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Analysis and Validation for an Inverter-side
Current Controller in LCL Grid-connected
Power Systems

Jose M. Sosa, Panfilo R. Martinez-Rodriguez, Gerardo Escobar, Gerardo Vazquez,
Andres A. Valdez-Fernandez, and Juan F. Martinez-Garcia

Abstract—Transformerless grid-connected inverters offer
greater efficiencies when transferring power from renewable en-
ergy sources to the electrical grid. If the grid-inverter connec-
tion is done with an LCL filter, high attenuation of switching
harmonics is achieved while preserving a small-size output fil-
ter. However, damping must be included in the controller to as-
sure closed-loop stability. This paper proposes a reference com-
putation methodology for the inverter-side current feedback in
a photovoltaic (PV) generation system connected to the grid
through an LCL filter. Theoretical analysis of the closed-loop
system stability and of the steady-state performance are present-
ed as well as experimental validation of the closed-loop perfor-
mance. The feedback controller includes active damping and re-
lies on a resonant control structure which improves the ability
of dealing with grid harmonic distortion. The controller uses a
reduced set of measurements, which requires the inverter-side
current and grid voltage only, and assures a power factor close
to unity.

Index Terms—LCL filter, transformerless inverter, grid con-
nection, inverter-side current feedback.

1. INTRODUCTION

RANSFORMERLESS power inverters connected to the

grid have acquired a notorious usage among residential
and industrial facilities. A noteworthy application that is
gaining increasing interest is the connection to the grid of re-
newable sources such as photovoltaic (PV), wind turbine or
hybrid generation systems [1]-[3]. In these applications, the
electric energy is delivered by compelling a grid-side current
with an almost pure alternating-current (AC) sinusoidal
waveform with zero phase-shift with respect to the funda-
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mental component of the grid voltage. However, this latter,
which is fixed by the grid, may present harmonic distortion.

Transformerless power inverters are connected to the grid
through a passive filter. An inductive filter represents one of
the simplest solutions for this connection, which leads to
simple filter and controller designs, and practical implemen-
tations [4]. Most advanced solutions such as LCL or LLCL
filters provide increased mitigation of switching harmonics
with smaller components, reduced physical space and re-
duced costs [5], [6]. However, resonant issues arise, and
thus, damping must be added to reduce the risk of undesir-
able oscillating or possibly destructive behaviors. This leads
to a more involved control design, which becomes even
more challenging in the case of a reduced number of sensors
(71, [8].

In LCL grid-connected power inverters, damping can be
added by means of additional passive networks. For exam-
ple, a series resistor or a shunt RC network can be connect-
ed to the LCL filter capacitor to add passive damping [9].
Alternatively, advanced controllers can be designed to pro-
vide the necessary damping without power dissipation. This
strategy, whose efficiency is remarkably better compared to
passive damping, is known as active damping [10].

Several controllers providing active damping to the closed-
loop system have been proposed so far. Most of them are
based on the feedback of the grid-side or inverter-side cur-
rents and the feedback of the voltage or current of the LCL
filter capacitor [7], [11]-[15]. Other approaches consider a re-
duced number of measured states by avoiding the measure-
ment of the voltage or current of the LCL filter capacitor. In
particular, two main control design approaches can be distin-
guished to assure active damping. The first approach relies
on the feedback of the inverter-side current [7], [11], [14],
while the second relies on the feedback of the grid-side cur-
rent [12], [16], [17]. In the grid-side current feedback, the
damping is added only under certain conditions on the LCL
filter parameters and switching frequency. This approach
may even present instability issues in the presence of weak
grid conditions in [17]. In contrast, the inverter-side current
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feedback adds sufficient damping to mitigate the resonant be-
havior of the LCL filter [7], [15] in a broader range of pa-
rameters, switching frequency and grid conditions. However,
the computation of the inverter-side current reference follow-
ing this approach is more elaborated. An interesting alterna-
tive has been presented in [14], which uses a reduced-order
observer to realize a full state-feedback control, where the in-
verter-side current is the only available state.

This paper analyzes and experimentally validates an invert-
er-side current controller for power inverters connected to
the grid through an LCL filter. The controller consists of a
proportional term over the inverter-side current error, and a
harmonic compensation mechanism, which is embodied in a
bank of resonant filters tuned at the fundamental and har-
monic frequencies and also operating on the inverter-side
current error. The proportional term adds the required damp-
ing, while the resonant control structure compensates the ef-
fect of the grid voltage harmonic distortion to assure a high-
quality grid current. This controller guarantees the tracking
of the inverter-side current. Hence, it is important to provide
an appropriate inverter-side current reference. This reference
must be designed to assure that the grid-side current follows
a sinusoidal waveform of the grid fundamental frequency
component only, in phase with the grid voltage. The key to
design such a reference is the use of a scheme that extracts
the fundamental component of the grid voltage and its
square-phase companion. The analysis shows that the invert-
er-side current controller guarantees asymptotic stability.

Experimental tests are performed in a three-level inverter
prototype for simplicity. However, the controller can be ex-
tended to other inverter topologies. The experimental results
show that the inverter, with the controller and the proposed
current reference computation, supplies active power to the
grid with a good performance and enough damped response
despite the harmonic distortion in the grid voltage. More-
over, the solution uses a reduced number of sensors. The
main contribution of the paper is the design of an inverter-
side current controller to guarantee active damping for LCL
grid-connected H-bridge (HB) based converters along with
the corresponding stability analysis. The controller is able to
achieve active power injection with guaranteed active damp-
ing by using a design method to obtain the references for
the inverter-side current and the injected voltage. In addi-
tion, the corresponding modifications to these references are
also included to deal with the more realistic scenario that
considers harmonic distortion in the grid voltage.

II. SYSTEM MODELING

A general representation of a power inverter connected to
the grid through an LCL filter to supply power to the grid is
depicted in Fig. 1. The inductors L, and L, and the capacitor
C form the LCL filter between the power inverter and the
grid. The grid is represented by a sinusoidal voltage source

v, with fundamental angular frequency wg that may contain
harmonic distortion.
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Fig. 1. Power inverter connected to grid through LCL filter.

Let i, and iy denote the currents through L, and L,, respec-
tively, namely the inverter-side and the grid-side currents,
and let v. denote the voltage across C. The model of the sys-
tem in Fig. 1, is described by the following equations:

L,di,/dt=-Ri,—v .+e (1)
L,diy/dt=—R,is+v.—vy 2)
Cdv /dt=i, —ig 3)

where each inductor is represented by an inductance L, fol-
lowed by a parasitic resistor R,, i=1,2. The main objective
is to supply active power to the grid by forcing the grid-side
current iy to have a pure sinusoidal waveform in phase with
the fundamental component of the grid voltage vs. In order
to comply with this purpose, the voltage source inverter
(VSI) must reconstruct an appropriate voltage signal e, re-
ferred to as the inverter voltage and the control objective all
along the paper.

In the present work, it is assumed that the switching fre-
quency is high enough, that is, the cutoff frequency of the
LCL filter is selected well below the switching frequency f,,,.
In this way, the ripple in all signals can be neglected, and e
can be regarded as a continuous signal. In fact, it can be cal-
culated as e=uV,., as shown in Fig. 1, where u e[-1,1] is
considered to be continuous and represents the duty ratio of
a pulse width modulation (PWM) signal.

The inverter-side current controller, to be described in the
next section, can be used without major modifications in sev-
eral renewable based systems that supply electric energy to
the grid. Furthermore, the VSI in Fig. 1 could be any single-
phase suitable topology, which is the case of HB-based to-
pologies such as the HS5 [18], the HERIC [19], the H6 [20]
or the ZVFBR [21] topology. A PV system is taken as an ex-
ample, where the direct-current (DC) power supply is re-
placed by an array of PV panels. In this case, the controller
must be enhanced with a regulation loop to maintain the DC-
link voltage in an average reference value V. dictated by an
additional maximum power point tracking (MPPT) algorithm.

In general, the inductor series parasitic resistors R, and R,
shown in Fig. 1 add damping to the system, which is in ben-
efit of the stability. The control design shown in the next sec-
tion neglects such parasitic resistors, making the problem
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more challenging as the damping must be provided only by
the controller. Notice that the third-order state-space repre-
sentation of the system model (1)-(3) is a linear system.
Therefore, it admits a transfer function representation, which
governs the open-loop performance, facilitates the design of
the LCL filter, and allows the computation of its resonant
frequency. This information is then used to suggest a switch-
ing frequency where the inverter can operate normally. If R,
and R, are neglected, then the transfer functions G, (s)=

1, (SYE(s), G, (s)=I5(s)/E(s) and G, (s)=V(s)/E(s) are given
by:

G, (5)=[5+1UL,0)]/(L 4s)) o
G,.(5)=1/(L,L,CAGs)) (%)
Gy ()= s/(L,CAs)) (6)

where the characteristic polynomial 4(s) and resonance fre-
quency w,,, are given by:

L,L,C

L, +L,
W s = L1L2C

A common design of the LCL filter, intended to mitigate
switching frequency components and to reduce the filter size
[2], [22], [23], consists in computing the minimum value of
L, to guarantee the required inverter-side current ripple. Af-
terwards, the LCL filter capacitor C is selected based on the
maximum reactive power handled by the capacitor. It is com-
mon in practice to fix the reactive power handled by C be-
tween 5% and 15% of the rated active power supplied to the
grid. However, a compromise arises between the amount of
the capacitor reactive power and the filter ability to attenuate
the switching ripple. On one hand, if the capacitance is
large, the handled reactive power is large as well. On the
other hand, if the capacitance is small, the attenuation ability
of the LCL filter diminishes. Finally, the grid-side inductor
value is selected to meet the required ripple attenuation at
the grid-side current, and also to locate the LCL resonance
frequency o,,, in (7) between 10w, and =f;,.

(Ll +L2)
A(s)=s"+ s

(7

III. ANALYSIS AND CONTROL DESIGN

This section presents the design of the inverter-side cur-
rent controller to achieve active damping for the LCL grid
connected inverter. The controller is based on the inverter-
side current feedback to damp the system resonance. It in-
cludes a proportional term over the inverter-side current er-
ror. Therefore, an appropriate design of the inverter-side cur-
rent reference is essential to accomplish the main control ob-
jective, i.e., to compel a proper grid-side current. A resonant
control structure [24], [25] is also included in the controller,
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which operates on the inverter-side current error as well.
The aim of the resonant structure is to compensate harmonic
distortion that may be present in the grid, which is well sup-
ported by the internal model principle [26]. It is worth men-
tioning that the controller addressed herein requires a re-
duced number of sensors. In fact, only grid voltage and in-
verter-side current are measured. The design of the control-
ler is presented in the following subsections. First, the cur-
rent error feedback is addressed, and the arguments on stabil-
ity and dynamics are presented. Second, the computation of
the inverter-side current reference is presented, which relies
on the estimation of the fundamental frequency component
of the grid voltage and its square-phase companion. An anal-
ysis of the steady state of the current reference computation
scheme is performed to bound the error that arises when the
grid voltage has harmonic distortion. Finally, a resonant con-
trol structure is introduced to compensate grid frequency har-
monics.

A. Current Error Feedback

In this section, the error system is obtained by considering
an output feedback, where only the inverter-side current is
measured. The controller consists of a proportional gain for
which an stability analysis is performed. A resonant control
structure is added to the main controller to deal with possi-
bly harmonic distortion in the grid voltage.

The controller operates on the inverter-side current error,
which is the difference between the measured and an appro-
priately designed reference of the inverter-side current. The
following assumptions are considered to simplify the error
dynamics in the controller derivation.

1) The grid fundamental frequency has a known constant
value of fy =w,/(2m).

2) Parasitic resistors R, and R, have an arbitrarily small
value and can be neglected in the system dynamics (1)-(3).

If wy is unknown, an estimator such as the one presented
in [27] can be used. Notice that the second assumption
above poses a more challenging control problem, as the
missing damping must be introduced only by the controller.

To supply only active power to the grid, iy must asymptoti-
cally track a reference i/, which is composed of fundamen-
tal components only and is in phase with the grid voltage.
The amplitude of % is proportional to the amount of power
to be supplied to the grid, namely, the power reference P,
This control objective is denoted by i, —> it as t—> o0, and
must be fulfilled with uniform stability.

Consider % to be an admissible trajectory for i,, then i,,
ve and e track references i, v, and e, respectively,
which are governed by system dynamics (1)-(3). Define the
error state variables as i, =i, —i'%, ig=is—il, Ve=vo—v¥
and u=e—e". Based on these error definitions, the system
(1)-(3) is transformed into the following system, which is re-
ferred to as the error system:

L,di,/dt=—V.+u (®)
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L,dig/dt=7, ©)

Cdvo/dt=i, —is (10)
The system described in (8)-(10) is linear and time-invari-
ant, and has a pole at the origin and two complex conjugate
poles. The magnitude of the latter equals the resonant fre-
quency @,,, in (7). In order to fulfill the control objective,
the above error system must have the origin as an asymptoti-
cally stable equilibrium point. Then, the following controller
is proposed, which relies on the feedback of 7,, which is ex-
pressed in (11).

(11)
where £ is a strictly positive constant gain. The closed-loop
error system (8)-(11) can be rewritten in the form of an au-

u=—ki,

tonomous system as follows:

Qdx/dr= A% (12)
-k 0 -1
Qdv/dr={ 0 0 1 | (13)
1 -1 0

where Q=diag(L,,L,,C) is the diagonal matrix with filter
parameters in its diagonal, and the error state vector is given
by X=[i,.i5.7.]". The closed-loop state matrix is given
by (14).

-k 0 -1
Q'A=0'10 0 1 (14)
1 -1 0

The model in (13) represents the closed-loop error aver-
age model in time domain with inverter-side current error
feedback. The roots of its closed-loop characteristic polyno-
mial in the frequency domain establishes stability. Closed-
loop polynomial together with the related transfer function is
used to prove closed-loop stability with the inverter-side cur-
rent error feedback by appealing to the root locus method.
The filter inductor ratio is defined by a=L,/L,. Then the
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closed-loop characteristic polynomial is given by (15) and
its roots are the closed-loop poles, or equivalently, the eigen-
values of Q' A.

A,(5)=5>+ (15)

lva s+k Ls2+ !
al,C L' T arc

Then, the closed-loop poles coincide with the solutions of
1+ kG(s)=0, where G(s) is expressed in (16).
1, 1
—s+
L diC
. I+a
oL,C s

G(s)= (16)
S3

The open-loop poles of G(s) are located at zero and at

1j/(+a)/(aL,C), and the zeros at %j,/1/(aL,C). The root

locus of the closed-loop poles as a function of gain k, which
varies from zero to infinity, may adopt either of the sketches
shown in Fig. 2. For k=0, the closed-loop poles coincide
with the open-loop poles. As k increases, the closed-loop
poles follow the root loci of Fig. 2. The value of the induc-
tor ratio a=L,/L, relative to 8 determines the behavior of
the root loci as k varies. Figure 2 shows that if the gain & is
positive, then the closed-loop poles have negative real parts,
which guarantees closed-loop stability. Additionally, the val-
ue a=L,/L, differentiates the performance of several stable
closed-loop systems. This has an effect on the performance
of the transient response rather than on the stability. In prac-
tice, the case a=8 or even o> 8 rarely appears. In fact, L, is
usually designed to be larger than L, as the inverter-side cur-
rent gets larger switching ripple. If a>8, then there exist
break-in or breakaway points of the closed-loop poles to the
real line as observed in Fig. 2(b) and Fig. 2(c). This is not
the case for <8 as shown in Fig. 2(a). That is, for a>8,
there are discrete values of & for which multiple closed-loop
real poles occur. Such values of £ can be obtained by solv-
ing the critical points of function f(s)=1+kG(s) [28].

Im +jm | Im Im
o [L,C +j3j4@ lc +j/a(1+‘a) 1
Ly a [L,C
+j@ ! 1
alL,.C
21
JrJ4L1C /?4_'@ lc
o Ll
Re s Re i sk{\g,-@ 1 Re
—]Q 1 o\L,C
4|L,C
a1
alL,.Cc
32 1 _jla(lﬂx) 1
_fa(Fa) 1 14 I,C a [L,C
a [L,C
(@) (d) ()

Fig. 2.

General forms of root-locus for inverter-side current error feedback loop. (a) L, <8L,. (b) L,=8L,. (¢) L,>8L,.
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If a<8, L,<8L,, and the root locus is depicted in Fig. 2
(a) where one closed-loop pole has negative real part for any
k>0 and tends to a zero at —oo as k — co. The two remaining
closed-loop poles are complex conjugates with negative real
part for any k>0, and tend to the zeros located in the imagi-
nary axis at +j,/1/(L,C) as k—>oo. This is a typical root lo-

cus that ocurrs when the value of the inverter-side inductor
is larger than that of the grid-side inductor. This selection is
done by considering that the switching harmonic content is
larger in the inverter-side current than in the grid-side cur-
rent.

If =8, L,=8L,, and the root locus is shown in Fig. 2(b).
In this case, there is one negative real closed-loop pole that
tends to the zero located at —oo, and there are two closed-
loop poles that have negative real part and tend to the zeros
located in the imaginary axis at +j(\V/2 /4),/1/(L,C). There

=—(\V6/4)/1/(L,C) as shown

in Fig. 2(b), where the three closed-loop poles coincide with
feedback gain k, expressed in (17).

36 Ly
T4 C

If a>8, L,>8L,, and the root locus is shown in Fig. 2(c).
One closed-loop pole is real and tends to —oo when k — .
The other two closed-loop poles have negative real part and
tend to the zeros located at +j(Va /a)/1/(L,C) in the imagi-

nary axis as k—oo. However, for the subset of gains
k.., k,]=R, all closed-loop poles become negative real. The
gains k,, and k,, are expressed in (18).

~ \/Za(a—2)+\/a(a—8) 3a++/a(a—8) /Tl
“ 2a a++/a(a—8)
\/Za(a 2)—/a(a—9) 3a—\/0c((178/7

¢ 2a Va(o—8)

is a point in the real line s,

amn

(18)

There exists an entry/exit to/from the real line of the com-
plex conjugated closed-loop poles, occurring at s, and s, ,

respectively, expressed in (19).
\/Za(a—2+\/a(a—8))
- 2a/L,C
\/2a(a—2—\/a(a—8))
2a.,/L,C

From this analysis, it can be concluded that, for any of
the possible cases with k>0, the asymptotic stability of the
origin is guaranteed since closed-loop poles have negative re-
al parts. However, the transient response depends on differ-
ent ratios a and feedback gains k. Therefore, the inverter-
side current feedback (11) adds active damping by moving
the closed-loop poles to the left-side of the complex plane as
the gain parameter k increases. For a relatively small %, the

(19)

S ==
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response is dominated by the real closed-loop pole closest to
the origin, where the response is well damped. For a relative-
ly large value of £, the response behavior is dominated by
complex conjugated closed-loop poles, which dictates an os-
cillatory behavior of the closed-loop system. In either case,
an increase in gain k>0, in a given range, causes the reduc-
tion of the imaginary part of the complex conjugated closed-
loop poles in each of the cases depicted in Fig. 2. As a con-
sequence, a more damped behavior is expected, with a damp-
ing coefficient depending on the system parameters.
Therefore, with the inverter-side current feedback (11),
and taking into consideration the inverter voltage reference
e, the inverter voltage e=u+¢e'? is given by (20).
(20)
Under the above assumptions, the feedback controller (20)
renders the closed-loop system stable. The computation of e
requires /7 and e’?, where ¢’ can be seen as a decoupling
term. The next subsection presents a method to obtain esti-
mates of i’/ and e'?, in the case where the grid voltage and
i are pure sinusoidal signals, i.e., contain fundamental com-
ponent only. The case with harmonic distortion in the grid
voltage requires a harmonic compensation mechanism,
which is presented right after the next subsection.

e=—ki, +¢

B. Definition and Estimation of Admissible Reference

Implementation of the above controller (20) requires the
reference i/ and the decoupling term ¢’ to accomplish the
control objective, i.e., to assure that i is a pure sinusoidal
signal with the same frequency and phase of the fundamen-
tal component of v This subsection presents the estimation
for these two references. For the ease of presentation, this
subsection considers the case of a pure sinusoidal v, which
is composed of fundamental component only. It is proved
that the estimates i/ and ¢ converge towards their referenc-
es i and €'Y, respectively, in the steady state. However, in
the presence of harmonic distortion in v, the reference esti-
mations exhibit a bounded convergence error.

If the grid voltage v has no harmonic distortion, the grid-
side current reference can be computed in terms of vg, and
the desired active power to be supplied to the grid P, . How-
ever, in general conditions, v, has additional harmonic com-
ponents, and therefore, its fundamental component may be
used instead. Let vy, be the steady-state fundamental compo-
nent of the grid voltage, and ¢,  be its square-phase compan-

ion, that is, ¢,

difference of 90°. Notice that vy, and ¢, form a basis for

coincides with vy, except for a phase shift

the set of periodic signals at the fundamental grid frequency.
Therefore, the system references i/, i, v and e in steady
state can be constructed as linear combinations of vy,

and ¢

To guarantee the fulfillment of the control objective, i
must be proportional to v,,, whose amplitude is fixed by the

Vsi®
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IV ¢ s bE the
apparent conductance of the system, and Vg, the root-
mean-square (RMS) value of the grid voltage. Then the grid-
current reference can be proposed as (21).

i’ =gvs, (21)
Let x=[i'7,i,vi¢]", then the remaining system referenc-

es are imposed by the system dynamics (1)-(3), and can be
expressed by (22).

desired active power to be supplied. Let g=P

ref

g(1-03L,C) ol )
rej S'l
= g 0 [‘ﬁ} (22)
1 gwsL,

Moreover, the admissible steady-state inverter voltage is
given by (23).

e = (l—a)_szlC) Vs, + gy (Ll +L, —a)ﬁLleC) .., (23)
Notice that vy, and ¢,  satisfy (24).
dvg,/dt 0 gl Vsa
|:d¢"&|/dt:|: [_ws 0 :l ¢VS.1 (24)

The time-derivative of the system state reference (22) is

given by (25).
Vs
e

Based on (22) and the above time-derivative, it can be ver-
ified that references in (22) satisfy the system dynamics (1)-
(3), and thus, they are admissible trajectories.

The following linear, uniformly stable estimator for the
fundamental component of the grid voltage v, and of its
square-phase companion ¢

—0,C gw; ( 1- a)éLzC)
dxr()f/dt: O ga)S

2
—gwiL, Ws

is used based on the linear esti-

Vs

mator presented in [24], [29], [30].

i, /dt =1 (vy— P, )+ 05 (26)

Vs

dg, /dt=-o, (27)

The estimation gain 4>0 modifies the rate of the estima-
tion. Estimates of /¥ and of &/ can be computed as follows:

i =g (1= w3L,C) Vs, +0,C, (28)

oY = (I—W§L1C)‘75.1 +ng(Ll +L2 _wéLlLZC)¢"&l (29)

If reactive power injection is required, references (28) and
(29) can be modified as follows. Let Q,,, be the desired reac-
tive power references, and define 2=Q

ref

/V s The magni-

ref

tude of the apparent admittance of the system is define as
\Vg*+h. Then the required grid current reference in (21)

must be modified to ¥ =gv,, +h¢, . Following an analo-

gous procedure as the one used to obtain the references im-
posed by the system dynamics (22) and the admissible
steady-state inverter voltage (23), the following references

can be proposed.

i =1 +h(l— o (30)
(€2))

Then, the expressions (30) and (31) are the estimated ref-
erences for the inverter-side inductor current and the steady-
state inverter voltage, respectively, when the reactive power
reference Q,,, is not zero.

§L2C)¢V&1

eph=e—hwg(L,+L,—wiL, L,C)Vs,

In fact, the estimator in (26) and (27) is linear. Its eigen-
values have negative real part, and it is bounded-input,
bounded-output stable. Therefore, if the grid voltage is
bounded and periodic, the estimations i/ and & are also
bounded and periodic.

Assuming that vy has no harmonic contents, the estima-
tions i/ and & in (28) and (29) converge exponentially to-
ward 7, in the first scalar equation of (22), and ¢'“ in (23).
However, if vy has considerable harmonic contents, there is
an steady-state error between estimated references and actual
references. In the remaining part of this subsection, bounds
are obtained for these errors. The usual grid voltage harmon-
ics for single-phase electrical systems are at odd multiples of
the fundamental frequency. Then the Fourier series represen-
tation of the grid voltage in steady-state is expressed as vy =

2 e8I Q1= Doogt = s, ). 11 (s)=
G, (s\Vs(s) and E™(s)=G,(sWV(s), where G,(s) and G,(s)
are given in (32).
ig(l—wﬁLZC) s—lwiC

st +As+ w3
2(1-03L,C) s—igwi(L,+L, -

SE IS+ Wi

Notice that

G ()=

) (32)
®iL,L,C)

G,(9)=

The magnitudes of these transfer functions at each consec-
utive multiple n of the harmonic frequency, i.e., M, (n)=

|G, (j(2n—Day) and M,(n)=|G,(j2n—Dwy) are given by
(33), where n e N*.
i\/g - w3l C) 2n—17+w3iC?
M, (n)=
1 JZCn—1 1160 (- 1V}
2
i\/gwa(Ll +L,~iL,L,C) +@2n-1)*(1-w,L,C)
M, (n)=
’ JZCn— 1y 1167 (- 1V

(33)
Therefore, the Fourier representation of the steady-state es-
timated references are given by (34).

nf_z m2n— 1M1(n)5in((2n_1)wst_‘//2n71)
(34)
e = z m2n— 1M2(”)Sin((2”_l)wst_eznfl)

where  y,, =0, , = £G,(j2n-Dwg) and 0, =@, —
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ZG,(j(2n—Dwy). Hence, the error of each estimated refer-
ence, Ai'Y =" — /¥ and Ae’ =& — ', satisfy (35) and (36).

I C&V, . Jgll-aw3L,C| -1
A.nf < N m,2n—1 m n—
A 4 ;n(n—l) 4 nz:;‘ n (35)
IAe|< AgwgL, + L, —wiL, L,C| & Vian-1
4 n=2 n(n_ 1)
j'|1 CU;L C‘ m 2n—1
36
1 ; p (36)

If the harmonic components of v, are zero from a given n
and above, as occurs in practical applications, or if the mag-
nitude of the harmonics is of the order of 1/n, errors are
bounded since the sums in the inequalities (35) and (36) are
convergent. The approximation error becomes zero whenever
the grid voltage is a pure sinusoidal.

C. Harmonic Compensation Mechanism

The harmonic distortion of v propagates to the controller
and estimator. A solution to compensate the harmonic distor-
tion is to use a resonant control structure following the prin-
ciple of the internal model [26]. This includes the model of
the perturbation to be compensated in the stable feedback
path. Hence, asymptotic tracking is achieved. This control
approach has been successfully used in several power elec-
tronics applications [24], [25].

Considering the estimated references i}’ and é", the con-
troller (20) can be expressed as follows:
e=—ki, +kit + & —ki, + k(i — At )+ (¢ — Ae™)— ki, +

kit +e'’ + @ 37)
where @=—kAil" —Ae™ is a periodic bounded perturbation
whose Fourier series representation includes the odd harmon-
ics in the grid voltage. Therefore, a resonant control struc-
ture may be included at the feedback path to compensate @,
which consists of a set of resonant filters tuned at odd multi-
ples of the fundamental grid frequency, i.e., frequencies de-
fined by 2n—Dw,, Vnel{l,2,---,N}, where N can be fixed
as the number of the first more significant harmonics in the
grid voltage. By considering the resonant structure (37), the
following expression for the controller is obtained:

N
e:—ki] +ki'ff+e’€/ +d— 2}’2,,,1(2,,,]

n=1

(3%

The last term in (38) can be implemented in the form of a
transfer function as follows:

zerr 161 ()= 2

where y,, ,, Vne{l,2,---,N} is a constant gain.
A block diagram of the overall controller is presented in
Fig. 3. The inputs of the reference estimation block are v;

y2n 1S

emve, O

and P, and the generated outputs are the & and 77 de-
scribed by (28) and (29), respectively. The parameters g, a, =

1-wiL,C, a,=1-wilL,C, a,=w,C and a4=ws(Ll+L2—
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wﬁLleC) are involved in the calculation of the estimates.

The inputs of the controller are the inverter-side current, the
inverter-side current reference and the estimations coming
from the reference estimation block. The controller includes
two actions namely proportional and resonant control actions
over the inverter-side current error. To avoid issues caused
by the infinite gain at resonant peaks, it is proposed to im-
plement the bank of resonant filters (39) as follows:

y Yan-1 [(27’!— Doos/ O, ] s
s+ [@n- Doy, |s+@n- 1) o?

(40)

where the resonant filters have been replaced by selective
band-pass filters. These filters have an adjustable limited
gain y,, ,, and can be made as selective as required through
the quality factor Q,, ;.

gar az ‘;lref
ay gas on of
Pref 1 {70)‘5‘ 0
g
> v s
(@)
1
1 i T S =
e
- +
i Yan1S8 o
S 2+2n-1 0l e
(b)

Fig. 3. Block diagram of reference estimation and feedback controller. (a).
Reference estimation. (b). Feedback controller.

IV. EXPERIMENTAL VALIDATION

The controller presented in Fig. 3 is experimentally tested
to evaluate its performance in a 1.0 kVA HB prototype built
upon insulated gate bipolar transistor (IGBT) modules and
with unipolar sinusoidal pulse width modulation (SPWM).
The controller is not limited to this particular topology, and
can be modified to control other single-phase topologies.
The inverter is connected to the local grid, with an RMS
voltage of 122 V, wy=120n rad/s, through an LCL filter.
The power is supplied by a programmable DC voltage
source. The experimental setup is shown in Fig. 4. It in-
cludes current and voltage sensors, a signal conditioning
stage, a power stage and a dSPACE ACE 1103 control board
where the controller is implemented. It is worth mentioning
that the proposed controller can also be implemented in a
DSP-based control board. This is possible because the con-
trol strategy involves common math operations and second-
order transfer functions (for the reference estimation block
and for each harmonic to compensate).



394 JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 8, NO. 2, March 2020

Fr——— === =1

Vboe ——

{
1
s g e ol R

,,,,,,,,,,,,,,,

LV-25P
-

L=<

Drivers
: dSPACE
Tyl f—|
~+ # ACE 1103

Optical
isolation

Control
board

Signal conditioning

Fig. 4. LCL grid-connected power inverter experimental setup.

The DC-link voltage is fixed to V, =240 V, the switching
frequency is set to f,, =8 kHz, and the power reference is
set to P,,=700 W, which is the active power to be supplied
to the grid. The LCL filter parameters are L, =1 mH, L, =
552 pH, C=8 wF. The sampling period is 50 ps. Other sys-
tem and controller parameters are V., =127 V, k=6.5, 1=
250, a,=0.9988, a,=0.9994, a,=3.016x107, a,=0.5848,
7,=96, 0,=93, y,=93, 0,=94, y;=92, 0,=90, y,=99.89,
0,=9237, y,=71, 0,=92, y,,=50, 0O, =88, 7,;=9.54,
0;=89, y;5=21, Q)5=61, 7, =65, 0\, =T71.

The above parameters follow the design rules previously
presented and reported in [2], [22], [23]. However, for the
sake of completeness, the tuning process is described in
more detail as follows. The base capacitance and base induc-
tance are given by C,=P, /(wsVns)=115.12pF and L, =
Virus/(@sP,)=61.12 mH, respectively. The maximum in-
verter-side current ripple is given by A/, ...=V,./8L, f,,)=
3.75A. The sum L,+L, equals 1.552 mH, which is lower
than the recommended 10% of L,, i.e., it is lower than 6.11
mH. The filter capacitance C'=8 uF does not exceed the rec-
ommended 15% of C,, i.e., it is lower than 17.26 puF. This
value limits the reactive power demanded by the LCL filter
capacitor. The LCL  resonance  frequency f,, =
\/(L] +L2)/(L]L2C)/2n is located at 2.984 kHz, which lies

between ten times the grid frequency f; =60 Hz and half the
effective switching frequency at the inverter output. This is a
common practice to avoid resonance issues in LCL-filter-
based converter applications [31], [32].

The experiments include tests where the harmonic com-
pensation block of the controller shown in Fig. 3 is enabled
and disabled with the purpose to demonstrate its benefits, re-
spectively. In both cases, only v and i, are measured. Two
system responses are presented to evaluate the performance
of the proposed controller, the steady-state response at P, =
700 W, and the transient response during step changes of the
power reference between 350 W and 700 W.

Figure 5 shows the steady-state responses at P,,=700 W
without and with harmonic compensation. Both sub-plots
show v, Vg, i;, and iz Notice that Vg, in both sub-plots has
an almost pure sinusoidal waveform despite the harmonic
distortion present in vg.

Voltage (250 V/div), current (10 A/div)

Voltage (250 V/div), current (10 A/div)

i PP PR AP RPN

)

I PR SRR |

Time (4 ms/d
(b)

Fig. 5. Steady-state grid voltage, estimated grid voltage fundamental com-

ponent, inverter-side current, and grid-side current with proposed controller

considering P,,,=700 W. (a) Without harmonic compensation. (b) With har-
monic compensation.

As observed in Fig. 5(a), if no harmonic compensation is
included, both i, and i exhibit a slight harmonic distortion.
In contrast, as observed in Fig. 5(b), if the harmonic com-
pensation scheme is activated, both i, and iy achieve almost
pure sinusoidal waveforms, which corroborates the benefit of
the compensation scheme. These figures also show the effec-
tiveness of the LCL filter in reducing the switching harmon-
ics at the grid-side current. Moreover, Fig. 5(b) shows that
i’ reaches an almost pure sinusoidal waveform with the re-
quired phase shift with respect to Vg ,. This is necessary to
guarantee that iy is in phase with the fundamental compo-
nent of vy

Figure 6 shows the steady-state responses of the inverter-
side current error i,, the estimated inverter-side current refer-
ence i and the inverter-side current i, at P,,=700 W. Fig-
ure 6(a) shows the responses without harmonic compensa-
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tion, while Fig. 6(b) shows the responses with harmonic
compensation. It can be observed that 7 is appropriately
generated in both cases with and without the compensation
scheme. As observed in Fig. 6(b), if the compensation mech-
anism is activated, i, achieves an almost sinusoidal wave-
form, and the amplitude of i, is reduced to zero.

Current (10 A/div)

Time (4 ms/div)
(a)

Current (10 A/div)

i i i I A PP TP TP

Time (4 ms/div)
(b)

Fig. 6. Steady-state inverter-side current error, estimated inverter-side cur-
rent reference, and inverter-side current, with proposed controller consider-
ing P,,=700 W. (a) Without harmonic compensation. (b) With harmonic
compensation.

Figure 7 depicts the steady-state response of vg and its
fast Fourier transform (FFT) vy, and i and its FFT ig .,
at P,,=700 W. It can be observed that v is composed of the
fifth and seventh harmonic components besides the funda-
mental component, while i; contains mainly fundamental
component.

Figure 8 shows the steady-state response at P, =700 W
under the overall controller, i.e., including the harmonic com-
pensation mechanism. The figure includes e, ¢, i, and /7.
Notice that in the closed-loop operation, both references &/
and 7 coincide with the actual injected voltage and the mea-
sured inverter-side current, respectively, except for a high-
frequency switching component in the inverter-side current.
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Fig. 7. Steady-state grid voltage and grid-side current with proposed con-
troller (including harmonic compensation) and considering P,,,=700 W (x-
axis unit for FFT is 62.5 Hz).

Voltage (250 V/div), current (10 A/div)

iv)

Ti;ne (4 ms/d:
Fig. 8. Steady-state control voltage, estimated voltage reference, inverter-
side current, and inverter-side current reference, with proposed controller
(including harmonic compensation) and considering P,,,=700 W.

The figure shows e, &%, i, and i/’. Notice that the con-
trol voltage and the inverter-side current converge to their
corresponding references in a relatively short time, without a
noticeable overshoot nor settling time.

Figure 10 shows the transient responses with power step
changes from 350 W to 700 W and back from 700 W to 350
W, with the overall controller. The figure shows P,,, &, i
and the grid-side current error iy =i —i%’. Notice that the cur-
rent transients are relatively short as compared to the funda-
mental period of the grid voltage. In fact, both transients are
very smooth without appreciable overshoots in the current
time waveforms.

V. CONCLUSION

This paper presents the design, analysis and experimental
validation of a model-based controller for a power inverter
connected to the grid through an LCL filter, which has spe-
cial interest in applications of photovoltaic generation sys-
tems among others.
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Fig. 9. Transient responses of control voltage, estimated voltage reference,
inverter-side current, and inverter-side current reference in proposed scheme

(including harmonic compensation) after power step changes. (a) Changing
from 350 W to 700 W. (b) Back from 700 W to 350 W.

The controller provides active damping and assures a grid-
side current in phase with the fundamental component of the
grid voltage. Moreover, the controller adopts a reduced num-
ber of measurements. In fact, only the grid voltage and the
inverter-side current are required for the controller implemen-
tation. The controller structure consists of a proportional
term and a harmonic compensation scheme over the inverter-
side current error. One of the contributions of this work is
the estimation of the inverter-side current reference and a de-
coupling term required for the controller implementation.
Analysis has also been presented to show that the error be-
tween these estimations and the references turns out to be
bounded. Moreover, it is shown that this error could be com-
pensated even in the general case of a grid voltage with har-
monic distortion. Therefore, the overall controller proposed
in this paper is able to supply power to the grid with a guar-
anteed clean sinusoidal current signal. Experimental results
with a laboratory prototype inverter prove the benefits of the
proposed controller. The results show that the controller is
able to introduce active damping and achieves lower-than-
standard harmonic distortion in the grid-side current.

Power (500 W/div), current (10 A/div)

Time (4 ms/div)
(a)

Power (500 W/div), current (10 A/div)

i
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Time (4 ms/div)
(b)
Fig. 10. Transient responses of power reference, grid-side current refer-
ence, grid-side current, and grid-side current error in proposed scheme (in-

cluding harmonic compensation) after power step changes. (a) Changing
from 350 W to 700 W. (b) Back from 700 W to 350 W.
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