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Abstract. This paper presents a concept of a shunt active power filter, which is able to provide more precise mapping of its input current 
drawn from a power line in a reference signal, as compared to a typical filter solution. It can be achieved by means of an interconnection of 
two separate power electronics converters making, as a whole, a controlled current source, which mainly determines the quality of the shunt 
active filter operation. One of these power devices, the “auxiliary converter”, corrects the total output current, being a sum of output currents 
of both converters, toward the reference signal. The rated output power of the auxiliary converter is much lower than the output power of the 
main one, while its frequency response is extended. Thanks to both these properties and the operation of the auxiliary converter in a continuous 
mode, pulse modulation components in the filter input current are minimized. Benefits of the filter are paid for by a relatively small increase 
in the complexity and cost of the system. The proposed solution can be especially attractive for devices with higher output power, where, due 
to dynamic power loss in power switches, a pulse modulation carrier frequency must be lowered, leading to the limitation of the “frequency 
response” of the converter. The concept of such a system was called the “hybrid converter topology”. In the first part of the paper, the rules of 
operation of the active filter based on this topology are presented. Also, the results of comparative studies of filter simulation models based on 
both typical, i.e. single converter, and hybrid converter topologies, are discussed.
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power grid node, should have both a suitable shape and phase 
relation with the voltage in the power grid, depending on the 
compensation strategy [15–19].

Many factors affect the inaccurate mapping of a converter’s 
output current in an input (reference) signal. The most import-
ant of these are the converter’s limited frequency response, the 
wide-band nature of the signal sampling process and its asso-
ciated aliasing phenomenon, as well as the nonlinearity of the 
pulse modulation process. Therefore, to meet the requirements 
of the accurate mapping of the converter output current in the 
reference signal advanced solutions of converters in hardware 
with respect to a multi-converter topology scenario, new con-
verter control algorithms are necessary.

The concept of cooperation of several interconnected con-
verters is widely used in systems related to electrical drives 
[20–22], converters for renewable energy sources [23] and 
power supply devices [24–26]. In particular, this applies to the 
use of two (or more) converters connected in parallel, where 
the output power of one of them is a fraction of the power 
of the second one. This concept is presented in many studies, 
e.g. [27–31]. A common feature of some of these solutions is 
that the activation of the auxiliary power electronics converter 
takes place only in transient states of the main converter output 
current.

Usually, the main role of the auxiliary converter depends on 
the maximisation of the dynamics of the system, i.e. the exten-
sion of its “frequency response”. As a result, the total system 
output current is better mapped in the reference signal, com-
pared to a single, i.e. typical, converter solution. Unfortunately, 

1.	 Introduction

The negative impact of nonlinear loads on the operation of 
a power grid is widely known and has been confirmed by many 
studies, e.g. [1–5]. Commonly used conventional solutions 
involving power electronics converters with diode and thyris-
tor rectifiers, as well as functionally simplified switched-mode 
power supplies, draw a strongly distorted current that results 
in a negative impact on the power grid operation, including 
an increase in power loss, a reduction in grid capacity and the 
generation of electromagnetic disturbances. One of their direct 
effects is the reduction of the lifetime of both the grid itself 
and the loads connected to it, including those that do not have 
a negative impact on its operation.

In addition to the technical context, the impact of nonlin-
ear loads should be considered in terms of purely economic 
and even social aspects, such as health [6]. Therefore, various 
types of “compensators”, mainly passive [7, 8] and active fil-
ters, including shunt and serial ones [9–14], are used in elec-
trical systems as preventive measures. The main task of these 
devices is the appropriate matching of the shape of the current 
at its input to the shape of the current drawn from the same 
power grid node by other loads. As a result of the compensation 
process understood this way, the total current, drawn from the 
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Fig. 1. Block diagram of a 1-phase SAPF

the control algorithms of these systems, especially in relation to 
the auxiliary converter, are often defined in an informal way. 
Because of this, the potential possibilities of such systems have 
not been fully reached.

The subject of this work is a shunt active power filter 
(SAPF) with a modified topology. The power electronics volt-
age controlled current source (VCCS) as a fundamental block 
of such a filter is based on two converters connected in parallel. 
This architecture is called the hybrid converter topology (HCT). 
Therefore, the HCT concept involves the cooperative operation 
of two converters, but the auxiliary converter operates continu-
ously, not only in the transient states of the system. In addition, 
the rules of the HCT operation are defined in a formal way. 
The advantage of this idea is the possibility of more accurate 
mapping of the SAPF input current in the reference signal, 
compared to the typical solution of an active filter. Moreover, 
unlike many other concepts of this kind, special attention is 
paid to the minimisation of the pulse width-modulation carrier 
component in the filter input current.

The following text of the work is divided into three sections. 
Section 1 deals with the structure and principles of operation 
of the SAPF based on the HCT. Section 2 presents simulation 
model studies for the filter. Finally, in Section 3 conclusions 
are presented.

2.	 Rules of operation of the active filter

2.1. Structure of the SAPF. Many works have been dedicated 
to systems for power quality monitoring and improvement. 
Therefore, only a brief overview of the operation of a SAPF 

which forms the feedback signal (uf bL) for the regulator. The 
block denoted as IF is the band-pass passive f ilter, which is 
used for minimisation in the SAPF input current of the pulse 
modulation carrier component, caused by operation of the con-
verter used in the VCCS.

The power theory introduced by Fryze [15] was chosen for 
calculation of the reference signal; however, the concept of 
HCT operation, presented in this work, is not directly related to 
the method of determining this signal. According to the Fryze 
theory, the general aim of the optimisation of the power grid 
current (iL) is the minimisation of its root-mean-square value. 
This results in the minimisation of power loss, while energy 
transfer from the energy source to the load (LD) occurs, among 
other things. Therefore, the desired resultant current, drawn 
from the power grid by the SAPF, is described by the following 
formula

	 iL(t) = iLD(t) + iCS(t) = iref, L(t) = Iref, Lsin(ωLt),� (1)

where Iref, L is the reference current amplitude and ωL is the 
frequency of the voltage in the power grid.

Therefore, the VCCS generates the current at its input, 
which, when combined with the current of nonlinear load, 
results in a theoretically sinusoidal current, drawn from the grid. 
This current is also in-phase with the grid voltage. As a result, 
the negative impact of the nonlinear load on the power grid is 
eliminated, and in the real system, it is minimised.

The error signal (uerr), which is mainly related to the reg-
ulator, is associated with the SAPF input current based on the 
formula

	 uerr = uref ¡ uf bL = uref ¡ rCT iL,� (2)

where rCT is the transfer ratio of the CT.
The general aim of the SAPF operation is to fulfil the fol-

lowing equation

	 iL =  1
rCT

(uref ¡ uerr) 
∀

–1 < t < 1
uerr → 0

  1
rCT

uref .� (3)

By doing so, an only theoretically existing “ideal case” of 
the filter operation is found. However, in a real system, even 
a small minimisation of the error signal can be a difficult task 
[32–35]. Potential approaches to reduce the impact of this 
problem on the SAPF operation are described in the following 
subsection.

2.2. Basics of operation of the SAPF based on HCT. The 
VCCS, as a fundamental part of SAPFs, is an electrical system 
operating in a closed feedback loop. Many aforementioned fac-
tors, including the limited frequency response of the converter 
utilized in the VCCS, often cause poor mapping of the SAPF 
input current in the reference signal. In particular, it occurs if 
the value of the modulation carrier frequency is low, which is 
enforced by demanding the maximisation of a converter effi-
ciency. A lower value of carrier frequency results in an increase 
in the magnitude of the carrier component in the filter input 

is given here. The block diagram of a typical 1-phase SAPF is 
shown in Fig. 1.

The SAPF consists of two main blocks, the identification 
module (IM) and the power electronics controlled current 
source, which is a power stage of the filter. The main role of 
the IM is to generate the reference signal (uref), which directly 
controls the VCCS. This task is realised in the REF block, 
based on the values of the voltage in the power grid node 
(uL) and the load current (iLD). The VCCS is composed of the 
following blocks: the voltage source inverter (VSI), with the 
inductor (LCS) included at its output, the regulator (REG) of 
the VSI output current (iCS) and the current transducer (CT), 
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Fig. 3. Block diagram of the VCCS-HCT linear model

Fig. 2. Block diagram of the VCCS based on the HCT

current, which is a negative aspect of this system operation. 
Therefore, a modified arrangement of the VCCS is proposed, 
as shown in Fig. 2.

The HCT consists of two separate converters, forming 
two independent current sources. The main converter (MCN) 
is supported by the auxiliary converter (ACN). The MCN is 
a high-power device, but its frequency response is limited. In 
contrast, the ACN is a low-power device, but its frequency 
response is significantly extended, compared to the MCN. At 
the input of the ACN the signal limiter (LIM) is included. 
This one clips the ACN control signal (uref , A) which is related 
directly to the error signal (uerr) in the control section of 
the main converter. The clipping levels are set at ±AL. As 
a result, the LIM imposes the maximum value of the ACN 
output current (iA) and therefore the relationship of the ACN 
and the MCN output power. The internal control block (ICB) 
is optional. This block allows for the implementation of the 
advanced control scenarios in the ACN.

To present the general principles of the VCCS-HCT action, 
its basic linear model was considered, as shown in Fig. 3.

In this model the ACN is equipped with a transconductance 
amplifier (TA). Furthermore, the DELAY block is included in 
the model. This introduces a time delay (τM), reflecting delays 
occurring in a real system, resulting from the signal sampling 
period that is associated with the sample-and-hold amplifier 
operation (although these amplifiers are not shown in the fig-
ures), the time needed for signal processing, and the period of 
the pulse modulation carrier signal.

With respect to the HCT, the most general formula of the 
VCCS operation is modified to

	 iCS = iM + iA,� (4)

and, in the relationship to the linear model of the VCCS, it is 
as follows

	 iCS = iM + uerr* gTA = iM + (uref ¡ rCT iM)* gTA,� (5)

where gTA is the pulse response of the TA and “*” is the symbol 
of the convolution.

Equation (5) is true under the condition that the instanta-
neous value of the error signal is in the range of h– AL, ALi. 
Then, assuming that the transfer function of the transconduc-
tance amplifier has the zero-order form, i.e. gTA(t) = gTA, 0δ(t), 
the general equation describing the linear model operation now 
takes the form of Eq. (6). This equation indicates that the VCCS 
output current can match the reference signal regardless of the 
degree of mapping in this signal of the main converter output 
current (iMCN). However, it is possible under the aforemen-
tioned condition that the magnitude of the auxiliary converter 
control signal is not clipped in the LIM block.

	

iCS = iM + uref *gTA, 0δ ¡ rCT iM*gTA, 0δ = 
iCS = gTA, 0 uref + (1 ¡ gTA, 0 rCT)iMjgTA, 0 rCT = 1 =

iCS = gTA, 0 uref  ^ uerr ½ h– AL, ALi
� (6)

In turn, the extended linear model of the VCCS-HCT is 
shown in Fig. 4. This model was used for system stability anal-
ysis, based on the Nyquist criterion.

In general, the structures of both converters can be very 
similar. However, the values of the main parameters of the 
converters are significantly different from each other. For 
example, to obtain an extended frequency response, the mod-
ulation carrier frequency in the ACN needs to be much higher 
than in the MCN. Thus, the MCN uses, for example, standard 
IGBT devices, while in the ACN, devices characterised by short 
switching times should be applied.

In a real system, both converters are powered using common 
DC rails. Thus, the operating voltage of the power electron-
ics switches utilised are similar, while these devices differ in 
the rated output current and dynamic parameters. For a proper 
SAPF operation it is important that a specific phenomenon, 
which usually occurs in multi-channel converters, does not 
occur in the case of the HCT-based system. This phenomenon 
depends on the possibility of an unbalanced current flow in 
particular converter channels [24, 26]. In the case of the pre-
sented solution, due to both current paths in the HCT being 
controlled independently and considering the typical conditions 
of a SAPF operation, such an undesirable interaction between 
the converters is negligible.
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The model of the VCCS is both SISO and LTI type [32, 34] 
and can be described in the frequency domain by

	

ICS(jω) = Uref(jω)
1

rCT

e– jωτM

jω
LCS + LL

k M, 0 rCT1
 + e– jωτM

 +

ICS(jω) + Uerr(jω)
1

rCTA

e– jωτA

jω
LA + LL

kA, 0 rCTA
 + e– jωτA

 ^

ICS(jω) ^ uerr ½ h– AL, ALi ^  RL = 0 ,

� (7)

where kM, 0 is the gain of the current regulator in the MCN; kA, 0 
is the gain of the regulator in the CAN; τM is the time delay intro-
duced in the MCN; τA is the time delay introduced in the CAN; 
LCS is the inductance of the reactor in the MCN; LA is the induc-
tance of the reactor in the CAN; rCTA is the transfer factor of the 
CTA; LL is the grid inductance; and RL is the grid resistance.

The maximum gains of the regulators (REGM, REGA) are 
limited due to needs of preventing the system stability.

Assuming the regulators are P (proportional) type, the val-
ues of these gains are given by the following equations [33]

	 k M, 0, max < 2
LCS + LL

rCTτM
,� (8)

	 kA, 0, max < 2
LA + LL

rCTτA
,� (9)

where rCTA = rCT.

These equations do not consider the reactors and the grid 
resistance. However, for typical values of these quantities, 
their inf luence on the permissible gain value of the regulator 
is negligible, while the complexity of the equations clearly 
increases.

Considering Eq. (8) and Eq. (9), Eq. (7) now takes the form 
of Eq. (10). The first part of this equation expresses the best, 
for mapping the VCCS’s output current in the reference signal, 
conditions of this system operation, while second one pres-
ents a boundary condition ( p → 1) of the system action. In 
other words, for an effective SAPF operation the following 
should hold: fc, A >> fc, M and fA <<  fM, where fc, M and fc, A are 
pulse modulation carrier frequencies in the MCN and the ACN, 
respectively.

By fulfilling Eq. (10) the VCCS-HCT frequency response 
is now approximately p-times extended, compared to the MCN 
one. Therefore, the dominant effect on the quality of the VCCS 
output current, in the sense of minimising the error signal, is to 
set both fc, A and AL at the highest levels as possible. However, 
increasing fc, A results directly in the lowering of the converter 
efficiency, while a high value of AL enforces, automatically, 
a higher value of the rated output power of the ACN.

There are a few possible topologies of the ACN. For the 
subsequent studies, the converter based on the continuous-time 
sigma-delta modulator (SDM) in the control block was selected. 
The properties, as well as the rules of operation of the converter, 
based on such a modulator, are given in the next subsection.

2.3. Basics of operation of the continuous-time SDM. The 
self-exciting continuous-time SDM [36–39], with a dynamic 
hysteresis comparator (DHC) [40], was proposed to control the 
power stage of the ACN. The basic premise of the ACN is to 
obtain the precise mapping of its output current to the reference 
(input) signal, which is in-line with the SDM-DHC properties. 
Formally, the SDM-DHC is the ICB of the ACN.

From the point of view of the SDM-DHC operation its 
output signal is both PWM- and PDM-modulated [36, 40]. 
Theoretically, due to the analogue nature of the SDM-DHC, 
its resolution tends toward infinity. In addition, both the gain 
value and pass-band of this system reach considerable val-
ues. As a result of these properties, the value of distortions 
of the ACN output current is lower compared to typical, i.e.  
PWM-based solutions [9, 10, 40]. Moreover, in contrast to 
SDMs based on a static hysteresis comparator, equipped with 
the R-R network, in the case of the SDM-DHC the minimal 
width of its output pulses is limited to a certain pre-set value. 

Fig. 4. Block diagram of the VCCS extended linear model based on 
the HCT concept

ICS(jω) = 
Uref ( jω)

rCT

e– jωτM

jω
TM

2
 + e– jωτM

 + 
Uerr( jω)

rCTA

e
– jω

τM
p

jω
TM

2p
 + e

– jω
τM
p

 = 
1

rCT

Uref ( jω)

1 + jω
TM

2
e jωτM

 + 
Uerr( jω)

1 + jω
TM

2p
e

jω
τM
p

p → 1

p → 1 1
rCT

Uref(jω)
1

1 + jω
TM

2
e jωτM

 + Uerr(jω)  ^ uerr ½ h– AL, ALi ̂  p = 
τM

τA

� (10)
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This value depends on the time constant of the DHC [40]. 
Therefore, the DHC is insensitive to high-frequency pulses, 
e.g. noise in its input signal. Consequently, such a device is 
more resistant to electromagnetic disturbances, compared to 
a system based on a comparator with a static hysteresis. The 
structure of the SDM-DHC, as the converter control unit is 
simple, has no complex digital components. A modulator of 
this kind can be easily implemented in electronics or power 
electronic devices, where a high quality of output current (or 
voltage) is necessary [41–45]. However, most examples of such 
converters are class-D audio amplif iers [46–48].

The details of operating of the SDM based on the DHC are 
presented in the previous work [40]. Therefore, only a brief 
description of this system topology and its basic properties is 
given here in relation to the “signal non-inverting” version of 
the DHC, as shown in Fig. 5.

where uin is the SDM input signal; USDM is the magnitude 
of the DHC output signal; and kSDM, 0 is the SDM’s gain 
for DC.

●	 Relationship of the integrator and comparator time con-
stants, which protects the output of the integrator against 
entering a saturation (signal clipping) state

	 τ I ¸ 3τC.� (13)

●	 Minimal width of the DHC input signal being passed 
through itself, assuming that the shape of the DHC input 
signal is rectangular and its magnitude is equal to the mag-
nitude of the DHC output signal

	 TC, min = jln 1
3 jτC ¡¡» 1.1τC .� (14)

For maximisation of the converter frequency response, the 
value of τ I should be as small as possible. However, Eq. (13) 
must be respected. Therefore, the SDM generates a PWM sim-
ilar signal with a “carrier period”, the value of which depends 
on both the DHC and the integrator time constants. The value of 
the carrier period varies with the input signal magnitude of the 
SDM, i.e. the modulation index. This dependency is presented 
in Fig. 6. Thus, the frequency of the SDM output bit-stream is 
a spread spectrum in nature. However, spread spectrum tech-
niques are applied to distribute the electromagnetic emissions 
over a wider frequency range [51, 52].Fig. 5. Block diagram of the SDM with DHC in a “signal non-invert-

ing” version

Basically, the SDM contains two main blocks, an integrator 
(INT) and a dynamic hysteresis comparator (DHC), which are 
characterised by the τ I and τC time constants, respectively. 
These blocks operate in a closed feedback loop. At the output 
of the DHC a power stage is typically included, but this block 
is not shown in Fig. 5.

The SDMs are difficult to analyse in the time domain 
because of their apparent randomness of the output bit-stream. 
Formally, the system is both nonlinear and time variant [36–39]. 
Thus, a strict analytical description of the SDM-DHC opera-
tion is very difficult or even impossible. Usually, simplified 
models of an SDM in the frequency domain are in use. These 
models are also utilised for system stability analysis [35–39]. 
Most of the equations and relationships included in this work 
were obtained based on heuristic methods [49, 50] and then 
confirmed by both simulation and experimental model studies. 
Thus, the basic dependencies in the SDM are as follows:
●	 Period of the SDM output signal

	 TSDM = 5τCjτ I = 3τC, m = 0 ,� (11)

where τC = RCCC and m is the pulse modulation index, 
which is defined as

	 m = kSDM, 0

–uin

USDM
 ^ juinj ∙ USDM ^ m 2 h– 1, 1i,� (12)

Fig. 6. Relative value of the SDM “carrier period” versus modulation 
index, while the relationship of the integrator and DHC time constants 

varies

In the case of m = 0, the SDM generates a rectangular sig-
nal with a 50% value of the duty factor. If jmj > 0.9, the carrier 
frequency decreases rapidly. Therefore, with further consider-
ation, it was assumed that the SDM operates in the range of 
jmj ∙ 0.9.

An advantage in decreasing the value of the pulse modula-
tion carrier frequency with the increase of the modulation index 
is the increase in the efficiency of the converter. However, it is 
also associated with increasing the magnitude of ripples in the 
converter output current, which lowers its quality.
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Figure 7 shows the block diagram of the ACN based on 
the SDM-DHC. Its general topology is consistent with Fig. 2 
and, in terms of the method of control of the VSI, it is also in 
agreement with Fig. 5.

The ACN uses two feedback loops, the SDM’s inner loop, 
associated with the voltage at the output of the VSI, and the 
outer one, associated with the ACN output current. The block 
denoted as A is the attenuator of the VSI output voltage. The 
attenuator is necessary in this system because the value of the 
feedback signal magnitude must be consistent with the magni-
tudes of the other modulator’s internal signals.

3.	 Studies of the SAPF simulation models

To check the theoretical assumptions, comparative studies on 
the simulation models of the SAPF, based on both the HCT and 
typical topology, i.e. based on a single converter (SCT), with 
the use of the ORCAD/SPICE environment, were conducted. 
These tests were mainly devoted to determining the ability of 
the VCCS-HCT to map its output current in the reference sig-
nal, in terms of cooperation with a “real” power grid, which 
is characterised by, among other factors, a non-zero internal 
impedance.

The block scheme of the SAPF simulation model, based on 
the HCT, is shown in Fig. 8. The structure of a single phase of 
the model is shown for better clarity.

Considering a possible practical arrangement of the VCCS in  
the future, the models of IGBT modules were used in the main 
converter. A good choice seems the seventh generation NX-type 
[53], which represents a low power loss family of power devices, 
manufactured by Mitsubishi Electric. In this case, the 3-branch, 
1200 V/150 A, CM150-TX24T device was selected. In the aux-
iliary converter the model of the recent device, developed by 
Infineon Technologies, the 3-branch, 1200 V/25 A, SiC MOSFET  
module type FS45MR12W1M1_B11 [54], was used. The operating  
conditions of these modules were selected based on the values 
recommended by their manufacturers, including the permissible 
power loss, related to voltage, current, and switching frequency.

Ready-to-use models of power electronics switches that are 
available in the SPICE environment were modified toward real 
devices. However, only basic, static, and dynamic, parameters 
of these power modules were considered. Additionally, the cor-
rectness of the simulation models, in terms of the power loss, 
was checked by comparing the simulation results, obtained in 
SPICE, with results achieved with the dedicated simulation 
software, available on the websites of both manufacturers of 
the power devices.

In the control block of the converters three types of cur-
rent regulator were tested: P, PI, and the combination of these. 
However, the presented simulation tests results assume the P 
version of the regulator, which is not typical in such systems, 
but the HCT properties are, in this case, visibly better compared 
to other types of regulators.

The quality of the SAPF operation was evaluated based on 
values of the following quantities:
●	 TTHD of the SAPF input current, which is related to the 

TTHD of the load current.
●	 Control error (ε1), related to the amplitude of the basic har-

monics of the SAPF input current (IL1) and the amplitude 
of the reference signal

	 ε1 = j1 ¡  rCT ILl

Uref
j100% ,� (15)

where Uref  is the amplitude of reference signal.

Fig. 7. Block diagram of the ACN based on the SDM-DHC

Fig. 8. Block diagram of  the SAPF-HCT simulation model
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●	 Relationship of the amplitude of the PWM carrier compo-
nent in the SAPF input current (Ic, L1) and the amplitude of 
the reference signal (α)

	 α =  rCT Ic, Ll

Uref
100% .� (16)

The basic electrical parameters of the power grid and SAPF 
models are as follows:
●	 Power grid type: 4-wire, 230 V/50 Hz
●	 Power grid impedance: 0.06 Ω
●	 Filter’s rated output power: 32 kVA
●	 PWM carrier frequency in the MCN: fc, M = 5 kHz
●	 “Nominal” value of the pulse modulation carrier frequency 

in the ACN: fc, A = 200 kHz (m = 0)
●	 Reactor’s inductance: LCS = 2.0 mH, LA = 0.2 mH
●	 Maximum magnitude of the converters output currents: 

75 A for the MCN and 15 A for the ACN
The rated output power of the ACN was equal to approxi-

mately 15% of the rated output power of the MCN. This value 
was chosen, as a result of extensive studies, as a good compro-
mise between the expected effectiveness of the SAPF operation 
and economic aspects of a system design.

A few different types of SAPF loads, represented by 3-P 
LD block (Fig. 8), were considered during the studies. These 

included both symmetrical and asymmetrical types, 3- and 
4-wire ones. However, three of these, which are characteris-
tic for typical conditions of the real SAPF operation [9, 10], 
are presented in the following section. These comprehensively 
present the most important features of the presented system:
●	 Load No. 1: 3-phase thyristor voltage regulator loaded by 

resistor; the fire angle was set at 90°.
●	 Load No. 2: 6-pulse diode rectifier, loaded by a resistor, 

with a large capacitor (330 µF) in the DC link; for limitation 
of magnitudes of current pulses in the rectifier input current, 
caused by the capacitor, an inductor (100 µH) at the output 
of rectifier was included.

●	 Load No. 3: resistor and a large inductor (30 mH) were con-
nected in a series.
In the case of load No. 1, the value of the slew rate of the 

current was extremely high, which enforced particularly high 
requirements regarding the effectiveness of the filter operation, 
in the sense of its dynamics. In turn, in the case of load No. 3, 
theoretically, only a reactive power was generated, allowing for 
better observation of the system’s specific features.

The presented tests were conducted with the further assump-
tion made that the value of the VCCS output current magnitude 
is close to the maximum one. The selected waveforms in the 
SAPF simulation model are shown in Figs. 9–11. These wave-

Fig. 10. Selected waveforms in the simulation model of the SAPF for load No. 2: a) SCT; b) HCT

Fig. 9. Selected waveforms in the simulation model of the SAPF for load No. 1: a) SCT; b) HCT
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forms are the reference signal for the filter, the load current, the 
output current of the VCCS, and the input current of the SAPF. 
In the case of the HCT also the error signal clipping levels 
(±AL) and the ACN output current are shown. Waveforms in 
only a single phase of the model are shown for better visibility.

In Table 1 selected parameters of the load current and the 
SAPF input current are presented, for the aforementioned three 
kinds of load and both types of filter. All values are related to 
the phase No. 1 (L1) of voltage in the grid.

Table 1 
Results of SAPF simulation model studies

No. 
of 

load

TTHD 
of load 
current 

[%]

TTHD of SAPF 
input current

[%]
ε1

[%]
α

[%]

SCT HCT SCT HCT SCT HCT

1 32.0 22.0 20.3 21.8 14.6 7.2 1.2

2 45.4 18.2 15.2 16.7 10.3 6.1 1.1

3 00.0 02.4 00.4 12.3 04.0 7.1 1.4

Depending on the type of load, the following relationships 
take place:
●	 TTHD of the SAPF input current is reduced 1.1–6.0 times 

for the HCT, compared to the SCT.
	● ε1 for the HCT is reduced 1.5–3.1 times, compared to the 
filter based on the SCT.
	● α, in the case of the SAPF-HCT, is reduced 5.6 times, on 
average, compared to the SAPF-SCT.
These results clearly show a more efficient operation of the 

active filter based on the HCT, compared to the SAPF-SCT. 
This is particularly seen in relation to the degree of reduction 
in the filter input current of the PWM components, generated 
in the MCN.

In turn, in Fig. 12, the spectrum of the filter input current 
for both filter topologies is shown, for load No 3.

In the case of the VCCS-HCT (red plot), the spectrum of 
the filter input current is visible spread and the magnitudes of 
the PWM components are significantly lowered, compared to 

VCCS-SCT; the dominant components of the pulse modulation, 
coming from the ACN, are in the range of 10‒100 kHz.

4.	 Conclusions

In this work, the concept of a shunt active power filter with the 
modified structure of the power stage is presented. The power 
electronics controlled current source, as a basic part of such 
a filter, uses the hybrid converter topology, consisting of two 
converters connected in parallel and differing in the rated output 
power and frequency response. The output power of the main 
converter is several times higher than the power of the auxiliary 
one, while the frequency response of the auxiliary converter is 
significantly extended.

In the discussion in this work, the rated output power of the 
auxiliary converter was equal to 15% of the output power of 
the main converter, while its frequency response is on average 
extended up to 10 times. Benefitting from the cooperation of 
both converters in a continuous manner, this topology facili-
tates better filter input current mapping in the reference sig-
nal, compared to a typical converter solution. Moreover, it is 

Fig. 11. Selected waveforms in the simulation model of the SAPF for load No. 3: a) SCT; b) HCT
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possible even in the case of a very simplified topology of the 
current regulator. Considering commonly used criteria for the 
evaluation of the quality of active filter input current, the HCT 
allows for improving this current 1.1–6.0 times, compared to 
the typical SAPF solution, including visible minimisation of 
the pulse-width modulation components.

What is important, the rules of the SAPF-HCT operation 
are not assigned to a specific power theory and this operation is 
inherently resistant to possible asymmetries of both the power 
grid and load. These benefits are paid for by a relatively small 
increase in the system complexity and the estimated system 
production cost.

In addition to the SAPF discussed in this study, the other 
expected areas for the application of the proposed HCT solution 
are energy flow controllers in power lines, electric drives, and 
converters for renewable energy sources. However, in these 
cases, some modifications of the converter topology could be 
necessary.
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