum allowed flux density in the nonlinear inductor leads
to 90% volume reduction. Moreover, the core loss density of
Kool My materials [25] is given by

-Ploss =52.36 x V x Bl-988f1.541 (4)

where V' is the core volume, B is the core maximum flux
density, and f is the core operating frequency. According to
(4), a 90% reduction of the core volume and increasing the
maximum flux density to 0.86 T lead to about 62% reduction in
the power dissipation. In other words, the inductor cores are used
more efficiently if their nonlinear behavior could be tolerated.
Indeed, based on Fig. 2, the maximum decrease of powder core
permeability is limited to 80% of the nominal value in the linear
design [25]; while it may change down to 15% of the nominal
value in the nonlinear case, during a working cycle. For more
information, the detailed behavior of nonlinear inductors could
be studied by using a time-variant current dependent model,
based on the actual B-H magnetizing curve of the core [2].

III. CONTROL STRATEGY

As discussed, the proposed control scheme follows three main
objectives that include the following:

1) compensating the impacts of the nonlinear inductors;

2) suppressing the resonance frequency in the presence of

the nonlinear inductors and grid impedance variations;

3) using the minimum number of sensors, compared with the

conventional frameworks.

In the conventional control strategies used for grid-connected
inverters, one of the system states is commonly used as a
feedback variable to regulate the output current. Each of these
strategies has particular characteristics, which are studied in the
literature [26]. To properly control the time-variant structure of
the system (2), however, a combination of states may be required
to be used as the feedback.

The main challenge in the control of the system (2) is handling
the time-varying L (t) and the uncertain Z,. From the control
standpoint, Ly (t) has significant effects on both stability and
performance of the system. The main effect of Z;, however, is on
the resonance frequency and the system stability. Accordingly, to
meet the control goals of this article, one control signal candidate
is

Ucandidate = aLf(t)Ii + BLf<t)Ig + (1 + ’ny(t))ch ()

where «, 3, and y are control gains. Ucyngidgae fOrms a state-
feedback control signal to cancel the variations of L ;(¢) and the
impact of grid impedance variations on the system performance.
Meanwhile, v, 3, and y control the characteristic polynomial of
the system. By using this control signal, the modified system
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matrix is derived from (2) and (5)

a By
—R, 1
Amodifiea(t) = | 0 7 | . (6)
1 =1 0
Cy  Cy

Hence, the characteristic polynomial of the system is

A(s) = 83 +dy s* 4 dos + d3

where:

dy = }I% -, dy = 1—0‘}%;%;—7[‘;)7 ds = 5""[?;'2';13;7. )

Referring (7), the control gains «, 3, and « should be tuned
such that to ensure the following:

C1) the closed-loop stability against bounded changes of Z,;

C2) proper resonance damping under bounded variations of

Zy;

C3) accurate tracking of sinusoidal references and compen-

sating harmonics.

The proof of C1 and C2 can be derived from the Routh—
Hurwitz stability criterion. This criterion must guarantee the
system stability in all possible cases caused by uncertain (Z,)
or time-varying (L ;(t)) parameters. Property C3 can be ensured
by utilizing a PR controller and harmonic compensators in the
augmented system.

Based on the Routh—Hurwitz stability criterion, the control
signal (5) is a stabilizing control input with a resonance damping
property under bounded variations of the grid impedance, if and
only if

a<0, f<0and~y <0. )

There are still two more challenges to implement the discussed
controlling idea. First, to implement (5), the instantaneous value
of L¢(t) is required because it is nonlinearly varying. Second,
all system states should be measured to form candidate that means
requiring extra sensors. A solution to these problems is presented
in the next section by developing a Lyapunov-based adaptive
observer.

IV. ADAPTIVE OBSERVER

In the system (2), if all of the elements are assumed known,
the overall system becomes observable. So, if the inverter-side
current or the grid-side current is measured, the other one can be
observed. In the studied problem, however, the grid impedance
and the inductors of the LC filters are not constant or known.
As mentioned earlier, the grid impedance dynamics are much
slower than the controller dynamics. Moreover, the main effect
of grid impedance is on the system stability, which is handled by
the controller. So, if the controller and the observer dynamics are
designed to be much faster than the grid impedance variations,
then the constant assumption of grid impedance is still valid in
the relatively fast time scale. The instantaneous value of the LC
filter inductors, however, is constantly changing.

In the literature, a common approach for solving these kinds
of problems is the quasi-static method. In this approach, the
problem is cracked down into two parts. In each phase of the
solving procedure, one of the parts is assumed constant, while
the other is solved. The updated values are then used to solve
the fixed part of the previous phase. This procedure is iterated
until the parameters converge to the final values. This approach
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suffers from a significant computational effort. Moreover, it may
converge to local minimums and cause errors.

In this article, a full-order Lyapunov-based observer is de-
veloped to provide smooth, fast, and jitterless estimations. The
proposed observer is introduced in three steps, as follows.

A. Estimation Error Dynamics

By reforming (2) for the output voltage of the inverter setup,
the estimated system can be defined as

S 1 - 1
Ii == *Ai‘/('“}’ Ai‘/invffi
L L

f !
A RT’\ ]_ ~ ].
IgZ—EIg+fT%—E%ut—fg
X 1 - 1 -
Ve=—=1——1,— [ 9
c; c; o [ &)

where the output voltage of the inverter setup is represented by
Vout- Moreover, the estimated states and parameters are shown
with the " sign. By subtracting (9) from the actual system, the
estimation error dynamics is driven as

1 1 . 1
Iz:_ivc"‘ = ch ~7VEnv+fi
Ly ;o Ly
B Rr - 1 -~
I, =——1 —V.
g Ir 9+LTV+fg
2 1 - 1
‘/c:ilz —1 c
ol et
where
1 1 1 - A «
—=——-—=—Li=5L-1,I,=1;,—
I Ly i g g g

V.=V~ Vo, fi=FKL, fy = KyI;, fo=K.I; (10)

where the estimation errors are shown with the sign. f;, f,, and
fe represent observer correction functions with corresponding
gains K;, K4, and K.

B. Adaption Laws

To eliminate the estimation error to zero, (10) can be rewritten

as

I; K; o —-£1[L

jg = Kg _% ﬁ Ig

V. o tE - 0 e

‘/iHV VC
1
+ 0 — (1)
Ly
0

in which the estimation error dynamics are described in terms

of X = AX +wT0. In (11), the estimation errors of states and
parameters are separated by X and 6.

Consequently, to develop the adaptation laws of the estimator,
the following Lyapunov function is proposed:

V=X"X+0=+12+V2+nl}>0 (12)
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where 7 is a positive constant. The time derivative of (12) is
given by

V= 2Ll + 20,0, + 2V,V, + 20l Ly (13)

The Lyapunov-candidate-function V is globally positive def-
inite, so the system equilibrium, which is zero, is proven to be
globally asymptotically stable, if and only if the time derivative
of the Lyapunov-candidate-function is globally negative defi-
nite. Based on this, adaption laws can be derived.

By substituting (10) into (13), and after some calculation, the
V can be separated into three subfunctions Vl, VQ, and Vg given
by

. -1 - - N 1 - -
V= *Izi‘/c+ (Iz)(*vc“i’vlnv) = +IgKg 7
Lf Lf
-V 1 ~ I Rt -
F Ve (o K ) -Vt - 2L 12
O~ <Cf+ ) Cy Lr?
+ KT + [nLyLy) = Vi+ Vo + Vs, (14)
The first part Vi can be rewritten in the quadratic form as
Vi =XTox
where
T 7 I v L
XT=[h I, Ve £
0 0 2 —Vi+ Vi
s
R 1
Q= 1K~‘7 _LT; Lt 0 (15)
C—f—&—[Q - 0 0
L 0 0 0 0

Based on the eigenvalues of €2, it is concluded that there exists
some K. and K, that make the (2 negative semidefinite, and
subsequently, V1 <0. ) R

The second term of V' yields as Vo = KlIf It is straightfor-
ward to show that the estimation error of a parameter is not zero.
So, V5 can have a desirably large negative value by tuning K.

Finally, V is negative if V3 is negative or positively bounded
because the proper selection of K; will result in an overall neg-
ative summation. V3 defines the inductor estimation equations,
which is studied in the next section.

C. Inductor Estimation

The third term of V is given by V3 = [L; L 7). Let define the
model of the inductor and the estimator as Z = fu and Z = 0u
respectively. Here, 6 is the unknown parameter, Z is the output,
and u is the input. In this case, the estimation error can be defined
as

Z—Z
m3

€= (16)

in which m2 = 1+ I'u? is the normalizing factor, and T is a

positive constant. 6 can be computed by using the following
cost function to minimize the error:

2, 2 52
J(é)zsms_(Z—Gu).

2 2m? an

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

By using a gradient-based method, 0 is derived as

(18)
where p is the adaption gain, which is a positive constant. The
stability and convergence of (18) can be examined by defining
the estimation error as err = 6 —  and solving the differential
equation of eir.

By returning to the inductor estimation problem, the describ-
ing equation of L is given by

éngu

sLyl; = Vipy — Ve. (19)
So
V{nvac SI’L
=Ly =-—""2 = 20
f s+ s+ (20)

where the input and output functions are divided by s + ¢ to
make them regular. Also, v provides a degree of freedom in
the design procedure. Thus, the estimated value of L, can be

expressed as
‘76 — IA/f]A'ls Sji
(s +4) sty )

S ‘/inv -

Ly =
-
Therefore, V is negative definite, if K;, K, , and K, are
properly tuned, and (21) is initiated with a limited value to

guarantee V5 to be bounded.
All in all, the adaptive observer equations can be defined as

ey

X 1 - 1 ~
Ii=—=—Vet+ —Vioy — KiI;
Ly Ly

A RT 1 - 1 -
I,=— I — Ve — —Vou — K I;

g LT LT t g
X ~ 1 - ~
Ve= 711 - —1I, - K.I;

Cyt Cp

2 Viw — ‘70 - i/fjis Sfi
L= . 22

: p<7m%+w )(ww) @2

So, (22) provides an estimation of L(t), V,(t), and I,(¢)
from the measurements of [;(¢) and Vo (¢).

V. STABILITY AND ROBUSTNESS ANALYSIS

In this section, the stability and robustness of the proposed
control scheme are investigated. Here, L is considered as an un-
certain parameter. This perspective reveals how different values
of the grid impedance may affect the stability of the closed-loop
system. This analysis is based on the model parameters listed
in Tables I and II. The control parameters are also shown in
Table III. The overall control scheme block diagram is shown in
Fig. 3. G represents the control block, defined by (5), where the
control gains are tuned based on the root locus controller design
method. Gpg block represents a PR controller. The PR controller
improves the sinusoidal reference tracking by applying high
gains at the desired frequencies. This controller is expressed
as
Kiwes

GPR(S) s2 + 20,5 + wg
where w, = 27 fi.; defines the resonant frequency. [, is the
proportional gain, K is the resonant gain at w,., and w. = 27 f,.
defines the cutoff frequency.

- K, + (23)
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TABLE III
CONTROL SYSTEM PARAMETERS

Notation Quantity Value
a, B, v Control gains -600, -1, -600
K;, K4, K. Adaptation gains -170, 7.7x 10'8, 4.7%10°
n, I, p, ¢ Inductor estimation gains 1, 1, 50000, 0.01
K, Proportional gain 165
K, Gain of first resonant gain 170
We Cutoff frequency (PR) 15 rd/s
L, L, I

’e/_> Gcfl—bl e I—PIG,N,, f i L Zr Vp:cc Zg

Vo V; Icf .

L Adaptive [*

I, I, V/ Observer

A

af-frame

Fig. 3. Control scheme block diagram.

The system root loci of the discrete control scheme is shown
in Fig. 4(a). To clearly show the possible resonances of the
LCL circuit, the Gpr block is considered as a gain block in
this analysis. The poles and zeros of the closed-loop system are
specified with crosses and circles, respectively. It can be noticed
from the root locus diagram that the system is stable for all
k > 0. Moreover, by applying the proposed control scheme, the
resonance frequency of the LCL circuit is actively damped. In
this analysis, one sample delay is considered to model the delay
of the digital processing.

Generally, an uncertain transfer function h(s) can be con-
structed [27] as

h(s) = ho(s) +9d(s), d(s)ed (24)

where hg(s) is the nominal transfer function, and d is the set of all
allowed perturbations. As discussed earlier, the grid impedance
variation is the main set of uncertainties in the grid-connected
inverters. Accordingly, Fig. 4(b) shows a sweep in the closed-
loop eigenvalues, while L, changes from 25% (L g min) to 400%
(Lg,max) of its measured value (Lg nom)-

It is observed from Fig. 4(b) that there are no instability
or resonance issues caused by the uncertain parameter L.
Moreover, the studied uncertainties do not have a significant
effect on the closed-loop gain margin and phase margin. So, the
proposed control scheme provides a robust structure against grid
impedance variations.

VI. EXPERIMENTAL RESULTS

In this section, the experimental tests on a three-phase 7-kW
inverter are carried out to investigate the performance of the
proposed control structure. The system and control parameters
are listed in Tables I-III. A 32-bit floating-point TMS320F28335
DSP is used to implement the controller. Voltage and current
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Fig. 5. Experimental setup configuration.

waveforms are measured by a 12-bit resolution analog-to-digital
converter. The switching dead time of the IGBT modules is con-
sidered 3 ps. The experimental setup configuration is shown in
Fig. 5. In the following analysis, the controllers are designed for
the optimum operating point of the inverter, which is considered
90% of the rated power.

Fig. 6 shows the performance of the adaptive observer on
estimating the instantaneous values of the nonlinear inductor,
capacitor voltage, and grid-side current, respectively. As the
results show, the observer outputs have converged to the actual
values after a short time.
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Fig. 7. Grid currents with the conventional PR control in the presence of
(a) linear inductors (THD = 1.9%) and (b) nonlinear inductors (THD = 5.4%).

In the first scenario, the impact of nonlinear inductors on the
PR control systems is studied. In this test, the control design
is conducted based on the conventional linear model of the LC
filters. Fig. 7 depicts that the THD and steady-state error of
the grid current increase when linear inductors are replaced by
nonlinear ones. In addition, no guarantee of stability is provided
in this scenario when the operating point changes.

In the next scenario, the performance of the proposed adaptive
controller is evaluated under nonlinear inductors and weak grid
conditions. In this test, the control gains are selected based
on Ly om = 2 mH. To evaluate the effect of grid impedance
variations on the closed-loop system, Fig. 8(a)—(d) depicts the
grid voltage and current under Ly, = 0.5 mH, L, =2 mH,
L, = 4mH, and L, = 8 mH, respectively. The results show the
low sensitivity of the closed-loop response to grid impedance
variations.

In the next test, the performance of the proposed scheme is in-
vestigated in the presence of both grid impedance variations and
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Fig. 8. Grid current and voltage with adaptive control in the presence of
nonlinear inductors and under (a) Ly = 0.5 mH (THD = 1.9%), (b) Ly =
2 mH (THD = 2.4%), (c) Ly = 4 mH (THD = 2.6%), and (d) L, = 8 mH

(THD = 2.8%).
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Fig. 9. Grid current and voltage with adaptive control under nonlinear in-
ductors and distorted grid voltages with (a) Ly = 0.5 mH (THD = 2.2%),
(b) Lg =2 mH (THD = 2.7%), (¢) Ly =4 mH (THD = 4.6%), and
(d) Ly = 8 mH (THD = 8.6%).

distorted grid voltages. Here, the distorted voltage is considered
in accordance with the upper limits of the Standard EN50160.
Based on this Standard, the maximum values of the third, fifth,
and seventh harmonic components of the grid voltage are not
allowed to exceed 5%, 6%, and 5%, respectively [28]. Accord-
ingly, Fig. 9 shows the performance of the control system in
mitigating the effect of the harmonics under previous conditions.
In Fig. 9, it can be observed that the grid current complies with
the grid requirements under grid impedance variations between
25% and 200% of the nominal value. For L, = 8 mH (400%
of the nominal value), however, the THD is more than 5%.
Although the THD requirement is not satisfied in this condition,
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TABLE IV
CONTROLLER PERFORMANCE UNDER GRID IMPEDANCE VARIATIONS

Parameter 25% of Nominal =~ Nominal  200% of Nominal
Transient duration < 40 ms < 40 ms < 40 ms
Over/under shoot 1.5 % 1.4 % 0.88 %
Transient THD 6.1 % 5.5 % 5.9%
Steady-State THD 1.9 % 24 % 2.9%
Steady-State Error 1.5 % 1 % 2 %

=o=PR Control
== Robust Control
—_ *** Adaptive Control
N
~10 4
=
= Nominal Operating Point
5
sy -
O
:L":":":"'.:':‘"_'."'.l.--u.-.-—--n.r.-...':'..:'..-'-'...'.'...
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Fig. 10. Impacts of output current variations on the performance of the PR

and adaptive control schemes in the presence of nonlinear inductors.

it can be seen that the system stability is preserved, and the
resonances are damped.

Table I'V provides an analysis of the dynamic and steady-state
performance of the proposed strategy. In this analysis, the grid
impedance changes from 25% to 200% of its nominal value. In
all cases, a unit step reference signal is applied to the closed-loop
system to increase the inverter output current from 0 to 0.9 p.u.
The results depict that the controller has effectively handled
the grid impedance variations during transient and steady-state
phases.

To perform a comparative analysis, the performances of the
conventional PR control, the linear-matrix-inequalities-based
robust control presented in [22], and the proposed adaptive
scheme are investigated in Fig. 10. In all schemes, the control
gains are tuned for the optimum operating point in the presence
of nonlinear inductors. The PR controller uses the fundamental,
fifth-, and seventh-order harmonic compensators, which are
tuned to 140, 20, and 25, respectively. The gain vector of the
robust controller is selected as

K =[-15.043 —1.880 — 10.879 — 0.734 30.101
—30.639 30.274 — 25.493 20.664 — 40.105 30.444

— 50.091]. (25)

It is validated from Fig. 10 that the robust and the
proposed adaptive scheme satisfy the IEEE-1547 Standards
(THD<5%) [29]. Moreover, these schemes show a consistent
performance under output current variations, while the perfor-
mance of the PR control significantly degrades by moving away
from the designed operating point. In this scenario, the system
response may become unstable under PR control [22].

Finally, Table V provides a parametric comparison between
the discussed control systems with nonlinear inductors. In sum-
mary, the PR control benefits from simplicity but it cannot
guarantee the system robustness against voltage distortions or
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TABLE V
COMPARISON BETWEEN DIFFERENT CONTROL SCHEMES IN THE PRESENCE OF
NONLINEAR INDUCTORS

Scenario Parameter PR Robust Adantive
control control [22] control
Grid THD (L g,min) 1.8 % 2.1 % 1.9 %
Impedance THD (Lg,nom) 2.1 % 2.9 % 2.4 %
Variations THD (L g,max) 15.4 % 33 % 2.8 %
Transient THD (L g,min) < 40 ms < 40 ms < 40 ms
Phase THD (Lg,nom) < 40 ms < 40 ms < 40 ms
Duration THD (L g,max) < 60 ms < 40 ms < 60 ms
Steady- THD (L g,min) 1% 24 % 1.7 %
State THD (Lg,nom) 1% 2.4 % 1%
Error THD (L g,max) 25 % 4.1 % 2.1 %
Grid with THD (L g,min) 6.6 % 2.0 % 22 %
Distorted THD (Lg,nom) 10.1 % 3.1 % 2.7 %
Voltage THD (Lg,max) 249 % 4.6 % 8.6 %
Operating point| Minimum THD 1.8 % 2.1 % 1.9 %
Variation Maximum THD 14.1 % 29 % 2.4 %
Computational burden 3 s 8 s 9 us
Design complexity 5 12 12
(No. of control gains)

grid impedance variations. On the contrary, the robust scheme
provides good robustness against system uncertainties. Among
all strategies, however, the adaptive scheme presents better
harmonic cancellation because of its inherent adaptation char-
acteristics. Computation burden and design complexity are two
other parameters compared in Table V. The results show a
tradeoff between cost and performance. The PR control imposes
a lower computational burden and complexity but leads to lower
performance, too. On the other hand, the robust and adaptive
schemes need more computational resources but provide a more
reliable structure in the presence of nonlinear inductors.

VII. CONCLUSION

In grid-connected inverters, designing the inductors to operate
in their nonlinear flux-current region yields a reduction in cost,
inductor size, and power loss. The main drawback of these
inductors, however, is their time-varying, nonlinear behavior.
To harness its undesirable impacts on the system performance,
an adaptive observer-based control scheme is developed in
this article. The proposed controller is based on a concurrent
estimation of the nonlinear inductors, capacitor voltages, and
grid-side currents. The proposed observer eliminates the ne-
cessity of using extra sensors. The stability of the proposed
observer is proved analytically based on the Lyapunov theory.
The proposed control scheme guarantees system stability and
resonance damping under grid impedance variations. A robust
stability analysis is performed to certify these characteristics.
Finally, an experimental setup, including a three-phase 7-kW
inverter system, was used to provide a comparative analysis
among the conventional PR control, a robust strategy, and the
proposed adaptive method.
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