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Abstract: The current paper features a problem of high-frequency MagAmp switch modeling for computer aided
design programmes to enable MagAmp power converters design automation. A new mathematical model of MagAmp
switch B-H characteristic is presented. An algorithm of its computer integration is described. Dependence of B-H
characteristic on switching frequency is investigated for two configurations of MagAmp switches with cores of
amorphous Co-based alloy with rectangular hysteresis loop. The simulation results are obtained, and maximum
modeling error is calculated.
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1. Introduction

High-frequency MagAmp switches are used in pulse power converters when it is necessary to provide high
reliability, efficiency, high level of dynamic characteristics [1,2]. They do not require complicated control circuits,
PWM controllers, input rectifiers, leading to simpler power supplies’ topologies, smaller number of components, mass
and dimensions, and, consequently, reduced price of the device along with its increased reliability and efficiency. Such
power converters are widely used in aviation, biomedical, space, lighting engineering, communications and IT,
transport systems, etc. [3-6].

MagAmp switch consists of a core made of soft magnetic material with relatively square B-H characteristic,
winding around it, and is supplemented with a diode to block applied voltage when necessary [7]. If MagAmp switch
configuration turns out to be wrong for the required power supply specification, it has to be soldered out and formed
again as a component with adjusted number of winds around the core, leading to increased power converter design time
complexity. The automation of power supplies design is achieved with computer aided design (CAD) programmes for
electric circuits. However, such computer simulation is based on the discrete parameters of electric circuits such as
currents and voltages, and is not suitable for modeling of magnetic fields and nonlinear magnetic components. That is
why there is a problem of creation of MagAmp switch model suitable for its integration into a library of components of
CAD programmes for electric circuits.

Nowadays there are CAD programmes for modeling solely magnetic fields [8-10]. There are integrations of Jiles-
Atherton [11] and John Chan [12] models of magnetic hysteresis into pSim and LTspice environments respectfully, but
they are suitable only for modeling MagAmp linear operation mode [13]. Preisach model of magnetic hysteresis [14]
and artificial neural networks [15,16] feature high computational complexity and require integration into CAD
programmes for electric circuits. The integration of analytical hysteresis model by A. Nicolaide into LabWiev software
[17,18] is developed only for magnetic fields investigation and cannot be used for electric circuits design automation.
MagAmp switch equivalent circuits have been developed [19] however, their parameters need to be calculated for each
specific topology.

2.Proposed mathematical model of MagAmp switch B-H characteristic

Since MagAmp switching properties are defined by its B-H characteristic, it’s crucial to develop its mathematical
model that will be possible to integrate into CAD programmes. The hysteresis loop was split into 4 parts corresponding
to different stages of MagAmp switching cycle (fig.1). It was decided to represent the steep parts with fragments of a
sinusoidal function, since each CAD programme for electric circuits has a model of digital generator of sine waveforms
in their components library [20]. However, digital generators of sinusoidal waveforms are not capable of recursive
signal generation. It means, that they cannot be used to model the downward branch of B-H characteristic.

A microcontroller model can be programmed in the required way, also having an advantage of already inbuilt
analogue-to-digital and digital-to analogue converters [20].
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Fig. 1. Schematic diagram of MagAmp switch B-H characteristic, and the points that are crucial for its modeling

The curves that represent MagAmp core magnetization (parts 1-2, 2-3) and demagnetization (parts 3-4, 4-1)
process can be mathematically described in the following way:

1—2:{gn B gnil’ Hn = Hmin1Hmin +2HC’BH = Bmin’ (1)
gn :Bmin;
2-3:0,>0,4 H, =H_,, +2H.,H,,. B, =ksin(22inT, +¢,), (2)
3—4:{9“29“’ H,=H,,H. —2H.,B,=B_,, 3)
9, =B
4-1:9,<9, H, =H_, —2H.,H_, B, =ksin(22nT, +¢,), (4)

where g is a generated digital code that corresponds to a point on B-H characteristic. n =1, N — index of digital codes
of electromagnetic variables, the other denotations are digital codes of corresponding constants. Hmin, Hmax are minimum
and maximum values of strength of magnetic field respectfully. H¢ is a coercive force. Bmin, Bmax are minimum and
maximum values of magnetic induction respectfully. k is the amplitude of the waveform, for the full hysteresis loop
k=Bmax. 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. [20].

(1-4) constitute the mathematical model of MagAmp B-H characteristic. Saturation magnetic inductance Bsand
coercive force H. are its input parameters. They are the main magnetic characteristics of MagAmp cores and can be
found in any MagAmp datasheet.

3.B-H characteristic mathematical model computer implementation algorithm
An algorithm of computer implementation of the proposed mathematical model is described below.

1. The codes corresponding to the values of constants and parameters necessary for the realization of computer
model of MagAmp switch B-H characteristic are entered into the microcontroller’s memory registers. They
are =, own frequency of the digital generator of sinusoidal signals f; discretization frequency F (it equals to the
discretization frequency of the signals within a particular electric circuits computer-aided design (CAD)
programme); coefficient that determins the beginning phase beg of the waveform of sinusoidal signals digital
generator. The user indicates the saturation induction Bs and coercive force H¢ values.

2. The output model parameters are calculated with the following equations:

The step of discretization

180



ICAA { T2021 INTERNATIONAL CONFERENCE ADVANCED APPLIED ENERGY and

December, 15-17, 2021,Ternopil, Ukraine |NFORMAT|ON TECH NOLOG'ES 2021
f
Teta = 27Z'E : ®)
the beginning phase of the waveform
Tetab = beg - Teta ; (6)
coefficient of the digital generator of sinusoidal signals
f
b=2. COS(Z?Z'E) : 7
the number of points within a half period of the sine waveform
F
Kex =5 (8)
max 2 f
the maximum value of coercive force
Hoo = He + H(K, ) 9)
the minimum value of coercive force
Hmin :H(kl)_Z'Hc; (10)
3. Initial conditions for the digital generator of sinusoidal signals are set
GO =sinTetab
(11)

Gl=sin(Tetab + Teta)

4. The two sequently generated code values (points on the sine waveform) gn-1 and gn are compared

a.

If gn > gn-1 then, taking into account the initial conditions for the digital generator of sinusoidal signals
(), a point on the upward part of the sine waveform is digitally generated. This point belongs to a
model of a part of B-H characteristic that corresponds to the MagAmp switch transition to conductive
state (MagAmp saturation):

for k=1:Nmax

GF(k)=G0;

GS(k)=G1;

G=b*G0-G1;

G1=Go0;

G0=G;

H(k)=n;

B(k)=G;

If gn < gn-1 then a point is generated on downward part of the sine waveform which represents a part of
B-H characteristic corresponding for MagAmp switch transition from on-state to off-state (from
conductive to nonconductive state). Recursive computation is used here:

for k=1:Nmax

GF(k)=G0;

GS(k)=G1;

MO=GF(Nmax+1-Nn);

M1=GS(Nmax+1-N);

M=b*M0-M1;

H(k)=n;

B(k)=M;

When three subsequently generated codes of points on MagAmp switch B-H characteristic are equal
Un = On-1, On-1= On-2 then they are compared to the code of saturation inductance value By .

i. If gn<-Bsthen a code value is generated which corresponds to a point on lower horizontal part of
MagAmp B-H characteristic, which represents MaAmp switch off-state (nonconductive state):
Hn:Hmin. .. Hmin+2Hc
Bn=-B:s;

ii. If gn>Bs then a code value is generated which corresponds to a point on upper horizontal part of
MagAmp B-H characteristic, which represents MaAmp switch on-state (conductive state):
Hn:HmaX. . HmaX'ZHC
Bn:BS.
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The block-scheme of the algorithm of high-frequency MagAmp switch B-H characteristic computer model is

shown in figure 2.
C Start )

Parameters initialization: Bs, Hc
Defined automatically: f, F, beg, =

A 4

Calculation of input parameters:
Teta=2* z* f/F

Tetab= beg*Teta

b=2*cos(2* =* f/F)
Kmax=F/(2*f)

Hmax= HC+H(kma><)

Hmin: H(kl)'z* Hc

Initial conditions:

GO=sinTetab
Gl=sin(Tetab+Teta)

+
\ 4 \4
for k=1:Nmax for k=1:Nmax
GF(k)=G0; GF(k)=G0; gn<-Bs -
GS(k)=G1,; GS(k)=G1,;
G=b*G0-G1, MO=GF(Nmax+1-n); v v
G].:GO, Ml:GS(nmaxﬂ_'n); >B
GO=G: M=b*MO-M1; Gn=DBs
H(k)=n; H(K)=n; _
B(K)=G; B(K)=M; H=Hunin, Hint2He Hi=Hmax, Hma-2He
, Bn=-Bs; Bn=Bs;

| 1 [ ]

Fig. 2. Block-scheme of the algorithm of high-frequency MagAmp switch B-H characteristic computer model

4. Investigation of modeling capabilities of MagAmp switch B-H characteristic frequency dependence
The results of experimental investigation of MagAmp switch (with parameters: k=0,9997, doui=16 MM, din=7 MM,

h=5 mm, N=10) B-H characteristic dependence on the switching frequency are presented on fig.3. Tektronix TDS 1002
oscilloscope with discretization frequency of 60MHz was used.
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a) MagAmp switch waveforms and B-H characteristic at switching frequency f=10kHz

b) MagAmp switch waveforms and B-H characteristic at switching frequency f=50kHz

¢) MagAmp switch waveforms and B-H characteristic at switching frequency f=100kHz

Fig. 3. Dependence of B-H characteristic on the frequency of MagAmp switch with the following parameters:
k=0,9997, dou=16 MM, din=7 mm, h=5 mm, N=10

The results of experimental investigation of MagAmp switch (with parameters: k,=0,9997, dou=27 mm, din=18
mm, h=12 mm, N=10) B-H characteristic dependence on the switching frequency are presented below.
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a) MagAmp switch waveforms and B-H characteristic at switching frequency f=10kHz

b) MagAmp switch waveforms and B-H characteristic at switching frequency f=50kHz

¢) MagAmp switch waveforms and B-H characteristic at switching frequency f=100kHz

Fig. 4. Dependence of B-H characteristic on the frequency of MagAmp switch with the following parameters:
k=0,9997, dou=27 MM, din=18 mm, h=12 mm, N=10

The experimental results (fig. 3,4) prove that in both cases for the same MagAmp switch B-H characteristic
changes depending on the switching frequency: the higher the frequency is, the wider is thehysteresis loop.

Change of the model’s input parameters (coercive force, frequency of the generator, discretization frequency,
beginning phase of the waveform, and the number of points needed to be generated) provides the regulation of
steepness (fig. 5. a)) and width (fig. 5. b)) of the modelled hysteresis loop.
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Fig. 5. Computer realization of the mathematical model of B-H characteristic: a) dependence of the steepness of

Coercive force H, c.u.

B-H characteristic model on the change of the ratio of discretization frequency F to the own frequency of the generator
f; b) models of B-H characteristics with different values of coercive force H

The H, B axes values on Fig. 5 are given in conditional units (c. u.). Ratio of the oscilloscope and generator

frequencies equals to the number of data points generated during one period (represented along H axes).

The calculated error of B-H characteristic modeling is <17,2%, which is smaller than the error of known

magnetic hysteresis models, and can be further decreased by taking into account the slope of nearly horizontal parts of
the loop (1-2 and 3-4, fig.1).

5.Conclusions
The use of basic digital components for the computer realization of proposed B-H characteristic mathematical

model allows its integration in any CAD programme for electric circuits without any additional integrations.

The time complexity of the proposed model of MagAmp switch B-H characteristic is decreased, compared to

A. Nicolaide’s analytic model of magnetic hysteresis [17,18] which features a somewhat similar structure, however, the
number of model’s segments was decreased from 6 to 4. Moreover, A.Nicolaide’s model is not suitable for power
converters design automation, since its LabView integration [18] deals with magnetic fields only.

All input parameters of the proposed model are easy to find in any MagAmp datasheet, which eliminates an

existing problem of parameters extraction for known models.
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