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Abstract: This work focuses on the concept of operation and possibility of using a tuned
inductor in electrical power systems with adaptive features. The idea presented here for the
operation of the inductor is a new approach to the design of such devices. An example of
a power adaptive system is a device for improving the quality of electricity. The negative
impact of nonlinear loads on the operation of a power grid is a well-documented phe-
nomenon. Hence, various types of “compensators” for reactive power, or for both reactive
and distortion power, are used in electrical systems as a preventive measure. The concept
of an inductor presented here offers wider possibilities for power compensation in power
supply systems, compared to traditional solutions involving compensators based on fixed
inductors. The use of the proposed solution in an adaptive compensator is only one example
of its possible implementation in the area of power devices. In this work, we discuss the
structure of the compensator, the basic aspects of the operation of the inductor, the results
of simulation studies and the results of measurements obtained from a prototype.

Key words: adaptive compensator, electric energy quality, modelling magnetic elements,
tuned inductor

1. Introduction

The negative impact of nonlinear loads on the operation of a power grid, resulting in re-
duced values of the electrical energy parameters [1], is a widely known and well-documented
phenomenon. Hence, various types of “compensators”, mainly consisting of (active and passive)
filters, are used in electrical systems as a preventive measure [2—4]. The main task of these devices
is to achieve appropriate matching between the shape of the current at its input and the shape
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of the current drawn from the same grid node by other loads. As a result of this compensation
process, the current flowing from the power grid to the load should have both a suitable shape
and a suitable phase relation with the voltage in the grid node. This process depends on the
chosen compensation strategy, relative to either the reactive power or the reactive and distortion
power [2,3,5].

In the present work, we focus on the concept and possibility of implementation of a tuned
inductor (TI) for an adaptive compensator [2, 4, 6], which is one of the main elements of this
device. The proposed idea of the operation of a TI is a new approach to the design of power
devices with adaptive compensation. In this work, the operation of the adaptive compensator is
not related to any specific power theory. Moreover, the use of a TI in compensators is only one
example of its possible applications in the area of electrical power systems [7].

The remainder of the paper consists of six sections, which cover the following issues: the
structure of the adaptive compensator, the concept of operation of the TI in both a basic and an
extended version, the structure of the high-resolution TI, simulation studies of a TI model, and
conclusions.

2. Structure of the adaptive compensator

A fixed-parameter compensator improves the power factor of the supply source when the load
also has fixed parameters. When these parameters are not constant, the operational effectiveness
of such a compensator is lost [§-10], meaning that an adaptive compensator is needed instead.
A reactive compensator has adaptive properties if it can be adjusted to changes in the load power.
This can be done by switches or through the use of reactive elements with controllable parameters.
Adaptive compensators can be built in the form of reactive compensators with semi-controlled
devices, such as thyristors, or in the form of switching compensators, which are commonly known
as active power filters (APFs) and which use different types of transistors in the power stage of
the compensator [2,4,6]. However, when the load power is in the range of one tenth of the MVA,
as is common in large manufacturing plants, APFs are usually not sufficient. Figure 1(a) shows
a block diagram of an electrical system with a generalised adaptive compensator (ACMP) [4].
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Fig. 1. (a) Block diagram of an electrical system with generalised adaptive compensator, and (b) diagram of
the typical topology of a single branch

The ACMP contains P individual branches (BR;) that can be connected in different ways,
for example in parallel, as shown in Fig. 1(a). The typical structure of a single branch [2, 4, 5]
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is shown in Fig. 1(b). The equivalent impedance of the circuit may vary, as it is composed of
variable inductors as follows:

=i

= —IL’x =var: x=1,23, (1)
Li
where x denotes the number of the grid phase.
Typically, saturation of the magnetic core of an inductor enables a change in its inductance [6].
We propose an alternative solution to achieve this effect, which is presented in detail in the
following section.

3. Basic operation of a tuned inductor

To implement the TI, a circuit with a magnetically coupled pair of coils was used as shown
in Fig. 2. The resultant magnetic flux can be amplified or reduced, which results in a change in
the equivalent reactance (Xty) of this circuit, as seen from the power source (i.e. ¢) side. In the
basic version of the inductor, this reactance may have two values, depending on the position of
the S-switch.

Fig. 2. Diagram showing the principle of operation of a tuned inductor

The value of X1 was calculated based on an analysis of the properties of magnetically
coupled circuits. The initial assumptions made did not take into account the nonlinearity of the
(homogeneous) ferromagnetic core on which the coils were wound. The basic formulae (assuming
a sinusoidal voltage excitation and omitting the resistance of the coils) describing the voltage and
current relations in this circuit are as follows:

Q1 =jX1£1+jXM£2’ (2)
Uy,=iXal, +jXm I, 3)

where: X1, X», and X, are the self- and mutual reactance of the coils, respectively.
As a result of the transformations in (2) and (3), the following formula was obtained for the
equivalent reactance of the circuit:

. u, . X3
JXTI=7—1=J XI—X—A; , )
=1

in which
Xu =kvVXi1Xo, (5)

where k is the magnetic coupling factor of the coils and 0 < k < 1.
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From (4) and (5), the final equation, in which the value of Xty is dependent on k and the state
of the S-switch, is as follows:

X11 = (1 - ST—TIkZ) X (6)

9
STr1=0VStr1=1

where St11 = 0 indicates that the switch is open, and St; = 1 indicates that it is closed.

4. Extended version of the tuned inductor

Our intention was to explore the possibility of a “quasi-smooth” change in the equivalent
reactance of the inductor. It was therefore necessary to extend the basic idea of the device, which
depended on using a multi-leg magnetic core where the number of legs was equal to N + 1 (see,
Fig. 3). In each of the N legs, an individual working air gap (labelled g; — gn) was inserted,
and an individual coil (with a number of turns z, labelled z; — zv, respectively) was wound. The
circuit was equipped with a total number N of individual switches (TS| — TSy ). Each single
switch was composed of a pair of anti-parallel connected thyristors, and was used to short-circuit
the output terminals of the given coil. Hence, the T'S; block responds to the S-switch; the role of
the switch was explained in Section 3. As a consequence, the circuit allows us to achieve changes
in the value of Xty in 2%V steps:

cw
Xn:XTme(l—z—N): CW=0,1,2,..., 2N, (7)

where: the subscript “nom” denotes the nominal value of the reactance and CW is the control
word for N-bit switches.

The curve in Eq. (6) is illustrated in Fig. 4. This curve is a step-function of the CW.
The meanings of the bits in the control word are as follows: “0” denotes that a given switch
(TS;: i=0,1,2,...,N)is open, while “1” indicates that it is closed.
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Fig. 3. Structure of the extended version Fig. 4. Equivalent relative reactance of the tuned

of the tuned inductor inductor vs. the control word
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In this section, we assume that the implementation of the proposed TI does not require the use
of fully controllable power switches, but only semi-controllable ones such as thyristors. These
devices switch off naturally after the main current drops to a minimum value, typically as the
current waveform passes zero [4]. Hence, no significant commutation overvoltages are expected
during the disconnection of the secondary circuit of the TI due to its leakage inductance. In order
to confirm this thesis, we performed simulation tests of the circuit shown in Fig. 2 using a model
of the real thyristors that were used to replace the ideal S-switch. The results of these tests are
shown in Fig. 5. In this case, we used a very simple two-pole R—C circuit, connected to the main
terminals of the thyristors switch, as a surge suppressor. The inductance values of the TI were as
follows: X1r = 20 mH (S—open); X1 = 10 mH (S—closed).

300 T "
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> current ! !
= in the TS| I
5 L , L
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o
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Fig. 5. Results of the simulation tests of the circuit containing the tuned inductor and the thyristor switch

The waveforms show a small overvoltage (in relation to the supply voltage of the circuit, i.e.
230 Vrms), when the TS turns off, despite significant values of both the leakage inductance of
the TT and the current flowing in this circuit.

5. High-resolution tuned inductor

5.1. Inductor with quasi-smooth changes in the equivalent reactance

In the case where an inductor with high resolution is necessary, the number of its legs
can be increased. This makes the design process much longer, as it is more difficult to obtain
the assumed inductance values. To simplify this process, we propose a device composed of M
individual modules connected in series, each of which is a device with a lower resolution, as
shown in Fig. 6.

By appropriately selecting the inductance of the individual modules, it is possible to obtain
the same resolution of the inductance as for a single inductor composed of N; legs. Hence, the
tuned inductor parameters are characterised by the following equations, where (8) is in line with
the assumption X nom > X2.nom > . .. > X nom:

XTI,nom

XTI,rnin= 2K ZK=N1+N2+...+NM, (8)
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1 .
Xi+1,max = 1_W Ximin: = L,2,...,Ml1, )]

This circuit therefore allows us to achieve a change in the equivalent value of Xty in 2X steps,
similarly to the device based on a complex multi-leg magnetic core described in Section 4.

[ TI CONTROL BLOCK |
tN, iNz tjx
I _____ il I _____ e Y il
: Lrvari : Lfvari I Lvaari
Al | S— b
L L _1 L1

Fig. 6. Structure of a high-resolution modular tuned inductor

It is worth noting that the effect of increasing the resolution of the TI can also be obtained
by connecting two of its elements in series (see Fig. 7), where one has a constant inductance and
the second a variable inductance. However, in this case, the range of the changes in inductance is
limited compared to the solution discussed previously.

L.=const L,=var
A B

Fig. 7. Inductor composed of fixed and variable inductance parts

5.2. Tuned Inductor with true smooth changes in the equivalent reactance

The following variant of the inductor allows us to continuously tune the equivalent reactance.
It requires an active system (i.e. a power amplifier with input-output galvanic separation) with
a voltage gain of a to supply the secondary winding with a voltage which, in terms of shape, is the
same as the voltage in the primary circuit (see, Fig. 8). Taking into account (2) and (3), assuming
a sinusoidal voltage excitation, and omitting the winding resistances, the operation of this circuit
can be described by the following pair of equations:

Uy =iXil,+jXu 1,, (10)
alU,=jXol,+Xm 1, an
where 0 < a < 1.
M

a6

Fig. 8. Diagram of a inductor circuit with a true smooth value of the equivalent inductance




N

www.czasopisma.pan.pl ?@ www journals.pan.pl

Vol. 71 (2022) Possibility of using a tuned inductor in a power device 1071

The proposed solution ensures that we obtain a magnetomotive force in the secondary winding
that is identical in shape to that in the primary winding, and hence linearity of the magnetic circuit
of the TI (as before, without taking into account the natural nonlinearity of the core magnetisation
characteristic).

By transforming (10) and (11), we obtain the following relationships describing the basic
properties of the inductor:

Equivalent reactance in terms of a and k:

X = { _k2)x (12)
TI = (1= ak) 1-
Minimum value of the equivalent reactance:
Xrimn = (1= 2] X1 (13)
Maximum value of the equivalent reactance:
XTI,max = (1 + k)Xl . (14)
Range of the change in the equivalent reactance:
X 1
TI,max - ) (15)
XTI,min 1-k
Value of the gain (a) needed to obtain X1 = Xi:
a=k. (16)

The dependence of X11 on the voltage gain of the amplifier and the magnetic coupling
coeflicient of the windings is shown in Fig. 9. These dependencies are highly nonlinear, whereas
for a gain value in the range 0.0-0.6 the change in reactance is relatively small. This variant
of the TI solution was abbreviated as SWPA (single secondary winding and power amplifier).
Nevertheless, the modelling of this solution will be carried out in future studies.
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Fig. 9. Dependence of the inductor equivalent reactance on the gain of the amplifier for £ = const
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6. Simulation modelling of the inductor

Detailed simulation studies of the TI model (as a single module) were conducted using our
own optimisation software and the Maxwell environment [11]. At this stage of the work, we
assumed a value of N = 2. These studies showed that to achieve the assumed value of the
equivalent inductance, a sophisticated design of the magnetic circuit was necessary. As a result,
the model of the inductor was constructed based on a three-winding transformer with working
air gaps in the individual legs. To model the construction of the inductor, a 3D field model
was employed. For the elaborated model, we used material characteristics from the M270_35A
transformer sheet [12]. In the first stage of the design process, in order to obtain the desired
values of the parameters in relation to the width of the air gap and the number of turns, we used
our own authored software based on the particle swarm optimisation (PSO) algorithm [13, 14]
coupled with the magnetic equivalent circuit (MEC) method [15—17]. The initial optimisation of
the inductor structure carried out with the use of the MEC model allowed us to narrow the space of
decision variables for which the adopted design assumptions of the inductor would be met. When
designing the inductor, it was assumed that it would operate at a frequency of 300 Hz, and that the
average inductance value in the core would not exceed 1.5 T, meaning that the magnetic circuit
would operate within the linear part of the BH curve. Hence, in the first stage of our calculations,
we assumed that the core permeability ., = const. On this basis, using dependencies drawn
from the theory of magnetic circuits [18], we selected the core cross-section, the heights of the
columns and the yokes. However, our attention was mainly focused on optimising the heights of
the working slots and the number of turns. We also assumed that the number of turns for each of
the coils were the same, i.e. 7 = z; = z3. Searching for optimal values of the decision variables,
the following objective function was defined:

where: g; and g, represent the heights of the working air gaps; L is the sought value of the
inductance (here, Lg = 5 mH), seen from the side of the terminals of the main winding for switch
states TS, = 0 and TS; = 0 (i.e. for the state in which both switches are in the off mode) and
where the terminals of the control windings are open; and Lp,in(TS,, TS|) are the equivalent
inductances seen from the terminals of the main winding for various states of the switches TS;
and TS,.

While searching for the minimum value of the objective function 7 (g;, g2,7), the values
of equivalent inductances Lp,in(TS2, TS1) of the studied inductor were calculated using the
proposed MEC model. A view of the structure of the inductor together with its MEC model is
shown in Fig. 10. In this model, the reluctances R,,; relating to individual areas of the core (i.e. the
columns and yokes) are marked in yellow. The values of these reluctances were calculated using
classical formulas known from circuit theory [15]. Blue is used to indicate the reluctances Rg; in
the areas of the working gaps g and g», while green represents the reluctances R,; resulting from
the action of the leakage fluxes in the system. When calculating the reluctance values relating
to working air gaps, we used formulas based on the Schwarz-Christoffel transformation [15, 16],
while the reluctance values were determined using the formula proposed in [17]. The resistances R

, a7

2N L

| |
J (g1, 82,2) = min { Z (Z

(1 TS, + TS, ) Lunain (TS2, TS1)
TS,=0 \TS;=0

N=2
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of the windings were determined based on the assumed average length of a single turn, the cross-
sectional area of the wires and the number of turns for a given case considered in the i-th iterative
step of the optimisation process.

reluctances

99
m
g
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z Z, 2 Rz R
MQgEiZGmQ r d_|-‘-| coil
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, B E
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=
=

—~
Y
=

Fig. 10. (a) Structure of the inductor with N = 2, (b) MEC model of the inductor

For the circuit formed in this way, we wrote circuit equations describing the distributions of
currents and fluxes. These equations were solved with the loop method using complex numbers,
by taking into account the current operating states of the switches TS, and TS;. The use of
complex calculus allowed us to obtain results directly for the established operating states. On the
basis of these results, we calculated the values of the inductances Ly,in(TS,, TS;) for individual
sequences of switches, directly from the definition of inductance as the ratio of the flux associated
with the main winding | (/| = z - 1) to the value of the current {; in this winding, i.e. from the
following relation:

4!

Lmain (TSZ, TS]) = ?

_ 2
(TS,,TSy) i
=1 A

(18)

(TS2,TSy)
i=1 A

Due to the linearity of the magnetic circuit, inductance calculations could be carried out to
find the unit value of the current.

As a result of the initial optimisation process, values for the decision variables were obtained
that corresponded to the assumptions that were made (i.e. for an idle value of the inductance of
Ls = 5 mH and maintaining the appropriate proportion between the inductances at the level of
%, Y2 and Y4 for the remaining operating states of the TS2 and TS1 switches). Figure 11 shows the
values obtained for the decision variables g1, g» and z. The best result was obtained for the values
of (81,82, 2)|op = {5-09, 1.44, 77}, which gave a value for the function of J(g1, g2, z) = 0.0235.
The values of the decision variables formed the starting point for the further calculations in the
next stage.
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Fig. 11. Values obtained for the decision variables from the optimisation process in the first stage

It should be noted that although the MEC model used is less accurate than field models, it
allows for wider spaces for the decision variables in the optimisation process. We used the results
of the calculations obtained from the first stage of the design process to select solutions for which
the calculated values of the inductances were within the area of the expected values. Finally, we
note that the detailed research results from the elaborated optimisation procedures are the subject
of another work in preparation, and are not presented here.

In the second stage, verification calculations were carried out for the values obtained for the
parameters in the first stage using a 3D field model, as well as a more in-depth optimisation of the
construction of the inductor. This time, the calculations were made in the area of selected decision
variables obtained in the first stage. In the second stage of the design process, the interval search
method was used [19], and was implemented in the optimisation module of Maxwell software,
which is based on the popular finite element method (FEM). A 3D view of the inductor model,
elaborated in Maxwell software, is shown in Fig. 12, which illustrates the basic technical details

of the inductor structure.

" Control
winding (1) Magnetic

" Control
Main ..Winding (2)
winding

122 mm

H=

Working W/ air-gap (2)

air- gap (1)

Fig. 12. General view of the simulation model of the tuned inductor
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When calculating the values of the self and mutual apparent inductances for the individual
windings of the considered inductor, we applied the frozen permeability method [20,21]. In this
approach, when the solution to the nonlinear FEM equations for the j-th time step has been found,
the values of the magnetic permeability i for the individual finite elements are stored (frozen) in
PC memory. Then, based on the frozen values of the permittivity u, the FE equations are solved
again for the unit values of the current excitations in the successive windings of the inductor. In
this case, these are systems of linear equations. Of the two approaches most commonly used with
the frozen permeability method, we employed the method in which values of the self-inductances
L;; and mutual inductances L;; are obtained on the basis of the ratio of the flux linkage ¥; of the
i-th winding to the unit values of current /; in the j-th winding:

LijzlPi/Ij for i,j=1,2,3, (19)

where the value “1” represents the main winding, the value “2” represents the first control winding,
and the value “3” represents the second control winding.

It should be noted that the frozen permeability method allows us to determine the values of
the self- and mutual inductances for the individual windings of the studied system. However,
from our point of view, the information on the values of the equivalent inductances L,in seen
from the terminals of the main winding for various states of the switches TS| and TS, is much
more valuable, i.e. L,in (TS, TS1). The values of the equivalent inductance Lygin (TS2, TS))
were calculated using the following relation:

Ly L L3 1
Lumain (TS2,TS1) =€ [Lij]s=[1 0 0]-|Lay Ly Los|-|(=1)-TSi|, (20)
L3 Lz La| |(=1)-TS;

where el is the unit vector, [L; i1 represents the matrix of inductances, and s is the vector taking
into account the relation between the state of a given switch and the sign “—” of the given
inductance. The relations in (17) and (18) were used to determine the values of the inductances
in the optimisation procedure at the second stage.

A summary of the basic parameters of the simulation model of the TI can be given as follows:

— Core dimensions (HXWxD): 122x105%25 mm.

— Widths of the air gaps: g1 =4.9 mm, g, = 1.5 mm.

— Number of turns: z = z1 = zp = 76.

Due to the nonlinearity of the magnetic core, the equivalent inductance of the TI varies
with the supply voltage, as shown in Fig. 13. These relationships are also dependent on the
states of switches used to short-circuit the secondary windings of transformer. The values of the
inductances in Fig. 13 were obtained for supply voltage values with a frequency of 300 Hz. The
explanation why this value was chosen is that under normal operating conditions, the inductor
operates at higher frequencies, which are, typically, odd multiples of the power grid frequency
that assumed value was equal to 50 Hz.

The values of the equivalent inductances, which are shown in Fig. 13, were calculated in
the Maxwell environment based on the waveforms obtained for the self- and mutual inductances
L;; of the windings of the inductor for different amplitudes of the supply voltage. For example,
Fig. 14 shows the waveforms of the self- and mutual inductances determined for a voltage with
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Fig. 13. Equivalent inductance as a function of the amplitude of the supply voltage
to the tuned inductor

amplitude 45 V in the steady state. Then, using the relation in (20), the instantaneous values of
the equivalent inductances seen from the side of the main winding terminals were determined
for various states of switches TS| and TS,. The waveforms of the inductances Lp,in (TS, TS;)
for various states of switches TS| and TS, are shown in Fig. 15. The values of the inductances
obtained for these time steps (i.e. for which the values of the instantaneous current in the main
winding reach a maximum) constitute the basis for plotting the relationships in Fig. 15. The
decision to choose the inductance value for the maximum value of current in the winding in the

Self- and Mutual Inductances, mH

- : : L8333 11,666 : 14,999
' ; i i m—me [ ===l ==l i
P TR S S S S S
— Ly ——Liz — Lz
Lz Laz =« La3
.3.0 T T
Time, ms

Fig. 14. Waveforms for the self- and mutual apparent inductances of the inductor windings
for a supply voltage of amplitude 45 V
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steady state was made due to the possibility of capturing the moment at which the characteristics
of the choke enters into the area of saturation.

! 5.03mH
|

7 3.86 mH

Equivalent inductance, mH

5 6,666 8,332 9,998 11,664 13,33 14,99,
Time, ms

Fig. 15. Waveforms of equivalent inductance as seen from the terminals of the main winding
for a supply voltage of amplitude 45 V

In many inductor applications, it is important that the magnetic core operates in the (quasi-)
linear range. Table 1 shows the maximum magnitudes of the main winding current (i in Fig. 2)
in this range of the core operation. As expected, the value of this current is strongly dependent
on the equivalent inductance of the inductor (i.e. the particular states of the switches).

Table 1. Magnitude of the main winding current in the quasi-linear range of core operation

No. State of switch CW Magnitude of
TS, TS, current [A]
1. Open Open 00 10
2. Open Closed 01 15
3. Closed Open 10 25
4. Closed Closed 11 48

Based on the results obtained from the optimisation and simulations, an inductor prototype
was developed, built and tested on a laboratory stand. Figure 16 shows the dependences of the
inductances Lgin(T2, TS1) as a function of the amplitude of the supply voltage obtained from
the measurements, and a view of the developed TI.

Figure 17 shows the relative values of the inductance of the TI from simulation and mea-
surements, with reference to the theoretical values (given by Eq. (7)). These curves (plotted as
red and blue lines) are related to the quasi-linear range operation of the inductor (i.e., assuming
avalue of 45 V for the supply voltage). The results obtained from both the measurements and the
TI simulation indicate that the relative error in the inductance, with reference to the theoretical
model, is dependent on the value of the control word and is in the range 2.1-13.6%.
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Fig. 16. Equivalent inductance of the tuned inductor as a function of the amplitude

of the supply voltage obtained from measurements
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Fig. 17. Relative inductance of the tuned inductor from simulation and measurements,
compared to the theoretical assumptions, vs. the control word (N = 2)

When designing the TI, we expected that there would be some differences between the
calculation results and the measurements. It should be noted that the differences between the
results are the result of the technological process adopted (we employed a fiber laser) and the
lack of accurate information from the manufacturer about the impact of the given method of
cutting sheets on the BH curve used for the material. In addition, it can be seen that the applied
material exhibits a lower stiffness in the linear part of the of BH curve. However, we see a high
compatibility between the results of the calculations and the results for the first prototype of this
series. However, Authors believe that they will obtain high compatibility between the results of
calculations and results for the first laboratory prototype of the series. This thesis was supported
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by the test results of the both 3D field model and laboratory model of a two-leg tunable inductor
(the initial version of the inductor), that were presented in the previous work [7]. In this case,
the discrepancies between inductances of the both models did not exceed 8—10% of the assumed
value — depending on the state of TS switch. Taking into account the theoretical assumptions, the
previous solution for the tuned inductor was very similar to the solution for the device, presented
in the current work.

7. Conclusions

In this work, we have introduced the principle of operation and initial test results for a simu-
lation model of a variable inductance reactor. The results presented here confirm the possibility
of obtaining the required inductance values as a result of controlling the flux in the inductor with
a multi-leg magnetic core with a relative error of no more than 14%. This value can be considered
very satisfactory, taking into account the high complexity of the magnetic circuit of the device.
At the current stage of research, phenomena related to power losses in the core were not analysed
in detail.

This paper explains the principle of operation and presents the results of simulation tests of
a TI based on coupled fluxes, without the need to use the natural nonlinearity of the magnetic
circuit as in most previous studies. In our opinion, the device presented here can be an attractive
solution, particularly for high-power electrical systems, and may include other popular devices
for improving energy quality such as STATCOM and FACTS. However, these applications for
the proposed device need further investigation.
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