ARCHIVES OF ELECTRICAL ENGINEERING VOL. 73(2), pp. 337353 (2024)

DOI 10.24425/aee.2024.149920

Active parallel compensation using a power supply
with a tunable inductive filter

LUKASZ CIEPLINSKI™, ADAM GULCZYNSKI

Poznan University of Technology, Faculty of Control, Robotics and Electrical Engineering
Piotrowo 3A, 60-965 Poznan, Poland

e-mail: =2 Lukasz.cieplinski @put.poznan.pl

(Received: 22.08.2023, revised: 17.04.2024)

Abstract: Increasing numbers of devices of various types are now connected to power lines.
Their nonlinear nature harms the operation of the lines, as the line voltage is distorted from
a sine wave, which causes disturbances in the operation of other loads. This study proposes
a method of active parallel compensation that can be realised using a power supply. The
proposed device is a dual-function system: it supplies the load connected to its DC link,
and operates as a parallel active filter. This kind of device, with a relatively low value of
the rated output power, could be implemented in electrical systems to provide distributed
compensation. The second novel aspect of this work is the use of a tunable inductive filter,
which is included at the input of the power electronics controlled current source and forms
a main part of the power supply. The use of this tunable inductive filter increases the
frequency response of the current source, while at the same time, in the quasi-steady state
of power supply operation, the pulse modulation component of the input current source
remains at a minimum level. This paper discusses the structure of an electrical system with
the proposed power supply and the rules of operation for the system, and presents test results
based on both a simulation and a laboratory model of the system.

Key words: Power Factor Correction, Power Quality, Power Supply, Reactive Power, Shunt
Active Power Filters

1. Introduction

1.1. Impact of converter systems on the operation of the power grid

The main reasons for the unfavourable impact of converter systems on the operation of the
power grid are their nonlinearity, non-stationarity and the generation of voltage and current
transients, which occur in the dynamic states of operation of both these systems and the power
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line [1,2]. Conventional solutions based on diode and thyristor circuits cause unfavourable effects
on the power line, such as voltage commutation notches and distortion of the current waveform
from a sinusoidal shape [3-5].

1.2. Methods of reducing the adverse effects of nonlinear loads on the power grid

Most modern devices are designed such that their power factor approaches unity, i.e. they are
equipped with a Power Factor Correction (PFC) function [6,7]. However, control is only exerted
over their input current. This requires minimising the reactive power input from the power grid
and reducing the distortion of the grid current (minimising the value of its higher harmonics).
Historically, the oldest devices that have been used to minimise the impact of a nonlinear load on
the grid operation are passive power filters [8, 9]; however, these filters allow for only a limited
reduction in reactive power, since their characteristics are determined in the filter at the design
stage. Thus, Shunt Active Power Filters (SAPF) are often necessary [10-12], although due to their
high cost [13], hybrid filters are also used [14, 15].

1.3. Indicators for assessing the impact of loads on the operation of the network

The quality of power is considered acceptable if the deviation between its values and the rated
ones is within a level imposed by the relevant electric power authorities [16]. However, it should
be noted that with regard to deformed waveforms, there is no consensus among researchers on
how to define energy indicators [17-20].

The following parameters have been used to determine the quality of energy:

— TWD — the total waveform distortion [21]:

2 2
Irms ~ I rms s

TWD = =225 -, (1)
I, rms If puts

— cosgr, is a power factor according to the Budeanu power theory [18]. In the case of
monoharmonic waveforms,

P
cos g = S—IL“, ()

— 7 is the duration of a specific transient state in the power supply input current.

The rationale for using the TWD coefficient in this paper, rather than evaluating the distortion
of the signal from a sinusoidal waveform, is related to the almost permanent dynamic state of the
real power grid [2].

2. Active parallel compensation of distorted current

2.1. Structure of the power supply compensator with tunable inductive filter

A block diagram of an electrical system with a power supply compensator, cooperating with
a group of nonlinear loads connected to the same grid node as the power supply (PSP), is shown
in Fig. 1.
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Fig. 1. Block diagram of an electrical system with a power supply, equipped with both an active parallel
compensation function and a tunable inductive filter

The tunable inductive filter (TT) at the input of the voltage inverter (VSI) is characterised by
variable inductance, the value of which is controlled by the dedicated power block (TIP), which,
in turn, is under the control of the power supply control section (CTS).

The power theory developed by Fryze [17] was chosen to control the compensation function
of the PSP. The general goal of optimising the network current (i) is to minimise its RMS value.
The controlled current source (VCCS block) forces a suitably distorted current to flow at its input,
which, when combined with the current of the nonlinear load, will give a resultant current with
a (theoretically) sinusoidal shape:

i (t) = inL (t) + ics (1) = irer,L (t) = Legy sin (wit), 3)

where s is the amplitude of the reference current.

2.2. Influence of the power block on the dynamic parameters values of the power supply

The input power stage of the power supply is an H-type transistor bridge with an inductive
filter (Lcs) at the input, as shown in Fig. 2. This circuit forms a power electronic controlled current
source (VCCS) [22]. Its tasks are to provide the required voltage (upc) in the DC link of the power
supply and to actively compensate for the phase shift and higher harmonics of the nonlinear load
(NL block) current.

The VCCS current waveform (ics) is described by the following formula, which does not take
into account the resistance of the filter, the impedance of the grid or the voltage drops across the
transistors in the converter:

) 1
ies(t) = 7= [ luoel®) - o1 . @
CS
The ability of a current source to shape the input current is mainly determined by the value of

its bandwidth (BW), or the frequency response in relation to its linear model [22]:

1

BW =
27TICS

SR, &)

where Icg is the maximum amplitude of the controlled current source, and SR is the limiting value
of the rate of change of the source output current (specified in A/s).
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Fig. 2. Schematic diagram showing the input power stage of the PSP associated with the power electronic
controlled current source

Referring only to the first half-period of the grid voltage, SR reaches two extreme values:

1
SRmax = L_MDC(IO) |t0 =0, (6)
cs
1 bd
SRyin = — [upc(t)) = ULl |t = —, 7N
Lcs 2,

where Uy, is the amplitude of the voltage at the grid node.

Hence, if we assume that the values of both the line voltage and the DC voltage are set in
advance, the dynamics of the changes in the VCCS input current can be increased only by reducing
the value of the filter inductance. However, this would result in an increase in the value of the
carrier component of pulse-width modulation (PWM). Thus, in order to extend the frequency
response of the PSP, a tunable inductive filter was used.

3. Principle of operation of the proposed tunable inductive filter

To create a tunable inductive filter, the phenomenon of coupling between the magnetic fluxes of
two coils was exploited (Fig. 3). Their resultant magnetic fluxes can be strengthened or weakened,
which causes a change in the overall inductance. The value of the equivalent impedance (Zty) of
the filter can reach two values. The equation below is used for the value of the equivalent reactance
of the filter, which depends on the coupling coefficient k and the state of the key S:

X71 = (1 - ST—TIkZ) Xi

®)

ST-11=0 V ST-T1=1

where st_t1 = 0 represents the key-open state, and st_71 = 1 represents the key-closed state.
The main role in this circuit is played by a transformer with a magnetic flux coupling coefficient
of k = 0.85.
The transmittance of the small-signal model of the developed passive filter is as follows:

Z(s) = sL. €))
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Fig. 3. Diagram showing the principle

of operation of the proposed tunable inductive filter

Thus far, changes in inductance have been created by combining inductances and reconfiguring
individual chokes, or by more advanced methods involving core magnetisation [23—26], which have
lower energy efficiency (than proposed solution in this work) due to DC-bias current conditioning.

Since this study is a continuation of the author’s previous work. More information on the
proposed tunable inductive filter can be found in [27-29].

4. Power supply control section

A block diagram of the power supply control section (CTS) is shown in Fig. 4. The functionality
of each block has been described in detail in previous work [27], and only a brief summary of the
structure of the system is given here for the reader’s convenience.
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Fig. 4. Block diagram showing the power supply compensator control system

The control system consists of the following main blocks:
— The voltage regulator block, which is responsible for ensuring the correct value of the

voltage in the DC link of the power

supply.

— The block for calculating the reference signal for the nonlinear load (RNL), which computes
the value of the reference signal for the current regulator in relation to current active power
of the nonlinear load. The operation of this block is based on Fryze’s power theory.

— The reference signal synchronisation block (SYNC), which generates a unity-amplitude
sine-wave signal that is phase-synchronised with the voltage in the power line node.

— The current regulation block, which is responsible for the generation of a suitable VCCS

input current (in terms of its shape).

— The tuned inductor control block, which generates the control signal for the TIP block.
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5. Simulation model of the power supply

5.1. Structure and parameters of the model

Simulation studies were carried out in the ORCAD/PSpice environment, using suitably
modified component models provided in libraries, in order to best replicate the performance
characteristics of the components used in the laboratory model of the power supply.

The individual blocks of the control system in the simulation model were also realised in
digital form, using elements of the ORCAD environment libraries, similarly to those used for the
physical realisation of the controllers and similar blocks, i.e. IIR or FIR filter structures. These
elements consisted of sampling and memory blocks, signal adders, and multiplier circuits. In
contrast, the structurally complex RNL and SYNC blocks were modelled in a simplified form
in the simulation, using signal sources with predetermined parameter values. The DFSR block
(the decimation filter) was not included in the simulation model; instead, two values of the signal
sampling frequency were used (denoted as f; 1 and f;2). This arrangement was directly related to
the structure of the control algorithm for the physical model of the power supply. It should be noted
that the high value of the frequency (f;2), based on which the current control block and the tunable
filter control block operated, resulted from the requirement for effective shaping of the controlled
source current in the transient state by the TIC and TIP blocks. This value was selected based
on tests of the power supply simulation model, and gave rise to a need for significant computing
power for the digital control system of the experimental model of the power supply.

Simulation and laboratory models’ parameters were consistent and are presented in Table 1.

Table 1. Parameters of the electrical system with the PSP

No. Parameter Symbol Value
No. Parameter Symbol Value
Power grid and power supply ratings
1 RMS grid voltage UL RMS 230V
2 Power grid voltage frequency L 50 Hz
3 Power grid resistance Ry 0.5Q
4 Power grid inductance L, 0.4 mH
5 Rated output power of the PSP Ppc,nom 1.2 kW
6 DC voltage and its setting range Upcn 3715£25V
Parameters of the VCCS
8 Inductance of TI: S-switch open L1y 4.52 mH
9 Inductance of TI: S-switch closed L1 1.51 mH
10 Capacitor in the DC link Cpc 1 mF
11 PWM carrier frequency fe 10 Hz
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5.2. Simulation studies

In the simulation model, a thyristor voltage regulator, loaded by a resistor (T-R type load), was
used as a nonlinear load. The power of the NL block was set to 50% of the nominal output power
of the power supply relative to the DC link. The firing angle of the individual thyristor was set to
90 el. deg.

Figure 5 shows some example results of model tests with respect to the power supply current
and NL block current, for inductive filters with fixed (Fig. 5(a)) and variable inductance (Fig. 5(b))
and with the compensation function enabled. The waveforms shown here represent operation of
the model with the rated voltage in the DC link and the rated load power in this link. Differences
can be seen in both the current waveform of the power supply and the current in the NL block, and
the performance of the variant of the power supply with a tunable filter is superior. In this case,
the duration of the transient, in the form of a current peak, is reduced to about 40% of that of the
variant of the system with a fixed inductance filter.

10

)| EESEE NG

current. A X
= 14
/
T
; B
/ I‘)
)
]
I

=20
0

=0
”

2 40
ume. ms
b) 5 E : F’
. 1 R e i . VU
< - | | (.2 md
= 1 : \/
g 0 I 7 1 7
8 | / | /
B — T PN e
20 i " H
0 10 20 30 40

time, ms

Fig. 5. Waveforms of the reference signal, the resultant current of the power supply, the current of the NL
block and the current of the nonlinear load itself, with the compensation function enabled and the use of (a)
a fixed and (b) a tunable inductive filter

Figure 6 shows the output signal of the current regulator (Sregr) and the signal controlling the
power part of the tunable inductive filter (St—T1), under the rated operating conditions of the power
supply. Based on the operation principle of the control system, the input of the current regulator in
the saturation state initiates the operation of the tunable filter control block (TIC).

Comparative tests were also performed on the value of the control error signal for the current
regulator (REGI), for both types of inductive filters. The behaviour of this signal under the rated
operating conditions of the system simulation model is shown in Fig. 7.
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Fig. 6. The waveforms related to the interaction of tunable filter control block with the current regulator
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Fig. 7. Waveforms of the error signal in the current control block for tuned and fixed inductor

These waveforms are almost identical except for the transient state at the output of the current
regulator, which is related to its saturation. In order to quantitatively assess the quality of the
control, a formula was used to define the value of the control error [30] (erggi) as a relation



Vol. 73 (2024) Active parallel compensation using a power supply with a tunable inductive filter 345

between the RMS value of the control error signal (Serr,;rms) and the reference signal for the
current regulator (sef 1), i.€. a sine wave:

S
EREGI = ﬁ%lom, (10)

ref, 1
where Srer 1 is the amplitude of the reference signal.

The value of the erpgr parameter was 12.2% for the simulation model with a constant
inductance filter, and 9.0% for the model with a variable inductance filter.

Figure 8 shows the relationship between the TWD coefficient and the transient state 71, of the
resultant current and the voltage on the DC link, for a power supply output power equal to the
nominal value. The results indicate about decrease by a factor of 1.5 in the value of the TWD
parameter, and a reduction by a factor of about 2.4 in the duration of the transient state in the case
of a power supply with a tunable inductive filter, compared to the traditional solution. Figure 8
confirms the correctness of Formulas 5, 6 and 7. For lower voltages on the DC bus, the advantage
of using a tunable induction filter is greater.
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Fig. 8. TWD and 71, plots of the input current for the PSP simulation model vs. DC link voltage

Figure 9 shows the spectrum of the PSP input current.

The last test of the simulation model was carried out to assess the static and dynamic errors in
the voltage regulation on the DC link, relative to the operation of the voltage regulation block, in
response to a step change in the load value on the DC link.

In the upper part of Fig. 10, the sRggu parameter can be seen to assume a constant value in the
steady state of operation. This proves the correctness of the operational concept of the anti-ripple
filter (ARF) block in terms of eliminating from the input signal of the voltage regulator (REGU)
the ripple component associated with the voltage waveform on the DC link.

In the steady state of operation of the system, the average value of the DC voltage on the DC
link was very close to the reference voltage value for the voltage regulator, thanks to the operation
of the RSC unit. The average value of the error was about 1 V, i.e. about 0.27% of the preset signal
value. The value of this error is independent of both the voltage set on the DC link and the load
value. The duration of the dynamic state of the voltage on the DC link, after a step change in its
load (calculated up to the point where 90% of the set value of this voltage was reached), was equal
to about two periods of the mains voltage.
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Fig. 9. Current spectrum for the electrical system (fixed inductance shown in grey; variable inductance shown
in red), The amplitude of the fundamental harmonic current was approximately 11.1 A
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Fig. 10. Characteristic waveforms for the simulation model showing the response of the power supply to
a step change in the value of the DC link load
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6. Laboratory model of the power supply

6.1. Laboratory setup

In the power stage of the laboratory model of the PSP, a laboratory inverter of type P3-5-
550MFE LABINVERTER [31] was used. An evaluation system of type ALS-G3-1369 [31] was
used in the control section of the PSP. A general view of the laboratory setup is shown in Fig. 11.

The power supply control algorithm was consistent with its block diagram, as shown in Fig. 4.
The full versions of all blocks of the control system for the power part of the power supply were
implemented in the model, using the operational algorithms described in [27].

The values of some parameters of the model were corrected in relation to the assumptions
made in the simulation model, due to the real conditions of operation. These corrections were
made to the following blocks: the decimation filter (i.e. the DFSR block, which was included in
the laboratory model), the full implementation of the SYNC and RNL blocks, and the filter control
induction.

P3-5/5S0MFE. "2
_ LABINVERTER

ALS-G3-1369

Fig. 11. General view of the laboratory setup

The signals were recorded and visualised, and an analysis of their parameters was carried out
using a four-channel TDS3054B digital oscilloscope (TEKTRONIX) and the PLOT function of
the VisualDSP++ environment. The measured bandwidth for the oscilloscope was found to be
31.125 kHz.

6.2. Power supply tests for T-R load type

The results from the model tests were divided into two groups. The first sets were related to
the assessment of the parameter values TWD, 1, and erggr, while the second sets were related to
the quality of voltage regulation in the DC link, in terms of the value of the static error and the
response time of the system to a step change in the load value.

Figure 12 shows exemplary waveforms for the nonlinear load current, the reference signal
for the current regulator, and the input current of the power supply. These were recorded for
a nonlinear load power equal to 50% of the nominal power of the power supply on the DC side of
the PSP.
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Fig. 12. Waveforms for the laboratory model for the nominal power and voltage on the DC link: (a) LTy = const;
(b) Lty = var (red: reference signal for current regulator; blue: PSP input current; green: NL block current;
vertical axis scale: 6 A/div)

Based on the recorded data, the values of the control error were determined (erggr). At the
nominal value of the output power, these were 14.0% and 9.3% for constant and variable values of
the inductive filter, respectively.

Curves for the TWD coeflicient of the PSP input current and the transient state 7 in this
current were plotted versus the voltage in the DC link, as shown in Fig. 13. This figure is functional
equivalent of Fig. 8.
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Fig. 13. TWD and 11, plots of the input current in the PSP laboratory model vs. the DC link voltage
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Figure 14(a) shows the waveforms in the system in the case where the load was disconnected
from the DC link; functionally, the tested system became a typical active parallel filter (except for
the newly introduced function of the tunable inductive filter). Figure 14(b) shows the waveforms in
the system in the case where the nonlinear load was disconnected from the network; functionally,
the circuit became a power supply equipped with a PFC function.
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Fig. 14. Waveforms for the laboratory model of the PSP for variable Lty and for: (a) the load disconnected
from the DC link; (b) the nonlinear load disconnected from the system (red: reference signal for current
regulator; blue: PSP input current; green; NL block current; vertical axis scale: 6 A/div)

Figure 15 shows the details of the signal waveforms in the inductive filter control system in
their transient state in connection with the activation of the TIC block. This plot is functional
equivalent of Fig. 6.
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Fig. 15. Details of the waveforms in the laboratory model, including the output signal of the current regulator,
in the transient state of the system
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From the fragments of the output signal waveforms of the system current and current regulator,
as shown in the inset to Fig. 15, the instant at which the TIC block activates the operation of the
TIP block, and its effects, can be clearly seen.

The second stage of research on the laboratory model of the power supply focused on an
evaluation of the static error in the voltage regulation on the DC link and its response time to a step
change in the load value over a significant range, i.e. 10 times the load change. In this part of the
study, the following waveforms were recorded: the currents, the reference signal for the current
regulator, the DC voltage, and the output signal of the voltage regulator.

The range of working conditions of the laboratory model considered during these tests was
similar to the operational conditions of the simulation model.

Exemplary waveforms of the currents and voltages in the tested system are shown in Fig. 16
(for rated voltage value in the DC link). This plot is functional equivalent of Fig. 10.
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Fig. 16. Characteristic waveforms of signals in the laboratory model of the PSP, showing the system’s
response to a step change in the value of the DC load
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Based on an analysis of the recorded waveforms, the value of the static adjustment error was
estimated to be within a range of about +1.5 V relative to the reference (setpoint) voltage. With
respect to the rated voltage on the DC link, this means that the relative accuracy of regulation was
within the range of 99.6% to 100.4% of the setpoint. The response time of the system to a step
change in the value of the load on the DC link was in the range 50—75 ms (assuming that the
voltage regulator’s output signal reached 90% of its set value), corresponding to 2.5-3.5 periods
of the line voltage. The range of response time resulted from such parameters as the value of the
voltage on the DC bus, the percentage change in the load, the value of the line voltage, the time
constants present in the control circuit, etc.

7. Conclusion

The results from the simulation and experimental models of the power supply compensator
were largely consistent with each other. This was confirmed by the obtained waveforms and
analyses of the values of the parameters TWD and 7y, for the system current under varying operating
conditions of the entire system. The differences in the test results for the two models (to the
disadvantage of the practical model) were mainly due to the difficulty of including in the simulation
model all the operating parameters of the real model. In particular, this applied to the power line
model, in which permanent transients occur under real conditions. The purpose of the proposed
work has been achieved, i.e. as a result of the use of a tunable inductive filter, a marked reduction
in the distortion of the line current was achieved in both models.

The authors expect the possibility of implementation in a commercial product. However, the
solution is beneficial only when the developed power supply is used with non-linear loads with
rapidly changing current.
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