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Abstract

The Hook-Jeeves method was used as a basis for the development of a magnetic system mathe-
matical model suitable for carrying out engineering and optimization design calculations. It provides
minimum expenditure for preparation of initial data, acceptable counting time and automatic con-
vergence at a large interval of input parameter variation. The proposed model also enables highly
accurate calculation of nonlinear equation systems describing complex nonlinear magnetic circuits. It
is demonstrated that this approach can be used for the creation of design methods for direct current
electric devices, in particular, electromagnetic separators.
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Povzetek

Hook-Jeeves metoda je bila uporabljena kot podlaga pri razvoju matematicnega modela
magnetnega sistema, primernega za izvedbo inZenirskih izraCunov in optimizacije pri nacrtovanju.
Zagotavlja minimalne izdatke pri pripravi zacetnih podatkov, sprejemljivega casa Stetja in
avtomatsko konvergenco v velikem intervalu variacij vhodnih parametrov. Predlagani model
omogoca pridobivanje visoko natancnih izracunov sistemov nelinearnih enacb, ki opisujejo
zapletena nelinearna magnetna vezja. Predstavljen pristop je mozno uporabiti pri oblikovanju
metod za nacrtovanje elektricnih naprav na enosmerni elektri¢ni tok, zlasti elektromagnetnih
locevalnikov.

1 INTRODUCTION

The determination of flux distribution and optimization of magnetic loads in magnetic circuits of
various electric devices are carried out on the basis of the calculation of their magnetic systems.
The lumped element method is one such calculation method commonly used in engineering, [1].
According to this method, the whole magnetic field is divided into local areas, and the magnetic
circuit is divided into a number of sections, and the magnetic circuit device with distributed
parameters is substituted by an equivalent complex branched electric circuit with lumped
nonlinear parameters. This circuit consists of £ nodes, [ branches. It is known that, to describe
this circuit, (k - 1) independent equations can be formulated according to Kirchhoff’s first law for

the magnetic circuit and (l —k+ 1) equations according to Kirchhoff’s second law.

However, application of conventional numerical methods (e.g. Seidel’s method, Newton’s
method, etc.), based on relevant iteration processes for the solution of nonlinear equation
systems describing electric device equivalent magnetic systems [1], is hampered by a number of
challenges. First, the preparation of initial data is laborious: the necessity for the formulation of
a Jacobian matrix according to partial derivatives for all the equations in the system; the necessity
for assignment of the vector of initial values of the required flux, etc. Second, possible failure of
meeting the condition of the iteration process convergence because of the high degree of
nonlinearity of the system. Moreover, particular difficulties in the practical realization of these
methods are related to the presentation of the solved system as a certain function in a
multidimensional space.

2 THEORETICAL OUTLINE

The purpose of this paper consists in the creation of a magnetic system mathematical model
suitable for carrying out engineering and design calculations. Furthermore, it must guarantee
minimum expenditure for the preparation of initial data, acceptable counting time, and
automatic convergence at a large interval of input parameters and, at the same time, be
sufficiently accurate.

The basis of this mathematical model can be presented by a system of nonlinear algebraic
equations written according to Kirchhoff laws. It should describe the equivalent magnetic circuit
created by the section method. Such an equation system can be transformed into a mathematical
model of multi-criteria parametric optimization, [2].
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min{f, (¥). f,(%)..... /. ()},

where each of the equations in the system will represent a separate objective function

fiiR" >R.

In a general case, equations written according to Kirchhoff’s first and second laws for the
magnetic circuit

> @, =0, YU, =>F,
k=1 =1

cannot be used as objective functions, because it cannot be stated that they are restricted from
—k
below and it is possible to find a solution vector that will provide the minimum value f(x ) of

the given function f()?) (Fig. 1, solid line).

To guarantee meeting the requirements to the

objective functions within the limits of the

solution to the problem of parametric
A FAU optimization, the equation data are to be
. presented in the form:

fE=-20,  fE)=Xu -3

In this presentation, the equations for Kirchhor
first and second laws will be restricted from
below by zero at one point (Fig. 1, point A). T
point corresponds to the required solution of t
initial problem of calculation of flux distributior
the magnetic system.

(A 4

AU

{2274

Figure 1: Graphic presentation of magnetic A reworked — mathematical ~model  of
potential closure error in a flux function for ~ optimization is formed on the equation systet
a single-loop equivalent circuit (Kirchhoff ~ adequately describing the real magnetic systel

second law) and physical processes taking place in it. So,
can be stated that the vector of solution to th
problem X = (xl,xz,...,xn )T will belong to
non-empty set X € S .
Due to the same circumstance, it can also be stated that the vector objective function formed in

such a way is convex, and the mathematical model has one global optimum in which the solution
vector reflects the only real flux distribution in this magnetic system.

Eventually, the solution to the problem of multi-criteria optimization consists in the search for
objective variables (fluxes) vector, meeting the imposed constraints and optimizing the vector
function whose elements correspond to the objective functions (the equations of the system).
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To lower the degree of optimization of the mathematical model (reduction of the number of
objective variables and the number of objective functions), a convolution method, [3], can be
used. This method is based on the acceptance of initial values of several fluxes (fluxes-arguments)
with the following determination of all the others on the basis of equations of the solved problem.
In this case, the same number of equations written by Kirchhoff’s second law and included in the
system (characteristic equations of the system) remain unused in the process of convolution
during the determination of all the fluxes. Thus, it is these initially accepted fluxes-arguments that
will be the controlled parameters of optimization, and the characteristic equations will be
included into the vector objective function.

As all the objective functions in this problem statement will be of equal weight (the criteria are
homogeneous) and mutually “non-conflictive”, it is possible to perform scalarization of the vector
objective function by the method of weighted sum of criteria (MWSC), [4]

FIE) =k f;(F)+ .t ko £ (3).

with all the weight co-efficients equal to one and, thus, to reduce the problem to a one-criterion
problem of multidimensional parametric conditional optimization

% e X (¥')=min /(%),
where
X ={ig,(¥)<0,i=1,...mjc R".

In this case, to reduce the counting time, the acceptable set X can be restricted by zero from
below, as the initial equation system takes into account the real directions of the fluxes (negative
value corresponds to the opposite direction of the flux) and from above — by the fluxes values
calculated for the same equivalent circuit without taking into account the drop of magnetic
intensity at nonlinear elements (elements with steel).

The choice of the Hook-Jeeves method, [5], was because it refers to one-criterion methods of
multidimensional parametric optimization, requires only calculation of the objective function at
approximation points (direct method) and constraints meeting support is easily introduced into
its algorithm.

3 PROPOSED METHOD AND RESULTS

An equivalent circuit of a roll separator (Fig. 3a) was taken as a calculation equivalent circuit. It is
difficult for calculation due to its branched form, and the convergence of five fluxes at node 4
hampers the convolution process. Parameter values (permeances A; and magnetic potential

drops AU, ) of the magnetic circuit are assumed to be determined by formulas given in [6].

This equivalent circuit (Fig. 3b) is described by the system of equations (Fig. 2).
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Figure 2: The system of equations

The solution to the above-mentioned equation system concerning 17 unknown parameters is
rather difficult. Therefore, to decrease the number of the independent equations, the

convolution is used:

1) Flux q)a is used as the first flux-argument.

2) Circuit Il Flux @4 = A ~(§—AUCl) is determined.

3) Node 2. Flux @ ., =D, — D is found.
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- F : .
4) Circuit I Flux @ pp, = A ppy, -(E—AUC1 —-AU., —AU,,) is determined.
5) Node 3. Flux @ ,, =D, — D, is found.

- F O : :
6) Circuit Ill. Flux @, = A g, -(Z-i-A——AUP2 —AU,, —AU_,) is determined.
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Figure 3: Scheme of flux distribution (a), and equivalent circuit of a roll separator (b)
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Thus, fluxes ®p, and D gpare determined via the known value of flux-argument ®©; by
convolution of the equivalent circuit. To solve the equation for node 4 we have to assign two
more fluxes-arguments, for which purpose we choose fluxes q),,l and CI)D1 .

7)Node 4. Flux @, =D, — Dy, — D, — D, is found.

8) Node 5. Flux @, =D, + D, is determined

)
9) Circuit V. Flux @, = A, - (AU, + AU, +A—D1—AUN2) is determined
DI
. . CDSP .
10) Circuit IV. Flux @, = Ay - (—=—=AU ;) is found
sP

11) Node 7. Flux @, =D, + D, is found.
12) Node 6. Flux @ 3 =D, — D ,, — D, is found.

(DDZ

13) Circuit VIIL Flux @, = A5 - ( —AU,; + AU, ) is determined.

D2

14) Node 9. Flux @, =D, + @ . is found.

15) Node 8. Flux @, = D3 — D), is found.

Thus, we managed to determine the remaining 14 fluxes when the values of three fluxes-
arguments @, @, u O, were assumed. Now, the correctness of the assumed initial values

of fluxes is to be determined using Kirchhoff’s second law for independent closed circuits (that
did not take part in convolution). In this case, these are circuits VI, VII and IX (Fig. 3). The
characteristic equations of the system are of the form:

N D )
F(F) =L+ AU, + AU, ——LL— AU, |;
ATV D1

- o) 0

fz(x): W NN LAY
ANNV NNT

~ ) )

f3(x)= AU, 5 — -+ L3,
ANNT AD3

The scalar form of the objective function will be obtained on the basis of these characteristic
equations:
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which can be minimized by the Hook-Jeeves method in a 3D space of input-controlled parameters

(D, Dy and D).

The calculation results were analogous to those of [7], and the attained accuracy exceeds the
accuracies presented in Table 2, [7] for corresponding nodes and circuits.

4 CONCLUSIONS

The obtained results and positive experience make it possible to recommend the application of
this approach to the solution of nonlinear equation systems describing complex, branched
magnetic equivalent circuits. In turn, the absence of difficulties with the convergence of iteration
process of searching solutions to many fluxes-arguments also provides the possibility to abandon
simplification of the topology of equivalent circuits and to completely take into consideration the
real pattern of flux distribution. Hereafter, the authors will to verify the tempo of the solution of
such optimization problems by other methods of multidimensional optimization and use this
method in the generation of engineering methods for designing direct current electric devices, in
particular, electromagnetic separators.
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