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Abstract—Control of three-phase voltage source converters
in Synchronous Reference Frames (SRF) is a well-know method
with an intrinsic frequency adaptation capability and a simple
design. However, the application of this method to the zero-
sequence component of four-wire three-phase converters is not
straight forward. As there is only one signal in the zero-
sequence component, a quadrature signal is always created
in order to have the two components of a space vector,
similarly to the three-phase case using Park’s Transformation.
This paper presents an alternative control method based on
multiple reference frames for tracking or rejecting periodic
signals applied to the control of the zero-sequence current
of a four-wire shunt active power filter. It is demonstrated
that the proposed approach can be used without creating the
quadrature signal of the error, whilst maintaining an intrinsic
adaptation capability to grid-frequency variations. The main
contributions of this paper are validated using a laboratory
prototype.

[. INTRODUCTION

Steady-state voltages and currents in electric power sys-
tems (balanced or unbalanced) consist of a fundamental
component of 50 or 60 Hz plus harmonics with frequencies
which are integer multiples of the fundamental one. Voltage
and current harmonics in electric power systems produce
additional power losses, equipment heating, fuse and breaker
malfunction and torque pulsations in electrical motors. Har-
monics are produced by non-linear devices such as AC-
to-DC converters, arc furnaces, saturated transformers, etc.
Meanwhile, distribution systems are inherently unbalanced
because of untransposed distribution lines, unequally-loaded
phases and unbalanced loads. Therefore, unwanted negative-
and zero-sequence currents are often present. The negative
sequence will cause excessive heating in machines and
low-frequency ripples in rectifiers, and the zero-sequence
currents cause not only excessive power losses in neutral
lines, but also degrade the circuit protection [1].

Active power filters (APF) based on controlled Volt-
age Source Converters (VSC) are a flexible alternative to
compensate current and voltage unbalance and harmonic
disturbances [2]. Power flow in three-wire three-phase VSCs
is often controlled using a Synchronous Reference Frame
(SRF) tight to the grid frequency because Proportional-
Integral (PI) controllers achieve zero steady-state error [3].
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The dgq components of electrical magnitudes are DC quanti-
ties in steady state and can be controlled independently from
the zero-sequence component which is rarely of interest. In
four-wire systems, however, the zero-sequence component
must be taken care of and it is treated as a single-phase
system. However, harmonics are still seen as sinusoids in
the SRF used and cannot be tackled so easily. Furthermore,
unbalanced electrical variables also produce sinusoids in the
d-q and in the zero-sequence components. Thus, harmonic
control must be addressed for d, ¢ and zero-sequence com-
ponents in four-wire systems.

Harmonic control in power electronics has been addressed
using, mainly, selective controllers ([4], [5],[6],[7]), repet-
itive controllers ([8], [9]) and multiple SRFs or MSRFs
([10]). The first and second alternatives can be readily
applied to single-phase systems (such as the zero-sequence
component) but their design is cumbersome and their
adaptation to frequency variations require extra work. In
the third approach, when applied to three-phase systems,
Park’s Transformation is applied several times to the three-
phase magnitudes using, each time, the position of a refer-
ence frame which rotates with respect to the fundamental-
frequency d-q reference frame with an angular speed related
to a harmonic frequency. In this scenario, PI controllers
can be designed independently for each harmonic once it is
referred to the appropriate SRF because its d-q components
are constant values in steady state. This procedure is very
attractive from the design viewpoint and its intrinsic fre-
quency adaptation capability, but has always been considered
as cumbersome because many trigonometric functions have
to be calculated in real-time. However, recently, an efficient
implementation of this controller has been proposed [11].

The application of MSRFs to a single-phase system is
typically carried out using a quadrature component of the
error, which is artificially generated [12] but, in this paper,
an alternative procedure will be proposed. Variations of
the grid frequency will be addressed because in modern
power systems, with a large penetration of renewable energy
sources connected at the distribution level, and in micro-
grids, the fundamental frequency of the electrical magnitudes
might show larger variations [13] and over longer periods of
time [14] than in conventional distribution systems. Exper-
imental results of the proposed controller will be presented
in the context of a four wire three-phase shunt active power
filter used to balance the grid currents and to suppress
harmonics produced by an unbalanced non-linear load. Since



the analysis and design of the control for the d and ¢ current
components is fully described in [11], this paper will focus
on the zero-sequence component.

II. SYSTEM DESCRIPTION AND ZERO-SEQUENCE MODEL
IN A SRF

A four-wire shunt active power filter (Fig. 1) has been
used to illustrate the design and performance of the proposed
controller which has been designed to make the grid side
neutral current equal to zero.
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Fig. 1. Four-wire three-phase shunt active power filter

The nominal RMS voltage at the Point of Common
Coupling (PCC) was set to 230 V (50 Hz). The DC voltage
of the VSC was set to 500 V. The LCL filter consists of Ly
= Ly = 1.5 mH and Cy = 20 pF. The grid inductance is
L, =330 pH which results in a strong grid. The inductance
at the neutral leg is Ly, = 4 mH. The grid X,/R; ratio has
been set to 10. A 5 kVA unbalanced and non-linear load
is connected to emulate the current harmonics consumption.
The inverter switching frequency and the control sampling
frequency were set to 5 kHz.

The zero-sequence state-space model of the plant is:
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The magnitude of the frequency response of the described
plant transfer function Py(s) = I f20(s)/Vio(s) is drawn in
Fig. 2 (solid line) showing an important resonance peak at
fres = 986 Hz.
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Fig. 2. Bode diagram of the open-loop and closed-loop frequency response
of the zero-sequence model

III. ZERO-SEQUENCE COMPONENT CONTROL IN SRFS

The typical procedure to apply a SRF controller to the
zero-sequence component of a four-wire three-phase con-
verter (a single-phase system) is depicted in Fig. 3 [12].
A quadrature signal is created in order to have the two
components of the a3 rotating vector before it is referred
to a dgq synchronously-rotating frame. The main controller is
used to damp the resonance of the filter and each SRF-based
controller is used to track single-phase sinusoidal references
of different frequencies.
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Fig. 3. Typical SRF-based controller scheme for single-phase systems

Assuming that the orthogonal signal eg is generated
correctly in Fig. 3, the equivalent a3 frame representation
of the controller is as shown in Fig. 4. The transformation
from af to dq uses:

_ |cos(n#) —sin(nh)
R(nf) = sin(nf)  cos(nd) )
where n is the harmonic order and 6 = w,t, which is

provided by the PLL. The control signal u,, can be calculated
as:



Uo = ugcos(nd) + ugsin(nd)
= ki/eil dt} cos(nb) + [ki/e; dt] sin(nf)

= :ki/[eacos(nH) — egsin(nb)] dt} cos(nd)+
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Fig. 4. Equivalent a3 frame representation of the controller

Notice that he control signal u,, in (5) depends on both
error signals e, and eg. Using the Laplace Transform on (5)
yields:

Ua(s) = ks S Eals) + Rinw, SEs(s)  (6)

52 + (nwy) 52 + (nwy)
which shows two resonant controllers. Therefore, the closed-
loop system can track, with zero error, a sinusoidal signal
with frequency equal to nw,. However, there is a cross-
coupling between U, (s) and Eg(s) which depends on the
selection of Eg(s) and it has to be taken into account. The
quadrature signal of E,(s) is required to have DC values at
the input of the integrators (e;; and €], ).

A. Methods for the generation of a orthogonal signal

There are different methods in the literature to create the
orthogonal signal from a single-phase signal. The simplest
technique is to implement a phase lag of 90 degrees [15].
However, the dynamic performance deteriorates with this
method because the controller cannot respond instanta-
neously to changes in the error.

Another approach is to use a derivative or an integral
of the original signal. However, the derivative amplifies
noise [16] whilst, with the integrator, the amplitude of the
signal changes with frequency, complicating the design of
the integrator gains for harmonic compensation. Kalman
filters [17] and Hilbert Transformation [18] have also been
proposed but they are complex techniques that require large
computational effort.

Finally, an all-pass filter is implemented in [12] . This
filter is tuned to produce a phase lag of 90 degrees at the
targeted frequencies. However, a different filter is required
for each harmonic and, during frequency variations, this
filters should be adapted with a special focus on the stability.

B. Proposed method

Two rotations applied to the original zero-sequence com-
ponent are proposed instead of using the quadrature signal.

15

k j x(t)-dt 1
R(l’le) 1+ "+ R(n@)'
€p €y k[jx(t)'dtu"

e
k j x(t)-dt—

R(n0)’! o R(6) |,,~

k j x(t)-dt|—~

Fig. 5. Equivalent a3 frame representation of the proposed controller

The angular speeds of these two rotations are equal but with
opposite signs producing a positive and a negative sequence
(see Fig. 5). Adding the contributions of the positive- and
negative-sequence control signals (vl and u, respectively)
the total control signal u,, can be written as:

Ue = [k / leacos(nd)] dt} cos(nf) 7
+ {k / [easin(nd)] dt} sin(nd) "

where the control signal u,, depends only on the error signal
€. Laplace Transform on (7) yields:

Qkis

Vele) = T

Ea(s) ®)

Consequently, the orthogonal signal of e, (eg) is not
required now.

Fig. 6 shows the fundamentals of the proposed MSRF-
based control scheme in dg for the zero-sequence compo-
nent. The sin(nd) and cos(nf) in (4) are calculated with
the sin(6) and cos(6) provided by the PLL and by using
the DeMoivre’s formula recursively [19]:

cos(nb) + jsin(nh) = (cos(0) + jsin(6))" 9)

as in the so-called “Efficient” Multiple Reference Frame
(EMRF) controller proposed in [11]. As shown in [11], the
stability margins of the closed-loop system can be improved
by using a matrix containing the frequency response of the
closed-loop system composed by the plant and the main
controller evaluated at each targeted frequency:

an, —by
rn o {b7l an ]

where a,, and b,, can be calculated as in [11].

The complete proposed scheme is shonw in Fig. 6.
DeMoivre’s formula is included in block “SRF generation”.
For simplicity, a pure integrator can be used in each SRF
to control the zero-sequence component. Afterwards, the
contributions of the control signal for the positive sequence
and the one for the negative sequence are added. This
method can be applied to all harmonic frequencies by using
the corresponding frequency in each case. The procedure
shows an intrinsic frequency adaptation capability because
it updates the rotation matrices with the sin(6) and cos(6)

(10)
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Fig. 7. Proposed control scheme for dgq and zero-sequence components

values given by the PLL.

Following the Laplace Transform in [20], the equivalent
transfer function in the stationary reference frame of the
proposed method for one harmonic is:

C’n(s) _ g?)(s) — 9k; (ans - bnan) (11)

(s) s? + (nwy)?

Although the proposed method acts as a resonant con-

troller for one component, it is implemented in multiple

SRFs as in Fig. 6 to take advantage of its frequency

adaptation capability. The equivalent resonant controller can

be used to calculate the stability margins and to design the
gain k; of the pure integrator.

IV. DESIGN OF THE CONTROLLERS IN SRFS

The control scheme of the four-wire three-phase converter
is depicted in Fig. 7 where the control of the output current
of the filter is achieved by means of two controllers as
described below.

A. Main-controller design

A state-feedback controller is used as the inner-current
controller for the zero-sequence component. It places two
dominant real poles at —3 x w, and the remaining poles
at —30 X wgy, where w, is the grid frequency in rad/s.
The magnitude of the frequency response of the closed-
loop transfer function Pj(s) is depicted in Fig. 2 (dashed
line) and it shows that the resonance has been suppressed. A
similar state-feedback controller is used as the inner-current
control for the dg components. This controller deals with
the resonance and the cross-coupling between d and ¢ axes
(see [11] for details).
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B. Harmonic-controller design

The placement of the EMRF controller is shown in Fig.
7. The unbalanced non-linear load depicted in Fig. 1, which
is connected between one phase and the neutral point,
produces odd harmonics in the zero-sequence component.
Therefore, the EMRF controller for this component has to
track harmonics n =1,3,5, ..., 31.

The stability analysis cannot be carried out for each
SRF independently. Accordingly, the equivalent resonant
controller in (11) is used to calculate the open-loop fre-
quency response required to analyse the stability. The block
diagram used for the stability analysis is depicted in Fig. 8.
The frequency response of the open-loop transfer function
Go(s) = —U(s)/Uo(s), which includes the equivalent
resonant controllers, has been drawn in Fig. 9, for the case
study. The same value of k; is used for all harmonics.

Uo(s)

Py(s) + Inner-
O current
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Fig. 8. Open-loop block diagram for stability analysis
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Fig. 9. Open-loop frequency response with different values of k;.

Two different values of k; have been used in Fig. 9.
The phase margins are always close to 90° thanks to the
use of the inverse frequency response (I'),). Varying k; will
not change much these phase margins because of the sharp
magnitude changes shown in the upper plot of Fig. 9. The
design of k; will mainly affect the gain margins which have
to be evaluated at the ultimate frequencies wy. Which one
of the gain margins is most critical depends on the design of
the main controller. The value of k; finally implemented in
the prototype (k; = 29.51) gives a minimum gain margin of
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Fig. 11. Transient response of the three-phase grid currents during a grid
frequency variation: a) grid currents, b) load currents and c¢) grid frequency

10 dB. Finally, the EMRF controller for the dg components
is designed as in [11].

C. DC voltage control

A DC voltage controller is used to keep the DC bus of
the converter constant to ensure the correct operation during
the harmonic compensation. The DC voltage is controlled
by changing the DC valude of the d component of the filter-
current set point in the main SRE. A PI controller is used
for this purpose with gains kpq. = 2 and kjq. = 10.

V. EXPERIMENTAL RESULTS

A prototype as shown in Fig. 1 has been build to illus-
trate the EMRF controller performance. The full control

algorithm is implemented in Matlab/Simulink and it is
downloaded into a dSpace 1103 platform. The VSC is a
Semikron SKS 22F B6U.

The plant model for the frequencies of interest is identified
at the beginning of the experiment, just after the main
controller is activated. After 500 ms, the frequency response
for each harmonic is automatically obtained and, then, the
inverse of I',, is calculated once. In the EMRF controller
for the dq components, k; = 10 while k; = 2 for the zero-
sequence EMRF controller.

The harmonic controller for the dg components has been
set to tackle even harmonics from the 2nd to the 30th. The
harmonic controller for the zero-sequence component has
been set to tackle odd harmonics from the 1st to the 31st. The
three-phase grid and load currents in steady state are shown
in Fig. 10. The resultant THDs of the load and grid currents
are: phase A (28.79% and 1.36%, respectively), phase B
(29.26% and 1.66%, respectively) and phase C (17.5% and
2.33%, respectively). Clearly, the three-phase grid current
is now balanced and, consequently, the current through the
neutral wire is zero.

Fig. 11 illustrates the performance of the proposed con-
troller when there is a 0.25 Hz step change in the grid
frequency which is estimated by a PLL and used to update
the harmonic controllers. The grid-current harmonics for
the dq components when the grid frequency changes can
be seen in Fig. 12 and, for the zero-sequence component,
harmonics can be seen in Fig. 13. Fig. 12 and Fig. 13 show
that the harmonics and the imbalance in the grid currents
are suppressed, even under grid frequency variations.

VI. SUMMARY AND CONCLUSIONS

This paper proposes the use of an efficient multiple-
reference-frame (EMRF) controller for harmonic control in
four-wire, three-phase custom power devices, as an alterna-
tive to orthogonal-signal generation methods. This method
is expected to show better dynamic performance than those
relaying on the generation of an orthogonal signal, since
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no additional dynamics are introduced in the calculations.
Pure integrators applied on each SRF can be used to tackle
each harmonic whilst the computation effort is maintained
reasonably low.

The frequency response of the plant at the harmonic
frequencies was used for compensation in a plug-in structure
of the controller making it possible to use the same gain
k; for all harmonics. Therefore, the design of the EMRF
controller is independent of the number of harmonics. How-
ever, if required, special attention can be given to any of the
harmonics to be tackled.

Grid-frequency adaptation is implemented naturally and
harmonic control can respond very quickly to this variation.
Experimental results of a four-wire, three-phase shunt active
power compensator show, not only the effectiveness of the
proposed control system, but also the simple methodology
for the stability analysis and the design.
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