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Abstract—This article presents a discrete robust adaptive
control structure, gathering a Robust Model Reference Adaptive
Controller (RMRAC) with an adaptive Super-Twisting Sliding
Mode (STSM) controller. The resulting control structure is
applied to current control of a voltage-fed three-phase inverter,
connected to the grid by an LCL filter. The main contribution
of this control proposal is its adaptability, maintaining the
robustness characteristics of the controllers that compose it with
good regulation performance. Moreover, as the adaptive Sliding
Mode action is high-order (Super-Twisting), the chattering phenomenon is significantly mitigated. Thereby, its implementation
is simplified, using a first order reference model. For this, the
dynamics of the LCL filter capacitors are neglected during
the modeling process, considering it as an additive unmodeled
dynamics. To validate the viability of the proposed control
structure, Hardware in the Loop (HIL) results are presented.

Keywords – Adaptive Sliding Mode Controller, Robust
Model Reference Adaptive Controller, Grid-tied Converter,
LCL filter, Hardware in the Loop.
I. I NTRODUCTION
In recent years, world energy consumption is increasing,
contributing to the exhaustion of natural energy reserves and
consequently creating a run for new renewable energy sources.
In this way, there is a popularization of micro and mini generation [1]. To use energy from a renewable source, it is necessary
to convert continuous to alternate energy. For this purpose, a
DC-AC converter is normally used [1]. For attenuation of the
harmonic distortion present at the Point of Common Coupling
(PCC) between the inverter and the electrical grid, as well as
for attenuation of the high frequency harmonic components
generated by the full bridge key switching, output filters are
fundamental parts of grid-tied structures. The attenuation of
these harmonic components is necessary for the system to meet
the IEEE 1547-2018 standard, which limits injected current
THD (Total Harmonic Distortion). Therefore, for good power
quality, L or LCL filters are commonly used to connect the
inverter to the electrical grid [2]. An L filter satisfactorily
fulfills the function of suppressing harmonics, as required by
current standards. However, due to its size and high cost,
its use in power systems greater than 1 kW is not a viable
alternative [2], making the LCL filter a better option [2], [3].
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In addition to choosing a suitable output filter, another
important issue in the design of a grid-tied DC-AC converter is
the robustness of the current controller, since the inductance of
the electrical grid is uncertain [4], [5]. Note that its impedance
varies depending on local energy system quality, and may have
a high inductive content (weak grid). The inductive content of
the electrical grid is a challenge for control system, since it
drastically increases the required controller efforts to keep the
system stable and with the currents properly regulated [4].
The current control of a DC-AC converter with LCL
filter has already been implemented using several control
techniques, such as: Proportional-Integral Controller [3], P+R
(Proportional+Resonant) Controllers [6], Robust Quadratic
Linear Regulator [7], Robust Model Reference Adaptive Controller (RMRAC) [4], modified RMRAC [8], among others.
Also, recently [9] proposed a robust P+R with a first order
Sliding Mode (SM) controller. However, control structures that
use sliding mode terms usually presents chattering, generated
due to their high frequency non-linear action, as shown in
[10] and [11]. It is noteworthy that chattering phenomenon
can cause instability in the control system and problems with
electromagnetic interference [11]. An alternative to mitigate
chattering is to use higher-order Sliding Mode controllers,
such as Super-Twisting, proposed in [10], [12]-[13], which
maintains a good regulation performance and provides a
significant mitigation of these persistent oscillations.
Thereby, this paper proposes the development and application of a discrete-time Robust Model Reference Adaptive
Controller (RMRAC) with an adaptive Super-Twisting Sliding
Mode (STSM) controller, called RMRAC-STSM. The controller is applied for current control of a three-phase grid-tied
Voltage Source Inverter (VSI) connected to the electrical grid
through an LCL filter. Also, the proposed controller uses a
reduced-order reference model. For this purpose, a simplified
model of the LCL filter is considered, where the dynamics
of the LCL capacitor are neglected (equivalent to the pair of
complex conjugated poles in the complete plant model), as
presented in [14]. Then, the controller is robust to unmodelled
dynamics. Besides, the digital implementation of the controller
becomes simpler, once that a reduced order system require less
parameters to adapted, impacting directly on the computational
cost.
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Figure 1. Three-phase grid-tied VSI with LCL filter.
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Figure 2. Single-Phase LCL equivalent circuit for modeling.

II. P LANT M ODELING
This section presents the LCL transfer functions in continuous and discrete-time, as well as the DC-AC converter
parameters design.
A. LCL Transfer Functions
The three-phase grid-tied VSI diagram is shown on Figure
1, where rc and Lc constitute the inverter-side impedance,
rg and Lg constitute the grid-side impedance and Cf are
the LCL filter capacitors. Note that rg2 and Lg2 constitutes
the electrical grid impedance, unknown in the LCL modeling,
since they change according to local grid characteristics [4].
Moreover, Vlink is the primary source and vd represents the
grid voltage. Furthermore, vab and vbc are the measured line
voltages and ia , ib and ic are the measured phase currents.
In addition, iLc , iCf and ILg2 are the inverter-side, capacitor
and grid-side currents, respectively. Also, the control action
is synthesized using a Space Vector Modulation in order to
update the inverter switches S1 to S6 . The 3-wire grid-tied
VSI with LCL filter modeling is well discussed on [4], then,
the plant modeling will be briefly discussed in this paper. To
ensure synchronization between converter and electrical grid,
a Kalman filter, proposed in [15], is utilized.

To control the grid-injected currents, the three-phase system,
in abc coordinates, is transformed into two identical decoupled single-phase models, in αβ0 coordinates, using Clarke
transformation, once that control design on abc coordinates is
complex due to the strong model coupling [4]. Figure 2 shows
the single-phase equivalent circuit.
Thus, according to [4], considering the LCL equivalent
circuit shown on Figure 1, applying Kirchhoff’s circuit laws
and using the state-space modeling presented on [16], the
continuous-time transfer function that relates the electrical grid
injected current (iLg ) and the modulated voltage synthesized
by converter (v̄ab ) can be obtained. The LCL transfer function
for filter output current control can be expressed on (1),
iLg (s)
=
v̄ab (s)
s3 +

1
Lg Lc Cf
(L +L +R R C )
(Rg Lc +Rc Lg ) 2
s + c Lgg Lc Cgf c f s
Lg Lc

+

Rg +Rc
Lg Lc Cf

(1)
where v̄ab is the voltage synthesized by converter through the
desired modulation technique.
B. Converter Parameters Design
The design of the LCL elements was made according to [2],
following the proposed restrictions and steps for design. The
obtained values for the LCL filter are: Lc = 1 mH, Cf =
62 µF and Lg = 0.3 mH, considering rc = rg = 50mΩ.
Also, the power inverter is Pin = 5400 Wpk . Moreover, the
switching frequency and sampling period are fs = 10.02 kHz
and Ts = 99.8 µs, respectively. In addition, the DC link is
Vlink = 500 V and the electrical grid parameters are unknown.
III. RMRAC-STSM C ONTROLLER
In this section, it is presented the reference model design,
the proposed controller theory and the steps for its implementation.
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Figure 3. Bode diagram of complete plant G(z) and simplified plant Go (z).
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Figure 4. Bode diagram of reference model Wm (z) and simplified plant
Go (z).

A. Reference Model Design
Replacing the converter parameters in (1) and using a ZOH
method for discretization, (2) can be obtained
G(iLg ,D) (z) = G(z) =

d2 z 2 + d1 z + d0
,
c3 + c2 z 2 + c1 z + c0
z3

(2)

where d2 = 60.33, d1 = 205.7, d0 = 59.03, c3 = 1, c2 =
−0.8119, c1 = 0.8024 and c0 = −0.9579.
The discrete-time transfer function of the plant, presented
in (2), has third order, which implies on a complex adaptive
control system with a great set of mathematical equations
that requires an elevated computational capacity from microcontroller to execute it. In order to simplify the design and
implementation of the adaptive control structure, a simplified
plant is considered, whose its model is a first order transfer
function. This simplified plant has the same dynamics in
the frequencies of interest (low frequencies) as the original
plant. Thereby, the LCL resonance peak is disregarded in
the simplified plant, as it occurs in high frequency, close to
the Nyquist frequency. Then, the LCL complex conjugated
pole pair, which represents mainly the capacitor dynamics, is
considered as an unmodeled dynamics, as presented in [14].
The simplified model plant is
G(iLg ,D) (z)∗ = Go (z) =

151.8
,
(z − 0.9849)

Note that the pair of complex conjugated poles present in
the system, at high frequency, has been neglected. Therefore,
the RMRAC-STSM control structure treats the complex poles
of the LCL filter as an umodeled dynamic and must be robust
enough to regulate the system considering this simplification,
as shown in [14].
B. Control Law and Adaptive Control Algorithms
The control law is shown on (5), according to [17],
θ(k)T ω(k) + r(k) = 0,

where the adaptive vector is θ(k)T = [ θu (k) θy (k) θSM (k) ]
and the auxiliary vector is ω(k) = [ u(k) y(k) uST SM (k)].
Besides, θu (k) and θy (k) are the adaptive parameters from
RMRAC using a first order reference model and θSM (k) is
the adaptive gain from Sliding Mode. Also, u(k) (u(k) =
uRM RAC (k)+uST SM (k)) is the complete control action, y(k)
is the plant output and uST SM (k) is the SM control action.
Making the appropriate multiplications in (5), the uRM RAC
and uST SM control laws can be obtained. The RMRAC
control law is
1
θy (k)
y(k) −
r(k),
uRM RAC (k) = −
(6)
θu (k)
θu (k)

(3)

and the STSM control law is

where ∗ represents the simplification.
Figure 3 shows the Bode diagram of complete, (2), and
simplified plant, (3). Thereby, considering the simplified plant
model, a reference model with first order can be chosen, since
its transfer function must present the same relative degree
as the modeled part of the real plant. The adopted reference
model is
0.7301
.
Wm (z) =
(4)
(z − 0.2699)

uST SM (k) =

Figure (4) presents a Bode diagram of the simplified plant and
the reference model. For the choice of Wm (z), a gain of 0dB
was considered at low frequencies and a bandwidth at least
one decade greater than that of the simplified plant, in order
to ensure a fast dynamic response to the adaptive structure in
the regulation of converter output currents.

(5)

θSM (k)
uSM (k),
θu (k)

(7)

p
where uSM (k) = k1 |e1 (k)|sgn(e1 (k)) + v(k), and sgn is
a signal function. Moreover, v(k) is shown on (8), according
to [10],
v(k) = −k2 Ts sgn (e1 (k)) + v(k − 1),

(8)

where Ts is the sample period, k1 and k2 are the constants from Super-Twisting Sliding Mode, both defined by
the designer. Furthermore, e1 is the tracking error, e1 (k) =
y(k) − ym (k).
The adaptive algorithm is based on Gradient method. Then,
the Γ matrix has fixed gains. In addition, the augmented error
(k) is defined on (9),
(k) = y(k) + θ(k)T ζ(k),

(9)

where ζ is an auxiliary filter (first order), responsible for
filtering the adaptation parameters by the reference model,
ζ = Wm (z)ω.
The adaptive parameter recursive equation is defined on
(10),
Ts γζ(k − 1)(k − 1)
.
m2 (k − 1)
(10)
Note that the adaptive algorithm objective is to minimize
the augmented error , expressed in (9). However, as the
augmented error is correlated with the tracking error, once the
augmented error is small, the system is tracking the reference
and consequently the tracking error (e1 ) tends to be small [17].
To incorporate robustness and limitation of all closed loop
signals, a majorant signal m̄2 is considered, as (11)

r

θ(k)=θ(k-1)(1-Tsγσ(k)) - γTs

θ(k) = θ(k − 1) [1 − Ts γσ(k − 1)] −

m̄2 (k) = m2 (k) + ζ T (k)Gζ(k),

ym

Wm(z)

ζ(k) ε(k)
2
m (k)

e1

θu , θy
y

θy(k)
1
y(k)
r(k)
θu(k)
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G(z)
y
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u
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(11)

where G is the majorant gain, also defined by the designer.
Moreover, to increase controller robustness a σ-modification
is included [17], which avoids parameters drifting. Note that
this function avoids parametric divergence, acting according
to the norm of gains in each iteration,


if kθ(k)k ≤ M0
0
kθ(k)k
σ(k) = σ0 ( M0 − 1) if M0 < kθ(k)k < 2M0 , (12)


σ0
if kθ(k)k ≥ 2M0
where σ0 is the superior limit from sigma function, M0 is the
positive parameter, which can safely be over-sized to twice the
value of the norm for ideal gains, θ ∗ (convergence values in
steady state) [14].
The control system (5)-(12) are generic and can be applied
to any plant whose modeled part is represented by a transfer function with unitary relative degree. However, for the
application of the controller in the proposed plant (grid-tied
three-phase VSI with LCL filter), the grid dynamics still need
to be included in the system, in order to reject exogenous
disturbances.
C. Periodic disturbance dynamics modeling
For the control system application on three-phase injected
currents into the electrical grid by the VSI converter with
LCL filter, the dynamics of electrical grid voltage can be
considered as an exogenous and periodic disturbance [4], [8].
Therefore, two new adaptive parameters were added referring
to the periodic disturbance (θc and θs ). Also, two new signals
are included in ω, sin(k) and cos(k), corresponding to phase
and quadrature, respectively, both obtained using the Kalman
Filter, as proposed in [15]. Then, the control law can be
rewritten as
θ(k)T ω(k) + r(k) = 0,
(13)
where θ(k)T = [ θu (k) θy (k) θSM (k) θc (k) θs (k) ]
and the auxiliary vector can be expressed as ω(k) =
[ u(k) y(k) uST SM (k) sin(k) cos(k) ].

θc,θs

θc(k)
θ (k)
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Figure 5. RMRAC-STSM block diagram.

The adaptive control law regarding the periodic disturbance
imposed by the electrical grid voltage vd is
uD (k) = −

θc (k)
θs (k)
cos(k) −
sin(k).
θu (k)
θu (k)

(14)

Then, the complete control law can be rewritten as the sum
of three terms: RMRAC (uRM RAC ), STSM (uST SM ) and
periodic disturbance (uD ),
u(k) = uRM RAC (k) + uST SM (k) + uD (k).

(15)

Figure 5 presents the block diagram from RMRAC-STSM
structure considering the electrical grid dynamic modeled as
a periodic disturbance.
D. Steps for RMRAC-STSM algorithm implementation
Once the discrete equations of the controller and the reference model used have been defined, a roadmap for implementing the control structure can be made, as follows:
1) Reference update: r(k);
2) Reference model output update: ym (k);
3) Tracking error update: e1 (k);
4) Control law update: u(k);
5) Aguilar filter update: ζ(k);
6) Majorant signal update: m2 (k);
7) Augmented error update: (k);
8) Adaptive parameter vector update: θ(k).
IV. C ONTROL A PPLICATION
The proposed RMRAC-STSM control structure was applied
to current control of a three-phase grid-tied VSI with LCL
filter using a TMS320F28335 DSP and a Typhoon© HIL
402. The use of HIL has been shown to be effective to
validate control structures, considering that it is possible to

modify plant parameters, controllers and add disturbances to
the system in real time [18].

30

B. HIL Results using RMRAC-STSM
The following parameters were used to implement the
RMRAC-STSM control structure for VSI three-phase current
regulation: k1 = 1, k2 = 1, Γ = 10000, G = 200 and
θ = [ 1 0.98 1.6 0.99 2.3 ]T . The majorant gain (G) and
the adaptation gain (γ) were chosen so that the ratio between
the majorant and adaptation gain is at least 10 times, ensuring
a fast dynamic response for the adaptive system. As for the
initial values of the adaptation parameter vector θ, these values
were taken from a previous simulation, already close to their
convergence. k1 and k2 were set to 1, since STSM is adaptive.
Figure 6 shows the currents injected into the electrical grid
by the VSI converter, in abc coordinates, when it is possible to
observe that the RMRAC-STSM structure can regulate the system with low overshoots during load variations (t = 0.1002s,
t = 0.2004s and t = 0.4008s). In addition, when there was
added a Lg2 = 1mH (t = 0.8016s), representing a weak grid
environment, the currents were disturbed for a short transient,
but the control system acted fast to find a new set of parameters
in order to keep the system stable.
In addition, Figure 7 presents the tracking error e1 , in αβ
coordinates. It is possible to observe in Figure 7 that e1
amplitude is disturbed during the imposed variations on plant,
but oscillates around zero in steady state. Also, the tracking
error presents no high frequency oscillation (chattering).
Figure 8 shows the RMRAC-STSM control laws in αβ
coordinates. Based on Figure 8, it can be noted that uRM RAC
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The test is started with bus voltage Vlink = 500V and the
AC line voltage is set to 220V . The sampling and switching
frequency is 5040Hz, while the data storage frequency of the
DSP is 333Hz, that is, during interruptions of the control system the microcontroller saves in memory 1 every 25 samples
processed. This strategy was adopted considering hardware
limitation in order to obtain sufficient data to adequately assess
the parametric convergence of the control system.
In addition, normalized voltages in α and β coordinates
are estimated using the Kalman filter proposed in [15]. After
synchronization with the electrical grid, the signals sampled by
the DSP begin to be stored in memory and the instant t = 0s
is established, and then there is the following steps:
1) The three-phase injected currents (iLg ) reference were
set to 5Apk until t = 0, 1002s;
2) At t = 0.1002s a load step is performed and iLg
reference is updated to 10Apk ;
3) At t = 0.2004s, iLg reference is set to 20Apk ;
4) When t = 0.4008s, the grid injected currents reference
are updated again to 30Apk (full load);
5) At t = 0.8016s a disturbance is inserted in the grid with
Lg2 = 1mH in order to verify the performance of the
controller in an environment that simulates a weak grid.
6) When t = 1.2024s the experiment is finished.
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Figure 7. Currents tracking error (e1 ) in αβ coordinates.

and uST SM are significantly disturbed when the system suffered load steps and inductance addition, but uRM RAC rapidly
follows the new reference and uST SM acts more intense
during transients, tending to zero in steady state, eliminating
the chattering presence from SM action. Moreover, it did not
saturate in any instant of the test, neither bursting phenomenon
occurred. Also, Figure 9 presents the adaptive gains θ in
αβ coordinates. It can be noted that the adaptive gains were
severely disturbed considering the load steps and inductance
addition, but all parameters converged in steady state and no
parameters drifting occurs.
V. C ONCLUSION
This paper presented the development of a discrete-time
RMRAC-STSM controller applied for current control of a
three-phase grid-tied VSI converter with LCL filter. The
RMRAC-STSM structure was modeled based on a reduced
order LCL filter model and were tested under a weak grid
condition. It was observed that the RMRAC-STSM structure
presented good regulation performance and low tracking error
in steady state. Also, there was a considerable effort of
control actions considering the disturbances imposed to the
plant, where the control action uST SM made a significant
contribution during the transitional periods, with its activity
tending to zero when the system entered in steady state.
Therefore, the RMRAC-STSM controller behaved robustly
to imposed disturbances and unmodeled dynamics, where
all adaptive parameters converged, keeping the system well
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Figure 8. RMRAC-STSM control laws in αβ coordinates.

regulated, presenting itself as a viable alternative for current
regulation of three-phase grid-tied converters with LCL filter.
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