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Active Power Filter Control With Vibrating
Coordinates Transformation

Sebastian Wodyk

Abstract—This paper presents a control system of an active
power filter (APF) based on vibrating reference frame transforma-
tion. The proposed vibrating reference frame provides a represen-
tation of non-sinusoidal quantities (here the active filter current
vector) in the form of sinusoidal signals in a stationary frame,
and thanks to that, DC signals are achieved in a dq synchronously
rotating frame. The article presents theoretical analysis as well as
simulation and experimental tests.

Index Terms—Active power filter, vibrating reference frame,
power quality.

NOMENCLATURE
iF Active power filter current.
IFABC Three-phase active power filter current.
LFag Active power filter current a3 compo-
nents in a stationary reference frame.
5 i}:? Reference active power filter current and

its delay by 7/2 vector.

Reference active power filter current o3
components in a stationary reference
frame and their delayed by 7/2 compo-
nents.

Stationary 3 reference frame compo-
nents of 1%, 51 7t 11 and 13" refer-
ence active power filter current harmon-
ics.

Vibrating reference frame current vector
length, rms value of a reference active
power filter current scaled by /2.
Reference active power filter 1°¢, 5%, 7t
11" and 13™ current harmonics vectors
length.

Signal corresponding to the derivative of
reference current and its delayed vector
Signals corresponding to the derivative
of reference current o5 components in
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a stationary reference frame and their
delayed by /2 components.

rms value of signal corresponding to the
derivative of reference current scaled by
V2.

Non-linear load current.

Non-linear load harmonic current.
Three—phase non-linear load current.
Non-linear load current a5 components
in a stationary reference frame.
Stationary «/3 reference frame compo-
nents of 15, 5% 7t 1% and 13™ non—
linear load current harmonics.
Three-phase grid voltage.

Grid voltage a3 components in a sta-
tionary reference frame.

Grid voltage vector length.

Grid voltage phase angle.

Direct transformation matrix from a
classic stationary reference frame to a
vibrating reference frame.

Inverse transformation matrix from a vi-
brating reference frame to a stationary
reference frame.

Active power filter current in a vibrating
reference frame.

Active power filter current o’ 5’ compo-
nents in a vibrating reference frame.
Active power filter current dg compo-
nents in a rotating reference frame, ob-
tained from a vibrating reference frame
with Park’s transformation.

Maximal rms value of converter current.
Maximal rms value of active power filter
harmonic current.

rms value of active power filter harmonic
current.

rms value of reference active power filter
harmonic current.

rms value of non-linear load harmonic
current.

d component of fundamental active
power filter current harmonic in a rotat-
ing reference frame oriented along grid
voltage vector.
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05, 07, 011, 013 Phase shifts of reference active power

filter current harmonics.

mode Signal responsible for switching be-
tween a vibrating reference frame and
a stationary reference frame.

Loin. Minimal reference active power filter
rms current scaled by /2 allowing for
switch to a vibrating reference frame.

margin Variable corresponding to the direct
transformation denominator.

kmargin Scaling factor for margin.

Tm Time for which the direct transforma-
tion denominator must be greater than
margin.

Upc DC-bus voltage.

Upo Reference DC-bus voltage.

ig Grid current.

Ly, Inductance of non-linear load filter.

Lp Inductance of APF filter.

Z, Grid impedance.

Ry, Non-linear load DC resistance.

Cpc DC-bus capacitance.

Tout_dq Integrator outputs.

I Identity matrix.

APF Active power filter.

BPF Band-pass filter.

LPF Low-pass filter.

HPF High-pass filter.

FFT Fast Fourier transform.
THD Total harmonic distortion.

1. INTRODUCTION

MONG many devices connected to the power grid,
A the non-linear load is especially unfavorable because it
strongly affects power quality, due to generation of current
harmonics. A significant share in power quality degradation lies
with three-phase diode and thyristor rectifiers, which are widely
used in industry due to low cost and high reliability. Moreover,
some share of the harmonics proliferation belongs to residential
areas [1]. In order to reduce their impact on the power system,
many methods have been proposed, which in general can be
divided into passive and active.

Active methods, based on power electronic converters, have
many advantages over passive methods, e.g., smaller weight and
volume, wider application flexibility, reduced resonance issues,
better filtering performance [2], [3]. In the case of compensation
harmonics in a three-phase system, active filtering may be per-
formed with a three-phase voltage source converter connected
to the grid near the source of harmonics. Such a configuration is
known as a shunt active power filter (APF) and is presented in
Fig. 1. Proper operation of APF requires high accuracy, which
depends on current reference determination, and on the other
hand, on the accuracy of the inner current control loop.

Current harmonics may be extracted from instantaneous
power components pg [4], using high-pass filtering. A similar
approach is high-pass filtering of synchronous reference frame
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Fig. 1. Scheme of a shunt APF operating with a six-pulse diode rectifier.

dq currents [5]-[7], where the grid voltage phase angle is used
for transformation. For both pg power based and dg current
based harmonics detection, reference signals consist mainly of
harmonics the frequencies of which are 6. times fundamental
frequency, where n is a positive integer, and some DC part
responsible for maintaining voltage in the converter DC-bus.
Another approach is stationary frame current harmonics de-
tection [8]; then the reference current contains harmonics of
frequency 6n=1, and some part of fundamental harmonic. This
solution is useful especially in single phase systems, however
with consideration of different frequencies [9].

Current harmonics detection, independently of the chosen
method, is a challenging issue in digital control systems, due
to delays caused by signal processing [5], [10], [11]. Therefore,
switching frequency (as well as sampling frequency), should be
as high as possible in order to reduce the impact of these delays
on filter performance.

As the reference signals are not DC or sinusoidal, it is not
trivial to achieve accurate tracking. One of the methods is
utilization of classic proportional-integral (PI) controllers [4],
[11], [12], though it is known that they cannot achieve zero
steady state error for non-DC reference. Another approach is
to use hysteresis controllers [13]-[15], which introduces some
drawbacks like variable switching frequency.

Constant switching frequency may be obtained using a vari-
able hysteresis band, which was proposed for a predictive control
system [16], but such systems require precise knowledge on
converter parameters and are computationally expensive. PI
controllers may be applied also in a multiple reference frame,
which rotates synchronously with each harmonic. The authors of
[17] applied such a system in a series APF. In case of shunt filters,
similar systems were used for reference generation [18]-[20],
but not in an inner current control loop. Although a solution like
that provides zero steady state error for selected harmonics, it
implies controllers limitation problems, because realization of
anti- windup in a structure of several parallel-connected terms
is not trivial.

Another solution for selected harmonics control are oscilla-
tory terms in controllers [6]—[8], [20], which may be applied both
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in a stationary frame and in a synchronously rotating frame.
Then, output of each oscillatory term should be sinusoidal,
which induces further issues associated with controllers limi-
tation. Moreover, tuning of control systems containing parallel-
connected resonant terms cannot be done in a simple way, and
requires often heuristic methods like particle swarm optimiza-
tion [21].

Recently a new stationary frame transformation, called vi-
brating coordinates transformation, has been proposed [22]. It
allows to represent a distorted vector (containing harmonics
and negative sequence component) in the form of a new vector
which creates a circular hodograph. Then the control system can
be built basing on PI controllers, because vector components
representation in a synchronous frame are the DC signals, as
presented in the cited reference. APF reference current is clearly
an example of a distorted vector.

This paper presents a novel approach to shunt APF control,
which applies vibrating coordinates transformation. The main
assumption of a control system is utilization of PI controllers, in
such a way that the proportional term is applied in the stationary
reference frame and the integral term is applied in the syn-
chronous reference frame. Another contribution is the current
limitation method, which is consequently omitted by authors.
The paper presents theoretical analysis as well as simulation
and experimental studies.

II. THEORETICAL ANALYSIS
A. Direct and Inverse Transformation

According to [22], APF current i can be represented in
vibrating coordinates using the following transformation matrix:

lhase

T f—
g kg
|ug] (ZFaZF,B - ZFaZFB)

xq " xq "

|:ugaZF,8 —Ugplpg —Ugalpe T Ughlpg (1

-k -xq % kq
Ugalpg T Uglpg —Ugalpa — Ughlpg

where: u, — grid voltage, i} — reference APF current, i;? —
reference APF current delayed by 7/2, ipqsc — rms value of i}
scaled by v/2 (base vector length in a vibrating reference frame).

In order to achieve appropriate control signals, which for
grid connected converters represent voltage drop across inductor
reactance, an inverse transformation matrix is used:

1

Ty = —————
e |ug| dibase

Ugadish — ugadiny Ugadits + uggisly | )
where di%,, di}? — signal corresponding to derivative of reference
current and its delayed vector, dipqse —rms value of di}., scaled
by V2.

In order to provide correct delays between i, and i, as well
as to determine di} and di;?, decomposition of the reference
filter current, taking into account the order of harmonic which
should be filtered is necessary. Considering compensation of 5%,
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Fig. 2. Load current filtration and harmonics decomposition.

TABLE I
PARAMETERS OF FILTERS USED FOR CURRENT DECOMPOSITION

Symbol Transfer function
s100m
BPF, G(s) =
s2+ 51007 + (1007)2
100
BPFs, G(s) = i
s2+ 51007 + (5007)2
100
BPF,, G(s) = s
s2 4+ 51007 + (700m)?
100
BPFi, G(s) = i
s2 4+ 51007 + (1100m)?
100
BPF3, G(s) = i

s2 + 5100w + (13007m)2

7% 11" and 13™ harmonic, signals can be reconfigured as:

iFa = 1F1a T 950 T k70 T iF110 T 1F13a (3a)
ipp = Tp1p + s+ iprs T ip11s + ip13s (3b)
i = ir1p — ipss — iprg + i1 +iF13s (4a)
s = —iFia T iFsa T 570 = iF11a — iF13a (4b)

(5a)
difg = i1 — Ypse + Tipre — ip11q + 13iF13,  (Sb)
dipl, = ip1a + 5ipse — Tipre — 1lipi1a + 13055, (62)
di}qﬁ =g +5ipss — Tiprg — Wiy + 135135  (6b)

Description of «f current and its derivatives, forming the
basis of the calculation, is presented in the Appendix.

Determination of the reference current harmonics may be
done by filtration of load current 77, as shown in Fig. 2. The
presented filtration structure ensures low coupling between re-
spective harmonic, which allows to achieve high attenuation
of unwanted frequencies, maintaining satisfactory dynamics.
Fig. 3. presents the Bode plot of the proposed current harmonics
detection structure, for parameters presented in Table I. Magni-
tude gain for each path is 0 dB for its frequency, and the phase
shift is zero.

Fundamental harmonic of the reference APF current is the re-
sult of DC-bus voltage regulation, like in classical voltage
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Fig. 3. Bode plot of the filtration structure.

oriented control systems. When all components of a reference
current are determined, 7. and dip, s can be calculated in the
following manner:

ivase = \ i1 ? + ol + li5er 2 + i1 P + [i5egal D

dibase =

w12 12 12 2 12
V0 + 250517 + 495y + 12155, [* + 169]5.,
®)

Such an assignment of 7,5, causes that current vector length
in a vibrating reference frame will be proportional to V2Ig RMS-
It should be noted that any vector in a stationary «/3 frame,
if it contains no harmonics and negative sequence, meets this
assumption. As the content of the respective harmonic in the
control signal is higher by its order, because it is proportional
to the voltage drop through an APF inductor, dips. is selected
in a similar manner, taking into account the number of each
harmonic. Then the APF current in a vibrating reference frame
i is expressed as:

ipa| = p | iPa] | dbase cos (@) ©)
lpg 1FpB Lbase S (Wt)
where wt stands for the grid voltage phase angle. Further trans-

formation to the rotating reference frame gives the following
result:

] = [ 2] L]

_ Z.base
= [ 0 } (10)
Basing on (10) the reference current in the dg frame is equal
t0 7pqse N the d axis and to 0 in the ¢ axis.

B. Current Limitation

The important feature of APF is maximal apparent power,
which strictly depends on the converter rms current. Since
current is the result of the control system operation, its rms value
limitation needs to be taken into consideration. It should be noted
that this issue is consistently omitted by the authors. In general,
calculation of the rms value of a signal requires integration.
However, in case of the proposed system the instantaneous value
of each harmonic is known, thus the rms value of the reference
current can be simply assigned with (7). On the one hand,
current limitation is applied in the DC-bus voltage controller,
for fundamental harmonic, and on the other hand, compensating
current also needs to be limited. It has been assumed that
the fundamental harmonic current ir; should have the highest
priority, because it is responsible for maintaining the voltage in
the DC—bus. Further, the maximal rms value of the harmonic
current / pj,ms can be expressed as:

. 12
|71 |
Iphrmsmax =\ T2 cviax — 5 (11

where I,.,s174 x 1S the maximal converter current rms value.

When the reference harmonic current tends to exceed this
value, each harmonic should be recalculated using the scaling
factor that ensures the overall current is kept within the limit. The
scaling factor is I gy, to the actual reference harmonic current
ratio. The proposed current limitation structure is presented in
Fig. 5. In order to simplify calculation, rms values scaled by v/2
of all signals are used, which gives the same results. The scaling
factor is limited from zero to one. If harmonic current is below
the limitation, the scaling factor is equal to one, otherwise it
decreases.

The results of the proposed current limitation method are
presented in Figs. 5 and 6. Two situations were taken into
account, the first one, when the load harmonic current rms value
causes reaching the limit, and the second one, when fundamental
harmonic current reaches the limit. As it can be observed,
fundamental harmonic has the highest priority, as i* ;4 rises,
the rms value of harmonic current decreases in order to match
the limit.

C. Transformation Constraints

Seeing that calculation of coefficients for both direct and in-
verse transformation requires division by varying terms, related
to the reference current, some constraints need to be imposed in
order to avoid division by zero, and in consequence, instability
of the system. For this purpose, switching between two modes,
from which the first is classical dg control, and the second
one is the use of the vibrating reference frame transformation.
Mode selection depends on the instantaneous value of the term
ipalps — Tpaipg, as well as the rms value of the reference
current, expressed as ipqse. In general it can be described as
(12) shown at the bottom of the next page, which consists of
DC component and oscillating parts. It crosses zero when the
reference current is equal to zero, or when the oscillating part
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Fig.5. Currentlimitation in case of load harmonic current change and constant
fundamental harmonic current, (a) Insprax — maximal rms value of APF
current, I7,,;ms — rms value of load harmonic current, I* g5 — rms value
of reference APF current, i* ;4 — reference fundamental harmonic of APF
current in a classical rotating reference frame, (b) i* pop - overall reference
APF current in a stationary o3 reference frame, (c) irog - non-linear load
harmonic current in a stationary a3 reference frame.

magnitude is greater than the DC part, which may occur in
transient states, when reference current is changing.

The proposed solution to this problem is the mode selection
scheme, dependent on the reference current, which is presented
in Fig. 7. Mode switching from the vibrating reference frame
(mode = 1) to classical dg (mode = 0) occurs when one of the
two conditions is not met. First, when iy, is lower than I,,;,,.
Second, when the instantaneous value of |}, — 5 7] 15
too low. It is checked by comparison of this term with margin,
that is its average value scaled by factor k,,y¢:n, Which is equal
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Fig. 6.  Current limitation in case of constant load harmonic current and linear
change of fundamental harmonic current, (a) I;msprax — maximal rms value
of APF current, I1,p,ms — rms value of load harmonic current, I* pp,s — rms
value of reference APF current, i* iy 4 — reference fundamental harmonic of APF
current in a classical rotating reference frame, (b) i* ro g - overall reference APF
current in a stationary o3 reference frame, (c) if, g - non-linear load harmonic
current in a stationary a3 reference frame.

to 0.01 in this case. If ipqse 1S greater than I3, and \z’}ai}qﬂ —
i 7 i3] i above the margin longer than the assumed time 7.,
the system returns to operation in the vibrating reference frame
(mode = 1). It has been assumed that 7,, is equal to 10 ms.
The values of I,in, kmargin and 7, were established by trial and
error. An example of mode selection operation is presented in
Fig. 8.

D. Control System With DC-Bus Voltage Regulation

The proposed control system of APF is presented in Fig. 9.
The measured DC-bus voltage passes through low-pass filtration
in order to reduce the influence of harmonics to regulation
performance. The cut-off frequency is 150 Hz. The output of the
DC-bus voltage controller is the reference d component of the
fundamental current harmonic, limited to /21,454 x, Which
is transformed to the a3 frame using the grid voltage angle.
Band—pass filtration of the grid voltage reduces the impact of
voltage harmonics on angle calculation. Harmonics of the APF
reference current are found using load current decomposition
(Fig. 2).

- . . w12 12 w12 . 2 . 2 . .
Trairs — ipa ipg = — lipal” + k5" + i7" = |p1|” = [iF1s]” + 2 [ips| [ipr| cos (12wt — 05 — 07)

—2|ipq| |11l cos (12wt —6011) — 2 |ipy | |ip13] cos (12wt —6013) — 2 |ipyq| |iF13] cos (24wt — 011 — 013)

12)
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filter current ov8 components in a stationary reference frame, (b) oscillatory
term of the transformation denominator and margin related to its constant term,
(c) mode switching.

Further total reference current goes through the limitation
block (Fig. 4). Limited current is used to calculate transfor-
mations coefficients and reference current. Current is regulated
both in stationary and synchronous reference frames, such that
in the stationary frame a proportional term is used, and in a
synchronous frame an integral term is used. Thanks to that,
the system is less sensitive to possible inaccuracies that may
affect the vibrating reference frame transformation. It should be
noted that in ideal conditions, the described current controller is
equivalent to the classical PI controller applied in the dg frame. If
mode = 1, the vibrating reference frame transformation is used,
otherwise classical dg control is applied, which is described in

TABLE II
PARAMETERS OF A LABORATORY RIG

Symbol Quantity Value
Ugn Nominal grid voltage (L-L rms) 230V
Trmsvax Maximal APF rms current 10 A
Lr APF chokes inductance 1.7 mH
Rir APF chokes resistance 40 mQ
Cpce APF DC-bus capacitance 0.5 mF
Upc Reference APF DC-bus voltage 410V
Ly Load chokes inductance 3 mH
Ry Load chokes resistance 40 mQ
Si Rated load power 43 kVA
s Switching frequency 10 kHz
L, Grid inductance 40 pH
R, Grid resistance 1 mQ
Ly Transformer leakage inductance 1 mH
Ry Transformer winding resistance 400 mQ

Section II-C. Finally, the control signal is a sum of controllers
output signals and grid voltage feedforward.

III. SIMULATION AND EXPERIMENTAL RESULTS

Simulation and experimental tests were carried out with the
use of a laboratory rig configured according to the scheme
presented in Fig. 1. Simulated grid voltage contains 3 V of 5"
harmonic and 3 V of 7" harmonic, which results in 2.5% voltage
total harmonic distortion (THD). For the sake of a non-linear
load, a three-phase diode rectifier with an inductive input filter
was used, but the proposed control system is feasible for any
type of non-linear three-wire load, e.g., frequency converters of
AC drives or large AC motors soft—starters, because they are a
source of harmonics of frequency 6n+1. It should be noted that
filtration of harmonics that are introduced by switched-mode
power supplies, e.g., in computer centers, demands a different
approach due to a significant share of zero sequence harmonics
and single-phase character of a load. APF was realized with a
three-phase two-level voltage source converter, built with IGBT
transistors. In the experiment, the control system was imple-
mented in a TMS320F28335 microcontroller. The parameters
of the examined circuit are presented in Table II.

The results of the simulation are presented in Figs. 10 and
11. The operation of APF may be divided into three stages,
as can be seen in Fig. 10. They are: 1) turning on of the
converter and DC-bus voltage creation (20 ms), 2) switch on
of the harmonic filtration (100 ms) 3) change of load (150 ms).
Filtering of current harmonics is enabled when reference voltage
in the DC-bus is provided. The simulated load equals 3.3 kVA
initially, and 6.3 kVA after step change. As can be noticed,
the control system operates omitting the vibrating reference
frame (mode = 0) for some time after the start of the filtering,
which is caused by the issues described in Section II-C. Further,
when mode = 1, the vibrating reference frame is applied, and
converter current in a new d'¢’ takes the form of DC signals. The
control system reacts quickly to the load change, in time about
half of a fundamental harmonic period, which is considered
a satisfactory result. Current filtration performance is presented
inFig. 11, APF produces desirable harmonics. As can be noticed,
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Fig. 9. Scheme of the proposed control system.
TABLE III

turn on of the vibrating reference frame transformation visibly
corrects the grid current i, shape.

Fig. 12 presents comparison of different APF control methods
utilizing PI controllers. One of them is control of each harmonic
in a synchronous frame rotating with its pulsation (multiple
reference frame) [17]. The second one is control in a classical dg
reference frame, with high—pass filters (HPF) used to determine
load harmonic current [10], [11]. Both methods were simulated
with the same load and supply parameters as the vibrating refer-
ence frame control. As can be seen, the vibrating reference frame
features the best dynamic response and the lowest overshoot (in
terms of filtered grid current), among the others. This is due to
the lack of dynamic terms in the control loop which are needed in
multiple reference frame. Decomposition of the measured APF
current was done with the filtration structure presented in Fig. 3.
On the other hand, the greatest overshoot occurs in classical
dg control, which is caused by harmonic current detection with
second order high—pass filters with 50 Hz cut-off frequency. It
should be noted that dynamic performance of such a system may
be improved by the use of the higher cut-off frequency, but the
cost is the accuracy of the harmonic extraction, especially 5%
and 7%,

The steady-state performance of the simulated methods is
compared in Table IIl. The presented current THD contains
swathing ripples. The vibrating reference frame reveals slightly
better performance than the multiple reference frame, although
both methods can theoretically achieve zero steady-state error.
However, in the case of the multiple reference frame, band-pass

THD OF THE SIMULATED CURRENT FOR DIFFERENT APF CONTROL METHODS

Current Description THD;
ir4 22.4%
irp Load current 22.4%
irc 22.4%
Igi4 4.9 %
igB Vibrating reference frame 49 %
igic control 4.9 %
ig24 5%

ig2B Multiple reference frame 5%

ig2c control 5%

Ig34 53 %
ig3p Classical dq control with HPF 53%
ig3c in a load current measurement 53%

filtration is applied in measurement of load current, as well
as filter current, making the system more sensitive to mutual
influence of the current harmonics. Multiple reference frame
approach demands two control paths for each harmonic, which
might lead to issues with multiple controllers tuning as well
as with limitation of multiple integrators, whereas in a vibrat-
ing reference frame there are only two integration terms. The
highest current THD was achieved for a classical dg system,
which is caused mainly by utilizing PI controllers for tracking
strongly oscillating reference, and by attenuation intruded by
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Fig. 10.  Simulation results presenting performance of APF, (a) upc —DC-bus

voltage, uga pc — three-phase line—to-neutral grid voltage, (b) ipa pc — three-
phase APF current, (c) /' 7qq — APF current in the new d'q’ frame.
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Fig. 11.  Simulation results presenting currents in the analyzed circuit, (a)

iraBc — three-phase non-linear load current, (b) igapc — three-phase grid
current, (¢) i pa pc — three-phase APF current.

high-pass filtration to a lesser degree. This method introduces
some drawbacks like non-intuitive limitation of the reference
APF current, which demands calculation of non-sinusoidal sig-
nals rms values, or share of measuring noise in the reference
current. Such issues do not concern the vibrating reference frame
control and multiple reference frame control, due to access

lg14BC

Time [s]

(d)

Fig. 12. Simulation results presenting comparison of different APF control
methods, (a) i1, 4 pc — three-phase non-linear load current, (b) ig;4 pc— three-
phase grid current for vibrating reference frame control, (¢) i g24 pc—three-phase
grid current for multiple reference frame control, (d) iy34 pc— three-phase grid
current for classical dg control.

Laboratory setup used in the experiment.

TABLE IV
THD OF THE MEASURED CURRENT

Current Description THD;
ira 23.8%
irp Load current 23.8%
irc 239 %
lg14 9.3 %
igB Grid current with only P 10.2 %
igic controller 9.9 %
ig24 5.7 %
ig2p Grid current with full PI 5.7%
ig2c controller 52%
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Fig. 15. Experimental results presenting steady-state operation of APF,
(a) upc — DC-bus voltage, uga pc — three-phase line—to—neutral grid voltage,
(b) irpaBC — three-phase APF current, (c) i’ pqq — APF current in the new d'q’
frame, (d) i pqq — APF current in a classical dg frame.

to the each harmonic separately, which allows also selective
filtration.

The experiment was carried out in conditions close to simula-
tion; the difference is load power which equals 4.3 kVA, with no
step changes, which is caused by limitations of the experimental
setup. The laboratory rig was connected to the grid via an 8
kVA 400/230 transformer, which resulted in a much higher grid
impedance, approximately equal to transformer impedance (see
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Fig. 16. Experimental results presenting currents in the analyzed circuit,
(a) irABC — three-phase non-linear load current, (b) ig4 pc — three-phase grid
current, (¢) i p4 pc — three-phase APF current.
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Fig.17.  Experimental results presenting impact of the integration in anew d’q’

frame, (a) i, o pc —three-phase non-linear load current, (b) ig4a pc —three-phase
grid current, (c) ipac — three-phase APF current, (d) /oyt_dqq — integrator
outputs.

Table II), and as a consequence, smaller current ripple in the
experiment. Results were recorded with a DL850E Scopecorder
in the form of data files, oscillograms were prepared using
MATLAB for adding appropriate scales. Three-phase load and
filter current measurement for the registration purpose was re-
alized with an A622 probe with 100-kHz bandwidth, whereas
grid current was achieved as their sum. Synchronous reference
current components are visualized from the control unit using
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Fig. 18.

a digital-to-analogue converter built in the controller board.
Laboratory setup is presented in Fig. 13.

Fig. 14 presents the beginning of the APF operation during
experimental tests. Like in simulation results from Fig. 11, DC-
bus voltage creation can be noticed at the first and further start of
harmonic filtration. It should be noted that the experimental d'¢’
current contains more distortion than the simulated one. This
is caused by several factors neglected in the simulation, like
discrete realization of the control and sampling delay (100 us),
measuring noise, dead-time (2.5 us) applied in the laboratory
converter, or grid filter inductor resistance (see Table II).

Steady-state operation of APF is presented in Fig. 15. More-
over, comparison of a classical synchronous reference frame
current i4, and a new synchronous reference derived from the
vibrating reference frame current i’y is presented. Despite the
distortion, the i’ 4, current contains a significant share of the DC
component in contrast to classical i44. A negligible share of the
fundamental harmonic makes the character of i4, strongly AC.
In such a condition the integral controller cannot be accurate
due to the finite gain for AC signals. Zero steady-state error
requires additional resonant terms. Infinite gain for DC signals
ensures accuracy of regulation with the use of the vibrating frame
transformation, because all demanded harmonics transform into
the DC signal.

The results of current filtration during experimental tests are
presented in Figs. 16-18. Although the transformation enables
a certain time after load appears, the system filtrates harmonics
immediately, which can be seen in Fig. 16, nevertheless further
transformation turn on improves APF performance. Fig. 17
presents tests in which APF initially operated only with a pro-
portional controller in the stationary frame and the integration
in the vibrating frame was turned on manually.

Integrator outputs /,,,; keeps the DC shape despite the current
i’ 44 distortion. In order to compare operation with a P controller
and a full PI controller, fast Fourier transform (FFT) of the load
current (the same for both cases) and grid current (separately
for each case) is provided in Fig. 18. As can be seen, the
transformation gives considerably better results in the filtration
of 5™ and 7™ harmonics, but does not influence 11" and 13t

FFT of the measured currents, (a), (d) i, —load current, (b), () iy — grid current with only P controller, (c), (f) i42 — grid current with a full PI controller.

in comparison to proportional control. Nevertheless, it causes
significantly better results in the current THD, as presented in
Table I'V.

IV. CONCLUSION

The paper presents an innovative approach to an active power
filter control system, using the vibrating reference frame trans-
formation. Thanks to that, APF current which consists mainly of
high harmonics may be represented as DC signals in a new d’q’
reference frame. Therefore PI controllers may be successfully
applied in order to achieve zero steady state APF current error
for selected harmonics. Some additional issues were discussed
such as load current decomposition necessary for APF reference
current assignment and converter current limitation method,
which provides apparent power limitation.

Operation of the presented control system was verified in both
simulation and experimental tests, which brought satisfactory
results. The proposed control system is suitable for implemen-
tation in a digital signal processor such as TMS320F28335 used
in the experiment and very popular in industry.

APPENDIX

In general, reference APF current components for the selected
harmonics and their derivatives, can be described as:

Ve, = |15y | cOs (wt) + |ifs] cos (bwt — 05)
+ |07 | cos (Twt — O7) + |iq1| cos (11wt — 011)
+ |iF13| cos (13wt — b13) (13a)
irp = |iEp1| sin (wt) — [ifs]sin (5wt — 05)
+ |ipr| sin (Twt — O7) — iy | sin (11wt — 611)
+ |ip15] sin (13wt — 6013) (13b)
difp, = wW(—|ipy|sin (wt) — 5 |ips| sin (5wt — O5)

— T |ipr| sin (Twt — 07) — 11 |ipqq | sin (11wt — 611)

— 13 i3] sin (13wt — 613) (14a)



386

dipg = w(|ipy|cos (wt) =5 |ifs]| cos (5wt — 05)

(1]

(2]
[3]

(4]
[3]

(6]

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

+ 7|57 | cos (Twt — 07) — 11 |51 | cos (11wt — 017)
+ 13 | 3] cos (13wt — 013) (14b)
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