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Abstract: Active power filter (APF) control is a natural area of application for vibrating reference frame (VRF) transformation due to the
intentional occurrence of higher harmonics in the active filter current compensating load current harmonics. Due to the vibrating frame
transformation, the APF current can be represented by the DC values, and thus proportional-integral (PI) controllers are sufficient to
control the converter current. However, in the typical approach, it may be impossible to combine harmonic filtration with reactive power
compensation features, due to the transformation constraints. The solution to this issue is decoupling of the fundamental harmonic
and high harmonic components and a separate control for each of them. This paper presents a decoupled control system of an APF,
which uses VRF transformation for accurate control of high-current harmonics. Decoupling is a groundbreaking improvement of the
VRF method. Moreover, different current limitation scenarios are proposed, considering both harmonics compensation and fundamental
frequency reactive current compensation. Theoretical considerations are supported by simulation and experimental tests.
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1. Introduction

Harmonics are a significant problem for the power grid, which is increasingly being penetrated by switched power
supply units, not only in the industry, but also in household appliances, lighting systems, computers and others.
Nowadays, power systems face new challenges, i.e. electric vehicles charging as well as distributed generation
from photovoltaic (PV) plants, which may operate in an unstable manner and deteriorate power quality and power
grid reliability (Li, 2018). Therefore, devices mitigating unfavourable phenomena such as harmonics or reactive
power are necessary for the modern power grid.

Active power filters (APFs) are superior to passive filters since they feature better filtering performance and
flexibility as well as smaller weight and volume (Akagi, 2005). One of the most popular approaches is shunt filtering,
where APF is connected parallel to the load, as shown in Figure 1. Shunt APF, apart from current harmonics
filtration, can compensate and inject reactive power into the grid. Although APF is usually located close to the load
and works on its current, in general, reference may be set arbitrarily, to compensate other loads in a local system,
especially in terms of reactive power.

The performance of APF depends on both the load harmonics extraction algorithm and the current control
system (Asiminoael et al., 2007). Load harmonic current detection can be performed in many ways, e.g. high-pass
(or low-pass) filtering of a load current in a synchronous dq reference frame (Hu et al., 2012; Lascu et al., 2009)
as instantaneous power components pq (Akagi et al., 1986), or band-pass filtering of a load current in a stationary
of reference frame (Ptatek and Osypinski, 2016). Each method has its advantages and disadvantages. Band-pass
filtering requires dynamic terms for each harmonic that is considered to be filtered, the number of these terms
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Figure 1. Scheme of a shunt APF operating with a six-pulse diode rectifier. APF, active power filter; PWM, pulse width modulation.
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is finite and limited by the computing power of the controller implementing the control algorithm. On the other
hand, it gives better accuracy in detecting the harmonics of low order e.g. 5th and 7th, which may be deteriorated
using high-pass or low-pass filters in dg frame or pg power components. In such a system, there is always a
trade-off between dynamics and accuracy. A faster response requires a higher cut-off frequency of the filter, which
worsens the accuracy of the harmonics extraction due to less attenuation. Additionally, high-frequency noise may
be transferred into the reference. However, the advantage of such a system is simplicity, i.e., a low number of
dynamic terms.

Accurate tracking of the reference built with harmonics is not trivial. The classical approach with proportional-
integral (Pl) controllers cannot achieve zero steady-state error for non-DC reference due to the finite gain for
AC signals. Theoretically, infinite gain for selected AC signals may be achieved with proportional-resonant (PR)
controllers (Franga et al., 2022), or by the transformation of every harmonic to its synchronous reference frame
(multiple reference frame) (Sleszynski et al., 2018). One of the drawbacks of these methods is the necessity for
tuning several parallel-connected terms, which is challenging (Ufnalski et al., 2022). Another issue is the realisation
of anti-windup, which requires additional structures in each controller term (Amerise et al., 2020). Moreover, for
a multiple reference frame approach, there is a need for feedback current decomposition, which deteriorates
control dynamics.

It should be noted that converter current may be transformed also to the non-Cartesian reference frame, which is
known from the control of a converter during asymmetrical voltage sags (lwanski et al., 2019). The development of
non-Cartesian methods brought a vibrating reference frame (VRF) transformation, which allows the transformation
of harmonics into a sinusoidal signal, and further into a DC signal in a new d’q’ frame. Thus, infinite gain can be
achieved with Pl controllers, ensuring simple anti-windup (Wodyk and lwanski, 2022).

An APF control may be also realised using non-linear methods, like dead-beat control (Pichan et al., 2022) or
sliding-mode control (Ouchen et al., 2021), which ensures fast dynamic response and good reference tracking.
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Nevertheless, such methods are vulnerable to system parameters’ identification and measurement noise. They also
impose a high computational burden.

The digital character of the control system imposes issues related to delays (Hu et al., 2012; Jiang et al., 2018).
This problem is unavoidable in digital control systems because of their nature. Moreover, this phenomenon has a
particularly strong influence on APFs. As they operate with harmonics, constant delay imposes a different phase
shift for each harmonic, which is greater when the order of the harmonic is higher. In order to mitigate this effect,
switching frequency, as well as sampling frequency should be as high as possible. Another approach is to use a
specific algorithm that compensates for this delay (Pichan et al., 2022).

In Wodyk and lwanski (2023), the authors proposed the APF control system based on transformation to the VRF,
as regulation of quantities composed of different frequencies is a natural implementation area for the mentioned
transformation. Nevertheless, this concept is still being developed and researched to overcome drawbacks, keeping
the current control loop as simple as possible, which means utilising only PI controllers. For this purpose, a novel
decoupled VRF control system is proposed in this paper.

Decoupling ensures independent control of fundamental harmonic and high harmonics. The fundamental part
is responsible for DC-link voltage regulation and reactive power and is controlled in the classical synchronous dq
frame. Harmonics are transformed into the VRF, and then to the synchronous reference frame. It is necessary
because in the original approach forcing the fundamental component may lead to unstable operation of APF in
some regions. Decoupling is a breakthrough step for the VRF as it allows achieving simultaneous operation with
harmonics and fundamental current components, still utilising only Pl controllers. Thus, it is a universal tool for
three-phase converters.

Another issue discussed in this paper is compensation for the delay caused by the digital implementation of
the algorithm, which improves system performance, overcoming the problems mentioned above. Thanks to that,
current harmonics can be tracked accurately, which is especially important for high orders. Lack of accuracy may
lead even to the amplification of a specific harmonic.

Next, here, limitation of APF current is taken into account, providing different limitation priorities depending on
the needs. This issue is consequently neglected by the authors even though it is relevant from the practical point of
view not only in terms of converter design but also overcurrent protection or wiring.

This paper discusses a comprehensive approach to an APF control using novel improvements of a VREF, like
decoupling and delay compensation, presenting both steady and dynamic states as well as current limitations.

2. APF Reference Current Calculation and Limitation

The APF current consists of three components: fundamental harmonic active components i, fundamental
harmonic reactive component i, and high harmonic component i,,. An active component of fundamental current
reference i,,, is the result of DC-link voltage regulation, as presented in Figure 2. The measured DC-link voltage is
filtrated with a 150 Hz low-pass filter to reduce the impact of harmonics on regulation performance. It is known that
DC-link voltage regulation is crucial in APF systems, thus its performance may be increased using sophisticated
methods, e.g. bi-sliding mode PI control (Li et al., 2022), nevertheless, this paper focuses on AC current regulation
and the described simple Pl-based method is sufficient.

The output of the PI controller is limited in such a way that i;,, cannot exceed the maximum root mean square
(RMS) current value 7, ,,,,, multiplied by \2, which corresponds to the maximum allowable fundamental component
amplitude.

Further, the reference reactive component of the fundamental current i;lq as well as the reference harmonic
current i,, need to be designated. This requires the detection and decomposition of load current, as presented
in Figure 3. Current decomposition may be done in various ways, e.g. using multiple second-order generalised
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Figure 2. DC-link voltage regulation of the APF. APF, active power filter. Pl, proportional-integral.
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Figure 3. Decomposition of load current.

integrator (MSOGI) (Karbasforooshan and Monfared, 2020) or feedback-based bandpass filters (Wodyk and
Iwanski, 2022). Furthermore, an additional reactive component may be set arbitrarily if there is a need for additional
reactive power Q* compensation.

Based on decomposed load current as well as external Q* reference and DC-link voltage controller output
current, limitation is performed. There are three possible scenarios of current limitation, assuming that DC-link
voltage maintenance, hence active power always has the highest priority:

1. Load current harmonics compensation priority;
2. Load current reactive component compensation priority;
3. Proportional limitation of a reactive component and harmonic component corresponding to the reference.

A specific scenario should be customised to the needs, although the paper presents the manner of execution
of all three limitation methods in Figure 4. The idea is to recalculate the reference of each component based on
their RMS values. At first, the maximal possible RMS value of harmonic and reactive components needs to be
designated based on the i,,,. It is important to ensure an appropriate DC-link voltage level, although in practice it
will be a dominating component only during the start-up. An example of the operation of each method is presented
in Section V.

Reference APF current is calculated in a stationary af reference frame, as shown in Figure 5. Fundamental
harmonic and higher harmonics are designated separately.

3. Direct and Inverse Transformation

As stated in Wodyk and Iwanski (2023), the direct transformation matrix to the vibrating coordinates frame takes
the form (1). Apparently, it takes into account the transformation of only the harmonic current component. Thanks to
that, fundamental harmonic does not affect the transformation, which reduces the risk of denominator zero crossing.

T= ()

. .*11 _ o _ '*‘[ K
Lpbase |7ug1athﬁ Ugiglnp “Ugialpna T uglﬂthail

M Lu I F Ul —t B~ i
|ugl|(thathﬂ_thathﬂ) gla'rnp T He1ptrnp T Helat Fha Mg ptFha

where: u —qgrid voltage fundamental harmonic, i,,—reference harmonic component of APF current, i,i—reference
harmonic component of APF current delayed by n/2, i, —RMS value of i,, scaled by V2.

505




Decoupled control of an active power filter in a vibrating reference frame

s X} 4
I' Jaf > a..’+ﬂ." ) i[x I‘F--‘wv
! 7 o a*+p? l[>‘<j $Filas_
= J =
i a s’ o0 ! Fisas,
B - a* B~ 1 <N T
i e B
d Ny Fi%a)
T 1900 e b=+

5
1 Frap
%
i Frap
g
i Fliap
3
3 Fizep
%
= 1 Fi7ap
1 1706 Fo— v |:? &
| a8~ ) i Fi%p
IJJM az-i-ﬁl >4<}I‘_FJ’
- :I q
I‘]q l—'xz'l I:X
L2 | ]

Figure 4. APF current limitation methods: (a) load current harmonics compensation priority, (b) reactive current compensation priority, (¢) proportional
limitation. APF, active power filter.
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Figure 5. APF reference fundamental current component i*F7af and harmonic current component i*Fhaf calculation. APF, active power filter.
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Figure 6. Grid voltage fundamental harmonic extraction and calculation of amplitude and angle.

These parameters can be calculated using Eqs (2)—(4), whereas Uy, is provided using the structure presented

in Figure 6.
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The result of an inverse transformation is a control signal that corresponds to the voltage drop across filter
inductance. Considering that there is a certain delay between sampling of the measured current and updating of
the pulse width modulation (PWM) duty cycle, inverse transformation cannot be accurate based on the measured
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current directly. This delay has a greater impact on current transformation when the order of the harmonic is greater.
It can be described as follows:

iy =iy |cos(po(t+1,)+6,) (s2)
i,5 =i, |sin(po(t+1,)+6,) (5b)
iy =i,|cos(na(t+7,)+6,) (6a)
iy =~1i,|sin(no(t+7,)+6,) (6b)

where p describes positive sequence harmonics (7th, 13th, 19th, etc.) and n describes negative sequence
harmonics (5th, 11th, 17th, etc.). As the control system uses current decomposition, an angle of each harmonic of
the measured load current may be corrected in the following way:

[i;a] { cos(paT,) sin( pwﬂ)}{im} iy |eos(pax +6,) 7)

i —sin(paﬂ:,) COS(P“’Td) iyl |ip|sin(pa)t+c9p)

)74 B

iy | cos(nwT,) —sin(nal),) || i, 1, cos(nawt +6,)

ity | | sin(nal,) cos(nal)) |[iy,]| |-i|sin(net+6,) (8)
It should be noted that trigonometric functions presented in Egs (7) and (8) may be treated as constant

parameters for a given time delay T, Using the corrected current harmonics signals, inverse transformation is
calculated in the following manner:

inv T

)

.y . « +g
1 uglaleha uglpleha uglaleha + uglﬁleha

. g ¢ - *q
|ugl|dlhbase Ugraipy ~Ugipipyy  UgiaBing + Ui pirig

where di,,, di,/—signals corresponding to the derivative of reference current and its delayed vector, di,,, —RMS
value of diy,, scaled by V2. These parameters can be calculated using Eqgs (10)—(12).

iy, =Sy = Tigs 5 + 110, , = 130,85, + 1765, =190, (10a)
dipy 5 = =Sips, + Tio, =115, +130, =170, +1905, (10b)
difd =505 =705, 116, +134,,, +176,5,, =195, (11a)
digly =55 =iy =105, +1305, 5 +17005 , + 1905, (11b)
diy,,, = \/25 0S|+ a0l w1216 +160)irC| " + 289firS, [ +361)i56,| (12)

A scheme of direct and inverse transformation matrices designation is presented in Figure 7.

4. Current Control System

The proposed decoupled control system of APF is presented in Figure 8. Current regulation is done by using
PI controllers, but they are divided into three paths. A proportional controller is applied in a stationary reference
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Figure 8. Scheme of the proposed control system.

frame and operates on the whole current. Further, there are two separate integrals for fundamental and harmonic
components. The fundamental component is regulated in a classical synchronous dq reference frame with
decoupling. The harmonic component is regulated in a synchronous reference frame d’q’ obtained from a VRF a3’

Decoupling between the fundamental and harmonic components is realised by mutual subtraction of the
reference from the measured APF current. A similar approach is known from the double synchronous reference
frame control of a grid-connected converter operating with asymmetrical current (Reyes et al., 2012).
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Figure 9. Comparison of ordinary VRF and decoupled VRF for operation with harmonics and reactive power. VRF, vibrating reference frame.

Decoupling allows to mitigate the risk of unstable operation of the VRF, which causes transformation turn-off
(i’dq = idq), which is described in Section [I-C of Wodyk and lwanski (2023). This situation may appear when the share
of the reference fundamental harmonic grows, e.g. to compensate for the reactive power. Decoupled control can still
operate with VRF which is presented in Figure 9.

Outputs of the controllers from each path are summed up. Additionally, grid voltage feedforward is applied, to
make controller outputs correspond to the voltage drop on filter inductance without the need to build up the control
signal component responsible for grid voltage influence compensation (disturbance rejection loop).

5. Simulation and Experimental Results

Simulation and experimental tests were conducted with the three-phase two-level insulated-gate bipolar transistor
(IGBT) converter operating as APF and 6-pulse diode rectifier with resistive load, connected to the grid through an
inductive filter. The laboratory rig was configured as presented in Figure 1. The control system was realised with
a digital signal processor (DSP) controller built with TMS320F28335. The parameters of the studied circuit are
presented in Table 1. In simulation 3 V of 5th harmonic and 3 V of 7th harmonic were added to the grid voltage,
which gives 2.5% voltage total harmonic distortion (THD).

Simulation results are presented in Figure 10. Filtering of the harmonics as well as reactive power compensation
starts in response to switching on a non-linear load. As can be seen, the current represented in dq and d’q’ frames
keeps the DC character in a steady state, which confirms the assumption related to the proposed decoupled VRF
control system. Further, the results of the experimental study presented in Figure 11 confirm the practical feasibility
of the proposed approach to APF control. It should be noted that the experimental control system implemented
in a popular DSP was widely used in the industry. Results presented in Figures 10 and 11 were achieved with
delay compensation.
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Table 1. Parameters of the simulated circuit and laboratory rig.

Symbol Quantity Value
Ugn Nominal grid voltage (L-L RMS) 230V
Ie pugs wax Maximal APF RMS current 10A
L, APF chokes inductance 1.7 mH
R APF chokes resistance 40 mQ
Coe APF DC-bus capacitance 0.5 mF
Upe Reference APF DC-bus voltage 410V
L Load chokes inductance 2mH
R, Load chokes resistance 40 mQ
Lg Grid inductance 40 uH
R, Grid resistance 1mQ
S, Rated load power 6.3 kVA
f, Switching frequency 10 kHz

APF, active power filter.
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Figure 10. Simulation results presenting performance of APF, u —three-phase line-to-neutral grid voltage, i —three-phase grid current, j.—three-
phase APF current, /', , —APF harmonic current in the new d'q” frame, /., —APF fundamental harmonic current in an ordinary dq frame. APF, active
power filter.

Figure 12 presents the impact of delay compensation on filtering performance. As can be seen, the current
becomes smooth after the turn-on of the compensation grid. Without compensation, VRF integrals cannot be
fully accurate, because inverse transformation is calculated for one sample before the actual voltage drop on
the inductors. This puts more emphasis on the proportional part which, as shown, cannot eliminate tracking error
for higher harmonics. The introduction of the delay compensation effect can also be observed in the fast Fourier

511




Decoupled control of an active power filter in a vibrating reference frame

512

Group w : Hornal
RMathid4 @ 20 00E+00/di 1 10ms/dii
Poaition © 5900 ,.iv’ 066000 Do 5 lowsldy

S
S
f s
o>

5
(S

(S

€S
ON

- ' - ’ - -
U Fnd 1 Fg lria 1Fiq
A 8 A
. Cor At 0 P s T
Stopped z . Edge CH3 £ A I5E
2021712716 17:56:06 58899784 Single  7.04 2001/12/16 17:57:15

Figure 11. Experimental results presenting performance of APF, ug—three—phase line-to-neutral grid voltage, ig—three—phase grid current, i—three-
phase APF current, i’thq—APF harmonic current in the new d'q’ frame, imq—APF fundamental harmonic current in an ordinary dg frame. APF, active
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Figure 12. Experimental results presenting impact of the delay compensation on APF performance, /,—three-phase non-linear load current,

ig—three—phase grid current, i—three-phase APF current. APF, active power filter.
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Figure 13. FFT of the measured currents, ,—load current, /'m—grid current without delay compensation, /'gz—grid current with delay compensation.

Table 2. THD of the measured current.

Current Description THD (%)
i Load current 24

is 24.2

i 2338

ig1a Grid current without delay compensation 55

[ 5.9

ig1c 5.5

o Grid current with delay compensation 3.8

!QZB 39

o 3.6

THD, total harmonic distortion.

transform (FFT) analysis presented in Figure 13. As can be seen, the compensation gives considerably better results
in the filtration of all harmonics taken into account, apart from 11th. Nevertheless, the current THD is significantly
improved, as shown in Table 2.

The proposed current limitation methods performance is presented in Figures 14—16. APF operates with its
maximal RMS value, i.e. 10 A. Reference APF current is 3.5 A of the harmonic component RMS value and 14.3 A of
the fundamental component RMS value, where 4.3 A resulted from non-linear load reactive power and 10 Awas an
additional reactive component. The fundamental component reference was capacitive, as opposed to the non-linear
load, which has an inductive character due to L, filter.

The first experiment was conducted for the harmonic current compensation priority method. The results are
presented in Figure 14. As the total reference RMS value is greater than the APF limitation, the control system
reduces the reactive component, which equals 9.4A, but does not fully compensate for it. Oppositely, APF
compensates fully load current higher harmonics according to the selected priority.

Figure 15 presents a case in which reactive current is the highest priority. Then, APF operates with the reactive
component only, which equals 10 A of the RMS value, and the grid current contains the whole harmonic component.
The current limitation in this test has been intentionally set on a level equal to the reactive current. This is to show
that reactive current compensation has full priority. Obviously, a higher current limit will ensure that APF will partially
compensate for harmonics.

The next selection of APF current limitation is a proportional limitation of fundamental and harmonic components,
corresponding to the reference. Such a case is presented in Figure 16. Both harmonic and reactive components are
filtered and compensated partially. For the presented experiment, the harmonic component RMS value equals 2.3
A, whereas the fundamental component RMS value equals 9.7 A.
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Figure 14. Experimental results presenting current limitation with harmonic current priority, i —three-phase non-linear load current, i —three-phase
grid current, i—three-phase APF current. APF, active power filter.
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Figure 15. Experimental results presenting current limitation with reactive power current priority, /, —three-phase non-linear load current, ig—three—
phase grid current, i—three-phase APF current. APF, active power filter.
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Figure 16. Experimental results presenting proportional current limitation, /,—three-phase non-linear load current, ig—threefphase grid current,
i—three-phase APF current. APF, active power filter.

Each of the presented methods allows us to obtain appropriate limitation of the APF current RMS value. The
selection of the specific one depends on various conditions and requires further research. Limitation methods may
be developed e.g. by introducing weights for each component or even for each harmonic separately.

Simulation results for the case of a load without inductive filter are presented in Figures 17 and 18. To simulate
the worst case, grid impedance was eliminated. As can be seen, a characteristic spike appears in the grid current.
It cannot be fully compensated because of limited di/dt of the APF, which depends on DC-link voltage and filter
inductance. On the other hand, in general, such a high di/dt is difficult to measure and sample, because it demands
a much higher sampling frequency. Compensation is also not trivial due to delays in the control system that may
even amplify those spikes.

It should be noted that this is a theoretical situation because in practice the grid inductance is greater than zero.
Moreover, such a connection of non-linear loads, without any filter is strongly inadvisable. Diode rectifiers are often
connected through a separation transformer, which can be interpreted as an inductive filter due to the leakage
inductance. On the other hand, in industrial applications placing an inductive filter is a common approach, and even
if the main inductor is placed on the DC side, additional small inductors are added on the AC side to reduce di/dt.

6. Conclusion

The paper presents a novel control system of an APF, using the VRF transformation and decoupling of the
fundamental and harmonic current components. Thanks to that both components may be controlled separately,
but still using PI controllers. Some improvements of the VRF control were presented like the already mentioned
decoupling as well as compensation of the delay introduced by the sampling and PWM, which improves filtering
performance due to more accurate current reference tracking.

Another important issue discussed in the paper was the limitation of the APF current RMS value. Three different
methods that realise different priorities were presented. Nevertheless, further research in this field can be conducted
to specify guidelines for the selection of a specific method that would be optimal for the given application.
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Figure 17. Simulation results presenting performance of APF operating with load with no input filter, u —three-phase line-to-neutral grid voltage,
i,—three-phase grid current, i.—three-phase APF current, /’ 10, —APF fundamental harmonic current
in an ordinary dqg frame. APF, active power filter.

e —APF harmonic current in the new d'q’ frame, /

0.20 0.22 0.24 0.26 0.28

Figure 18. Simulation results presenting currents in the analysed circuit for load with no input filter, i —three-phase load current, ig—three—phase grid
current, i —three-phase APF current. APF, active power filter.
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The proposed control system was examined through both simulation and experimental tests. The experiment
was conducted using a DSP TMS320F28335, which is popular in industries, and it proves the practical usefulness

and suitability of the proposed method.
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