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(
Formulation of the simulation was reported in TD-note 00-022, and
material parameters for the simulation were reported in TD-note 00-???.

(
This report describes how self and mutual inductance equations for the simulations are obtained. 
1. Inductances for parellel wires

(
In the mixed strand model, one element in a strand is taken as a thin wire, except for the calculation of the self inductance. This means if the length of one element is not much bigger than the diameter, the inductance calculations will produce values with a big error [1],[2].

1.1  Self inductance
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where l is the length of the wire piece and r is the radius of the wire.

1.2 Mutual inductance between two pieces on the same wire
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if a=b
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and if the two pieces are adjacent ones, set d=0,
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1.3  Mutual inductance between two parallel wires with a certain length 
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1.4 Mutual inductance between two pieces on different wire (a and b in figure) 
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where, 
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if a=b
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and if the two pieces are next ones on the other strands, set d=0,
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2. Inductances for separated strand model

(
The calculation of inductances for the 2-strand-4-wire is more complicated than that of the mixed strand model. For this model, we have to calculate the self inductance of the filamentary zone (the bundle of filaments), self inductance of the copper matrix, and mutual inductances between these two zones. 

(
Also, we have to calculate the mutual inductances between two filamentary zones, two matrices and one filamentary zone and one copper matrix in the other strand. 

(
The arrangement of filamentary zones and matrices are shown in Figure 1, and there are four mutual inductances to calculate.
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Figure 1
Cross-sectional view of a cable with two parallel strands. Grey parts in the figure are superconducting filamentary zones and white parts are copper matrix zones.

(
For convenience of the formulation, I defined new variables as follows.
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2.1  Self inductance of superconductor of length l

[image: image18.wmf]
Substituting equation (
10) and (
11) into (
1) yields the next equation.
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2.2 
Self inductance of copper matrix of length l
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Substituting equation (
11) into (
13) yields the next equation.
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From equation (
10),
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And equation (
14) becomes the following equation.
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2.3 
Mutual inductance between superconductor and copper matrix in the same strand of length l


[image: image25.wmf]

(
It was impossible to find a formula for this arrangement, but instead, I could find an equation for the self inductance of a coaxial cable, which has the same arrangement.  The “go and return” self inductance of this coaxial cable is,
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(
This is the self inductance of a “go and return” coaxial cable, hence we can present this inductance with the self inductances of the inner and the outer parts and the mutual inductance between these two parts. 
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(
M1 is the mutual inductance we want to calculate. 
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L1 is given by equation (
12) and L2 is given by equation (
15), and we can calculate the M1 value as follows.
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Applying equation (
11),
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Applying equation (
10),
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2.4 
Mutual inductance between superconductors of length l in different strands 
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2.5 
Mutual inductance between copper matrixes of length l in different strands 


[image: image34.wmf]

(
The “go and return” self inductance of this arrangement is,
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2.6 
Mutual inductance between superconductor and copper matrixes of length l in different strands 


[image: image37.wmf]

(
It was impossible to find an equation for this arrangement. Approximately, we can use the average value of the above two inductances. 


(
Because above two mutual inductances M2 and M3 are approximately the same, we can simply assume this mutual inductance also has the same value.
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(
Using same value for M2, M3 and M4 is not a good way, because many elements in the [K] matrix become zeros, and this can cause a numerical instability or large error. Therefore, I used the average values.

2.7  Mutual inductance between elements at different longitudinal positions

(
The equations described in 2.1 ~ 2.6 are to calculate the self inductances and the mutual inductances between the two elements at the same longitudinal position. 

(
If the two elements are at different longitudinal positions, we have to apply the method described in 1.4.

(
For example, when we calculate the mutual inductance between two elements illustrated in Figure 2, the equation to calculate the mutual inductance M is obtained from equation (
24).
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Figure 2
An example of two elements at different longitudinal positions. The mutual inductance between any two parts can be calculated.

(
These two elements are a superconductor and a copper in different strands, so we can apply equation (
24). In this equation the mutual inductance is a function of length and distance between strands, e.g.
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(
Longitudinal arrangement of these two elements is the same as the case of equation (
9), and the equation for the mutual inductance M is given by the following equation.
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3. Inductances for cables with multiple strands

(
Self and mutual inductances for cables with many strands are calculated from the equations described in the first chapter.

(
We can present a cable with aligned strands. An example is shown in Figure 3.


[image: image43.wmf]
Figure 3
Rutherford cables can be treated as bundles of aligned strands. By this method we can present any kind of geometry.

(
For more general case, let’s think strands divided by two groups. Figure 4 shows the general case. In the figure, the first group has m strands and the second group has n strands.
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Figure 4
General case for inductance calculation between two cables.

(
We can make a matrix equation of voltages and currents of all the strands in the two groups, as follows. Resistance of the strands are omitted in this equation.
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where vi ‘s and ii ‘s are voltages and currents of strands, respectively, and Li,j ‘s are corresponding  self of mutual inductance values.

(
What we want to get is self inductance of each group (La,a and Lb,b) and mutual inductance between the two groups(La,b = Lb,a). To get  these inductances, we need to make a matrix equation as follows.
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where va, vb, ia and ib are voltages and currents of the groups.

(
Voltages and currents have the following relationship.
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(
From equation (
26),
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(
By applying equation (
28),
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By applying equation (
29),
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(
Therefore inductance matrix for the groups are given by the following equation.
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4. Inductance calculation  for series and parallel connections
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