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Abstract—The paper presents the description of multiply connected
conducting regions (MCCR) in the finite elements space. In order
to define induced currents distribution in multiply connected regions,
an innovative method of combined vector potentials T and Ty has
been suggested. The equations of T-T(y method have been presented.
The relations describing sources for the field of induced currents in
the discussed regions have been given. The proposed method has
been applied to solve Problem No. 7 of the International TEAM
Workshops. The selected results of calculation have been compared
with the measurement results.

1. INTRODUCTION

In recent years, owing to progress in numerical methods and
dynamic development of IT equipment in designing and analysis of
electrical machines and devices, algorithms enabling calculations of
electromagnetic field distribution with induced and eddy currents
are used more often. In most typical structures of machines, the
conducting regions are superficially multiply connected, e.g., squirrel-
cage winding of an induction motor or “multi-turn” winding. The
literature provides than among the methods meant to define induced
currents in these types of structures the most popular is the method
of scalar potential V' [10, 13]. The main reasons for such popularity of
the method is simplicity of formulating algorithm of the FE equations
describing distribution of conduction currents, both in simply and
multiply connected conducting regions (MCCR) [4]. A disadvantage
related to this method is that it is rather time-consuming when it comes
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to calculations [2]. In order to determine induced currents distribution
the T method may be also employed. This method can be only used
for the analysis of induced currents in simply connected regions [9]
and, though for this method algorithms concurrent to V' [1, 4] method
algorithms can be formed faster than, owing to being unadjusted to
the currents analysis on multiply connected regions, the T method is
not popular. Unadjustedeness of the T method to analysis of systems
with multiply connected conducting regions can easily be explained
using the circuit theory. The equations of T method refer to loops with
eddy currents around element edges, i.e., loops of electric facet network
with eddy currents 4,,;, which are presented in Fig. 1. Although the
number of these loops is usually higher than the number of independent
loops, it has been founded that for MCCR it is impossible to create a
set of fundamental loops necessary for achieving the induced currents
that flow around the “holes”. This means that using a classic T
formulation the induced currents by fluxes ¥, passing through the
holes are not taken into account, see Fig. 1. In order to avoid
unadjustedeness of the T method to analyse systems with MCCR,
in [7] it is suggested to fill in the “holes” with a conducting material of
high resistivity p. After the holes have been filled with the conducting
material one can get a “quasi-single connected conductor” in which for
purposes of determining currents distribution the classic T formulation
can be easily employed. Researches on deploying this method have
been presented in [1,2]. Authors of these papers have emphasized

Fiux passing hole
through ‘hole’

Edge values
ofvector Ty

Figure 1. Squirrel cage of an induction motor as a multiply connected
conductor and its facet model [5].
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superiority of the T method over V method. They have shown that
by using the classical T formulation the number of iterations in the
solving process can be reduced and the computational time can be
significantly shortened.

The T method suggested in [7], i.e., filling the holes with a high-
resistivity conducting material, has also been discussed in [5]. The
authors of this paper have noticed that when analysing the systems
with multiply connected regions the computational time depends on
the selected values of resistivity p of the material filling the holes.
Increasing the resistivity p has a positive impact on the accuracy
yet causes that the computational time is lengthened. As a result
of decreasing the value p the calculation time is shortened but the
accuracy of obtained solution is questionable.

To determine the conduction currents distribution in multiply
connected regions with induced currents the authors suggest
deployment of method using vector potentials T and Ty. The
equations of T-Ty method are obtained by jointing the equations
describing the distribution of edge values i,, of vector T with equations
describing the edge values i, of vector potential Ty [3,14]. It is
known that, in order to determine the induced currents distribution
in conducting regions, the equations of T-Ty method should be
solved with equations describing the magnetic field distribution.
An advantage of this method is that the equations describing the
currents distribution can be easily coupled with equations describing
the magnetic field distribution. Moreover both formulations: scalar
potential @ — method Q-T-Ty [6] — as well as the vector potential A
— method A-T-T [14] — are allowed.

In the paper the description of multiply connected conducting
regions in the finite elements space has been discussed. In order to
determine the induced currents distribution in the considered regions
the authors suggest a method using the T-Ty formulation. Ways
of formulating equations of T-T(y method have been presented. The
relations describing sources for the field of induced currents in the
discussed regions have been given. The usefulness of T-Ty method has
been proved in the example of TEAM Workshops Problem No. 7 [12].
The finite element equations have been set up following [4,11] and
described using the language of circuit theory. The finite element
equations arising from the scalar potential formulation and nodal
elements are equivalent to nodal equations of an edge network (EN)
constructed from branches associated with element edges (Fig. 2(a));
whereas the equations for the vector potentials for the system described
by edge elements are represented by loop equations of the facet network
(FN) made of branches joining element mid-points (Fig. 2(b)). The
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Figure 2. (a) Edge and (b) facet models of hexahedron.

method using the edge elements and nodal values for scalar potential
formulations is called as the nodal elements method (NEM) [4,15],
while the method using the facet elements and edge values for
vector potential formulations is called the edge elements method
(EEM) [3,15].

2. EDGE ELEMENT EQUATION OF T-To METHOD

In the paper the way of formulating FE equations of the T-T method
has been explained on the base of the simple multiply connected region,
i.e., doubly connected region — a massive conducting element with
a hole (Fig. 3). Commencing formulation of the equations, after
discretisation the region with facet elements, first of all an additional
loop Ly, is formed, with i, current representing current induced by flux
W, passing through the hole. The current i, in the loop Lj represents
the edge value of the potential T [15]. For such formed model of the
region containing an additional loop Ly, in next step the loop equations
of the T-T( method have been formulated.

The EEM equations can be easily formulated from the branch
equations for the FN composed of facet models of elements. Those
equations describe the distribution of node to node voltages and can
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Fhux passing
through hole

Loop L,
around hole

L=

Doubly conmected
region

Figure 3. Doubly connected region with a shown loop Ly.

be expressed in the following form
uy = Ryi, — e, (1)

where, uy is the vector of branch electric potential differences, e.g.,
difference of potentials between nodes Qg and Qs in Fig. 2(b), R, is the
matrix of branch resistances derived from the interpolating functions
of the facet element, i; is the vector of branch currents associated with
faces of elements, e.g., current ig3 in Fig. 2(b), and e represents the
vector of branch electromotive forces (emfs).

In the discussed example the vector of branch currents iz is the sum
of two vectors: (a) vector ig, representing facet values of eddy currents
densities J,, (J, = rotT) in the region with massive elements, i.e., the
vector of eddy currents passing through the element facets and (b)
vector igo of facet values of induced currents densities Jo (Jo = rotTy)
around the hole, i.e., the vector of induced current defined on the basis
of loop current i, around the hole passing through the element faces.
Having considered that:

is = isw + isO (2)

and inserted (2) to (1), the branch equations describing the node to
node voltages distribution for the multiply connected region can be
written in the following form

uy = Rp(isw + is(]) — € (3)

Moreover, when formulating the equation of T-Ty method one of two
formulations can be used: (a) formulation using matrix z. describing
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distribution of additional loops around holes in the edge space (in the
discussed systems the loop L — Fig. 3) and (b) formulation that
applies matrix z; describing the loops distribution around holes in the
facet space. Details of how matrices z. and z; are formed have been
described in [4, 15]. Fig. 4 illustrates the description of loop Ly around
the hole in the space of edges and faces elements.
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Figure 4. Loop Lj around the hole: (a) the edge element space and
(b) the facet element space.
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First, we consider approach with matrix zy. In this approach the
vector igg of induced currents passing through facets of the elements is
determined on the basis of the following relations

isO = Zfi07 (4)

and the vector ig, of eddy currents is expressed by means of loop
currents i, around the edges of elements [15]

isw = Keipm (5)
where k. is loop matrix for the loops around the edges like loop in
Fig. 2(b).

Having taken into account the interrelations (4) and (5) in (3) we
get the following branch equations

uy = Rykcip, + Rz, — e, (6)
on the basis of which we get the loop equations for loops with eddy
currents i,, around edges as well as to equations for loop with current
i, around the hole.

Now, the equations describing loop currents around the holes, i.e.,
the equations that define the edge values of T will be considered. The
equations for loops around the holes are obtained by multiplying (6)
by the matrix z:]f

z?uv = z}erkeim + Z}FRPZin — z:;e. (7)

The matrix product z?uv is a vector of the sum of node to node

voltages in the loop around the holes [15]. According to Kirchhoff’s
principle the sum of node to node voltages in the loop is equal to zero.
Thus

z;‘cpuv = 0. (8)

Having considered (7) and (8) the loop equations for the loop with
currents 1, around the holes have been formed as

Z?Rpkeim + ZJZCRPZin = z?e. (9)
The matrix Equation (9) can be conveniently presented in following
form

Rwim + Rocio = €qc, (10)
where, R, is the matrix of loop resistances for loop around the holes
Roc =z} Rz, (11)

matrix R,, represents mutual resistances between loops with eddy
currents i,, and loops with induced currents i,

R, =z Rk, (12)
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and e, is the vector of loop emf for loops around the holes
€oc = Z;‘Ce. (13)

Basing on the Equation (6) the EE equations for loops around
element edges, i.e., for loops with eddy currents, can also be formed.
Multiplying the Equation (6) by the loop matrix k! we get a vector of
the sum of node to node voltages around edges of elements,

kI uy = kIR, kein + kI R,zsi, — kle. (14)

Pursuant to Kirchhoff’s voltage law for circuits the sum of voltages in
a loop equals zero. Thus kX uy = 0 and

kIR, kein + k! R,)zfi, = kle. (15)

The aforesaid equations are loop ones for loops with eddy currents
for electric facet network obtained as a result of a discretization of
the multiply connected region. The matrix expression preceding the
vector iy, is a loop resistance matrix R, for loop with eddy currents [4],
and the expression that precedes vector i, represents the transposed
matrix R, describing mutual resistances, see (12). The product k!'e
represents a vector e, of loop emfs for loops with eddy currents. By
the application of these matrices the Equation (15) can be presented
in the form

Ryoim + R, = e,. (16)

The equations of T-Ty method for conducting multiply connected
regions in the facet elements space are obtained as a result of jointing
the Equations (10) and (16)

e[l ] o
w oC 10 eOC

In a similar way, the equations of T-T(y method for a formulation using
matrix ze, i.e., that matrix describing the paths around the holes in the
edge elements space, can be formed. Using matrix z, when formulating
loop equations around the holes give the same values of vector e,. and
matrixes Ry, Ry, for circuits with additional loops [4, 15] on condition

that the loop distribution has been correctly mapped. It means when
the following identity is provided

Zf — keze' (18)

Having substituted the identity (18) to (11), (12) and (13) we get
formulas describing, adequately:
(a) the matrix of loop resistances R, for loop around the holes

R, = szszkeze, (19)
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(b) the matrix of mutual resistances Ry,

R, =z k Rk, (20)
(c) the vector of loop emfs e, for loops around the holes
€ =2z kle. (21)

The above formulas should be considered as referring to systems with
conducting multiply connected regions described in the edge space.

Solving the Equation (17) we obtain eddy currents distribution i,
in loop around the edges and currents i, in additional loop around the
holes.

3. DESCRIPTION OF THE LOOP ELECTROMOTIVE
FORCES

In the case of procedures meant to determine conduction currents
distribution in multiply connected regions using T-T(y method it is
important to formulate proper expressions describing loop emfs in
loops around the edges and loops around the holes. The way that the
loop emfs are calculated depends on the deployed way of describing
the location and shape of loops around the holes. It has been already
mentioned that in T-T(¢ method two formulations can be used: (a)
formulation using matrix z. and (b) formulation using matrix zy.
The approach (a) is more universal and can be applied both for
the magnetic scalar {2 and magnetic vector potential A formulations,
whereas approach (b) is restricted to cases where A is used as the
solution potential. Below, the way of formulating loop emfs in the
facet model of multiply connected regions for systems of known fluxes
distribution has been presented.

For the formulation using matrix z. the Equation (17) describing
induced currents distribution can be written in the following form:

k'Rke  kIRykeze | [im | _ [ e (22)
z kIR k. zl kIR k.z, o || €oc |°
The right side of Equation (22) represents sources, i.e., emfs e, in loops
around the element edges and emfs e,. in loops around the holes. The
field sources can be defined in terms of [4,5,15]: (a) branch fluxes
¢y associated with edges of elements (Fig. 5(a)); (b) branch fluxes ¢
penetrating faces of elements (Fig. 5(b)) or (¢) loop fluxes ¢, around
edges of elements (Fig. 5(c)).

In the case (a), that is applied for Q-T-T( formulation, the
electromotive forces e, in loops of FN are represented by a time



288 Wojciechowski et al.

Branch fluses
associated with edges P,

il 2 Im3

= | > A Z
4= a7/ EE 7 i [ o e
Ima 2] I Ins g 7 it Imd] s ol
Loop currents

I
() (d)

Figure 5. Fluxes associated with electric FN: (a) branch fluxes ¢
associated with edges of elements, (b) branch fluxes ¢5 associated with
faces of elements, (c) loop fluxes ¢, around edges of elements, (d) loop
fluxes ¢ 5 associated with faces of elements [5].

derivative of the branch fluxes ¢, of the magnetic edges network
(Fig. 6).

€, — _§t¢b' (23)

Multiplying the vector e, by the transposed matrix z. the vector e,
of loop emfs for loops around the holes can be calculated from

0
€oc = zeTeo = —azg%- (24)
For the case (b) in which electromotive forces are defined on the basis
of a known branch fluxes ¢, i.e., the facet values of magnetic flux
density B, the expressions describing emfs e, and e, may be written
as

_ 8 T
e, = _ﬁtK Os, (25)
€oe = z;‘feo = —gtzZKchs, (26)

where K is a matrix transposing the branch values of the facet network
into the values related to branches of the edge network [4].
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resistance P

Figure 6. Branch flux ¢yn;; passing through loop of electric facet
network.

The field sources can be also calculated from loop fluxes ¢, around
edges, i.e., edge values of potential A (A-T-T( formulation) — that is
for case (c). In this case the following formulas are applied

0
o = ——KTk. ., 27
eo = —5 K’k (27)
€pe = zeTeo = —QZTKTkeqbe. (28)

ot °
Taking into account that K'k, = kI K [15] the loop emfs can be also
defined as follows

— 0 T
eo = —5 klKdr. (29)

0
€ = 2zl e, = — 5% TxTK ¢.. (30)
It was already pointed that in order to define the loop Lj around the
holes, the formulation using matrix z; can be applied. For this case,
the equations describing the distribution of induced currents can be
written as

k'R k. kIR,z; } {im } | &kl ey (31)
sz kf Z?Rpi 8tzf¢f

In Equation (31), the sources are formulated from a given loop fluxes

o associated With element faces, i.e., loops of the EN (Fig. 5(d)). The

expression — at To ¢ describes vector e, of emfs in loops around edges

i

with eddy currents, while the produc at fqﬁ ¢ represents vector e,

of electromotive forces in loops around the holes. The vector ¢ is a
vector of loop fluxes associated with faces of the elements, i.e., fluxes
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in loop of the EN [15]. The loop flux ¢¢; is a numerical representation
of the integral from the vector A along the line connecting centres of
elements of a common face S; [15].

4. NUMERICAL EXAMPLE

Based on the presented above formulation, an algorithm and dedicated
software has been developed for calculation of induced current
distributions in multiply connected conducting regions. In the
elaborated software the equations of T-Tg method, i.e., equations
describing the distribution of current flow field, have been coupled
with the equations of the A method [3,15], i.e., equations describing
the magnetic field distribution. As result of coupling of equations the
following system of A-T-T( equations has been obtained [4]:

kgR#ke _KTke _KTkeZe d)e G‘)z
%KTke kngke kZRpkeze i.m = g R (32)
1o

221Kk, zI'kI'Rk. z!kIRk .z

where, R, is the matrix of branch reluctances of the FN [3] and
vector ©, represents the loop mmfs set up by the flow of current
through the windings. As an example, the test problem No. 7 of
the International TEAM Workshops has been examined (Fig. 7).
Parallelepiped elements have been used resulting in about half a

conduction plate
(6=3.526-10"S'm)
(W= =410 H'm)

S 7
[\ J
\ / winding
iE 108 = V| @=zi-27424
A ) o B ,\\ z= 786 turns
S ! A
A, B, \
hole AA) i
Ne— S
e A r hole | aluminum
X N
(a) plane view (b) front view

Figure 7. The TEAM workshop problem No. 7 — Asymmetrical
conductor with a hole [12].
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million equations for the edge values ¢. of the vector potential A
and 63 thousand equations for the edge values of T-Ty. The complex
potentials has been used throughout and complex ICCG method has
been applied for solving obtained matrix equations. The obtained
simulation results have been compared with measurements published
in [8]. Figs. 8 9 and 10 present the computed and measured
distributions: (a) of the magnetic flux density B, along the line A;-By,
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BoEee ! \vf,\\ e ! M
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Figure 8. Magnitude of B, along the line A;-B; as shown in Fig. 7.
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Figure 9. Magnitude of B, along the line A3-Bs as shown in Fig. 1.
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Figure 10. Magnitude of J, along the line A3-B3 as shown in Fig. 1.

(b) of the magnetic flux density B, along the line As-Bs, and (c¢) of
the current density .J, along the line A3-Bs, for two frequencies (50 Hz
and 200 Hz). The positions of the lines A;-Bl, A3-By and A3-Bs are
depicted in Fig. 7.

A comparison of simulation results with the measurements
published by Nakata and Fujiwara in [8], reveals very close agreement
and thus good accuracy of the used formulation. It is important to
notice that the total computational time for the case of frequency
of 50 Hz and imposed error threshold of 107% was typically about 20
minutes, which should be compared with 6.5 hours needed to achieve
the same accuracy using a A-V method described in [16].

5. CONCLUSION

The paper presents the method of jointed electric potentials T-T
applied to determine conducting currents distribution in multiply
connected regions. The representation of the MCCR in the
finite elements space has been demonstrated and discussed. The
fundamental loop equations and additional loop equations around the
holes for a facet model of discretized multiply connected regions have
been presented. By the formulating equations for loops around the
holes, the matrices z. and zy describing additional loops in the space of
edges and faces of finite elements have been used. As a result of jointing
loop equations of the electric facet network describing distribution of
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eddy currents i, with equations of additional loops that describe the
distribution of induced currents i, around the holes the T-Ty method
equations have been obtained. The ways of formulating loop emfs e,
and e, for the considered facet model of a multiply connected region
have been described. The usefulness of proposed method has been
confirmed the example.

REFERENCES

1.

10.

Biro, O., K. Preis, W. Renhart, K. R. Richter, and G. Vrisk,
“Performance of different vector potential formulations in solving
multiply connected 3-D eddy current problems,” IEEE Trans.
Magn., Vol. 26, No. 2, 438-441, 1990.

Biro, O. and K. Richter, “CAD in electromagnetism,” Advances
in Electronics and Electron Physics, Vol. 82, 1-96, 1991.

Demenko, A., L. Nowak, and W. Szelag, “Reluctance network
formed by means of edge element method,” IFEE Trans. Magn.,
Vol. 34, No. 5, 2485-2488, 1998.

Demenko, A., J. K. Sykulski, and R. M. Wojciechowski,
“Network representation of conducting regions in 3D finite element
description of electrical machines,” IEEE Trans. Magn., Vol. 43,
No. 6, 714-717, 2008.

Demenko, A., J. K. Sykulski, and R. M. Wojciechowski,
“Calculation of induced currents using edge elements and T-T
formulation,” IET Sci., Meas. Tech., Vol. 2, No. 6, 434—439, 2008.

Meunier, G., H. T. Luong, and Y. Marechal, “Computation of
coupled problem 3D eddy current and electrical circuit by Q-T-
Ty formulation,” IEEE Trans. Magn., Vol. 34, No. 5, 3074-3077,
1998.

Nakata, T., N. Takahashi, K. Fujiwara, and Y. Okada,
“Improvements of the T-Q2 method for 3D eddy current analysis,”
IEEE Trans. Magn., Vol. 24, No. 1, 94-97, 1988.

Nakata, T. and K. Fujiwara, “Results for benchmark problem 7,”
Compel, Vol. 9, No. 3, 137-154, 1990.

Nowak, L. and A. Demenko, “The 3D coupled field-circuit
simulation of transients in converters with conducting solid parts,”

IEEE Trans. Magn., Vol. 36, No. 4, 1412-1416, 2000.

Stockreiter, C., G. Matzenauer, B. Biro, P. Caldera, G. Paoli,
K. Hollaus, K. Preis, and B. Weif}, “Transfinite element method
using the A, v-potential formulation with edge elements in the
frequency domain,” IEEE Trans. Magn., Vol. 43, No. 4, 1349-
1352, 2007.



294

11.

12.

13.

14.

15.

16.

Wojciechowski et al.

Ren, Z., “Influence of R.H.S. on the convergence behaviour of the
curl-curl equation,” IEEE Trans. Magn., Vol. 32, No. 3, 655-658,
1996.

Turner, L., etal., “Workshops and problems benchmarking eddy
current codes. TEAM Workshops: Test problem 7,” Argonne,
Illinois, 1988.

Weif}, B. and O. Biro, “On the convergence of transient eddy-
current problems,” IEEFE Trans. Magn., Vol. 40, No. 2, 957-960,
2004.

Wojciechowski, R. M., A. Demenko, and J. K. Sykulski,
“Induced currents analysis in multiply connected conductors using
reluctance — Resistance networks,” Compel, Vol. 29, No. 4, 908—
918, 2010.

Wojciechowski, R. M., “Numerical analysis of induced currents
in simply and multiply connected regions,” Ph.D. Thesis, Poznan
University of Technology, Poznan, 2010.

Wojciechowski, R. M., A. Demenko, and J. K. Sykulski, “Com-
parative analysis of A-V and A-T-Tj calculations of induced
currents in multiply connected regions,” Computation in Electro-
magnetics (CEM 2011), 10-11, Wroclaw, Poland, 2011, online:
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=
6085434& content Type=Conference-+Publications&sort Type%3Da
sc_p_Sequence%26filter %3DAND%28p_IS_Number%3A 6085421 %-
29.



