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Abstract This paper proposes a novel discrete-time robust
model reference adaptive controller based on a modi-
fied recursive least squares applied to grid-connected con-
verter with LCL filter. This controller uses an input–output
approach to reduce the number of sensors, and it is robust to
additive and multiplicative unmodeled dynamics and sinu-
soidal disturbances. Experimental results are presented in
order to verify the performance of proposed control strategy.

1 Introduction

Distributed generating systems based on wind turbines, pho-
tovoltaic systems, fuel cells and micro-gas turbine units have
become more relevant in the electrical power system due to
the global necessity to diversify the energetic matrix. Most
of these systems use static converters with LCL filters for
attenuation of the harmonic distortion in the point of com-
mon coupling (PCC) with the grid. The using of LCL filter is
motivated by the better attenuation of the harmonic distortion
in relation to the L-filter, principally in high-power convert-
ers with low switching frequency. However, the using of this
kind of filter can cause oscillations in the grid currents due
to the low damping of resonances (Tambara et al. 2013).
From these problems, several control techniques have been
proposed in the scientific literature to solve the problem of
the active damping of LCL filters connected to grid: optimal
control (Mariethoz et al. 2008), PI control (Lindgren and
Svensson 1998), proportional plus resonant control (Liserre
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et al. 2006), robust control (Gabe et al. 2009) and adaptive
control (Massing et al. 2012). Independently of the approach
or control technique of design, it is highly desirable that the
controller has the following property: ability to maintain sta-
bility of the system in the presence of unmodeled dynamics
and uncertainties. This property is usually called: robustness
(Ioannou and Tsakalis 1986). Besides the works presented in
Mariethoz et al. (2008), Lindgren and Svensson (1998), Lis-
erre et al. (2006) and Gabe et al. (2009) to solve the problem
of the active damping, the performance and stability of the
closed loop are substantially dependent on the grid parame-
ters, grid dynamics and output filter. The control techniques
with fixed gains, widely used in the industry, such as PI and
PID controller, do not guarantee performance and stability
in some applications, such as control of systems that present
parametric variations and unmodeled dynamics (Della Flora
and Gründling 2008), e.g., systems with variable operation
points. Hence, the using of a robust adaptive control tech-
nique is an interesting choice for these applications. From
the analysis of the dynamic and grid parametric variations,
inMassing et al. (2012) an adaptive controller is used to solve
this problem. However, in Massing et al. (2012), the control
system is applied to the control of the converter side AC cur-
rents. In others words, there is not a direct control of the grid
current at the PCC. Additionally, Massing et al. (2012) use
states feedback to realize the control; then, a big number of
sensors are necessary (10 sensors).

In the adaptive controllers field, since the 1980s, several
modifications have been proposed in adaptive algorithms
to improve some important characteristics such as robust-
ness and performance (in transient and steady state) of the
control system. These alterations are based on inclusion of
σ -modification function, robust normalizing, dead zone and
others (Ioannou and Tsakalis 1986). Hence, different adap-
tive control structuresweredevelopedwith extensive stability
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analysis to solve problems of plants with variable operation
points (Stefanello and Gründling 2010; Salgado et al. 1988;
Hsu 1988; Gao et al. 2011; Narendra et al. 1980). Thus, the
adaptive controllers have presented an appropriated perfor-
mance in several practical applications (Tambara et al. 2013;
Khanna et al. 2014; Liu et al. 2014; Yang et al. 2013; Teja
et al. 2012; Montanaro et al. 2014).

Thus, this paper proposes a discrete-time robust model
reference adaptive controller (RMRAC), via input–output
approach, with robustness to additive and multiplicative
unmodeled dynamics and sinusoidal disturbances by using a
modified RLS adaptation algorithm. In this paper, the appli-
cation of the proposed controller is: the active damping of
grid-connected converters with LCL filter. Thus, this paper
presents experimental results of the proposed discrete-time
RMRAC on a grid-connected power converter with LCL fil-
ter where the grid side currents are the controlled variables.
The proposed structure uses an input–output approach that
minimizes the number of measurement sensors, in relation
to the state-feedback approach.

This paper is organized as follows: Section 2 presents the
LCLfiltermodeling. Section3presents the plant assumptions
and the RMRAC structure. Section 4 shows the controller
design. Section 5 presents the experimental results of the
proposed structure. Section 6 concludes the work.

2 LCL Filter Modeling

In this section, the continuous domain modeling of the con-
verter with LCL filter is presented. Figure 1 presents the
three-phase electrical diagram of the plant with a reduced
number of sensors: 5 sensors. In this case are measured: the
voltage in DC link (vcc), two line AC currents in the grid (iag

and ibg) and three-phase voltages at PCC (vab and vbc) for
synchronization of the converter with the energy grid.

The system presents a primary source, a three-phase static
converter, an LCL filter, an instrumentation system based on
a digital signal processor (DSP) and the connection with the
energy grid. In this model, the equivalent circuit of the LCL
filter is represented by the Thevenin equivalent in relation to
the PCC.The grid inductance and resistance are, respectively,
Lg = Lg1 + Lg2 and rg = rg1 + rg2. The linear time invari-
ant (LTI) model in αβ coordinates of a grid-connected LCL
filter, considering vd = 0, is represented by two mono-phase
systems, where both are given by

ig(s)

u(s)
=

1
LgLcC

s3 + (rg Lc+rcLg)
LgLcC

s2 + (Lc+Lg+rgrcC)
LgLcC

s + (rg+rc)
LgLcC

,

(1)

where ig(s) represents the grid side current and u(s) is the
synthesized voltage by converter (converter output voltage).
Thus, in this work, the controlled variable y(s) is the current
ig(s). It is important to salient that Model (1) is an approx-
imation of the real system; the passive elements such as rg ,
rc, Lg , Lc and C are variables of the real system and are not
known completely. In this case, rg and Lg depend on the grid
parameters; rc and rg are variables with the heat. Addition-
ally, the several loads connected in the PCC are unknown.
However, Model (1) presents an initial point to design the
proposed adaptive controller.

3 Plant Assumptions and RMRAC Structure

In this section, the discrete-time structure of the RMRAC
controller is presented.

Fig. 1 Electrical diagram of the grid-connected static converter with three-phase LCL filter
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3.1 Plant Assumptions

Consider the single-input single-output plant

G(z) = y(z)

u(z)
= Gp(z) [1 + μm�m(z)] + μa�a(z), (2)

where z is a discrete complex frequency, Gp(z) represents
the modeled part of the plant,μm�m(z) andμa�a(z) are the
unmodeled dynamics of multiplicative and additive types,
y(z) is the plant output and u(z) is the plant input.

The modeled part is given by:

Gp(z) = kp
Zp(z)

Rp(z)
, (3)

where (3) is subject to the following assumptions:

A1: Zp(z) and Rp(z) are monic polynomials of degree mp

and np, respectively;
A2: Zp(z) is a Schur polynomial, and the signal of the gain

kp is assumed to be known; For the unmodeled dynam-
ics, one has the following assumptions:

A3: �a(z) is a strictly proper and Schur transfer function;
A4: �m(z) is a Schur transfer function;
A5: The only a priori information required about �a(z) and

�m(z) is a lower bound on the stability margin p of its
poles.

These assumptions are, normally, used for conventional
model reference adaptive controllers.

3.2 RMRAC Structure

Basically, the purpose of the adaptive control is to determine
a parameters vector θ, such that the output y of the closed-
loop system follows the output ym of the reference model
predetermined, represented by a transfer function Wm(z),
which is defined as

Wm(z) = ym(z)

r(z)
= km

1

Rm(z)
, (4)

For the reference model, one has the following
assumption:

A6: Rm(z) is an arbitrary Schur monic polynomial of rela-
tive degree n∗ = n p − mp > 0.

The input of Wm(z) is defined by the reference r , a uni-
formly bounded, and km is the gain of the reference model.
Equation (3) is used to generate the signal ym, which is the
desired value of y.

The control law is obtained from the following equation

θ
T (k)ω(k) + r(k) = 0, (5)

where θ
T (k) = [

θ
T
1 (k) θ

T
2 (k) θy(k) θu(k) θsin(k) θcos(k)

]

is the weighting parameters vector, ωT (k) =[
ωT
1 (k) ωT

2 (k) y(k) u(k) Vp(k) Vq(k)
]
is the auxiliary vec-

tor, u(k) is the plant input, ω1(k) and ω2(k) are filter
outputs of the matching equation between reference model
and closed-loop system (Ioannou and Tsakalis 1986), Vp(k)
is the phase component with the disturbance and Vq(k) is the
quadrature component with the sinusoidal disturbance. Thus,
the control law u(k) is given by:

u(k) = θ
T
1 (k)ω1(k) + θ

T
2 (k)ω2(k) + θy(k)y(k) + θsin(k)Vp(k) + θcos(k)Vq(k) + r(k)

−θu(k)
(6)

The vector ω1 is given by:

ω1(z) = α f (z)

� f (z)
u(z) = (zI − F)−1 qu(z), (7)

the vector ω2 is given by

ω2(z) = α f (z)

� f (z)
y(z) = (zI − F)−1 qy(z) (8)

and the pair (F,q) is controllable. The magnitude of the
matrices F and q is directly related to controller dynamic
(see Ioannou and Tsakalis 1986). The eigenvalues of F are
related to convergence speed of the adaptive algorithm.

The parametric adaptive algorithm is given as follows:

θ(k + 1)

= [I − σ(k)P(k − 1)Ts] θ(k) − Tsα
P(k − 1)ζ(k)ε(k)

m̄2(k)
,

(9)

where the augmented error ε(k) = y(k) − ym(k) +
θ
T (k)ζ(k)−Wm(z)θT (k)ω(k) is a composition of the track-
ing error and the adaptation error. The augmented error is
used to guarantee the convergence of the algorithm (Ioan-
nou and Tsakalis 1986). α is a design positive constant,
ζ(k) = Wm(z)ω(k) is an auxiliary vector and Ts is the sam-
pling period, where the sampling frequency must be much
greater than the frequencies of the poles of the plant (at least,
10 times). The normalizing function m̄2(k) is expressed as:

m̄2(k) = 1 + ωT (k)ω(k). (10)
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Fig. 2 Block diagram of the
digital discrete-time RMRAC
controller

The proposed covariance matrix P(k) is expressed as:

P(k) = P(k − 1) − Tsα
P(k − 1)ζ(k)ζT (k)P(k − 1)

m̄2(k)

+BTs − σ(k)Ts [P(k − 1)]2 , (11)

where P(k) = PT (k) > [0] and B = β

⎡

⎢
⎣

1 . . . 1
...

. . .
...

1 . . . 1

⎤

⎥
⎦ (where

β > 0).
Such as Ioannou and Tsakalis (1986), the σ -modification

function is given by:

σ(k) =

⎧
⎪⎨

⎪⎩

0 if ‖θ(k)‖ < M0

σ0

( ‖θ(k)‖
M0

− 1
)

if M0 ≤ ‖θ(k)‖ ≤ 2M0

σ0 if ‖θ(k)‖ > 2M0

,

(12)

where M0 and σ0 are positive design parameters to be deter-
mined.

Figure 2 presents the blocks diagram of the digital
RMRAC controller.

Equations (9), (10) and (11) are modified versions of
the adaptive algorithms presented in Ioannou and Tsakalis
(1986), Salgado et al. (1988), Lozano-Leal et al. (1990) and
Ioannou and Tsakalis (1986). The present scheme uses a
least-squares recursive adaptive algorithm, which includes
the σ -modification function that it is responsible to create
a region of attraction to accelerate the convergence of the
controller gains and remove the integral action. The scalar

constant α is a weight for the augmented error in (9). The
higher α, the higher the convergence speed of the controller
gains. The covariance matrix uses the matrix B that avoids
divergence of P when σ(k) = 0 and, additionally, the matrix
B helps the covariance matrix P to tend to nonzero matrix in
steady state. Hence, the adaptive algorithm RLS behaves as
a gradient in steady state.

3.3 Steps for Implementation of the Adaptive Algorithm

In order to implement the presented adaptive algorithm in
a digital system, the following 11 steps are executed in a
sampling period Ts :

(1) Sampling of the PCC three-phase voltages vab and vbc,
two line AC currents in the grid (iag and ibg) and the
voltage in DC link (vcc);

Then, in αβ coordinates:

(2) Updating of the reference: r(k);
(3) Updating of the variables: ω1(k) and ω2(k);
(4) Updating of the reference model output: ym(k);
(5) Updating of the vector: ζ(k);
(6) Updating of the augmented error: ε(k)
(7) Updating of the signal: m̄2(k);
(8) Updating of the control action: u(k);
(9) Updating of the signal: σ(k);
(10) Updating of the control gains vector: θ(k + 1);
(11) Updating of the covariance matrix: P(k).
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Table 1 Electrical parameters of the LCL filter

Symbol Quantity Approximated values

rc Resistance of the converter side 0.05 �

Lc Inductance of the converter side 1mH

rg Resistance of the grid side 0.05 �

Lg Inductance of the grid side 0.5mH

C Capacitance of the LCL filter 60µF

Thus, in each samplingperiod the action controlu(k) is calcu-
lated for the modulation of the converter, in abc coordinates.

4 RMRAC Design

Equation (2) has relative degree equal to 3. It is known that
transfer functions with relative degree greater than 2 have
sampling zeros out of unit circle, when they are discretized
by Z Transform and zero-order hold (ZOH) (Aström et al.
1990). Hence, the discrete transfer function ig(z)/u(z) is
a non-minimum-phase function. Thus, ig(z)/u(z) does not
respect AssumptionA1. In this case, it is necessary to obtain
a minimum-phase model. In order to obtain a suitable model,
Table 1 presents the LCL filter parameters for the respective
modeling.

ThemodelG(z), consideringTable 1, aZOH, the transport
delay with Ts = 1/4500 s, is numerically expressed as:

G(z) = 0.05342
z2 + 3.4743z + 0.9834

z(z3 − 0.9843z2 + 0.9806z − 0.9672)
.

(13)

Model (13) has two zeros: z1 = −3.16349 and z2 =
−0.31086. Hence, due to zero z1 is necessary to realize some
modifications in (13) to obtain aminimum-phase plant. Thus,
(13) is expressed as:

G(z) = Gp(z) + μ�a(z), (14)

where Gp(z) must be a minimum-phase plant.
Writing μa�a(z) as

μa�a(z) = 0.05342
(z − 1)2

z(z3 − 0.9843z2 + 0.9806z − 0.9672)
,

(15)

where (15) conforms Assumption A3. Thus, replacing (15)
in (14), we can obtain a minimum-phase plant Gp(z)

Gp(z) = 0.05342
5.4743z + 0.9834

z(z3 − 0.9843z2 + 0.9806z − 0.9672)
.

(16)

From the analysis of Fig. 3, it is possible to verify that the
modelGp(z) has similar approximately dynamic behavior in
relation to the G(z). Thus, the model Gp(z) is confirmed as
an appropriated model.

Fig. 3 Frequency response from the models Gp(z) and G(z)
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Table 2 Design parameters of the RMRAC algorithm

Symbol Quantity Values

θ
T (0) Gains vector

[
0 0 0 −1 1 0

]

ωT (0) Auxiliary vector
[
0 0 0 0 0 0

]

P(0) Covariance matrix 5I6×6

M0 Design parameter 1

σ0 Design parameter 5

α Design parameter 450

β Design parameter 4.5

Ts Sampling time 222.222µs

F Design parameter 0.06126621

q Design parameter 0.93873379

The modeled part of the plant (16) has relative degree
n∗ = 3; then, from Assumption A6, the chosen reference
model is given by:

Wm(z) = 0.343

(z − 0.3)(z − 0.3)(z − 0.3)
. (17)

The proposed discrete-time RMRAC controller must be
able to cope with bounded sinusoidal disturbances vd . Even
though vd is not available formeasurement, it can bemodeled
as a sum of sine and cosine terms. The fundamental and the
low-order harmonics, (e.g., 5th and7th) canbe included in the
model of vd . For simplicity, only the fundamental component
of the grid voltagewill be considered. By using the procedure
from Massing et al. (2012) with the control law (5), one can
update of the parameters θsin(k) and θcos(k). Table 2 presents
the design parameters of the proposed algorithm in this work.
It is important to salient that the gains vector θ(0) starts
far away from the convergence values. These parameters
were chosen after successive simulations and experimental
results.

5 Experimental Results

5.1 Prototype

The proposed discrete-time RMRAC controller is imple-
mented to control the grid side currents of the three-phase
converter with LCL filter (such as Fig. 2), where the power
flow is from the DC voltage to the grid, e.g., the converter
operates in the generator mode.

The results show the capacity of the proposed con-
troller to track the grid side reference currents and show
the convergence of the controller gains. The controller was
implemented in the floating point DSPTMS320F28335 from
Texas Instruments�. Both sampling and converter switching

Table 3 Electrical characteristics of the prototype

Symbol Quantity Values

Pout Nominal power 10kW

Fs Switching frequency 4.5kHz

Lc Inductance of the LCL filter (converter side) 1mH

Lg1 Inductance of the LCL filter (grid side) 0.5mH

Lg2 Grid inductance 1mH

C Capacitance of the LCL filter 60µF

Fig. 4 10kW prototype

frequency are 4.5kHz. Table 3 shows the electrical charac-
teristic of the prototype of 10kW.

It is important to salient that the parameter Lg2 is not con-
sidered in the model Gp(z), because it is a grid inductance.
The prototype used in this work is presented in Fig. 4.

5.2 Results: Reference Tracking

In a total time of 1.8 s, some current transients were per-
formed. Figure 5 presents the grid side sinusoidal three-phase
currents of the closed-loop system. Figure 5a shows the start-
up of the experimental result, where the gains vector θ(0)
starts far away from the convergence values, and thus, in
time interval t1 a big oscillation is present. However, it is
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Fig. 5 Grid side currents in closed loop (grid frequency of 60Hz) with
(vertically 10A/div; horizontally 10ms/div): a three-phase currents dur-
ing the experiment start (10A/div); b transient response for a reference
step from 2 to 5A; c transient response for a reference step from 5 to
10A; d transient response for a reference step from 10 to 15A

possible to verify that, quickly, the grid side currents are sta-
bilized, in t2. Figure 5b presents the transient response for a
reference step from 2 A (t2) to 5A (t3). Figure 5c presents
the transient response for a reference step from 5 A (t3) to
10A (t4). Figure 5d presents the transient response for a ref-
erence step from 10 A (t4) to 15A (t5). The frequency of the
reference r is 60Hz.

Figure 6 presents the evolution of the controller gains θ(k)
in αβ coordinates.

Figure 7 presents the grid side current tracking errors in
αβ coordinates.

Figure 5 shows the transient response and the steady-
state response of the proposed RMRAC controller. Figure 6
presents the convergence of the RMRAC controller gains,
and Fig. 7 shows the correct tracking of the controller. In
Figs. 5, 6 and 7, one can note the performance of the proposed
control strategy. The proposed controller guarantees robust-
ness to the closed-loop system. The tracking error (Fig. 7) is
small during all the time, e.g., the closed-loop output y(k)
follows the reference model output ym(k). An interesting
remark in Fig. 6 is: The gains vector θ(0) starts far away
from the convergence values and is possible to achieve fast
convergence and fast transient response.

5.3 Results: Parametric Variation

In Fig. 8, the control of the grid side currents is presented
with parametric variation on the grid inductance Lg , where
inductances of 1mHper phasewere included. This represents
a commutation from the stiff grid to weak grid.

It is possible to note, clearly, the fast stabilization of the
currents after the parametric variation on the system.

6 Conclusions

This paper has presented a discrete-time RMRAC con-
troller applied to grid-connected converters with LCL filter.
The present paper presents important modifications at the
covariance matrix that improve the performance of the con-
troller. The structure of the controller was presented, and
experimental resultswere shown in order to support the appli-
cability of the proposed controller. The controller guarantees
appropriated performance in the sense of tracking and fast
convergence of the controller gains. It is interesting to note
that the gains vector θ(0) starts far away from the conver-
gence values and is possible to achieve fast convergence and
good transient performance. The principal contribution of
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Fig. 6 Evolution of the gains
vector θ(k): a θ(k) in α

coordinate; b θ(k) in β

coordinate

Fig. 7 Grid side current
tracking errors
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Fig. 8 Grid side current with
parametric variation with
reference of 10A/60Hz
(vertically 5A/div; horizontally
10ms/div)

this paper is to propose an RMRAC controller, using an
input–output approach, applied on a grid-connected power
converter with LCL filter, where the grid side currents are
the controlled variables with reduction in number of sensors.
These results were carried out to verify the good performance
of proposed control strategy in systems connected to the
grid.
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