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ABSTRACT

In this work, is developed a new discrete-time robust adaptive predictive control based
on combining the adaptive structure of a Model Reference Adaptive Controller (MRAC),
to adjust gains online, with the control law One Sample Ahead Preview (OSAP), a
particular case of deadbeat controller, for the current loop of a grid-connected voltage-
source converter, also, this control not need resonant controllers to reject exogenous
disturbances. A case application is presented, the grid-side currents control of a three-
phase full-bridge static converter connected to the electrical grid by LCL filter. Simulation
results are presented to show the performance of the proposed controller in a grid
connected system.

Keywords: Adaptive Control, Robust Control, Model Predictive Control, OSAP Control,
Grid-Connected Converters, LCL Filter.

RESUMO

Neste trabalho, um novo controle preditivo robusto adaptativo em tempo discreto ¢
desenvolvido, combinando a estrutura adaptativa do Model Reference Adaptive Control
(MRAC), para ajustar os ganhos online, com a lei de controle One Sample Ahead Preview
(OSAP), um caso particular do controlador Deadbeat, para a malha de controle da
corrente de um conversor alimentado a tensdo conectado a rede, cujo controlador
resultante ndo requer controladores ressonantes para rejeitar disturbios exdgenos. Uma
aplicagdo de caso ¢ apresentada, o controle de correntes do lado da rede de um conversor
estatico trifasico em ponte completa conectado a rede elétrica por um filtro LCL. Os
resultados da simulagdo sdo apresentados para mostrar o desempenho do controlador
proposto em um sistema conectado a rede.

Palavras-chave: Controle Adaptativo, Controle Robusto, Controle por Modelo Preditivo,
Controle OSAP, Conversores Conectados a Rede, Filtro LCL.

1 INTRODUCTION

The fast development of the human society and the industrial production implies
on intense demand for energy and fast fossil fuels depletion Chen et al. (2019); Fang et
al. (2019). Furthermore, concerns about well-being of the environment and global
warming have attracted interest in deployments of renewable energy sources Malinowski
et al. (2015); Jha (2016); Chowdhury (2016); Costa et al. (2020). Thus, since last decade,
renewable energy sector has been turning more and more relevant Kuznietsov et al.
(2019).

Grid-connected power generation systems based on photovoltaic panels, wind
turbines, fuel cells, among others, have used static converters with LCL filters to attenuate

high harmonic frequencies Dannehl et al. (2007). For high power converters, larger than
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IMW, LCL filters are commonly employed due to their high attenuation of current
harmonics, inherent to converter’s switching frequency. In addition, without significantly
increasing the reactive power consumed at the grid frequency compared to an L filter.
Furthermore, the grid impedance causes uncertainties on LCL’s resonance frequency. It
is a relevant dynamic that have to be considered on controller design to ensure stability
and performance of the grid-connected converter Liserre et al. (2006).

As for LCL resonance damping, there are two main solutions presented on
literature, to suppress it. They are: (I) the use of passive damping to attenuate the
resonance peak, which is undesirable at high power systems, due to energy cost and power
losses caused by insertion of passive elements on the filter. Moreover, these methods
depend on the PCC (Point of Common Coupling) characteristics; (II) the use of active
damping, which can be achieved through different control strategies, such as optimal
controller Mariethoz et al. (2008), PI controller Lindgren and Svensson (1998) and
Ponnaluri and Serpa (2008), the PI controller with resonant Liserre et al. (2006), robust
control Gabe et al. (2009) and Maccari (2014) and adaptive control Massing et al. (2012);
Tambara et al. (2013).

Regardless of the approach used or the control technique, it’s desirable the control
algorithm has the following property: capable to keep system stability and good
performance even in the presence of structured and unstructured uncertainties, as well as
disturbances, since the performance and stability of the closed loop system is substantially
dependent on the grid parameters and the dynamics of the converter output filter.

Ioannou and Tsakalis (1986a) shows a few strategies of RMRAC controller which
has been used for a lot of papers along the years to solve similar problems of grid
connected converters with LCL-filter. In Tambara (2014) proposed a RMRAC discrete-
time feedback state and input-output approach controller based on a modified RLS
(Recursive Least Square) adaptation algorithm, to damping of the resonant peak of the
LCL filter. In addition, Evald et. al (2021) and Hollweg et al. (2020) presented a robust
adaptive PI controller and a RMRAC and adaptive Super Twisting control method for
grid-connected converters with LCL filter in a weak grid scenario.

Recently, among these new control schemes, predictive control such as model
predictive control (MPC) Exposto et al. (2015) appears to be a very interesting alternative
to obtain high performance for grid-connected inverter application. In Mohamed and ElI-
Saadany (2007), an improved deadbeat current control scheme with a novel adaptive self-

tuning load model for a three-phase pulse width- modulated (PWM) voltage-source

Brazilian Journal of Development, Curitiba, v.7, n.3, p. 21555-21573 mar 2021



Brazilian Journal of Development
ISSN: 2525-8761

21558

inverter is proposed. Baek et al. (2015); Shi et al. (2019) present a predictive current
control method and its application to a voltage source inverter. In fact, these algorithms
show good results if the system is well known. By the way, if the system presents
structured and unstructured uncertainties (such as unmodeled dynamics) modifications
must be included in these control schemes.

In order to meet the control requirements of the high- power static converter with
LCL filter, this paper proposes a discrete time controller based on combining the adaptive
structure of an RMRAC with the One Sample Ahead Preview (OSAP) control law, a
particular case of a one step forward MPC controller, for the current loop of a voltage

source converter connected to the grid.

2 GRID-CONNECTED CONVERTER WITH LCL

Conversion and electrical energy control by using power converters are important
topics of research today. This is due the fact of the increasing energy demands and new
requirements in terms of power quality and efficiency.

The renewable energy system is described by the natural source of power,
converter, AC filter and capacitor bank. In Fig. 1, the complete system is presented. Here,
it’s represented renewable energy power system as a continuous- voltage source.
Furthermore, it’s approximated the grid to a sinusoidal source vd in series with an
inductance Lg2 and parasitic resistance Rg2, assuming that it is predominantly inductive.
In addition, LCL filter is represented by the Thevenin equivalent in relation to the PCC
(Point of Common Coupling) Tambara et al. (2017). Their parameters, shown on Fig. 1,
are ic, vc and ig are converter- side currents, capacitor voltage and grid-side currents,
respectively. In addition, C, Lg and Rg are the capacitance of the LCL filter and total grid-

side inductance and total grid resistance, respectively.
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Fig. 1: Grid-tied converter with LCL filter
Source: Authors
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The grid-connected converter by LCL filter model is highly coupled if it’s
considered a representation in abc coordinates Evald, Tambara and Griindling (2020).
Design a control method for coupled systems is a complex task. Moreover, if the plant
has uncertainties and is subjected to parametric variations, it turns harder the control
design. Then, here, the Clarke Transform Duesterhoeft et al. (1951) was applied on abc
coordinates three- phase coupled model, obtaining two identical decoupled single-phase
models in af0 coordinates, Tambara et al. (2017). The equivalent circuits of single-phase
models are shown on Fig. 2. These models are linear time-invariant (LIT) and assuming
that grid phases are balanced, then the 0 axis can be disregarded, once there will be no

path for current flow.
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Fig. 2: Equivalent circuit of grid-connected voltage-fed three-phase converter with LCL filter: (a) a axis,
(b) B axis filter
Source: Authors

The identical decoupled single-phase models, G(s), considering Vd = 0,

1
ig(s L,L.C
G(S) — g( ) — g-c
uls) -, Role+Rely , (L + Ly + RR,C) s R TR
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where u(s) is the voltage synthesized by converter. To do it, a Space Vector Modulation
(SVM) was implemented. Moreover, digital implementation delay was considered in the

simulation and modelled as a 1 step time delay on control action.

3 CONTROL STRUCTURE AND ADAPTATION ALGORITHM
Considering a linear, time-invariant SISO plant:
G(2) = G(D[1 + pdm(2)] + pda(2)(3)

and G,(z) as

Zg

G =kp (@)

and a model reference in the form

Wm(Z)z bm ZYm(Z) (5)

Z—am r(z)

from (1), it’s defines a reduced model of the LCL Filter as

Go@) = 2 =25 (6)

z—a u(z)

whose values of a and b describe the dynamic of plant’s real pole.

Rewriting (6) being

zy(2z) = ay(z) = bu(z) (7)

which implementable form results in

y(k +1) = ay(k) + bu(k) ®)
or

yk) =ay(k -1 +butk—1) (9)

From (8), it’s desired to obtain a relation whose control law is able to match the
plant output with the reference model output: y(k + 1) = y,,(k + 1), so

u(k) — Y(k‘*'l)b_aJ/(k) (10)
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Introducing (9) in (11), and replacing y(k + 1) by y,,(k + 1)

u(k) _ ym(k+1)—a(ay;k—1)+bu(k—1)) (1

As shown in (7), rewrites (5) as being:
Ym(k + 1) = apyp (k) + by (k) (12)

Rewriting (12) in (11) and organizing the terms, it obtains,

Pu(k) = Stk = 1) = Syl = D + 2yl = 1) + 2y, (yn(0 +70) =0 (13)

No loss of generality, consider b,,, = 1 and replacing the coefficients that
multiply the internal signals of the system by adaptive gains 6, it achieves the following
control law:

Qu(k) + 6,ulk — 1) + 0;y(k — 1) + O,y (k) +r(k) =0 (14)
thence,

0T w(k) +r(k) =0  (15)

For rejection of exogenous disturbance, it is necessary to include in the control
law, phase voltage signals V;(k) and quadrature V,(k), these components are described

by
Vs(k) = Agsin(wqskTs + f) (16)
and

Vc(k) = AcSin(wdckTs + fc) a7

where 4, w, and f are amplitude, frequency and phase of V; (k) and V,(k) components,
respectively. Therefore, the equation (14), turns

O,u(k) + 6,u(k — 1) + 0;y(k — 1) + 0,y (k) + 6,V (k) +6.V.(k) + r(k) =0 (18)

Then, for (15), it is update to

w(k) = [ul) ulk = 1) y(k — 1) yn (k) Vs (k) V.(k)]
and
07 (k) = [01(k)0, (k)03 (k)04 (k)6 (k)6 (k)]
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The parametric adaptation law used to tune online the gains of this proposed
controller is the Gradient algorithm, similar to loannou and Tsakalis (1986b)

r{(k)ei(k)

where I is a positive symmetric matrix gain given as yI, K is a positive scalar gain, the
tracking error el =y — ym, augmented error €1 = el +6T { ~-Wm(0T ), { = Wmlo is a
regression vector whose signals of vector w(k) is filtered by reference model and

m (k) = m?(k) + (T ¢(k)  (20)

where the majorant signal m(k) it’s calculated as

m(k +1) = (1 = T;80)m(k) + Ts6: (lu(k)| + [y (k)] e2y)

where m(0) > 381/(1 — 80). Moreover, the 6-modification, loannou and Tsakalis (1986a) is

also used in the adaptation law, is given as follows,
0iflleCk)Il < My
o) = oo (G2 = 1) if My < 161 < 2MO  (22)
aoif [18(k) || > 2M,

where 60 is the maximum value of o(k), MO is an upper bound of ||0%|| and M0 >
2||0*||. As usual, the value of ||6(k)|| 1s unknown, MO is chosen large enough.

The control and adaptive structure block diagram proposed is shown on Fig. 3.

Z,(2)}| ¥, (k)
Iri R”r {2’)

Y

Wi () = k

TRy (R)[e (K)) =

m2 “b} p—r

O(k+1)=(1-ToT)O(k)+T,

¥ 4 ouk)
r(k) | w(k)=—(O(R)u(k—1)+6, (K)y(k—1)+6, (k)y,, (K)...
OV, (K)+6.V.(k)—r(k)) /6, (k)

u(k) I lﬂ*l{'ﬂ
G(2)=G,(2)[1+pA

ul(k)

(2)+pa,(2)

LI

Fig. 3: Block diagram of control and adaptive structure
Source: Authors
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4 CONTROLLER DESIGN

In this section, a design example is given for a 5.2 kW three-phase grid-connected
converter with LCL filter, whose parameters are presented in Table 1. The design project
considers, as shown in the development of the control law section, a reduced model for
the plant, which makes the stability and convergence of the system, a major challenge for

the control law.

Table 1. System parameters

Symbol Parameters Value
Vce DC link 400V
Base Values vd Grid voltage 127V
f Switching frequency 5kHz
Lc Converter-side inductance 1mH
Rc Converter-side resistance 50mQ
LCL C Capacitance of LCL Filter 62uf
Filter Lgl Grid-side inductance 0.3mH
Rgl Grid-side resistance 50mQ

Source: Authors

To implement the presented adaptive algorithm in a digital system, the following
9 steps are executed in a sampling period Ts:
1) Sampling of the PCC three-phase voltages, two-line AC currents in the converter
side, two-line AC voltages in the capacitor, two-line AC currents in the grid and the
voltage in DC link;
Then in aff coordinates:
2) Updating of the reference;
3) Updating of the reference model output:;
4) Updating of {(k);
5) Updating of o(k);
6) Updating of augmented error;
7) Updating of the normalizing signal;
8) Updating of control action;
9) Updating of control gains vector.
Thus, in each sampling time the action control u(k) is calculated for the
modulation of the converter, in abc coordinates. By using the parameters presented in

Table 1, the resulting transfer function is given by:

G(s) = ig(s) _ 5.376x1010
u(s) 53+216.752+6.99%x1075+5.376x10°

(23)
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In order to simplify the development and design of the control structure it’s
considered simplified first order plant whit dynamics at the frequencies of interest (low
frequencies), as described in the controller structure Eq. 6, where the LCL resonance peak
is disregarded in the simplified plant. The equation representing the simplified plant is

expressed as

7.69257x10%

Go(s) = 5+76.9257 (24)
The LCL filter can be modeled as a first order equation without loss of
performance, as shown in Evald et al. (2020). The Fig. 4 show the bode diagram of the

simplified plant and real plant

Bode Diagram

Magnitude (dB)

Phase (deg)

Frequency (Hz)

Fig. 4: Bode plot of GO(s) (simplified dynamic plant) and G(s) (completed dynamic plant)
Source: Authors

Thus, considering the simplified plant, the model reference, can also be first order
which is chosen as:

1507

Wm(s) = s+1507

(25)

That is discretized with a sampling time of Ts = 1/5000

0.2602
z—-0.7398

Wm(z) =

(26)

The reference r(k) of grid-current injected chosen for this project was a sinusoidal
signal with 10A, 60Hz, 0 of Amplitude, Frequency and Phase respectively. Furthermore,

in order to evaluate control performance, a 1mH inductance with 50mQ of parasitic

Brazilian Journal of Development, Curitiba, v.7, n.3, p. 21555-21573 mar 2021



Brazilian Journal of Development
ISSN: 2525-8761

21565

resistance, in series with the grid is triggered at a certain instant, causing a parametric
variation over the grid impedance.

The bode diagram, Figure 5 shows the open loop frequency response of the
reference model, and the plant transfer function considering a parametric variation of
grid-side inductance Lg2 from 0.3mH to 1mH. Note that the position of the resonant peak
changes because the position of the poles and zeros depend on the grid impedance.
However, the close-loop poles are defined to be located at the same place even with

parametric uncertainty or variation. Hence, the gains are adaptly changed to ensure this

behavior.

Bode Diagram

Magnitude (dB)

Womn(z) ‘
G ‘!ll."\ ~)
0 GMin.z2)

Phase (deg)

Frequency (Hz)

Fig. 5: Bode plot of Wm(z) (desired closed-loop system) and of G(z) (open loop plant) for different grid
inductance
Source: Authors

In practice, before starting the close-loop operation, some control parameters must
be initialized. As it is possible to have some idea about the grid impedance at the PCC,
the initial gains 6(0) can be found from the matching condition Poh Chiang Loh and
Holmes (2005) by assuming, for instance, the parameter Lg2 with the nominal value as

in Table 1.
The Table 2 presents the initial values and definitions of design controller
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Table 2. Design controller parameters
Symbol Value
6(0) [(100000]
r 10
K 60
o0 0.1
MO 15
m? 4
00 0.7
ol 1
£(0) [000000]

Source: Authors

5 SIMULATIONS RESULTS

In this section, some simulation results are given to demonstrate the performance
of the proposed controller that was implemented in PSIM software for grid current control
of the three-phase with LCL Filter, as shown in Figure 1.

The dynamic system and controller parameters are presented in Table 1 and 2
respectively, however, to avoid a large transient response, controller gains 6(0), in af},
were initiated and chosen as the final values of a previous simulation, to avoid excessive
overshoot in the initial transitory regime, while gains are adapting. It is highlighted that
the only gain that must be initialized with correct signal is 61(0), to avoid division by

zero. These gains are:

—0.73565596 —0.74094743
0.25063896 0.23399849

_ |-0.38088176 | =0.52122390
0a(0) = 042796385 | 214 OF@) =|_ 1 -1915631
0.086722091 0.063335113
042407233 0.52586472

The Figure 6 shows the adaptation of the gains, to values shown below, in the a and 3

axis, during the initialization of the system:
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Fig. 6: Adaptation of the gains during initialization. (a) a-axis, (b) B-axis
Source: Authors

The Figures 7 and 8 show, in af -axis, the output of plant and the reference model
(y and ym), the control action (u), the augmented and tracking error (el and el). The
controller performance can be checked against initial transient response, parametric
variation and amplitude variation.

- At t =0 second, the synchronization of the converter with the grid is initialized.
Att=0, 05 seconds, the converter starts the operation with active power reference current.

- Att= 0,15 second, a transient response occurs for a parametric variation in grid-
side inductance Lg2, from 0, 3mH to ImH. Note that the controller has a good transient
response.

- At t=0, 2 second, a transient response due to an active power step reference
current change from 10A to 20A. It can be seen that the tracking and augmented errors
have a reasonable transient response, against this abrupt variation in the current reference.
The controller is capable to deal with it and the gains have converged to values close to
0* making the output of the plant follow the output of the reference model, taking the

error to zero in steady state. After t = 0, 3 second, the amplitude reference current is set

to 10A again.
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The Figure 9 shows the adaptation of the gains during the startup. It can be
reported that there is not a large variation in gains in the initial transient response, due to
controller starts with adapted gains. Furthermore, it’s possible to notice a similarity in the
adaptation of the gains in the a and [ axis. As for the characteristics and intrinsic structure
of the controller, there is a greater effort to adapt gains to a variation in the amplitude of

the reference current compared to parametric variation.
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Fig. 9: Simulation Results. Adaptation of the feedback gains during the startup. (a) a-axis,
(b) B-axis

Source: Authors
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The Figure 10 shows the currents in ABC coordinates for the example simulation
proposed, it can check that the adaptive current controller for grid-connected converter
application can ensure fast transient response and good steady-state performance, even
without knowledge of the equivalent grid impedance at the PCC. Moreover, the current-
controlled grid-connected converter with LCL filter has the fast response imposed by the
reference model, which is not dependent on the grid.

ABC-Currents

x o ’m‘ e | ’W Y]
i /%m A

Fig. 10: Simulation results. Transient response of parametric and amplitude variation in ABC coordinates
Source: Authors

6 CONCLUSIONS

This paper presents a discrete-time adaptive current controller for grid-connected
voltage source converters with LCL filter. It showed that the proposed adaptive algorithm
provides a good performance in reference tracking as well as in disturbance rejection even
under parametric variation and abrupt changes in the reference. The simulation results
pointed out the effectiveness of the design procedure which it was main feature for the

successful implementation of the adaptive controller.
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