BicHuk TepHONiIbCHKOr0 HALIOHAIBLHOI0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu

7~ \
my Scientific Journal of the Ternopil National Technical University
u 2019, Nz 2 (94) https://doi.org/10.33108/visnyk_tntu2019.02

ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 621.318.4

INTEGRATION OF MAGNETIC AMPLIFIER SWITCH MODEL
INTO COMPUTER AIDED DESIGN FOR POWER CONVERTERS

Anna Yaskiv; Bohdan Yavorskyy

Ternopil Ivan Puluj National Technical University, Ternopil, Ukraine

Summary. The designing of electrical power converters based on Magnetic Amplifier (MagAmp) switches
is not fully automated. MagAmp is a magnetic component with nonlinear properties. Computer aided design
(CAD) programmes are built to simulate electric circuits without electromagnetic field with distributed
components. There is a problem of integration of a model of a component with magnetic hysteresis into the set of
CAD models. In addition, estimation of the optimal parameters of such a component is rather complicated. The
article proposes a new model of MagAmp switch which is based on a function that can be generated using digital
technology. The digital generator of sinusoidal signals, consisting of discrete digital components for modeling the
MagAmp switch, is investigated. Integration of the model into CAD programme and simulation of the electric
circuit, which includes MagAmp switch, are obtained. Partial automation will reduce complexity, duration and
cost of the design procedure, and will enhance the development of power converters.

Key words: mathematical model, magnetic amplifier switch, CAD programme, magnetic hysteresis,
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Statement of the problem. In electric circuits the semiconductor switching elements
are commonly used for commutation. However, they cannot provide high quality of output
characteristics in multi-output power converters and high output current applications. Here the
magnetic amplifiers (MagAmps) are used as switching elements [1].

Computer simulation is an important stage in power converter design. Computer aided
design programmes like Powersim, Multisim, MATLAB Simulink, PSpice, LabView, etc.
facilitate engineer’s work greatly. They can predict the simulated system’s operation at certain
conditions, reduce the calculations time and complexity, thus they reduce the cost of the design
procedure.

When dealing with linear electrical circuits CAD simulation, their operation is modeled
through currents and voltages relationships. However, CAD programmes are built to simulate
electric circuits without electromagnetic field with distributed components. Since MagAmp is
a magnetic component with nonlinear properties, the designing of power converters based on
MagAmp switches is not fully automated. MagAmp switch is a coil wound on a core with a
relatively square B-H characteristic [2, 3]. Its operation is described in detail in [2, 3]. The
complexity of MagAmp switch modeling consists in characteristics of its dynamic operation
and nonlinearity of core remagnetization processes.

Today CAD programmes (e.g. ELCUT, ANSYS Maxwell, MAFIA) work with
magnetic field computation [4-8]. However, the mathematical models they use are rather
complex to be integrated into a CAD programme for electric circuits’ simulation. They provide
the output in a form of data sets of values of magnetic potentials distributed within the
investigated volume [4, 9]. For instance, the mathematical model used in ELCUT implies
calculations of magnetic potential in each particular point of the magnetic field. Poisson
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equation, which concerns the vector magnetic potential A = A, within a linear magnetic field,

is presented in formula [4]:
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where 4 is the magnetic permeability of the core,
4, —magnetic permeability of the vacuum,

J, —vector of the current density.
The complexity of the algorithm for solving second-order Poisson equation (1) equals
to N?(4log, N +1), as derived from [10], where N is the order of the arithmetic operations.

Besides the complexity [4, 11, 12], integration of such a model into CAD software for
electric circuits design would require essential preprocessing of its output data to be informative
for electrical engineer.

Since magnetic hysteresis has complex physical nature, several empirical models have
been developed. Jiles-Atherton [13] and John Chan [14] models of magnetic hysteresis have
been integrated into pSpice and LTspice CAD programmes for electric circuits design
respectfully. Yet, they do not allow modeling MagAmp operation in switching mode.

Thus, there remains a problem of integration of a model of a component with magnetic
hysteresis into a set of CAD models.

Analysis of the known research results. The magnetization curves (hysteresis loops)
of magnetic materials vary as a function of frequency and shape of an applied magnetic field
signal [15]. Preisach [16-18], Jilles-Atherton [14] and John Chan [15, 19] mathematical models
of magnetic hysteresis are empirical and require high-precision experimental data for their
realization. These models are static, which means they do not take into account dependence of
core remagnetization losses on switching frequency. They may be incorporated into a CAD
programme. However, due to technical and numerical complexity of parameters extraction [20,
21], Preisach and Jilles-Atherton models of magnetic hysteresis are not convenient for an
engineer, while John Chan hysteresis model gives a significant error in switch mode
operation [2].

Cobalt-based soft magnetic saturable core was modeled using Jiles-Atherton and John
Chan magnetic hysteresis models in PSpice and LTspice 1V respectfully. Models’ limitations
proved to be significant, and they cannot be used to model the remagnetization processes of
MagAmp switch accurately [2].

As the shape of magnetic hysteresis loop resembles a sigmoid function, numerous
mathematical models are based upon it [22]. Alike Jilles-Atherton and John Chan models, other
sigmoid-based models feature numerical complexity of their parameters extraction. As a rule,
after the values of the coefficients (parameters) of such a model are calculated, they need to be
readjusted to fit the particular hysteresis curve. This would make usage of their integration into
a CAD programme extremely inconvenient for engineering applications.

Alternatively, the MagAmp equivalent circuit approach is used [23, 24]. It allows
avoiding the integration of complex magnetic hysteresis models into CAD programmes. The
MagAmp switch is modeled with discrete electric components. Their nominal values have to
be readjusted each time any of the power converter’s parameters changes, and that’s a
cumbersome time-consuming task.

The objective of the work is development of a new mathematical model which would
allow MagAmp switch computer simulation in a CAD programme for electric circuits design
without necessary further readjustment of the model’s parameters.
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Considering the principles of operation of DC power converter based on MagAmp [3],
there are the following requirements for MagAmp mathematical model for its computer
simulation:

- it should work in power-width modulation mode (PWM);

- inafrequency domain it should have the same transfer function as the real MagAmp,
that is a non-inertial element with a delay for a half-period of the switching frequency;

- all real power relations between all functional elements should be maintained even
when working under the influence of all distortion factors;

- operation modes of all circuit components shouldn’t be affected in any way.

It is important that the model parameters are specified in a datasheet.

Statement of the task. To develop a new model of MagAmp switch, which is based on
a function that can be generated using digital technology. To investigate suitability of the digital
generator of sine waveform, consisting of discrete digital components, for MagAmp switch
modeling.

The suggested mathematical model. Every mathematical model is characterized by its
structure and parameters. For instance, the structure of Jiles-Atherton and John Chan magnetic
hysteresis models is based on a sigmoid function, which is a second-order system. Its
coefficients are set as variables that depend on parameters characterizing the physical nature of
remagnetization processes.

To solve a problem of integration of a model of a component with magnetic hysteresis
into the CAD programme for electric circuits’ simulation, the article proposes a new model of
MagAmp switch which is based on a function that can be generated using digital technology.
Here, as a model structure, it is suggested to use one of the most widespread second-order
systems. Such system is derived with difference second-order equation that in time domain
is [25]:

b29n—2 +blgn—l +0n=Yn, (2)

where n£ nTq, Tq — period of discretization, n=0,1,2,3,.... , On-1, gn-2 — beginning conditions.
The resolution of equation (2) is represented by schema [25]:

D2
X
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Figure 1. Scheme of the system is a second-order difference equation digital solver, where: X' — adder-
accumulator; Z**— delay of n-th sample at discretization period Tq (in frequency domain Z-*=g>=7d);
b2=-r?, b1=2rcos(w Ty)

;Zlgn

When 0<b:<1 and 1<h»<2, it is the second order (pass-band) filter. For a sine function,
when b, equals to 1, y»=0 the system becomes a generator of frequency w/2n. The digital
generator of sine waveform, consisting of discrete digital components, suggested for modeling
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the MagAmp switch, is described in [26]. It is a prototype of the structure of the proposed
model. Although the primary purpose of such structure is sine waveform generation, here it is
suggested to use it as a digital computational model for MagAmp voltage and current. With
certain values of by and b coefficients, it can model MagAmp switch nonlinear properties:

. Hn=Hmin'Hmin+2Hc’Bn=Bmin’
gn+1>gn' - (3)
H,=H,,+2H,H,_..B, =ksin(22fnT, + ¢,),
Hn = Hmax' Hmax _ZHC’ Bn = Bmax’
gn+1<gn: - (4)
H,=H,,—-2H. H,,.B, =ksin(22fnT, + ¢,),

where n=1,N — index of digital codes of electromagnetic variables, another denotations are
digital codes of appropriate (corresponding) constants. Hmin, Hmax are minimum and maximum
values of strength of magnetic field respectfully. Hc is a coercive force. Bmin, Bmax are minimum
and maximum values of magnetic induction respectfully. For more simplicity, the current
model suggests that saturation magnetic induction Bs =Bmax, While in real physical systems Bmax
usually is magnetic induction value at H=5H. [15].

Since the filter is realized with discrete digital components, it can be easily modeled in
any CAD system for electric circuits design with no additional integrations required. Moreover,
digital nature of the model eliminates difficulties with modeling of high-frequency magnetic
fields. Actual MagAmp switches often work with high currents (even over 10A). Although no
real digital component is able to operate at such current, the digital filter CAD model parameters
can be easily scaled to represent real-life values.

Analysis of experimental results. To record an experimental MagAmp hysteresis loop
the evaluation board with the electric circuit shown in Fig. 3 was used:

XFG1 Ms Xscl
= 3¢ R2
i e 3 E %10'(0 Ext Trig
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Figure 2. Scheme of the electric circuit used for magnetic induction B and strength of magnetic field H
measurement

It consists of: a) a generator G3-109 (XFGy, load resistance r,, =5Q, 50Q, 600 or 5kQ;

here f=50 kHz) of sinusoidal voltage V¢, MagAmp switch MS (whose magnetic core is made
of amorphous Co-based soft magnetic material), resistor Ri; b) the R2Cy integrator (which
allows to measure the signals at higher frequencies without additional filters or signal
processing algorithms) [27]. ATTEN 100 MHz oscilloscope (XSC1) has been used for
measurements.

According to the total current law [14]
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1=, ©)

where H is the strength of the magnetic field, N is the number of MagAmp winding turns (here
the number of turns of primary and secondary MagAmp windings is equal: N, =N, =N ), lis
the length of magnetic path, calculated as

oz - (ow =)
| =27 [rout 2 j (6)

r. and r, are the outer and inner radii of the MagAmp core.
Using (5) and (6), we can derive strength of magnetic field H :

Vepa - N
H = chA .

The voltage Vcns of oscilloscope is related to the voltage across MagAmp switch
vV [27]:

1

t
Vs =—|V(t)dt. 8
= VO (8)
According to Faraday’s law [27]
do dB
V=—: Ny=—-5N
dt 2 dt 2 ©)

where B is magnetic induction, S is the cross section area of MagAmp saturable core.

Since digital oscilloscope gives us a discrete signal, which is a sequence of voltage
values at certain moments of time (a set of data points), we can derive magnetic induction value
at each moment of time from equations (8) and (9)

V,,-RC
SN,

B= (10)

Fig. 3(a) shows the experimental data— MagAmp current (5) versus integrator
voltage (9) which were used to derive MagAmp characteristic B (H), (7, 10), Fig. 3 (b).
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Figure 3. Hysteresis loop measurement: a) raw data measured with oscilloscope (assemble with 10 loops); b) the
estimation of mathematical expectation of B (H) loop

Analysis of simulation results. The suggested MagAmp switch model (3, 4) has been
integrated into Matlab CAD environment (Fig. 4). The H, B axes values on Fig. 4 are given in
conditional units (c. u.), which are obtained by scaling the results of formulas (2, 3, 4) to the
result (Fig. 3, b) of the experiment. Magnetic field strength H and induction B values which are
presented on Fig. 4, depend on the oscilloscope (XSCi, Fig. 2) period of discretization T,
frequency of the generator (XFGy, Fig. 2), and, of course, parameters in expressions (7, 10).
Ratio of the oscilloscope and generator frequencies will give us the number of data points
recorded during one period (represented along H axes). Conditional units of magnetic induction
B correspond directly to its value measured in teslas (T).
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Figure 4. The digital model (3, 4) of MagAmp hysteresis loop

The absolute error (¢ <0.144 T) and mean squared deviation between modeled and
experimental data (6=0.0706 T) have been calculated. Comparison of obtained simulation
results and mean experimental results over one period of switching frequency is represented
with Fig. 5-7. Similarly to the figures above, the magnetic induction and time axes are measured
in conditional units (c. u.). Time c. u. depend directly on the oscilloscope discretization
frequency, and generator frequency. Ratio of these frequencies will give us the number of data
points recorded during one period (represented along Time axes). Conditional units of magnetic
induction B correspond directly to its value measured in teslas (T).
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Figure 5. Modeled magnetic induction waveform, mean experimental magnetic induction B, and mean-squared
deviation ¢ between experimental and modeled data
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Figure 6. Modeled magnetic induction waveform versus mean experimental MagAmp magnetic induction
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Figure 7. Mean experimental MagAmp magnetic induction B and mean-squared deviation ¢ between it and
modeled data
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Conclusions. New MagAmp switch model (3, 4) has been integrated into CAD
environment for electric circuits. Since the model is based on a function that can be generated
using digital technology, the model’s structure has been realized with discrete digital
components. This has allowed modeling the electric circuit with MagAmp switch in a single
CAD system for electric circuits with no additional integrations required, instead of using
separate CAD environments for electric and magnetic components modeling. Complexity of
the MagAmp switch model algorithm in CAD for electric circuits was decreased from

N?(4log, N +1) for the elliptical second-order polynomial Poisson equation (1) used in

ELCUT to «N for a system of linear first-order polynomial equations (3, 4). Due to the
integration of the model and its decreased complexity, the complete machine time of MagAmp
switch computer aided design has been decreased significantly.

The other advantages of the suggested model are the following:

a) its parameters (Hc and Bmax) can be found in MagAmp core’s datasheet;

b) model processes MagAmp input voltage and current signals, working as a digital
filter, thus model parameters do not require readjustment when parameters of the electric circuit
where the model is used change;

c) digital nature of the model eliminates difficulties with modeling of high-frequency
magnetic fields;

d) the output of the model provides electrical engineer with MagAmp switch current
and voltage waveforms and its B(H) characteristic (when the output of model (1) is a set of
magnetic potentials that needs to be preprocessed to be informative for electrical engineer).

The experimental electric circuit with MagAmp switch was built and tested. The
absolute error € and mean squared deviation o between modeled and experimental data can be
significantly decreased by taking into account the slope of magnetic induction waveform, where
it was assumed that B, =B_,, (3) and B, =B, (4). To improve the modeling accuracy we can

use B, =kx function, where k is proportional to (B, — B, ). B, is remnant magnetic induction.

min
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IHTEI'PAIIIA MOJEJII CUJIOBOI'O KJIFOYA HA OCHOBI
MATHITHOTI'O HIACUJIIOBAYA B CUCTEMY
ABTOMATHU30BAHOI'O ITPOEKTYBAHHS IEPETBOPIOBAYIB
EJIEKTPOEHEPTII

AnHa fcbkiB; boraan SIBopcbkmii

Tepnoninbcokuu HayionanrbHuu mexHivHuu ynigepcumem imeni leana Ilynios,
Tepnonins, Yrkpaina

Pe3tome. 3azsuuail y ddcepenax emopunHozo erekmpocusnenus (ABEXX) komymayiiny ma pezynowouy
@yuryii suKonyOms HANieNPoGioHUK08i komnonenmu. OOHAK 60HU He MOICYMb 3ab6e3neuumu UCOKy AKICMb
BUXIOHUX XApaKMepucmux y 6a2amoKananbHux odcepenax scuenenus ma 6 JBEXX i3 eucokum pienem cmpymy
HasawmasiceHHA. B maxux eunadkax sk cunosi Knoui BUKOPUCIOBYIONb BUCOKOYACTOMHI MACHIMHI NiOCUTIO8AYL
(BMII) na ocnosi amop@uux macHimom AKuUX CHAAGi6 3 NpAMOKYmMHOI nemnelo cicmepe3sucy. Pospobnenns
nepemeopiosayie enekmpoerepeii Ha ocnoei BMII ne € nosuicmio asmomamuszoeanum. BMII € macnimnum
KOMAROHEHMOM 3 HemiHitHumu eracmugocmamu. Cucmemu asmomamusosanoeo npoexkmysauts (CAIIP) ons
KOMNA 10OmepHo20 iMImayitiHo20 MOOe0BAHHS eeKMPUYHUX Kill He NPU3HAadeHi OJid pO3PAXYHKIE8 MASHIMHUX NOJI8
ma npayoiomo 3 OUCKPEMHUMU eNeKMPULHUMU KOMNOHeHmamu. Icnye npobaema inmeepayii mooeni komnonenma
3 MacHimuum eicmepesucom y bioniomexy mooenei CAIIP. Kpim moeo, docums CKIaOHO OYiHUMU ONMUMANbHL
napamempu maxko2o KOMNOHeHma. Y cmammi 3anponoHo8ano HOGY MAmMemMamuiry Moo0eib CUlIo8020 Kuo4d Ha
ocnosi BMII, wo 1pynmyemvca na @yukyii, aKy MOdICHA 2eHepy8amu 3 OONOMO20I0 YUPPOBUX MeXHON02Il.
Hocniooceno yugposuii cenepamop cumyca, wjo CKIAOAEMbCA 3 YUPPOBUX OUCKPEMHUX KOMNHEHMIE Ol
MOOeno8ants cuno6o20 Kuoda Ha ochosi BMII. 3anpononosany mamemamuuny mMooeib CULOB020 KMOYd HA
ocnosi BMII inmezposarno y CAIIP. Ilpogedeno komn tomepHe imimayiiine MOOENOBAHHS eIeKMPUYHO20 KOd,
wo micmumos BMII. Po3paxosano abcontommny noxubky ma cepeoHboKeaopamuine 8i0XuieHHs Mooeii npoyecie
nepemacnivennss BMII 'y nopienanui 3 eKcCnepumenmanbHo ompumanumu Oanumu. Taxka uacmkoea
asmomamu3ayis npoyecy po3poONeHHs 8UCOKOYACMOMHUX Nepemeoposayis erekmpoenepeii Ha ocnogi BMIT
CYMMEBO 3MEHWUMb 1020 CKAAOHICMb, MPUBANicmy i 6apmicmv, a MAKOJC CHPUAMUME PO36UMKOBI HOGUX
CXeMOMEXHIYHUX PIULCHD.

Kniwouoei cnosa: mamemamuuna mooens, ko Ha 0cHO8L maznimuozo niocunosaua, CAIIP, maznimuui
2icmepesuc, Komn romepre imimayiine MoOen08aAHHS.
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