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Abstract— This paper presents the application of the feedback linearization theory to a three-phase shunt
active filter. The solution is performed in a synchronous reference frame, dealing with multivariable aspects of
system. The proposed control ensures a proper operation of active filter, allowing to achieve high power factor of
the grid independent of constants obtained by operation points. Experimental results obtained from a prototype
are presented in order to validate the proposed strategy, covering the analysis from stationary and transient

responses.
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Resumo— Este trabalho apresenta a aplicagdo da teoria feedback linearization em um filtro ativo trifasico.

A solugdo é realizada num eixo de referéncias sincronas, tratando os aspectos multivariaveis do sistema. O
controle proposto garante uma operagao satisfatoria do filtro ativo, permitindo alcancar alto fator de poténcia na
rede independentemente das constantes obtidas pelos pontos de operagdo. Resultados experimentais obtidos em
laboratdrio a partir de um protétipo do conversor sdo apresentados, abordando a anélise em regime e transitéria.

DOI: 10.5540/03.2013.001.01.0024

Palavras-chave— Feedback Linearization, Controle Nao-Linear, Filtros Ativos, Dinamica Nao-Linear

1 Introduction

It is well known control strategy plays the most
significant role in Active Power Filters (APF). It
is the control strategy which decides the behavior
and effectiveness of the compensation (Khadkikar,
2012). Shunt Active Filter (SAF), a specific type
of APF, can effectively compensate the harmonic
current of nonlinear loads (Cavini et al., 2004), in-
jecting the detected currents distortions with re-
verse polarity, so getting its cancellation. Thus,
several control strategies have been developed for
this topology (Caceres et al., 2010; Buso et al.,
1998).

However, models of static converters are non-
linear and multivariable, and use of linear tech-
niques of compensation is not adequate. The main
nonlinear control strategies applied to active fil-
ters are the sliding mode control and feedback
linearization. Sliding mode control have some
drawbacks, such as excitation of high frequency
components, which implies in a lower efficiency.
On the other hand, feedback linearization theory
have been utilized successfully in several studies
(Rahmani et al., 2010; Mendalek et al., 2001; Jiang
and Xiang, 2012; Cavini et al., 2004), and appears
as one of the best alternatives compatible with the
application.

In addition to aspects of performance and ro-
bustness, in the control project it is needed to
consider the physical aspects of its realization. In
this context, for digital implementations, are rec-
ognized mainly two aspects: computability and
sensing. While the problem of computability has
become less aggravating, since since there is a con-
tinuous increase in the availability of devices with
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high processing capability at low cost, reducing
the number of sensors, on the other hand, bring
to implementation obvious advantages, such as re-
moving offsets and noise related to sensors, ab-
sence of resolution limitations of analog convert-
ers and smaller number of simultaneous samples.
As sensing circuit is reduced, its development be-
comes simpler in hardware level.

One of the most discussed sensorless tech-
niques applied in rectifiers and active filters is
the voltage oriented control (VOC). The strat-
egy consists in the elimination of the grid volt-
age sensors and estimation of synchronization an-
gle for subsequent coordinate transformation and
control of the states of the converter. The estima-
tion can be performed by the voltage drop across
the inductor (Kennel and Szczupak, 2005; Hansen
et al., 2000), instantaneous power (Noguchi et al.,
1998), predictors (Wojciechowski, 2005), state ob-
servers (Agirman and Blasko, 2003; Yu and peng
Tang, 2008) and virtual flux (Malinowski, 2001).
The last strategy is attractive because instead of
calculating the derivative of the current is calcu-
lated the integral, rejecting high frequency noise.

This paper presents a strategy without grid
voltage sensors based on virtual flux oriented con-
trol (VFOC), which was presented in (Malinowski,
2001) for three-phase rectifiers. As the model in
the synchronous reference frame is nonlinear and
multivariable, it is proposed compensation using
the feedback linearization theory. Such approach
allows to improve the control response by elimi-
nating dependence on operating points, obtained
in linearized models, and eliminating the inter-
actions between control loops. Considering that
the system has two control inputs and three out-
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puts, the control is arranged in cascade form. The
equivalent linear systems are regulated by the pro-
portional, integral and derivative (PID) compen-
sator. At the end of the paper is presented the
simulation and experimental results obtained from
a laboratory prototype.

2 Development

Nonlinear Load

Figure 1: Three-phase three-line active power fil-
ter circuit.

Fig 1. Shows a three-phase three-wire ac-
tive power filter (APF), where z, is the grid
impedance, z; is the filter impedance (equivalent
inductor and resistor), ey, are the voltages of the
grid (k = 1,2,3), v is the DC bus voltage. The
pole voltages are obtained by

UCC
v = Qa5 (k=1,2,3) (1)

where g is the switch state (qr = 1 — switch
closed and ¢ = 0 — switch open). From Fig. 1
it is obtained

egk = Vgk + Zgigk + Zfifk (k =1,2, 3) (2)
where

Vgko = Vgk + Vg0 (k = ]-7 27 3) (3)

3
> vgr =0 (4)
k=1

3
1
Vg0 = 5 > Vgko (5)
k=1

where vy is known as homopolar voltage, which
does not induce current in the network. Thus,
the homopolar voltage is a degree of freedom and
con be used to improve the efficiency of the con-

and k = 1,2,3. The model for dynamic control
is obtained through the park transform of (2) to
a synchronous reference frame (Rahmani et al.,
2010). The dynamic model for control is given by

) _ Ryy w _ dd )
d lgd Loy Lgy 1gd 1 €gd
— |1 = —w _Rgy _ dg iga | + 0
dt 9q Lgf Lgf 99 L
Vee dg dg 0 Vee 9f 0
Kol e

(8)
where dy and dy is the control inputs (duty cycles
of modulation). The system (8) is multiple-input
multiple-output and nonlinear, what justifies the
approach of this paper. For estimation of syn-
chronization angle of grid is used the virtual flux
calculation, which is defined by

Pgap = /Ugaﬁdt + Lgsigy 9)

where a8 corresponds to the axis of stationary ref-
erence frame (Clarke Transformation). A compen-
sation of a constant has to be made to the angle
obtained from (9), since it is 90° lagging the an-
gles of voltage. A phase locked loop (PLL) is em-
ployed to reject harmonic frequencies and unbal-
ance. More details of virtual flux can be obtained
from (Malinowski et al., 2001; Malinowski, 2001).

2.1 Internal Control Loop

For development of control a nonlinear represen-
tation is adopted, given by

dX
— =F
7 () + G(z)U (10)
Y = H(x)
where
Ry ;
q fi(z) T, ld T Wi
X=liy| F@) = |n@)| = |wiy— B,
gf
Uce fg(IC) 0
@] [~1.7 Y
O) = @) = | 07 —p=
g3() e e

_ |da i
o= i) #e=[i]
For the feedback linearization approach it is

defined
dY

e (z)+ J(x)U =V (11)

verter. This paper uses the modulation technique where
proposeq by (Jacobina et al., 2001), which are pa- Ja) = 2g1(2}171(h1)) Egz(ﬁ}rl(lh))
rz-mleterlzed by w. The homopolar voltage is then 291(2?_1(@)) L4 (2;2_1(h2))
given by

Ugko = Vgi, + Vh (6) [ L3 (ha)
Where, (‘T) - |:£;2 (hg):|
o = Vee(1/2= 1)~ (1=p)(maz(vgy)) - p(min(vyy)) — * on. .

(7) 5p ) (#) = Lrh(2)
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oh

%g
is called the Lie Derivative of h with respect to
f or g, and rp is the relative degree such that

SQ(S;k_l(hk)) # 0. So, for (10) is defined

. Ry N . Vee
- [Eep [ F L)
dt |iq af 0 I dyg

(12)

—wid — Lor ’iq
Then, the decoupled linear system can be obtained
with the control law

(x) = L4h(z)

U=Jx) YV -1(x)) (13)
or
= L] ([- ~ Tt wiy
dq 0 —ﬁcgj Vq —Wwig — IzZ; iq

(14)
The controlled plant becomes

d
= = (15)
dt 1 Vg

A state feedback can be used to allocate the
poles of the system. For the tracking of constant
components with null error an integral action is

required. Thus, PID compensators are used. The
control scheme in the Laplace domain is given by

s {Id] B |:—k1]d + (Kp+ K;/s+ Kgs)(I; — Id):|
I [~hkudy + (Kp + Ki/s + Kas)(I; — 1)
(16)
where K, K; and K, are the proportional, inte-
gral and derivative gains and I; and I are the
reference currents.

2.2  Eaternal Control Loop

As i, should be zero due to the requirement of
high power factor, the control of the bus must be
performed by i4. Furthermore,

P = €gdlgd (= —€gdlgq (17)

because e4, = 0. For a variation of active power
of the grid is obtained

dvcc - egdigd

dt  2v.C (18)

where e4q is the nominal value of the grid voltages.
The nonlinear control eh given by

dy €gdlgd
A = = 1
o Lrh(z) + Loh(z)u 20..C (19)
The control law is given by
1 20c.C
U= (0 = () =gy =
Sgﬂf’“ h(.f) €gd
(20)

)
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Table 1: Parameters from network, active filter
and load.

Power Load 0.9kW (1 pu)
Power Load (Transients) 0.45kW (0.5 pu)
Line Voltage 110V (1pu)
Grid Frequency 60VHz
Bus Voltage 250V
Line Current 5A
Filter Inductance (Ly) 4mH
Inductor Resistance(Ry) 0.5Q
Grid Inductance(Lg) 3mH
Grid Resistance(Ryg) 0.5Q
Switching Frequency 10Khz
Sampling 10Khz

A proportional feedback for pole allocation is
used, and also a PI compensator to null tracking
error for constant signals. The controlled system
in the Laplace domain is given by

$Vee = —keVee + (Kp + KZ/S)(VC*C - VCC) (21>

where k. is the feedback gain for pole allocation
and K, and K; are the proportional and integra-
tive gain, respectively. The proposed control is
shown in Fig. 2.

CC Bus Voltage
Measurement

Converter

&

if123 &
i1 199
1.12;5 Nonlinear AC
CA Bus Current Measurement Load
19,123 >

A ig123
Q)

Figure 2: Proposed Nonlinear VFOC for Sensor-
less Active Filters.

3 SIMULATION AND
EXPERIMENTAL RESULTS

For verification of the proposed controller, a sim-
ulation and experimental analysis was performed
using a circuit with the parameters of Table 1.
A three-phase diode rectifier is used as nonlinear
load for compensation. The stationary results of
simulation of the proposed control are shown in
Fig 3. To validate the proposed control on tran-
sients, a load variation of 50% is performed and
presented in Fig. 4. The transient instants are
0.5s (exit of load) and 0.7s (entrance of load). Fig.
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Figure 3: Simulation results. Stationary opera-
tion of sensorless active filter with the proposed
controller.
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Figure 4: Simulation results. Transient operation

of the sensorless active filter with the proposed
controller. Load variation of 100% to 50%.
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Figure 5: Experimental results. Load currents (6

pulse rectifier).
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Figure 6: Experimental results. Grid currents
with the proposed sensorless active filter.
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Figure 7: Experimental results. Currents and grid
voltage, for phase 2, during the operation of the
active filter with the proposed sensorless control.
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Figure 8: Experimental result. Harmonic analysis
of grid currents. THD is 13%.
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Figure 9: Experimental result. Harmonic analysis
of load currents. THD is 28%.

© 2013 SBMAC


http://dx.doi.org/10.5540/03.2013.001.01.0024

DOI: 10.5540/03.2013.001.01.0024

Proceeding Series of the Brazilian Society of Applied and Computational Mathematics, Vol. 1, N. 1, 2013.

(%) of Fundamental

10 20 30 40
Harmonics

Figure 10: Experimental result. Harmonic analy-
sis of grid voltage. THD is 5.1%
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Figure 11: Experimental result. Transient oper-
ation of the sensorless active filter with the pro-
posed controller. Load variation of 100% to 50%.
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Figure 12: Experimental result. Transient oper-
ation of the sensorless active filter with the pro-
posed controller. Load variation of 50% to 100%.
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Figure 13: Experimental result. Transient oper-
ation of the sensorless active filter with the pro-
posed controller. Load variation of 50%.

4 also shows the DC bus voltage during the tran-
sients.

The experimental analysis was performed
through a prototype developed in the laboratory.
The digital control was implemented in a com-
puter, and the sensing was realized by means of
analog/digital cards and hall effect sensors. Fig. 5
presents the experimental results of the nonlinear
load employed, and Fig. 6 presents the experi-
mental results of the grid currents for the active
filter with the proposed control. Fig. 7 presents
the experimental results of voltage and currents of
phase 2 of the system.

The current THD of the nonlinear load is 28%,
while the compensated currents of grid is 13%.
The estimated power factor for stationary opera-
tion is 0.99. The harmonic analysis for load cur-
rents, grid current and voltage at coupling point
are shown in Fig. 10, 8 and 9. As seen in the
figures, the PID controllers allows to compensate
the 5° and 7° harmonic of the nonlinear load, re-
ducing to more than one quarter of the original
magnitude.

A transient analyses is presented in Fig. 11.
In this scenario there is a load removal of 50%.
The transient of reinstitution to 100% of the orig-
inal load is presented in Fig. 12. Fig. 13 presents
the same transient together with the DC bus volt-
age. It was maximum variation of 6% with the
reference in DC bus voltage.

4 CONCLUSION

This paper presents a control strategy applied
to sensorless active filters using the feedback lin-
earization approach. The control uses the concept
of virtual flux to obtain the synchronization sig-
nals. As contributions , the present methodology
is robust to variations of the operation points, and
allows currents compensation of nonlinear loads
with a reduced number of sensors, as well as treat-
ing multivariable interactions between dgq loops.
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Furthermore, the VFOC strategy allows compen-
sation of the grid impedance, obtaining a high
power factor operation, and consequently minimal
grid current.

The proposed strategy has been validated in
simulation and experimentally on a laboratory
prototype. The stationary and transitory anal-
ysis was performed, and presented a stable and
satisfactory operation of active filter.
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