energies

Article

The Application of Tunable Magnetic Devices in Electrical
Power Systems with Adaptive Features

Michal Gwoézdz

check for
updates

Citation: Gwo6zdz, M. The
Application of Tunable Magnetic
Devices in Electrical Power Systems
with Adaptive Features. Energies
2023, 16, 6135. https://doi.org/
10.3390/en16176135

Academic Editor: Abu-Siada Ahmed

Received: 26 June 2023
Revised: 10 August 2023
Accepted: 22 August 2023
Published: 23 August 2023

Copyright: © 2023 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Control, Robotics and Electrical Engineering, Poznan University of Technology, Piotrowo 3A Street,
60-965 Poznan, Poland; michal.gwozdz@put.poznan.pl

Abstract: This work is devoted to possible implementation of tunable magnetic devices in electrical
systems with adaptive properties. The basic idea, underlying operation of the presented magnetic de-
vice, depends on interaction of two (or more) magnetic fluxes in a quasi-linear range of ferromagnetic
core characteristics. This is a new approach to the design of such magnetic elements; typically, satura-
tion phenomenon of the ferromagnetic core of an inductor is used to change a value of its inductance.
The good examples of adaptive electrical power systems can be devices for improving a quality of
electrical energy. When used in compensators of reactive and a distortion power (or a reactive power
only), tunable magnetic devices clearly offer wider possibilities for the compensation, compared to
solutions, using compensators based on fixed magnetic elements. However, the application of the
proposed tunable device in an adaptive compensator is only one example of its possible use in an
electrical power area. In this work, the following issues are presented: exemplary solution of the
adaptive passive compensator, basics of operation of tunable magnetic device, and test results of the
experimental model of an electrical system with such a device.

Keywords: adaptive passive compensator; converter control; quality of electrical energy; tunable
magnetic device

1. Introduction

This work focuses on the idea of operation and possible implementation of tunable
magnetic devices in electrical power systems with adaptive features. In the following text,
this device is mostly referred to as the “tuned inductor” (TI). The basic idea underlying
operation of the T, depends on interaction of two magnetic fluxes in a quasi-linear range of
ferromagnetic core characteristics, which is the new approach to the design of such magnetic
devices. In contrast to this approach, typically, the effect of non-linearity (saturation) of a
core of an inductor is used to change in value of its inductance.

The first group of adaptive systems which often needs change in its electrical charac-
teristics are systems for improving the quality of electricity [1-4]. A further possible area of
usage of the TI solutions is in static power electronics devices, formally known as flexible
AC transmission systems (FACTS) [1,5,6], installed in AC grids. Such systems can increase
the value of grid power transfer capability, stability, and controllability of grid operation,
through series and shunt power compensation. The third area of possible TI applications
concerns AC/DC, DC/AC, and DC/DC converters, which allow for shaping of the con-
verter frequency characteristics [7-10]. However, Section 2 of this work focuses mainly on
the possibility of application of the TI devices in the first group of power electrical systems
mentioned above.

The negative effect of non-linear loads on the operation of a power grid, resulting
in a lowering of the desired parameter values for the electrical energy [11], is a very
well-documented phenomenon. In view of this, various types of compensators, mainly
consisting of different types of power filters, are used in these electrical systems as pre-
ventive measures [1,12-14]. The main task of these devices is to match the shape of the
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current at its input to the shape of the current, drawn from the same grid node by other
loads. As a result of the compensation process the current, flowing from the power line
node to these loads, should have both a suitable shape and a correct phase relationship
with the voltage waveform in the node. The details of the compensation process depend on
the chosen compensator operation strategy, that can be related to a reactive power alone or
to both a reactive and a distortion power [2,15-17]. However, presented in this work, the
operation of an adaptive passive compensator, as a whole, is not related to any given power
theory. In addition, the use of the tuned inductor in this power device is only an example
of possible implementations of Tls in the field of electrical power area. In the other words,
this work focuses rather on the idea of the TI operation and analysis of test results of the TI
models, then on details of implementation of this device in a given electrical system.

The further part of the work consists of five sections, which include the following
issues: the topology of the adaptive passive compensator, the basics of operation of the TI
device, the design of the TI device, the results of testing the experimental model of electrical
power systems with the TI device, and the conclusions.

2. Adaptive Passive Devices for Improving the Quality of Electricity

A fixed-parameter passive compensator is able to improve the power factor of a supply
source only when its load also has fixed values of parameters. When these values vary, the
effectiveness of operation of this type of compensator is lowered [1,3,13,18], meaning that
an adaptive compensator is necessary instead. A compensator has adaptive features if it
can be tuned to changes in both load power and power line characteristics. This can be
carried out by switches or through the use of reactive elements with adjustable parameter
values. Adaptive compensators can be based on reactive power compensators equipped
with semi-controlled devices, typically thyristors, or on switching compensators, generally
known as active power filters (APFs), in which different types of fully controlled devices
(e.g., transistors) are used in the input/output power stage of the compensator. However,
when the value of load power is very high, switching compensators is not usually sufficient.

The generalized block diagram of the exemplary electrical system, consisting of an
adaptive passive compensator (APC block) [1,3,13] is presented in Figure 1a.
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Figure 1. Diagrams of (a) an adaptive passive compensator and (b) a single branch.

The APC contains P branches (BR; : i =1, 2, ... , P) that can be connected to each
other in different ways, typically in parallel, see Figure 1a. An example of the topology of
a single branch using the TI, is presented in Figure 1b. As a result of the operation of the
tuned inductor, the impedance of the single branch can vary as follows:
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where wy is the fundamental frequency of the line voltage, x is the phase number in a
power line, and i is the branch number in a given phase of the APC device.

As it follows from Equation (1), the presence of a tunable magnetic element in the
branch of the APC device allows, for example, to change in the value of the branch self-
resonance frequency. The maximum range of this change results from the relationship
of Ly ,; = var and Lc,; = const values. Taking into account the APC diagram, in the
easiest mode of operation of this device, the P factor can be interpreted as the maximum
number of components of non-linear load current (ing, x), which are potentially possible to
be compensated.

Nevertheless, it should be clearly stated that the APC is not, in formal terms, a fully
passive system (as it follows from the diagram), since this compensator also uses different
kinds of single power electronics switches or even complete power electronics switching
converters. These devices are necessary to control the TIs, and their role in this type of
power system is explained in detail in the next section.

3. Principle of Operation of a Tunable Inductive Device

From a formal side, the inductance of the coil is defined by the following formula [19]:

Dy
= —,
1

L @)
where @) is the total magnetic flux that is excited in the coil by the current (i) flowing in
its winding. i can also be interpreted as a sum of currents.

Based on Equation (2), for the implementation of a tunable magnetic device, the circuit
with two magnetically coupled coils was used, see Figure 2.

Figure 2. Basics of operation of a circuit with the tunable magnetic device.

This circuit consists of two main blocks; the first of these is the power transformer
(denoted as the TI), which is equipped with the working air-gap in the core. The width
of this air-gap influences the magnetic coupling factor (k) of these coils. The second block
is the power amplifier (denoted as the PA), with scalable value of the gain factor (a). The
PA device supplies the secondary winding of the TI. As a result of the operation of the PA
block, the equivalent magnetic flux in the core can be amplified or weakened. As such, the
equivalent impedance (Z1; = Rty +jXrt1) of the circuit, when seen from the power source
(u1) side, can be changed too. In the other words, the value of Zt; depends on the value of
the parameters of this circuit and, in particular, the actual value of a.

The value of Zt; was calculated based on an analysis of the basic properties of two
magnetically coupled circuits [19]. The preliminary assumptions made here did not take
into account the natural non-linearity of the ferromagnetic core of the transformer and the
primary voltage excitation (1) was assumed to be sinusoidal.

In this case, the pair of equations, describing the voltages and currents relations in the
circuit, is as follows:

Uy = Rihh +jXi 5 +jXmbp, (©)

U =R +jXoh +jXmIy, (4)

where Xj, X5, and Xy are the self- and mutual reactance of the circuit, respectively, and R;
and R; are the resistances of the transformer windings.
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Setting Uy = al, the Equations (3) and (4) were transformed, to obtain the formula
for the value of Ztr:

. X%

1
In=—F7F= iX ’ ®)
L 1o,
where:
XM:k\/X1X220§k§1. (6)

From Equations (5) and (6), the following expression was obtained, in which the value
of Z1y is dependent on the other parameters of this circuit, as follows:
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To extract the X1; component of the impedance, both resistances were neglected. In
this case, Equation (7) takes the form:

o 1—k?
Ly =j—7~=X1. (8)

1—ak %

Assuming the equality of values of both reactance (i.e., X; = Xp = X) Equation (8) has
the following final form:
7 11—k X 9
Zn =i g ©
The plots of magnitude (as a value of Xty related to X) and phase component (¢11)
of Equation (9), vs. a, while k = const, are presented in Figure 3. In order to better
visualize the details of the curves, the gain factor () variation was limited to the range of
<0, % >. Values of reactance, for characteristic values of the gain factor are also shown
at the magnitude curve as points. In relation to the right vertical axis of the chart, the
abbreviation “el. deg.” denotes the “electrical degree”.
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Figure 3. Plots of magnitude (as a value of Xy, related to X) and phase component (¢t1) of Z1y, vs. a,
while k = const.

These curves show a singular point at a = % Thus, the value of Xy, in relation to the
gain factor, lies within intervals given by the expression:

>0:a<t
XTI — too:a =
<0:a>1

(10)
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From circuit theory [19], the interpretation of Equations (9) and (10) is that, depending
on the value of the gain factor, the tunable magnetic device is equivalent to a variable
inductance coil or a variable capacitance capacitor. However, in the latter case, it is obvious
that it cannot form a capacitor as such, because it does not have the ability to store an electric
charge. Nevertheless, in a real circuit, that description is given by Equations (5) and (7)
and, due to the presence of the resistances, the aforementioned phase shift is different from
£90°. For simplicity, it was assumed again the equality of the reactance (X; = X, = X) and
the resistances (R; = Ry = R). In such a case the Equation (7) taken the form:

2
1+ () (@ =1) +j2%
Zn =R _ —
— 1+j(1 —ak)z

(11)

For easier interpretation of the circuit features, the time constant of the TI block (1)
was used in the next expression. As such, Equation (11) is now as follows:

_ 1+ (CLJTTI)Z(kZ — 1) +j2wTr) ) B L
@ =R 1 +j(1 — Ilk)a)TTI T = E (12)

Figure 4 shows the plots of the phase shift based on Equation (12), vs. a, for wTry = const.
The variation in the gain factor was limited to the range < 0, % > too.

TIM > TCM
120
90 -
. 150 70 30
T 30
S 0
b=
< 30
2
[+
60
A~ > 15070
-90 ﬁ% 50
L
-120
0 1.25 25

gain, a

Figure 4. Plots of the phase shift (¢11) vs. g, for wrr = 30, 70, 150, and wTp — c©.

A comparison with Figure 3 clearly shows phase errors, the values of which increase
as the resistance increases which, in turn, results in a decrease in the value of wtr;. From
the point of view of the properties of the TI block, its operation can be divided into two
types based on the sign of the phase shift. If this sign is negative, the TI operates in the
“tuned inductor mode” (TIM), while in the opposite case, it operates in the “tuned capacitor
mode” (TCM), as illustrated in Figure 4.

4. Tuned Inductor’s Design

The aim of the research was to obtain all these technical details of the inductor—
transformer, which are necessary for the design of its experimental prototype. At the initial
stage of the project, the simulation studies of the TI three-dimensional field model (3-DFM)
were conducted, using Maxwell Environment [20] together with the in-house optimization
software [21]. This study showed that to achieve the assumed value for the inductance of
the transformer, a sophisticated design of its magnetic circuit was necessary. As a result,
a three-column magnetic core was chosen for the model of the transformer. Each of the
columns was equipped with a working air-gap with a width equal to g. In the model,
ferrite E-shapes, manufactured by MAGNETICS Inc. (catalogue number: OT49928EC),
made of T-type ferrite material [22], were used. The model of the core was composed of
four of shapes. It should be explained here why a ferrite core was chosen in the case of
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intended use of the tuned inductors at mains frequencies (i.e., related to value of 50 Hz). It
was wanted simply to obtain a magnetic device with a wide pass-band property (at current
research stage) so as to minimize the impact of undesirable effects, accompanying the
operation of an inductor with a core made of transformer sheets. These effects are caused
mainly by a very limited “pass-band” of magnetic material of this type; it is worth pointing
out that the study of the tunable inductor, equipped with core based on the transformer
sheets [23], was presented, in detail, in previous work [24].

The primary coil of the transformer was wound on the central column of the core,
while the secondary coil was divided into two equal parts and wound on both external
columns. To simplify the whole modelling procedure, it was also assumed that the number
of turns were equal for all of the coils, i.e., z; = zp1 = z22, see Figure 5.

Prim. o——H
wind.

Sec.
wind.

Figure 5. Diagram showing details of the tuned inductor technical design.

Respecting the potential fields of application of the TI device, reported in previous
works [24,25], value of X, close to 4.50 mH, and value of k, close to 0.80, were assumed.
These aforementioned works also present details of the entire inductor research procedure.

5. Laboratory Tests and Discussion
5.1. Tests of a Laboratory Prototype of the Adjustable Magnetic Device

In the power stage of the experimental model of the system with the TI, the P3-5-
550MFE LABINVERTER [26] was applied. This power electronics device was designed
especially for applications in advanced R&D power electronics systems. The control module
of the LABINVERTER device comprised the ALS-G3-1369 evaluation board [26] with a
32-bit DSP (DSP—digital signal processor), Analog Devices Inc., Boston, MA, USA, type
ADSP-21369 SHARC®. This evaluation board is dedicated to such applications, which
require both a CPU with high computation power and a PWM pattern with very high
resolution, among others.

The general aim of this part of the investigation was to confirm the parameters for
the experimental prototype of the TI in relation to its field model. A photograph of the
experimental model of the TI is shown in Figure 6.

Figure 6. The laboratory model of the tuned inductor.

The methodology, used to calculate the inductance of the TI, was described in detail in
a previous work [24]. As such, it is discussed here very briefly, only for the convenience
of the reader. This methodology depended on the recording the voltage and current
waveforms in the measurement circuit with the TI device, see Figure 7. These waveforms
were then used as the basis for calculating the equivalent inductance of this device.
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Figure 7. The circuit used to calculate the inductance of the tuned inductor.

The general formula, respecting the voltage and current waveforms in the measure-
ment circuit (in time-domain), is as follows:

dii (1)

ul(t) = RTIil(f) + L1p at

(13)

For practical purposes, the resistive component of the circuit was neglected, and the
supply voltage was assumed to be time’s rectangular function. As a result, the current
waveform in this circuit will be time’s linear function, i.e., a first-order polynomial. Thus,
the value of the inductance of the inductor can be calculated, using the following formula:
Au

Ly = Aill At, (14)
where Auyq, Aij, and At represent the changes in the voltage, current, and time, respectively.

The assumption that neglecting the resistances in the circuit does not result in a
significant value of error in relation to the real inductance of the TI is true under the
condition that the measurement time-interval (At) is clearly shorter than the time-constant
of the tested device, i.e.:

At << @ (15)
Ry

This statement was confirmed experimentally based on a wide range of tests of
numerous types of inductive devices; examples of such works are [24,25,27].

As a result of laboratory tests of the TI model, the following values were obtained for
the parameters of this device:

Number of turns: z1 = zp1 = 295 = 80;

Air-gap width: g =2.0 mm;

Inductance in relation to a quasi-linear range of the ferromagnetic core operation,
while the secondary winding was open: L1 = 4.55 mH;

Inductance while the secondary winding was short-circuited: L1 = 1.64 mH;
Winding resistance: Ry = 110 m(}, R, = 220 m().

Based on these assumptions for the TI model and from the results of laboratory
investigations, the value of the magnetic coupling coefficient was calculated as k = 0.80.
The relationship between L11o and Lty is then equal to 2.8.

5.2. Tests of the Electrical System with a Tuned Inductor: Basic Configuration

Figure 8 presents the block diagram of the laboratory system used to test the operation
of the tuned magnetic device (TI) in the basic configuration. The aim of these tests was
to confirm the assumed features of the TI as a tunable magnetic device, i.e., its ability to
change in the equivalent inductance and more.

The measurement circuit contained the following main blocks and components:

Power supply line and EMI filter (EMIF);
Auto-transformer (ATR) as well as transformer (TR);
Tested magnetic device (TI);

H-bridge, voltage source inverter (VSI);

LCL type filter (FLT), included at the output of the VSI;
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e  VSI control module (CM);
e Isolated current and voltage transducers (CT and VT, respectively);
e  DC power supply with regulated the output voltage (PSP).

VSI Iu e

CTRL-DIAG BUS

M

POWER LINE
230 V/ 50 Hz
FLT
PSP

>

Figure 8. Block diagram of the experimental circuit—basic configuration.

The CM and VSI was interconnected via a control and diagnostic bus (CTRL-DIAG
BUS). As such, the VSI and FLT blocks made up the precision voltage controlled voltage
source (VCVS), which powered the secondary windings of the TI device.

A wide range of tests were carried out on the system with the inductive device using
the “hardware-in-the-loop” modelling. Most of the waveforms in the circuit were recorded
using the PLOT function of DSP Emulator Software, Rev. 5.1.2, which is the part of
VisualDSP++® environment [28]. This function allows for easy graphic visualization of
sets of data, stored as objects in the C/C++ language, such as numerical arrays, typically
representing electrical (or other) waveforms. The C/C++ compiler is one of the main
software components of VisualDSP++. During tests, the gain coefficient of the PA was
varied within the interval of <0, 2.5> and the supply voltage (11) was set to 7 V RMS.

Figure 9 shows the most characteristic waveforms for the tested circuit, i.e., u1 and iy,
as function of 4, over time. The lower part of this figure shows details of the waveformes,
including the phase relationship of u; and 7;. It can be seen clearly that after 2 exceeds the
value of %, the circuit changes its character from an inductive to a capacitive one.

T T T
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-~y e
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Figure 9. Waveforms for the voltage and current in the primary winding of the transformer vs. gain
coefficient as a function of time.

5.3. Tests of the Electrical System with a Tuned Inductor: Extended Configuration

A block diagram of the laboratory system used to test the operation of the TI in the
extended configuration is shown in Figure 10. The aim of these tests was to confirm the
features of the TI device as a component of a tunable parallel resonant tank. This feature is
related directly to its application in the APC devices.
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Figure 10. Block diagram of the experimental circuit in the extended configuration containing the
resonant tank.

The resonant tank (shown in the figure by the dashed line) was composed of TI and a
capacitive element, which consisted of a set of high-quality polypropylene-film capacitors,
with total value of C = 300 uF =+ 1%. The gain coefficient of the PA was varied in the interval
of <0, 1.25>. During these tests, the value of the primary voltage (1;) was set to 10 V RMS,
while its basic frequency was equal to 150 Hz (i.e., the third harmonics of the power line
voltage). Thus, the system demanded implementation of the second VCVS block.

Figure 11 shows both the characteristic waveform for the circuit (i;) and the plot of a
vs. time. A curve of the equivalent inductance vs. a is also shown. From the figure, the
moment at which parallel resonance occurs is clearly visible. This results from the given
value of the equivalent inductance (reactance) of the TI, which is a function of a.
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Figure 11. Waveform of the current in the primary winding of the tuned inductor relative to the gain
coefficient, as a function of time.

5.4. Discussion

The laboratory test results showed that, from the point of view of the relationship
between the voltages and currents in the circuit, the inductive device presented here was
able to operate in two modes, as either a tuned inductor or a tuned capacitor. However, the
actual values of the equivalent reactance (the inductance or the “capacitance”) of TI were
affected by an error of up to 15.0%, the value of which depended on the gain coefficient,
which may result in a decrease in the equivalent reactance of the magnetic device. The
error arose from factors such as:

Presence of resistances in the tested circuit;

Difference between the theoretical and the actual value of voltages in the primary and

secondary circuit of the transformer (caused by, e.g., the gain error of the PA block);
e  Presence of a ripple component in the transformer supply voltages that resulted from

the pulse modulation (PWM) carrier component, as the PWM strategy was used to

control the VSIs.
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The phase shift of the primary current from the supply voltage was different from the
desired value (i.e., —90° or +90°, depending on the mode of operation of this device), since
the tested circuit contained, among others, the aforementioned TI winding resistances. The
value of the phase error was in the range of 2.7-16.7%, depending on the actual value of
the gain coefficient. Nevertheless, these tests proved that the proposed device can be an
effective element of a tunable resonant tank, by determining its main property, i.e., the value
of its self-resonance frequency. In this case, the error in the value of the resonance frequency,
as a function of the gain factor, was no greater than 1% of its expected (theoretical) value.
This value was within the range of error of the measuring instruments used. It should be
noted that, in the simplified version, the tunable inductive device was also fully tested in
a real electrical system with the DC power supply, equipped with the function of active
compensation of both the reactive and the distortion power; see previous work [25].

6. Conclusions

This work presents the basics of operation and investigation results for model of
electrical systems including a variable magnetic device. The operation of the device was
based on the interaction between a pair of coupled fluxes but without relying on the natural
non-linearity of the ferromagnetic circuit, as in most of the earlier studies, e.g., [1,19,29].
Instead, the interaction between two magnetic fluxes in the quasi-linear range of operation
of the ferromagnetic core was exploited. The test results of experimental models confirmed
the possibility of obtaining the desired reactance value in a smooth manner, as a result of
control of the flux in the core of the inductor, with relative error of no more than 15%. In
the author’s opinion, the above value can be considered satisfactory, taking into account
the high complexity of both the magnetic circuit of the TI device and the entire electrical
system with the TI. In addition, tests of a tunable resonant tank confirmed the utility of this
device in a power electrical system. Taking into account the test results, it can be concluded
that the operation of the magnetic element presented in this work was similar to that of a
gyrator as an inverter of impedance [30]. Nevertheless, further investigations of the tuned
inductor are needed to assess the impact of non-linearity of the real magnetic core and
power loss in its operation.

Assumingly, it seems that the proposed device offers an attractive solution, particularly
for electrical power systems with adaptive features, such as those used to improve the
quality of electrical energy and for transmission this energy via power lines. However, these
applications for the inductor also need further research using simulation and experimental
models. Taking the above into account, the following are planned for the next phase of
the research:

e  Development of the experimental model of the adaptive passive compensator based
on the current’s physical components (CPC) power theory [31], using TI devices;
e  Extending and formalizing the description of the TI device as a power electronics gyrator.

Funding: Poznan University of Technology, 0212/SBAD/0591.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

APC Adaptive Passive Compensator
APF Active Power Filter

PA Power Amplifier

TCM  Tuned Capacitor Mode

TI Tuned Inductor

TIM Tuned Inductor Mode

VCVS  Voltage Controlled Voltage Source
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