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3-D Finite Element Analysis of
Claw-Poled Stepping Motor
Yoshihiro KAWASE, Tadashi YAMAGUCHIand YasunariMIZUNO
Department of Information Science, Gifu University, 1-1 Yanagido, Gifu, 501-1193,
Japan
Yoshikazu KOIKE
Applied Mechatronics Devices Laboratory, SEIKO EPSON, Co., Ltd., 3-3-5 owa,
Suwa-shi, Nagano, 392-8502, Japan
Abstract. Stepping motors are widely used for various electric
instruments. It is necessary for the optimum design to analyze the
magnetic field accurately. The 3-D finite element method with
edge elements taking into account the rotation of the rotor has
been applied to analyze the magnetic field of a claw-poled
stepping motor.
1

Introduction

Recently, stepping motors are widely used in the field of OA machine tools and
precision instruments such as printers of facsimiles because of easy control of the
accurate positioning. It is necessary for the optimum design of claw-poled stepping
motors to analyze the effects of the shape of the claw-pole on characteristics of the
cogging torque, the stiffness torque and the dynamic motion of the rotor. However, it is
difficult to know factors which effect on the characteristics of motors by experiment,
because shapes of these stepping motors are very complicated.
In this paper, we analyze a permanent magnet stepping motor with claw poles using
the 3-D finite element method taking into account the rotation of the armature.
Furthermore, we analyze the effect of shape of claw-pole on characteristics of the
cogging torque, the stiffness torque and the dynamic motion of the armature.
2

Analysis Method
2. /. Current Density Distribution Analysis

The distribution of the current density J in the coil of the motor is obtained by the
following equations[l],[2]:

rot — rot 7
o

= 0 , / = rotr

Tds = I
where T is the current vector potential, o is the conductivity and / is the current.

(1)
(2)

2.2. Magnetic Field A nalysis
The fundamental equation of the magnetic field using the 3-D finite element
method with edge elements can be written by the magnetic vector potential A as
follows [1],[2]:

rot(vroL4)= JQ + v 0 rotA/

(3)

where v is the reluctivity, Vo is the reluctivity of the vacuum, A/is the magnetization
of the permanent magnet and Jo is the exciting current density.
2.3. Coupled Analysis with Electric Circuit
The magnetic field excited from the voltage source should be calculated by
coupling the fundamental equation of the magnetic field and the equation of the electric
circuit connected to the voltage source as follows:
dt
where Vo is the applied voltage, R is the resistance of the exciting coil, /o is the exciting
% current and Vis the interlinkage flux of the exciting coil.
The exciting current 70 is represented using the exciting current density Jo as
follows:

where nc and 5C are the number of turns and the cross-sectional area of the coil
respectively, and ns is the unit vector along the direction of the exciting current.
2.4. Dynamic Step Response Analysis Taking into Account Rotation of Armature
The torque at each position of the armature is analyzed by the Maxwell stress tensor
method. The automatic mesh modification method is used according to the rotation
angle of the armature. The rotary motion of the armature is obtained by following
equation:

where Tm is the torque acting on the armature, / is the polar moment of inertia of the
armature, 9 is the rotation angle of the armature, D is the viscous damping coefficient
and 7/ is the torque for the load.
The matrix of the finite element method is solved by the ICCG method. The
Newton-Raphson iteration technique is used for the nonlinear calculation of the cores.
3.

Analyzed Model

Fig. 1 shows the analyzed model of a claw-poled stepping motor. This motor
consists of an armature and two stators. Each stator has a bobbin-wound coil and a
yoke with claw-poles. The armature consists of a shaft and a multi-polarized permanent
magnet. The armature has 12 pairs of poles. Therefore, 1/12 of whole region is

analyzed. Fig. 2 shows the shapes of claw-pole. The width of claw-pole in model B is
larger than that of model A. Fig. 3 shows the 3-D finite element meshes of the analyzed
model.
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Figure 1 : Analyzed model of claw-poled stepping motor.
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Figure 2 : Shapes of claw-pole.
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Figure 3 : 3-D finite element meshes of analyzed model
(model A, except coils and air).
4.
4.1.

Results and Discussion
Magnetizing Process Analysis

This motor has an anisotropic permanent magnet. It is important to know the
directions of magnetization vectors M of the permanent magnet accurately. Then, we
analyzed the directions of magnetization vectors M of the anisotropic permanent
magnet taking into account magnetizing process[3]. Fig. 4 shows the calculated results

of the magnetization vectors M in the permanent magnet taking into account the
magnetization process. The magnetization of the permanent magnet is 0.68 T.

Figure 4 : Distribution of magnetization vectors M in permanent magnet.
4.2.

Analysis of Cogging Torque Characteristics

The cogging torque characteristics of the stepping motor are calculated when the
rotation angle of the armature is from 0 degree to 30 degree without the exciting
current.
Figs. 5 and 6 show the flux density contour and flux density vectors in the yokes of
model A and B respectively when the rotation angle of the armature is 0 degree. From
these figures, it is found that the flux density of the lower section is larger than that of
the upper one,
Fig. 7 shows the effects of shape of claw-pole on the cogging torque. From this
figure, it is found that the cycles of the cogging torque of model A and B are 15 and 7.5
degrees, respectively.
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Figure 5 : Distributions of flux density at cogging torque analysis (model A).
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Figure 6 : Distributions of flux density at cogging torque analysis (model A).

Figure 7 : Effects of shapes of claw-pole on cogging torque.
4.3.

Analysis of Stiffness Torque Characteristics

The stiffness torques are calculated when the rotation angle of the armature is from
0 degree to 30 degree with the exciting current. The 2 kinds of stiffness torques are
calculated under the conditions as shown in Fig. 8. The stepping motor rotates by
changing the direction of the exciting currents from state I to state II. The exciting
current is 0.5 A, and the number of turns of the coil is 340.

(ii) state II
(a) 2-phase excitation

(i) state I

(ii) state II

(b) 1-phase excitation

Figure 8 : Directions of exciting currents.

Fig. 9 shows the flux density contour and flux density vectors in the yokes of model
B in the 2-phase excitation when the rotation angle of the armature is 3.75 degree. Fig.
10 shows the flux density contour and flux density vectors in the yokes of model B in
the 1-phase excitation when the rotation angle of the armature is 7.5 degree.
Figs. 11 and 12 show the waveforms of the stiffness torque in the 2-phase and the
1-phase excitation, respectively. From these figures, it is found that the cycles of the
stiffness torques are 30 degree and the phase shift is 7.5 degree between the state I and
state II. It is also found that the phase shift is 3.75 degree between the 2-phase
excitation and the 1-phase excitation. From these figures, it is also found that the
waveform of model A is similar to that of model B.
From Fig. 12, in the case of the 1-phase excitation, it is found that the waveform of
the stiffness torque has two equilibrium positions near the rotation angle = 7.5 degree
and the equilibrium positions are 5 and 10 degree as shown in Fig. 12. If there are two
equilibrium positions in the stiffness torque, the rotor can stand still at both equilibrium
positions. Therefore, the 1-phase excitation is unsuitable for this motor.
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Figure 9 : Distributions of flux density at stiffness torque analysis in 2-phase
excitation (model B).
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Figure 10 : Distributions of flux density at stiffness torque analysis in 1-phase
excitation (model B).
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Figure 11 : Waveforms of stiffness torque in 2-phase excitation.
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Figure 12 : Waveforms of stiffness torque in 1-phase excitation.

4.4.

Analysis of Dynamic Step Response Characteristics

The dynamic step response is calculated in the 2-phase excitation. In order to keep
the position of the armature, first of all, a square pulse voltage in the state I is applied
to the coil for 10 ms, and then, a square pulse voltage in the state II is applied to the
coil. We assumed the analyzed condition as shown in Table I. The start position of the
armature in the 2-phase excitation is -3.75 degree, because that is equilibrium position
of the stiffness torque in the state I.
Fig. 13 shows the dynamic step response in the 2-phase excitation. From this figure,
it is found that it takes about 15 ms to move from first to second equilibrium position.
From this figure, in the 2-phase excitation, it is found that the armature is stabilized
when the rotation angle is 3.75 degree and the periodic angle is 7.5 degree. From this
figure, it is also found that the dynamic step responses are similar to each other. Table
II shows the discretization data and CPU time.

input voltage
resistance of coil
turn of coil
moment of inertia
Viscous damping coefficient
dynamic friction torque
static friction torque
time interval At of the step-by-step method

Table I: Analyzed condition.
5.12 V

10.4 n
340 turn
2.26 10"6Nms2
2.33* 10-5
6.75*10" 4 N
20.15xl0- 4 N
1.0 ms

4.0 r equilibrium position

40
time t[ms]
model A
model B

Figure 13 : Dynamic step response in 2-phase excitation.
Table II : Discretization data and CPU time (Model B).
number of elements
404,892
number of nodes
71,863
number of edges
485,300
number of unknowns
467,290
average number of non-linear iterations
9.3
number of time steps
41
total CPU time [hours]
103.9
Computer used : Pentium III 850 MHz PC
5.

Conclusions

It is clarified that the effects of the shape of claw-pole on the characteristics of the
cogging torque, the stiffness torque and the dynamic motion of the rotor using the 3-D
finite element method, taking into account the motion equation of the armature. It is
clarified that the cogging torque is affected by the shapes of claw-pole. In the analysis
of the stiffness torque characteristics, it is clarified that the 1-phase excitation is
unsuitable for this motor. In the analysis of the dynamic step response characteristics, it
is clarified that it takes about 15 ms to move one step angle without overshoot for this
condition.
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Speed-up for 3D Finite Element Analysis by
Using Multigird Method
Ryutaro Tokuda, So Noguchi, Hideo Yamashita,
Hiroshima University, Kagamiyama 1-4-1, Higashihiroshima, Japan
Vlatko CingoskiElectric Power Company of Macedonia, 11 October, 9, 1000,
Skopje, Macedonia
Abstract. In this paper, the efficiency of the multigrid method for
electromagnetic field computations is presented. We apply the
multigrid method to nodal and edge finite element analyses. A
comparison of the computational time between the multigrid
method and the ICCG method, which is commonly used a
solution method in the finite element analysis, is also presented. It
is obvious that the efficiency of the multigrid methods is better
than that of the ICCG method especially for solving larger
systems of equations.
1.

Introduction

Recently, with the tremendous developments in the computer software and
hardware technology a large-scale simulation is feasible. But, it needs a long
computation time because we have to solve a large system of equations. Therefore, we
need to shorten the computation time in order to solve a large system of equations for
which various techniques have already been proposed. Among them, the multigrid
method that is a fast solution method for a large system of equations is the most
promising.
In finite element analysis, a nodal finite element has been traditionally used.
Naturally, the multigrid method was initially developed for the nodal finite element
analysis [l]-[4]. Recently, an edge finite element method is widely used for
electromagnetic analysis because of its good computational properties. Respectively,
we applied the multigrid method not only to a nodal finite element method but also for
an edge finite element method. In this paper, we applied the mutigrid method to the 3D
magnetostatic problems, and investigated its efficiency. The convergence criterion was
set to 10"6 for all analysis cases. For the analyses, we used a personal computer with
Alpha processor CPU (21164A, 633MHz).
2.

Multigrid Method

In analysis using the multigrid solution method, it is necessary to prepare several
meshes with different mesh densities. The stationary iterative methods (e.g. GaussSeidel method) can eliminate the high frequency components of an error in several
iteration steps, but it requires many iteration steps to eliminate the low frequency
components of the same error. This process causes very slow convergence of the
iteration process. On the other hand, in the multigrid method, the high frequency
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components of an error are eliminated on the finer mesh, and the low frequency error
components are eliminated on the coarser mesh. This procedure is called "coarse gird
correction " and is a basic process of the multigrid method. Fig. 1 shows the flowchart
of the coarse grid correction.

C

Step I
Smoothing

Step 2

I

Step 6

Computing residual

I

Step 3
Restricting

Correcting approximation

Step 5
I

fine mesh

Prolongating
, coarse mesh

Step 4
Solving the residual equation

Figure 1: Flowchart of coarse grid correction
Step 1 -

Relax a few times on K2 x2 = f2 to obtain an approximation solution X2.
The matrix K2 is the system matrix, and vectors x2 and/ 2 are the unknown
vector and the source vector, respectively. This step is called "smoothing".
Step 2 -Compute the residual vector r2 =/ 2 - K2 X2.
Step 3 Project the residual vector onto a coarser mesh, r, = R r2, using the
restriction operator R.
Step 4 - Exactly solve the residual equation K\ ex = /-, to obtain an error approximation
Step 5 -

Interpolate the approximation error to the finer mesh, e2 = P e\, using the
prolongation operator P.
Step 6 -Compute the improved solution x2 = x2+e2.
Step 7 -Continue into a new iterative cycle by starting again from smoothing.
At step 4, it is possible to apply the coarse grid correction scheme recursively.
Then, the number of meshes is unrestricted and several iteration schemes are possible.
In that case, it is called "A Multigrid Method".
3.

Applications

We applied the multigrid method to the 3D magnetostatic model shown in Fig. 2,
where the permeability of iron is 1000 and the source current is 1000 At.
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20[mm]

25[mm]
1000[mm]

Figure 2: Analysis model
3.1.

Nodal element

First, the multigrid method is applied to the tetrahedral nodal finite element.
Four meshes with different mesh density are prepared for the multigrid method. The
number of nodes, elements and unknowns for each mesh are shown in Table I.
Subdividing one element of the coarser mesh into 8 finer elements generates the finer
mesh. Fig. 3 shows the comparison of the multignd method and the ICCG method. For
30,000 unknowns, the computation time of the multigrid method is almost equal to that
Table 1: Number of nodes for nodal elements

Level
1
2
3
4

Nodes
232
1284
8215
57933

Elements
591
4728
37824
302592

Unknowns
928
5136
32860
231732

500
400

"•-•ICCG netted
>— m l t i g r i d mettod

100,000
200,000
Nimber oi unknowns

300,000

Figure 3: Number of unknowns vs. computation time for nodal element

14

of the ICCG method. But, as the number of unknowns increases, the computation time
of the ICCG method increases rapidly. On the contrary, the computation time of the
multigrid method increases slowly as the number of unknowns increases. Therefore, as
the number of unknowns increases, the multigrid method is faster than the ICCG
method. For about 230,000 unknowns, the multigrid method is 4 times faster than the
ICCG method.

3.2.

Edge element

Next, the multigrid method is applied to the brick edge finite element. Table II
shows the number of nodes, elements and edges. Fig. 4 shows the comparison of the
multigrid method and the ICCG method. As the number of unknowns increases, the
computation time of the ICCG increases rapidly but the computation time of the
multigrid method increases modestly. In this example, the multigrid method is 4 times
faster than the ICCG method for 350,000 unknowns.
Table 2: Number of nodes for edge elements
Elements
Edges
Level
Nodes
1
480
210
1138
2697
1680
7012
2
17385
3
13440
48088
4
123057
. 107520
353392
500
--W--ICCE method
multigrid method

400
300

s
I
o

200
100

0

200, 000
Natter of unknowns

400, 000

Figure 4: Number of unknowns vs. computation time for edge element
Therefore, it is revealed that the multigrid method is equally effective for nodal and
for edge finite element analyses. Especially, the edge finite element method using the
multignd method is (he fastest in this example.
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4.

Conclusions

We presented an investigation of the efficiency of the multigrid method for nodal
and for edge finite element analyses. The multigrid method improves strongly the
convergence rate and reduces the computation time in comparison with the ICCG
method. The multigrid method is very effective for the large-size problem.
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Comparative Analysis of Nodal and Edge
Finite Element Methods for Numerical
Analysis of 3-D Magnetostatic Systems
Pavel MINTCHEV, Marin DIMITROV, and S.oimen BALINOV
Institute of Metal Science - Bulgarian Academy of Sciences, 67 Shipchensky Prohod
Str., 1574 Sofia, Bulgaria. Telephone: + 359 2 703 282, e-mail :_bakan@ims.bas.bg
Abstract. The possibilities for applying the Finite Element
Method (FEM) with gauged magnetic vector potential and the
Edge Element Method (EEM) for three-dimensional numerical
analysis of magnetostatic systems are analyzed. It is established
that the EEM ensures sufficient accuracy for engineering
calculations but in some cases its use results in bad convergence.
The use of the FEM with gauged magnetic vector potential
instead of the EEM is recommended for prelimirary calculations
of devices with complex geometry and large air gaps between the
ferromagnetic parts.

1.

Introduction

The calculation of the magnetic flux density in electrotechnological devices is an
important stage in their design. The subject of the present work is three- dimensional
numerical analysts of the magnetic field in magnetostatic electromagnetic systems.
Both the Edge Element Method (EEM) [3] and the Finte Element Method (FEM)
based on a system of differential equations for the magnetic vector potential (MVP) are
applied. The Coulomb gauge is used for the FEM formulation [4].
In the case of the EEM the approximation of the magnetic field is done by
circulation of the MVP along finite element edges. This ensures tangential continuity of
the vector field and avoids the normal continuity. On the basis of this, high accuracy
can be expected when calculating electromagnetic systems containing ferromagnetic
details.
The application of the FEM with gauged MVP can result in errors when modeling
systems containing ferromagnetic regions as a result of the violation of the continuity
conditions on interfaces between ferromagnetic and non-ferromagnetic regions [5],
The advantage of this formulation is its good convergence [4].
The present paper examines the possibilities for applying both methods for
numerical analysis of magnetostatic systems by comparing experimental data with the
results of calculations of a device with complex geometry. The convergence of
the numerical process when using both methods is also studied.
2.

Formulation of the Problem

The following differentia! equation for the magnetic vector potential A is used in
the case of the EEM:
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rot — rotA = J ,

(1)

where | i is permeability and J is density of the exciting current.
After applying Galerkin's method and the EEM (1) is transformed into the
functional:

[ — rotA ](rotW)rfn=fWx[—rotA idS- fJ.WrfQ.

(2)

Here W is the weight function, Q is the region of integration and S is the
boundary surface of Cl.
The region of integration is discretized using tetrahedral finite elements. The weight
function for an edge connecting the nodes with numbers i andj is defined as [1]:
W.^Vcv-q^,

(3)

where g is the shape function and e is the local number of the edge.
The following formulae are used to define A, J and rot A within a finite element
[1,3]:

A = 2XWe; J ^ W

(4)

6

rotA = ^ A e r o t W e ;

rotWe = 2V^j. x Vqj

(5)

Here Ae and Je are circulations of A and J along a finite element edge.
Applying (2), (3), (4) and (5) for each of the edges of the net of finite elements
results in a system of algebraic equations.
An algorithm based on the following differential equation for the MVP

rot —rotA \-grad\ -divA = J

(6)

is used for the FEM numerical calculations [4]. Equation (6) includes the Coulomb
gauge div A = 0 [4],
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After applying Galerkin's method and the FEM (6) is transformed into a system of
algebraic equations.
The Incomplete Cholesky-Conjugate Gradient (ICCG) Method [6] is used to solve
the systems of algebraic equations. The accuracy of the solution of the system is
evaluated by means of the relative Euclidean norm of the residuals e, [4].
3.

Numerical Algorithms

A numerical algorithm with two iteration cycles is usually applied for the EEM and
FEM. The first cycle includes solving the systems of algebraic equations and
determining the values of the magnetic flux density for each element. Each iteration of
the second cycle includes the whole first cycle as well as corrections of the current
values of the permeabilities for the elements with non-linear properties according to the
magnetic characteristics of the materials.
The use of this algorithm for the FEM does not create problems. However, its
application for the'EEM in the case of magnetic systems with complex geometry
results in a rather long computation time. A second algorithm was created in order to
solve this problem. It is applicable for EEM modeling of devices in which a part of the
magnetic system is not saturated [7]. According to the algorithm, the calculations are
divided into two stages. During the first stage the number of the elements is reduced by
simplifying the construction of the non-saturated part. The two iteration cycles are then
implemented. The calculated values of the permeabilities for the finite elements of the
saturated part are used during the second stage to calculate the distribution of the
magnetic flux density in the real system by implementing only the first iteration cycle.
4.

Experimental and Theoretical Results

An experimental and theoretical study of the electromagnetic system of a device for
the bonding of steel tubes by means of a magnetically driven arc (Fig. 1) [8] is
implemented in order to compare the two methods.
The magnetic cores and the bonded tubes are made of steel. The two coils contain
3,540 turns, have different polarities and are connected i.o a DC supply voltage. It is
assumed that the exciting current is distributed in prismatic regions with cross-section
equal to that of the coils.. In the figure the region of integration, which includes 1/8 of
the volume of the device, is hatched.
The condition
B.n = 0 ,

(7)

where n is the outer normal to the surface is imposed on all boundary surfaces. It is
transformed into the following equations for the MVP:
Axn =0

(8)

for the FEM and
Ae=0

(9)

for the EEM.
Calculations for the distribution of the magnetic flux density at three values of the
exciting current: 1, 3.5 and 7A are made by computer programs implementing both
algorithms. In the case of the FEM the region of integration is divided into 756
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hexahedral elements. The net for the EEM is obtained by dividing each hexahedral
element into 6 tetrahedral ones.
It was established by means of preliminary numerical experiments that the

Fig. 1. Electromagnetic system of
a device for bonding of steel
tubes by means of a magnetically
driven arc. 1, 5 -magnetic cores;
2, 6 - coils (number of turns
w=3,640); 3,4bonded tubs. All
dimensions are in mm.

ferromagneticf regions situated between the planes Z,, and L2 (Fig. 1) are not
saturated even for the highest value of the exciting current. The plain L2 is defined as
a boundary between the saturated and the non-saturated parts of the region of
integration. During the first stage of the calculations by the EEM, the construction of
the non-saturated part is simplified by ignoring the tubes pos. 3 and 4 and replacing the
magnetic cores pos. 1 and 5 with a metal plate. It is established that this simplification
has practically no influence on the magnetic flux density in the ferromagnetic elements
of the saturated part of the device.
The FEM calculations are performed
according to the first algorithm.
The following results can be used to
evaluate the convergence of both methods:
to solve with e{< 0.04 the systems of
algebraic
equations
compiled
after
discretizing the original electromagnetic
system, 15,000 ICCG iterations are needed
for the EEM and 1,120 for the FEM. In both
cases the initial values of the unknowns are
zero.
The radial (in relation to the bonded
Fig. 2. Location of the control points. tubes) components Br of the magnetic flux
density are measured in four control points
located according to Fig. 2. The distance from each point to the nearest metal surface is
approximately 1.5 mm.
In Table 1 are shown the
Table I. Experimental values of Br, T
measured values of Br in
I, A
1
7
3.5
the four control
points
1
0.085
0.270
0.405
according to Fig. 2. In Tables
2 and 3 are given the results
Point
0.082
0.255
2
0.390
of the calculations obtained
No
by the EEM and the FEM, as
0.190
3
0.055
0.280
well
as
the
relative
4
0.060
0.175
0.270
differences A between the
theoretical
and
the
experimental results. The
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maximum absolute value of A for the EEM is 12.7% while for the FEM with gauged
MVP it is 23.1%. The average absolute value of A is 6.2% for the EEM and 11.4% for
the FEM.
Table II. Results of the calculation of Br by the EEM and relative difference A
between the calculated and the experimental data
1

I, A
Point

3.5

7

A,%

Br,T

A,%

1

0.095

11.7

0.279

• 3.3

0.421

3.9

2

0.088

7.3

0.273

7.0

0.399

2.3

3

0.062

12.7

0.184

-3.1

0.286

2.1

4

0.063

5.0

0.190

8.6

0.289

7.0

A,%

Br,T

No

Table III. Results of the calculation of Br by the FEM and relative difference A
between the calculated and the experimental data
1

I, A
Point No

5.

Br,T

3.5

7

A, %

*r,T

A,%

B,,T

A,%

1

0.087

2.8

0.227

-15.9

0.319

-21.2

2

0.067

-18.0

0.217

-14.9

0.300

-23.1

3

0.066

19.4

0.185

-2.6

0.278

-0.7

4

0.065

8.8

0.188

7.4

0.275

1.8

Conclusions

A magnetostatic system with complex geometry and large air gaps between the
ferromagnetic parts has been numerically modeled by means of different formulations
of the Finite Element Method. The numerical results have been verified experimentally.
The following conclusions can be drawn from the investigation:
- the use of Edge Element Method in the modeling of the investigated systems
ensures accuracy sufficient for engineering calculations, but problems may occur as a
result of bad convergence.
- the use of the Finite Element Method with gauged magnetic vector potential is
recommended for the preliminary calculations of the investigated systems because of
its fast convergence.
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Method for Analysis the Complex
Grounding Cables Systems
R. Ackovski, Member, IEEE, N. Acevski, Member, IEEE

Abstract - A new iterative method for the analysis of the performances
of the complex grounding systems (GS) in underground cable power
networks with coated and/or uncoated metal sheathed cables is
proposed in this paper. The analyzed grounding system consists of the
grounding grid of a high voltage (HV) supplying transformer station
(TS), middle voltage/low voltage (MV/LV) consumer TSs and arbitrary
number of power cables, connecting them.
The derived method takes into consideration the drops of voltage in the
. cable sheets and the mutual influence among all earthing electrodes, dud
to the resistive coupling through the soil. By means of the presented
method it is possible to calculate the main grounding system
performances, such as earth electrode potentials under short circuit fault
to ground conditions, earth fault current distribution n the whole
complex grounding system, step and touch voltages in the nearness of
the earthing electrodes dissipating the fault current ;n the earth,
impedances (resistences) to ground of all possible fault locations,
apparent shield impedances to ground of all power cables, e.t.c.
The proposed method is based on the addmitance summation method [ 1 ]
. and is appropriately extended, so that it takes into account resistive:
' coupling between the elements that the GS.

Index Terms—cables, grounding systems, mutual influences, iterative method,
admittances summation method.

1.

Introduction

The need for a method providing fast and accurate analysis of currents and voltages
in the complex grounding cable systems in case of an earth fault, has been present for a
long time. At the beginning, the analysis of this problem had been carried out by means
of the matrix models based on Maxwell's equations with numerous simplifications of
the real physical model. The biggest approximation was that, it was considered that all
the elements of a grounding system are on the same potential i.e it wasn't taken into
consideration the drop of voltage along the elements of the GS (metal strips, ropes,
metal sheaths of power cables etc.) Those elements are additional elements of the GS
and as excellent grounding electrodes they dissipate a significant part of the fault
current into the earth under fault conditions. Such grounding elements are the e.g.
cables with paper isolation, lead sheath, and steel armature. It is also usually assumed
R. Ackovski is with the Faculty of Electrical Engineenng, St. Cyril and Methodius University, 1000 Skopje,
MACEDONIA (e_mail: acko@ieee.org)
N Acevski is with the Department of Electrical Engineenng, Technical Faculty, St. Klnnent Ohridski
University, 7000 Bitola, MACEDONIA (e_mail: nikola.acevski@uklo.edu ink)
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that there is no resistive and magnetic coupling between the grounding grid of the
HV/MV supplying TS and the cables that lead out of it, as well as that there is no
mutual influence between the cables. Lately, models have been developed that take into
consideration all these mutual influences, as well as the drops of the voltage along the
cable sheaths, and this way the models of complex grounding cable systems approach
to the physically real models, as in [3], Grounding systems of the MV power networks
in the cities may consist of hundreds or thousands of grounding elements. Out of
HV/MV stations lead a great number of cables in different directions and in the models
they are divided into many sections and segments. In order to achieve the model be
realistic as much as possible, it is neccessary each section of the power cables in the
model to be divided into a bigger number of equal parts, and doing this the procedure
gets even more complicated.
In case of a matrix calculation of the problem, a long computing time is wasted
because of the dimension of the matrices.

2.

A short review to the method for admittance summation

The addmitance summation method, entirely exposed in [1] and [2], is dedicated for
solving the radial distribution networks as well as weakly meshed networks. The MV
power networks in urban areas are of this kind. In the case of meshed network, i.e.
network with some number of contours, the meshed network should be opened, i.e.
transformed into radial one. When transforming such networks into radial, a procedure
of interruptions of the contours is introduced, break points and fictive nodes are
introduced where the ideal current generators are plugged in. For the radial networks, a
special procedure of ordering and numeration of branches and nodes of the network socalled "oriented ordering" is applied. By means of this procedure, the starting and
ending node of each branch is easily defined. With no getting deeply into details of the
modeling of elements that consist the radial branches of the network i.e. the
connections between certain grounding elements of the TS, we can assume that each
branch can be presented with an appropriate 7r - equivalent scheme.
Before the ordering process in the model-network starts, a starting point (node) is
defined, and it is accompanied by an index 0. For that purpose, a point is usually
selected, to which the excitation is plugged on (i.e. the injected current in the grounding
system, which is a result of fault to ground) for example the grounding grid of HV/MV
station). During the ordering, the parallel branches in the model network between the
nodes of the model-network and the referent node (the earth) are not taken into
account. These parallel branches represent the resistences to ground of the grounding
electrodes of the MV/LV TS and the appropriate admittances of n equivalent schemes
of the links between the grounding electrodes, are presented with. The parallel
connection of all branches between a node of the model-network and the referent node,
is presented with an equivalent parallel branch, with an admittance YLk -attached to the
node k. As the indexes of the ordered branches are equal to the indexes of the ending
nodes of the branches (according to the rules for oriented ordering from [1] and [2] ),
the series branches will consist of an equivalent impedance. Eg. for the branch k which
ending node is k the impedance will be Z 5 t , as in fig 1.
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Figure 1. A scheme for a part of a MV network

To be explained easily, let the node 0 on fig. 1 presents HV/MV supply TS, while
the rest of the nodes are MV/LV stations. They are connected and the links connecting
them are realized with power cables. Firstly,1 two kinds of equivalent admittances are
being determined (admittances of nodes and admittances of serial branches). The
admittance Y( associated to the branch /, that presents the admittance to ground on the
part of the radial model-network, that is supplied through the branch ;', taking into
account the branch /, too. The admittance YEi associated to the branch ;', which
presents an admittance to ground on the part of the radial model network, that is
supplied through the node /', taking into account the parallel admittance at the node /,
YLr Those admittances are summed successively through a process where branch by
branch is being processed, starting from the branch with the biggest index, and ending
with the branch that has index 1. If n is the total number of nodes while processing the
branch k, with a starting node i, is calculated:
(1)

Then, the voltages of the nodes in the radial model-network are calculated, starting
from the node 0:
(3)
KE0
where I_g0 is a current of the only current generator between the node 0, where is the
fault, and the referent node.
The procedure for calculation the voltages in the nodes is carried out first, starting
from the first node, and ending with the node with the biggest index. The voltage of
any node m is calculated according:
(4)
io
" ti
lea

0-m

where an_m is a subset of branches that consist the path from the node 0 to the node m.
If there are current generators at some of the other nodes of the model-network,
besides the ideal current generator at the node 0, the procedure for calculation of the
voltages is changed, because the impact of the other current generators should be taken

25

into account, through the procedure so-called 'removing of the current generators',
described in details in [1] and [2]. The current generator with current / k, attached to
the node k is transformed into a voltage one, which is then again transformed into a
current generator. This way, a fictive removing through each branch on the way from
the node k to the node 0, is carried out. Let the last branch on that way be m with a
starting node 0 and an ending node m. The current of the 'removed' current generator
will be:

Lgm{k) = Lgk- UD,

(5)

where ak_m is a subset of branches that consist the path from the node k to the node m.
If there are more current generators with different currents that are plugged in at
different nodes, in the part of the network which is supplied through the branch m, is
valid:

Um=Dm-(u0+ZBm-

LLgm{i))

(6)

Pm- a subset of nodes that are supplied through, the node m, where the current
generators are plugged in.
This way, the calculated voltages are equal to the potentials of the appropriate
grounding elements of the grounding system, assuming that the approximation effect of
certain grounding elements is neglective. The currents in the parallel branches, can
easily be determined according to:

3.

Extension of the admittance summation method

In the previous case, the radial network was calculated directly in two steps: the
first one, summation the admittances bacwards, from the node with the biggest index
towards the first node, and the second one, a calculation of the voltages in the network,
starting from the node with index 0 to the node with the biggest index. To the actual
extension of the method, the latter method is only a zero iteration, which is valid for
starting conditions, when all mutual influences in the grounding system are neglected.
In the practice, the mutual impact between the grounding elements should be taken
into consideration, because a grounding element is very often in a potential funnel of
another grounding element(s). If we don't consider this impact, especially if short
distances between the grounding elements of a grounding system are in question,
drastic differences can occur between the calculated values of the characteristics of
certain grounding elements, and the measured ones. In some cases, these differences
can exceed 50%. These mutual couplings are especially strong between the grounding
grid of HV/MV TS and the shields of the cables running out the TS, between the
sheaths of different cables, as well as between parts of a same cable. The closer are two
parts of a same cable to each other, the expressed in this influence.
These mutual impacts can be taken into account by introducing fictive voltage
generators in all parallel branches of the network, as well as in the node 0. It is
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necessary here to emphasize that further on, the nodes don't have to represent only
points where the grounding of MV/LV stations are plugged in. If cables are longer than
100 m, for more exact calculation, it is necessary to divide each cable into more
straight lined parts with shorter lengths, but not exceeding 50 m. Further on, each part
of the cable is presented by 71 - equivalent scheme in the model-network i.e. represents
a branch with a starting and an ending node. The voltage generator, plugged in the
parallel branch of the 0 node which represents the grounding grid of HV/MV station,
can be calculated by a superposition of the impacts of the currents in the parallel
branches of all parts n of all cables s that run out of the determined HV/MV station,
while the voltage generators in any of the other nodes i=l,...,ns are result of the impact
of the current that led out of the grounding grid of HV/MV station, and the impact of
all other currents from the transversal in all nodes of the radial network (relation (8)).

Figure 2. A scheme of the same section from fig. 1- the proximity effect is
taken into account

(8)
>='
To explain the procedure easily, a part of a MV power network has been presented
on figure 2, i.e. a first section of the cable feeder from the HV/MV supply TS to the
first MV/LV station. In that case the cable is divided into n parts. At the same time, the
currents in the parallel branches are the calculated from the zero iteration, according to
(7).
The self and mutual resistivities /?,-,- and Rt, of the parts of cables, from (8), can
easily be calculated by using the method of medium potentials The mutual resistivities
among electrodes of the grounding grid of the supply HV/MV station and every part of
a cable can be calculated in the same way or according:
(9)
D
where D is the diameter of an equivalent horizontal circular plate by which the
grounding grid of HV/MV station is substituted and r is the distance from the edge of
the grid to the center of the element. The distance r is greater, this approximation is
more accurate.
n 1

The procedure continues so that the voltage generators from figure 2, can be
transformed into currents ones, by means of the relation:

Lgk=Kk-XLk

(10)

In this case, there are current injections in all nodes, so, according to the procedure
of their fictive removing (relation (5)), they are taken into account while calculating the
new corrected voltages in the nodes, according to the relation (6). With the help of the
corrected voltages in the nodes and the relations (7), the corrected currents in the
parallel branches are calculated. So, in the first iteration, as in all the rest of iterations,
except in the zero one, only the second step is in process, (the step forward sweep to
the calculation of the new voltages). The first step of summation the admittances is
carried out only once, in the zero iteration.
With these new, corrected currents in the parallel branches, obtained from the, first
iteration, the new voltage generators in the nodes are calculated according to the
system of equations (8), that will be used in the second iteration. The iterative process
continues in the same way, until it convergates i.e until the absolute value of the
maximal difference of all differences of voltages in all nodes of the network, in two
iterations, one after another, f,f-\ becomes smaller from some in advance defined very
small number e:
maxU_kf

-U_kM

< £ ; k=l,2,....ns

(11)

After calculating the exact voltages in the nodes, which are potentials of certain
grounding electrodes, and the exact currents in the parallel branches, further on, the
potential of any point M on the surface of the earth can be calculated, and thus the
distribution of the potentials in the environment of the grounding grid, can be
determinated according:
fu

where Rm is the mutual resistance between the point M and the HV/MV supply TS
grounding grid, and R,M are mutual resistences between the point M and all other
elements of the GS. Once the distribution of the potentials on the surface of the earth is
known, the touch and step voltages can easily be determined.
On the basis of the proposed method, an appropriate software for calculation of the
characteristic values of the grounding systems with an arbitrary complexity has been
produced from the authors.

4.

EXAMPLE

Let from HV/MV TS run out ten cables supplying MV/LV stations. Let the
rectangular grounding grid of the HV/MV station be in form of square with side of
50m, with conductors diameter D=\ lmm buried on depth 0,80m. The location and the
length of the cables, as a comparison, are as in fig. 8 from [3]. The touch voltage U, is
calculated in point T, and the step voltage Us along the direction h-h is also calculated.
Let the cables be with lead sheath and conductive jacket (type IPO 13 3x150) with a
diameter over the sheath D - 50 mm, buried in depth of 0,80 m. The specific electric
resistance of the earth can change, but in this example, it is adopted that the earth
where the whole grounding system is placed, is homogenous with soil resistivity p =
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100 Qm. Let the injected current at HV/MV station be 4o = 1000 A. The described
example is taken from [3], where the results, i.e. main characteristics of the GS are
obtained by means of a matrix model, described also in [3],
To compare the results of the example easily, we will introduce some characteristic
values. These values are defined as follows:

liol=—

<13)

H=—

where is:
Z o -apparent impedance to ground of the source HV/MV TS ground electrode
Z_c -apparent impedance to ground of a cable sheath
a -source substation ground electrode impedance reduction factor
r0 -substation ground electrode resistance to ground
The following results are obtained according: '
MATRIX MODEL FROM [3]

ITERATIVE METHOD, PROPOSED HERE

r0 = 1,0080

r0 =1,008 Q

|Z 0 | = 0,290Q

|Z 0 | = 0,303 Q

\a\ = 0,288

\a\ = 0,300

[t/oj = 290 V

|(/ 0 | = 303V

U, = 57,7 V = 22,3%

U, = 54,5^ = 19,5
Us = 8,1 V = 2,9%

Us = 8,1 V = 2,7%

The coordinates that the step voltage is calculated for, almost cover the point on the
picture 125,4 i.e. 126,4 metres, along the x-axis. The touch voltage (the point T) is
taken with coordinates (0.71;49.29;0.0) i.e. at distance of 1 meter along the diagonal
from the inner side. The total currents flowing through the shields of certain cables /s,
as well as the voltages at the end of the cables UHJ are given in the table 1,
TABLE 1.

s

\J.P)

KP)

1
2
3
4
5
6
7
8
9
10

87,549
122,776
132,114
71,189
72,462
54,945
63,409
138,839
64,415
63.304

3,462
2,469
2,294
4,259
4,183
5,517
4,780
2,183
4,706
4,788

ujy)
300,849
265,709
294,707
300,572
245,269
300,277
283,720
280,369
280.221
243,002
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As a comparison, the total current dissipating from the cables is 84,5% from the
injected fault current, while in the example [3] it is 86,9%. The rectangular grounding
grid of the HV/MV TS dissipates only 15,5% of the total injected current. Generally, it
can be concluded that all other results don't differ for more than 10%, and at the same
time, the exposed method is much faster than the matrix method proposed in [3].
An analysis of the characteristics of the exposed example has been carried out for
different lengths of the cables, different specific resistences on the earth, where the
grounding system is put. By increasing the lengths of cables, percentage of the current
flowing through the sheaths of the cables increases, while, by reducing their length, this
percentage reduces, too. However, by increasing the length of the cables, the currents
through the sheaths of the cables don't increase proportionally. The closer certain parts
of the cables are to each other, the more expressed is the proximity effect. As a result,
the currents don't increase so drastically by increasing the length.

5.

Conclusion

The paper presents a new model for the analysis of the performances of complex
grounding systems built by a source HV/MV TS grounding grid, grounding electrodes
of the associated consumer MV/LV TSs and by uncoated metal sheathed cables,
outgoing from the source substation. The proposed model takes into account voltage
drops along the "cable sheaths and mutual interaction among cable sheaths and
substation grounding electrode elements through the soil. The necessity of computing
the simultaneous system of complex equations, proposed from the other existing
models is avoided here by introducing an iterative procedure, which considerably
reduces memory and time requirements and enables solving the large and complex GS
such as those in the M V distribution networks of large urban areas.
One of the advantages of this method in relation to the matrix ones, is its speed,
because in this case operation with big matrices is avoided. If the grounding system
consists of large number of elements, the difference in the speed becomes more
expressed and more important.
The method is also applicable for a two-layer environment, where every grounding
of TS, as well as every element (cable) can be placed into the earth with different
specific resistivities of the soil on the upper layer and the bottom layer of the earth.
That way, the presented method, approaches even more to the real models, because in
the practice, the soil is not homogeneous, but multi-layer in a vertical and horizontal
direction. The vertical unhomogenousness can best be approximated with a two-layer,
and the horizontal by dividing the cables in a number of smaller parts, that have
constant specific soil resistivities along their length.
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Analysis of Electromagnetic Transients in
Thin Structures Above, Below and
Penetrating the Ground
Leonid GRCEV, Vesna ARNAUTOVSKI-TOSEVA
Faculty of Electrical Engineering. Karpos II bb, 9/000 Skopje, Macedonia
Abstract. This paper describes recently developed computation
model for analysis of transient behavior of thin wire structures
that may be positioned above, below or penetrating the ground.
Analytically the problem is formulated by complete
electromagnetic model involving the method of moments and
numerical integration of Sommerfeld integrals. Results that are
derived first in the frequency domain are converted to the time
domain by fast Fourier transform algorithms. The computer
model is used to compute the current distribution in the
grounding conductors, induced voltages and electromagnetic
fields, and effective grounding impedance.

1.

Introduction

The increasing use of many types of electronic systems including computers,
telecommunication equipment, control systems, etc., has dramatically increased interest
in research of lightning as a cause of their malfunction or destruction. The efficiency of
the protection against unwanted effects of lightning is strongly influenced by the proper
design of the electrical systems earth determination. To determine measures of
protection of the instrumentation circuits, lightning protection and electromagnetic
compatibility (EMC) studies usually require knowledge of the highest possible
elevation of the voltage between the grounding system and the remote neutral earth. In
case of lightning or abnormal power system operation, the transient ground potential
rise (TGPR) is a complex three-dimensional time-domain function [1],
The first step in the analysis is evaluation of the transient behavior of the grounding
system itself. Such analysis was often performed using circuit theory concepts, for
example in [2-3]. However, all these approaches are based on quasi-static
approximation and their validity may be limited to some upper frequencies which
depends on the size of the grounding system and the electrical characteristics of the
earth. More recently, rigorous formulations derived from the full set of the Maxwell's
equations are used in [4-6]. The theoretical background is taken from the antenna
analysis [7-8]. The model is rigorous and is based on integral equations derived from
the Maxwell's equations and the influence of the earth is taken into account by exact
Sommerfeld formulation [9]. This paper presents extension of the model presented in
[10-11] for thin structures above, below or penetrating the ground.
The main objective is to evaluate electromagnetic field and induced voltages in case
lightning, which involves determination of the current distribution in thin conductors
that may be above, below or penetrating the earth. The integral equations are solved by

.32

the method of moments [12], using Galerkin's method with triangular expansion and
testing function [8]. The current distribution is computed as a response to injected
current Is at a point on the above ground part of the wire. This leads to matrix equation

]

= [-ZSIS]

(1)

where the column matrix [/] represents the unknown currents to be determined, [2] is
the impedance matrix of mutual impedances between each of elements, and [-Z5/5]
represents the energization of the conductors.
2.

The Mathematical Model

Consider a thin vertical wire of radius a penetrating the horizontal air-ground
interface Fig. la). The wire extends from height l3 to depth -/b. The upper half-space air which is characterized by permittivity Eo and permeability |io is referred as medium
'2',' and the ground which is characterized by permittivity £, permeability ^ and
conductivity a is referred as medium '1'. The computer model is based on the wire
segmentation into current elements, which implies the procedures from the moment
methods. The electromagnetic interactions between elements are modeled and
represented by mutual impedance.

Exciation by Current
Injection
Expansion

z=0

Air'

,

Function;

'2

Ground'

rih
2a

Fig. la). An example of a wire penetrating
the air-ground interface exited by current

Fig. Ib). An example of the current
approximation along segmented wire

The complete description of the electromagnetic approach is given in [10-11]. The
model is based on the segmentation of the conductors, which implies the procedures
from the moment methods. It enables the reduction of the integral equation to a system
of linear equations that may be solved using standard numerical techniques.
3.

Solution of the Mathematical Model

This model uses base set for the unknown current in the grounding wire l(f.)
approximated by a linear combination of/V expansion functions Fk(f)

)Z-^O)

(2)
33

where Ik are unknown current coefficients, f. is coordinate along wire axis, and Fk(i) are
expansion functions of triangle type, Fig. lb). Fk(C) is a simple triangle dipole of unit
height over four consecutive segments, and with value zero over all other segments as
introduced in [10-11]. Successive triangles overlap every two segments except at the
ends of the wires, Fig. lb). The only exception is the segment with injection point,
where one electric monopole - half triangle is placed. Testing functions are also
triangle functions located on the wire surfaces. The wire is divided into segments
taking into account the position of the interface and the boundary conditions on the
tangential electric field at the wire surface and on the current and its derivative. Hence,
the wire is segmented such that a current element across the interface has its pick for
z=0. To obtain unknown coefficients Ik in (1) a system of N equations is solved. The
procedure is completely described in [10-1 lj.
4.

Evaluation of the mutual impedances

The evaluation of the mutual impedances znm between triangle dipoles m and n in
(1) is calculated by determining the tangential field at the surface of the 'field' dipole
(element) m due to a current in the axis of the 'source' dipole (element) m. Generally,
the mutual impedance between two elements with currents Im and /„ is defined as
£*•'A,

(3)

/„

The z-component of the electric field is obtained as:

(4a)
for a field point in the ground (z<0) , and

(4b)
for a field point in the air (z>0).
Here,
(5a)

2 2

(p,z,z)=

A

4nk;

[gd - g , + k , V ]

(5b)

(50
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Notation gj and g, stands for the free space and image Green's function for the
electric field of the source current segment in the medium 1 or 2.

f

jkmr^)lrx

and

g)(1) = exp(-y* l(C) r 2 )/r 2

(6)

here r t and r2 are corresponding distances from the source and image current elelments
to the field point.
Terms K1', Vn, V21, and V12 are Sommerfeld integrals, which represent the electric
field behavior due to a vertical electric dipole in presence of the air-soil interference.

exp[.Yo

D2 (A) = —

V

\i.i\ = 2J
o

2

-_

75
o/i

with Y\ ~ V^ 2 ~^| 2

2

75

-

(7a)

kdX

(8)

i Jo

and ^o =4^

~ ^o

These semi-infinite integrals are integrated numerically.
There are four cases of mutual source and field segments position: -a) both
segments in the ground (index 11), -b) both segments in the air (index 22), -c) source
segment in the ground, field segment in the air (index 12), -,d) source segment in the
air, field segment in the ground (index 21).
In the case of both segments bellow or above the ground, the calculation includes
the direct field form the source, and the reflected field that involves the effect of the
air-soil interference. In the case of source and field segments in different medium, only
the transmitted field trough the interface is included in the calculation.
After some mathematical manipulations, the expression for the mutual impedance is
obtained as:
Case a): Source segment in 'I1, Field segment in '1'

dl,
(9)
Case b) Source segment in '2', Field segment in '2'
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Case c) Source segment in T, Field segment in '2'
(11)
Case d) Source segment in '2', Field segment in '1'
(12)
where
-/i.o H ~ n.i \z\] n.x , J ,

- M2.2I ~ Z J '

(13)

ACXA

72

A special case happens when field segment is penetrating the air-ground interface,
and source segment is in medium 1 or medium 2. The effect of the air-soil interference
is included by the presence of the reflected or transmitted fields calculated over half
field segment. In that case the mutual impedance is obtained as
*
**

nm

nm

(14)

nm

Here z'nm and z''^,, stand for the partial value of mutual impedance calculated for the
upper and lower half of the field segment using relations (9)-(12) depending of the
source segment position. If the source segment is also penetrating the air-ground
interface the mutual impedance is calculated twice for each half of the source segment.
When currents are evaluated in (1), fields, potentials, voltages and impedances are
evaluated in frequency domain by known procedures. Also, in time domain the
transient responses may be determined by application of Fourier transform techniques.

5. Numerical Results
Fig. 2 shows frequency-dependent current distribution along a vertical grounding
electrode penetrating the air-ground interface for frequencies of 10, 50, 100 and 500
MHz. The wire extends from a height of 2m to a depth of-3m. The soil resistivity is 50
Q-m and the relative permittivity to 15.
f- l 0 M H I
1-50
MHz

1 .5

0.5

rJ

0

OS
-1

•

f- 1 0 0

f

v'

• /^
§

v./

1 5
?

Distribution of the real part of the current along a vertical wire penetrating the
air-ground interface.Current impulse of 1A is injected in the beginning point of
vertical copper wire with radius of 0.008m.
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6.

Conclusion

This paper describes recently developed computer model for analysis of transient
behavior of thin wire structures that may be positioned above, below or penetrating the
ground. Analytically the problem is formulated by complete electromagnetic model
involving the method of moments and numerical integration of Sommerfeld integrals.
The computer model is used to compute the current distribution in the -grounding
conductors, induced voltages and electromagnetic fields, and effective grounding
impedance.
References
[I] L. Crcev, M. Heimbach, "Computer Simulation of Transient Ground Potential Rise in
Large Earthing Systems ", Proceedings of the 23rd International Conference on Lightning
Protection (ICLP'96), Paper 5.15, pp. 585-590, Firenze, Italy, 23-27 September 1996.
[2] A. P. Meliopoulos and M.G. Moharam, "Transient Analysis of Grounding Systems," IEEE
Transactions on Power Apparatus and Systems, Vol. PAS-I02, Feb. 1983. pp. 389-399.
[3] M. Ramamoorty. M.M.B. Narayanan, S. Parameswaran. and D. Mukhedkar, "Transient
Performance of Grounding Grids, " IEEE Transactions on Powzr Delivery. Vol. PWRD-4,
Oct. 1989, pp. 2053-2059.
[4] C.C.Lin, K.K.Mei, "Radiation And Scattering From Partially Buried Vertical Wires",
Electromagnetics 2, pp. 309-344, 1982.
[5] L. Grcev and F. Dawalibi, "An Electromagnetic Model for Transients in Grounding
Systems, " IEEE Transactions on Power Delivery, Vol. PWRD-5 No. 4. October 1990, pp.
1773-1781.
[6] L. Grcev, "Computer Analysis of Transient Voltages in Large Grounding Systems, " IEEE
Transaction on Power Delivery, Vol. PWRD-ll, No. 2, April 1996, pp. 815-823.
[7] T.P. Sarkar, B.J. Strait, "Analysis of Arbitrarily Oriented Thin Wire Antenna Arrays over
Imperfect Groound Planes", Tech.Rep. TR-75-15, Syracuse University.
[8] H.Chao. B. Strait "Computer programs for radiation and scattering by arbitrary
configurations of bent wires", Scientific Report No.7, Work Unit No. 56350601, Electric
Engineering Department Syracuse University, Syracuse, NY, Sept. 1970.
[9] G.J.Burke, E.K.Miller, "Modeling Antennas Near to and penetrating a Lossy Interface".
IEEE Transactions on Antennas and Propagation, Vol. AP-32, No. 10, Oct. 1984, pp. 10401049.
[10] L. Grcev and V. Arnautovski, "Electromagnetic Transients in Large and Complex
Grounding Systems". Proceedings of the 3rd International Conference on Power System
Transients 1PST99. Budapest, Hungary, 1999.
[II] L. Grcev and V. Arnautovski, "Computer Model for Electromagnetic Transients in Thin
Wire Structures Above, Below and Penlerating the Earth", Proceedings of the EMF2000,
Gent, Belgium. 2000.
[ 12]/?.F Harrington, Field Computation by Moment Methods, New York: Macmdlan, 1968.

37

MK0500033

3-D Analysis of Eddy Current in Permanent
Magnetof Interior Permanent Magnet
Motors
Yoshihiro KA WASE, Tadashi YAMAGUCHI and Hiromu FUKUNAGA,
Department of Information Science, Gift/ University, 1-1 Yanagido, Gifu, 501-1193, Japan
Shokichi ITO
Department of Electronics, Fukuoka Institute of Technology, 3-30-1 Wajirohigashi, Higashi-ku,
Fukuoka, 811-0295,-Japan
Abstract. Interior permanent magnet motors are widely used in
various fields. However, in high-speed operations, it is important
to decrease the eddy current loss in the permanent magnet. In
order to decrease the eddy current loss, we propose to divide the
permanent magnet. In this paper, we clarified the effect of
division of permanent magnet on the eddy current loss using the
3-D finite element method.

1.

Introduction

Recently, interior permanent magnet motors are widely used in ; various fields
because of its high reliability. However, in high-speed operations, the eddy current loss
in the permanent magnet becomes large. Therefore, it is important to decrease the loss.
In order to decrease the eddy current loss, we propose to divide the permanent magnet.
In this paper, we clarify the effect of division of the permanent magnet on the eddy
current loss. Furthermore, we clarify the effect of the dividing direction of the
permanent magnet on the eddy current loss.
2.
2.1.

Method of Analysis
Fundamental equations

The fundamental equation of the magnetic field using the 3-D finite element
method with edge elements can be written using the magnetic vector potential A and
the electric scalar potential 0as follows[l]:

rot(yroL4)= J o +v0roXM -o\— + grad^
[dt
)
divj - d — + grad^ I = Os

(1)

(2)

where v is the reluctivity, Jo is the current density, v0 is the reluctivity of the
vacuum, M is the magnetization of the permanent magnet and o is the conductivity.
The magnetic field can be obtained by calculating (1) and (2), simultaneously.
The 3-D region is divided into tetrahedral elements. The matrix of finite element
method is solved by the ICCG method. The Newton-Raphson iteration technique is
used for the nonlinear calculation of the cores.
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2.2.

Double node technique

In the conventional method, flat elements are needed for the slit region at the small
air gap. The flat element causes the increasing of the number of ICCG iterations.
Therefore, in order to reduce the flat elements, we use the double nodes for <j> at only
the slit[2].
2.3.

Calculation of eddy current loss
The eddy current loss Wei is given as follows[l]:
(3)

where x is the period of the eddy current waveform. Vt is the region of the
conductor with the eddy current.
3.

Analyzed Model

Fig. 1 (a) shows an analyzed model[3]. The model is an interior permanent magnet
motor that has 4 pairs of poles. Therefore, only 1/8 region is modeled because of the
symmetry and periodicity. The rotation direction of the armaftire is counterclockwise.
The permanent magnets are divided into n pieces in order to decrease the eddy current.
Fig. 1 (b) shows the divided permanent magnets (the number of division n is 5). Fig. 1
(b)(i) shows the permanent magnet divided in axis direction. Fig. 1 (b)(ii) shows
permanent magnet divided in rotation direction. Fig.2 shows; the 3-D finite element
mesh.
slits

slits

(i) divided in axis direction

( i) divided in rotation direction

(b) permanent mafjiet (n=5)
permanent magnet
(a) I '8 region

Figure 1: Analyzed model.

Figure 2: 3-D finite element mesh.
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4.

Results and Discussion

4.1.

Effect of division ofpermanent magnet on eddy current

Fig.3 shows the distributions of eddy current density vectors in the permanent
magnet. Fig.4 shows the positions of the permanent magnet that correspond to Fig.3. It
is clarified that the divided magnet has large advantage to decrease the eddy current in
comparison with the standard magnet. Fig.5 shows the rotation angle - eddy current
density characteristics at the position of elements A and B shown in Fig.6. It is found
that the eddy current of these motors changes on 30-degree cycle. Furthermore, it is
found that the model divided in axis direction has advantage to decrease the eddy
current in comparison with the model divided in rotation direction at the element A.
However, at the element B, the effect of dividing direction of permanent magnet on the
distribution of the eddy current is small.
rotation direction

(i) rotation angle = 20 deg.

(ii)25deg.

(iii) 30 deg

(iv)35deg.

fb) divided in axis direction

(i) rotation angle = 20 deg.

(n)25deg.

(in) 30 deg.

(iv) 35 deg.

(c) divided in rotation direction

Figure 3: Distributions of eddy current density vectors.

(a) rotation angle = 20 deg

(b) 25 cleg

(c) 30 deg.

Figure 4: Position of permanent magnet.
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(d) 35 deg.

nandard mod

(i) divided in a-us din.-:1

oiation direction

Figure 5: Rotation angle - eddy current density characteristics.
rotation direclion

element B

Figure 6: Position of element A and B of permanent magnet.
4.2.

Effect of division ofpermanent magnet on eddy current loss

Fig.7 shows the distributions of eddy current loss in the permanent magnets. It is
found that the eddy current loss at the surface of the permanent magnet is large.
Furthermore, the eddy current loss of the front position of the permanent magnet in the
rotation direction is larger than that of the rear position. Fig.8 shows the eddy current
loss of the permanent magnet divided in the rotation direction (n.=5) as shown in Fig.9.
It is found that the eddy current loss at the magnet 1 is about 50% of the total eddy
current loss. Fig. 10 shows the effect of division of the permanent magnet on the eddy
current loss. It is clarified that the eddy current loss decreases in inverse proportion to
the number of division of permanent magnet n. In this model, the eddy current loss of
the model divided in the axis direction is smaller than that of the model divided in the
rotation direction. Table I shows the discretization data and CPU time.
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oianon direciion

(a| standard model

(h) divided in axis direct io

1
(c) divided in axis directkii

Figure 7: Distributions of eddy current loss in permanent magnet.
w

rotation direction

1/7W

1
total

rotation direction
©

C2)
<3)
Permanent magnet

Figure 8: Eddy current loss of permanent magnet
divided in rotation direction (n=5).

Figure 9: Position of
permanent magnet.

divided in rotation direction
divided in axis direction

1/2W [

standard
2
3
4
5
model
Number of division of permanent magnet n

Figure 10: Effect of division of permanent magnet on eddy current loss.
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Table ^Discretization data and CPU time.
Number of elements
207,792
Number of edges
253,439
Number of unknowns
245,048
Number of non-zero entries
2,445,202
Number of non-linear iterations
18
Number of time steps
46
Total CPU time [hours]
189
Computer used : Pentium III 700MHz PC

5.

Conclusions

We propose to divide the permanent magnet in order to decrease the eddy current
loss. It is clarified that the effect of division of the permanent magnet on the eddy
current loss are very large. Furthermore, it is quantitatively clarified that the divided
permanent magnet is very useful to decrease the eddy current Joss in interior permanent
magnet motors. The difference of effect of dividing direction of the permanent magnet
on the eddy current loss is also clarified.
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Abstract. The surface integral equations whose unknowns are
the surface electric and magnetic currents are widely used in eddy
current analysis. However, when the skin depth is thick,
computational error is increased especially in obtaining
electromagnetic fields near the edge of the conductor. In order to
obtain the electromagnetic field accurately, we prop6se an
approach to solve surface integral equations utilizing loop electric
and surface magnetic currents as unknowns.

1. Introduction
Applying Green's theorem, we can obtain integral representations of electromagnetic
fields from Maxwell's equation [1]. Obtaining the electromagnetic fields on the surface
of the conductor and enforcing the continuity conditions of the tangential and normal
components of the electromagnetic fields, we get surface integral equations whose
unknowns are the surface electric and magnetic currents, / s and Ks [2].
At the sharp edge, the normal and tangential directions can not be defined and the
continuity conditions become void. Therefore, the conventional BEM is employed for
solving eddy current problems when the skin depth is small and the surface of the
conductor is flat [3]. In order to get accurate solutions even when the skin depth is
large, an approach to analyze the eddy current has been proposed by employing surface
integral equations whose unknowns are loop electric and surface magnetic currents,
If and Ks [4]. By introducing I( , the essential electromagnetic condition that the
divergence of Js is zero is satisfied automatically. By employing a constant surface
element for Ks, the condition that the sum of the magnetic charge is zero is satisfied
automatically.
As the electromagnetic fields at the edge can not be obtained by the conventional
BEM, an edge boundary condition has been utilized to obtain the electromagnetic fields
at the edge [5]. At the edge of the conductor, the electric current which flows on the
surface is zero because the current can not get into the air. On the basis of this
condition, the surface integral equation method is improved in order to get accurate
computed results near the edge.
2. Formulation of Eddy Current

2.1 Integral Representations of Electromagnetic Fields
The integral representations of electromagnetic fields are derived from Maxwell's
equation by applying Green's theorem [1]. The magnetic and electric fields, Hopand
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Eop, in space with a penrneability and permittivity, /^ 0 and £0, and the magnetic and
electric field, Hjp and Eip t in a conductor with a penneability and conductivity f-l/
and a, are given as follows.

xVG 0 +// n VG 0 }/S,

(1)

/ . G . + * , *VGo +EnVG0}!S,
Hp =-l[oKsGi
^

[

y

(2)

+JS xVG, +H,,VG,}!S,
^

(3)

^ V G ^

(4)

where w is the angular frequency, Hep and Eep are the exciting magnetic and electric
fields at a calculating point Po produced by electromagnetic sources, respectively^^
is the surface of the conductor, the subscript/? denotes the value at Po and j = v-1 •
Also, we define
Js = rt*Hs,' Hn = n H , , Ks =-n*Es, En = n Es
with the electric and magnetic fields on the surface of the conductor £ s , Hs and the unit
normal n directed from the inside to the outside of the surface,
exp(-A.'or)
exp(-/:r)
Anr

'

'

Anr

with the distance r from a point on the surface to Po and
The normal components of E% and H% are given also as

En=-VJs/(j^l

^=-VK5

with the permittivety £and the permeability u of the medium.

2.2 Surface Integral Equations for Eddy Current Analysis
The surface electric and magnetic currents have to satisfy conditions that the
divergence of Js is zero and the sum of the surface magnetic charge is zero. In order to
satisfy the former condition automatically, we use a loop current 1 ( circulating along
the edge of the surface element. In order to satisfy the latter condition automatically,
we use a constant surface element for K^.

j

Next, we derive the integral equations suitable for -* ( and Ks to be determined.
Obtaining the normal component of the magnetic field on the surface of the conductor
from (1) and (3) and considering the boundary condition of the continuity of the
magnetic flux density B, that is /uJn-H^J^Piin-Hip),
we get

aKVG, - Js x V^ Go + £- G + Hy{G0 + G,)

(5)
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Choosing />„ on the surface of the conductor and taking the vector product on (4)
with n, we obtain

K
•f--n

* { [j(on JG. + K x VG.]dS = 0 •

(6)

The unknowns of (5) and (6) are the loop electric and surface magnetic currents, -»(
and Ks, because Js and //„ are given as functions of I ( and Ks. By dividing the surface
of the conductor to be analyzed into n small elements and introducing -* £ and Ks, we
obtain from (1)
X7 IT

=2/i

I IfuxVGdl+\ -^-*-

H =2n¥H

(7)

(8)

where u is the direction of the loop current, C is the line integral route along the loop
current and A o is area of the small element.
2.3 Surface elements for solving Integral Equations
The electric current is zero at the edge of the conductor because the current can not
get into the air. Therefore, the parallel component of Ks to the edge of the conductor is
zero. In solving the surface integral equations, we adopt a surface element for Ks shown
in Fig. 1. The x and y components ofKs, Ksx and Ksy, are given as
(9)
(10)
As given in (9) and (10), Ksx and Ksv are constant along x and y axes, respectively,
and bx and by are zero on the element adjacent to the edge.

Fig. 1. Surface element for Kx
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In solving surface integral equations, the surface of the conductor is divided into
surface elements shown in Fig. 2. The surface magnetic current Ks has two components
shown by arrows. The loop electric current I p circulates the edge of the element
shown by the solid line. The calculating points for solving the surface integral
equations are positioned at the center of each surface element.

h
$ • >

r>

f>

i>

f ^
A_>

f>

4>

4-> i> f->
A.

A>,

f>

Fig. 2. Surface elements for solving the surface integral equations
3. Eddy Current Analysis
3.1 Eddy Current Analysis Model
In order to check the effectiveness and adequacy of the proposed BEM, we analyze
eddy currents of a thick conductor plate (8x8x2 [cm]) shown in Fig.3. The plate is
placed in a uniform magnetic field He directed perpendicular to the plate. The strength
of the magnetic field is 1 A/cm and the frequency is chosen so that the skin depth 6%
becomes 1 cm. The conductivity a and relative permeability /jr of the non ferrous
conductor are 352600 S/cm and 1. The frequency/ is 71.8 Hz. Those of the ferrous
conductor are as follows.o=72500 S/cm, // r =200 and /= 1.75 Hz.

/

/

/

/A/

/

/

/

Fig. 3. A thick conductor plate to be analyzed
In solving (5) and (6), these equations are discretized to be simultaneous linear
equations, [/<Tx]= [s]K^y dividing the surface of the plate into small surface
elements and choosing Po at the center of the element. The upper and lower surfaces
of the conductor are divided equally into 64 (8x8) surface elements, respectively, and
each side surface is divided equally into 16 (8x2) surface elements as shown in Fig.3.
The number of the unknowns of I\ is the same as the number of surface division n
but one of the unknowns can be set free. The number of the unknowns of Ks is In.
Then, the total number of unknowns of the simultaneous equations is 3n. On the other
hand, the total number of unknowns in the conventional BEM is 4n.
Adding one equation to fix one of the unknowns of If, we solve (5) and (6) with
the help of the least square method.
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3.2 Check of Computed Electromagnetic Fields
Once the surface integral equations (5) and (6) are solved, the magnetic field outside
and inside the conductor are obtained by using (1) and (3), respectively with the help of
(7) and (8). The computed values of 7 s and Hn of the nonferrous conductor are shown in
Fig. 4. Those of the ferrous conductor are shown in Fig. 5. In these figures, A, B and C
denote positions at the center of the upper surface, the edge and the center of the side
surface as shown in Fig. 3. The symbols O, 0 denote real and imaginary parts of the
computed values of Hn. The symbols A, V denote those of Js. The solid and dotted lines
denote those computed by FEM with fine meshes. In the case of the ferrous conductor,
the imaginary parts of the magnetic field are almost zero.

2

1.5 h

Fig. 4. Computed results of 75 and Hn (Nonferrous conductor)
Conductivity: c=352600 S/cm, Relative Permeability: ur =1
Skin depth: <5S =1 cm, /=71.8 Hz
O, 0: Real and Imaginary Parts of Computed values of Hn
A, V: Real and Imaginary Parts of Computed values of/ s
Solid and Dotted lines: Computed values by FEM

o

*•*

Fig. 5. Computed results of J% and Hn (Ferrous conductor)
Conductivity:o=72500 S/cm, /i r =200
Skin depth: <5S =1 cm, y=1.75 Hz
O, 0: Real and Imaginary Parts of Computed values of Hn
A, V:: Real and Imaginary Parts of Computed values of Js
Solid and Dotted lines: Computed values by FEM
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In this eddy current formulation, the continuity of the normal component of B, that is
//„, is satisfied positively as shown in (5). However, the continuity of the tangential
component of//, that is 7 s , is not satisfied positively. On the other hand, in the case of
the conventional BEM, the continuities of both / s and //„ are not satisfied positively.
It is checked how the computed values of/ s satisfy the continuity condition by
* , = J so / J s i ,
where Js is the absolute value of J% and the subscripts o and / denote the value outside
and inside the conductor. If Js computed satisfies the continuity condition completely,
R,= l. In Table 1 and 2, the results of/?, are given. In these tables, P\-P* are the
calculating points between A and B and P5 is that between B ;ind C shown in Fig. 3.
From these results, we noticed that the magnetic fields computed by proposed method
are adequate because these values satisfy both Maxwell's equation and boundary
conditions.
Table 1. Check of the continuous condition of tangential
component of the magnetic field
(Nonferrous conductor)
Pt
0.989

Rl

Pi
0.994

PJ

1.01

P4
0.826

Ps
0.982

Table 2. Check of the continuous condition of tangential component
of the magnetic field
(Ferrous conductor)

Rx

Px
LXK)

Pi
KOI

Pi
1.04

P4
1.01

Ps
0.996

4. Conclusions
We have examined an approach for eddy current analysis by surface integral
equations whose unknowns are loop electric and surface magnetic currents. These
unknowns are very simple elements but these satisfy automatically the essential
electromagnetic conditions that the divergence of the surface electric current is zero
and the sum of the surface magnetic charge is zero. We compute the magnetic fields on
the surface of the conductor and compare these with the values computed by FEM. It is
found that the magnetic fields can be obtained correctly near the edge.
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Abstract—In this paper, some interesting phenomena were
described from the viewpoint of two-dimensional magnetic
property, which is reworded with the vector magnetic
property. It shows imperfection of conventional magnetic
property and some interested phenomena were discovered,
too.
We found magnetic materials had the strong
nonlinearity both magnitude and spatial phase due to the
relationship between the magnetic field strength //-vector
and the magnetic flux density 5-vector. Therefore, magnetic
properties should be defined as the vector relationship.
Furthermore, the new Barukhausen signal was observed
under rotating flux.
Index
terms—two-dimensional magnetic
property,
magnetostriction, Rotational Barkhausen Signal, Chaos
attractor
I. INTRODUCTION
In the past, the single-sheet testers (SST) and Epstein testers have been used to
measure the magnetic properties of electrical steel sheets, taking only the magnitude of
the alternating magnetic field into account (hereafter these are referred to as onedimensional or scalar measurements). However, the rotating magnetic flux appearing
at the T-joint of the three-phase, three limbed transformers and in the stator core of
motors have the characteristics differing from those of alternating magnetic flux; the
iron losses due to rotating flux are larger than ordinary alternating iron losses, and are
known to be a factor acting to increase total iron losses.1'1 This difference depends on
the spatial phase relation between the magnetic field vector H and the magnetic flux
density vector B. Hence the magnetic properties obtained solely through scalar
measurements are inadequate for optimal design of electrical machines, which
generate rotating magnetic flux. We previously pointed out the need for twodimensional magnetic measurements {vector measurements) in alternating and in
rotating magnetic fields, in order to better understand the detailed behavior of
magnetic flux within materials, and reported on the two-dimensional magnetic
characteristics obtained by such methods.'1'
When performing magnetic field analyses using the finite element method or some
other technique, the magnetic properties of the material must be input, and when the

directions of the J5-vector and the //-vector differ, the magnetic reluctivity to be input
is the tensor quantity.
In the first half of this paper, we describe the two-dimensional {vector) magnetic
properties by the two-dimensional magnetic measurement method, and the improved
magnetic field analytical method considering the magnetic reluctivity tensor.
And then the typical magnetic phenomena measured by two-dimensional magnetic
measurement are presented in the latter half of this paper. These are two kinds of
phenomena. One is about a three-dimensional magnetstriction by two-dimensional
measurement with special three-axis strain gauge. Another is about the development
of chaos in Rotational Barkhausen Signal under rotating flux condition. A chaos
attractor was introduced from this signal.
II. DEFINITIN OF VECTOR MAGNETIC PROPERTY
In our conventional magnetic field analysis, the vector magnetic properties of fhe
arbitrary direction under the alternating flux condition were expressed as reluctivity
tensor by following equation:

y

y

.

(2)

The reluctivity vx and vy depend on magnetic flux density B and an inclination angle
9B as shown in Eq.(2). However, this expression is unable to express the alternating
hysteresis. Because even if and equal to be zero, and are not zero when the alternating
hysteresis exists like Fig. 1.
Accordingly, we define the relationship between B- and //-vector considering the
both alternating and rotating hysteresis as follows:

+ v_- — l

Hr = vBr
X

XT

X

.D

r\.

where vxri vIjt v^ and v^ ^Q expressed by consideration of the 3rd harmonic
component as follows:
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at J

—at
(4)

The coefficients kxm, kxlif kvm and kvln (n=l, 2, 3, 4) are obtained from the measurement
data.
\
H,

i ' y • i

Fig. 1 Measured data under the alternating flux condition.
The specimen used in this study is a grain-oriented steel sheet (23ZDKH90 produced
by NSC, 0.23 mm thickness). Because we have not enough space, we omit the
detailed description of the vector magnetic measurement apparatus.'2' Substituting (3)
into Maxwell's equations in a two-dimensional quasi-static magnetic field, we can
obtain the following equation with the vector potential A (= A):
d(

SA\

d(

dA\

d \ d (

dA\

d(

dA\

.

where Jo is the exciting current density.
Next, we calculate the distribution of iron loss in the cores. The iron loss can be
calculated directly from analyzed results by the following equation:
(6)
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where T is the period of the exciting waveform, p is the material density. First, we
applied the expression presented here to a single-phase transformer core model. This
core model was made by cutting off the unnecessary part from rectangular sheets, as
shown in Fig. 2. The core was constructed by the grain-oriented steel sheet, and its
number of lamination was equal to 40. Since the core has symmetry, a quarter of the
region was analyzed.
Fig. 3 shows the distribution of loci of B- and H-vector calculated with our original
method. As shown in Fig. 3(b), //-vector was especially large at the corner region of
the core. Furthermore, it can be seen that an alternating hysteresis occurs. Fig. 4 shows
the distribution of iron loss given by Eq. (6). (see appendix as measured results for
comparison.)
Analyzed area

—>: Rolling direction

UNIT: [mm]

Fig. 2 The single-phase transformer core;model.

L

s \ S S \ \ \ I
H U M !

(a) Loci of B-vector

L
(b) Loci of//-vector

Fig. 3 Loci of calculated B- and //-vector.
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Fig. 4 Distribution of calculated iron loss.
IV. LO'CALIZED DISTRIBUTION OF VECTOR MAGNETIC
PROPERTIES OF GRAIN-ORIENTED SILICON STEEL SHEET.
Fig. 6 shows the loci of the B- and //-vector at each measuring position as shown in
Fig. 5, respectively. Most loci of the 2J-vectors were alternating, but some of the loci
became a slender rotational shape. The loci of the H-vectors were quite different from
those of the ^-vectors, and the shapes were dependent on the grain size and its
location. There were large differences in loci of //-vectors at each position. The Hvector is always not parallel to jB-vector. Though the misorientation is very small, the
magnetic proprieties differ by the place. Especially, to get the uniform /f-vector
distribution, the //-vector is largely influenced considerably surrounding the situation.
From the facts described above, we may conclude that the magnetic properties is not
uniform in the sheet by effects of grain orientation, grain boundary shape, the missing
grain in the large grain.[3)[4)[5)

/Specimen

7

Exciting coil

ibiTf
11x13=143 points)
Measuring position

Fig. 5 Measuring apparatus and area.
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(a) The loci of //-vect

(b) The loci of S-vector.

Fig. 6 The loci distribution of H- and B - vector in f=50 [Hz]
Figs. 7 and 8 show the relation between the magnetic domain structure and vector
magnetic properties. From these results, we can indicate the effect of the grain
boundary on iron loss.

im|

?E§

i

m

(10.G;
(11,1)
(7,G)
Fig. 7 Magnetic domain structure at some measurementpoints

V

(10, G) IJymax= 1.6.18 (TJ. Total Loss = i.20rt [VWkg)
«!

1

P.

(11.1) Bym«-1.654(T]. Total Loss-l.no [W/kg]

TO

(7,"GJ

Fig. 8 The loci of B- and //-vectors and the hysteresis loop for the X,Y components
atsome measuring position. The axis of B is 0.5
([T]/div.). The axis of H is 50 ([A/m]/div.).
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V. VECTOR MAGNETOSTRICTION161171181
Let show the definition of magnetostriction from new viewpoint. Conventional
measurement method is not useful for the grasp of the whole behavior, because the
behavior of magnetostriction depends on both direction and magnitude of B-vector.
We have introduced tensor method for the determination of exact behavior of
magnetostriction.
In general, it is indicated that the direction of the main magnetostriction usually
differs from that of the flux density B-vector. It is therefore necessary to use the threeaxis strain gage in those measurements. We have developed a new gage that can
remove the influence of outer magnetic field and applied it to measuring the twodimensional magnetostrictions with two-dimensional magnetic measurement
apparatus. The results show that the new gage is very useful in measuring the
rotational properties. Fig. 9 shows the new strain gage construction (SKF-5964),
which can measure three components of magnetostrictions.
Fig. 10 shows the two-dimensional behavior of magneostriction by two-dimensional
magnetic measurement method. Magnetostriction increases with increasing magnetic
flux density, but it is not parallel to the direction of magnetic flux density fi-vector.
As shown Fig. 10, though the magnetostriction of parallel direction component in the
fi-vector is very small, in the different direction from the B-vector, the large strain is
generated. This result is completely different from the conventional result.

rolling direction
2mm

gauge-c
plastic plate
Gauge length : I 5 mm Gauge resistance :35O - 2.5, Gauge factor: 2.02 - 2.0%
Fig. 9

Construction of new type stain gauge for measurement
of vector magnetostriction
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Specimen : 30ZH
Alternating flux condition

Inclination angle : 45 [deg]
Bmax : 1.0 [T]

': Magnetic flux density vector

, ^axis : 2.5 A10-'(full scall)

-• — : Direction of maximum magnetostriction

Fig. 10 Two-dimensional magnetostriction (30ZH Alternating flux conditions)

VI. ROTATIONAL BARUKHAUSEN SIGNAL AND CHAOS.

A new phenomenon was discovered, which is called Rotational Barkhausen Noise
by using special sensor. I9"10'!"'!121 This signal is very useful in detecting internal
stress of magnetic material and sensitive, too.
Fig. 11 shows the Barkhausen noise under alternating and rotational flux conditions,
which are called "Alternating Barkhausen Signal (conventional Barkhausen signal)"
and "Rotational Barkhausen SignaV. This Rotational Barkhausen Signal is continuous
signal in different from alternating one. Fig. 12 is FFT's result in the case of non-oriented silicon steel sheet. These signals are imported in computer system through the
wave memory analyzer. By analyzing this signal, we have found the chaos attractor as
shown in Figs. 13(a) and (b).
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Fig. 11 Barkhausen Signal.
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Fig. 12 FFT's result of Rotational Barkhausen Signal.
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Furthermore, we discussed this attractor by using Lyapunov exponent. We concluded
that this signal had chaotic and original attractor
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(a) f =4000 [Hz], non-oriented sheet.
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(b) f = 5000 [Hz], non-oriented sheet.

Fig. 13 Attractor of rotational Barlchausen noise.
VII. CONCLUSIONS.
In this paper some interesting phenomena concerning two-dimensional magnetic
properties which are magnetic properties as a vector quantity, localized distribution of
two-dimensional magnetic properties, three dimensional behavior of magnetostriction,
development of rotational Barkhausen signal called as "Rotational Barkhausen
SignaF\ We claimed that magnetic property is the relationship between magnetic field
strength //-vector and magnetic flux density B-vector. We cannot design the
efficiency machine and new development by new material without our concept of
vector magnetic properties. In conventional analysis, some results were obtained by
using scalar quantity in spite of vector field analysis. Almost behaviors between Hand B-vector have nonlinear relation on not only magnitude but also spatial phase.
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APPENDIX
Figs A and B show the measured results by the two-dimensional measurement sensor
of model core in Ftg. 2.
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Measurement System of DC-biased
magnetic properties
H. Matsuo, M. Enokizono
Abstract-- There is unclear point on DC-biased magnetic
properties. Then, we made measurement system and
measured DC-biased magnetic properties in order to be
clear it. This time, measurement method and measurement
system using single-sheet tester which is suitable for that
compares DC-biased magnetic properties on many
specimens are reported.
Index Terms- Single-sheet tester, DC-baised magnetic
property
I.

INTRODUCTION

Recently, electrical steel sheets are being used under various exciting condition with
progress of power electronics. When an electrical machine is excited by an inverter
system including semiconductor devices, a DC-biased magnetization can be observed
in the cone materials.
It is well known that such DC-biased magnetization becomes a cause of increasing
losses or exciting currents. It might be required to make clear DC-biased magnetic
properties by design and control of the machine. To make clear DC-biased magnetic
properties, we have developed a measurement system constructed with the single sheet
tester (SST). The measurement system can be easy to measure various sheet
specimens.
We measure the DC-biased magnetic properties of some gain-oriented silicon steel
sheets that have a different rolling direction, and compare the measured results.
II. MEASUREMENT SYSTEM AND MEASUREMENT METHOD
A.

Definition of measurement

quantity

Btnax

Hrrnn

Hmax

Fig. 1 definition of measurement quantity.
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The value of used for measurement this time is defined at first. We define that the
longer direction of specimen is X direction, and other is Y direction. Bdc is DC
exciting magnetic flux density, Hdc is DC exciting magnetic field, and Bac is waveform
of AC magnetic density.
Fig. 1 is hysteresis loop under DC-biased condition. In Fig. 1, Bmax and Bmin is
maximum magnetic flux density and minimum magnetic flux density. Bm is amplitude
of Bac. B is defined magnetic value under DC-biased condition.
B. Measurement system and Measurement method
Fig .2 is a rough figure of measurement system. Power Supply is machine for DC
exciting. Waveform Generator is machine for AC exciting. We make DC biased
condition using these machines. A part to be surrounded at a dotted line is single-sheet
tester.
Fig. 3 shows single-sheet tester. We putted H-coils on upper and lower sides of
specimen. H-coils were wound on the acrylic sheet of 50 50 2mm. B-coil was
winding on a frame putting the outside of H-coils. The area of B-coil is larger than the
area of specimen. So we winded coils to revise. DC exciting coil was winding on a
frame putting the outside of B-coil. AC exciting coils are winding on the yokes.
Magnetic value under DC-biased condition must be measured DC ingredient under
DC-biased field. But each coil could not measure DC ingredients. Because we can
measure magnetic field and magnetic flux density only when magnetic flux density in
specimen changed.

j

I

j

I

3 "

Fig. 2 Measurement system
Therefore we are using flux-meter to measure instantaneous voltage to be generated
for B-coil and H-coil. The measurement process is shown in figure 4.
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Fig. 3 Single-sheet tester.
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C.
The specimens were the grain-oriented silicon steel sheet and had easy axis of 0,
22.5, 45, 67.5 and 90 degree from X direction. It size was 400 50 0.23mm.
Measurement conditions were that exciting frequency was 50Hz and Bm was 0.5 T.
We changed the DC magnetic flux density 0.2T each from 0T to 0.8T and measured.
Figure 5 shows compare DC-biased magnetic loop with saturation hysteresis loop.
In Figure 5, each DC-biased magnetic loop is inside of saturation hysteresis loop. So
we were able to measure DC-biased magnetic properties precisely.
Figure 6 shows loss depending on B. Each iron loss is increasing as DC-biased
magnetic values increase. Even if DC magnetic flux density of magnetic properties
having hard axis changes, the form of the loop doesn't change. So iron loss changes
only little.
D. Conclusion
We showed measurement system which can measure various specimens. This time,
we measured five specimens and showed that this measurement system is useful from
each result.
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Magnetostriction Change of Grain Oriented
Si-Fe Sheet Sample Declined From Rolling
Direction Under Field and Stress
A. Sailo, T. Yamamolo and A. Shiuchi*
Faculty of Education, Tottori University, Koyama Tottori, 680-8551, Japan
^Faculty of Engineering, Tottori University, Koyama Tottori, 680-8552, Japan

(1)

INTRODUCTION

The magnetostriction has major responsible for the noise of transformer core.
Therefore it is very important to investigate the mechanism of appearance and the
properties for magnetostricton. Magnetostriction of the Si-Fe sheets is very small as
their magnetization mainly proceeds with the displacement of the 180°domain.
However, large magnetostriction occurs on the sample, when the direction of
magnetization inclined from [001] direction of rolling direction [1]. Therefore the
research of magnetostriction for the Si-Fe sheets, whose direction of magnetization is
not parallel to rolling direction, has become more important. We investigated, in this
paper, the properties of magnetostriction change and the domain structure change of
declined sample 75°from rolling direction. We also investigated the effect of stress on
the magnetostriction change to make clear the mechanism of magnetostriction change
due to tensile stress.

(2)

SAMPLES AND EXPERIMENT

The sample used in this investigation is 3.2wt% silicon Grain Oriented Silicon Steel
sheet. The B8 is 1.92T. They are cut into stripes at 75°from rolling direction and heat
treated for 4 hours at 800°C. The thickness, width and length of stripe were 0.22mm,
10mm and 300mm, respectively. The magnetostriction was measured by semiconductor strain gage. The surface domain was observed by Kerr effect.

(a) Results and Discussion
Figure 1 shows the magnetostriction change due to magnetization of 75°sample. This
complicated characteristic of magnetostriction change is composed of three parts,
namely the region A where there is no change of magnetostriction at low
magnetization, B where magnetostriction increases and C where magnetostriction
decreases. The domain configuration corresponds to region A in figure 1 is parallel
stripe domains as shown in figure 3. The main easy directions in the sample is shown
in figure 2, where the [001] direction lie in the 75°from longitudinal direction and
[100] [010] directions lie in the sample, as shown in the figure. The domain structure
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model which correspond to figure 3 is shown in figure 4. Perpendicular small zigzag
domains start to appear by application of magnetic field and they increase its surface
area as shown in figure 5, which corresponds to the region B in figure 1. Figure 6
shows the magnetic domain model for figure 5. Zigzag domain occupies whole surface
by increase of magnetic field as shown in figure 7.
GOSS 75°
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Fig.l The magnetostriction change due to magnetiza.tion of 75°sample.
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Fig. 2 Three easy magnetization directions in the sample
declined 75°from rolling direction.

Demagnetized state
Fig. 3 The magnetic domain structure of 75°sample at region A in figure 1.

Longitudinal direction

Fig. 4 The magnetic domain model for figure 3.
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Fig.5 The magnetic domain structure of 75°sample at region B in figure

Fig.6 The magnetic domain model for figure 5.

Fig.7 The magnetic domain structure of 75°sample for 1.0 T at region B
in figure 1.

Longitudinal direction

Fig. 8 The magnetic domain model for figure 7.

Longitudinal direction

Fig. 9 The magnetic domain model at saturated condition in region C in figure 1.
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Fig. 10 The magnetization change due to magnetization as applied
tensile stress parameter.

Figure 8 shows the magnetic domain model for figure 7. Zigzag domains disappear by
application of further magnetic field, and this change of magnetic domains
corresponds to the magnetostriction change of region C in figure 1.
This process correspond to the rotation of magnetization and finally it saturate as
shown in figure 9.
Figure 10 shows the magnetostriction change due to magnetization as the applied
tensile stress parameter.
Magnetostriction changes shift to negative side by increasing tensile stress. The
magnetic domain change model due to the application of tensile stress and magnetic
field is shown in figure 11.
The uppermost figure shows the same condition with figure 3, that is the demagnetized
condition under stress free.
The middle model in figure 11, which is shown based on the actual domain photos,
shows the demagnetized state under the application of tensile stress.
The surface domain configuration shows stripe parallel domains in the longitudinal
direction, in spite of the direction of magnetization lie in the easy direction of [001],
which lie in the 75Dfomi longitudinal direction.
By application of magnetic field, domain configuration change from the stripe to the
zigzag domains to decrease the static magnetic energy, and which shows similar
domains as shown figure 7 ihat correspond to the region B in figure 1.
These results shows that the starting point of magnetostriction change due to increase
of magnetization under the application of tensile stress shift to the right side in figure
1, and which means the magnetostriction change shift to the negative side as shown
in figure 10.
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Fig. 11 The magnetic domain models for the 75°sample due to application of tensile
stress and application of magnetic field

(a) Conclusion
The magnetostriction and domain configuration changes due to the increase of
magnetization and due to the application of tensile stress of 75°sample declined from
rolling direction was investigated. The mechanism of those changes were made clear
by considering the domain structure model based on the result of observation of
domain structures.

(b) Reference
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Abstract. Cubic silicon steel has (100) erystallographio plane on its
surface and two magnetic easy axes in (100) plane are processed to
coincide to two perpendicular axis. This feature prompts the use of
this material under the rotational magnetic field compared to the
conventional grain oriented silicon steel which shows extraordinary
increase of iron loss in the off easy axis direction. Aiming this
practical use, the two dimensional magnetic properties are measured
under the various conditions, and the magnetization properties and
loss characteristics became clear. The magnetizing properties
between flux density B and magnetizing field H arc represented
numerically by E&S modeling. The small amount of the hysteresis
properties under the alternating flux condition and rotational flux
condition are well represented by E&S model.

1. INTRODUCTION

The saving energy scheme prompts the developments of the high efficient
electrical machines, especially in the field of the industrial and electric power
applications such as rotating machines and transformers. The most nuisance loss
comes out from the magnetic core materials exposed under alternating and rotating
magnetic field because the usage of these machines ranges for a long time expansion.
Therefore loss reduction in these machines mainly means the reduction of core loss
itself. For developing the high efficient machine, there are two ways of approach.
First, the loss reduction of the core material itself by controlling the parameters such as
the direction of crystallographic axis, inclination of crystallographic plane from the
sample surface and adjusting the configuration of the magnetic domain structures by
inducing the artificial internal stress, and so on. Second, the designing of electrical
machine to pull out the best quality of the core material used under the assistance of
numerical simulation. Here comes the modeling problem and arguments of its
accuracy [ 1 |.
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The cubic silicon iron goes behind the conventional grain oriented silicon iron
because this material has difficulty in complicated production process. Under the new
situation considering the vector relation between the flux density and magnetic field,
this material has some superior points because this material have the double magnetic
easy axis on its surface [2]. In this paper, we investigate the magnetic vector loci under
the two dimensional magnetic field, and tried to represent the B-H relations with
higher harmonics by E&S modeling.

2.

MEASURING SYSTEM AND SAMPLE

2.1 Measuring system
The measuring system is newly developed as for the yoke configuration to avoid the
flux wraparound from the opposite side of perpendicular direction and has easier flux
control performance. Fig. 1 shows the measuring yoke fixture using this energizing
magnetic circuits which has x and y magnetic path and the surface of these flux path
are perpendicular to each other. The horizontal yoke elements and the magnetizing
coils are the same size of the former test fixture [3]. The number of turns of exciting
coils is 190 turns for each coil blocks. The whole exciting circuits are set on the test
bench and the measuring sample is set at the center of the crossing yokes. The yoke
shapes facing to the sample are cut in the wedge form and plastic films keep small air
gaps of 0.1 mm to adjust the magnetic conductance of the yoke circuit for easier
waveform control. The H coil sensor block with stylus B probe is set on the sample.
The distance from the sample surface to H coil center is kept 1.6mm and stylus probes
contacts to the sample by a small weight. The H coils constants are NSx=1.02 x 10"
2
[Tum.m2] and Nsy=0.826 x 10'2[Tum.m2], respectively. The stylus probes width are
2.77 x 10"2[m] for Bx and 2.79 x 10"2[m] for By
Fig.2 shows the block diagram of this measuring system. The total system is
controlled by a microcomputer using built in 12bit D/A, A/D board with a virtual
instrument programming language. The built in board with 100 kHz sampling
improved the measuring time about 1/20 compared to using the discrete digital
oscilloscope system. The exciting waveform and acquired waveform are expressed
by 500 points/period. Numerical averaging and smoothing
X-yokes

X-coils

Y-yokes

Figure I Two-dimensional magnetic properties measurement system.
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converter board

Power
Amplifier
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dH/dt

dB/dt

Instrumentation
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Exciting
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B coils
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Figure 2:Measuring system diagram
that take the advantage of the periodic signal waveform efficiently removed the noise
component of the acquired signal. There are two stages in data acquisition process.
The first is the control stage to get the sinusoidal flux density B waveform, and the
second is to measure and calculate the various loss and B, H loci, etc. Once the
measuring condition such as the magnitude of the magnetic flux density B, the aspect
ratio of the ellipsoid form of B vector loci, the inclination angle of the main axis of the
ellipsoid are set, the total measuring process is earned out automatically.
2.2 Measuring sample
The measuring sample is CUBE silicon steel (Nippon Steel Co. ltd.) with 0.399 mm
thickness, 80 mm x 80 mm sized, and each magnetizing easy axis is set to the X and
Y-axes. Three turns of B coils are set at the center of specimen through 1 [mm]
diameter holes, and these widths are 2.25 x IO''[m] for Bx coil and 2.15 x 10":[m] for
By coil. The sample surface has no coatings.

3.

HYSTERESIS PROPERTIES

The vector loci of flux density B and magnetizing field H, B-H loops in X and Y
directions are shown in Fig. 1 for the aspect ratio of 0.3 and 0.8. In nearly circular
profile of 0.8 aspect ratio, the H vector loci shows the four peaks around 45, 135, 45, -135 degrees which correspond to the magnetic medium hard axis. Coincide with
these loci, the B-H loops in each direction become complicated with higher
harmonics. The B-H loops show twisted parts in Y direction, which switches to X
over 90 degrees inclination or under the counter clockwise rotation. This twisting
comes from the fact that the magnetizing field H, driving force of vector B, pull the
magnetizing vector B when going round apart from the easy axis, but after going
beyond
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Figure 3:Two dimensional properties of B,H vector and B-H relations.
(a):axis ratio =0.3 (b):axis ratio=0.8 Bmax=1.0[T],
B:0.5[T/div.], H:100[A/m/div.J, frequency is 50[Hz].

the direction of the magnetic medium hard axis, the magnetization vector B goes
spontaneously by another pulling force of the anisotropy field in the next easy axis
direction.
Thus the B vector locates at the front and behind of the H vector depending the
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angular location of B vector itself. In these twisting region, the total iron loss is
reduced by the regenerative energy. The total loss is evaluated from the sum of each
hysteresis loss in X and Y directions. The variation of the total loss on the inclination
angle of the flux density B shows its peak around the direction of medium hard axis
under the alternating excitation [4], but the amount of the variation of total loss
reduced and become smooth as for the direction of excitation under the quasi-circular
flux condition. Thus the minimum loss direction depends on the excitation condition.
Fig. 4 shows the angular difference of H vector referenced phase of B during
clockwise rotation and counter clockwise rotation. The positive angle means that the H
vector located at the front side of the each rotations. The origin of phase of the B is
positive Y direction. The phase positions of driving forth H are at almost front side of
the rotation and differs its magnitude depending on the anisotropy field.

x

0 45 90 135 180 225 270 315 360
Phase of B vector [deg]

(a)

0 45 9() 135180 225 270 315 360
Phase of B vector[deg]

(b)

Figure 4:Phase difference of H against B under CW and CCW rotation.
(a) Bmax=l .0[T], Inclination angle=60[deg], aspect ratio=0.3
(b) Bmax= 1.0[T], Inclination angle =60[deg], aspect ratio=0.8

Under the B loci of small aspect ratio of 0.3, as in Fig.4 (a), two large peaks are
observed correspond to the direction of long axis of B locus. The position of these
peaks shifts to the front side of direction of rotation. For the nearly circular locus of
aspect ratio of 0.8, another two small peaks appear between the two main peaks, while
the difference of H become small as in Fig.4 (b). The position of main two peaks and
two dips shift to forward side of rotation, while the small peaks stays almost same
phases.
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4. E&S MODELING
The B-H relation is usually modeled by the magnetic resistivity in the ordinal
numerical analysis such as the FEM, but for the analysis of the rotational
magnetization, the tensor magnetic resistivity method has some difficulty to represent
the actual properties such as the hysteresis phenomena of the magnetic field H under
the alternating flux condition, uncertainty of the excitation direction for the definition
of resistivity only by the magnitude of flux density B.
The E&S modeling improves these points by adding the transition term of flux
density B in the form of time differentiation.
The B and H relations are represented using the transient magnetic resistivity
constants v,r, vxj, Vy,., vyj as follows.
Hx = v xrBx + v »•. dBx/dt
(1)
Hy = V yrBy + Vyi . BBy/dt

(2)

The magnetic resistivity constants, vxr, vxi, vyr, vyi are determined from the
measured data by (3) using four constants from kxl to kx4, and these four constants
are memorized for each locus of B condition. Here shows only for the x components,
and is same for the y component.

v xr =kxrl +kxrlB;+kxr,Bx(dBjdt)

+

kxr<{dBjdtf

(3)

The E&S modeling is applied to represent the B-H properties of cubic materials.
Fig.5 shows the 3 rd and 5th harmonics spectrum normalized by its fundamentals of the
magnetic H waveform synthesized using these coefficients for modeling. In higher B
region, the harmonic contents in H wave increase and two peaks appear around 45
and 135 direction of magnetic medium axis in basics. For the 5th harmonics, wave
analysis is applied using modified E&S

(a)
(b)
Fig. 5 The harmonics ratio to fundament of H wave under E&S modelling.
(a) 3rd harmonics, (b)5ht harmonics. (The aspect ratio of rotational flux density B is 0.3.)
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5. CONCLUSION

The hysteresis properties under the rotational magnetization of cubic silicon steel is
closely investigated and E&S modeling is tried to represent the B-H relation of this
material.
1. The magnetization field vector H loci distorted in higher B and in larger axis ratio
region that correspond to the magnetic medium axes.
2. B-H loops for cubic material shows twisted region that imply the B vector rotate
faster than driving field H because of anisotropy. .
3. The modified E&S model using 5* harmonics of magnetic field strength H
waveform effectively represents the B-H relations for the cube material.
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Abstract. A design of kicker magnet system of controllable pulse
duration is presented. The kicker magnet ensures flux density of
values 0.03 T and 0.05 T in the two directions of the aperture area.
The pulse generator forms a current pulse of magnitude 6500 A, rise
and fall times less than 80 ns and variable pulse duration in the range
0.5... 8 fis.

1.

INTRODUCTION;

The design of kicker magnet systems has to comply with different requirements,
often not very compatible. Some designs of kicker magnet systems and their
components are given in [1-5]. The main problems to be solved are the choice of the
shape and material of the core, the shape, spatial distribution and insulation of the coil,
the design of the pulse generator and the coordination of the parameters of the magnet
and the generator.
The present paper deals with a design of kicker magnet system generating a pulse of
variable duration. The duration and the small rise and fall times of the pulse are the
critical parameters. The duration should be in the range from 0.5|as to 8 [is, the rise
and fall times - less than 80 ns. The working aperture is of dimensions 110x54 mm.
The values of the flux density in the aperture zone have to be 0.03 T in horizontal
direction and 0.05 T in vertical direction. The oscillations in time and spatial nonuniformity of the field should be less than 5%.
2.

KICKER MAGNET

The kicker magnet has been designed on the basis of finite element analysis of the
field.
Due to the not very high requirement for the spatial non-uniformity (5%), the core is
chosen to be a frame without poles.
Two independent coils are used for creating the field in both directions. The coil
creating the field in horizontal (x-) direction is uniform and continuous, while the
other one consists of several parts and its width is larger at the ends in order to ensure
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the required spatial uniformity of the field.
The inner core dimensions are obtained 140x84 mm, due to the coil arrangement.
The outer core dimensions depend on the core material. If ferrite or amorphous
material is used, they could be 180* 124 mm.
The flux density distribution in the two directions, x- and y- , respectively, is shown
in Fig. 1 and Fig. 2.

Bx,T
0.039

0.033
0.027
0.021
0.015
0.009
Figure 1. Spatial distribution of the flux density Bx over the aperture
(a quarter of the magnet is shown)

By,T
0.065

i

0.059
0.053
0.047
0.041
0.035

Figure 2. Spatial distribution of the flux density By over the aperture
(a quarter of the magnet is shown)
3.

PULSE GENERATOR

The typical approach in forming of a "rectangular" current pulse in the kicker
magnets is based on a cable PFN discharged through the magnet by a fast switch and
matched with the magnet by a series resistor [3]. Two problems, however, arise in
making use of this approach in our case. First, the pulse duration should be well above
1 |as (up to 8 (is) which requires the same (and very long) discharge time of the PFN.
And, second, the necessary current amplitude is relatively high (several kA) so the
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PFN impedance should be low to avoid a very
High charging voltage. Therefore a number of cables should be set in parallel. Thus, in
our case, a cable PFN will consist of several kilometers HV cable i.e. it would be huge
in dimensions. By this reason we have investigated theoretically a pulse generator
based on discrete elements PFN.
The main difference of our generator with respect to the common ones is the
possibility of varying the duration of current pulse through the magnet. Since the
discharge time of the PFN is fixed, the only way to do that is to interrupt the current
through the magnet at the desired moment, thus obtaining controllable pulse
duration. In principle this could be done by a second switch connected in parallel
with the magnet which breakdown will shunt the magnet and form the trailing edge
of the current pulse through the magnet. Following such an approach we have
investigated a current pulse generator of principal scheme shown in Fig. 3.

;J

c.J c,J c.J c.J

L

Figure 3. Principle scheme of the pulse generator
In the above scheme the kicker magnet is modelled by inductance
capacitance Cm and meanings of the other symbols are as follows:
Lo, Cn Kh K2 Rs Rs, R L2 L p h LP2 h. im. iP -

and

inductance and capacitance of a single cell of PFN;
low inductance HV switches;
low inductance HV resistors;
inductance of the switch K2;
inductance of Rs, R, K, and connecting conductors;
currents through K2, kicker magnet and Cm, respectively.

The purpose of the resistor R is to ensure a sufficiently high voltage on K2 after the
breakdown of K, and in calculations we have used value R = 4Z where Z is PFN
impedance. Therefore a considerable mismatch between PFN and the load exists and
strong oscillations during and, especially after the current pulse, should be expected.
By this reason, firstly we have investigated the problem of damping the current
oscillations. The results of these calculations are shown in Fig. 4, where the value of
the matching resistors Rs and R& as well as the value of the switch inductance L2, are
varied. The calculations have shown that the oscillations could be greatly reduced by
including the matching resistors R: = R, = Z. The key factor in reducing the
oscillations, however, is the switch inductance L2 which should be as low as possible.
Hence the switch K2 should be designed in a special low inductance manner in the
above scheme.
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2.0
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• L2 - 30 n H . Rs - Rz - 0

4000
2000
0
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•2000•

L 2 - 10 n H . R s - l l - Z

2000

L2-30nH.

Rs-Rz-Z

1000
0
-1000
-2000
1.0

1.5
Tine, tis

2.0

Figure 4. Current oscillations without and with matching resistors and two
different values of the switch inductance L2
Since the capacitance Cm always exists in the scheme at least as parasitic one, the
effect of Cm on the current pulse through the magnet ha? been investigated too.
Shortly, the calculations have shown that in general Cm causes superimposed
oscillations on and after the current pulse and usually lengthen the pulse edges. By
proper choice of the Cm value, however, it is possible to me.tch the transient process
caused by Cm with the current pulse. In this case both leading and trailing edge of the
pulse could be sufficiently shortened.
Ultimately this results in lowering the charging voltage of PFN.
An example of the calculated current pulse through the magnet creating the field in
y-direction is shown in Fig. 5 where T and Uo are the discharge time and charging
voltage of the PFN, respectively. In the calculations it is supposed that K2 switches
0.5 (is after AT/.

8000
7000
6000
5000
<
„•

4000

Lm=(U7 >jH. Im=65OO A
Lpl.80nH,Lp2-L2-5nH
Z=0_< n R= f, n Cp= 1 6 nF
T=2 ^.Uo=4S5kV
Leadngcdgc 59 ns
Trailngcdgc - 76 n>
OsciHaUins
- 27%

c
I

3000

o
2000
1000
0
1000

Time, (

Figure 5. Current pulse for the field in vertical (y-) direction
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4.

CONCLUSION

The designed kicker magnet system gives the opportunity to control the current
pulse duration and, at the same time, to keep small rise and fall times and spatial
uniformity of the field.
5.

[I]
[2]
[3]

[4]

[5]
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Abstract. In this paper a new method for determination of the
electromagnetic field vectors in a multi-polar linear induction system
(LIS) is described. The analysis of the electromagnetic field has been
done by four dimensional electromagnetic, potentials in conjunction
with theory of the magnetic loops . The electromagnetic field vectors
are determined in the Minkovski's space as elements of the
Maxwell's tensor . The results obtained are compared with those got
from the analysis made by the finite elements method (FEM).

1.

INTRODUCTION

The determination of the electromagnetic field.in a multi-polar linear induction
system (LIS) with moving metal sheet is considered .The system is supplied with a
three-phase sine-wave power generator. Fig. 1 represents the model of the LIS . Due
to the presence of two-induction magnetic yoke the magnetic system is symmetric.
The metal sheet put in the air gap is moving with a constant velocity v=const along
the z - axis . The driving Laplass' force is a result of the interaction between the
excited magnetic field and the induced electric field in the aluminum sheet.

Figure 1: An idealized model of multi-polar U S ,where :
I-magnetic yoke , 2 -air gap , 3 -metal sheet
h , L are height and length of the inductor, respectively ; d, c are length and width
of the pole, respectively; 6 is air gap , g is thickness of the conductive sheet.
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The inductor with "m" number magnetic pole is connected with the fixed XOYZ
while the metal sheet - with the mobile X'O'Y'Z' coordinate system.
A model of variable magnetic charge defined by sufficiently thin semi-endless
solenoid with variable magnetic flux O ( / J is used [1,3].
The cross-section of the magnetic pole is consisted of "n"-number magnetic charges
(in this case n=5).
2.

RESULTS

2.1. A four -dimensional electromagnetic potential
The loop with variable magnetic flux induces electromagnetic field with electric
vector-potential Ac [3].

(1)
In an arbitrary point of the coordinate system XOYZ the scalar magnetic potential
can be written as:

A four-dimensional electromagnetic potential is introduced as:

%) = ^CI,AeyA£zAVfiY
where Acx,A€y,A£Z

(3)

are components of the electric vector-potential Ac along

x-,

y-, z- axes, respectively and V^ is scalar magnetic potential.
The Lorentz's transformations for the electromagnetic potentials [1,2 ] in the
Minkovski's space X = {x, y, z, jet} are used:
,
were : CC =

.

=

is relative factor; C is the speed of the light.

For the four-dimensional electromagnetic potential ^tc) we obtained:
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2.2. Vectors of the electromagnetic field
The components of the induced electric field are determined as elements of the dual
Maxwell's tensor FU)
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For the magnetic field by analogy are obtained the following expressions:
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2.3. Numerical results
The calculations for determination of the electric and magnetic field vectors in the
linear induction system are done using the following data: height of the magnetic yoke
h = 0 . 1 0 m , length of the inductor L = 0.66 m, length of the magnetic pole
d - 0.04 m , width of the magnetic pole c = 0.04 m , air gap 8 = 0.01 m ,
thickness of the conductive aluminum sheet g = 0.002 m , velocity of movement
v = 4 m/s . For this purpose a programme for computation of the electromagnetic
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field vectors is assembled using FORTRAN 90.
The distribution of the magnetic flux lines of the linear induction system is presented
in Fig.2.

Figure 2: 2D flux lines for multi polar linear induction system
The distribution of the magnetic field strength along the; x - axis in the cross-section
of the linear induction system is shown in Fig.3
.x10'

Figure 3: Distribution of the magnetic field in the air gap of multi-polar LIS
calculated by four-dimensional potential
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2.4 A comparative analysis with FEM
The outline of the linear induction system analyzed with finite elements method
(using ANSYS software) is represented in Fig.4. The cross-section of the multi-polar
linear induction system is considered. In this case the magnetic vector-potential
is
used for the analysis made by FEM.

Figure 4: Outline of multi-polar LIS for an analysis made by the FEM
Simulation: 1-magnetic yoke; 2- excitation windings; 3- air-gap; 4- metal sheet; 5buffer band. Symbols: h-height of the magnetic yoke; l-length of the magnetic
yoke; hw - height of the tooth; d-width of the tooth; hb -height of the buffer band; lb length of the buffer band; 8 -thickness of the conductive sheet.

Figure 5: Distribution of the magnetic field strength
in the air-gap of LIS made by the FEM
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3.

CONCLUSIONS

With the method represented in this paper one can determine the electromagnetic
field vectors in the multi-polar linear induction system using four-dimensional
potential. A priority of this method is the obtaining of analytical results for the
electromagnetic field vectors. These results are also valid for linear media. The
dependencies are valid also at high speeds of movement.
The results of the investigated linear induction system are comparable to those got
by the finite elements method.
The investigations may be continued in the determination of other characteristics
such as drag force, levitation force, etc.
The method proposed in this paper for an analysis of linear induction system can be
used for optimization calculations.
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Abstract. The paper presents the construction and characteristics of a
solenoid electromagnet with ferromagnetic disc placed in the coil.
The presence if the disc leads to change of the force characteristic
compared with conventional solenoid electromagnets - increasing the
force at large air gaps and decreasing the force at small air gaps. This
could be very useful for some actuators. It has been studied how the
force characteristic depend on disc size, position and material. Finite
element method has been used for field and force calculations of the
electromagnet.

l.

INTRODUCTION

Solenoid electromagnets are used in a wide variety of industrial applications,
mainly as actuators. The co-ordination between the electromagnetic and the load force
and obtaining desired force characteristic is of major importance in the design of these
actuators. Usually the change of the characteristics is obtained either by varying
geometry, e.g. the shape of the pole pieces, or by external control.
The paper presents a solenoid electromagnet that gives the opportunity of
changing the force characteristic by placing a ferromagnetic disc inside the coil.

2.

SOLENOID ELECTROMAGNET WITH FERROMAGNETIC DISC

The electromagnet under consideration features a ferromagnetic disc placed in the
coil in such a way that the coil is divided in two parts - Fig. 1. It is subject of
Bulgarian patent [1,2]. The location of the disc is somewhere in the zone of the air
gap of the electromagnet.
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Ferromagnetic
disc

Figure 1: Principle construction of the electromagnet

The ferromagnetic disc is cut in radial direction in order to avoid its behavior as a
secondary winding at dynamic conditions. Only the magnetic field redistribution due
to the presence of the disc is thus obtained and its influence on the force has been
studied.
3.

FORCE CHARACTERISTICS AT DIFFERENT CONDITIONS

Inserting a ferromagnetic disc in the coil leads to a change of the force
characteristic (electromagnetic force versus air gap). This can be seen from Fig. 2
where force characteristics without and with ferromagnetic: disc are shown for an
electromagnet of the same magnetic circuit.

-Without Disc

4

-With Disc

6
8
Air Gap ? , mm

10

12

14

:

Figure 2: Static force characteristics of solenoid electromagnet without and with
ferromagnetic disc
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All the results in Fig. 2 are experimentally obtained.
When the disc is inside the air gap, i.e. at large gaps, the disc strengthens the
working magnetic flux through the armature. These results in increasing the
electromagnetic force compared to the case without disc. The flux density in the disc is
relatively low, the disc is not saturated and its influence on the force is significant.
When the disc is outside the air gap zone, i.e. at smaller gaps, the disc weakens the
working magnetic flux, which leads to lower electromagnetic force in the case without
disc. The ferromagnetic disc is saturated and its influence on the force is relatively
low.
By varying the position of the disc different force characteristics can be obtained.
In Fig. 3 computed characteristics for three different disc positions are shown. The
disc thickness in these three cases is Ad = 0.5 mm. The results show that the
characteristics are raised in the zone of the disc. The force increases in the area right
after the disc.
Other factors that could influence are the disc material and dimensions, in particular
its thickness. It is also possible to insert more than one disc. An example of
characteristics with disc of different material is shown in Fig. 4. The first curve
(disc 1) is obtained with simple silicon iron and second curve is for quality iron with
higher induction of saturation. Therefore, in second case the disc is less saturated and
has stronger influence on the force characteristic.

-Dd=8.5mm -HB-Dd=4mm

Dd=10mm

12

14

Air Gtp, mm

Figure 3: Static Force Characteristics for Three Different Disc Positions
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Figure 4: Static Force Characteristics with Different Disc Materials
Force characteristics for the same disc position and different disc thickness
are given in Fig. 5.
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Figure 5: Static Force Characteristics for different Disc Dimensions
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Force characteristics for the same disc position and different disc thickness - Aj are
given in Fig. 5
The thinnest disc (Ad = 0.5mm) is saturated earlier and this determine its relatively
weak influence on the characteristic variation. At the opposite, the largest disc (Ad =
2mm) stays unsaturated and works like magnetic shunt. It leads away part of the
magnetic flux, thus decreasing the force.
4.

FIELD ANALYSIS BY THE FINITE ELEMENT METHOD

For theoretical study the finite element method has been employed.
Axisymmetrical formulation for the modified magnetic vector potential rA is used for
the solution of the magnetic field problem governed by pseudo-Poissonian equation.
This is a special (and easier to model) case of the model presented in [3].
Homogeneous Dirichlet boundary conditions are imposed on the boundary of a buffer
zone around the electromagnet. The problem has been solved as a non-linear one,
taking into account the material characteristics of the core and the disc. The nonlinearity is treated by the Newton-Raphson method with relaxation factor.
The electromagnetic force is computed by the Maxwell stress tensor approach. For
maintaining similar accuracy at different positions of the armature, the mesh is
generated in a way ensuring the same mesh for the armature and for the air
surrounding it where the Maxwell integration surfaces are located.
Code developed by the authors is used for the finite element analysis. It is written
in FORTRAN and offers some pre- and post-processoV features.
The static force characteristic of the electromagnet with one disc is computed and
compared with the experimental one, both shown in Fig. 6.

-Experimental Data

-Computed Results
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Figure 6: Static force characteristics of solenoid electromagnet with
ferromagnetic disc
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The computed and measured characteristics are in a relatively good agreement.
The differences are mainly due to the difference between the real material properties
from those used for the modeling.
5.

CONCLUSION

Insertion of a ferromagnetic disc in the coil of solenoid actuator could change
significantly its force characteristic. The change of the force is in a desired way increase at large gaps and decrease at small gaps. By varying the position of the disc,
its dimensions and material different force characteristics could be obtained.
The finite element method has been used for theoretical analysis. Possible further
studies could include more detailed analysis of the influence of other factors on the
force characteristic, as well as synthesis of electromagnet of desired characteristic.
References
[I] A. Alexandrov, A. Pisarev, and S. Pavlov: "DC solenoid electromagnet" Bulgarian patent
Mo. 18140, 1972.
[2] A. Pisarev, A. Alexandrov and S. Pavlov: "Solenoid electromagnet with possible change of
the characteristic " in Proc.of Int. Symp. SIELA '74,vol 1, pp.234-238, 1976.
[3] I. Yatchev, R. Miltchev, K. Hinov, A. Alexandrov. "Coupled problem for a solenoid
actuator", in Proc.of Xl-th Int. Symposium SIELA'99, vol. II, pp. 216-223, 1999.

99

MK0500042

Force Calculations and Measurements of
Electro-Magnetic Chuck
Yasushi KANAl, Satoshi NACASA WA, Ken-ichi FUKUNAGA,
Niigata Institute of Technology, Kashiwazaki 945-1195, Japan
(telephone: +81-257-22-8127, e-mail: kanai(a)iee.niit.ac.ip)
Naoto TOYAMA
RJKEN K1KAI CORPORA T1ON, Kashiwazaki 945-1352, Japan
(telephone: +81-257-22-6158, e-mail: rkende@mx5.mesh.ne.jp )

Abstract. The attraction forces between a test piece and a square type
electromagnetic chuck, which is used for settling the work piece by
electromagnetic force to grind the work piece on it, are calculated and
measured. To calculate and to measure the attraction forces precisely,
the gap, chuck-test piece distance, is set at 0.010 - 0.25 mm. Linear
and nonlinear force calculations are carried out using the measured
material characteristics. The obtained forces are compared with the
measured ones. Introducing proper material characteristics are
necessary to obtain accurate attraction force.

1.

INTRODUCTION

Electromagnetic chucks are used for settling the work piece by electromagnetic
force to grind the work piece on it. Japanese Industrial Standards (JIS) specifies the
structure, material, minimum attraction force and the force measurement method for
various electromagnetic chucks [I]. If it is possible to obtain a large attraction force
under small current, the electric power dissipation can be reduced, which in turn leads
to minimizing the thermal distortion of the work plane. Because analytical force
calculations were used to design the chuck previously, however, it is impossible to
optimize a chuck with very complicated structure. Before developing a new chuck
with new structure, it is necessary to understand the performance of a chuck on the
market.
This paper investigates the attraction force between the electromagnetic chuck and
the test piece. In order to calculate and to measure the attraction forces precisely, the
gap, chuck-test piece distance, of 0.010 - 0.25 mm is set. Because the material used for
the chuck and test piece is rolled steel for general structure, the electromagnetic
properties are not supplied. Then, we have prepared four samples and measured B-H
loops. It is found that the loops vary sample to sample. The test piece is placed at the
edge on the work plane, where the attraction force is the smallest. Then, it is placed at
the center, where the attraction force is the largest. First, we have assumed
permeability of the steel and performed linear calculations to derive the attraction
force. For large chuck-test piece distance, the attraction force agrees well with the
measured values, however, calculated values become larger than the measured values
for smaller gaps because of the material saturation. Then, nonlinear calculations are
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performed using four initial curves derived from the measured B-H loops. The
calculated values are still larger than the measured ones. This is because the
permeability degradation due to mechanical distortion which is not considered for the
calculations. Therefore, it is necessary to estimate proper B-H curves before
calculations. Finally, the calculation times and memory used are discussed and it is
noted that the numerical calculations can be a useful tool to design electromagnetic
chucks with complicated structure and to develop new structured chucks.
2.

ELECTRO-MAGNETIC CHUCK AND FORCE MEASLREMENT METHOD

Figs. l(a) and (b) show schematic structure of square type electromagnetic chuck
(RIKEN KIKAI CORPORATION, Electro-magnetic Chuck REA-212-15035) used for
calculations and measurements. Inside the body of the chuck, a coil winding of 2,479
turns is placed. Because the actual structure is very complicated, it is not shown here.
The stripe-shaped work plane is consisted of steel and non-magnetic separator and the
area is 150 mm x 350 mm. The test piece shown in Fig. 2 is placed at the edge on the
work plane, where the attraction force is the smallest, as shown in Fig. 3 and at the
center on the work plane, where the force is the largest. Then, the attraction forces
between the chuck and the test piece are measured. To measure the attraction force,
JIS specifies that a spring balancer should be used. Here, we have used a digital force
gauge (IMADA Co., Ltd. Digital Force Gauge DPSS-20TR).
non-magnetic separator
2

12

(a) plan view
-350-290- LJLJ U

Ul

U

U

U

IU

U

LJLJL

steel
-400-

(b) side view

Figure 1: Schematic structure of square type electro-magnetic chuck
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Figure 2: Test piece specified by JIS.

spring balancer
test piece

non-magnetic separator

electromagnetic chuck
Figure 3: Force measurement method specified by JIS.

3.

MAGNETIC PROPERTIES OF

SS400

Because SS400, the material of the chuck and the test piece, is Rolled Steel for
General Structure (JIS G-3101) and is originally designed for general structure, the
magnetic characteristics are not supplied. We have prepared four samples and
measured B-H loops and it is found that the loops vary sample to sample as shown in
Fig.4. The samples have not been annealed because it is intended to understand the
degradation by mechanical stress. In our measurement, because the enough fields are
not supplied, the major loops are not obtained. Then, the saturation magnetic flux
density is assumed to be 2.15 T and initial curves are assume as shown in Fig.5. As
can be seen from the fact noted here, it is very hard to estimate the actual magnetic
property of the chuck and the test piece, especially, under the condition that the steel
of the chuck is distorted mechanically by the non-magnetic adhesive separator.
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Figure 5: B-H curves used for nonlinear calculations.

4.

CALCULATED RESULTS AND DISCUSSION

It is impossible to calculate the force between two objects with zero distance. Also,
assuming zero distance between the chuck and the test piece is not proper because of
their surface roughness. Therefore, in order to calculate and to measure the attraction
forces precisely, the gap, the distance of the chuck and the test piece is set. To set the
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gap of 0.010 - 0.25 mm, we have used commercial plastic films (0.010, 0.015, 0.020,
0.025, 0.030 mm in thickness), sulfate paper (0.050 in thickness) and their
combinations for measurements. The measured film thickness by using micrometer
are shown in Table 1. As can be seen from the table, the variance of the film
thickness can be accepted.

Table 1 Measured film thickness by using micrometer
spacing
assumed [mm]
0.010
• 0.015
0.020
0.025
0.030
0.050
0.100
0.150
0.250

film thickness
measured [mm]
0.010
0.015
0.018-0.019
0.025
0.028~0.029
0.050
0.103
0.153
0.250

film material
plastic film
plastic film
plastic film
plastic film
plastic film
combination of plastic film
sulfate paper x 2
sulfate paper x 3
sulfate paper x 5

4-1 Case 1: the test piece is placed at the edge on the work plane
The test piece is placed at the edge on the work plane as shown in Fig. 3, therefore,
whole model should be calculated in three-dimensions. The magnetomotive force of
569 AT DC is assumed and the linear calculations are performed by using the finiteelement commercial software JMAG- Works and Studio [2]. Fig. 6 shows the
attraction forces between the chuck and the test piece obtained by linear calculations
and measurements. As noted earlier, because it is impossible to estimate the actual
permeability of the chuck and the test piece, therefore, various permeability are
assumed for calculations. It can be seen that the relative permeability of 500 is found
to be proper and that the attraction force is strongly dependent on the permeability.
Note here that the measurement error of-10% to +10% has been unavoidable because
it is impossible to place the test piece exactly the same position, while no backlash of
the gauge has been found. However, the maximum magnetic flux density in the test
piece is found to be over 2.15 T for the gap of 0.010mm, therefore, nonlinear
calculations are necessary. In Fig. 7, the attraction forces obtained by nonlinear
calculations and measurements
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Figure 6: Calculated and measured forces for various gaps when the test piece is
placed at the edge on the work plane, where relative permeability of 330, 500
and 1,000 are assumed for calculations.
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Figure 7: Attraction forces obtained by nonlinear calculations and
measurements when the test piece is placed at the edge on the work plane.
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are shown. The calculated values using B-H loop of No. 1 is closest to the measured
values.
Therefore, it is necessary to assume proper B-H curve before calculations.
In linear calculations, the number of nodes, first-order brick elements and the
memory used are 341,320, 326,040, and 517.8 MB, respectively. It is found that the
number of ICCG iterations depends on the gap between the test piece and the chuck
(4,629 times for gap=0.010mm and 1,811 times for gap=0.25mm) because the flat
elements are necessary as the gap becomes small. The calculation times are 177 - 445
min on VT-Alpha (Visual Technology Inc., 21164A 600MHz single processor). In
nonlinear calculations, the number of nodes, first-order brick .elements and the
memory used are 341,320, 326,040, and 517.8 MB, respectively. Total number of
ICCG iterations: 14,027 times for gap=0.010mm and 4,068 times for gap=0.25mm;
number of nonlinear iterations: 11 times for gap=0.010mm and 9 times for
gap=0.25mm; calculation times: 425 - 1,140 min on VT-Alpha.
4-2 Case2: the test piece is placed at the edge on the work plane
In the same manner, the attraction forces are calculated and measured when the test
piece is placed at the center on the work plane. Whole model has been modeled and
analyzed in this case. In Figs. 8 and 9, the comparisons are made for linear and
nonlinear calculations. It is also concluded that introducing proper B-H curves are
necessary. The calculation times, memory required is not shown here because notable
difference from Casel was not found. From these results, numerical force analysis can
be used to design electromagnetic chucks with complicated structure.
5.

CONCLUSION

Attraction force of the magnetic chuck obtained by using linear and nonlinear
calculations are compared with the measured ones. It has been shown that assuming
proper B-H curves are necessary to obtain accurate attraction force before calculations.
It is also noted that the numerical calculations can be a powerful tool to understand the
performance of the chucks on the market and to develop new-structured ones.
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Figure 8: Calculated and measured forces for various gaps when the test piece is
placed at the center on the work plane, where relative permeability of 330, 500
and 1,000 are assumed for calculations.

106

measured
No.l

0.05

0.1
0.15
0.2
chuck-test piece gap [mm]

0.25

Figure 9: Attraction forces obtained by nonlinear calculations and
measurements when the test piece is placed at the center on the work plane.
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Abstract. With the continuous development of the electric power
system and the pipeline networks used to convey oil or natural gas,
cases of close proximity of high voltage structures and metallic
pipelines become more and more frequent. Accordingly there is a
growing concern about possible hazards resulting from voltages induced
in the metallic pipelines by magnetic coupling with nearby power
transmission lines. This paper presents a methodology for computation
of the induced voltages in buried isolated metallic pipelines. A practical
example of computation is also presented.

1.

INTRODUCTION

Cases of close proximity of high voltage structures and metallic pipelines become
more and more frequent. Therefore there is a growing concern about possible hazards
resulting from the harmful influence of electrical systems on the safety of people in
contact with the pipeline, or damage to the pipeline and the cathodic protection
equipment [1].
The problem of voltages in buried metallic pipelines due to inductive coupling with
transmission lines is rapidly rising with the improvement of the isolation pipeline
material technology. The high quality isolation has a big electrical resistance, but it
results with increasing induced potential of the pipeline [5]. The ways of decreasing
the potential of the pipeline often causes conflict with the cathodic protection.
Therefore a parametric analysis is required before an optimal technical solution for
reduction of the excessive potentials is chosen.
2.

MATHEMATICAL MODEL

The way to determine the voltage influence is consisted of the following steps:
•
computing the current distribution along the transmission line in case of
power system fault,
•
computing the induced voltage,
•
determining the voltage to ground along pipeline for the worst case of the
fault in the power system.
The zone of influence [1] (Fig. 1) is divided into linear sections, Fig. 2. The induced
voltage along the pipeline is computed as a superposition of induced voltages in all
sections. The influence of the rest of the pipeline is modeled with equivalent

108

Thevenin's generators (Fig. 4). Every section of the pipeline is modeled with a
suitable equivalent circuit as a lossy transmission line (Fig. 3).
The potential distribution on the pipeline for one section is calculated as in [2]:
Wkihof
zonecfinfliEnoe

Rpdire

/
Pipeline

Power Transmission Line

TiaHrissicnLme
ZcneofinflimE
Fig. 1. Zone of influence power transmission
zone of line on the pipeline.

Fig. 2. Linear section in the
influence

I quivalent Niev^vin's model
for the 'esl of pipeline
(lewft and right)

Fig. 3. Equivalent circuit of the part of the Fig. 4. Equivalent circuit of whole
section.
pipeline section with length dx.
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1 [Z o sinhx(^-x )+Z r2 cosh>'(^-x )
D = (Z 0 Z r i + Z 0 Z r 2 ) cosh x ^ + (Z o 2 + ZnZT2 )sinhy I
where:
£TI. ZTI. £T2, 2 T2 - EMFs (V) and impedances (Q), respectively, of the Thevenin's
model for the part of the pipeline, left and right of the observed section,
x - coordinate of a point at the pipeline (m),
(. - total length of the section (m),
K - induced voltage per meter (V/m),
y- propagation constant of the pipeline (1/m) and
Zo - characteristic impedance of the pipeline (Q).
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The propagation constant is evaluated from the modal equation [4]:

y2y-l=z

(2)

where
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1
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y

piz

Here:
z - serial impedance per meter of the pipeline (Q/m),
y - parallel admittance per meter of the pipeline (S/m),
co= 2itf (rad/s), (f- frequency (Hz)),
|Jo - permeability of the vacuum (H/m),
H<. - permeability of the pipeline material (H/m),
pz - resistance of soil (rim),
p c - resistance of pipeline (fim),
Pi Z - pipeline coating resistance (Qm),
e 0 - permittivity of free space (F/m),
e z - soil permittivity (F/m),
e l z - pipeline coating permittivity (F/m),
D - pipeline diameter (m),
a = D/2,
h - depth of the pipeline (m),
5 i z - width of coating (m).
The characteristic impedance is computed from:

(3)
The factor with the strongest influence is the resistance of the coating
2

.

3.

(4)

APPLICATION

As an illustration of the application of the developed method, results from the
proximity effects study of 400 kV power line Skopje 4 - Kosovo B and natural gas
buried metallic pipeline (Fig. 5) are presented.
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Fig. 5. Situation of 400 kV transmission power line Skopje 4 - Kosovo B and
the pipeline
Table 1 and Table 2 show parameters of the transmission power line and pipe line.
An average value of 100 Qm for the soil resistance is adopted based on
measurements.
Table 1. Parameters of the 400 kV transmission power line Skopje 4 - Kosovo B

Length
Number of towers
Number of conductors per phase
Phase conductor
Average height
Number of ground wires
Ground wire conductor

103.9 km
96
2
Al-Fe 3x2x 490/65 mm2
20 m
2
Al-Mg 2x i:!6mm2

Table 2. Parameters of the pipeline
Diameter

0.265 m

Thickness of pipeline

7 mm

Depth
Pipeline material
Relative permeability

Still
300

Coating

polyethylene

Resistance of the coating
Thickness of coating layer

50000 n.mm2
2.6 ran

Relative permittiviry of coating

5

1 m
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The distribution of the short circuit current for a fault along the power transmission
line 400 kV Skopje 4 - Kosovo B is shown in Fig. 6. The location of the zone of
influence of the power line and the location of the worst-case fault resulting in
maximal intensity of the induced voltages are also shown.
Table 3 shows calculated values of the electrical characteristics of propagation of the
pipeline.
Table 3. Propagation parameters of the pipeline
5.03+j 2.38
0.07293+j 0.06186

Characteristic impedance (Q)
Propagation constant (km"')
„ Short Circuit Current
" i
(WA)|

Total Current
urrent

20J
J
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Worst Case
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Fig. 6. The distribution of the short circuit current along 400 kV line
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Fig 7. Short circuit current and induced EMF along the pipe line for
the worst case fault
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Induced EMF per length along the pipeline is shown in Fig. 7. In Fig. 8 and Fig. 9
the calculated induced potentials of the pipeline is shown. Fig. 8 shows the potential
distribution along the pipeline for the worst-case fault. Fig. 9 shows the maximal
potential in all points of pipeline for any location of the fault.
The results point to a conclusion that potentials of the pipeline are not higher than the
allowed limit of 1000 V [1], thus no protection is necessary. However, before the
final conclusion for the necessary protection is brought, the influence of the
parameters, which are not fully known and are changing in time, should be
determined.

Potential (V)

600

2000

4000
6000
Distance (m)

Fig. 8. Potential distribution along the pipeline for the worst case earth fault
Potential (V)
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Fig. 9. The maximal potential at the pipe line for all locations
of the earth fault along the power line.
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As it is well known, the value of the induced voltage in the buried metal pipelines is
dependent on the state and quality of the isolation. The electrical quantity, which is
usually used to express the state of the isolation, is resistance of the isolation (4). In
Figure 10 the maximal voltage is shown as a function of the resistance of the isolation
of the pipe. It is important to know this dependence because the resistance of the
isolation is a value, which is changing in time (it's value is maximal during installation
and it is dropping in time).
Next factor, which has dominant influence on the induced voltages, is the soil
resistance. The influence of this factor should also be examined because the
electrical characteristics of the soil are changing in time, especially since it depends
on the amount of moisture, which is changing with the weather. On Figure 11 the
maximal potential dependence on the soil resistance is presented.
Maximal Potential (V)
800
1200

Maximal Potential (V)
T
-

600
400
200
0 V
10"

10'
to"
10*
Resistance of tre coating (flmJ)

10'

Fig. 10. Maximal pipeline
potential vs. coating resistance

100
Soil Resistance (Cim)

Fig. 11. Maximal pipeline potential vs.
soil resistance

Results in Figure 10 point to conclusion that the maximal potential will never be
larger than the allowed limit no matter of the pipeline isolation condition. From Figure
11 it can be also concluded that the change of the soil resistance in regard to the
measured value 100 Qm, due to the weather, will not exceed the allowed level for the
maximal voltage. According to this it can be concluded that no special protection for
the analyzed pipeline is necessary.

4.

CONCLUSION

The methodology for computation of the induced voltages in buried isolated metallic
pipelines due to inductive coupling with nearby power transmission line is presented.
This methodology enables precise modeling of complex practical cases taking into
account parameters with dominant influence. The computer model enables parameter
analysis for optimization of protection measures, based upon safety and minimal
expenses.
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Abstract. This paper describes an optimal design method for
superconducting magnets wound with high temperature
superconducting (HTS) tapes (e.g. Bi2223/Ag tapes).
Recently, the properties of HTS tapes have been in advance
and HTS magnets have been constructed and demonstrated
[l]-[4]. However, the HTS tapes have thermal different
characteristics compared with the low temperature
superconducting (LTS) wires. Therefore it is necessary to
consider these characteristics of HTS tapes at magnet design
stage. We propose a new configuration of the superconducting
magnets using Bi2223/Ag tapes. And the proposed
configuration is optimized by using the simulated annealing
(SA), which is one of the optimization algorithms, under a lot
of constraints such as B-I characteristic, central magnetic filed,
field homogeneity and so on. The details of the optimization
method and an example of its application r.o 12-tesla
superconducting magnet using Bi2223/Ag tape are shown.

1.

INTRODUCTION
When superconducting magnets are designed, it is desirable to reduce the winding
weight and/or volume under a lot of constraints such as field homogeneity,
characteristic of superconductor (e.g. B-J characteristic), thermal stress, Lorentz force,
stabilization and protection against quench, and so on. And when the superconducting
magnets are wound with Bi2223/Ag tapes, it is necessary to consider its anisotropy
characteristic (Fig. 1). The purpose of this paper is to present the optimal design
method for the superconducting magnet wound with Bi2223/Ag tape.
We have been developing some optimal design methods for MRI or MRS
superconducting magnets [5]-[8]. In these previous papers, we proposed optimal
design methods using the simulated annealing [5],[6],[9] or the genetic algorithm
[7],[10] for multi-section superconducting magnets wound with low temperature
superconducting wires (e.g. NBjSn, NbTi). In recent yeares, the Bi2223/Ag tapes have
been developed. The Jc-B characteristics hardly decrease at all in 20-30 K and HTS
magnets can set the operating temperature within a
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Bi2223/Ag
tape

/?-/ characteristic

Magnetic flux

External Magnetic Field

Fig. 1 Anisotropic B-I characteristic of Bi2223/Ag tape.

BI2223/Ag tape

(a) The ordinary cross
sectional shape is rectangular.

(b) The proposed cross
sectional shape is stepsshaped.

Fig. 2 Cross sectional shapes of superconducting.
wide range. Thus trial production and study of HTS magnets are shown to have been
advanced [1],[4]. However, the properties of the Bi2223/Ag multifiramentray tapes
have shown an anisotropy in the critical current versus applied external magnetic field
characteristic. And it is necessary to consider this anisotropic B-I characteristic of
Bi2223/Ag tapes at the design stage. Therefore we propose a new configuration of the
superconducting coil wound with Bi2223/Ag tape. Generally, the cross sectional shape
of the superconducting coil is rectangular (Fig. 2(a)), but the cross sectional shape of
the HTS coil, which we propose, is steps-shaped; consisting of some coacxial section
coils with different length as shown in Fig. 2(b). Thereby, the perpendicular
component of magnetic flux density on HTS tapes decreases, or the magnitude of
magnetic flux density on HTS tapes becomes small. And then the winding volume of
the HTS coil can be also reduced. To reduce the volume (cost) of the superconducting
magnets, the optimal design of the superconducting magnets considering the
characteristic of the HTS tapes mentioned above is necessary.

120

In this paper, we propose an optimal design method for superconducting magnets,
which are wound with Bi2223/Ag tapes, to reduce the cost of the winding volume.
And an example of the optimal design with the proposed configuration is shown.
2.

PROPOSED CONFIGURATION AND OPTIMIZATION

When the superconducting magnets wound with Bi2223/Ag tapes are designed, the
characteristic of the Bi2223/Ag tapes, that is anisotropic B-.J characteristic shown in
Fig. 1, has to be considered. As the perpendicular component of the external magnetic
field increases, the critical current is reduced. Due to this characteristic, the current is
limited at the midpoint or the outer-point on the upper and lower edge of solenoid coil
[1]. Since the perpendicular component of magnetic field is too large at this critical
point, higher current cannot flow. Therefore the upper/lower outside of the coil is
removed and the length of inside of the coil makes long because the loss of the central
magnetic field is compensated (as it is steps-shaped as shown in Fig. 2(b)). By
adopting the proposed, configuration, not only the perpendicular component but also
parallel component of the magnetic field can be small at the outer point on the
upper/lower edge of coils. And thus the critical current of the coil becomes large, the
winding volume of superconducting magnets can be reduced.
It is difficult to adopt the proposed configuration of the superconducting coil wound
with Bi2223/Ag tape. To make a higher critical current, it is unknown that how to
determine the length of each section coil. Therefore we adopted the optimization
algorithm. The total configuration of each section coil are determined by the
optimization algorithm,- the critical current of the coil becomes large. And the winding
volume is reduced. Since the Bi2223/Ag is expensive, the superconducting magnets
wound with Bi2223/Ag can be designed economically by using the optimization
algorithm. In this paper, we used the simulated annealing as an optimization method.
This algorithm can escape from local minima and can deal with discrete variables.
Therefore it is thought to be useful in optimizing the number of rums and layers of
superconducting magnets [5], [6]. And the augmented Lagrange multiplier method is
adopted to consider the constraints, such as central magnetic field, field homogeneity,
and B-I characteristic [5], [6].
3.

AN EXAMPLE OF OPTIMAL DESIGN METHOD

As an example of the optimal design method mentioned above, a 12-tesla
superconducting magnet wound with Bi2223/Ag is designed. At first, the
approximation line of B-I characteristic of Bi2223/Ag is set as follows [1]:
Ic = 2 3 0 - 1 0 7 . l o g Bu
Ic = 1 18 - 107 • log BL

(for parallel),
(for perpendicular),

(1)
(2)

where Ic is the critical current of Bi2223/Ag tape and B is the magnetic field
density. These B-I characteristic lines are shown in Fig. 3. And at the other angle of
the magnetic field against the Bi2223/Ag tape, the critical current is given by the
interpolation technique in this optimization problem. Of course, if the real B-I
characteristic curve at any angle is known, the superconducting magnet wound with
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Bi2223/Ag tape can be designed by using it. For simplicity, we used the approximated
line and the interpolation technique.
The specifications of a 12-tesla superconducting magnet wound with Bi2223/Ag
tape are set as follows:
•
Central magnetic flux density is 12 T (within ± 0.1 T).
•
Radius of inner bore is 50 mm.
•
Field homogeneity is within ± 0.1 T in the radius of 20 mm around the
center.
•
Width and thickness of the Bi2223/Ag tape is 0.23 mm and 3.5 mm,
respectively.
The models of the rectangular cross sectional shape and the proposed shapes of

l

r,l

for parallel)

IK

g

ii4

S g

Critical Current Ic

-

\
\
_

a

X.

Magncnc Field 3 (T)

Fig. 3 Approximate B-I characteristic curves of Bi2223/Ag tape.
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superconducting coils are shown in Fig. 4. And the rectangular shape (Fig. 4(a)) is
refered as "case A". In Figs. 4(b), (c), the proposed configurations, which consists of 2
and 3 section coils, are called case B and C, respectively. And in Fig. 4, x, (i=l, 6)
are the length and the thickness of each coil, are depend on the number of layers and
turns of each layer of coil. 5 0 is the magnetic flux density at the center of the magnet
and B, (/= 1,2) are evaluated for the field homogeneity of the center region.
Under these specifications, the objective functions, which represents the winding
volume of superconducting coil to reduce, and the constraint equations are set as
follows:
minimize
fA

4-lOOx,)*,

=2TT(X-

fB =2n{xl

+\00x])x2+(xl

(incase/1)
+2x 1 x 3 + 100x,)x4}

(in case

(3)
fl)

(4)

2

fc = 2;r{>1 + 100x,)x 2 + {x\ + 2xtx^.+ 100x3);c4
+ (x52 + 2xlxs + 2x}x5 + 100x5 )x6}

(in case Q

(5)

subject to
(50-12.0)2<0.12

\B.-BO\
—
^ x 100 < 1.0

]

(6)

(i=l,2)

(7)

/<118-107-log(5sin<9)
(8)
Equations (3), (4) and (5) are the winding volume of the superconducting coil to be
minimized in case A, B, and C. respectively. The constraint of the central magnetic
field is represented by (6). The constraint of the magnetic field homogeneity of the
central zone is given by (7). And (8) represents the constraints about the B-I
characteristic of Bi2223/Ag tape, where / is the transport current, which is set to the
design variable, B is the magnetic flux density in the coil, and 0 is the angle between
the z-axis and the magnetic flux density B. By using (8), the B-I characteristic curve is
interpolated at the angle from 0 to 90 .
Fig. 5 shows the optimized cross sectional shapes of the superconducting coils; (a)
represents the rectangular coil, (b) and (c) are results of the proposed configurations.
Table I shows the value of the optimized design variables in the design, and the
number in the bracket represents the number of layers and turns of each layer of each
coil. And the values of object function (winding volume) in each design case are
shown in Fig. 6, and the transport currents are also shown in Fig. 7.
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Fig. 5 Results of optimization of superconducting coil wound
with Bi2223/Ag tape.
TABLE I
VALUE OF OPTIMIZED DESIGN VARIABLES
AND NUMBER OF LAYERS AND TURNS OF EACH LAYER
It

x.

case A

159.6mm
[694]

189.0mm
[54]

case B

79.1mm
[344]

252.0mm
[72]

61.6mra
[268]

122.5mm
[35]

case C

56.1mm
[244]

283.5mm
[81]

32.4mm
[141]

185.5mm
[53]

43.9mm

[191]

91.0mm
[26]

The values of objective function of the proposed configuration are smaller than
that of the rectangular shape. The value of objective function in case C is about 67% in
case A. And the higher current can flow in case C. These results show that the winding
volume of superconducting coil wound with Bi2223/Ag tape can be reduced and the
transport current increases by using the proposed configuration effectively.
By the way, the points where the critical current restricted by the B-I characteristic
are indicated as the critical point in Fig. 5. And Table II shows the magnitude and the
angle of the magnetic flux density at these critical points. The angles of magnetic flux
density in case B and C are larger than that in case A. However, the magnitude of
magnetic flux density in case B and C are smaller than that in case A. Thereby, the
critical currents in case B and C become larger. Fig. 8 shows the B-I characteristic
curves at various angles and the critical points PA\ ~ Pa of each coil. All critical
points converge on B-I characteristic curves at each angle. Thus it is found that the
optimized superconducting magnets are operated at the upper limit given by the B-I
characteristic of Bi2223/Ag tape. Due to the rectangular cross sectional shape of
superconducting coil, the critical current is reduced. From these results, we can say
that the critical current can become large and the winding volume can be reduced by
using steps-shaed coil configuration and optimizing the size of each section coil.
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4.

CONCLUSIONS

We proposed a new cross sectional shape of superconducting coil wound with
Bi2223/Ag tape to reduce the winding volume by using the optimal design method. In
the optimal design, the anisotopic B-l characteristic of Bi2223/Ag tapes is considered.
As an example, we designed a 12-tesla superconducting magnet wound with
Bi2223/Ag tape. The result shows that the winding volume of the proposed
superconducting coil, whose cross sectional shape is steps-shaped, is 67% of that of
the ordinary rectangular shape. By using the proposed method, the cost (winding
volume) of the superconducting magnets can be reduced effectively.
TABLE I!
MAGNITUDE, PERPENDICULAR COMPONENT AND ANGLE
OF MAGNETIC FIELD AT CRITICAL POINTS

Pci

Pa

2.78

2.56

2.53

2.53

2.54

46.2

65.6

83.2

PA,

PBI

PHI

Pn

|B| (T)

4.84

4.04

3.02

3.51

BX(J)

3.60

2.90

2.89

0(deg)

48.0

45.8

73.3
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Abstract. This paper presents a methodology for a solution of
inverse problem in electromagnetic devices - to predict the profile,
the location, the physical material constants and the density of the
unknown sources, situated in inaccessible for measuring control
regions. The1 proposed procedure is preferable especially in the case
of identifying of a large source region. An application example is
given referring to the identification of the shape, dimensions,
situation, permittivity and charge of the electrostatic source by means
of measuring control in the accessible control points. The control
points positions are out of the inaccessible enclosure with the source.
The object function is defined on the basis of the comparing the
measured and the calculated values at external control points.
Approximate description of the field at the control points is used
applying thei method of the experimental design. Each numerical
design experiment includes the solution of the field analysis problem
applying FEM. The identification procedure is proposed reducing the
object function to its global minimum. At each step secondary to the
previous an improved model of the source is introduced.

1. INTRODUCTION

The accurate solution of the field analysis problem is no longer sufficient for the
purpose of engineering design. The exact solution of the inverse problem is what
engineers expect at present. The use of an appropriate numerical method for field
distribution analysis combined by the optimization methods is a powerful tool for
solving inverse problems [1] - [7], etc. An important inverse problem is to identify the
density, material, location and shape of the source situated in an inaccessible region.
Applying a least squares object function created on the comparing between
measured and calculated values in external control points in [8] is solving this inverse
problem. The unknown source is synthesized by computing the gradient of the object
function with respect to parameters, which are changed. The calculation of the
derivatives is implemented in two manners: numerically and by varying only one
parameter and fixing the others. The determination of the derivatives is related with
additional numerical errors and limits the number of variables. The authors change the
geometrical centre, width, length of the identifying rectangular source region, the
permittivity and the charge of this region. So the optimization procedure is not
completely correct. The values of the same geometrical parameters are determined in
[9] applying the advantages of the design of experiments. The both two papers
appreciate only a rectangular source region.
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An inverse problem methodology with some additional advantages is proposed in
this paper. They are: the shape of identifying source region may be with arbitrarily
form, not only rectangular, and the optimization procedure is more precisely
formulated. The investigation procedure is preferable especially to identify the shape
of large inaccessible source region. Applying FEM at the steps of this procedure an
analysis field problem is solved. Accuracy in solving of the analysis problem is a
necessary condition for increasing the accuracy of the inverse problem solution. The
proposed methodology is demonstrated on a predicting the charge, material, location
and the shape of interior source region. The restriction the region to be identified is
homogeneous is only imposed.

2. THE NUMERICAL PROCEDURE FORMULATION
The numerical procedure is. formulated on the basis of least square objective
function. The parameter vector CLm contains « measuring field values at n fixed points
located in the accessible region Q and the parameter vector d - computed values in
the same points. Because of the considerable reduction of the .computation time,
approximate descriptions of the field values in each of these points are obtained. These
functions are described by means of numerical experiments and they all constitute a
secondary model of the observed field. Numerical experiments are carried out by
assigning designed combinations of values to the parameters {u|, U2,....,up}, which
describe significantly the source region. Using a full factorial experimental design, the
j-th of these functions at the j-th control point is approximated by polynomial of the
following type:

rWr

.

(1)

*=1
*=!
k=\,k*r
where hk is normalized uk parameter and bk , bu , b^ are coefficients obtained by
means of the experimental design. In the constructing the expressions (1) the ordinary
field analysis problem has been solved. The objective function is described by the
following expression

The problem has been solved under permissible limits:

K-h\

k=l*p.

where h*k defines the limits in normalized units.

3. T H E PROPOSED ALGORITHM FORMULATION

The algorithm consists of three iteration procedures.
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Figure 1: Obtaining of the rough solution (1st iteration procedure)

The first iteration procedure includes a rough solution. It obtains by dividing the
hole inaccessible region into the rectangular sub-regions (Fig. 1). The dimensions of
their sides are determined as a fixe part of th boundary dimensions of the investigated
inaccessible region. The location of the source region as one of these rectangular is
sought. Each of the investigated rectangular has been considered as a source region
with fixed permittivity and charge. The optimization criteria (2) has been satisfied with
respect to the field values in the control points. The rectangular location for which the
objective function (2) is the best has been chosen as an initial source region. Than the
additional improving with respect to the rectangular dimensions has been made
following the next criteria. The sign of the expression concerning field values in the
control points is regarded
(3)
7=1

Accepting the fixed charge and permittivity values expression F* (u) >0 leads to
the conclusion that the rectangular source region dimensions are smaller than real
ones. The relationF*(u)<0 means the opposite that dimensions are bigger.
Depending on the F (w) signs, the sides of the rectangular have to be changed in a
suitable way. The first iteration procedure formulated above has been terminated on
the step (k+1) when the restriction
<5

(4)

is satisfied.
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Figure 2: The vertices of the initial rectangular are moving to a new positions
(2n iteration procedure). The local coordinate system is introduced.

Figure 3: Adding vertices on the axis of symmetry of the rectangular
(3diteration procedure).
Than the second iteration procedure begin to specify the improved positions of
the quadrangular vertices. The geometrical center of the previous iteration
procedure rectangular has been chosen as the origin of the local coordinate system.
The coordinates of the vertices are free for varying only in the corresponding
quadrant (Fig.2). The calculations for full factorial experimental design are
implemented. Each numerical design experiments includes the solution of the field
analysis problem applying FEM. As a result the approximate analytical field models
(X in all control points j =1 * n has been obtained. The improved vertices positions
are determined solving the optimization problem by the criteria (2).
Third iteration procedure has been made. Each next step of this procedure
specifies the source region shape by adding new nodes posed on the axis of
symmetry of the previous shape sides (Fig.3). The object function value of the
current step is compared with the previous step value. The numerical procedure stops
when the changes of the object function are negligible. The final step of the third
iteration procedure includes a final investigation by varying the charge and the
relative permittivity of the last source region. The additional minimization of the last
criteria (2) minimum is reached.
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4. EXAMPLE AND RESULTS

The enclosure where the unknown source region is situated is supposed to be
rectangular by lm x lm length of the sides.
8 r =5

points (l-J-8) - control points
points (a-rh) - source determined
points

Figure 4: Exact shape and position of the source region.
The inaccessible source region is with the exact shape shown on JrigA. The
following parameters specify the region: the charge <J = \0C/m
, relative
permittivity er=5 and the coordinates.
The coordinates of the exact source region vertices are presented in Table 1.
v

^~^^

points

a
coordinates^^
0.350
x, m

b

c

d

e

f

g

h

0.458

0.550

0.532

0.564

0.458

0.351

0.320

y, m

0.600

0.572

0.600

0.502

0.400

0.432

0.400

0.500

gt

x, m

0.347

0.462

0.564

0.520

0.564

0.440

0.357

0.331

n

y, m

0.610

0.577

0.600

0.493

0.396

0.426

0.393

0.495

e
X

a
c
t

a

d

At the first iteration procedure the enclosure is divided in the rectangular sub-regions.
They are identical. The initial length and width of these rectangular are chosen to be:
m=0.05 M and h=0.05 H (Fig. 1) respectively.
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Figure 6: The last solution.

Figure 5: Rough solution
(1 st iteration procedure).

The "rough solution on Fig.5 is the final for the first iteration procedure. If the
point 7 is the origin of a coordinate system the center of the obtained rectangular
region has the coordinates: x ± 0.44m and y=0.50m.The sides of this rectangular have
the following dimensions: m=0.19 and h=0.20.
The last solution is presented on Fig.6. The coordinates of the source region vertices
are described in Table 1 and comparing with the exact region coordinates can be
done. The charge and the relative permittivity values of the final source region
solution are <J = 9.1 CI m a n d £ r = 4 . 5 .

Step
1
2
3
4

:

Table 2
Value of the object function
2.5213
2.3030
0.7255
0.0254

0.8
0.6
\r—"•ihH"—•—•
0.4
, _ 7
0.2
'.t~^f.—K- X— ->\—^f.
0
" '7 "
-0.2 •'"'•"'? T 'A " t
-0.4
»- | I I ' J
-0.6
-0.8
--•nm.....

-step 1

4

-step 2
step 3

V.

No of control point
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-step 4 (final)

5. CONCLUSIONS

A methodology for inverse problem solution is considered. This methodology is
suitable for problems concerning inaccessible for measuring control regions and for
nondestructive control. An example of electrostatic inverse field problem is solved.
The results show that the consecutive iteration procedures gradually reduce the
objective function values towards the global minimum-zero.
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Abstract. Stochastic methods and deterministic methods are used for
the problem of optimization of electromagnetic devices. The Genetic
Algorithms (GAs) are used for one stochastic method in
multivariable designs, and the deterministic method uses the gradient
method, which is applied sensitivity of the objective function. These
two techniques have benefits and faults. In this paper, the
characteristics of those techniques are described. Then, research
evaluates the technique by which two methods are used together.
Next, the results of the comparison are described by applying each
method to electromagnetic devices.

1.

Introduction

In general, two techniques are used for shape optimization problems of
electromagnetic devices. Mainly, the stochastic searching method and the
deterministic searching method is used. These techniques have benefits and faults. The
stochastic searching method is suitable for multivariable problems, and the Genetic
Algorithm is one of the stochastic searching methods. This method is easily applicable
for the analysis models [1-3]. However, a lot of computation time is needed for
optimization. Another technique is the deterministic searching method. This method
does not need a long computation time for optimization. However, escape to the global
optimum is impossible when falling into the local optima. When using this technique,
if the design model is complex, the gradient of the objective function is difficult or
impossible to calculate. Therefore, the gradient method uses an estimated gradient for
the objective function by using the sensitivity analysis [4]. The method of using these
two techniques together was proposed. This technique searches using the GA in the
first half of the searching generations, and uses the gradient-based method in the
second half of the searching generations [5]. This technique has both the advantages of
the GA and the gradient method. However, it has some problems. The calculation of
the changing generation is difficult or impossible. Then, a technique was proposed that
did not have to calculate the changing generation of the search. This technique
mutually changes the GA and the gradient method [6]. The gradient method is
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searched in a discrete searching space, such as the searching space of the GA solution.
So, the changing of the search generation need not be calculated. In this paper, we
describe the characteristics of these techniques, and we describe comparison results of
the optimization.

2.

THE HYBRID METHOD USING THE GRADIENT METHOD AND THE GA

Before explaining about the two techniques, the benefits and faults of the GA and
the gradient method are described.
The ordinary GA has the following characteristics,
•
Advantageous for the multi-variable design,
•
Easily applicable for the analysis model,
•
Possible to escape into the local optima,
•
Needs a lot of computation time.
One of the ordinary gradient methods has the following benefits and faults,
•
Short computation time to find the local optima,
•
Unsuitable to the design of a lot of variables' problems,
•
Impossible to escape from the local optima,
•
Needs to calculate the gradient of the objective function.
The hybrid method was developed using these benefits to improve the searching
method. One of the hybrid techniques of document [5] should calculate the gradient of
the objective function, and this gradient is estimated by the sensitivity analysis. This
technique has more than one problem. It's difficult to calculate the changing generation
of two techniques. However, this method has the following benefits;
•
When the GA is used, it can find the global optimum,
•
Possible for the multi-variable design,
•
Easily applicable for the analysis model,
•
Using the gradient method is speedy.
On the other hand, the hybrid technique of document [6] is not necessary to
calculate the changing generation of two techniques, because two techniques are used
together alternately. Moreover, it is possible to escape from "ailing into the local '
optima every time, because the gradient method isn't continually used. There is a
possibility of the escape from the local best solution if the GA is done alternately. The
processing is done as well as a general search algorithm such as the GA search. The
process for each is shown below.
Step 1.
Step 2.
Step 3.
Step 4.
Step 5.

Initial values of individuals are given using random values.
Device shapes for individuals are calculated, and then the element shapes
are created.
The magnetic flux density values are analyzed from the element shape by
the finite element method, and the fitness values are calculated.
When the gradient method is done, individuals are generated along with
the inclination of the gradient.
When the GA search is done, selection, crossover and mutation generate
next generation's individuals.
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Step 4 and Step 5 exclusively processes either. And, if the designer obtains the
best shape or finishes the generation, it stops. Where, the processing of Step 4 does the
processing for information such as the locations of the estimate of the gradient. The
sensitivity is analyzed by using the minimum distance of GA-points. The method of
document [6], the processing of Step 4 and the processing of Step 5 are alternately
repeated. And, the maximum number of search generation or settling as well as the
end judgment of an ordinary GA can decide when to stop searching. These are the
following benefits when the method of document [6] is used.
•
•
•
•

The hybrid method alternately does the GA search and the gradient method by
using the sensitivity analysis.
The search change generation does not need to calculate by the method changing
alternately.
It does not keep using the gradient method; the escape from the local best
solution is possible.
The stochastic searching method is not keep using,.so a lot of computation time
is not needed for the search.

This hybrid method is applied to a pole face model that is the design model of an
electromagnetic device. This model is shown as follows.
3.

ANALYSIS MODEL OF A POLE FACE

Figure 1 shows the analysis model of a pole face used to compare the techniques. This
model is designed for the shape of the pole face so that the magnetic flux density
approaches the sinus curve along with line A-B on the stator surface. The pole face
shape is designed by arranging the control points, which decide the surface of this
rotator. The five control points are included on the pole face and move in a vertical
direction to search for the solution. To smooth the pole face shape, it was calculated by
spline function. The magnetic flux density on the observation point along with line AB is calculated by using the Finite Element Method for the pole face shape. The
optimization goal is to minimize the equation (1).

Fig. 1 Analysis model of a
pole face. The five control
points are included on the
pole, and move to the
vertical direction.
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(1)

where N is the number of observation points, Bo, is the desired magnetic flux density
on the discrete observation points, B, is the computed magnetic flux density.

4.

COMPARISON OF OPTIMIZATION RESULTS

The optimization results for a pole face model are shown in Figure 2. The results show
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Fig. 2 Average values of the objective function for number of generation.
(1) Gradient-based method, (2) Ordinary GA, (3) Ordinary GA then
gradient method and (4) Mutually changing of the GA & the gradient
method are described.
(1) the gradient-based method, (2) the ordinary GA, (3) the technique of document [5],
(4) the technique of document [6]. The result of the gradient method (1) was trapped in
the local optima. So, it had the worst result. Secondly, the result of the ordinary GA
(2) did not grow up enough, so a good result was not obtained. Thirdly, the result of
using the GA in the first half and the gradient method in the second half was not so
bad. However, method (3) did not escape completely from the local optima. Finally,
method (4) always obtained a good result
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after the first few generations. The method (4) of mutually changing the gradient
method and the GA was best for the shape optimization of this pole face model.
Analytical models of other electromagnetic devices are thought to exist with similar
local optima. Therefore, this method (4) will obtain a good result when applied to the
analytical model of other electromagnetic devices. Figure 3 shows the values of the
magnetic flux density distribution for the observation points. The optimized
computation values are close to the desired values of sinus curve, and the errors are
within 0.1% for observation points of 1-5 using hybrid method of document [6]. The
error of about 3.5% for observation points of 1-5 is contained when we calculate the
best solution using the ordinary GA for same computation times. Finally, the
optimized shape of a pole face model with the obtained magnetic flux lines is
presented in Figure 4. It can be seen that the optimized shape of a pole face shape is
very smooth, as a result of using spline functions for surface shapes approximation.
The total computation time after 100 generations 12 minutes on the Intel Pentium
processor.

5.

CONCLUSIONS

We compared techniques document [5] and document [6] using hybrid methods to
optimize a pole face model, which is the electromagnetic device model. The technique
of document [6] was excellent for escaping the local optima and it can calculate the
best solution. It's also possible to calculate in a short time.
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Fig. 3 The magnetic flux density for the final shape of the pole face model.
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Fig. 4 Optimized shape using the hybrid method of
document [6] and magnetic flux lines.
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Abstract. An inverse approach using neural networks is extended and
applied for determination of coils location during magnetic stimulation.
The major constructions of magnetic stimulation coils have been
investigated. The electric and magnetic fields are modelled using finite
element method and integral equation method. The effects of changing
the construction of coils and the frequency to the effect of magnetic
stimulation are analysed. The results show that the coils for magnetic
stimulation characterize with different' focality and magnetic field
concentration. The proposed inverse approach using neural networks is
very useful for determination the spatial position of the stimulation coils
especially when the location of the coil system is required to be changed
dynamically.

1.

Introduction

Stimulation by magnetic field offers several advantages when compared with
stimulation by electric currents produced by contact electrodes. The main advantage is
noninvasive, noncontact and painless nature of the stimulation. These features make
magnetic stimulation a promising technique for numerous neurophysiological
investigations. Magnetic stimulation has been used for both the central and peripheral
nervous system [1-5].
In magnetic stimulation, short and very intensive current pulses are supplied to the
coil to produce a fast rising strong magnetic field to stimulate nerve fibres in the
cerebral cortex or in peripheral nerves. Magnetic stimulation occurs as a result of the
current flow and the accompanying electric field induced in the tissue by an externally
applied magnetic field. Spatial position and orientation of the coils in order to
generate prescribed magnetic and electric field is of main importance to realize
reliable and effective magnetic stimulation. The stimulating coil consists of one or
more wound and well-insulated copper coils. Determination of coils location in order
to generate prescribed magnetic and electric field distribution is a main inverse
problem.
In this paper, several types of electromagnetic systems were investigated for
stimulation purposes in order to obtain good focality and field concentration. To
understand better the ability of these electromagnetic systems to excite peripheral
nerves focally, we analyse the magnetic and electric field of these systems. The
magnetic and electric field distribution changes according to respective configuration
of electromagnetic systems. The aim is to achieve magnetic field focusing and known
field distribution based on differently shaped coils and different space positioning
among them.
Previously, we developed an approach using Artificial Neural Networks (ANN)
for finding a solution of the electromagnetic device design problem. We applied this
approach for designing of the gradient coils for MRI [6]. For the purpose of this study
we extended that approach for determination of coils location for the synthesis of a
given magnetic field distribution. The approach combines two types of ANN and

140

applies a neural network inversion algorithm. The proposed inverse approach using
neural networks is very useful for determination the spatial position of the stimulation
coils especially when the location of the coil system is required to be changed
dynamically.
2.

2. /.

INVERSE PROBLEMS FOR MAGNETIC STIMULATION

Basic Principals of Magnetic Stimulation.

The electric field E induced in the tissue during magnetic stimulation is expressed
by Faraday's law
(1)

dt

where B is the magnetic field produced by coil and given by the Biot-Savart law

where fU0 is the permeability of free space.
The electric field is expressed by magnetic vector potential A and electric
potential V as

(3)
2.2.

Magnetic Stimulation Coils

The magnetic and electric field distribution in tissue changes according to
respective configuration of electromagnetic systems.
Several types of electromagnetic systems were investigated for stimulation
purposes in order to obtain good focality and field concentration. To understand better
the ability of these electromagnetic systems to excite peripheral nerves focally, we
analyse the magnetic and electric fields of these systems.
The stimulating coil consists of one or more wound and well-insulated copper
coils.
The different constructions of coils distribution are used in order to realize the
requirements of magnetic stimulation. Fig. 1 shows the standard stimulating coils circular, planar 8-shaped and 8-shaped coils. The coil shown in Fig.l(c) is with cone
shape.

(a) Circular coiJ

(b) Planar 8-shaped coil

(c) 8-shaped coil

Figure 1: Magnetic stimulation coils.
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2.3.

Inverse Approach for Determination of Coil Loccation

Previously, Artificial Neural Networks (ANN) have been utilized for finding a
solution of the electromagnetic device design problem [6]. The approach combines
two types of ANN and applies a neural network inversion algorithm. This approach is
successfully applied for designing of the gradient coils for MRI. For determination of
the position of different configuration of coil system in order to synthesize of a given
magnetic field distribution we extended that ANN approach.
Feedforward ^ ^
connections " ^
Magnetic Field

Error signal
propagation

IV
Hidden unite

.b
1

I

1

1

I

1

Coil Parameters

I I
Coil Parameters
"U
I I arttatewi.

Hidden units

A

Magnetic Field

Figure 2: Artificial neural networks approach schema for determination of
the coil location

The combined processor produces an analysis of an unknown mapping between a
pattern of a given magnetic field distribution and a vector of geometric parameters of
coil system. In the core of our approach is an adapted and modified neural network
inversion algorithm. It is a gradient descent method to find the input pattern for a
particular neural network that generates a specific desired output [12]. Using this
algorithm with network trained to map the forward problem we can find a solution or
set of solutions for corresponding inverse problem.
Fig. 2 shows the ANN approach schema for determination of the coil location. At
first, a multi-layer feed-forward ANN is trained to solve the forward problem for
determination of the generated magnetic field from a given particular coil system.
After training is completed, the second feed-forward ANN is trained on the simplified
inverse problem in order to determine the most appropriate subintervals in the input
space to start the inversion in.
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(a) Circular coil

(b) Planar 8-shaped coil

Figure 3: Magnetic field distribution of (a) circular and (b) planar 8-shaped coil
at frequency f=10 Hz

Finally, we start a modified and adapted inversion algorithm with the network trained
on the forward problem in order to find the location of particular coil system, which
generate the prescribed magnetic field. This approach is very useful when the location
of the coil system is required to be changed dynamically. A new coil location can be
found starting only the ANN inversion algorithm.
3.

APPLICATION

Using ANN approach described above the magnetic stimulation coils were
designed and their space locations were determined in order to obtain given magnetic
field densities. The sizes of single circular coil are: inner radius Vx =0.022m and
outside radius r2 =0.0435m. The coils are wound of 9 concentric turns of rectangular
copper wire (1x5 mm ). The space angle between coils for 8-shaped stimulation
system is a — 30° .
To determine the effect of changing the construction of coils we computed and
analysed the magnetic and the electric field for circular, planar H-shaped and 8-shaped
coils (Fig. 1) with different sizes and space locations to the tissue. The 3D FEM model
and integral equation methods were used [7-11].
In Fig. 3 and Fig. 4 are shown magnetic field distribution of circular coil, planar 8shaped and 8-shaped coils, respectively.
As shown in Fig. 3 and Fig. 4 the stimulus strength is at its highest close to the
coil surface since the magnetic field density falls off with distance from coil.
In the case of circular coils the induced tissue current is zero or near zero on the
central axis of the coil and increases to a maximum near the inner radius of the coil.
This means that the stimulation will be occur under the winding and not under the coil
center. The current direction depends on the used coil side during stimulation. In
cortical stimulation as the motor cortex is sensitive when the induced current is
flowing from posterior to anterior.
The main advantage of 8-shaped over circular coils is that the induced tissue
current is at its maximum directly under its center.
The magnetic field distribution of 8-shape cone coils shows better magnetic
coupling. This means that the appropriate choice of the spatial angle allows effective
stimulation.
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We calculated and analyzed potential distribution at layer with different
conductivity using coils with different shape.
In peripheral stimulation, an important activating feature of electric field E is
thought to be its gradient along the axon, dE I dx .
In Fig. 5 is shown contour maps of X- and Y- component of rotational part of
electric field caused by the externally applied magnetic field of the circular coil.

Figure: 4 Magnetic field distribution of 8-shaped coil at frequency f=10 Hz

0 06
0.

0.04

t

y

w
•1
11 Hpw

,—I

70

0.02

E

•

i'iV

••h

>: °

/

•OK

-0 0.
-

•0.0

-0.06

-Q.04

-0 02

0
X, m

0 02

(a) X-component

0 0*

0.06

0.08

•

•

IN

OOfi

.

/

•

•

x
0.04

4.02

0

0.02

0 04

0 06

0 OS

X.m

(b) Y-component

Figure: 5 Contour maps of X-and Y-component of electric field distribution for
circular coil
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(b) Y-component

(a) X-component

Figure: 6 Contour maps of X-and Y-component of electric field distribution
for 8-shaped coil

Coil
Circular
Planar 8
8-shaped

h, m
0 .0223
0 .0407
0 .0691

BNN,

T

0 .9999
0.9939
0 .9921

s, %
-0 .01
-0 .61
-0 .79

h, m
0 .0145
0 .0202
0 .0323

T
1 5019
1.5140
1.5056

BNN,

Table 1
s, %
0. 19
1.40
0. 56

In Fig. 6 ise shown contour maps of X- and Y- component of rotational part of
electric field caused by the externally applied magnetic field of the planar 8-shaped
coil.
The contour steps in Fig. 5-6 are the same. It allows determining the appropriate
stimulation region.
The inverse ANN approach is applied for determination of spatial position of
stimulation coils over the tissue in order to synthesis of given magnetic field density.
In Table 1 is given the determined location of the stimulation coils under consideration
in order to realize the magnetic field density B d =l; 1.5 and 2 T. The relative errors 5,
% show that results obtained using proposed approach characterize with good
accuracy. This approach is very useful when the location of the coil system is required
to be changed dynamically. A new coil location can be found starting only the ANN
inversion algorithm.
4.

CONCLUSIONS

This study provides quantitative data on the effects of magnetic stimulation
solving forward problem of magnetic and electric field analysis as well as inverse
problem for determination of spatial position of the coils. Artificial Neural Network
model is utilized.
Computational model of magnetic stimulation has been developed. Numerical
methods are used to investigate the electric and magnetic field distribution produced
by magnetic stimulation coils.
Significant improvements in the efficacy and device performance are expected as
a result of a field analysis using numerical methods as well as a result of precise
determination of coils location during magnetic stimulation.
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Abstract. The paper presents a technical approach and postprocessing tool for creating and displaying computer animation. The
approach enables handling of two- and three-dimensional physical
field phenomena results obtained from finite element software or to
display movement processes in electrical apparatus simulations. The
main goal of this work is to extend auxiliary features built in generalpurpose CAD software working in the Windows environment.
Different storage techniques were examined and the one employing
image capturing was chosen. The developed tool provides benefits of
independent visualisation, creating scenarios and facilities for
exporting animations in common file formats for distribution on
different computer platforms. It also provides a valuable educational
tool.
l.

INTRODUCTION

The extraction and presentation of results in a useful form is one of the most
important steps in analysis of field problems by numerical methods. Post-processing in
form of stationary graphics is well known and developed. Computer animation would
upgrade this technique to a new level of visualisation.
There are at least two reasons to create proper computer animation. First, the
computer animation facilitates detailed study of transient physical phenomena, like
electromagnetic or thermal fields in electrical apparatus, in two- and three-dimensional
simulations. On the other hand, the computer animation may be used as an educational
or design tool to describe and display the process of movement of different parts in
electrical apparatus. In these cases, it is valuable to display the results as a movie. This
will give worthwhile benefits especially in cases where the influence of several
parameters on the overall performance or electrical apparatus is to be studied.
Some applications of computer animation in the visualisation of electromagnetic
fields are described in [1], where examples are reported for several different
electromagnetic problems. Reference [1] stated that it does not seem to be practical to
produce a movie as a part of routine post-processing but recently this has become
available in powerful commercial software packages like Ansys*. In [2], animation of
the results of the solution of a coupled electromagnetic-thermal problem is presented
and the induction heating process of a moving steel billet is simulated.
However, it is desirable to provide the ability to distribute computer animations
for use on different computer platforms. This platform independence may be realised
after translating scenarios into one of the commonly used file formats for computer
animation.
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In the present paper an approach to the computer animation of the results of FEM
calculations is proposed, and a tool for doing this described. They are based on ActiveX Automation technology and employ general-purpose CAD system. Resulting file
may be exported to commonly used animation file format, and after conversion with
standard animation program can be run on different operative systems or as
independent application programs.
2.

APPROACH FORMULATION

An approach for employing general-purpose CAD systems like AutoCAD R14 to
visualise numerical results from FEM software was reported earlier, [3], [4]. This
approach is based on ActiveX Automation technology in a Windows environment.
Using this approach avoids the need to create a powerful graphics engine that
maintains the representation of two- and three- dimensional geometry and postprocessor results, when creating different viewpoints and realistic images. At the same
time the capability is retained, to maintain databases and to use parameters when it is
required to create or optimise geometry of the model, to describe the movement of
some parts of studied electrical device.
This approach is useful in the preparation of geometry, material properties, sources
and boundary conditions, i.e., at pre-processing level. Through this feature it is
possible to create powerful tools for a general-purpose CAD system that facilitate the
processes of design, study and optimisation of electrical apparatus.
The present work implements the proposed approach with computer animation. The
main idea is to provide a facility to create animation both from the results of finite
element analysis, and from any arbitrary sequence of graphics images, generated by
other applications. The visualisation of the results from FEM software was carried out
in AutoCAD*' R14 environment, after using already developed software for the
presentation of postprocessor results. Also the process of creation and storage of a
sequence of graphics results was automated. The general structure of the approach is
presented in Fig. 1.
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Figure I: General structure of the approach
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The results received from the FEM application (streaml) are sent to the CAD
application (stream 2) to visualise numerical results. Prepared results can be exported
by the internal storage capabilities of CAD application (streams 6) or after sending
command to screen capture application (stream 3). This application receives graphics
information directly from CAD application (stream 5) and after that saves it in
graphics file format chosen beforehand. This sequence of produced post-processor
results is the main input to the animation tool.
Based on the ActiveX Automation technology, an animation tool was developed, able
to create and maintain scenarios for animation. Its interface is shown in Fig. 1. The
numbered areas are: menu line-1; area for displaying animation-2; area for displaying
legend-3; slider bar for manual preview-4; frame display-5; time display-6. Areas 2
and 3 can maintain pictures in several graphics formats.

kad0003bnrc
kadGOMbrrp
kadOOOStmp
k»d0C06bmp
k*J0O07bmp
kad0009bffv
kadOOOSbmp
kadOOlOwrp
kodOOllbcte
kadOO12bmp
k«dOOl3bmp
kaJOO14bm|i

Fig 2: Interface of the animation tool

ToUfe»«S»

Fig 3: Interface of the animation editor

For building scenarios, an animation editor was developed. Its user interface is
shown in Fig. 3.
The dialog window allows the user to include auxiliary infoimation and facilities.
Its main options are: selection of drive including all mapped network devices, path,
mark up legend, time stepping and audio file, extended multiple selection for frame
files, file filter option, to specify the number of frames per second and to provide online statistics of the quantity of frames frame quantity. The benefits offered by the
animation tool are, automation of the scenario creation process, storage and editing of
already created animations, practical interface for automatic or manual preview of the
animation, specifying the time for displaying each frame, exporting frames or full
animations, attaching a sound file with background explanations to support animation.
Animations built can be shown in the animation tool or in another computer animation
application.
Conversion of finished computer animations to the common AVI (Microsoft®
Audio/Video Interleaved file format), which is a defined file type that contains
multiple streams of different types of data. These files are independent of the platform
and are suitable for distribution. To include this option a freeware component was
built into the developed animation tool.
3.

STORAGE TECHNIQUE EXAMINATION

For our tests a personal computer with Pentium* MMX processor was used, with a
clock frequency of 200 MHz, 32 MB RAM, S3 Virge /DX/GX PCI graphic adapter
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(working in SVGA mode, 800x600 resolution, 16-bit color), and Microsoft"
Windows™ 95 operating system.
Two methods for storing graphical results have been studied. The comparison was
made on stored FEM results for a model containing about 10000 first order triangular
elements. 34 frames were included, corresponding to a linear movement of part of the
finite element model, of about 6 mm.
Initially, the internal storage and export capabilities of AutoCAD"* R14 were used.
The supported file formats are given in [5]. The two commonly used formats for
exporting image information, namely the 'slide' (SLD) and 'bitmap' (BMP) file
formats, are implemented. Both of these provide raster image storage. Using the basic
Render option, a model may be rendered without adding any lights, applying any
materials, or setting up a scene. Simultaneously, the hidden geometry may be
displayed correctly. After creating the rendering the image may be saved for redisplay
at a later time in one of several file formats, including BMP, TGA, TIFF, PCX, and
PostScript. A more detailed study shows that the graphical information from FEM
software is stored correctly, only when the SLD file format was used. SLD is the
native format for AutoCAD. Files exported in the BMP format lose information- for
filled areas, and do not contain adequate results. On the other hand, the rendering tool
can produce and save images with up to 32-bits of colour information, when TIFF and
TGA file formats are used, but it cannot display the contours of objects. General
disadvantages of these storage methods are: bigger size of produced files (especially
for the SLD file format), incorrect storage of the information from FEM software
(except SLD files) - lost contours or fill information; user cannot determine which part
of the working space is to be saved.
In the second case the postprocessor results were captured automatically, directly
from AutoCAD screen. In this way the graphical information may be stored
automatically, in sequences, in several file formats, like BMP, GIF or JPEG. This may
then be used as input for subsequent operations to prepare computer animations. A
comparison of the storage requirements obtained using both methods is shown in Fig.
4. Formats that cannot store the graphical information correctly are marked with an
asterisk. The method based on direct capture is more effective, because of the smaller
size of graphics files prepared, the opportunity afforded, to determine the part of the
working space to be stored, and the ability to maintain two - and three-dimensional
postprocessor results correctly.
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After preparing sequences of frames, several ways to export the computer
animation were examined, dependent on the file format of the results (BMP, GIF or
JPEG). Successful export of animation files would give the benefit of platform
independent distribution. Freeware components for carrying out conversion in
commonly used FLI/FLC, AVI video formats or storage as animated GIF were
considered. The animated GIF files are smaller, but the level of control and flexibility
available for this format is less than for other animation formats. AVI and FLI/FLC
formats support the inclusion of background sound. Because this feature is attractive
as a future trend in the animation tool, these formats were also considered.
A disadvantage of the FLI/FLC format is that the digitised audio data follows the
chunk (each frame in animation). This means that audio and animation data must be
synchronised in order to play back correctly.

Figure 5: Several time steps for solenoid actuator coupled problem.
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Figure 6: Several time steps for dynamic simulation of a linear actuator.
The AVI format contains multiple streams of different types of data- audio and
video. Using the additional track for the audio data stream opens the opportunity to
synchronise the audio and video streams for the animation. The audio data may be
previously prepared and stored in a WAV (Microsoft® Windows™ audio input/output
system) file. The exported animation may easily be converted from AVI to MPEG
format. For this reason, it was decided to use the AVI format for the final output of the
animation tool.
4.

RESULTS

To demonstrate the possibilities and advantages of the proposed animation, results
obtained from the solution of a coupled problem for a solenoid actuator reported in [6],
and results from the dynamic simulation of a linear actuator with a moving permanent
magnet reported in [7] were processed. Several frames showing the modified magnetic
vector potential (corresponding to the magnetic flux) at different time steps are shown
in Fig. 5 and Fig. 6. The Animation Tool was found to be easy to use, and produced
satisfactory results. The first AVI file contained 34 frames of motion and its size was
4677 KB. The second AVI file was 20960 KB long and contained 101 frames of
motion. Both of the animations were constructed to show one frame per second. The
resulting files were demonstrated to be portable by displaying them on different
versions of Microsoft*1 Windows™ operating system.
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5.

CONCLUSIONS

An approach for creating and displaying computer animation has been proposed.
Based on ActiveX Automation technology, it gives benefits in representing transient
two- and three-dimensional physical fields, and studying movement in electrical
apparatus. Taking advantage of this approach, an animation tool has been developed.
By using the animation technique, the design and optimisation process is facilitated
and understanding simplified, giving deeper insight into the behaviour of
electromechanical devices. It will also be useful as an educational tool, facilitating the
learning of complex, abstract magnetic phenomena. The tool developed was
successfully employed for the study and design of solenoid actuators.
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Abstract. We have been developing the steering system,
which can successively observe the data obtained during
the numerical computation and change the parameters in
the analysis. Moreover, this system is also extended to
link the network. By using this system, a user can easily
detect errors immediately and achieve the rapid and
accurate analysis with lower computation cost.

1.

INTRODUCTION

Recently, the ability of computer and the technology of the numerical analysis on
science is in advance. The analysis of more practical and more complex models can be
performed, and the optimal design problems, which are time-consuming, can be also
done. Therefore, since the amount of numerical data obtained by the analysis becomes
enormous, it has been essential to change the numerical data into the easy form, which
user can easily understand, by using the visualization technique. However, the
obtained data is basically visualized after the numerical computation is entirely
executed. So when the error or the mistake is found after the analysis, it has to be
corrected and restarted from the beginning.
From the background mentioned above, it is meaningful to keep visualizing the
numerical data obtained by the analysis during the process and to observe the
visualized images anytime. Moreover, if a user can change the parameter into user's
desired value during the analysis by using the technique of Steering [1], the user can
shorten the computation time of analysis. Applying this steering technique into the
optimization problem, a user can prevent from local minima by changing the
parameters. On the other hand, a user can also perform analysis with various ideas, if
one experiments various sets of parameters.
In this paper, the steering system based on the system [2] using two computers
linked to the network is described.
2.

STRUCTURE OF SYSTEM

The structure of this system is shown in Fig. 1. As shown in Fig. 1, this system
consists of three modules, "Analysis Module", "Transmission Module" and
"Visualization Module". The detail of each module of the system is described below.
2.1. Analysis Module
This module only performs the numerical computation. When necessary, the
numerical data is transmitted to and received from Transmission module linked to the
network. When applying analytical programs to this system, the parts of the
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transmission and reception have to be added into the program applied to Analyst
Module.

Analysis Module
Socket

j

Visualization Module
User
interface

It

Transmission Module

tl

*

Shared
Mem ory

Window
view

Figure 1: Structure of proposed system.
2.2 . Transmission Module
This module plays a role of connecting Analysis Module and Visualization Module.
The socket is used for the connection between Transmission Module and Analysis
Module, and the shared computer memory is used for the connection between
Transmission Module and Visualization Module because of the high speed at data
transmission. Owing to Transmission Module, a user can execute the analysis program
and visualization program using separate computers.
2.3. Visualization Module
The main purpose of this module is to visualize the numerical data in the shared
computer memory between Transmission Module and Visualization Module. In order
to visualize the data, two-window view is prepared. One of windows displays a scalar
quantity as an x-v graph, which can visualize the transition of noteworthy data, such as
the residual value or the value of the objective function. Another window displays the
shape and its transition of the model used in the optimal design problem. Using this
window displaying the shape of the model, a user can recognize whether the analytical
program is correct or not, immediately, and always observe the result during the
analysis. And besides, this module has a user interface that receives user's requests.
The requests are '"start", ''pause", "stop", "quit" and "change the parameter" of the
analytical program. By using this interface, a user can easily control the analytical
program, and execute the steering technique.
3.

APPLICATION

For the purpose of verifying the effectiveness of this system we applied this
system to the optimal design problem of the static and the rotating devices. Moreover,
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in case of both applied steering and not applied, we investigated the transition of the
objective function against both the number of generation and the computation time.
Optimization of Static Device
Firstly, we applied this proposed system to the optimization problem of the static
device. The analytical model is shown in Fig.2. This model is a quarter size of the
magnet composed of the magnetic shield and the permanent magnet. This problem
aims that the magnetic field is generated as homogeneously as possible in the
homogeneous area, which is illustrated in Fig.2. Therefore, we set the difference
between the maximum and minimum of y components of the magnetic flux density in
the homogeneous area to the objective function.

O : Moved
• : Not Moved point

Magnetic Shield

Permanent Magnet
Homogeneous area

70ram

Figure 2: The analysis model of static magnet
The design variables are angles 0[t62,9i, which decide the shape of magnet, and
angles <pt,<p2, which represent the direction of the magnetization. As the field
computation method we used the finite element method (FEM), which can deal with
the change of the shape and can accurately compute. As the optimization method we
used the genetic algorithm (GA), which can easily deal with many variables. By using
GA the solution can be converged in early generation. On the other hand, it is easy to
trap into local minima. Therefore, when the solution almost trapping into a local
minimum, we try to adjust the parameters of GA such as the mutation in order to
obtain the better solution in earlier generation. In this problem, the parameters that we
can change are the mutation and the crossover rate, the number of genes in one
generation and the number of elite genes. The result after the application of steering is
as follows; the transition of the objective function against the number of generation is
shown in Fig.3 (a), and the transition of the objective function against the computation
time is shown in Fig.3 (b).
As in Fig.3 (a), in not applied case, the value of objective function did not change from
around 30th generation to 60th. So it is seemed that the solution was trapped into a
local minimum. Therefore, the mutation rate and the crossover rate were changed as in
Table 1 in order to get out of a local minimum as quickly as possible. The reason of
changing the parameters as in Table 1 is that it is possible to search the genes more
widely by increasing the mutation rate and it is possible to generate more genes by
decreasing the number of elite genes. As a result, by changing parameters at 42nd
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generation, the objective function was remarkably changed. The shape of the model
before and after steering is shown as in Fig.4. As in Fig.4, the shape of the model
remains almost same. However, the objective function becomes better after 50th
generation.
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Figure 3 (b): CPU time vs.
Value of objective function

Figure 3 (a): Number of generation vs.
Value of objective function

Table 1: The value of the parameters

Number of
Generation
Mutaion
(%)
Number of
Elite Genes
Crossover
(%)
Number of
Genes

1

42

52

10

20

10

5

2

5

60

60

60

20

20

20

3.2. Optimization of Rotating device
This system was applied to the optimal design problem [3], which optimizes the
shape of the permanent magnet motor (PM motor). The analytical model of the PM
motor is shown in Fig.5. In this model, the ferrite magnet is placed on the surface of
rotor. This motor is a 3-phase, 4-pole synchronous motor with 24 slots in the stator.
Because of the 4-pole motor, for the real analysis of magnetic field a quarter size of
model is used as shown in Fig.5 and FEM is used as a field computation method. On
the other hand, the purpose of the optimal design is to maximize the efficiency of this
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PM motor and to minimize the cogging torque. So the objective function is set as
follows:

\

(1)

D,

•: Not applied steering
• : Applied steering

Figure 4: The shape before and after steering

Figure 5: The model of the analysis.
where 7] is the efficiency of the PM motor, D is the difference between the
computational and the sinusoidal magnetic flux density in gap. (X is the weight
parameter. GA is used as the method of the optimization, and 15 design variables a as
in Table 2 for practical use. In this problem, a user can change the parameters of GA
such as the mutation and the crossover rate, which are the same parameters as Section
3.1.
The results are shown in Fig.6 and Fig.7. As shown in Fig.6, in the ordinary case,
the solution is led into the local minimum at around 50th generation, because the value
of objective function does not change. At this time the shape of the model is shown in
Fig.8 (a). This shape is not so smooth on the face of the rotor that it is not practical for
the product. So the parameters were changed at the 56th generation as shown in Table
3. Because of this change, the value of the objective function became remarkably
better and the shape of the model became smoother as shown in Fig.8 (b). Although
the shape of the motor becomes better, the efficiency fell off due to the second term of
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Eq.l. Therefore, we reset the parameters into the initial values as in Table 3. After this
reset, we can see that the value of the objective function and the efficiency becomes
better. Consequently, the convergence toward the optimal solution was improved in
earlier generation and we could shorten the computation time. In particular, the shapes
of model at the final generation when applying the steering and when not applying are
shown in Fig.8 (c), (d). The copper loss of this motor is clearly larger than the iron
loss. So when comparing these two Figs, in the case applied to the steering the slot
square is small. On the other hand, in the case not applied to the steering the solution
trapped into a local minimum.
Table 2: Design variables
x

Position of Inner Surface of PM
Position of Outer Surface of PM
Inner Radius ofStator
Width of Teeth
Length of Motor
Diameter of Wire
Number of Turn of winding

~*5

\

x

x

b " \0
x

\\

x

\2

*13
X

14

*15

Table 3: The value of the parameters
Number of Generation

1

56

70

Mutaion (%)

5

20

'5

Number of Elite Genes

5

2

5

Crossover (%)

60

60

60

20

20

20
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4.

CONCLUSIONS

We have developed the steering system in the network environment and applied the
analytical problem with GA to this system. Consequently, when the solution of
analysis trapped into a local minimum, the solution could get out of the local minimum
by using the steering technique.
Further, it is necessary to improve the entire system for a wide use, and because of
more practical and easier use, it is desirable to develop the web-base steering system.
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Abstract. An approach towards standardization of the general rules
for synthesis and design of man machine interfaces that include
dynamic adaptive behavior is presented. The link between the
personality type (Myers-Briggs or Kersey Temperament sorter) and
the personal preferences of the users (Kansei) for the purpose of
building Graphical User Interface (GUI) was investigated. The rules
for a personalized emotional GUI based on the subjective preferences
of the users were defined. The results were tested on a modified
TETRIS game that displayed background characters capable of
emotional response. When the system responded to a user in a
manner that is customized to his or her preferences, the reaction time
was smaller and the information transfer was faster. Usability testing
methods were used and it was shown that development of pleasant
cartoon face GUI based on the users inborn personality tendencies
was feasible.

1.

INTRODUCTION

The penetration of digital devices is reaching the point where novelty is no longer
the chief attraction: adaptation and efficiency are. Most of us want to be convinced
that we need something and then, when we have it, we don't want to waste time getting
it to do what it is supposed to do. When we have to accommodate the technology, then
priorities are backward and something is wrong.
Over the past decade, user interface design has been focused primarily on
capability. However, current Graphics User Interface (GUI) research suggests a future
trend where greater attention is paid to the subjective user experience, including an
adoption and emotional response. Few researchers are already exploring new ways to
sense and interpret the affective state of users, and others are challenging the problem
of creating synthetic creatures in which affect and emotion are expressively
communicated in behavior. It has been reported that actually humans do not need
complex artificial agents or Virtual Reality (VR) characters on the computer screen in
order to invoke social response [lj.
Our work is an approach towards personalized adaptive user interfaces that are able to
recognize or predict specific group of users according to their temperament and
personality and predict their preferences aid emotional response to what they see,
hear, touch or even smell. Our goal is to define the general rules and guidelines for a
design and a synthesis of man machine interfaces by possibly including a dynamic
adaptive behavior to the conventional GUI. By this paper we attack the problem of
defining an appropriate emotional response based on the personal preferences of the
users. We also investigated the ways to recognize the quantities and the links between
the personality type and the personal preferences of the users. Our ultimate goal is to
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build future human interfaces able to optimally adapt to the user without any effort
from the user itself.
2.

PERSONALITY TYPES AND TESTS

Many models look at personality differences for the purposes of career decisions,
life planning, job assignment, and team building [2]. Most personality assessment is
done through self-report with individual response to items varying according to
mindset, vocabulary, life experience, culture, and so on. The usefulness of the model is
determined by the accuracy of both the model and the instrument [3]. Most commonly
used tests are Myers-Briggs Type Indicator (MBTI) [4] anc Keirsey Temperament
Sorter [5]. Since MBTI and the Keirsey Sorter are based on theories that address the
innate nature of the personality, it is very important to help individuals to get at what
we call "true type." This is the inborn pattern or potential, the source of our identity.
However, the expression of our individual personalities is not always synchronized
with this pattern. Quite often people are so influenced by their environment that they
adapt or alter their inborn personality tendencies almost beyond recognition.
According to understandings and researches on personality [3], obtaining the true
personality type is very important and we have to recognize that to behave in a way
that is not consistent with one's inborn pattern takes a tremendous amount of energy.
In fact, it is highly related to stress, unpleasantness and dislikes.
Both the MBTI and the Keirsey Sorter reflect trustworthy theories. MBTI, based on
the Jung's theory of psychological types, was proved through the time by multitude of
users. Keirsey's temperament theory reflects patterns of behavior that have been described by many great thinkers for over 25 centuries. Both instruments work fairly well
with both theories. Temperament and type dynamics reflects the integration of both
theories.
3.

USABILITY TESTING M E T H O D S AND KANSEI ENGINEERING

Subjective measures are always used, in some way, in usability testing as questions
in a pilot survey or post-survey analysis of various products. The aim is to access the
users opinion of the usability of the products they have just used. Most common
methods are Likert rating scales [6] and Semantic Differential (SD) [7]. The former is
a method of measuring attitudes by asking people to indicate their agreement or disagreement with the written statements where SD is interested in understanding the connotative meaning people attach to object or events. The levels of agreement to the statements at Likert's method are averaged by assigning the numbers 1 to 5 to each levels
of agreement, while the participants during SD are asked to rate objects (people or
events) on a number of bipolar adjective scales. The rating is obtained by putting a
check on one of the seven lines or boxes between each pair of adjectives.
Kansei Engineering comes from Japanese term (image, impression, feeling) and
tries to define the guidelines to design new objects or products, by including the personal preferences and psychological feeling (image or impression) the users or customers
have regarding the new product. The most commonly used technique for grasping or
extracting the users' "kansei" is the SD method developed by Osgood et al. [7],
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4. METHOD

Our aim was to develop and test a system that is able to adapt to the user
emotional preferences and will also enable pleasant interaction while keeping or
boosting the performance. It is based on the idea that if a system responds to a user in
a manner that is customized to his or her preferences, the reaction time becomes
smaller and information transfer becomes faster than the one in a generalized response
manner.

4.1. Personality adoptive method
In this section an adoptive user interface is introduced using a TETRIS game. The
modified TETRIS game, which was able to display emotional cartoon faces in the
background, was used. During the course of the game, which in our case we assume is
an interaction process, the background faces change their expression in real time
according to the player's performance. If the player is a bad one, the background face
becomes negative "i.e. angry, disappointed, etc. If the player is a good one, the
background face displays positive ones. The main difference from the other adoptive
user interfaces is that the cartoon face expressions at a same stage (level) of the game
are different for each player even if the results of their performance are the same. This
is due to our personality adoption method, which displays the faces in an order that is
customized according to the players' inborn preferences towards such cartoon faces.
Our first approach towards adoptive interaction was accomplished by displaying the
faces
that
change
according
to
the
emotional
Depressed
<
flow as shown in Fig. 1
Each face was assigned to
A y
^—
a certain emotional group
Sad
according to the previously
developed methods and
A t
Exciting negative
surveys [8]. For example,
if the subject was a bad
A *
player the background
Normal
faces would change in the
range from normal to
A
depressed. It was designed
Exciting positive
such that the current state
could "jump" up to one
A I
half of the maximum
Happy
Emotional flow. It could
change
directly
from
A t
<
'
Thrilled
depressed to normal, but it
<
could not directly change

r

? m depressed to thrilled
without going through at
least one state in between.
However, such a design did not obtain any significant results and we had to look for a
new approach and different criteria for display of the adoptive faces.
The whole process of our new approach and the flow of the research are shown in
Fig. 2.
Figure 1: Emotional Flow
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In order to determine the emotional group they belong to, the cartoon faces were
analyzed by a Web survey with SD technique of 15 pairs of adjectives (Fig. 3). 54
cartoon faces were analyzed and the evaluation SD data per each subject was obtained
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(Fig. 4). The relevant adjectives for the Likert ratings and the SD bipolar scales were
defined in a separate survey and later analyzed by multivariate techniques such as
Cluster Analysis. Each subject' SD data was standardized by a Zscore and PCA
(Principal Component Analysis) was performed. By looking at the Variance explained
by the PCA components, it is obvious that the first three components substitute for
more than 78% of the variance of the original data (Fig. 5). The complete absolute
correlation between PCA score and the 15 adjective pairs for one subject is shown in
Fig. 6. By looking into the non absolute bar representation of the correlation of the
first three PCA components and the 15 adjectives (Fig. 7), we conclude that the first
component has the biggest number of high correlated adjectives. This result was
expected. Therefore we used the first PCA score as a subjective criterion to order the
cartoon faces according to the evaluation of each subject (Fig. 8). As the first PCA
component is highly correlated to most of the adjectives, for a particular subject, the
higher the score, the more expressive in a positive direction the cartoon face becomes.
By looking at the second, third and further components and the corresponding
correlation coefficients, we could easily develop selective criteria for categorization
(ordering) of each face. For example, if we take the second component as shown in
Fig. 7 as ordering criteria, the faces would be ordered in a manner from the most

Adjective Pair
Figure 5: PCA components of
typical SD data

Figure 6: Absolute correlation between the PCA
components and the 15 adjective pairs
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negatively correlated face with the adjective pairs 1 (Warm - Cold), 8 (Thrilled Depressed) and 15 (Smiling - Crying), to the least negatively correlated.
Subjects were asked to play the modified TETRIS game.
Each subject
played the game in an "Exercise mode" 120-240 sec depending of the subjects' skills.
After that each subject played the game in two different modes:
Mode 1: The game was played without background characters at all (normal
mode), Fig. 9 (a);
Mode 2: Based on the results of the cartoon faces Web-survey and the
personality test for each subject the cartoon faces were changing according to the
performance i.e. the game score, Fig. 9, (b);
One play session in each mode consisted of 3 rounds. After each play
session, usability-testing methods were applied in order to measure the likeness and
the pleasantness of TETRIS in both, modes (Fig. 10). A record of the actual total
performance of the subjects measured by the length of the time they played and the
score they achieved was obtained.
The real time player's performance during the game was evaluated by the
maximum height of the cubes (hnutt) and the used space, i.e. the number of cubes
(Nc)in the TETRIS field. For example for Fig. 9 (b), l w = A, Nc= 26. The faces
became more negative as the height increased and as the total number of cubes
increased

;

I m m I •>

(a)

(b)

Figure 9: TETRIS game, normal mode and Modified TETRIS game
with cartoon faces
For the personality test the publicly available web site for the Keirsey sorter
(http://www.keirsey.com) was used. The subjects were not informed about the purpose
or the conditions of the experiments. Nor were they familiar with the differences or
conditions between the different play modes as they played (performed).
5. RESULTS AND DISCUSSION

Usability-testing questionnaires were used in order to measure the likeness and the
pleasantness of the TETRIS game. More than 80% of the subjects evaluated 10 out of
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15 adjective pairs with 18% higher rating towards positive direction for Mode 02
(Tetris with faces). It is a strong proof for the achieved pleasantness.
Looking at the total actual (objective) performance according to the score, it was in
average 15% better in Mode 02 due to the faster information transfer. The actual
duration of the game (playing time) was not taken into consideration as an objective
performance indicator as the subjects at this stage were not completely familiar in
Impression Degree
[0=Neutral, l=Little, 2=Very, 3=Completely ]

3 2 1 0 1 2 3
Interesting
Contemporary
Fair
Friendly
Pleasant
Funny
Competent
Stressful
Interactive
Helpful
Frustrating
Exiting
Attractive
Cool
Like
Natural
Easy

•

Uninteresting
Old fashioned
Unfair
Unfriendly
Unpleasant
Not funny
Not competent
Relaxed
Un interactive
Unhelpful
Fulfilling
Boring
Not attractive
Not Cool
Dislike
Artificial
Difficult

Figure 10: Tetris Usability test (SD Method)
advance with this particular TETRIS game (controls are with PC mouse) or they could
not exercise long enough so we would be certain that they are in the saturation part of
the game learning curve.
It was shown that development of GUI with pleasant cartoon faces based on the
users' inborn personality tendencies was feasible. Users seem to like the user
interfaces that display emotional faces more, especially the ones that were developed
to suit their own personality and personal preferences.
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Abstract. In this paper comparative analysis between different
EIT algorithms is presented. Analysis is made for spatial and
temporal resolution of obtained images by several different
algorithms. Discussions consider spatial resolution dependent on
data acquisition method, too. Obtained results show that
conventional applied-current EIT is more powerful compared to
induced-current EIT.

1.

INTRODUCTION

Electrical impedance tomography (EIT) is a new and developing imaging
modality that measures the distribution of impedance in a cross-section of the body
[l]-[3]. This is possible because the electrical resistivities of different body tissues
vary widely from 0.65 ohm for cerebrospinal fluid to 150 ohm for bone. EIT screening
produces a set of incomplete, noisy observations available sequentially over time,
which are used to approximate the impedance distribution inside the body. In recent
years, there has been growing interest in improving performance and exploring areas
for applications.
Generally, EIT algorithms consider data acquisition, data reconstruction and
image display phases. According to data acquisition phases, applied-current electrical
impedance tomogtraphy (ACEIT) and induced-current electrical impedance
tomogtraphy (ICEIT) are distinguished. Several algorithms introduced for data
reconstruction phase are designed for ACEIT data acquisition techniques. This paper
describes spatial and temporal characteristics of algorithms proposed in [l]-[5].
Discussions include resolution dependence on data acquisition and reconstruction
methods, as well.
2.

DATA ACQUISITION METHODS AND SPATIAL RESOLUTION

In conventional applied-current EIT (ACEIT) low frequency sinusoidal currents
are applied via electrodes attached to the body surface [1], [2]. To record data for
ACEIT, a series of electrodes are attached to a subject in a transverse plane and small
electric currents sequentially are applied to a set of adjacent electrodes. Then a set of
potential difference between non-current carrying pairs of electrodes is measured. This
procedure is repeated for each pair of adjacent electrodes to obtain a voltage data set.
Once a new voltage data set is measured a reconstruction algorithm is used to calculate
electrical properties of the body tissues and presents these values as images.
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With ICEIT induction coils are encircling the body [3]. Time varying (50 Hz)
magnetic fields with different spatial field patterns are applied via these coils to induce
current in conductive body, and adjacent surface electrodes are used to make voltages
measurements. For a given number of electrodes, introducing spatially independent
magnetic field patterns can increase the number of independent measurements. This is
a clear advantage of ICEIT, since with ACEIT this can be achieved only by increasing
the number of electrodes.
In papers [I] and [2], a system of 32 electrodes is used for data acquisition and a
nonlinear system of 496 equations must be solved (a full set of parameters that
represent rectangular elements of the finite element method-FEM grid). The system is
able to collect 31x31=961 independent measurements.
The ICEIT system presented in [3] consists of two separate parts, one for driving
the coil current (consisting six coils) and the other for measuring voltage differences
(consisting 16 electrodes). Consequently, it is able to collect 6x15=90 independent
measurements. The calculated data profile is obtained by the FEM for 541 unknown
scalar potentials.
The influence of acquisition methods to spatial resolution for bo.th ACEIT and ICEIT
are given in Table I. The number of independent measurements and number of
electrodes are presented together with a number of unknowns used to solve inverse
problem in EIT during image reconstruction algorithms. These unknowns in fact
represent number of reconstructed points, and determine image spatial resolution.

Table 1
Method

ACEIT
ICEIT

3.

No. of independent
measurements
:

No. of
electrodes

No. of unknowns

961

32

496

90

16

541

SPATIAL RESOLUTION AND IMAGE RECONSTRUCTION ALGORITHMS

Spatial resolution dependency on reconstruction algorithm is result on selected
numerical methods to solve nonlinear system of equations. In presented algorithms,
authors use finite element method (FEM). Difference in spatial resolution between
algorithms in this case appears from selected mesh to represent the region of interest.
In [3] a mesh of 541 nodes and 1016 triangular elements is used, while in [1], [2], [4],
[5], Joshua-Tree mesh containing 496 elements is used. Therefore it seems that ICEIT
algorithm has advantage over ACEIT, when the spatial resolution is in question.
4.

TEMPORAL RESOLUTION O F RECONSTRUCTION ALGORITHMS

To achieve higher temporal resolution, an EIT system with fast data collection and
image reconstruction is required. The EIT system is fast if at least 25 independent
frames are obtained each second. But, there are situations, for example in sports
medicine, when conventional reconstruction strategies fall short of the tracking
requirements.
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4.1. Real-Time imaging system
In the Real-Time Imaging System [1] the sinusoidal electric currents are
simultaneously applied to a system of 32 electrodes attached to the skin of the body.
Voltages that are developed on the electrodes are measured using the tomograph. Two
essential components of the Real-Time Imaging System ;ire the reconstruction
algorithm and image display algorithm. Reconstruction algorithm, named as FNOSER,
uses the applied current waveforms and the measured electrode voltages to compute
the electrical conductivity and permittivity distributions in the body. The image
display algorithm uses a differential-row run-length-encoding scheme to reduce the
number of operations required to map the output of the reconstruction algorithm into
an image grid. The new system hardware configuration allows data acquisition and
image reconstruction to occur simultaneously. Modifications of earlier algorithms
reduce the time interval between data acquisition and image display. Using the
continuous data acquisition mode of the Real-Time Imaging System, cardiac and
respiratory events in the human chest are clearly visible in the dynamic images [1].
This algorithm.precomputes many quantities, thereby minimizing quantities that must
be computed at algorithm runtime.

4.1.1. FNOSER algorithm
Using applied current data and measured voltage data, the FNOSER algorithm is
used to compute static reconstructions of permittivity and conductivity distributions in
the body in real-time. This algorithm precomputes many quantities, thereby
minimizing quantities that must be computed at algorithm runtime. The FNOSER
algorithm uses one step of Newton's Method in solving a homogeneous nonlinear set
of equations generated from the minimization of a squared-error function
minp|| t/-£/(p)||

(1)

where U are the measured electrode voltages and U(p) are the voltages given by the
FE approximation with a given distribution p. It is assumed that the permittivity and
conductivity distributions are homogeneous and isotropic.
For a 32-electrode system, a nonlinear system of 496 equations must be solved.
The output of the algorithm is a vector of 496 elements, denoted as the reconstruction
vector. Each vector element corresponds to the reconstruction value of a piecewise
constant region in a reconstruction mesh, denoted as the Joshua Tree Mesh. Minimizing the execution time of the algorithm required the optimization of the data access
protocol, data alignment and assembly language constructs. Since the Real-Time
Imaging System is constructed by the data acquisition rate, its throughput is
approximately 18 frames/s or 6 reconstructions per cardiac cycle.
4.2. Kalman filter approach
The reconstruction algorithm for interpretation of the impedance distribution as a
time-varying quantity in Kalman filter approach is based on the state-space
representation of the dynamical EIT [2]. The state of the system represented by the
impedance distribution p(t) is reestimated after the voltage measurements
corresponding to each current pattern. Differences in the dynamical properties and
relations of impedance changes between different organs are taken into account in
proposed model.
Let U be the vector containing the voltage measurements corresponding to all
current patterns for the time-invariant case. The linearization of the mapping U=U(p)
at po is
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= U0+J(p0)(p-pQ)

(2)

where peRN is the impedance distribution, set to be constant in each finite element
method (FEM) discretization element. The Jacobian J=J(PQ) is obtained from the
FEM discretization of the associated partial differential equations. With K current
patterns lkeRL, UeRKL is obtained corresponding to the classical frame.
In a dynamical situation, the measurements Ul,...,UK correspond to different
impedance distribution since the distribution changes over time during the
measurement cycle. In the original method it is assumed, that the evolution of the
impedance is so slow that the measurements that correspond to a single current pattern
can be taken to be approximately from the same distribution.
A detailed description of the equations of complete electrode model can be found
in [2]. After the finite element discretization of the model, the linear matrix equation

AU C = I ,

(3)

is obtained, where A is the so-called stiffness matrix, I contain
the injected currents and U is the vector of voltages at the FEM nodes and the
electrodes. A relatively sparse FEM grid yields sparse A matrix. A new reconstruction
is obtained after each observation of U, so the system (3) is solved with new numeric
values.
In Kalman Filter Approach speedup is achieved by reduction of parameter space.
The impedances of the FEM grid can directly be used as the state parameters that are
to be estimated. In the reconstructions only five parameters are used (impedances for
the tissues for the left and right ventricles, the left and right lungs and the background)
instead of full set of 496 parameters that represent rectangular elements of the FEM
grid. Since an estimate for the state is calculated after each current injection, with the
Kalman Filter Approach it is possible to obtain 93 reconstructions per cardiac cycle.
4.3. Pipeline Multiprocessor Algorithm
Implementation of PMA [4] is performed on the linearized problem for
reconstruction in Kalman filter approach. To obtain a higher resolution without data
restriction, a pipeline multiprocessor system with m processors is proposed.
The set of NK (number of state parameters) sparse linear equations represented by
(3) is solved using triangular factorization, which yields
A=LDU

(4)

where L, D and U are unit lower triangular, diagonal and unit upper triangular
matrices respectively. After the triangulation of (4), the solution of (3) can be obtained
using the forward and backward substitution scheme. Matrices L and U are also sparse. Matrix factors are stored in ordered lists.
The standard sequential factorization and substitution are represented as a series of
elementary processes. These processes form a recursive sequence that can be executed
in pipeline of processors in multiprocessor system. The algorithm is a modification of
the sequential Crout's algorithm. Modifications are made to provide pipeline data
parallel processing on distributed memory multiprocessor, or some other type of
MIMD (multiple instruction multiple data) architecture [4].
In the original method [2], values for each state are calculated after correspondent
current injection, so the calculations must be completed before a new current injection.
With the proposed PMA, current injection is possible after each At (At is assumed to
be active time of processors in the pipeline). With convenient data mapping in space
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and time, the results are obtained after each mAt (m is the number of processors in the
pipeline). Achieved speed-ups are almost proportional with the number of processors
in the multiprocessor system over the monoprocessor one. For example, with three
processors system, number of reconstructed images per second is 2.8 times more than
number of images obtained by monoprocessor system.
4.4. Systolic array implementation
Implementation of systolic array algorithm is performed on the linearized problem for
reconstruction in Kalman filter approach [5]. A system of 496 linear equation is solved
on systolic array of 496 processors. Figure 1 shows dataflow in systolic array required
to solve the equation (3).

i
U2 U , '

PU

PU -> PU

«-

an
aoo

PU

«-

PU

«-

PU

4-

PU

10

Figure 1: Systolic array dataflow
Achieved speedups are 248 times greater than a solution obtained by
monoprocessor system (speedup is almost proportional by the half of the number of
processors). But, there is one obstacle in the solution. The efficiency of the system is
only 50%. Even more, systolic array algorithms solve full systems of linear equations.
But, the linearized inverse problem is a system of sparse linear equations. Therefore,
the system efficiency will be even more declined, because a lot of processors perform
empty operations.
5.

CONCLUSION

From presented comparative analysis of time efficiency and spatial resolution, it
can be concluded that ACEIT algorithms in every case have advantage over ICEIT
algorithms, even ICEIT algorithms spatial resolution is sufficient enough.
Conventional ACEIT reconstruction algorithms use a full set of independent
measurements data (current patterns) in order to obtain an image. With trigonometric
current patterns with 32 electrodes, 31 independent current patterns are used for an
image reconstruction. If it is assumed that the measurements are carried out with the
measurement system that acquires data with a rate of 8 frames/s, when conventional
reconstruction methods are used less than 3 reconstructions per cardiac cycle are
obtained.
In Kalman Filter Approach speedup is achieved by reduction of parameter space,
that means reconstruction of each picture is made with only 5 state parameters instead
of 496 parameters. While in Real-Time Electrical Imaging System many quantities are
precomputed, thereby minimizing quantities that must be computed at algorithm
runtime. This approach offer good temporal resolution, but spatial resolution is
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decreased. Our multiprocessor approach provides additional possibility to increase
spatial resolution of reconstruction method. Increased spatial resolution can be
obtained with different organization of input data without reduction of the parameter
space and use of multiprocessor instead of monoprocessor computer system.
In the standard reconstruction algorithms, as in [1] and [2], values for each state
are calculated after correspondent current injection, so the calculations must be
completed before a new current injection. Each data set produced after a current
injection is independent from the next one. So, with suitable data organization and
PMA implementation on pipeline multiprocessor computer system, current injection is
possible after each At (At is assumed to be active time of processors in the pipeline).
Comparing to reconstruction algorithms proposed in [1] and [2], this approach offers
reconstruction rate approximately 90 times faster than with the conventional methods.
Reconstruction rate achieved with FNOSER is 2 times faster and with Kalman Filter
Approach is 31 times faster than with the conventional methods.
Application of systolic arrays to solve EIT inverse problem is out of question,
because of requirements for a great number of processors. Even more, achieved
speedups can be neglected taking into account the number of processors that work
with zeroes.
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Abstract. In this paper discrete complex images (DCI) are used
to obtain approximate, efficient and fast solution of Sommerfeld
integrals that appear in the analysis of vertical electric dipole
(VED) in presence of air-ground half-space. The results are used
to model vertical antenna above, below or penetrating the ground
Using the moment method technique with triangular expansion
functions. Thus, the time consuming direct numerical evaluation
of the Sommerfield integrals is completely or partially avoided.
1.

INTRODUCTION

The Sommerfeld integrals are frequently encountered in a number of
electromagnetic problems involving current elements in the presence of half-space,
including various combinations of the parameters and different integral formulations.
Being computationally inefficient to integrate exactly, Sommerfeld integrals have been
studied extensively for the last 50 years and are still an objective of interest. Several
numerical difficulties due to oscillations, divergent behavior and singularities of the
integrands are usually involved, and the satisfactory solution of Sommerfeld integrals
is still lacking. Many numerical and analytical techniques have been developed and
published giving numerous exact and approximate solutions.
In this paper discrete complex images (DCI) are used to obtain approximate,
efficient and fast solution of Sommerfeld integrals that appear in the analysis of
vertical electric dipole (VED) in presence of air-ground half-space. The results show
less then 3 % difference from the exact solution for a wide frequency range and various
parameters. By this, the time consuming direct numerical evaluation of the SI are
completely or partially avoided. It may be applied very efficiently in many other
scattering and antenna radiation problems, where the Green's function is used to
formulate the integral equation that solved numerically by the moment method. The
rigorous Sommerfeld theory is used for modeling antennas over, below or penetrating
the air-ground interface. The mathematical model is based on the procedures from the
moment methods [1-3]. The basic idea was introduced in [4-6] and our previous
studies presented in [7].
2.

SOMMERFELD INTEGRALS

Consider a VED of unit strength positioned above or within the ground (ground =
medium 1, air = medium 2) (characterized by conductivity pand relative permittivity
£rat source point (x'.yV) and field observed in point (xyj.). The effect of the airground interface presented by the reflected field from the interface is formulated as
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Sommerfield integral Vu (source below and observer below the ground) and
(source above and observer above the ground) [8]:
2

V21 = f
* X

+

, e x p [ - 7 0 ( z + z')]J0(kpp)kpdkp
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After some mathematical manipulations, and normalization which eliminates
the ko dependence the integrals are rewritten as:
f o r z > 0 md

z<>0

(4)

TJ~
where « 0 =
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In the paper only a brief description of the procedure to get the closed-form
approximate solution of the integral I2 using DCI will be presented.
3.

DISCRETE COMPLEX IMAGES APPROXIMATION

The idea of DCI application was initiated in the papers [3,4]. Our approach has
the same foundation but uses different path approximation on the complex X plane
(Fig. la). The integration contour is truncated by a point TP of flexible position
elsewhere on the complex A plane (TP,, TP 2 ,...,TP n ) along the original path in the first
quadrant [3-4]. Because of the multivalue character of function U\, there are four
different choices for the values. To obtain the result of square roots the following
conditions are introduced: Re(wi)>0, Im(«|)>0 (Fig.la).
To obtain the closed-form solution of the integral I2 it is necessary to transform
the integrand to a form that is analytically inverse-transformable. Here, the integrand
is expressed in terms of a finite sum of complex exponential functions of u{:
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where a, and b, are coefficients to be determined.
By this approximation the closed-form solution of the integral /;. is obtained as
1

Jk

(6)
i=\

r, =
here p is the radial distance between the source and the field point. Each term in (4)
represents a complex image.
In order to find the complex coefficient a, and b, the, exponential approximation
(Prony's method) is used.
(7)
1=1

1=1

Because of the complex type of the variable W| a linear function is used to
transform it into a real variable t [3].

where f e [0, r 0 ]

(8)

where C\ and c2 are constants to be determined, and To is the truncation point of the
approximation process, which should be positive and greater than v(fr).
Using the relation ui=y(/i -£>), the starting point X=0 corresponds to the point Tj=
u\=j^(&) on the complex w, plane. Also, the ending point (TP) X.=Z.,+/X2 on the
complex X plane corresponds to the point T2= u^[(Lt+jL2)2-£r\
on the complex U\
plane as shown on Fig. lb. From (6), t=0 and t=T0 give the starting and ending points
the transformed path on the complex u{ plane. Equation (8) can be written as

(9)
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Approximation paths are shown on Fig. 1b. The coefficients Lt and L2 are
chosen arbitrarily. Using (5), (7) and (9) coefficients A, and B, are determined. After
that, using (7) and (9) a, and 6, are obtained.

a.t = 4 exp"

and

B.

b, -

(10)

Comparing to approximation path defined in [3], it can be shown that it is
obtained if Z,|2=TO2+1 and Z,2=0.

4.

NUMERICAL RESULTS

Consider a vertical wire penetrating the air-ground interface with radius of ,
0.00025>v0, extending from a height of 0.25X0 to a depth of -0.3Xo (test example
presented in [1] which is usually used for comparison). The ground relative complex
constant is £=16-jl6. If the calculation is performed using ng=30 segments for the
ground stake, and na=25 segments for the upper part of the wire, the exact Sommerfeld
integrals have to be calculated

V"/ times. Numerical integration can be reduced to

10!

V ; times using the approximate solution,. It is shown that if vertical distance (z+z1) is
larger than O.05X.o the approximate DCI solution can be used instead of the numerical
exact integration. Errors grater that 3% are obtained for vertical distances less than
0.05A.0.
As an example, this procedure is used for a set of frequencies from 8 MHz to 2-103
MHz. The results show errors less than 3% as presented in Table 1. The results are
obtained using N=9 discrete complex images, with T0=16, and constants L\= 1.273 and
L2=2.489.
Table 1. Comparison of the results: numerical integration of/ 2 and DCI
closed-form solution expressed in % error for arbitrary set of frequencies and
vertical distances.

f(MHz)
8
50
90
200
700
2000
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Z+Z'=-0.05?K)

3%
2.58%
2.56%
2.54%
2.53%
2.53%

z+z'=-O.ORo
0.55%
0.42%
0.41%
0.40%
0.398%
0.397%

z+z'=O.3),o
0.0073%
0.0044%
0.0040%
0.0042%
0.0039%
0.0038%

5. CONCLUSION

In this paper discrete complex images (DCI) are used to obtain approximate fast
solution of Sommerfeld integrals that appear in the analysis of VBD in presence of airground half-space. The results are used to model vertical antenna above, below or
penetrating the ground using the moment method technique with triangular expansion
functions. Thus, the time consuming direct numerical evaluation of the Sommerfield
integrals is completely or partially avoided. The results show difference from the
exact solution less than 3%.
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Abstract— Very often, the measurement of the specific electric
resistivity of the soil performed by one of the commonly used
methods introduces errors in results because of the existence of
certain metal installations buried in the ground, like aqueducts,
water or drainage pipes, metal .strips or metal sheaths of power
cables etc. An attempt has been done in the paper to give some
recommendations while displacing the measuring system in
order to avoid the impact of such metal installations on the
measured results, and thus to avoid the eventual errors that can
occur during the measurement.
Index Terms influence, measurement, metalinstallations, and soil resistivity.
1. INTRODUCTION
The specific electric resistivity of the soil p is a parameter, that all the more
important characteristics of the grounding change proportionally with: resistance to
ground, potentials, distribution of currents flowing into the earth from the separated
elements of the grounding (electrodes), distribution of the potentials on the surface
of the earth, step and touch voltages etc. It's very important to measure this
parameter as precisely as possible, so that the design of the grounding would be
correct and economical. There are many methods for geoelectric examination of the
soil, and one of the most used is the Wener's, reference [2]. It's characteristic is the
use of four electrodes (probes) buried in the earth making the measuring system.
Two of them, the outer electrodes are with current, and two of them, the internal
ones, called voltage probes, are with voltage. They are symmetrically arranged in the
same direction, and the distance a between any two neighbouring electrodes is equal
(fig. 1). Between the ending points of the first and the fourth electrode, a voltage
source is plugged in, that zhelps to establish a current circuit through the earth.At the
ending points of the second and the third electrode, a voltmeter is plugged in,
measuring the potential difference U established between these electrodes by the
current.

Figure 1. Disposition of the equipment of the measuring system according the
Wener's method
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No matter which method will be used for measuring, in the practice there are often
cases of big deviations of the value of the measured specific soil resistivity during
some small displacements of the measuring system. These differences can be a result
of the distortion of the potential lines because of the presence of layers with different,
much bigger or smaller specific soil resistivity p, and also because of the presence of
different metal installations (aqueduct, water or drainage pipes etc). It's clearly shown
that without a correct estimation of the presence of such metal installations, the error
in the measuring the soil resistivity p can be quite unacceptable.
2. TAKING INTO CONSIDERATION THE PRESENCE
OF THE METAL INSTALLATIONS - A MODEL
The metal installations (aqueduct water or drainage pipes etc.) can be closely
examined as passive grounding electrode or a grounding electrode on zero potential
with an infinite length in relation to the measuring system. This kind of representation
is fully justified, if we consider that these kinds of installations are most frequently
connected through the neutral conductor of the low voltage network. Because of that,
it can be assumed that the measuring system is placed in the very medium of the metal
installation. If the two current probes are treated as two electrodes so that from one of
them a particular current is leading out +1% and Iz is flowing into the other one, in that
case, we get a system of five mutually coupled grounding electrodes. Two of them are
active, the current electrodes, two of them are passive, the voltage electrodes, and the
fifth one is passive (i.e. of zero potential)-the metal installation. If the metal
installation is in the potential funnels of the active grounding electrodes, distorting the
potential lines, its influence has to be taken into account. In that case the metal
installation, as a grounding electrode, should be divided into several short parts (electrodes), as short as possible, i.e. with length twice or three times smaller than' the
distance a between any two neighbouring electrodes of the measuring system.
The impact of the mutual influence between the grounding electrodes,
galvanically separated, leeds to the calculation of several mutually coupled grounding
systems. For solution of this problem, different procedures can be used. In the past, it
used to be done in an experimental way, using the electrolytic bath, but since the
computers appeared, the numerical methods and procedures have been used more and
more for that purpose. Numerical methods enable determination of the potentials in
different points in the environment of the grounding elements. They are usually based
on the existing formal analogy of the mathematical relations of the electrostatic field
and the stationary current field.
The Maxwell's equations are written one for each element of the grounding
systems. In fact, they are relations between the potential of each element and the
currents flowing into the earth from all electrodes of the grounding systems. That way,
a system of linear equations is obtained. The solution of this system is the currents
flowing into the earth from the elements of the grounding systems and their potentials.
Afterwards, the potentials of the required points from the region are calculated too.
One of the most important problems here, taking the biggest part of the calculation
time is determination of the coefficients of the system of Maxwell's equations i.e.
calculation the self and mutual resistance's of the elements of the grounding system.
When each of the grounding systems can be represented as a composition of linear,
mutually coupled elements (tapes, pipes, ropes, bars etc.), the application of the
method of medium potentials seems to be the most appropriate for calculation of the
mentioned self and mutual resistance's in a numerical way, by means of computer. All
calculations done in the paper have been carried out with a computer program package
based on the method of medium potentials application, made by (he authors.
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We are observing now a general case of m galvanically separated grounding
systems, like in [1] mutually resistantly coupled. If the k-\h grounding system has
nk elements k=\,2...m, is valid:

[o.Jl

[I]

(1)

Where:

[0,]

[0,]

U
[rj- Is a matrix of self aH&mutual, resistance's of all electrodes from all grounding
systems, with dimensions [ £ " < t x S w * • Whi' e calculating the self and mutual
resistance's, the images oft*Ae grtnlnding elements, in relation to the plain of
discontinuity (the surface of the earth) should be taken into account. When a two-layer
or a multi-layer environment is in question, as it is usual case, the number of images is
infinite.
[/]-A vector of the currents dissipating from all the electrodes of all grounding
systems, with dimensions X « t xl ;
=i

U

)

[f/]-A vector of the voltages of the grounding systems, with dimensions (m x l);
[0m ]- Zero vector with dimensions (nm x l);
\lz ] -A vector of total earth currents flowing into the earth from the grounding
systems, with dimensions (m x l)
[6>]-Square zero matrix with dimensions (m x m) or zero vector
*=i

[l^ ] -A unit vector with dimensions (nk x l)
[0 t ] Zero vector with dimensions \nk x l)
The solution of (1) will be:

MI

rrlr[o.n

(2)

Or:

(3)
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Where:

The square matrix [R] with dimensions (mxm) is a matrix of the grounding
resistance's of all m grounding systems where the diagonal elements are the self
grounding resistance's (but in presence of the rest of m-\ grounding systems), and the
non diagonal elements are the mutual resistance's, i.e. the partial contributions of the
remained grounding systems, if they are active. The information about how the current
will be distributed in the electrodes of all grounding systems is contained in the
submatrix [F].
The potential in the point M on the surface of the earth is:

<Pv = [ra» ]• [/, ]+ VbM ]• [/J+ — +k,« ]• [/„ ]

(5)

Where \raM \\rbM ]....,[rmM ] are matrices of mutual resistance's of the electrodes a,
b,....,m and tnepointM.
By means of the method of medium potentials used for several number of
mutually coupled grounding systems, we can calculate the potentials <p2 and <p3 of the
voltage electrodes (probes) i.e. their difference U:
U=<P2-<Pl

(6)

For the problem from fig. 5 we get a system of 5 grounding electrodes, and by
solving it, we can obtain the exact value of the specific resistance of the soil:
pT=2-n-a-—

(7)

l

z

If we disregard the existence of a metal installation, the giounding system will
consists of 4 grounding electrodes, and through the relations (7), we get the value that
would be shown by the measuring system pM in the same way. The error in the
measurement, in percents will be:
g=

PM ~PT

,1OQ

(8)

PT

3 . ANALYSIS AND EXAMPLE

The analyses show that the error g in measurements depends a bit on the depth of
buring the electrodes and the depth of the metal installation, as well as on the diameter
of the probes and the metal installation. The only parameters that this error depends on
a lot, is the relation d/a and the angle a, where d is the normal distance from the
midpoint of the measuring system and the axis of the metal installation, and a is the
angle between the axis of the metal installation and the axis of the measuring system.
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a

Figure 2. Disposition of measuring system and the installation
The further is the metal installation from the measuring system, the smaller is the
error. The error is different for different angles, and it's the biggest for a = 90°. To
avoid or diminish the error, we can approach to the problem in a way that we define in
advance the limit of the allowed error in the measured result. This way, we can define
an area around the midpoint of the measuring system, where a measurement should
not be carried out, because in a case, there is an installation, the measuring error of the
specific soil resistivity will be bigger than the preliminary specified one. For example,
let us consider system in which the four electrodes are with diameter D = 24.5 mm,
and are buried on the depth H = 0.5 m, and the metal installation in the ground is with
diameter D = 110 mm, on depth H = 0.8 m. On figure 3, results for g =1%, 5%, 20%,
50% are presented. This error will not be overcome if the measuring system moves on
a distance d bigger that the given one on the picture.

dla

3.5
3

2.5
2
I 5
I

0.5

0

15

30

45

60

75

90

105

120

135

150

165

180

Fig. 3. Dependence of the ratio dla =J[a) for different
allowed levels of errors g %
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If the midpoint of the measuring system is in the beginning of the rectangular coordinate system XOY, then for an angle a = 0°, we get the abscissa, and for angle a =
90°, we get the ordinate. If we draw the areas that have to be avoided during the
measurements, so that the error in measurements introduced by the presence of the
metal installation is less than the specified one, we get closed bents which could be
approximated by ellipses, with smaller axis rx and bigger axis rj whose values depend
on the specified percentile error g%. The values of these axes are given in table 1
Table 1. Values of the axis of the elypses in dependance of the allowed
error in the measuring

g%
1%
5%
20%
50%

rx
2a
1,2 a

0,6a
0,28a

ry

3,3a
2,2a
1,4a
/

However, in the practice, the soil is most frequently not homogenous. The
experience says that the inhomogeneous soil can be modelled quite satisfactory by a
two-layer model with different specific electric resistance's of the upper and the lower
layer pi and p2 - respectively, and depth of the upper layer h|. In this case, the same
procedure as with the homogeneous soil is valid. The difference is that the self and
mutual resistances of the elements of the grounding systems in the model are calculated
so that the infinite number of their images should be taken into account.
4.

CONCLUSION

If, by a small shift of the measuring system, we get results for specific electric
resistance of the soil that are much different from the results before the shifting, that
can be an indication that there is some metal installation in the earth which, although
passive or on zero potential, has a great impact on the distribution of the potential along
the surface of the earth, and on the measured specific electric resistance of the earth.
The model presented in the paper takes into consideration the existence of such
installations and enables to define the regions where the previously specified level of
error in measurement of the soil resisitivity p should not be exceed. The regions that
are to be avoided during measurements can be approximated by ellipses.
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Abstract. Three-dimensional ultra high-order Nedelec's elements
have been systematically constructed and applied to the cavity
analysis. In this paper, the high-order Nedelec's elements are
applied to the eddy current analysis. The current term of the
linear equation is directly evaluated from the line source
approximation. The accuracy of the calculation is compared in the
meaning of the input power and the magnetic flux distribution.
The results obtained from the high-order Nedelec's elements
nearly agreed with those by the high-order cubic elements.
1. INTRODUCTION

The finite element methods have been applied to the electromagnetic analysis
for a long time after developing in the field of structural mechanics. At the first
stage, no problem happened in the finite element analysis of the electromagnetism
because only scalar problems were analyzed. But in the analysis of both the
magnetostatic field and the eddy current, the problems of the gauges occurred in
the low-frequency range since the full vector field was used in the threedimensional area. And in the waveguide analysis, the problems of the spurious
modes occurred in the high-frequency range. The solution of each problem was
attempted by developing new vector shape functions. Nedelec proposed the
polynomial space for the curl operator in the Maxwell's equationsfl]. Some shape
functions which concrete the polynomial space were proposed after that[2, 3, 4].
Many papers quoted the Nedelec's paperfl], but there were few papers which
explained the content of the Nedelec's paper because he explained the function
space by only mathematical expression.
Recently, the simple and useful construction for the complicated Nedelec's
shape functions was developed and it has been applied to the eigen value
analysis[5, 6]. In this paper, the effect of the high-order Nedelec's elements for the
eddy current analysis is presented. The eddy current distribution and the input
power are compared with the results by the cubic elements[7] and the nonNedelec's elements[8, 9]. The non-Nedelec's element have two unknown
parameters on each edge and it is treated as the second order element.
2. VECTOR SHAPE FUNCTIONS

The construction of scalar shape functions has been completely established.
In the first place, the independent basis functions whose expression must be
simple are chosen. Secondly, the linear coefficients of the shape functions are
decided under the restriction for the shape functions. Therefore, both the basis
functions and the shape functions have a same function space.
The value of a vector Ac in the element c can be approximated as follows:
Ac={Ne}T{AM
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(I)

where {Ne| is a column vector consisting of the vector shape functions
Nf and {Ae| is a column vector consisting of the unknown parameters A*.
In the same way of the scalar element, the vector shape function is
constructed as a linear combination of vector basis functions as follows:
{Ne} = [De]{we},

(2)

where {we} is a column vector consisting of the vector basis functions we
and fD'J is a coefficient matrix.
For the decision of [De], the vector shape functions are restricted as follows:

where re is a coordinate of vector node j and /. is EI unit vector to be a
direction of the unknown parameter At- at the node r, .
Substituting (3) to (2), we can obtain the relation as follows:
[I] = [De] [We]
(4)
where [II is a unit matrix and fW]

is a matrix of which elements are

Therefore, [De] is a reverse matrix of [We]. The N* in (2) is described
concretely in many papers, but it is impossible to describe the high-order shape
functions.
3. EDDY CURRENT ANALYSIS

3.1. Formulation
The model for the eddy current analysis is discretized by the vector finite
element method and we can obtain the linear equation as follows[7]:
([K]-co2[M]){A} = {/}

(5)

where

[K]= JJ|yx{jV}V Vx{N|Tdfi

(6)

[M]= JjJ^A^-e'lN/dQ

(7)

{/} = J J ^ M - J d n

(8)

where |i is the permeability and e* is the complex permittivity which
includes the real conductivity a. { N } is a column vector consisting of a vector
test functions and {A| is a column vector consisting of unknown parameters of the
magnetic vector potential.
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3.2. Estimation off/}
In the element e, (8) can be estimated as follows:

where N' is the j-th shape function in the element e.
In the first stage, the electric current source given by the electric current
density J is discretized as the line sources at the integral point in the cross section
of the exciting coil. These line sources have to be continuous in the coil area so
that they can satisfy the continuous condition of the electric current.
Appling the line integral along the line source, (9) is rewritten as follows:
e
jJYJkN i(rk)-tj
j

j

(10)

k

where j is a partitive line current source, k is an integral point along the line
source, tj is an unit vector of line current source j , rk is a coordinate of an
integral point, / is the total current flowing through the cross section of the
exciting coil, /, is the length of line current source, wk is a weighting factor for the
line integral and w, is a weighting factor of two-dimensional integral point in the
cross section of the coil.
3.3. Calculation of Input Power
In the eddy current analysis, the power loss P/oss. in the conductor is
generally calculated as follows:
(11)
In (11), one needs a volume-integration.
And, we can propose the calculation of the input power Pin, as follows:

Pin =-\\]E-f(Kl

= ja>\\[A-f&l = j(»{A}T{Y

(12)

Eq.(12) can be obtained by the inner product and the CPU time for this
calculation is negligible. In the eddy current analysis which uses the vector shape
function, the real part of both (11) and (12) are perfectly same values.
4. RESULTS AND DISCUSSION

4.1. Simple Model
An one eighth area of the simple model is shown in Fig. 1. This model has
two conductors which size is 60mm x 60mm x 10mm. They are parallelly
arranged up and down. The conductivity of the conductors is 5.8 x 1 0 S/m. Two
line current sources to be 1.0 x 1 0"4 A of 50Hz flow between the conductors. The
analysis space is surrounded by the perfect conductors which size is 80mm x
80mm x 80mm. The boundary condition of the bottom in Fig.l is free and two
sides are bounded.
Table I shows the relation between a mesh division and an order of element
used in our calculation. In the mesh divisions No.1-4, the analysis region is divided
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into 4 x 4 x 4 cubic areas and they are subdivided into five tetrahedrons each. The
order of element is

40mm

Figure 1: A simle model.
Table 1: Relation between mesh division and order of element.

mesh
division

cubic division
(tetrahedron division)

No. 1

4 x 4 x 4(x5)

1

No.2

4 x 4 x 4(x5)

2

No.3

4 x 4 x 4(x5)

3

No.4

4 x 4 x 4(x5)

4

No.5

8x8x8(x5)

2

No.6

16xl6xl6(x5)

1

Table 2: Analyzed results
by the cubic elements.
mesh
unnon-zero converCPU
div.
knowns elements
gence
time[s]
No.l
132
1,392
26
0.23
1.288
1.72
No.2
79
46,620
No.3
4.620
148
406,356
37.61
No.4
11.280 1,971,048
246 370.57
1L280
180
No.5
498,440
42.23
No.6
123
23.98
1L280
173,460
computer: VT-Alpha6 500MHz

order of
element

Table 3: Analyzed results by
the Nedelec's elements.
mesh
unnon-zero converCPU
div.
knowns elements
gence
nmes[s]
No.l
292
1,972
40
360
No.2
1,736
30,668
144
35.68
5,292
186,120
290
No.3
225.18
No.4
11,920
725,224
355
979.84
15,120
300,376
340
No.5
449.21
185,87'/
No.6
23,056
188 1,051.57
computer: VT-Alpha 600MHz
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increased from one to four. In the mesh divisions No.4-6, we examined how to
converge under the condition which the mesh division increased instead of a
decrease of element order.
Table 2 shows the numbers of unknowns, the numbers of non-zero elements of
lower triangle matrix, convergence of ICCG method and total CPU time spent in
calculation of (5) for the cubic elements to compare with the Nedelec's elements.
The convergence limits are selected as 10"8 ~10" 1 0 . In the cubic elements, the
numbers of unknowns in the mesh division No.4-6 are constant. The number of nonzero elements decreases since the relation between the unknown parameters become
distant.
Table 3 shows the analysis conditions for the Nedelec's elements. As the order
of element decreases in the mesh divisions No.4-6, the number of unknowns
inversely increases because the branches in the element are assigned as unknown
parameters. But the number of non-zero elements decreases.
To compare the analyzed results by the intensities of electromagnetic fields
easily bring about errors because the number of mesh is small in this simple model.
Then we compared the analytic precision by the input power. Figure 2 shows the
calculation results of the input power. The horizontal axis in Fig.2 is the mesh
division No. in Table I. The parameter in Fig.2 is a kind of element. In the cubic
element analysis, the error between the lowest and the highest order elements is only
1.28%. But it is 20.4% in the Nedelec's elements. The error is especially great in the
first-order element. In the mesh divisions
1.2
1

2 I.I

Cubic eleiients
- Nedelec's elements
Mon-XedeItc s elements}

X

Il.O
0.9

o.e

2

3

4
5
Mesh division No.
Fig 2 : Input power od the simple m o d e

Figure 3: Team Problem 7.
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Table 4: Relation between mesh
division and order of element.
mesh
division

cubic division
(tetrahedron division)

order of
element

No.7
No. 8

32 x 32 x 24(x5)
16 xl6xl2(x5)

1
2

No.9

8x8x6(x5)

4

No.4-6, the errors have a same tendency.
The cubic elements bring about a high analyzed precision even if the number
of element division is small and so do the high-order Nedelec's elements. The
analyzed results by the non-Nedelec's elements are very far from them by other
two types of element. In the mesh divisions No.5 and 6, the precision is especially
reversed. Therefore, we must pay attention to use the non-Nedelec's element."
4.2. TEAM Workshops Problem 7 •
The model of TEAM Workshops Problem 7[10] is shown in Fig.3. The
frequency of electric current source is 50 Hz. Table 4 shows the relation between a
mesh division and an order of element. In the higher-order elements, the number
of mesh divisions decrease regularly. Fig.3 shows the mesh division of the
conductor in No.l and the line source of the exciting coil. Tables 5 and 6 show the
number of unknowns, non-zero elements, convergence of ICCG method and total
CPU time each given by the cubic elements and the Nedelec's elements,
respectively. The numbers of unknowns in the cubic elements are constant
regardless of the number of mesh divisions, but the number of non-zero elements
of the fourth-order element is more than that of the first-order element by about
one digit. But the element order does not affect the number of convergence very
much. In the high-order Nedelec's elements, total CPU time spent in calculation
does not so increase because the number of unknowns decreases.
Figures 4 shows the z-component of the magnetic flux density along the line
of y = 72mm and z = 34mm. The magnetic field distribution obtained by the firstorder Nedelec's elements is like stairs because it is constant in each element. On
the other hand, the magnetic field distribution obtained by the fourth-order order
Nedelec's elements are good to be used in the second process because they are
very smooth.
Table 7 shows the input power for each analytic condition. The eddy current
analysis
Table 5: Analyzed results by the cubic elements.
mesh
div.
No.7
No.8
No.9

unknowns
68.696
68.696
68.696

non-zero
elements
1.105.436
3.262.100
13.241.756

convergence
189
274

313

CPU
tirm:s[s]
648
577
2.9J2

computer: VT-Alpha 6 500 MHz
Table 6: Analyzed resultsby the Nedelec's elements
mesh
div.
No.7
No.9

unknowns
139.864
72.664

non-zero
elements
1.155.912
4.768.476

convergence
630
2.540

CPU
timesfs]
6.0.S6
10 <)20

computer: VT-Alpha 600MHz
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Figure 4: Magnetic flux Bz

mesh

kind of

divisio

element

Input power [W]
imagL

real

No.7

cubic

7.811

352.044

No.8

cubic

7.739

355.373

No.9

cubic

7.656

355.069

No.7

Nedelec's

8.289

353.722

No.9

Nedelec's

7.661

355.240

No.8

non-Nedelec's

8.915

321.607

Table 7: Input power.

using the high-order Nedelec's elements are very effective because the results
obtained by the fourth-order cubic elements' and the fourth-order Nedelec's
elements are same by three digits.
5. CONCLUSION

The eddy current analysis by using the high-order Nedelec's elements is
presented in this paper. The magnetic field obtained by the high-order element is
good to be used in the second process because its distribution is very smooth
anywhere. The CPU time in all process does not so increase because the number
of elements is very small.
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Abstract. In this paper iron loss analysis of the permanent magnet motor considering anisotropy
of magnetic material is carried out. Recently the magnetic material can be measured using of
vector quantity technique. Non-oriented silicon steel sheets for the iron core material have the
anisotropy. Therefore, it is necessary to carry out the analysis considering the anisotropy of the
magnetic material. We'used the magnetic field analysis, which consicier the anisotropy by
combining finite element method with the E&S (Enokizono & Soda) modeling
1.

INTRODUCTION

A high-efficient motor can be designed, since the direct analysis of the iron loss
becomes possible by using this method. The relation between magnetic flux density B
and magnetic field H has not only non-linearity of the size but also spatial angle which
is clarifies by non-linearity. However, the non-linearity of the spatial angle could not
be considered in the magnetic field analysis.
Then, we carried out the magnetic field analysis considering the non-linearity of size
and spatial angle by using finite element method and E&S modeling 1 '" 2 . In the
magnetic material, the non-linearity of the spatial angle is that an existence of
directions in which magnetic flux density passes easily and with difficulty. The
direction in which the magnetic flux density is passes easily is called the easy axis
direction, and the direction in which the magnetic flux density passes with difficulty is
called the difficult axis direction.
Easy axis direction and difficult axis direction occur in Non-oriented silicon steel sheet
mainly used as a stator core material of the motor. The iron loss tends to decrease in
easy axis direction and increase in difficult axis direction. Therefore, the shape, which
can reduce iron loss by the magnetic field analysis considering the easy axis direction
and the difficult axis direction, can be designed.
In this paper, magnetic field analysis of the permanent magnet motor using the
assembled core is carried out. The manufacturing is easy, when die assembled core is
used, and it is possible to reduce the copper loss by the improvement in occupancy rate
of copper wire. In addition, it is possible to reduce the iron loss by choosing the easy
axis direction, which is the optimum part in every stator core. The iron loss
distribution of the assembled core is compared with one of the conventional core
models.
2.

The Material Property using Two-dimensional Magnetic Measurement

2.1. Two-dimensional Magnetic measuring apparatus
Figure 1 shows the outline of two-dimensional magnetic measuring apparatus.
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exciting coils

Fig. 1. Two-dimensional Magnetic measuring apparatus.
The yoke for the excitation is placed for the two-dimensional excitation in X axis
direction and Y-axis direction. The tip of the excitation yoke for equalizing a magnetic
flux is inside the sample. In addition, the air gap is made by putting 0.1 mm sheet
between sample and excitation yoke for equalizing a magnetic flux inside of the
sample. The rotational magnetic flux of the optional direction is produced by the twodimensional magnetic measurement equipment.
3.

THE FINITE ELEMENT METHOD WITH THE E&S

MODELING

3.1. E&S modeling
The E&S modeling considering the easy axis direction is defined in the following
equation.

8Br
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(1)

where uxr uu,vpand vxr are the reluctivity. This reluctivity is obtained from the result
of the two-dimensional magnetic measurement. The magnetic flux density and
magnetic field becoming following equations by the Fourier transformation
4.

FORMULATION FOR MAGNETIC ANALYSIS.

Substituting (2) into Maxwell's equation of a two-dimensional quasi-static magnetic
field problem, we can obtain the following equation.

dx\

3

dy

dx J dy\ ' dy

d [ a (, dA, , dA,] d (L dAz , _ 2
H—< — D3 — - — bA —

o,
b2
dt [dx\
dy
dx J dy\
dy
*"~
(2)
where Jo is the exciting current density, M is the magnetization. A (=AZ) is the
magnetic vector potential.
Because the components of reluctivity coefficients uxr, u^, vyrand oxr have nonlinearity, it is necessary to calculate iteratively until those values become constant. We
can carry out the non-linear magnetic field analysis considering the hysteresis.
The iron loss and total iron loss can be calculated directly from the analyzed
results by using the following equation:

(4)
1=1

where T is the period of exciting waveform and p is the material density.

5.

RESULTS AND DISCUSSINOS.

Figure 2 shows the model of permanent magnet motor. The stator core is constructed
of non-oriented silicon steel sheet. The permanent magnet has been placed in the rotor
surface. Table 1 shows the easy axis direction of each teeth and detailed analytical result. The phase difference for the relationship between magnetic field H and magnetic
flux density B is shown in figures 3. The magnetic field analysis, which considered
phase difference of magnetic flux density B and magnetic field H by using this method, became possible. Figures 4 are obtained results for direct iron loss. Total loss of
model 1 is 0.43537 [W], and model 2 is 0.42659 [W]. It is known that the total iron
loss can be reduced by the change of the easy axis direction. It cannot be judged in
quantity, since the iron loss also increases when magnetic flux density increases. Therefore Figure 5 shows the distribution of the iron loss divide the square of magnetic
flux density. It is proven that model 2 has been improved further than model 1.
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•

Teeth 1
Teeth 2
Teeth 3
Teeth 4
Teeth 5
Teeth 6
Teeth 7
Teeth 8
Teeth 9
Teeth 10
Teeth 11
Teeth 12
Element number
Node number
Total iron loss [W/Kg]
The average of Bmax

Table 1
Model 1 (degree)
0
0
0
0
0
0
0
0
0
0
0 "
0
34314
17242
0.43795
0.5800

Model 2 (degree)
28
119
89
59
88
58
28
118
89
120
88
118
34314
17242
0.42659
0.5764

83 mm

Fig. 2. Analysis model of the permanent magnet motor

(Model 1)

(Model 2)
Fig.3. Distribution of B and H vector.
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(Model 1)

(Model 2)

Fig.4. The core loss distribution. [W/Kg]

-cos

(Model 1)

-offl
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Fig. 5. The distributions of the iron loss divide the square of magnetic flux density
6.

CONCLUSION

(1) The non-linearity of the spatial angle of magnetic flux density and magnetic field
can be considered.
(2) The direct analysis of the iron loss became possible if we handle as a vector
magnetic flux density B and magnetic field H it as a vector.
(3) It was shown that the reduction of the iron loss was possible by the easy axis
direction's optimization.
7. References
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Electromagnetic Characteristics and Static
Torque of a Solid Salient Poles Synchronous
Motor Computed by 3D-Finite Element
Method Magnetics
(September 2000)
M. Popnikolova Radevska, Member, IEEE, M. Cundev, L. Pelkovska

Abstract—In these paper is presented a methodology for numerical
determination and complex analysis of the electromagnetic
characteristics of the Solid Salient Poles Synchronous Motor, with
rated data: 2.5 kW, 240 V and 1500 r.p.m.. A mathematical mode!
and original algorithm for the nonlinear and iterative calculations by
using Finite Element Method in 3D domain will be given. The
program package FEM-3D will be used to perform automatically
mesh generation of the finite elements in the 3D domain, calculation
of the magnetic field distribution, as well as electromagnetic
characteristics and Static torque in SSPSM.
Index Terms— Electromagnetic characteristics, Electromechanical characteristics,
Finite
Element Method, Program package FEM-3D, Solid Salient Poles Synchronous Motor (SSPSM),
Static torque.
I. INTRODUCTION
COMPLEX calculations and an analysis of the SSPSM will be performed by the
program package FEM-3D.The modeling and the simulation of the magnetic flux
distribution will be carried out for different armature currents and rated excitation
current, changing the rotor position in reference to the selected initial position. The
distribution of the magnetic flux linkage will be presented in the paper. The analysis
of the motor is carried out by its characteristics, which are going to be determined
from the values for the magnetic-vector potential A and its components in each node
of the three-dimensional domain of the motor.
II. ELECTROMAGNETIC CHARACTERISTICS
First, the air-gap flux density is calculated by using the results of the FEM-3D
magnetic field calculation, applying them in Maxwell equation B = rot A, and solving
it numerically by PC-based program. The air-gap flux density distribution in
dependence of the rotor position at different winding currents are presented in Fig. 1.
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Fig. 1. Air-gap flux density distribution.
Having the distribution of the magnetic vector- potential in the whole investigate
domain from the three-dimensional magnetic field calculation of the SSPSM, the main
flux in the air-gap is determined as well as leakage fluxes stator
and rotor windings, i.e.: the leakage flux in the active parts of ihe winding and in the
winding overhangs too. The possibility to calculate the components of the leakage
fluxes separately, moreover the opportunity to determine the leakage flux in the
overhangs of windings, is a particular 'advantage', offered by the finite element
method in the three-dimensional domain.
The main magnetic flux <J>5 is going to be determined starting from the
equation:
O§ = I r o t A d S = l A d r = JBdS = JJ(B • n)dS
I
C
S
S
and then the result is:
3A
dzdx

(1)

(2)

In the differentials replaced with differences, and integrals with sums, for determing
Sg the relation is as follows:
-A
. Z AA z • = w • L | A
Z N X
z,
i=l
'

(3)

where: w- number of coils encircled by the contour C

The air-gap flux linkage T5 5 for different constant rotor angular positions at various
current loads is presented in Fig. 2

Fig. 2. Air-gap tlux linkage characteristics
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The inductances are calculated from the magnetic field energy W, stored in a closed 3D
domain of the motor volume V. The electromagnetic energy W is expressed by the
current density J and with the previous calculated values of the magnetic vectorpotential A. in the whole 3D domain in the motor V, by the equation (4), and is
presented in Fig.3.

w=

(4)
(VAi|

(A]

Fig.3. Energy stored in closed 3D domain
With equation (4) the previous derived equations for magnetic flux and stored
electromagnetic energy are combined, and the results is:
(

; I f = const.

u

(5)

The last equation is to be comprehended as general. The results of computation and
dependence of the air-gap inductance versus angular position of the rotor, for different
values for the armature current and constant rated value in the excitation winding are
given in table and are presentation in Fig. 4. a).
The same characteristics versus stator current for different values of the rotor
angular positions, at rated excitation current is presented in Fig. 4. b).

204

I

1

•1

H

1

1

1

1

J

Fig.4. a), b). Characteristics of the air-gap inductance
III. ELECTROMAGNETIC TORQUE
The knowledge of electromagnetic torque characteristics is very important
matter for analysis and performance of electrical motors. In this paper the energy
concept for numerical calculation of electromagnetic torque is applied and for solid
salient poles synchronous motor will be calculated by the change of the magnetic
system coenergy at virtual angular displacement of rotor, for constant value of
excitation current If in the rotor windings, and different constant stator currents Ia in the
stator windings. The constant excitation current and different constant stator currents
comprehends a constant value of magnetic vector potential A.
At the beginning, with the values of the air-gap flux, the magnetic coenergy is
calculated by:

w(0,lJ=W 6 (©,I a )dI a |0 = const.

(6)

The static electromagnetic torque is effected by the variation of magnetic field
energy in the air-gap, at virtual displacement of the rotor and is Ccilculated, as follows:

6W(©,I 3 )
Ia = cons. , If = cons.
(7)
<30
At first, from expression (6) the coenergy W ( 0 , I a ) is determined, performing the
numerical integration for a tabulate given function Tg ( 0 , Ia ) in equidistant points
referring to current, for discretely given angular position of the rotor 0 in relation to
the referential axis of the stator.
The torque characteristics T ( o , I a ) of the Solid Salient Poles Synchronous
Motor versus rotor angular position at constant different armature currents as well as
versus stator current for different values of the rotor angular positions, at rated
excitation current are presented in Tig.5. a) and b).
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Iclcfcj

b)
Fig. 5. a), b) Static torque characteristics of the SSPSM
IV. CONCLUSION
The methodology for modeling of the three dimensional magnetic field by using the
finite element method presented in this paper was the basis for determination the
magnetic field determination in the (SSPSM). The results of the field computations,
after they are used for calculations of electromagnetic and electromechanical
characteristics, as air-gap flux linkage, magnetic flux density distribution along the airgap, inductances, parameters, static and dynamic torque.
REFERENCES:
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[3] M. Popnikolova-Radevska, M. Cundev, L. Petkovska: "Finite Element Method in the
Function of Determination the Solid Salient Poles Synchronous Motor characteristics "
ISTET '97 Palermo, Italia.
[4] M. Popnikolova-Radevska, M. Cundev, L. Petkovska: "Modeling the configuration of a
Solid Salient Poles Synchronous Motor for 3D-FEM" , ELEKTRYKA, z.91 Nr 788,
Lodz, Poland. 1998.

206

MK0500057
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Abstract. This paper describes how to compute the temperature rise of
panels in cubicles carrying 3-phase currents. The temperature rise is obtained
by using 3-D finite element method combining the analysis of eddy current
distribution in the panels with heat analysis of the cubicles. The usefulness
of the 3-D heat analysis has already been obtained by another study. It is
shown that our 3-D heat analysis is capable of evaluating a new design of 3phase cubicles instead of the conventional trial and error approach.
1. Introduction

It is necessary for a new design of cubicles employed in large distribution systems to
estimate the local temperature increase of iron panels in cubicles carrying 3-phase high
currents because the panels increase in temperature under both heating of the currents flowing
in 3-phase bus-bars and self heating of eddy currents flowing in the iron panels. Traditionally,
the estimate of temperature rise was provided by designer's experience and measuring the
temperature distribution in the trial models.
In this paper, it is shown that the temperature rise of the iron panel in a cubicle carrying 3phase current is calculated by our developed 3-D heat analysis taking into account both eddy
current loss produced in the panel and Joule's loss produced in the 3-phase bus-bars.
The usefulness of the 3-D heat analsis has already presented by the earlier study[l-3].
2. Analsis Method
2.1. Fied Analysis Taking into Account 3-phase Current and Eddy Current
When the magnetic fluxes generated by the external current vary sinusoidally, the
fundamental equation for magnetic field taking into account 3-phase current and eddy current
is the following equation:
[y rorA) = j . + j j + j , + j , .

J,=joxr\

where A is the magnetic vector potential, v is the reluvtivity, a is the conductivity, u> is the
angular frequency, Je is the eddy current density in the panel, and JR, Js and JT are the
external current density at R, S and T phase, respectively.
A, JR, JS and JT are complex variables, and then, JR, JS and JT are given as follows:

(2)

where I is the effective value of the 3-phase symmetrical current, a> is the angular frequency,
t is the time, nn, ns and IIT are the directional unit vector along each current of 3-phase current
and SR, SS and S, are the cross-sectional area of each conductor of the 3-phase bus-bar.
2.2. HeatAnslysis of a Cubicle
The fundamental equation of thermal conduction is the following equation:

where 6 is the temperature, Kxx , Kyy and Kzz are the thermal conductivity in the x-, y- and
z-direction, d is the density, c is the specific heat, and Q is the heat density[2].
The quantity Q is devided into Qb generated in the 3-phase bus-bars carrying 3-phase
current and Qe generated in the iron panel where the eddy currents flow. And then, Qb and Qc
are as follows:
<2.=li.f/2<r.. (b = R.S.T)

(4)

Q.=\j}'<*>,

(5)

;

where Jb is the current density in each bus-bar, a t is the conductivity of each bus-bar, Je is
the eddy current density in the panel, and o. is the conductivity of the panel.
The temperature variation of the conductivity a t should be considered in the analysis as
follows:
^

(6)

where a M is the conductivity at 20*0, ocx is the temperature coefficient at 20*0, and t is the
temperature rise of the bus-bars.
The boundary condition is given by the following equation:

'-S^f^'-f^*-*-)- 0

(7)

where h is the heat transfer coefficient, 9 is the unknown boundary temperature, 8 » is the
known room temperature and lx, ly, and lz are the x-, y-, and z-direction cosine respectively.
From the construction peculiar to the cubicle, it can be considered that the local
temperature increase of the panel in the cubicle is superposed the temperature rise of the
circumambient air on the temperature rise of the panel heated by its eddy current loss.
Therefore, we propose two models, i.e. one is the model consisting of the 3-phase bus-bars
heated by Joule's loss only, and another is the model consisting of the panel heated by eddy
current loss only.

3. Analyzed Model And Analysis Condition
Fig. 1 shows the analyzed panel carrying 3-phase high current 4000A, i. e. the most simple
iron panel and a set of 3-phase bus-bars consisting of three copper bars. Fig. 2 shows the 3-D
mesh of the analyzed model. The region of the mode] is 1/2 because its symmetrical shape is
considered.
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Fig 1: Analyzed panel carrying 3-phase current

• X
'Z

Fig 2: 3-D mesh of analyzed model (1/2 region).

4. Results And Discussion
4.1. Eddy Current Distribution in the Iron Panel
Fig. 3 shows the contour maps of the eddy curreent density in the panel at the instant
(01 = 0, 45, 90 and 135 degrees.
Table 1 shows the properties of the materials.
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I

0.0E+OO[A/m2]
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r
y
A
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(d) 0)1=135°

Fig 3: Contour maps of the eddy current density in the panel at the instant
U> t=0,45,90 and 135 degrees.
Table 1 Properties of materials.
Parts

Quality of
the Material

Panel
Iron
3-phase Copper
bus-bars
Room Air

Electric
Thermal
Specific
Conductivity Conductivity Heat
[W/m'Cl
fS/ml
fJ/kRCl
1.0e7
80
442
5.8e7
403
379
-

0.025

1006

Density
[kg/m 3 ]
7870
8930
1.2

4.2. Tempersture Distribution
Fig. 4 show the temperature-contours of the analyzed panel after 60 minutes and at the
hot stedy state, respectively. These temperature rises of the panel an; produced by only the
eddy current loss in the panel.
Fig. 5 shows the temperature-contours of the 3-phase bus-bars after 60 minutes and at the
hot steady state. These temperatures rises of the bus-bars are produced by only the Joule's loss
in the bus-bars.
And then, the temperature distribution taking into account both the eddy current loss and
Joule's loss can be obtained by superposing Fig. 4 on Fig. 5.
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Fig 4: Temperature-contour maps of the analyzed panels after
60 minutes and at hot steady state.

(a)after 60 m inates

(b)hot stedy state

Fig S: Temperature-contour maps of 3-phase bust-bars.

Fig. 6 shows the temperature rise characteristics of the panel.
Table 2 shows the discretization data and CPU-time.
slits without
point A - A —
point B -e—

with

-•-

calculated points

I u u uj

llF-pointA
Fig 6: Temperature rise characteristics of the panel.
Table 2 Discretization data aad CPU-thne.
Analysis

Eddy current
analysis
Number of elements
788,832
Number of nodes
135,898
Number of edges
933,489
Number of unknown
924,834
Number of non-zero 8,620,898
elements
CPU-time [hours]
16.5

Heat analysis
788,832
135,898
933,489
135,898
1,069,387
0.7

Computer used : Sun Microsystems Ultla 10 model 333

5. Conclusions
It is shown that the temperature rise of the cubicles carrying 3-phase high currents can be
obtained by the our 3-D heat analys and the calculated results agree fairly with the
experimental ones. Therefore, the heat analysis is capable of evaluating a new design of 3phase cubicles instead of the experimental cut-and-try method.
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Abstract. The paper proposes a distributed system for parallel data
processing of ECT signals for flaw detection in materials. The
measured data are stored in files on a host computer, where a JAVA
server is located. The host computer is connected through Internet to
a set of client computers, distributed geographically. The data are
distributed from the host computer by means of the JAVA server to
the client computers according their requests. The software necessary
for the data processing is installed on each client computer in
advance. The organization of the
data processing on many
computers, working simultaneously in parallel, leads to great time
reducing, especially in cases when huge amount of data should be
processed in very short time.

I. INTRODUCTION

A new inspection technology, based on eddy current testing (ECT) signals
measurement is developed in the last years for flaw detection in materials. For
example 100% of steam generator (SG) tubes of nuclear power plants in Japan are
subject to ECT over the full length every year (see [6]). The advantages of this
technology are: 1) rapid testing of several thousand of tubes and 2) high sensitivity to
surface cracks and thinning (see [19]).
Usually impedance signals in specimens are measured and the results are
stored in data files, which contain the specimen number, x,y coordinates of the
measured points, the real part, the imaginary part and the module of the impedance
signal in each point for two frequencies of the input AC current in the probe coil. Here
are used data files received from the Japan Society of Applied Electromagnetics and
Mechanics.
The purpose of this paper is to propose a distributed system for parallel data
processing of ECT signals. The data files obtained from the measurement of ECT
signals are stored on a host computer. Thereafter numerical methods are applied for
data analysis and for calculation of the flaw coordinates in case there are flaws in the
material. The data processing may be performed simultaneously on different
geographically distributed computers, so that the technological time necessary for this
process will be reduced considerably
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II. T H E DISTRIBUTED SYSTEM

There are different ways for development of distributed applications for
multiple clients (multi-user applications), as for example: 1) Applying Java language
environment with direct use of Java sockets [13,14], 2) Use of Remote Method
Invocations (RMI) [17], 3) Use Common Gateway Interface (CGI) [2,18], 4) Common
Object Request Broker Architecture (CORBA) [16] used together with Java language
environment and World Wide Web, 5) Java servlet technology [1,11].
The advantages and drawbacks of RMI, CGI and CORBA approach are
considered in details in [1, 5, 9]. The complexity of the distributed data processing
system depends on the requirements to the concrete application. If the users need to
access remotely a sophisticated set of server based capabilities, the data processing
system should be created by means of CORBA approach or Java servlet technology,
which use in most flexible and economical way the server resources.
The data processing system proposed is based on the direct use of Java
sockets (see [14]) and is an extension of the system presented in [13], designed for
concrete data processing of ECT signals. The measured data of ECT signals are stored
in files on the host computer, where a JAVA server is located. The host computer is
connected with a set of client cqmputers through Internet. The client computers send
requests to the server on the host computer in order to obtain data for the data
processing. Each request is restricted for example to no more than hundred data files.
The necessary data are send in a suitably compressed form from the host computer
to the clients via the JAVA server. The compression is necessary in order to minimize
the network resources used and the transfer time. The first server response to each
client includes an additional (benchmark) data file with data from a specimen without
defects in the material. All other data files with measured data are compared with the
benchmark data file, so that the files where existence of flaws is supposed, can be
quickly separated. The uniform.distribution of the data is not possible, because the
data processing for the files where flaws exist is more time consuming than for files
where no flaws are available and equal large different data samples may need
different data processing time, that is not known in advance. In addition the different
client computers may have different resources. So that each client computer sends its
next request to the server after the data processing of the current data sample is
finished. In this way the technological time is optimally used from all the clients.
The distributed data processing system is presented on Fig. 1.
The data processing may perform the following steps:
1. Separate the data for specimens where existence of flaws is
supposed, called for example Fj, F2, ..., Fn.
2. For each data array Fj, i=l,...,n; do:
a) Determine the type of the flaw (crack, thinning).
b) Evaluate the 2D coordinates of the flaw (see [7,8]).
c) On the base of threshold values, presented as a table for flaws
with different lengths determine the flaw depth (see [8]).
3. Determine precisely the flaw coordinates
a) Make refinement of the obtained flaw coordinates by means of
more precise FEM-based technique (see [3,4,10]).
b) Reduce the obtained error by means of a technique described in
[15] with finer subdivisions of the mesh elements.
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Figure 1: Design of the Distributed Data Processing System
Remark: For the performance of step 3. b), additional measurement of the
flaw region with lower step size may be necessary.
An additional option in the system is the image processing. It uses software
modules, which performance is described in [12].
The client computers send back to the host computer the obtained results
concerning the flaw coordinates for each data array F h ..., Fn; from the current data
sample.
The distributed system interface is created by means of the JAVA
programming language packages JAVA.AWT and JAVA.LANG. The flaw parameters
calculation (the mapping) is realized on FORTRAN and the image processing is based
on MATLAB. The system is designed to perform under MS WINDOWS.
III. ILLUSTRATIVE EXAMPLE

The performance of the distributed system is facilitated by the user friendly
interfaces, created for the client and for the server side. They serve the transfer of data
files between the host computer and each of the client computers.
The client side interface is presented on Fig. 2. Initially the client side
operator should type in the directory field the name of the client side directory, where
the received data files will be stored. The left pane contains the names of the data files
located in the server side directory (source directory). The right pane corresponds to
the client side directory and is empty initially. After a click on the
button, the
names of the files selected by the client operator in the left pane appear in the right
pane ( Fig. 2.). The transfer begins after a click > on the
button.
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Interrupt
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Figure 2: The Client side interface at the end of the transfer
The client operator can check the contents of the Directory field corresponding to the
client side directory by a click on the IMIHXWIICMty/ button and selecting
g the
b
necessary directory. Then he can send his files with results back
to the host computer
by means of < button and of
button (see Fig. 2). The data processing may
be started by clicking the
button and the image processing - by a click
on the button
correspondingly. An example of data processing
performance is shown on Fig. 3.
Command Piompl DATAPROC

D:\Data>DATAPROC
Input data f i l e name (Bchar.3 char e x t e n s i o n ) : Tube5.dat
INPUT THE CURRENT FREQUENCY [kHz] : i f r e q - 3BB
FLAW x-COORDINATES <WITHOUT CORRECTION) :
RIGHT END <x Coordinate) .14B88880D*B2
LEFT END (x Coordinate) .8BB88888D»01
TOTAL COHPUTING TlftE :
HOURS - e niN. - e SEX. - e HSEK. - I I B
THE LENGHT OF THE FLAW CnnJ AFTER CORRECTIONS IS :
SDLQ =
SDLC =
SDLG -

.53887468D*81
.S92B4364D*B1
-46174936D*01

THE DEPTH OF THE FLAW [X] IS: ID 6Bx.
HAXIIIAL dZ UALUE <HODULE> SMAX -

.357228B0D*fl8

Output f i l e nane<8char.3char e x t e n s i o n ) : T u b e 5 . r e s _

Figure 3: Example of data processing performance
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Figure 4: Example of image processing
On Fig. 4 is presented an example of image processing.
The server side interface is presented on Fig. 5. The server-operator can type the
name of the current directory, containing the data files in the directory field. By
clicking
the button the server operator confirms that this directory will be used as
a source directory during the data files transfer from the host computer to the client
computers.

Figure 5: The Server side interface
It should be noted that the Runtime.exec( )method from Runtime class of
JAVA.LANG package is used to run the executable files performing data and image
processing (see [20]).
IV. CONCLUSION

The design and the development of a Distributed System for Parallel Data
Processing of ECT Signals for Electromagnetic Flaw Detection in Materials could
represent a basis for a multilateral project.
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Active Magnetic Shielding with
Magneto-Impedance Sensor
Yasuo OKAZAKI, Shunji YANASE and Noriko SUGIMOTO
Dept. Electrical & Electronics Engnr., Gifu University, 1-1 Yanagido, Gifu, 501-1193, Japan
Abstract. Active shielding effect was examined in a negative
feedback circuit system consisting of a magneto-impedance effective
sensor, an amplifier and a canceling coil to compensate external
magnetic field noise. The phase difference between the input and
output sensor signals in a loop was less than 90 degree up to 20,000
Hz. An excellent frequency characteristic of active shielding
effectiveness, 48 dB was obtained for the external magnetic field at
the frequency of 0 - 2,000 Hz.
1.

INTRODUCTION

Active magnetic shielding is a technology to shield an open space using canceling
coils like Helmholtz coils that cancel external magnetic field noise by generating
opposite field to the external field. It has advantages over conventional magnetic
shielding in respects of light weight skeleton device and contemporary setting. The
active shielding needs only Helmholtz coils to compensate magnetic field by electric
current so that low cost of equipment and installation would be expected, while
magnetic shielding conventionally performed with high permeability magnetic
materials are generally expensive and heavy. The active magnetic shielding has been
applied to SEM or TEM electron microscope shielding, NMR or MASS shielding [1]
and magnetic room shielding for SQUID being combined with the conventional
shielding [2]. It would be a key technology in active shielding to control current to a
canceling coil. Kelha used a fluxgate magnetic sensor and PID controller and obtained
about 20 dB improvement in shielding effectiveness at 1 Hz [3]. In the current active
shielding technology, analog signal of external field detected by & magnetic sensor is
once converted to digital signal by A/D converter. The equivalent current to the
opposite external field is generated through digital signal processor and D/A converter
[1]. This system requires time and cost in calculating and converting signals so that
shielding frequency is limited up to less than 10 Hz of external field. Matsumoto
proposed a method to feedback SQUID current directly to a canceling coil without
digitized treatment and processing [4]. Active shielding effectiveness of 60 dB was
obtained at 1 Hz but the shielding factor decreased rapidly at higher frequency.
Here a very simple active shielding system is presented using a negative feedback
circuit with a magneto-impedance effect sensor to cancel magnetic field noise from dc
to higher frequency with no digitized processing.
2.

EXPERIMENTAL

A basic system for active shielding consists of a magnetic sensor, an amplifier and a
canceling coil. A magnetic sensor applying twin heads differential typed magnetoimpedance effect [5] has been produced by a couple of CoFeSiB amorphous drawn
wires of 30 (im diameter and 3mm long by Unitika Co. as shown in Fig.I. The
amorphous wires were connected consecutively with a variable resistor between them.
Biased DC field was applied to
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Fig.l: Magneto-impedance effect sensor with two heads
each wire by 30 turn coils, which was controlled to obtain ultimate sensitivity as a
device(Fig.l- ). The oscillating frequency from a CMOS multi-vibrator in Fig. 1was 230kHz. For a detection circuit Schottky barrier diodes for high frequency were
used as shown in Fig. 1- . The cut-off frequency was practically 16 kHz. The output
characteristics of the sensor are shown in Fig. 2 for the external field of 60 Hz. Output
voltage showed good; linear relationship against external ac magnetic field from 0 to
100 mG (lOuT) at 60 Hz. The frequency dependent output voltage was constant from
0 to 10,000 Hz as shown in Fig.Active shielding measurement was carried out by
setting the magneto-impedance effect sensor in the center of canceling coils consisting
of a pair of coils with 10 turns respectively. The coils were 450mm square and 250mm
apart each other like a Helmholtz coil. The field distribution below 3 % was obtained
between the two coils at the center of 200mm wide. In order to measure active
shielding effectiveness, the canceling coil and the magnetic sensor were set in the
center of a large square type Helmholtz coil of 1800 mm long and 980 mm apart. This
square type Helmholtz coil has been proved to have parallel constant magnetic field in
500 mm wide cubic space and generated alternating magnetic field, Bex, from 0 to 100
mG (10 (iT). Output signals from the sensor were amplified so as to generate
equivalent current to the opposite external field
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Fig. 2: External field vs. output voltage
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Fig. 3: External field vs. output voltage
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Fig. 4: Shielding effectiveness
for dc field
3.

Fig.S: Shielding effectiveness
for ac field

RESULTS AND DISCUSSION

Sinusoidal and non-sinusoidal magnetic field as external magnetic fields, Bex,
were applied to measure active shielding effectiveness. The sinusoidal magnetic fields
generated by the square type Helmholtz coil were from 1 mG to 80 mG at the
frequency of 1 - 10,000 Hz. For example, the external of Bex = 60 mG at 50 Hz was
shielded to Bi = 0.24 mG. For non-sinusoidal field, practical external fields from
electric machines like motors were applied. As an example, Bex = 12.5 mG from a
universal motor was applied and shielded to Bi=0.05 mG. The shielding effectiveness,
SE, calculated from SE (dB) = 20 log (Bex/Bi) was to be 48 dB for the both examples.
Fig. 4 and 5 summarize the results of the shielding effectiveness of dc (static) and ac
(alternating) external magnetic field, Bex = 0 to 220 mG (22 |iT) for dc and 0 - 80 mG
(8 (iT) at 50 Hz, respectively. Shielding effectiveness of 48dB was obtained for dc
magnetic field Bex = -220 to +220 mG and ac magnetic field Bex = 30 to 80 mG. At
smaller ac field below Bex = 30 mG shielding effectiveness decreased slightly to 43
dB, which would be affected by residual noise in the system. The frequency dependent
shielding effectiveness is shown in Fig. 6 for Bex = 50 mG.
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Fig. 6: Shielding effectiveness vs. frequency (Bex=50mG)
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Fig.7: Frequency dependent phase difference between input and output signals
The excellent shielding effectiveness at high frequency made possible to shield
non-sinusoidal field. The decrease at higher frequency is due to the phase difference
between input and output signals in the system. Fig 7 shows the frequency dependent
phase difference. No phase difference was seen up to 10 kHz and that below 90-degree
was observed till 20 kHz.
Active shielding effectiveness, SE, in the system can be defined by the factors of
the canceling coil, the .magneto-impedance effect sensor and the amplifier. These
factors are conversion coefficients of input and output signals for each element. Here,
let K, S and A be factors for the canceling coil, the magneto-impedance sensor and the
amplifier, respectively, as shown in Fig.8. The shielded field, Bi, and SE can be
calculated in the negative feedback loop as follows;
V = SBi
(1)
Bi = Bex - VAK = Bex - ASKBi
(2)
Bi/Bex = 1/(1+AKS)
(3)
SE = 20 log (Bex/Bi) = 20 log (1+AKS)
(4)
V is output signal of magneto-impedance sensor.
As easily seen from equation (3), AKS should be large enough in order to shield
Bex by the system. Since the factors in the experiments were A = 180-220 (V/V), S =
24 (V/G), K = 0.045 (G/V), and AKS = 195-238, the shielding effectiveness, SE is to
be 46-48 dB. The SE value agrees quite well the experimental results shown in Fig.4
and 5
MI sensor
Sensitiviiy 5 (V/G)
O u l p u l Voltage V (V )

B,, (6

Canceling
K (

coil

j Power Amp. I
Gain A ( V / V )

Fig.8: Active shielding effectiveness measurement
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We also measured active shielding effectiveness in the same system by
substituting a flux gate magnetic sensor for the magneto-impedance effect sensor, as a
comparison. The frequency dependent shielding effectiveness was 15 dB for 1 Hz and
rapidly decreased till 5 Hz. The phase difference reached 90 degree at 8 Hz, while for
the magneto-impedance effect sensor the phase difference was 90 degree at 20,000 Hz
as shown in Fig. 7.
Here a one-dimensional canceling coil was applied but this system will be easily
applicable to a three-dimensional canceling coil [4]. In this experiment the magnetoimpedance sensor was placed in the center of the canceling coil. In practice the center
would be occupied with an object to be shielded like an electron microscope. In that
case, a magnetic sensor may be moved to off-center position according to field
distribution of a canceling coil.
4.

CONCLUSION

Active shielding was examined in a negative feedback system with a magnetoimpedance effect sensor. The shielding effectiveness of 48 dB was obtained from
static to 2,000 Hz magnetic fields. The excellent shielding effectiveness is clarified to
come from the characteristic of frequency dependent phase difference of magnetoimpedance sensor.
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Abstract. Covered conductors have been used on high as well as low
voltage overhead distribution lines for preventing brush contact and
short circuit failure between conductors. Conductor burn-down has
frequently occurred on covered conductors, but burn-down seldom
occurs on'bare conductors. Therefore it has become a problem. Burndown happens because a high electric field region occurs around
covered conductors. There are .some factors for that. We noticed
some factors and identified a burn-down prevention method of HDPE
Insulator using the finite element method electric field simulation. In
this paper, we propose this method because useful results were
obtained.

1.

INTRODUCTION

Insulation destruction occurs at the juncture between the insulator and the covered
conductor, because of lightning, induced lightning or switching surges. Burn-down is
thought to result from the thermal heat of the arc that generates at that moment. In this
case, the damaged spot depends upon the condition of the junction with the insulator.
It means that the distribution of the electric field around the distribution line changes,
and the electric field value is changed. We take notice of this point. Because insulation
destruction occurs when the electric field value of the material exceeds the permissive
electric field value, burn-down is avoided by keeping the electric field distribution
around the distribution line as uniform as possible.
Recently, in order to facilitate the institution or the maintenance of power
distribution system, an insulator made of high-density polyethylene (HDPE) has been
used instead of the conventional porcelain insulator. It has already been proven that
semi-conductivity coating material is effective for bum-down prevention in the HDPE
insulator on 25[kV] distribution lines [2]. And in the same insulator on the same
distribution lines, in respect to burn-down prevention based on the above-mentioned
viewpoint, the report has summarily been done in advance [1]. In this paper, the
mentioned prevention method's effectiveness and developability of the
countermeasure has been verified in more and more detail.
2.

THE ANALYTICAL MODEL AND BURN-DOWN GENERATING FACTORSAND
COUNTERMEASURES

Photograph and sectional view of the analysis model are shown in figs. 1 and 2.
Burn-down easily arises when the high electric field region occurs near the surface of
the covered conductor. Factors present when the high electric field region arises are
considered: (1) Covered conductor and combining system of the insulator. (2) Shapes
of the insulator. (3) Constituent material of the insulator. (4) Thickness of the covering
of the covered conductor.
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The examination is carried out with attention to the factors in (1) and (3). To begin
with, a countermeasure for (1): In the analysis model, it is one of the reasons why that
tight space exists just under of distribution line generates high electric field. The high
electric field is easily generated in the space between the distribution line and the
earthed pin head, when espcially, materials of different dielectric constant exist,
because it is the region where the change of the electric field value is the biggest.
Then, this space is filled with insulator material HDPE. Using this, the electric field
value just under the distribution line is held low [3].
Next, a countermeasure for (3): Material or a conductive sheet of a high dielectric
constant will be inserted (this is called the insertion board) into the insulator in the
vicinity of the high electric field region. In the high electric field region, the interval of
the equipotential line is narrow, and in the low electric field region, it widens. This
insertion board does the action of bringing the interval of the equipotential line close
to a uniform interval using this adjustment. Therefore, the electric field value near the
covered conductor surface is averaged, and the maximum value of electric field in the
vicinity can be expected to become smaller and smaller.

«t

(a) The whole
(Mounting distribution line)

•

(b) The upper part
(Removing a distribution line)

Figure 1: The analysis model (HDPE Insulator)
- Analysis region
v-o \y\

Clamping Parts

Distribution Line

Figure 2: The analysis model and the analysis region.
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3.

THE SIMULATION AND THE RESULTS

The simulation carries out electrostatic field analysis using the finite element
method. The analysis uses simulation system [l]-[3] suitable for the analysis of this
analysis model that mainly contains the curve using second-order isoparametric line
element and second-order isoparametric triangular element.
The details on the analysis, the results of the display method of the results and
simulation of the proposed burn-down prevention method is described in the following
Table: Constituent materials.
Insulator

Distribution
Line '

Insulator & Clamp
:HDPE
Bolt
: Nylon 66
Clamping Parts
: Nylon 66
[Cover
: HDPE
Al-Conductor
: 2.5 mm <j> 19Str Compress

Table 0 : Dielectric constants.

HDPE
Nylon 66
Conductive Sheet

Table M: Permissive electric field intensity
of each material.

2.3
4.3
10000

Electric Field Value in the
Corona Start [MV/ml
HDPE
Nylon 66
Air

2.5

4.0
3.16

3.1. The Analysis
In this model, the three-dimensional analysis is best. However, in order to facilitate the
analysis, two-dimensional analysis is carried out in the next two examples: in the
central part of the insulator, in (fig.2) in which the distribution line was cut off in the
perpendicular direction. In another case (the figure was omitted), it was cut off in the
parallel direction. Because there was completely no problem in the analytical results of
the latter, only the case of the former was analyzed. The constituent material of the
insulator and distribution lines is shown in table. As a boundary condition for the
analysis, circumference in the analysis region and potential of part of the pin were
made to be 0[V], and the dielectric strength test voltage value ( v 2 25kV 1.25) was
given to the covered conductor. The dielectric constants used for the calculation are
listed in table II.
3.2. The Display of the Results
What becomes a problem is whether it generates an electric field that is higher than the
permissive electric field value in each insulator, when the insulation destruction is
examined. Then, the difference in electric field value in optional point i in each
insulator and permissive electric field value (tablelll) of the material was shown at
the percent for the permissive electric field value. Then, by showing it at index Ti [4],
the distribution display was carried out. Ti is the insulation tolerance. In addition,
electric potential distribution and electric field distribution are also displayed in order
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to analyze the phenomenon in detail. Though each distribution is displayed in color, in
this paper, they are converted to shades of gray.
Insulation tolerance distribution in the present state (non-countermeasure: fig.3 (a)) is
shown by figs. 4(a) and (b). That high electric field region of insulation tolerance 0[%]
(high brightness) which exists in the insulator shows that it is near the distribution line
surface on fig.4 (a). By expanding near the distribution line, fig.4 (b) is displayed. It
can be confirmed that from this, the region of insulation tolerance 0[%] is the most
wide at near the lower part of the distribution line, and that it also slightly exists near
the contact with the clamp of the right and left distribution line.
3.3. The Prevention Method and the Results
The countermeasures using the next three techniques are simulated in order to raise the
insulation tolerance, as the insulation tolerance is 0[%] in the present high electric
field region: mentioned above.
Countermeasure 1. : The clearance between the lower distribution line and clamp is
filled with insulator material HDPE (Fig. 3(b)).
Countermeasure 2. : The above-mentioned insertion board is. put in the insulator by
covering high electric field region near the distribution line surface (Fig. 3(c)).
Counte'rmeasure 3. : Countermeasure 1 is used jointly with countermeasure 2 (Fig.
3(d)). By the synergistic effect, the maximum value of the electric field is smaller than
any of the two countermeasures above, and it can be expected that the distribution is
also further flattened
Each results of the simulation according to these countermeasures is shown in figs. 5
(c)(d) a n d ( e ) . In c o u n t e r m e a s u r e 1, t h e
i n s u l a t i o n t o l e r a n c e d i s t r i b u t i o n has g r e a t l y been

In&iaDon rrateria]:

(a) The present state.

Conductive sheet

(b) Countermeasure 1.

8.5

(c) Countermeasure 2.
(d) Countenneasure 3. ((b)+(c))
Figure 3: Countermeasure Methods
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(a) The area including distribution line and the pin head

(b) The vicinity of the distribution line
Figure 4: Distributions of potential, electric field, and insulation tolerance in
present state.

(b) Counteimeasure2. (Black line: conductive sheet)

(c) Countermeasure 3. (Using (b) together with (a))

Figure 5: Distributions of potential, electric field, and insulation tolerance in
each countermeasure.
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improved in comparison with the present state. The region of widely distributed 0[%]
tolerance disappeared. In the electric potential distribution, the interval of the
equipotential line near the bottom of the distribution line greatly extends from the
present state. Therefore, the maximum value greatly lowers in the electric field
distribution. It is proven that by filling the clearance under the distribution line, the
effect of reducing the number of the insulator material is ccming out clearly. In
countermeasure 2, the region of insulation tolerance 0[%] under the distribution line
exists. But it has been considerably reduced in comparison with the present state.
However, the region of the 0[%] tolerance occurs near the contact with the clamp on
the left side of the distribution line. In the electric potential distribution, the interval of
the equipotential line slightly widens near the bottom of the distribution line, and
narrows in the vicinity of the left side. Since the interval of the equipotential line is
adjusted by the action of the insertion board, it is proven that the change of the electric
field distribution is decreased. Countermeasure 3 is compared with countermeasure 1.
The insulation tolerance is high under the distribution line, and on the left side it has
lowered. Naturally, the electric field value also corresponds with it. Equalization of the
electric field value in the high electric field region of countermeasure 2 using the
insertion board is clearly recognized.
4.

CONCLUSION

In the proposed burn-down prevention method (countermeasure 3), the next point
was clarified as the results of the simulation.
(1) In the present state, the high electric field region of insulation tolerance 0[%]
widely exists under the distribution line. With the proposed technique, the region is
completely gone.
(2) In addition, the electric field distribution near the distribution line is averaged,
and the balance of the distribution has been improved.
;
In the design of the insulator, the most important condition for preventing burndown is to reduce the electric field value and the change in the distribution line
circumference as much as possible. It has been proven that the proposed technique is
effective. We want to examine the shape of the clamp that holes the distribution line
and the future effect of the shape and position of the insertion board.
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Application of Equivalent electrodes method
to analysis of Interaction Between ELF-LF
Electric fields and Human body
Vesna C. Ceselkoska, Member, IEEE , Dragutin M. Velickovic
Abstract—This paper presents the use of equivalent electrodes
method, numerical method, based on surface-charge equation to
quantify the interaction of low frequencies electric fields with various
models of human body. The evaluation of the electric field intensity
on the body surface is performed for a realistic model of the human
body. Several examples for different postures of the model are given.
Index Terms—electric fields, human body, equipotential lines

1.

INTRODUCTION

THE interaction of extremely low frequency (ELF, 0-100 Hz) electromagnetic fields
(EM) with the human body has become an increasingly important subject since
potential heath hazards due to the EM fields emitted by extremely high-voltage (EHV)
power lines and ELF antenna systems became a public concern.
In this paper, we report equivalent electrodes method [1] which utilizes a realistic
model of man with arbitrary shape and posture. Our method is developed on the basis
of an equation for the induced surface-charge density. The accuracy of our method has
been verified by experimental results [3] and other numerical results [2], [4] on the
induced electric fields at the surface of the body.
2.

G E O M E T R Y AND APPROXIMATIONS

Consider a geometry of a human body standing on the ground and being exposed
to an electric field in the ELF-LF range. The impressed electric field, which is
produced by the power line is assumed to be of the form E = EQeJ°"z and the human
model is comprised of the large number of sections representing the various part of the
body.
To simplify the problem, the following approximations, which have been proved
valid [2], will be adopted.
a) The quasi-static approximation will be used since the body dimension is small
compared to the wavelength of the impressed electric field.
b) The body surface will be assumed to be equipotential with an unknown
potential (p.
c) The ground effect will be taken into account by the method of images.
3.

S U R F A C E - C H A R G E EQUATION AND NUMERICAL SOLUTION

The first step in our approach is to determine the surface charge induced of the
body surface by the impressed electric field.
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The body potential cp can be considered as the sum of i.he unknown potential
which is maintained by the induced surface charge (p? (r) and the known potential
<p0 (r) which is maintained by the impressed electric field:
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\r-r_

1

1

(1)

r-ri

where rn and r'n are radius vectors of the electrical middle point of the element on
the body surface and his image.
When the body is shorted to the ground, body potential will be zero and equation
presented above produce following system of N linear equations with N unknowns:
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where

aem is

(3)
equivalent radius of thin plate elements with rectangular form and 5 mn is

Kronecker's symbol.
After the surface charge density is determined the induced electric field at the
body surface can be evaluated:
E, = J L = - 2 - .

(4)

The electric field enhancement factor is defined as the ratio of the induced field on the
surface to the impressed electric field:

E IEh=-^—
s 0 F SF

V 0

IV.NUMERICAL RESULTS

We investigated various models of the human body, and observed that the
numerical results vary significantly, depending on the body geometry and position.
The body surface was partitioned from 340 subareas for symetrical models to 1700
subareas for nonsymetrical models.
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Fig.la. Detailed view of the electric field enhancement factor for a human model
standing on the ground.

Fig.lb. Detailed view of the electric field enhancement factor for a human model
with extended arms.

234

Fig.lc. Detailed view of the electric field enhancement factor for a human model

4
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with one arm stretched to the front
Fig. Id. Detailed view of the electric field enhancement factor for a human model
with one arm raised .
The results presented in Fig.la , Fig.lb., Fig lc and Fig. Id give a detailed view of
the electric field enhancement factor.
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From these figures it is evident that greater values of the enhancement factor exist
for upper part of the body than for the lower one. The values of the enhancement
factor on the legs and lower part of the body vary from 0.1 to 5.0, for the shoulders
14.5, on the head from 17.9 to 19.6 about different models. The largest values are
observed on the tip of the extended arms 28 , on the end of the stretched arm 27.10
and 38 on the tip of the raised arm, due to its sharp geometry. Equipotential lines in
the area where the human body standing is presented in Fig.2a, Fig. 2b, Fig. 2c and
Fig.2d. for different models.

—

z/h

-j,8
-1.6
-1.4
-1,2
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m

,-0.4
-0.2

x/h

Fig. 2a. Equipotential lines in the vicinity
of the body for model with arms close
to the body.

Fig. 2b. Equipotential lines in the
vicinity of the body for
model with extended arms.

Fig. 2c. Equipotential lines in the vicinity of the body for model with one arm
stretched to the front.
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Fig. 2d. Equipotential lines in the vicinity of the body for
model with one arm raised.

The impressed electric field that is initially uniform becomes distorted in the
immediate vicinity of the human body, such that it is oriented everywhere
perpendicular to the body.
V.CONCLUSION
A numerical method based on surface charge-integral equation was used to
quantify the interaction between an ELF-LF electric field and human body which has
realistic shape and arbitrary posture in a realistic environment. The produced results
show that the body posture plays a very significant role on the calculated values of the
enhancement factor.
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Some Aspects of Srray Losses
in Large Power Transformers
Zvonimir VALKOVIC
Institut Koncar, Bastijanova bb, 10002 Zagreb, Croatia
Abstract. The paper presents some results of the investigation of stray
losses in power transformers that are caused by high-current loops. The
investigation was focused on: a) additional losses in tank cover around
high-current bushings and the way of their reduction, b) extra leakage
flux and additional losses due to high current delta-connections. The
insertion of nonmagnetic gaps between the phase bushings reduces the
extra cover losses more than three times. A nonmagnetic plate around
the high-current bushings reduces these extra losses practically to zero.
The extra losses due to the high-current delta-connections could be
significant for the transformer loss level. These extra losses could be
controlled (reduced) by the design layout of the delta-connections.
1.

INTRODUCTION

Today's market situation in the transformer field with requirements of high reliability,
high loss evaluation and low cost imposes pressure on large power transformer
producers for a permanent improvement of their design solutions. One very important
component in this attempt of improving transformer design is the reduction of
transformer losses, and in particular the reduction of the so-called stray losses.
The stray (or additional) losses are the component of the total load loss and they
are produced by electromagnetic flux in the windings, tank, core, core clamping
plates, magnetic shields, etc. [I]. They are determined by subtracting the ohmic I2R
component from the measured load loss. The investigation of the leakage flux and
the stray losses is very important for large power transformers, as the relative amount
of stray losses may be 20-50% of transformer load loss [2]. The stray losses in
transformer metallic parts are caused by magnetic leakage flux generated basically by
the current passing through the windings but also by the high-current loops outside
the windings. The losses due to high-current loops are sometimes neglected although
they can be relatively very high and dangerous.
The problem of transformer stray losses can be considered from three aspects:
how to calculate them as accurately as possible, how to reduce them to a reasonable
level, and how to prevent possible dangerous local overheating of some transformer
parts resulting from these losses.
As the stray losses are generated in many places in a transformer, it would be
extremely difficult to cope with all the three aspects of the stray loss problem if the
location of the losses is unknown. Therefore, trie investigation of stray loss location
inside a transformer is of great importance.
This paper deals with two aspects of the extra stray losses due to high-current
loops: a) the losses in tank cover around high-current bushings and the ways of their
reduction, and b) the loss component due to high current delta-connections. The aim
of this investigation is to collect results of practical significance for the transformer
designers.
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2.

LOSSES IN TANK COVER

Very high additional losses can be generated in the tank cover around high-current
bushings, as it was previously shown and studied in detail by Turowski [3]-[5]. Our
investigation was therefore restricted only to some practical ways of controlling and
reducing this loss component.

Figure 2: Sketch of the three-phase transformer model outside the tank. The
tank is of rectangular shape, with dimensions 1457x567x1138 mm.

Q)
b)
c)
Figure 2: Tank cover variants: a) mild steel cover, b) mild steel cover with
nonmagnetic insertions (shaded) between high-current bushings, c) mild steel
cover with nonmagnetic plate (shaded) around high-current bushings.

The losses in the cover were determined as the difference between the measured
losses with and without the cover. The losses were measured with the transformer
active part in and outside the tank, but the difference in the cover losses between these
two experimental procedures was minor and therefore ignored in the presentation of
the results. The losses were measured by a digital three-phase wattmeter (NORMA
Power Analyzer D4000) of the basic accuracy 0,2%. The losses on the model were
measured with the low-voltage winding short-circuited and the high-voltage winding
excited, which is the usual test procedure in measuring load loss in power transformers
[6].
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Figure 3: Variation of measured losses in the tank cover with line current and
the cover design. Ps - additional losses in the cover, I - line current.
Fig. 3 shows the measured losses in the cover for a conventional cover design (i.e.
without any nonmagnetic insertion or plate, Fig. 2a), and the achieved loss reduction
with nonmagnetic insertions (Fig. 2b) and nonmagnetic plate (Fig. 2c). It is evident
that the use of nonmagnetic material on the cover around high-current bushings
reduces substantially additional losses in the cover. A nonmagnetic gap of only 20 mm
inserted between the phases (Fig. 2b) reduces the cover losses roughly three times. In
case of a nonmagnetic plate around the high-current bushings (Fig. 2c) the cover
losses are reduced practically to zero. From the results presented in Fig. 3 we can
conclude that the use of nonmagnetic parts around high-current bushings is essential if
the line current is higher than 2-3 kA. If the line current is about 10 kA, which is a
typical value for a large generator transformer, the extra losses in the cover reach a
significant and dangerous value of 20 kW.
3.

HIGH-CURRENT DELTA-CONNECTIONS

It was reported in [7] that the leakage magnetic flux around high-current deltaconnections could cause very high additional losses. This phenomenon is of great
importance for an appropriate design of large generator transformers because these
transformers usually have low-voltage winding delta-connected.
Although this problem has great practical consequences for a good design
solution, it is not adequately treated in the technical literature. Therefore, the aim of
this investigation has been to look more deeply into the phenomenon and to find some
practical design solutions.
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We investigated the problem on the model in Fig. 1 for four different connection
designs according to the Fig. 4. The stray losses and leakage flux were measured on
the model. The stray losses were measured both on the model outside the tank and in
the tank. The leakage flux was measured on the model outside the tank only. The
measurements were performed at winding excitation of 8000 amperturns. The phase
current at delta-connected low-voltage winding was 1600 A.

a)

c)

d).

Figure 4: Different delta-connection arrangements.
It has been found that the delta-connections generate very high leakage flux and
some extra stray losses. The layout of the connections has a considerable influence on
the level of the leakage flux and the stray losses.
The measured stray losses for different delta-connection layouts (Fig. 4) and for
three experimental procedures are given in table I. Namely, in order to locate the
influence of the delta-connections on the level of stray losses, the losses were
measured on a) the model outside the tank, b) the model outside the tank and without
the mild-steel core's yoke clamping plates, and c) the complete model with the tank.
Fig. 5 shows the radial flux (induction) measured with a Hall probe along-side the
horizontal centerline of the model (i.e., at the horizontal line 530 mm from the bottom
of the model) that was positioned 16 mm from the outer winding. The measuring took
place on both sides of the model, i.e. at the side with delta-connections and at the side
without them.

Table I: Measured stray losses P for different delta-connection designs.

P (W)
P (W)

De ta-conne ction var ant
Fig.
Fig.
Fig.
Fig.
4d
4a
4b
4c
243
240
310
348
278
232

P (W)

636

599

980

1179

Without the tank
Without the tank and without the yoke
clamping plates
With the tank

The results of loss measurement presented in table I suggest that the leakage flux due
to the delta-connections could produce significant extra losses. It is also very
important to note that these extra losses could be controlled by the way the deltaconnections are designed. The design according to Fig. 4a or Fig. 4b is much better
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than the design according to Fig. 4c or Fig. 4d, in spite of the fact that all four layouts
in Fig. 4 are electrically identical. The results in table I confirm that these extra
lossesare produced in many transformer parts: tank, yoke

7

6

5

4

3

2 i

Figure 5: Measured radial induction on the model's side with deltaconnections(l) and on the side without delta-connections (2), for the variant
according to the Fig. 2b. U, V, W - position of the centerline of the phase U, V
and W respectively.

clamping plates and also in the windings. It seems that the major part of these extra
losses is located in the tank and the windings.
Results in Fig. 5 show that the delta-connections generate a very high extra
leakage flux. To evaluate correctly the results in Fig. 5 it has to be pointed out that no
radial flux should be found at those points where the measurements were made (i.e.,
vertically in the middle of the model) if we ignore the influence of delta-connection
loops. It is somewhat surprising that even on the side without delta-connections (i.e.,
on the high-voltage side) there is some extra leakage flux. The leakage flux level of
5-6 mT is quite high for a small model like the model used in our investigations.
4.

CONCLUSIONS

In an effort to improve the design procedures regarding the stray loss problem,
we have investigated the level of extra stray losses produced a) in the tank cover
around high-current bushings, and b) in windings, tank and other metal parts of the
transformer due to the leakage flux of the high-current delta-connections.
By inserting nonmagnetic gaps on the cover between the bushings the extra
stray losses could be reduced more than three times.
It has been shown that the extra stray losses due the high-current deltaconnections could be controlled by the layout of the connections. The arrangement
according to the Fig. 4b seems to be the best one.
Although the results of these investigations are obtained on a transformer model,
the conclusions are of a general character and can be used in the design of typical
power transformers.
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Microprocessor Controlled Pulse Charge
and Testing of Batteries
M.Sc. A. Kerezov, Ph.D. S. Gishin, Ph.D. Ratcho Ivanov -Technical University- Sofia,
Bulgaria M.Sc. S.Savov- Sofia University "St. Kliment Qhridski", Bulgaria
Abstract - The principle of the developed new method for pulse
charge of batteries with microprocessor control of the
electrochemical processes is the use of current pulses with
microprocessor control of the period and the amplitude according to
the dynamically changing state of the electrochemical system.
In order to realize the method described above a programmable
current source was developed. It is connected with a Personal
Computer via RS232 standard serial interface in order to control the
electrochemical processes. The parameters to be set, the graphical
presentation of the pulse current and tension, the used quantity of
electricity and electrical energy for every pulse and for the process as
a hole are shown on the PC display.

In order to test dry-charged and wet-charged batteries a
specialized current generator was developed. It is connected
also with a Personal Computer via RS232 standard serial
interface in order to control the testing of the starting
capability of the batteries according to the requirements of the
Bulgarian State Standard EII 60095-1.
A new method and technology for pulse charge of batteries with microprocessor
control of the electrochemical processes was developed.
The principle of the method is the use of current pulses with microprocessor control
of the period and the amplitude according to the dynamically changing state of the
electrochemical system.
Investigations show that the active resistance of the batteries during formation and
charging with an impulse current is three to four times lower in comparison with the
one in the process with a direct current. Time diagrams of these resistances during
charging with a direct current and with an impulse current are given on figure 1.
Nowadays all chemical sources of electricity are produced in sealed capsules and
after that the active mass is formed. All this require a certain restrictions so that
electrolysis is avoided in the electrochemical process in the formation of the active
mass of the various batteries - lead, silver-zinc, nickel-metalhydride, nickelcadmium, etc.
Block formation of lead-acid batteries of sealed-capsule type and of non-sealed type
produced by using non-formed active mass is widely applied industrially.
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As we know, the basic electrochemical equation in forming the active mass of the
positive and negative plates is:
2PbSO4 + 2H2O = PbO2 + Pb + 2H2SO4,
whereby on the positive electrodes there is electrochemical oxygenation of the
bivalent lead cations to trivalent cations
Pb2T - 2e — Pb4^
And on the negative electrode the bivalent lead cations are reduced to metal lead
Pb2+ + 2e -» Pb
It is of extreme importance for
the quality of the active mass
and the electrical characteristic
of the batteries that only electrochemical reactions take place for
oxygenation and reduction of bivalent lead ions on the positive
and the negative plates, respectively. This is effected through a
microprocessor setting, measuring and automatic changing of
the current and the voltage during the electrochemical process
for forming and charging the active mass.
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In order to realize the method described above a programmable current source was
developed. It is connected with a Personal Computer via RS232 standard serial
interface in order to control the electrochemical processes. Control in terms of current
and voltage of the programmable source is maintained by a PIC16F876 single-chip
microcontroller of Microchip. Two 10-bit PWM modules that are part of the timer
system of the microcontroller form the control sequences. These work at a 12 MHz
system clock, whereby an 11.7 kHz PWM frequency is obtained. Second order active
filters filter the latter frequency. The necessary duty cycle of the PWM is recorded in
the impulse length register of the timer system, and the frequency is recorded in the
period register. After that the generation is carried out in a fully automatic fashion by
the system and any further interferences of the basic processor is not necessary. This
allows measuring the values of the current and the voltage with the help of the 10-bit
ADC during the rest of the time, these values serving to calculate the basic parameters
of the process. The parameters to be set, the graphical presentation of the pulse
current and tension, the used quantity of electricity and electrical energy for every
pulse and for the process as a hole is shown on figure 2.
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Figure 2.

This allows shortening of the time for forming and charging two to three times,
economizing on electric energy 15-20 %, increasing the nominal capacity 5-6 % and
lengthening the life of the batteries with more than 30 %.
The diagram above shows the significantly higher capacity (area A) at a 20-hour
discharge (C2o) as a function of the number of cycles of reversing. Also shown is the
larger number of cycles for the batteries charged with an impulse current.
In order to test dry-charged and wet-charged batteries a specialized current generator
was developed. It is connected also with a Personal Computer via RS232 standard
serial interface in order to control the testing of the starting capability of the batteries
according to the requirements of the Bulgarian State Standard EII 60095-1. The
system to control the programmable current generator is analogous to the system for
controlling the programmable current source based on the P1C16F876 single-chip
microcontroller described above.
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The current for the battery testing, the graphical presentation of the dynamic of the
discharging electrical tension, the rendered quantity of electricity and electrical
energy from the battery is shown on figure 4.
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The analysis of the result obtained lead to the following conclusions:
1. Microprocessor-controlled programmable current sources have been
developed for automatic and optimal block formation, charging and testing of
batteries.
2. The electrical values of the electrochemical processes are set automatically
through a personal computer.
3. The basic values of the electrochemical processes are measured
automatically through a microprocessor board within the personal computer and the
quantity of electricity and electrical energy in charging and discharging the batteries
is calculated, shown on the monitor and printed out if needed.
4. The batteries formed fully answer the requirements of the Bulgarian State
Standard and the European norm for nominal capacity and stalling discharge current.
Reference:
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Abstract. The paper considers the state-of-the art in electromagnetic
compatibility (EMC) oriented printed circuit board (PCB) design. A
general methodology of EMC oriented PCB design is synthesized,
he main CAD tools available today are estimated and compared for
their abilities to treat EMC oriented design. To help non experts a
knowledge-base containing more than 50 basic rules for EMC-oriented
PCB design is proposed. It can be applied in the PCB design CAD tools
that possess rule-builders or it can help interactive design. Trends in
this area of EMC-oriented PCB design are deduced.
1.

INTRODUCTION

A study presented in 1997 [12] has shown that 97% of electromagnetic
compatibility (EMC) approach in PCB design was still empirical. It was based on
post-prototype measurements. The main significant tool that estimated formally
EMC in PCBs was INCASES[8-11,17]. During the last three years the interest
towards EMC oriented PCB design grew up considerably [20, 27]. Almost every qne
of the commonly used tools for PCB design includes options for EMC estimations.
The reasons for such a boom of EMC oriented design are: high speed digital designs
with clock frequency reaching lGHz, high density PCBs, high number of pins in IC
packages and strong normalization for EM radiation of systems.
2.

METHODOLOGY FOR EMC ORIENTED PCB DESIGN

EMC estimations on
virtual prototype

.Circuit
Schematics

Placement

Measurement

RULES

EMC estimations on
the layout

Layout

Layout
optimization

Prototype

ml
Front-End design tools

Back-End design tools

Figure 1: General methodology of EMC oriented PCB design. Front-end and
back-end approach in EMC oriented PCB design tools
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A general methodology for EMC oriented PCB design is proposed on Figure 1.
3.

ABILITIES AND LIMITS IN THE EMC CONSIDERATION OF EXISTING PCB DESIGN
TOOLS

The analysis and methods applied in commonly used EMC oriented tools are
shown in Table I. The EMC oriented PCB design tools can be classified in
consideration of the following main characteristics:
1. Approach applied - front-end or back-end;
2. Frequency domain covered: slow PCBs (up to 30 MHz); fast PCBs (up to
lGHz); high speed PCBs ( running at more than lGHz);
3. Consideration of a single PCB or consideration of a multiboard system, where
cable and connector SPICE models are included;
4. Knowledge bases and Rule-builders available;
5. Remedies for EMC proposed;
6. Price.

ANALYSIS
Signal integrity analysis

INPUT DATA

METHODS

EMC ESTIMATION

SimplifiedDriverIBIS [30] / SPICE or Signal
verification
Transmission line -Receiver user-defined models;
circuit representation
Fast circuit simulation;
Telegraph
equations
Driver
Receiver 1
method.

integrity

IXD-r-(DH>
Spectrum analysis

Time
domain
PCB Fourier transformation: Radiation
behavior;
F-> t
Normalization constraints
(FCC.CISPR, VCCI [26])*

2D electromagnetic field Technology parameters;
TL, PCB geometry;
simulation

3D electromagnetic field Virtual test environment
simulation
* FCC - American limits for radiation;
C1SPR - European limits for radiation;
VCCI - Japanese limits for radiation.

f
Finite element method
(FEM),
Boundary
element method (BEM)
[20]

Transmission line (TL)
parameters; Reflection;
2D Electromagnetic field
current

FEM, BEM;
Full wave simulation

3D electromagnetic field
Near and far field scan

Table 1. Analyses and methods applied in commonly used EMC oriented PCB
design tools.
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A set of tools [3, 6-11, 13, 15-18, 22-25, 29, 31-35] are estimated for their place in
the general methodology from Figure 1, the methods and models applied as shown in
Table 1 and the classification characteristics enumerated.
Characteristics of CADENCE tools: ORCAD, ALLEGRO and SPECCTRA
•

Front-end and back-end approaches are implemented. The pre-layout architectural
study predicts technology performance without physical layout data. Electrical
rules are developed via this approach. It is based on an expert knowledge of best
known practices. The post-layout study consists in signal integrity and
electromagnetic interference analysis.
• Concurrent design methodology is applied (see Figure 2).
• High speed PCBs are considered - circuits running at more than 400MHz can be
treated.
• The models applied in the DML-Spice and Tlsim tools are Spice-based.
The method applied for emission calculation is to integrate the vector potential
with the appropriate Dyadic Green's function for a multi-layered stratified geometry.
SCHEMATIC-CAPTURE

Signal Integrity Analysis

.4

fe.

Place&Route

Figure 2. Concurrent design methodology
Characteristics of ZUKEN tools: ZUKEN REDAC VISULA, INCASES
(recently acquired by ZUKEN )
Company specific design advice technology is applied.
PCBs faster than 50MHz can be treated.
EMC-Engineer is a tool in INCASES that implements fast signal integrity
simulation techniques for timing. It is combined with physical rules checker.
Effective algorithms are applied to identify the source of radiation. Virtual routing
patterns are implemented since the formal routing has occurred. Manhattan, Daisy
chain reflection and timing analysis are estimated.
EMC Workbench tool in INCASES is a 2D field solver based on BEM. It
provides inductance and capacitance per line length and characteristic impedance.
It indicates the critical nets and the delay between the driver and the receivers.
The COMORAN tool is the simulation kernel of INCASES. It calculates the
current distribution in all conductivity areas - traces, ground/power planes,
enclosures, heat sinks. It is a 3D full wave simulator and it calculates the radiation
and irradiation of 3D transmission line structures including multilayer PCBs. Near
and far field scan are performed. Simulation on a virtual test environment is
available.
IBIS and Spice models are applied.
A rule-builder is available. A constraints based programming language SUNTAS
is applied.
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The PCB geometry editor permits to apply different termination methods to find
remedies to EMC problems detected.
Characteristics of MENTOR GRAPHICS tools: Veribest. MENTOR
GRAPHICS Board Design
The Veribest SI analyzer implements the post-layout study.
Characteristics of VIEWLOGIC XTK SIMULATOR, e-planner
E-planner implements back-end approach and post-layout EMC estimation of
signal integrity rules.
A constraints management system and a rule generator are included in the system.
Simulation and field solver tools are available.
The VIEWLOGIC XTK SIMULATOR tool was recently integrated into
INTERCEPT TECHNOLOGY too.
Characteristics of AMPredictor and AMPSpice tools
Pre-layout and post-layout studies can be performed;
Signal integrity analysis, connector noise analyses and 2D field solver are
available.
Spice and IBIS models are included in AMPSpice simulator.
Characteristics of PROTEL 99 SE tool
Post-layout study and back-end approach are implemented.
Digital circuits up to 500MHz can be considered.
Signal integrity analysis is available.
The models applied are IBIS.
The methods applied for signal integrity are trapezoidal integration and the
method of Gear (1 st , 2nd and 3rd order).
Different terminals are proposed as remedies for EMC problems.
Characteristics of LINESIM, BOARDSIM and HYPERSUIT tools
The approach applied is front-end. Pre-layout study is performed.
The tool is a spectrum analyzer - antenna and current probe. It estimates the
spectral content of the current at the probe location, the spectral content of the
electromagnetic field at the antenna due to the net and its ground plane return.
The spectrum analyzer runs first in time domain, collecting data and then runs in
frequency domain calculating radiation levels using 3D field prediction algorithm.
Characteristics of TEDDY PCB and PRESTO tools
It implements some post-layout EMC estimation functions;
It is developed for UNIX operating system.
Characteristics of ANSOFT tools: PCB/MCM Signal Integrity tool, HFSS,
SpiceWave. SpiceLink
Those tools [28] combine front-end and back-end approach, both pre-layout and
post-layout studies are performed;
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•
•
•
•

These tools are trying to fill the design gap between circuit and wave simulation.
PCB/MCM Signal Integrity tools are extracting RLCG parameters for traces, via,
power and ground planes.
A tool called SpiceLink generates equivalent Spice models and thus EMC effects
can be considered by circuit simulators.
The approach applied permits to consider both PCBs working at frequency
inferior to IGHz and superior than lGHz.
HFSS and SpiceWave are full wave simulators based on FEM and they permit 3D
electromagnetic field consideration in printed circuit boards.
Those tools are compatible with Cadence Allegro and ORCAD tools and with
Mentor graphics tools.

The tools from the environments of Cadence, ZUKEN-REDAC and
ANSOFT are mainly used in industry. The tools PROTEL 99 SE, Veribest, TEDDY
and AMPSpice are used more often for education purposes, because of their more
accessible price.
4.

KNOWLEDGE BASED EMC ORIENTED PCB DESIGN

Besides the rules coming from analyses results as shown in Table 1, expert-based
rules can be built mainly for analog and analog/digital EMC oriented PCB designs.

Knowledge
base

-v

RuleBuilder

—W

-A
-V

Designer

VA
hi

Interactiv
mode

- \

PCB
design
tool

Mixed
— \ analog/digita
1 circuit

-i

Figure 3: Knowledge based design of analog/digital PCBs for EMC
The knowledge-base proposed is built (see Figure 3) after consideration of
different sources [1, 2, 4, 5, 14,19, 21], containing advises and best-known practices.
The knowledge-base contains about 50 basic rules structured in the following groups:
• Rules for preliminary space planning in a mixed analog/digital board;
•
Simple formulas to calculate some dimensions of trace width or space between
traces;
•
Rules for preliminary element placement (for elements working with analog,
digital or mixed signals, for sensible elements, for connectors, for oscillators, for
filter condensators, for tuning elements or placement depending from the element
height);
•
Rules for signal tracing (clock traces, bus traces, loops to be avoided);
•
Rules for power/ground tracing and for power and ground planes in multilayer
PCBs, distribution of power and ground connector pins;
•
Rules for filtering (for low and high frequency);
• Rules for shielding (clock traces, bus traces);
Rules for Cu zones disposition and Cu zones filling.
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5.

CONCLUSION

a

- Increasing importance of
EMC consideration at that
PCB design stage

Prelayout

It

Concurrent
Postlayout

Jt

Prototype
measurement

#

, - Decreasing importance
EMC consideration at that
PCB design stage

Figure 4: Trends in the importance of EMC estimations
at different design stages
The trends in EMC oriented PCB design methodology evolution are indicated on
Figure 4. Concurrent EMC estimations are mostly foreseen as the future of EMC
oriented PCB design.
Although a big interest is shown lastly to EMC, the high performance EMC oriented
PCB design tools are too expensive, and their application for research and education
is limited. Today it is still an art to build the rules in the knowledge base supporting
the PCB CAD tools. The knowledge-base proposed in the paper could be helpful in
that sense.
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Abstract. Models of electric field distribution for two typical cases
of vacuum camera internal pressure control are investigated. New
relations between the maximum magnetron discharge current value
lmax. and the maximum electric field strength radial corrponent value
Ermax are established.

1.

INTRODUCTION

To test the vacuum in vacuum interrupter cameras it is necessary to initiate
magnetron discharge by simultaneously applying magnetic and electric fields. The
value of the discharge current is measured following this nondestructive method, the
current being function of the camera's internal pressure p. applied voltage U and
magnetic flux density B.
Two typical cases of electric and magnetic field can be practically applied to
investigate the internal pressure, as shown in Fig. 1.

1

B7

- -0K
Figure2:
electrodes
and
shields configuration of the
tested vacuum camera
Figure 1: Variants of vacuum
camera internal shields
pressure testing; electric
field is applied:between:
case la)-closed electrodes
andcentral shield, case lb)
opened electrodes
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In case la) electrodes are closed (anode) while the central metallic shield is
cathode. This variant is possible in case the vacuum camera central shield has a
terminal. This is equivalent to the experimental Strutt cell, where stable discharge
appears between two cylindrical electrodes. In case lb) (scheme Phillips), which is
more universal because the up-to-date constructions of vacuum cameras don't have a
central shield terminal. The contact system is opened and one of the electrodes is
anode and the other - cathode. In both cases the tested camera is situated in two
Helmholtz coils in order to obtain uniform magnetic field. Under the impact of the two
simultaneously applied fields the Lorenz force acting on the electron is
(1)
where: e - electron charge = 1,60217733.10"" C; E - electric field strength; B magnetic flux density; ^ _ magnetic moment of electron = 9,2847701.10"24J.T ; Fr and
Fz - radial and axial components of the force.
This imposes the necessity to have good knowledge of the electric and the
magnetic field distribution.
Magnetic field distribution as well as its axial B z and radial B,. components are
analysed [2]. Modeling the field for different coils currents and different distances
between the coils, it was established that the axial component of the magnetic field
density Bz dominates, while the radial component B r can be ignored (IO"4T). An
optimal situation of the coils has been proposed to get an uniform magnetic field,
together with the possibility to change magnetic flux density in the range of 10 mT to
100 mT.
Consequently, the possibility to realize crossed electric and magnetic fields,
necessary to initiate magnetron discharge in vacuum is between the axial component
of the magnetic field density Bz arid the radial component of electric field strength Er.
The task of this study is to analyze the electric field distribution in the tested
vacuum camera, to find the total field strength E and its components - radial Er and
axial Ez and also to analyse the results obtained for the magnetron discharge initiation
and measurement from this point of view. The electric field is modeled as
axisymetrical.
2.

THEORETICAL INVESTIGATIONS

The contact system electrodes of the tested vacuum camera have complex
configuration. Fig. 2 shows the electrodes and the central shield. The dimensions are:
electrode external diameter dc = 76 mm; electrode length le = 17 mm; shield's internal
diameter dsh = 101 mm; shield's thickness bsh = 1 mm; distance between opened
electrodes a = 16 mm.
Effective electric arc extinguishing in vacuum determines the electrode's complex
configuration. This geometry differs considerably from the idealized theoretical
investigation cases, where the electrodes and the shield have cylindrical form and
infinite length.
The electric field is modeled at applied voltage values in the range of 0,5 kV to 7 kV.
Experimental data of magnetic discharge current values are obtained for these
voltage values [1]. Fig. 3 shows the electric field strength E and its radial component
Er for case la) at applied voltage U = 1 kV.
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a)

b)

Figure 3: Distribution of: a) electric field strength E, b) its radial
component Er for the tested vacuum camera at applied voltage U = 1
kV between closed electrodes and central shield
By analogy, electric field for case lb) is modeled (between opened electrodes) and
Fig. 4 shows electric field strength E and its radial component Er. The shield potential
is 50% from the anode potential due to the symmetry of the system.

Figure 4: Electric field strength E a) and its radial
component Er b) between opened electrodes of the tested
camera at applied voltage U = 1 kV. The distance between
the electrodes is 16 mm.

3.

DATA ANALYSIS

Analyzing the electric field distribution, shown in Fig. 3 and Fig. 4 it was
established that the field is nonhomogenious around the electrodes and depends on
their complex geometry.
Based on the electric fields models for the two investigated cases Table I shows the
applied anode voltage values U, maximum values of the electric field strength Emsx
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and the maximum value of its radial component Er max. Additionally the ratio Er
max/Em^ is given to illustrate the electric field effectiveness to initiate magnetron
discharge. It is logically to expect that the higher the value of the ratio, the higher the
magnetron current value will be.

u
E ma x
Ermax

kV
V/mm
V/mm

E ma x

—
V/mm

Ermax •

V/mm

E rma x/E m ax

E rma x/E mas
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5
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635,8
0,82
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Table I
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0,665

674,8 "
0,665
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0,82
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465
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0,82

96,4
0,665

u
CO

03

u

Obviously for case la) the ratio Erma,/Emax is equal to 0,82 and for case Ib) it is 0,665.
Fig. 5a) shows the experimental relations between the magnetron discharge current I
and the applied anode voltage U at different magnetic flux densities B for case la).
The same relations for case 1b) are presented in Fig.5b).

Figure 5: Relations between magnetron discharge current I and anode voltage U
for case la) and for case lb) at vacuum camera internal pressure testing.
Based on these experimental relations and the electric fields models Table II shows the
maximum magnetron discharge current value Imax, the corresponding maximum value
of the component Ermax, the corresponding applied voltage U and the ratio Imax/Ermax .
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It is obvious that the maximum magnetron discharge current value depends on the
maximum electric field strength radial component value Er max for the two cases
investigated and the ratio Ima,/Er max = 0,011 is constant. The maximum magnetron
current values lmax for case la) are higher than those for the case lb).
Based on the experimental data, regression models [4], [5] for the maximum discharge
current values Imax [uA] as a function of the two main factors - applied voltage U [kV]
and magnetic flux density B [mT] are created with a high value of the coefficient of
determination r (the square of the coefficient of correlation):
For case la) with a coefficient of determination r2 - 0,99
/ max = 0,495 + 1,3256 L7 - 0,0016 B

(2)
2

For case lb) with a coefficient of determination r = 0,97
/

=1,844 + 0,18(7 + 0,02 5

(3)

The electrodes of the contact system have sectors, separated by channels, whose role is
to rotate the parallel arcs in vacuum resulting an intensive extinguishing.
The influence of these sectors and channels on the total electric field strength E and its
radial component Er is also investigated the main purpose being to estimate their role
on the ionization processes at vacuum camera testing.
Electric field between electrodes of the same form and dimensions, but without sectors
and channels is also modeled. Fig. 6 shows the pictures of the electric field strength E'
and its radial component E r ' for case la) at applied voltage U = lkV. By analogy Fig.
7 represents the pictures of the electric field strength E' and its radial component E r '
for case lb) at the same applied voltage.
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Figure 6: Electric field strength E'a) and its radial component E rad ' b) for case
la) at applied voltage U = lkV. The electrodes have no sectors and channels.
It is obvious that at presence of sectors and channels in the electrodes the maximum
values of the total electric field strength Em3X and its radial component Emax increase
considerably and Table III illustrates this comparison at applied voltage U = 1 kV.
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T a b l e III

Real electrodes

Ema*. V/mm
E max , V/mm

Case la)
155
127,17

Case lb)
101
96,3

Electrodes without
channels
Case la)
Case lb)
145
62,5
96/,
21,2
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ER.IO 4

(V/M)
2,120

1,615
1,110
0,605
0,100
-0,405
-0,910
-1,415
-1,920
-2,425
-2,930

Figure 7: Electric field strength E' a) and its radial component E r a d ' b) for case
lb) at applied voltage U = lkV. The electrodes have no sectors and channels.
For case lb) the ratio E^^/Erm^ = 4,5 and this results in considerable
improvement of the testing conditions, because for the modem vacuum cameras this
case is only possible.
4.

CONCLUSIONS AND FINAL REMARKS

1. Analyzing the electric field distributions, shown in Fig. 3 and Fig. 4 it has
been found that the field around the electrodes is nonhomogenious and strongly
depends on their complex geometry.
2. The ratio Er max/Emax illustrates the electric field effectiveness to initiate
magnetron discharge at vacuum camera testing. The higher the value of this ratio the
higher the magnetron current value is.
3. The electrodes construction having sectors and channels of special form leads
to improvement of magnetron discharge initiation conditions (with a high value of
the electric field strength radial component) in the space of the tested vacuum
camera. This is extremely favourable to the testing method used.
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Abstract. This paper provides the basis for the mathematical model,
by which the magnetic field in the arc paths points at the moment
when the current passes through zero (0) is determined. The
presented model takes into consideration the real geometry of the
switching unit and the medium where the'arc extinction process has
occurred. Based on the mathematical model, a numerical procedure
for optimal designing of switching unit for SF6 circuit breakers with
rotating arc of 24 kV, 16 kA has been developed. Developing and
type testing made in "Energoinvest" from Sarajevo and "CESI" from
Milan, have confirmed the conformity of the results received by the
mathematical model and experiment.
INTRODUCTION

The phenomena during the process of breaking electrical current in general are
very complex and are difficult to present by exact mathematical models.:
For these reasons, designing of circuit breakers is mainly based on bulky,
expensive and long-lasting experimental research.
Having this in mind, EMO, having a 12 kV, 25 kA SF6 rotating arc circuit
breaker, has elaborated a mathematical model and carried out extensive experimental
research in order to design a 24 kV, 16 kA SF6 rotating arc circuit breaker.
The design model of a switching unit for the 24 kV, 16 kA SF6 rotating arc
circuit breaker includes:
switching unit geometry model;
electrical arc model;
SF6 gas state model;
driving mechanism movement model.
This paper gives the principles of the switching unit geometry model.
1.

MATHEMATICAL MODEL

1.1. Switching unit Geometry Model
The model used to determine the magnetic field in the space between the arc
paths is a function of the switching unit geometry and the current being broken.
The established specific geometrical values (perimeter, thickness, distance) of
the elements are the entry parameters that can be randomly selected, within certain
limits defined by voltage, current, gas type, etc.
The criteria for optimally selected geometrical values are:
angle speed of the root and peak of the electrical arc across arc paths;
sufficient magnetic field when the current passes through zero.
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The magnetic field for linear media depends on the element geometry.
Accordingly, the model for determining the magnetic field will at the same time
mean determining the element geometry of the switching unit.
In this respect, when designing the switching unit for the 24 kV, 16 kA SF6
rotating arc circuit breaker includes, the following approximations have been made:
the magnetic field is linear;
the cross-section of the upper arc path is rectangular.
When calculating the resulting magnetic field in the space between the arc paths,
the following three inductively interconnected circuits have been taken into
consideration:
winding;
upper arc path;
lower arc path.
The cross-sections of the mentioned inductively interconnected circuits are rather
high to be treated as quasi-linear.
For this reason, they are all divided into sufficient number of "elementary"
contours, which enable better calculation accuracy.
The resulting magnetic field is determined by superpositioning all "elementary,"
contours.
The main idea in determining the geometrical parameters of both the upper and the
lower arc paths is to achieve certain de-phasing of the resulting magnetic field in
respect to the current being interrupted.

u I

• '

B

x'

:

.

..

/

/ i

B

"X >
t0

'i

^

v \

VE nd

'

MP

Figure 1.

Figure 2.

The flux created by the upper and lower arc paths is:

Olp={L;i(t))

(1)

At the instant of the current passing from the winding (current being interrupted)
through zero, the flux Oip should have an extreme value in respect to the ohmic and
inductive resistance of the arc path.
Applying the flux extreme value, equation shows that the extreme value may be
obtained provided that
R = XL

(2)
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To design a mathematical model for calculating the magnetic field, both arc path
currents need to be calculated.
Calculation of these currents has been made having into consideration the following
equivalent diagram.

WVv

Figure 3.

uN
'-N

MAINS VOLTAGE;
CURRENT THROUGH THE WINDING, I.E. CURRENT
BEING INTERRUPTED;
EQUIVALENT MAINS IMPEDANCE TO THE CIRCUIT
BREAKER LOCATION;
WINDING OHMIC RESISTANCE;
WINDING INDUCTIVITY;

• LN

• LGLP, DLP

WINDING AND UPPER ARC PATH MUTUAL
INDUCTIVITY;
WINDING AND LOWER ARC PATH MUTUAL
INDUCTIVITY;
UPPER AND LOWER ARC PATH MUTUAL INDUCTIVITY;

•RGLP

UPPER ARC PATH OHMIC RESISTANCE;

L

NGLP

•LNDLP

• DLP

LOWER ARC PATH OHMIC RESISTANCE;

•LGLP

UPPER ARC PATH INDUCTIVITY;

R

L

• DLP
GLP
'DLP

LOWER ARC PATH INDUCTIVITY;
INDUCED CURRENTS IN THE UPPER ARC PATH;
INDUCED CURRENTS IN THE LOWER ARC PATH.

The following equations may be given for the circuit of Figure 3.:
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At
- l

glp

L

L

Ndlp 'fit

glpdlp '

J

~

The influence of the induced currents in the upper and lower arc paths over the
current being interrupted is neglected.
Hence, iN would be:

e ' + "^j
*• Mm ~ ~~T=

V3

(4)

" Maximum value of current through the winding.

ZM

•

tj - time from short circuit occurrence to the instant of current flowing through the
winding;
:
•
\\i - voltage angle at short circuit occurrence;
•
T - mains time constant;
•
<p - Mains impedance argument.
Solving the system (3) enables obtaining expressions for the arc path induced
currents.

Arsm(cot

+ (pglp) + idcg!p

Aj -

geometry constant;

'dcgip cp g|p -

upper arc path current DC component;
upper arc path impedance argument.

(5)

'ldcd,P (6)

•

A2 -

•
•

geometry constant;

idcd|p lower arc path
cpdip lower arc path
The values of the magnetic
geometry of the element currents

BA

current DC component;
impedance argument.
induction in points with electrical arc for the given
running through them would be:

(7)
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A - magnetic vector potential.
Since the elements creating a magnetic field are cylindrical in shape, the upper
vector equation is applied in a cylindrical co-ordinate system. The resulting solutions,
by co-ordinates, are:

B.=

B=

-K +

K+

Y2+y2+Z2

(Y-yf+Z2

Y2-y2-Z2

(Y-yf+z

(8)

-E

. Where:
• K and E, complete elliptic integrals of first and second kind respectively;
• X,Y,Z, co-ordinates of the current element creating a field;
• x, y, z, co-ordinates of the point in which the field is being calculated;
• /', current flowing through the elementary contours.
This defines the model for calculating the magnetic field in any point.
Based on these equations of the mathematical model, a numerical program has
been made for calculating the magnetic field for different geometries of the switching
unit.
;
Figure 4 shows the results for the 24 kV, 16 kA SF6 rotating arc circuit breaker
obtained with this program for the resulting magnetic field as function of time for
two points, of which one is for the upper arc path (root of the electrical arc), while
the other one is for the lower arc path (peak of the electrical arc).

! Current through winding

\

Res. Magnetic Field of UPPER Arc Pi'ath
Res. Magnetic Field orLOWER Arc Path

Figure 4.
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