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A repetitive based controller for a shunt active filter to compensate for
reactive power and harmonic distortion

G. Escobar, R. Ortega , A. Astolfi , M. F. Martinez and J. Leyva-Ramos

Abstract— This paper presents a repetitive-based controller
for a single phase active filter to compensate for reactive power
and current harmonic distortion, i.e., to guarantee a power
factor close to unity. The topology selected for the active filter
consists of a single phase full-bridge Voltage Source Inverter
(VSI). The controller is based on a frequency domain descrip-
tion of the periodic disturbances. Adaptation is then introduced
to cope with uncertainties in the disturbance signals and system
parameters. A first observation is that the adaptations are
reduced to a bank of resonant filters by means of suitable
rotations, which are tuned at the frequencies of the harmonics
under compensation. The second observation is that there exists
an equivalent expression for such a bank of resonators in
terms of a single delay line. Moreover, we show that this new
expression for the controller, which belongs to the family of
repetitive schemes, has a relatively simple implementation. The
proposed control scheme has been experimentally tested in a
1.5 KVA prototype and the results are presented here.

I. INTRODUCTION

In the last years, the use of electronic equipment drawing
highly distorted currents has increased considerably. As a
consequence different problems have appeared, among these,
low power factor, low efficiency, interference by the EMI,
overheat of passive elements. These issues have received
special attention in the power electronics and power systems
applications where the disturbances to cancel are composed
of specific higher harmonics of the fundamental frequency
of the power supply. An interesting solution to alleviate such
problems, caused by a distorted load current, is the use
of active filters based on voltage-sourced inverters (VSI).
These filters are connected in parallel with non-linear loads
as shown in Fig. 1. In this case. the active filter is used
to inject the higher harmonic components demanded by the
distorted load and thus eliminating their effect on the source
side. Usually, a decoupled technique comprising two loops,
an inner (or current) and an outer (or voltage) loop, is one
of the most appealing techniques to control the active filter.

It has been reported that conventional techniques [1],
[2] used for active power filters, seem to have a limited
achievable performance mainly due to the limited control
bandwidth, and the delay of the digital implementation.
These techniques may even exhibit stability problems due to
the high gain techniques used in the inner loop. To overcome
these limitations, we present a repetitive-based controller for
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a single phase active filter to compensate for reactive power
and harmonic distortion in the source current. Repetitive
control was proposed in the beginning as a practical solution
to the tracking or rejection of periodic signals and is based on
the well-known internal model principle [3]. First works on
repetitive control were presented in [4] and [5]. Interesting
theoretical development of repetitive control can be found
in [6] and [7], and the numerous references within where
the discrete-time formulation has also been treated. See
[8]1, [9], [10] and the references therein for applications
of repetitive control on power electronic systems such as
rectifiers, inverters and active filters. In most of these works,
the authors use a positive feedback scheme to implement the
repetitive controller. Some of them place the delay line in the
direct path and others in the feedback path. It is important to
notice that a positive feedback structure has the disadvantage
of compensating for every single harmonic either odd or
even, including the dc component. Moreover, depending on
the position of the delay line in the controller structure, it
may even modify the phase shift, which explains the need
of some extra filters to alleviate this problem.

In contrast, the repetitive scheme proposed here involves
a negative feedback structure and is aimed to compensate
for odd harmonics only, thus, reducing the possibility of
reinjecting unnecessary distortion into the system. And is
expected that this scheme will generate cleaner responses
than traditional positive feedback based repetitive schemes in
applications of power electronic systems containing mainly
odd harmonics.

II. PROBLEM FORMULATION

Consider the single phase active filter shown in Fig. 1.
The system dynamics are described by (1)-(2)

dig d .
i LEZO — uve + vg (1)
dv . . v

Cd—tc = wu(is —ip) — fc 2)

where parameters L and C' are the input inductance and
dc side capacitance of the active filter, respectively, ig is
the current in the source, vc the capacitor voltage; io(t)
represents the current load and vg(t) the line voltage; i(¢) is
the injected current; w(t), which takes values in the discrete
set {—1, 1}, denotes the switch position function and acts as
the control input, that is, for v = 1 transistors ()1 and Q4
are turned on, while transistors Q2 and (3 are turned off,
and the inverse for u = —1. Moreover, for u = 0, either, Q1
and @) are both on, or Q)3 and Q4 are both on. Switching
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and other losses are collected and modelled as an unknown
constant resistive element R.

NL Single phase VSI
Load —1?
9, 9,
i i cle |
| = £R
KK Ve
L0 9,

Fig. 1. Single phase full-bridge shunt active filter.

The control objective consists of the following two points:
(i) Tracking of the source current towards a reference current
signal proportional to the line voltage, so that, the same
apparent resistance is observed by the voltage source at all
frequencies, that is, ¢5 — 45 = nvg, where i represents the
current reference, with n a scalar representing the apparent
conductance observed by the source'.

(ii) Regulation of the capacitor voltage towards a desired
constant reference Vy, that is, vo — Vj. This guarantees
that enough energy has been stored in the capacitor for the
correct fulfillment of the previous objective.

Main assumptions:

Al. For controller design purposes the averaged model
is considered, i.e., the control input w is considered as a
continuous signal taking values in the range [—1, 1]. This
is supported by the fact, for the real implementation, a
pulse width modulation (PWM) technique with a relative
high switching frequency is used to generate the switching
sequences for each branch.?.

A2. Tt is assumed that the inductor current dynamics are
faster than the capacitor voltage dynamics. Thus, based on
the time scale separation principle, the control design is split
in two parts, an inner current control loop and an outer
voltage control loop. Since both dynamics can be treated
separately, this assumption is referred also as the decoupling
assumption.

A3. The load current ¢ and source voltage vg are periodic
signals (disturbances) that contain higher odd harmonics®

of the fundamental frequency wy = 27 fy . They can be
described in Fourier series as follows
vs =Y pVsk, io= Y pilox 3)
keH keH
where

cos(kwot) Vs Il
Pk [ sin(kwot) ] » Vi { Vi |7 Tok 0.k
IThis is equivalent to seek for an operation with power factor close to
unity.
2A PWM unipolar modulation has been used, which consists in designing
two duty ratios, one given by (14 wu)/2 for the branch formed by Q1 — Q3
and another duty ratio for Q2 — Q4 given by (1 — u)/2.

3In power electronics systems is common to find applications where the
disturbances are composed mainly by odd harmonics.

numbers Ig) k> 87 > VST7 i and Véyk € R are the k" harmonic
coefficients of the Fourier series description (also referred
as the phasors) of the load current and source voltage,
respectively, and wg represents the fundamental frequency
considered as a known constant. The harmonic coefficients
are assumed unknown constants (or slowly varying) and
H ={1,3,5,7,...} is the set of indexes of the considered
harmonic components. Superscripts (-)” and (-)° are used
to distinguish the coefficients associated to cos(kwgt) and
sin(kwot), respectively.

A4. The system parameters L, C' and R are assumed to
be unknown positive constants.

III. CONTROLLER DESIGN

The control design starts by proposing a controller similar
to the conventional one, to which adaptive laws are included
to reject the periodic disturbances. The idea behind these
adaptations is to estimate the frequency domain quantities
of the periodic disturbances so they can be cancelled. These
adaptations are then reduced, by suitable transformations to a
bank of resonant filters. This observation is supported by the
well-known internal model principle [3] which states that the
controlled output can track a class of reference commands
without a steady error if the generator (or the model) of
the reference is included in the stable closed-loop system.
It is well-known that the generator of a sinusoidal signal,
i.e., containing only one harmonic component, is a harmonic
oscillator, that is, a resonant filter. Roughly speaking, for
each harmonic to compensate there should be included a
resonant filter, and thus if an infinite number of harmonics
are considered, then an infinite number of resonant filters
should be included. The contribution here is the observation
that, there is an equivalent and simpler expression of such
an infinite bank of resonant filters in terms of a single delay
line (also referred as transport delay). In other words, the
exhausting implementation infinite bank of resonant filters
can be replaced by a reasonably easy implementation of a
particular feedback/feedforward array of a simple delay line,
belonging to the family of repetitive schemes.

A. Inner control loop

In this subsection we design a controller which guarantees
tracking of ¢g towards its desired reference i§. For this
purpose, it is more convenient to rewrite the model (1)-(2)
using the following coordinate transformations

02
T1 =15, 562270, € = uvc
Thus, the model can be rewritten as
. d .
Lty = LEZO —e+vg 4
2
Ciy = elig—io) — % )

where e, the injected voltage, represents the actual control
input. Notice that to accomplish the twofold control objective
x1 should track the reference ] = nvg, while x5 should be
driven towards V7 /2.
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It is straightforward to show that the following controller
guaranties a stable tracking of subsystem (4)

d
eZLE(Z‘O—xT)"'US"'kljl (6)

where 1 = x; — 7] and k; > 0 is a design parameter.
Notice that, both the time derivative of iy and the para-
meter L are required to implement the controller above. In
what follows we will show how this term can be estimated
by means of adaptation. For this purpose, we appeal to the
description of the disturbance in Fourier series (that is, in its
harmonics components) to simplify this computation.
Using (3) the term L%(io — x7) can be expressed as
follows d
L—-(io—a7) = D ol ®x @)
keH

where Oy 2L (n —kwnT)Vsk + LkwT Iy (k € H) are
defined, and the following fact has been used

dig

P Z kwpy T ok

Vg = — Z kwpp TVs.. p
keH

keH
_ T_ [0 -1
g=-7"=[{ ]

According to the assumption A3, the vector &y (k €
H) practically converges towards an unknown constant®.
Therefore, it is proposed to use an estimate ®; in the
control expression (6) instead of the term ®;. This yields
the controller

e:vs+k1f1+2‘ik (8)
keH

Subsystem (4) in closed-loop with controller (8) yields the
following error dynamics:

Liv =) pl &k — ki ©)
keH

where @), 2 ), — ®,, for every k € 'H.
_ To deal with the terms associated with the error signals
®y,, the following energy storage function is proposed

+ k; ﬁ [(@;)Z (@;)2]

whose time derivative along the trajectories of (9) is given

b
Y 2T L
ékék

W=—kit+31 Y pi®r+ Y. -

keH keH

which is forced to be negative semidefinite if the error on the
estimates is constructed according to the following adaptive
laws

ék = —gfycos(kwt) , ke H
Lk = —yiysin(kwt) , ke H

4Normally 7 is forced to vary very slowly, taking a constant value in the
steady state.

or in a more compact form

®y = —pdipr, ke H (10)

where v, > 0, k € H are design parameters.

Following LaSalle’s theorem arguments it is easy to see
that £; — 0 as t — oo as long as e is well defined for all ¢.
Moreover, ®—0ast— 00 as long as — 0. Notice that
we have used the fact that kP = $kP and O™ = k™.

The controller (8) with adaptive laws (10) can be further
simplified using the following transformations

U =
v =

—pp @, keH
i T®y, ke H

The controller (8) is reduced to

e = Z\I/Z—I—’Us—l-kljl
keH

(1)

and the adaptive laws can be rewritten as
Uy = i —kwVi, ke H
Ui = kwV,, ke H

Expressing the dynamic extension (the adaptations) in the
form of a transfer function z, — ¥}, (k € H) yields

VkS .
7]; - x1 ,

ke H
52+k2w3

(12)
The expression for the current or inner controller is given
by

29 S
e=—ki +vs+ Y Rl (13)

Z1
k2w?
keH + 0

B. Outer control loop

As pointed out before, we consider that the dynamics of
the subsystem (1) are much faster than the dynamics of
subsystem (2), and moreover, that the controller e is bounded,
which is true if all terms ék (Vk € H) are bounded. Thus, in
a relatively short time, practically £; = 0 and & = ®. Hence,
subsystem (5) can be written in terms of the increments of
T2 as

2172

- d . . .
Czy = (LE(ZQ —x7) —l—vs) (z] — o) — & =

d 2z
2 . . * * . 2
— i — vsio — Lo (io — 1) (@i — i) - 2
N 2
where Zo = (22 — VTd)
Considering only the average, or dc component’, of I
dynamics

. 2x
* 2 20
CZa0 = Vg pars — Po — =
where Tog = (Z)o represents the dc part of the state o
and p9 = (vsgip)o represents the average output power,

considered an unknown constant, while v ;6 = (vZ)0 is
the square of the RMS value of vg which is also a constant.

5The extraction of the the dc component of a scalar  is defined at time
t by the following averaging operation (x)o(t) = % J, tt—T x(T)dT.
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It is common practice in power converter applications to
obtain z7 as follows

v,
wi =0 5
VS, RMS

this is equivalent to make the following transformation in
our developments

(14)

)
§= NVs . rRMS

This simple useful transformation keeps the values of most
variables on the same order and thus reduces the risk
of numerical errors since the value of 7 is usually very
small. Here and in what follows ¢ is referred as the scaled
equivalent conductance.

Finally, the error model can be written as

I 2z
CZa9 =6 —po — % (15)
A controller that guarantees £o9 — 0 is
§ = —ki€ —kyC (16)
£ = i (17)
T¢ = I —( (18)

where k,, k; are the proportional and integral gains of a
proportional-integral (PI) controller, and 7 the time constant
of a low-pass filter (LPF).

Relying in the filtering capability of such a PI controller,
we propose to use o instead of oo for the control imple-
mentation. The controller (16)-(18) can thus be rewritten in
the form of a transfer function as follows

1) (S) kl kp

Za(s) T T s+ (19)

where s represents the complex Laplace variable.
Summarizing, the expression for the preliminary proposed
controller is given by

- 2vps
e = —klel + vs + E ﬁ:@l (20)
ker ® + kfwg
k; k
§ = —(=2 P 7 21
( s * TS+ 1) 2 @D
R — (22)
Vs rRMS

Clearly, the interesting part of this controller is the bank of
resonators tuned at odd frequencies (H = {1,3,5,7,...}) of
the fundamental wy, each with an associated gain vy, k € H.

In what follows, it is shown that this bank of resonators is
equivalent to a hyperbolic tangent, and therefore, it can be
implemented as a special feedback arrange of a delay line,
i.e., as a repetitive scheme. In what follows it is shown that
this bank of resonant filters has an equivalent expression that
coincides with the repetitive scheme proposed in [12] which
was intended for the compensation of odd harmonics only.
Some conclusions from [12] are extracted and included here
for the sake of completeness.

C. Proposed repetitive based controller

Let us manipulate the sum of resonant filters as follows

2Y@e-1)s
G(s) = - =
; s2 4 (20— 1)2w?

2k, 1w ~— 28 B
oo ;SQ—l—(%—l)zw%_

= k, tanh <£> =k, (M) =
2wg e2wo 4 e 2wo
—MG1§> 23)
1+e o

where we have fixed y(2s—1) = 2k,wo/7, £ € {1,2,..., 0o}
with k, a positive design parameter. Notice that we have
used (2¢ — 1) instead of k € {1,3,5,...} to stress the fact
that the relationships above are valid only for odd harmonic
components (see [11] for the hyperbolic tangent equivalences
used).

It is important to remark that the expression inside the
parenthesis in the very last row of (23) can be easily
implemented as a negative feedback of a single delay line
plus a feedforward path as shown in the block diagram in
Fig. 2. This particular scheme has been presented in [12]

where is referred as the negative feedback plus feedforward
repetitive scheme.

feedback

feedforward

u, (s)

yr)ul(s) I- e’(ﬂo

u s - R ﬂ 0
RO

Fig. 2. Block diagram and poles location of the proposed
negative feedback repetitive compensator with feedforward path.

The transfer function of the repetitive compensator can
also be written as

2w0

ST S 52
_ _# 1 (g +)
cosh(5) I ((227512)21:13 + 1)

Notice that the negative feedback scheme introduces an
infinite number of poles in odd multiples of the fundamental
frequency wp, and thus it is able to compensate for odd
harmonics (see Fig. 2). On the other hand the introduction of
the feedforward path creates an infinite number of zeros on
the imaginary axis located in between two consecutive poles,
i.e., in the even multiples of the fundamental including a
zero in the origin, thus improving the selective nature of the
whole controller which will in principle allow bigger gains
and better performance.

sinh(£Z-)

(24)
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Remark II1.1 Additionally, the poles can also be found
from e %0 |,—;,, = —1 which holds for every w = (20 —
Dwy (¢ = 1,2,3,...), and the zeros from e_%|szjw =1
which holds for every w = (2¢ — 2)wo (/ = 1,2,3,...). O

In [12] it is proposed to multiply the delay line by a gain
0< K <1 with the aim of limiting the resonant peaks gain.
Indeed, it is shown that this gain K adds damping to all the
poles by slightly shifting them to the left of the imaginary
axis. To prove this, define K = e wo with an a > 0, and
multiply the pure delay by this term as follows

_sm _am _ sm _ (sta)w
1—Ke wo 1—e woe wo 1—e wo

_ (sta)m

1+Ke ™ 1+e woe w0 1+e w0

(25)

It is then clear that, if a gain K >1 is proposed then the
poles move to the right, but if 0<) <1 then they move to the
left. Moreover, it is easy to show that the peaks, originally
of infinite magnitude, get a magnitude of (1+ K)/(1 — K)
and the notches get a magnitude of (1 — K)/(1 + K).

Summarizing the final expressions of the proposed con-
troller including the repetitive scheme are

1+ Ke w0
¢ = —kFdus k| ) g (26)
1 - Ke wo
k; k
§ = — (=2 p T 27
(S+TS+1)x2 @7
vo= =2 (28)
VS RMS

Notice that, the bank of resonant filters has been replaced by
the proposed repetitive scheme.

The block diagram of the overall proposed repetitive-based
controller is shown in Fig. 3. Notice that gain k, allows
additional control over the gain produced in the peaks.

Outer loop

Repetitive scheme

Fig. 3. Block diagram of the proposed repetitive-based controller.

IV. EXPERIMENTAL RESULTS

For the experiments a voltage source of 127 Vrms, fo=60
Hz (wg=377 rad/s) is considered. A diode bridge rectifier
with a resistive load of either, 75 € or 150 €2, and a
bulky capacitor of 330uF is considered as the nonlinear
load. This load produces a distorted current containing all

odd harmonics of the fundamental frequency (60Hz). The
active filter has been designed with parameters L = 4 mH,
C = 6800 uF, R = 22 K. A 1104 dSPACE card has been
used to implement the controller, at a sampling frequency of
12 kHz. The switching frequency for the switching devices
is set to 12 kHz, therefore, the observed switching frequency
is 24 kHz. The control parameters are fixed to &k, = 0.018,
ki =0.01, k1 =10, K = 0.944 and k, = 0.75.

Figure 4 shows (from top to bottom) the steady state
responses of the compensated current, the load current and
injected current. This figure shows that the compensated
source current ig(t) (top plot) is an almost sinusoidal signal
in phase with the source voltage vs(t), despite of the highly
distorted load current io(¢) (medium plot). In the bottom plot
the injected current i(¢) is presented. Although not shown
here, the control algorithm is also able to deal with harmonic
distortion in the voltage source which in this case has a total
harmonic distortion (THD) of 4%.

Figure 5 shows (from top to bottom) the source voltage vg,
the source current g with harmonic compensation (including
the repetitive scheme), and the source current ¢g without
harmonic compensation. Notice that there is a considerable
improvement in the current shape when the repetitive scheme
is introduced.

Figure 6 shows the capacitor voltage transient response
when the load in the diode bridge rectifier is changed
from 150 © to 75  and back to 150€2. It is shown that
after a relatively small transient, the capacitor voltage v¢ (1)
converges towards its reference 250V p¢, while the scaled
apparent conductance 6 (t) = v%ﬁ rm s (t) reaches a constant
value which depends on the load characteristics.

Figure 7 shows the spectrum of the compensated current
1 in comparison with the load current . It is shown that the
compensated current is mainly composed by a fundamental
harmonic, reaching a 12% of Total Harmonic Distortion
(THD), despite of the highly distorted load current.

Tek Ejec._ | Di_sparad

Chi| 5.00 A Qb

Ch3[l 5.00 A QRERET 5.00 A 6
17.60 %

(from top to bottom) compensated current is(t), current
load io(t), and injected current 7(t).

Fig. 4.
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Tek Deten. |
B ot
'

IPd.00ms A Chz - 0.00V

@ 5.00 A Q8Cha| 250 v

Ref4 [ 5.00A 4.00ms |W[17.60 % |
Fig. 5. (from top to bottom) Source voltage vs(t), source
current is(¢) with harmonic compensation, and source current
15(t) without harmonic compensation.

Tek Deten. | ; — ]

Bb B

P[2.00s] A Chi £ 3.00V,
@IE[ 100V ®ch4] 2.00V &
Fig. 6. (top) Capacitor voltage vc(t), and (bottom) scaled

apparent conductance §(t) = v garg7(t) observed by the source.

V. CONCLUDING REMARKS

This work presented a controller integrated by the cascade
interconnection of inner and outer loops. The latter was
designed as a low pass filter plus an integral term, while the
former was composed by a repetitive scheme plus the usual
proportional term. The idea behind the repetitive scheme
was to compensate for the odd harmonic components of the
periodic distortion in highly distorted load. Two remarks of
interest have been highlighted here: First, the adaptations
proposed to compensate the periodic disturbances can be
transformed, by suitable rotations, into a bank of resonant
filters, which is in agreement with the internal model prin-
ciple. Second, the bank of resonant filters is equivalent to

Tek Pres Pr| 1

byl

o L L]

P20.0ms Al ChZz & 0.00V|

20.0 dB

|
Fig. 7. Spectra of (top) the load current 79, and (bottom) the
compensated current ¢s.

125 Hz |m[17.60 % |

a repetitive scheme, and thus they were replaced by this
simpler scheme thus facilitating the implementation. Finally,
experimental results were obtained to show the effectiveness
of the proposed control law.
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