. SBAI?UW + XIII Simpésio Brasileiro de Automacao Inteligente
Porto Alegre — RS, 12 — 4 de Outubro de 2017

Sepisin Bt ds Aufonaro el

OUTPUT CURRENT CONTROL OF LCL FILTER BY SIMPLE ADAPTIVE
CONTROL WITH PROPORTIONAL RESONANT CONTROLLER AS
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Abstract— Power converters connected to the main grid have numerous challenges, parametric uncertainty is
one of them. To solve this problem, adaptive control strategies are used. This work proposes to use the Simple
Adaptive Control (SAC) to control the output current of an LCL filter connect to the power grid. Due to the filter
characteristics the SAC must be used in conjunction with Supplementary Dynamics, a structure that guarantees
the stability of the SAC for non - ASPR systems. A Proportional Resonant Controller was designed to be used
as Supplementary Dynamics for the purpose of ensuring zero tracking error for signals in grid frequency. The
results show that the combination of the techniques makes the system controllable by the SAC and the resonant
controller had an improvement in its response under a wide band of parametric variation.

Keywords— Control theory, Proportional Resonant controller, Simple Adaptive Control, LCL filter.

Resumo— Conversores de poténcia conectados a rede elétrica apresentam inimeros desafios, incertezas para-
métricas sdo um exemplo. Para resolver este problema, sdo utilizadas estratégias de controle adaptativo. Este
trabalho propde usar o Simple Adaptive Control (SAC) para controlar a corrente de saida do filtro LCL conec-
tado a rede elétrica. Devido as caracteristicas do filtro, o SAC deve ser usado em conjunto com as Dinamicas
Suplementares, uma estrutura que garante a estabilidade do algoritmo para sistemas ndo-ASPR. Um controlador
proporcional ressonante foi projetado para ser usado como dindmica suplementar com a finalidade de garantir
erro de rastreamento nulo para sinais na frequéncia da rede. Os resultados mostram que a combinacao das
técnicas torna o sistema controldvel pelo SAC e o controlador ressonante teve uma melhora na sua resposta sob

uma larga faixa de variagdo paramétrica.

Palavras-chave— Teoria de Controle, Controle Proporcional Ressonante, Simple Adaptive Control, Filtro

LCL.

1 Introduction

The connection of power converters to the main
grid is accomplished in most cases via an LCL-
filter (Liserre et al., 2005). From the control
point of view, several approaches can be found
in the literature. Those include linear and non-
linear controllers. Among the linear techniques
there are: The proportional plus integral (PI) in
dq rotating frame; the proportional plus resonant
(PR) controller in the fixed af coordinates; the
deadbeat control, among others (Azevedo, 2011),
(Yang et al., 2013) and (Yepes, 2011). Non lin-
ear controllers proposed in (Massing et al., 2012),
based on model reference control technique, and in
(Vieira et al., 2014), a sliding mode control tech-
nique, both are adaptive strategies of current con-
trol for VSI connected to the power grid.

The linear structures have limitations due
to the need of knowing the exact parameters of
the plant, among others drawbacks as seen in
(Dannehl et al., 2009) and (Yepes, 2011). One
characteristic of nonlinear and adaptive controls is
the possibility of work with the system unknown
parameters, however they are more complex to de-
sign.

One strategy for adaptive controllers is the
Simple Adaptive Control (SAC). A direct adap-
tive technique that uses the perfect match theory
together with the Command Generator Tracker
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(CGT) in order to control the desired system.
This algorithm is limited to control systems that
are classified as Strictly Positive Real (SPR) and
Almost Strictly Positive Real (ASPR), conditions
that rule the stability of the physical systems
(Rusnak and Barkana, 2009). For non-ASPR sys-
tem, there are modifications using an augmented
plant in a feedforward path which the resultant
system is classified as ASPR, one of these mod-
ifications is shown in (Su and Sobel, 1991) and
(Kaufman et al., 2012).

This paper proposes to combine the Simple
Adaptive Control with the Proportional Resonant
(PR) controller as supplementary dynamics for
connecting a VSI in the power grid. This combi-
nation will allow the adaptive structure attenuate
the plant parametric uncertainties, while the PR
gains are tuning adaptively. Another benefit of
this combination is due to the adaptive algorithm
is stable when controlling the output current from
LCL filter (the plant I>(z)/U,(z) is non-ASPR)
and ensures a null tracking error achieve by PR,
the adaptive structure chosen does not guarantee
this condition.

This work is organized as: Section 2 presents
the basic concepts of the SAC, the SPR and ASPR
definitions in the discrete time system; Section 3
describe the plant who will be controlled; Section
4 shows the step-by-step how to design the pro-
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posed control strategy; Section 5 exhibits the ex-
perimental results of the controller; and Section 6
the conclusions about the algorithm.

2 Background concepts

The adaptive strategy Simple Adaptive Control
(SACQ) is a variation of the Model Reference Adap-
tive Control (MRAC) that uses control law from
the Command Generator Tracker (CGT), a vari-
ation proposed by (Broussard and O’Brien, 1980)
to the MRC (Model Reference Control) with
known coefficients (Kaufman et al., 2012). The
reference model is the structure that determines
the desired behavior for the plant, in this way the
CGT has a control law for any input command
defined as

up(t) (1)

where f(m and R’u are the exact coefficients that
produce a perfect output following; x,,, 4., and
Ym are related to reference model; y, is plant out-
put; and K, is the gain that stabilize AprpK'eCp
(Kaufman et al., 2012).

A problem in the use of the CGT is the need to
know the gains K,, K, and K. which depend on
the plant. To overcome this situation, use a direct
adaptation algorithm to estimate these gains.

It is important to classify the plants as SPR
(Strictly Positive Real) or ASPR (Almost Strictly
Positive Real) whenever this adaptive control is
being used due to stability restraints. Considering
a plant, represented in discrete state space as

- Kx$m + Ruum + Re(ym - yp)7

x(k+1)
yp(F) (2)

it is classified like DASPR (same analysis of
ASPR, but with a focus in discrete time ) if exist
any gain (with or without possibility for imple-
mentation) applied in a feedback path that give a
solution for the next set of conditions

=Ap x(k) + Bp up(k)
=Cyp xp(k) + Dp up(k)

ATPA, —P=—-LL" <0
ATPB, =CI'— LW <0
BIPB, =D, + D} —WT'W <0

3)

From (3), P is a symmetric positive definite ma-
trix, W and L real matrices and D, + Dg > 0.
Only ASPR conditions are analyzed, as these are
expansions of SPR concepts for most real plants.

Another tool for analysis of DASPR systems is
proposed by (Pritzel-Wolters and Reinke, 1991),
a plant is classified as DASPR when it has a neg-
ative feedback gain who gives a close loop system
with the same number of poles and zeros, and both
are asymptotically stable.

For plants that not fit in one of these con-
ditions, has an upgrade on the adaptive struc-
ture that expands the application to non-ASPR
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plants, the Supplementary Dynamics (Su and So-
bel, 1991). The first standard algorithm used to
implement the supplementary dynamic are dis-
posed in the block diagram of Figure 1, it is the
most simple and direct way for apply the com-
pensator due to the few restraints, however it just
guarantee bounded error, not null tracking error
(Kaufman et al., 2012).

REFERENCE MODEL

[|—> T (k+1) I_ll Tm (k)

Ym (k)
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h
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s

LCL Filter

Figure 1: Simple Adaptive Control with supple-
mentary dynamics in discrete-time, y,(k) is the
current passing through the inductor Lo (i2(k)).

up (k) yp(k)

The supplementary dynamics are a known
feedforward compensator that simultaneous aug-
ments the plant and reference model. This com-
pensator when combined with a non—ASPR plant
must create a resultant system that satisfies the
ASPR conditions.

In the Simple Adaptive Control, the reference
model suffers some modifications due to the the-
ory of CGT which allow use a reference model
with a relative degree equal/less than the plant.
When using the supplementary dynamics must as-
sure that the reference model have poles faster
than the poles of the supplementary dynamics.

The control law for SAC with supplementary
dynamics is

Up = Kpxm + Kyup, + Ke(ym - yp) - Kfyf7 (4)

where K is the gain related to the supplementary
dynamics and yy is your output. The equations
that are responsible for updating the gains K.,

K¢, K, e K,, in the discrete time, are (5).
oK) =Qeylk)
Ky(k) = o) (07T 5
Ki(k) =K;k—-1)+vk)rE)"T’
K(k) = Kp(k) + Ki(k)
eyp(k) = [ey(k), —y;(K)]T, r(k) and K (k) are vec-
tor defined by: r( ) = [e ook ) m (k) um (K"
and K (k) = [Ke(k), Kf(k), Ko(k), Ku(k)] and
Q= [f(e, f(f}. The gains T e T are parameter of

the adaptive control responsible for convergence
time and are determined empirically.



3 Plant modeling

Figure 2 shows the common three-phase system
used for VSI grid connection and the internal con-
trol loop used to implement the active damping,
strategy based on the capacitor current feedback
ic(t), according U(z) = Up(z) — Ry1.(2), to design
the feedback gain R, uses concepts well known as
referred in (Dannehl et al., 2011) and (Orellana
and Gring, 2012).

VSI

PWM
Generator

abc

4H—®

Simple Adaptive Control with [~———
Supplementary Dynamics i50(£)i5g(t)

Figure 2: Diagram of the three phase system
implemented, the light gray blocks represent the
DSP domain.

Using the apf-transform and assuming bal-
anced conditions, it is possible to model the plant,
according to the circuit in Figure 3, which is also
used to design the controller. wu(t) is the con-
trol law of the active damping synthesized by the
PWM VSI. Due to the low magnitude of Zero com-
ponent and the hardware limitation this compo-
nent of the af-transform are not computed.

Li @) ige) L2

tog (1)

Figure 3: Electrical circuit in af reference frame,
L2 = Lfilter + Lgrid-

Modeling the transfer function Is(z)/U,(z)
from Figure 3 with active damping is obtained (6),
considering V,(z) = 0 and the Z-transform uses
zero order hold and delay of one sampling period.

With w,, = \/(Ll + Lg)/(LleLg), Ve is the
DC link voltage, ¢ is the desired damping and T
is the sampling time (Orellana and Grind, 2012).

Considering the DASPR conditions provided
in (Pratzel-Wolters and Reinke, 1991) it is ob-
served that (6) not satisfy these conditions, for
this reason is necessary use the Simple Adaptive
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Control with Supplementary Dynamics. All steps
necessary to design the supplementary dynamics
as an adaptive resonant controller for the Simple
Adaptive Control are described next.

4 Step-by-step procedure for the design

In this section is presented the design method of
the reference model and the supplementary dy-
namics using a resonant controller to augment and
stabilize the system. In order to facilitate the com-
prehension a design example is given, parameters
in Table 1 are that one used.

Table 1: Nominal parameters and possibles varia-
tions for the LCL Filter.

Parameter [ Nominal value [ Variation (min. ; max.)

L 1.0mH (—20%:; +20%)
R. 0.50 (092; 092)
Cy 62.0uF (—20%; +20%)
Lo 0.3mH (0.3mH; 1.3mH)
R» 0.50 (092;59)
Ts 83.3ps (0%; 0%)
R: 3.850 (—20%; +20%)

*: active damping gain converted in an equivalent damping
resistor in series with filter capacitor.

4.1 Design of the supplementary dynamics

One way to design the supplementary dynam-
ics is to use the relation between feedforward
and feedback topologies, as seen in (Rusnak and
Barkana, 2012), and design a classical Propor-
tional + Resonant controller (PR) to control the
plant. The main problem of this method, is the
parametric variation that is not considered when
tuning classical controllers.

To overcome this problem, proposes to ana-
lyze all possible parametric variations and design
the controller for the critical case, which one is or
became the worst case of non — DASPR.

Figure 4 is shown the forth worse parametric
variations to the LCL filter considering Table 1.
This analysis was performed in continuous time
because is more clear to analyze the conditions of
ASPR with the root locus graphical method, as
observed in (Rusnak and Barkana, 2009).

The parameters of the filter LCL used to de-
sign a resonant controller are in Table 2.

Table 2: Worse configuration for the LCL filter.

Parameter [ Chosen value [ Parameter [ Chosen value

Ly 1.2mH Ry 00
Cy 49.6uF R’ 3.850
Lo 1.3mH Ro 00

*: active damping gain converted in an equivalent damping
resistor in series with filter capacitor.

1978
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Figure 4: Root locus in continuous time for the
LCL filter with L; max, R. and Cy min.

4.1.1 Design of the resonant controller

To design the resonant controller for the plant in
Figure 3 was chosen the method introduced by
(Yang et al., 2013). The controller shape used,
represented in (7), was selected due to the possi-
bility of compensating the frequency variation in-
trinsic of the grid voltage. This choice lowers the
performance of the controller, but guarantee that
the variations of the grid frequency will not inter-
fere with the stability of the adaptive system. The
fundamental frequency adopted is wy = 377rad/s
with a variation of £A3.14rad/s.

2wWe K,
=K 52 +(;;0 srj—(,u2
Co 0

Gpr(s) (7)
After designed, the resonant controller is applied
in a feedforward configuration (G4(s) = G,(s) +
1/G,r(s)) to analyze if it is complying with the
ASPR conditions. If not, is needed to modify the
gains K, and K, until the system G, (s) is ASPR.

With all continuous design done, verifies if
in discrete time the resonant controller used in
a feedforward path with the plant, modeled us-
ing ZOH and the transportation delay (Gq(z) =
2711 = 27 Z{Gy(s)/s} + 1/Gpr(2)), satisfies
DASPR conditions. If not, adjust the K, and K,
gains until the DASPR criteria is satisfied. Like
observed in Figure 5, all the criteria for a DASPR
plant are met with G,,(z) chosen as (8).

—0.8997} [ } u(k)

] = |+
» (8)

y(k) ([9.535 ~9.535) L } + 30 u(k)) % 103
9)

1.9987
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1
0
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Figure 5: Root locus for the augmented plant at
discrete time.

4.2 Design of the reference model

For this application, the reference model can be
compared as a filter to the desired signal, for prac-
ticality a first order filter with a cutoff frequency
in 1kHz was chosen to avoid interferences in the
transient responses between the reference model
and the supplementary dynamics. The represen-
tation in discrete time

T (k + 1) = 0,592, (k) + wm (k)

Yy (k) = 0,412, (k). (10)

4.8 Turning compensator into supplementary
dynamics

The relation between the resonant controller and
the Supplementary Dynamics is shown below.

Af = Ap,,«, Bf = —Bpr()é

Cr =1L Dy =0 (11)
Ke = -Dp’l“ Kf = Cpr

K.(0) = K., Kf(0)=Kj/a

The conditions are similar with which ones
proposed in the continuous time (Kaufman et al.,
2012). The main difference resides on the addition
of @ (0 < @ <« 1), gain used to reduce the effects
of By on the system’s stability. If the implemen-
tation needs initialization, must have initialize the
integrator of K;(k) with the designed value for K¢
divided by the same gain « to keep the gains of
the Supplementary Dynamics unchanged.

5 Results

The LCL filter has its nominal parameters showed
on Table 1. Had used a DPS model TMSF28335
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for implementing the structure proposed (from
Figure 1) in af coordinates using the Kalman
filter to synchronize the af reference signal; (8)
as supplementary dynamics (respecting the con-
ditions (11), the initialization was chosen for re-
ducing current spikes); (5) as adaptation law, with
gains in Table 3; and the reference model is (10).

Table 3: Gains for implementing the adaptive con-
trol proposed.

Parametro ‘ Valor nominal
T diag*([1 x 107%; 5.1; 5.1; 0.51; 0.51])
T diag*([1 x 10™3; 1; 1; 0.01; 0.01])
a 1x107%
K, [30, 9.535, —9.535] x 1073
Kio1a(0) [5, 476.79, —476.79, —4, 7]
K. 5
*: Diagonal matrix with the elements disposed on the

array.

The tests realized had consisted in control the
output current i2(t) with the resonant and the
Simple Adaptive Control with the supplementary
dynamics, and apply a reference signal with two
step amplitude in both controllers. The grid con-
nection point was considered the low voltage side
of an isolated multi-tap transformer with 64V, s,
and the VSI DC link voltage as V. = 155V. The
lack of parameters information from the trans-
former make necessary initialize the integrator
and adjust the values of K;(0), due to the un-
modeled inductance added to the system.

The response of the controllers is shown on
Figure 6 and Figure 7, comparing the two re-
sponses is possible to observe the adaptive tech-
nique maintained its stability.

The effect of the adaptive strategy in the re-
sponse time is observable on the error between
the reference model and output current, Figure 8
(SAC) and Figure 9 (PR), despite the presence of
a high frequency oscillation it is possible to ob-
serve that in the frequency of the electrical grid
the PR takes more time to converge than the SAC.

The gains of the adaptive system after the
transients are shown in Table 4. The unbalance
between the phases of the insulation transformer
can be observed by difference between the gains
from o and 8 coordinates, especially by K, and
K, which are influenced by the plant parameters.

6 Conclusion

Despite the initial results in this paper, they show
that with the combination (adaptive control with
resonant controller) is possible to control the grid
current, even when the plant is non—-DASPR. The
addition of the resonant makes the plant DASPR
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Figure 6: Output current response in o coor-
dinates for SAC controller.
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Figure 7: Output current response in o coor-
dinates for PR controller.

Table 4: Gains of the adaptive controller, in af
coordinates, after transient response.

Coor. t (ms) K. Ky Ki, K, K,
30 5.00 472.12 -483.08 -4.96 6.03

[e 95 5.00 475.70 -479.63 -5.87 5.65
165 5.00 471.92 -483.38 -4.80 6.09

30 5.01 464.57 -491.59 2.59 9.58
B 95 5.01 473.85 -482.48 1.53 10.12
165 5.01 469.15 -487.24 1.24 9.58

and provide a null tracking error in the grid fre-
quency, not guaranteed by the chosen adaptive
technique.

The practical application had a high order
harmonic oscillation, this can be related to non
modeled dynamics (as the extrapolation of the in-
ductor value on the grid side), the phase unbal-
ance and a non ideal value for the active damping
gain because its value has influence of the propor-
tional gain of PR and this was not designed for
the nominal application.

Was observed the need to find increments in
the adaptive topology that result in a system sta-
ble and non a marginally stable, depending how
fast the gains evolution is the system becomes un-
stable, but with bounded control action; another
improvement would be inserting the active damp-
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Figure 8: Tracking error (ym, (k) — y,(k)) for
the adaptive controller.
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Figure 9: Tracking error (ym, (k) — yp(k)) for
the PR, with the reference model acting as a
filter to the reference signal.

ing inside the adaptive strategy, or use other adap-
tive techniques in cascade, in a way to keep the
behavior of the controller during large parametric
variations.
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