
Four-Winding Transformer Model Coefficient Extraction from FEA Data

Bryce Hesterman
March 8, 2021

All wires 0.28mm single insulation 155C. 
(A little smaller than 30 AWG)

Primary: 18T with 1st and last layers in 
parallel.

Secondaries:  36 turns each.

3.5 mil tape between each layer.

Core: B65807J0000R049 RM6 N49

Gap: 8 mil  

Bobbin: B65808E1508T001

Fig. 1. Transformer construction details.
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The impedance matrix results of  Maxwell 2D simulation Flyback_PAR.aedt were exported to file: 
Flyback_PAR_Setup1.txt.  

In order to make parsing for Mathcad easier, that text file was modified and saved as 
Flyback_PAR_Setup1_MC.txt. The following changes were made:

1. The first frequency row starts in the first column like the others.
2. Hz was from the frequencies.
3. Commas were replaced with a tab.

Read the data file.

≔Maxwell READFILE (( ,,“Flyback_PAR_Setup1_MC.txt” “delimited” 6))

=cols ((Maxwell)) 11

Enter resistance and inductance units used in the data file: ≔Runit Ω ≔Lunit ⋅10-9 H

Determine the number of windings. ≔Windings =――――――
-cols ((Maxwell)) 3

2
4

Determine the number of row per frequency. ≔RowsPerFreq =+Windings 3 7

Determine the number of frequencies.
(This should be an integer.)

≔Nfreq =-―――――
rows ((Maxwell))
RowsPerFreq

1 13.00

Counter variable for the frequency sweep, not including the initial low-frequency simulation. ≔f ‥1 Nfreq

Extract the frequencies used in the frequency sweep. ≔freq ‖
‖
‖
‖
‖
‖

|
|
|
|
|
|

for ∊ |
|
|
|

f ‥1 Nfreq
‖
‖‖

←freq
f

((Maxwell))
,+⋅f RowsPerFreq 1 1

⋅freq Hz

Separate the data used in the frequency sweep from the initial low-frequency simulation.

≔Sweep submatrix (( ,,,,Maxwell RowsPerFreq rows ((Maxwell)) 4 cols ((Maxwell))))
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Extract the resistance and inductance data into an array of matrices.

≔RLF ‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
||

for ∊ |
|
|
|
|
||

f ‥1 Nfreq
‖
‖
‖
‖
‖‖

←StartRow +5 ⋅(( -f 1)) RowsPerFreq
←StopRow -+StartRow Windings 1

←RL
f

submatrix (( ,,,,Sweep StartRow StopRow 1 ⋅2 Windings))

RL

Separate the resistance and inductance data out of RLF into arrays of resistance and inductance matrices.

≔RF ‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
|
|
||

for ∊ |
|
|
|
|
|
|
|
|
|
||

f ‥1 Nfreq
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

←RL RLF
f

for ∊ |
|
|
|
||

Row ‥1 Windings
‖
‖
‖
‖‖

for ∊ |
|
|
|

Col ‥1 Windings
‖
‖‖

←R
,Row Col

RL
,Row +⋅2 (( -Col 1)) 1

←RF
f

R

⋅RF Runit

≔LF ‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
|
|
||

for ∊ |
|
|
|
|
|
|
|
|
|
||

f ‥1 Nfreq
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

←RL RLF
f

for ∊ |
|
|
|
||

Row ‥1 Windings
‖
‖
‖
‖‖

for ∊ |
|
|
|

Col ‥1 Windings
‖
‖‖

←L
,Row Col

RL
,Row ⋅2 Col

←LF
f

L

⋅LF Lunit

Create arrays for the resistance and inductance data.

≔R11
f

⎛
⎝
RF

f
⎞
⎠ ,1 1

≔R33
f

⎛
⎝
RF

f
⎞
⎠ ,3 3

≔R12
f

⎛
⎝
RF

f
⎞
⎠ ,1 2

≔R14
f

⎛
⎝
RF

f
⎞
⎠ ,1 4

≔R24
f

⎛
⎝
RF

f
⎞
⎠ ,2 4

≔R22
f

⎛
⎝
RF

f
⎞
⎠ ,2 2

≔R44
f

⎛
⎝
RF

f
⎞
⎠ ,4 4

≔R13
f

⎛
⎝
RF

f
⎞
⎠ ,1 3

≔R23
f

⎛
⎝
RF

f
⎞
⎠ ,2 3

≔R34
f

⎛
⎝
RF

f
⎞
⎠ ,3 4

≔L11
f

⎛
⎝
LF

f
⎞
⎠ ,1 1

≔L33
f

⎛
⎝
LF

f
⎞
⎠ ,3 3

≔L12
f

⎛
⎝
LF

f
⎞
⎠ ,1 2

≔L14
f

⎛
⎝
LF

f
⎞
⎠ ,1 4

≔L24
f

⎛
⎝
LF

f
⎞
⎠ ,2 4

≔L22
f

⎛
⎝
LF

f
⎞
⎠ ,2 2

≔L44
f

⎛
⎝
LF

f
⎞
⎠ ,4 4

≔L13
f

⎛
⎝
LF

f
⎞
⎠ ,1 3

≔L23
f

⎛
⎝
LF

f
⎞
⎠ ,2 3

≔L34
f

⎛
⎝
LF

f
⎞
⎠ ,3 4
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Counter variables and unit definitions.

≔n ‥1 4 ≔o ‥1 4 ≔mΩ ――
Ω

1000 ≔nH ⋅H 10-9

A 1 Hz simulation is used to approximate the dc characteristics.

≔freq_min =⋅Maxwell
,1 1

Hz 1 Hz

Separate the data for the initial low-frequency simulation.

≔RL0 submatrix (( ,,,,Maxwell 4 RowsPerFreq 4 cols ((Maxwell))))

≔L0 ,n o
⋅RL0

,n ⋅2 o
Lunit

≔R0 ,n o
⋅RL0

,n -⋅2 o 1
Runit

The diagonal entries will be used for
the dc values of the winding resistances. =R0

0.161 ⋅1.526 10-11 ⋅1.062 10-11 ⋅3.177 10-12

⋅1.526 10-11 0.371 ⋅3.126 10-11 ⋅1.102 10-11

⋅1.062 10-11 ⋅3.126 10-11 0.438 ⋅1.798 10-11

⋅3.177 10-12 ⋅1.102 10-11 ⋅1.798 10-11 0.244

⎡
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥⎦

Ω

The diagonal entries will be used for
the base values of the winding inductances.
The winding losses cause the inductances 
to slightly decrease with frequency.

=L0

0.0482 0.0958 0.0947 0.0468
0.0958 0.1931 0.1916 0.0948
0.0947 0.1916 0.1941 0.0965
0.0468 0.0948 0.0965 0.0489

⎡
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎦

mH
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Fig. 2. Simulated self resistances.

Fig. 3. Simulated self inductances.
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Fig. 4. Simulated mutual resistances.

Fig. 5. Simulated mutual inductances.

6



The imported simulation data is made available for subsequent calculation through functions that are indexed 
by the frequency of the matrix data.

≔RF ((f))

R11
f

R22
f

R33
f

R44
f

R12
f

R13
f

R14
f

R23
f

R24
f

R34
f

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

≔LF ((f))

L11
f

L22
f

L33
f

L44
f

L12
f

L13
f

L14
f

L23
f

L24
f

L34
f

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

Radian frequencies ≔ω
f

⋅⋅2 π freq
f

We begin the process of modeling the transformer by defining the voltages and currents as shown in Fig. 6.

Fig. 6. Voltages and currents
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As with any four-port network, the transformer voltages and currents can be described in the 
frequency domain in terms of self and mutual impedances.

＝V1 +++⋅Z11 I1 ⋅Z12 I2 ⋅Z13 I3 ⋅Z14 I3 ((1))

＝V2 +++⋅Z21 I1 ⋅Z22 I2 ⋅Z23 I3 ⋅Z24 I3 ((2))

＝V3 +++⋅Z31 I1 ⋅Z32 I2 ⋅Z33 I3 ⋅Z34 I3 ((3))

＝V4 +++⋅Z41 I1 ⋅Z42 I2 ⋅Z43 I3 ⋅Z44 I4 ((4))

Compute the self impedances from the simulated resistance and inductance values.

≔Z11
→―――――

(( +R11 ⋅⋅1j ω L11)) ≔Z22
→―――――

(( +R22 ⋅⋅1j ω L22)) ≔Z33
→―――――

(( +R33 ⋅⋅1j ω L33)) ≔Z44
→―――――

(( +R44 ⋅⋅1j ω L44))

Compute the mutual impedances from the simulated leakage resistance and inductance values.

≔Z12
→―――――

(( +R12 ⋅⋅1j ω L12)) ≔Z13
→―――――

(( +R13 ⋅⋅1j ω L13)) ≔Z14
→―――――

(( +R14 ⋅⋅1j ω L14)) ≔Z23
→―――――

(( +R23 ⋅⋅1j ω L23))

≔Z24
→―――――

(( +R24 ⋅⋅1j ω L24)) ≔Z34
→―――――

(( +R34 ⋅⋅1j ω L34))

Formula for leakage impedances in terms of the self and mutual impedances.

Measured winding: m
Shorted winding: n

＝Zleak_mn -Zmm ――
Zmn

2

Znn
((5))

Compute the leakage impedances.

≔Zleak12

→――――
⎛
⎜
⎝

-Z11 ――
Z122

Z22

⎞
⎟
⎠

≔Zleak13

→――――
⎛
⎜
⎝

-Z11 ――
Z132

Z33

⎞
⎟
⎠

≔Zleak14

→――――
⎛
⎜
⎝

-Z11 ――
Z142

Z44

⎞
⎟
⎠

≔Zleak23

→――――
⎛
⎜
⎝

-Z22 ――
Z232

Z33

⎞
⎟
⎠

≔Zleak24

→――――
⎛
⎜
⎝

-Z22 ――
Z242

Z44

⎞
⎟
⎠

≔Zleak34

→――――
⎛
⎜
⎝

-Z33 ――
Z342

Z44

⎞
⎟
⎠
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Compute the leakage resistances and inductances from the leakage impedances.

≔Rleak12 Re ((Zleak12)) ≔Rleak13 Re ((Zleak13)) ≔Rleak14 Re ((Zleak14)) ≔Rleak23 Re ((Zleak23))

≔Rleak24 Re ((Zleak24)) ≔Rleak34 Re ((Zleak34))

≔Lleak12 ――――
Im ((Zleak12))

ω
≔Lleak13 ――――

Im ((Zleak13))
ω

≔Lleak14 ――――
Im ((Zleak14))

ω
≔Lleak23 ――――

Im ((Zleak23))
ω

≔Lleak24 ――――
Im ((Zleak24))

ω
≔Lleak34 ――――

Im ((Zleak34))
ω

Fig. 7. Leakage resistances.

Fig. 8. Leakage inductances.
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Mutual resistance 
couplings

≔kr12
→―――

――――
R12

‾‾‾‾‾‾‾⋅R11 R22
≔kr13

→―――
――――

R13

‾‾‾‾‾‾‾⋅R11 R33
≔kr14

→―――
――――

R14

‾‾‾‾‾‾‾⋅R11 R44

≔kr23
→―――

――――
R23

‾‾‾‾‾‾‾⋅R22 R33
≔kr24

→―――
――――

R24

‾‾‾‾‾‾‾⋅R22 R44
≔kr34

→―――
――――

R34

‾‾‾‾‾‾‾⋅R33 R44

Mutual Resistance Function ≔KR ((f))

kr12
f

kr13
f

kr14
f

kr23
f

kr24
f

kr34
f

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

Fig. 9. Mutual Resistance Couplings.
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N1 = 18 Turns, N2 = 36 Turns, N3 = 36 Turns, N4 = 18 Turns

Fig. 10. Comparison between sum of self and reflected self resistances for high positive mutual 
resistance.

There is a significant reduction of the ac resistance due to the mutual resistance between these adjacent 
windings.

11



N1 = 18 Turns, N2 = 36 Turns, N3 = 36 Turns, N4 = 18 Turns

Fig. 11. Comparison between sum of self and reflected self resistances for lower mutual resistance.

These coils are not adjacent, and the resulting lower mutual resistance produces less reduction of the ac 
resistance compared to Fig. 10.
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The impedance matrix description of the transformer can be approximated with the circuit model shown 
below in Fig. 12 as explained in [1]. For each winding, there is a resistor representing the dc resistance 
of that winding and a main inductor representing the maximum low-frequency inductance for that 
winding. The main inductor and the dc resistance for each winding are connected in series between the 
electrical terminals of that winding. There is also a set of auxiliary circuits for each winding that is shown 
in a row to the left of the winding. Each auxiliary circuit consists of an auxiliary inductor that is connected 
in parallel with an auxiliary resistor. The bottom terminals of all of the inductors in each set are 
connected together to prevent floating nodes, which are not allowed in circuit simulators.

The schematic diagram shows two auxiliary circuits for each winding, but the model could be extended 
to include more auxiliary circuits. Increasing the number of auxiliary circuits increases the frequency 
range over which the skin effect can be modeled.

The main inductors are coupled to each other and to each of the auxiliary inductors. The auxiliary 
inductors are not coupled to each other. It is, of course, impossible to construct a magnetic device in 
which a set of uncoupled windings are all coupled some other winding. This arrangement is useful as a 
model, however, and it is possible to describe it mathematically, and to model it in circuit simulators.

The model has one more degree of freedom than is necessary for each auxiliary inductors, so the 
inductances of the auxiliary inductors in each set are assigned a value equal to the inductance of the 
main winding associated with that set.

Figure 12. Schematic diagram of transformer circuit model.
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We now define several variables and matrices that will be used in an equation that describes the circuit of Fig. 12.

The total number of auxiliary circuits for each winding is designated as , which is 3 in Fig. 12. The r
counter variable k indicates the kth auxiliary circuit, and it ranges from 1 to .r

≔N 4 ≔r 3 ≔Naux =⋅N r 12 ≔Nk =⋅N2 r 48

The mutual inductance between and is designated .L1 L2 M12

The elements of are calculated as shown below.M

‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
||

←a 1
←Cols Naux

for ∊ |
|
|
|
|
|
||

row ‥1 N
‖
‖
‖
‖
‖
‖

for ∊ |
|
|
|
||

col ‥1 Cols
‖
‖
‖
‖‖

←M
,row col

⋅kAa
‾‾‾‾‾‾‾‾‾‾⋅LAcol

Lb
,row row

←a +a 1

M

14



Define a matrix of the main self and mutual inductances calculated with the initial low-frequency simulation, 
which was selected to be low enough that the auxiliary circuits have little effect at that frequency.

≔Lb L0 =freq_min 1 Hz

=Lb

48.173 95.757 94.67 46.849
95.757 193.14 191.61 94.797
94.67 191.61 194.13 96.45
46.849 94.797 96.45 48.866

⎡
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎦

μH

Compute the coupling coefficient matrix corresponding to Lb to get an idea of the couplings among 
the wires. Kb is the coupling coefficient between the main windings.

≔Kb

1 ―――――
Lb

,1 2

‾‾‾‾‾‾‾‾‾⋅Lb
,1 1

Lb
,2 2

―――――
Lb

,1 3

‾‾‾‾‾‾‾‾‾⋅Lb
,1 1

Lb
,3 3

―――――
Lb

,1 4

‾‾‾‾‾‾‾‾‾⋅Lb
,1 1

Lb
,4 4

―――――
Lb

,1 2

‾‾‾‾‾‾‾‾‾⋅Lb
,1 1

Lb
,2 2

1 ―――――
Lb

,2 3

‾‾‾‾‾‾‾‾‾⋅Lb
,2 2

Lb
,3 3

―――――
Lb

,2 4

‾‾‾‾‾‾‾‾‾⋅Lb
,2 2

Lb
,4 4

―――――
Lb

,1 3

‾‾‾‾‾‾‾‾‾⋅Lb
,1 1

Lb
,3 3

―――――
Lb

,2 3

‾‾‾‾‾‾‾‾‾⋅Lb
,2 2

Lb
,3 3

1 ―――――
Lb

,3 4

‾‾‾‾‾‾‾‾‾⋅Lb
,3 3

Lb
,4 4

―――――
Lb

,1 4

‾‾‾‾‾‾‾‾‾⋅Lb
,1 1

Lb
,4 4

―――――
Lb

,2 4

‾‾‾‾‾‾‾‾‾⋅Lb
,2 2

Lb
,4 4

―――――
Lb

,3 4

‾‾‾‾‾‾‾‾‾⋅Lb
,3 3

Lb
,4 4

1

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

=Kb

1.0000 0.9927 0.9790 0.9656
0.9927 1.0000 0.9895 0.9758
0.9790 0.9895 1.0000 0.9903
0.9656 0.9758 0.9903 1.0000

⎡
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎦

All of the eigenvalues must be positive to have a stable model [2].

=eigenvals ((Kb))

3.946
0.041
0.009
0.004

⎡
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎦
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The value of each auxiliary inductor is set equal to the value of the corresponding main winding.

≔LA
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|

←row 0
for ∊ |

|
|
|
|
|
|

n ‥1 N
‖
‖
‖
‖
‖‖

for ∊ |
|
|
|
|

a ‥1 r
‖
‖
‖
‖

←row +row 1
←L

row
Lb

,n n

L

contains the initial guess values of the auxiliary resistors for solve block.RA

contains the initial guess values of the coupling coefficients between the auxiliary circuits and the main windings.kA

≔kA
‖
‖
‖
‖
‖‖

|
|
|
|
||

for ∊ |
|
|
|

n ‥1 Nk
‖
‖‖

←K
n

0.01

K

≔RA ⋅

10
100
1000
10
100
1000
10
100
1000
10
100
1000

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

Ω

≔M ⎛⎝kA⎞⎠
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
||

←a 1
←Cols Naux

for ∊ |
|
|
|
|
|
||

row ‥1 N
‖
‖
‖
‖
‖
‖

for ∊ |
|
|
|
||

col ‥1 Cols
‖
‖
‖
‖‖

←M
,row col

⋅kAa
‾‾‾‾‾‾‾‾‾‾⋅LAcol

Lb
,row row

←a +a 1

M

≔Rb

R0 ,1 1
0 0 0

0 R0 ,2 2
0 0

0 0 R0 ,3 3
0

0 0 0 R0 ,4 4

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

=Rb

160.85 0 0 0
0 371.33 0 0
0 0 437.51 0
0 0 0 243.57

⎡
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎦

mΩ
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Functions to define the G and B matrices described in [1]. G and B are needed to find the impedances of the 
transformer equivalent circuit shown in Fig. 12.

≔G ⎛⎝ ,,f LA RA⎞⎠

‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
|
||

←GA

→―――――
⎛
⎜
⎜
⎝

――――――
RA

+RA
2 ⋅⎛

⎝
ω

f
⎞
⎠
2 LA

2

⎞
⎟
⎟
⎠

←X ―――――
identity ((Naux))

Ω
for ∊ |

|
|
|

n ‥1 Naux
‖
‖
‖

←X
,n n

GAn

X

≔B ⎛⎝ ,,f LA RA⎞⎠

‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
|
||

←BA

→―――――
⎛
⎜
⎜
⎝

――――――
LA

+RA
2 ⋅⎛

⎝
ω

f
⎞
⎠
2 LA

2

⎞
⎟
⎟
⎠

←X ⋅identity ((Naux)) ―
s

Ω
for ∊ |

|
|
|

n ‥1 Naux
‖
‖
‖

←X
,n n

BAn

X

=rows ⎛⎝G ⎛⎝ ,,1 LA RA⎞⎠⎞⎠ 12 =rows ⎛⎝B ⎛⎝ ,,1 LA RA⎞⎠⎞⎠ 12

=cols ⎛⎝G ⎛⎝ ,,1 LA RA⎞⎠⎞⎠ 12 =cols ⎛⎝B ⎛⎝ ,,1 LA RA⎞⎠⎞⎠ 12

Function to calculate the equivalent circuit self and mutual resistances.

≔Req ⎛⎝ ,,RA kA f⎞⎠
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

←R +Rb ⋅⋅⋅⎛
⎝
ω

f
⎞
⎠
2 M ⎛⎝kA⎞⎠ G ⎛⎝ ,,f LA RA⎞⎠

T
M ⎛⎝kA⎞⎠

R
,1 1

R
,2 2

R
,3 3

R
,4 4

R
,1 2

R
,1 3

R
,1 4

R
,2 3

R
,2 4

R
,3 4

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

=rows ⎛⎝Req ⎛⎝ ,,RA kA 1⎞⎠⎞⎠ 10

=cols ⎛⎝Req ⎛⎝ ,,RA kA 1⎞⎠⎞⎠ 1

17



Function to calculate self and mutual inductances of the the equivalent circuit 

≔Leq ⎛⎝ ,,RA kA f⎞⎠
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

←L -Lb ⋅⋅⋅⎛
⎝
ω

f
⎞
⎠
2 M ⎛⎝kA⎞⎠ B ⎛⎝ ,,f LA RA⎞⎠

T
M ⎛⎝kA⎞⎠

L
,1 1

L
,2 2

L
,3 3

L
,4 4

L
,1 2

L
,1 3

L
,1 4

L
,2 3

L
,2 4

L
,3 4

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦

Function to calculate the equivalent circuit self and mutual impedances.

≔Zeq ⎛⎝ ,,RA kA f⎞⎠ +Req ⎛⎝ ,,RA kA f⎞⎠ ⋅⋅1j ω
f
Leq ⎛⎝ ,,RA kA f⎞⎠

Functions to calculate leakage impedances based on (5). ＝Zleak_mn -Zmm ――
Zmn

2

Znn
((5))

≔Rleak12EQ ⎛⎝ ,,RA kA f⎞⎠ Re

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
1

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

5
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
2

⎞
⎟
⎟
⎟
⎠

≔Rleak13EQ ⎛⎝ ,,RA kA f⎞⎠ Re

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
1

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

6
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
3

⎞
⎟
⎟
⎟
⎠

≔Rleak14EQ ⎛⎝ ,,RA kA f⎞⎠ Re

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
1

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

7
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
4

⎞
⎟
⎟
⎟
⎠

18



≔Rleak23EQ ⎛⎝ ,,RA kA f⎞⎠ Re

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
2

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

8
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
3

⎞
⎟
⎟
⎟
⎠

≔Rleak24EQ ⎛⎝ ,,RA kA f⎞⎠ Re

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
2

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

9
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
4

⎞
⎟
⎟
⎟
⎠

≔Rleak34EQ ⎛⎝ ,,RA kA f⎞⎠ Re

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
3

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

10
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
4

⎞
⎟
⎟
⎟
⎠

≔Lleak12EQ ⎛⎝ ,,RA kA f⎞⎠ ⋅―
1

ω
f

Im

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
1

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

5
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
2

⎞
⎟
⎟
⎟
⎠

≔Lleak13EQ ⎛⎝ ,,RA kA f⎞⎠ ⋅―
1

ω
f

Im

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
1

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

6
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
3

⎞
⎟
⎟
⎟
⎠

≔Lleak14EQ ⎛⎝ ,,RA kA f⎞⎠ ⋅―
1

ω
f

Im

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
1

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

7
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
4

⎞
⎟
⎟
⎟
⎠

≔Lleak23EQ ⎛⎝ ,,RA kA f⎞⎠ ⋅―
1

ω
f

Im

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
2

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

8
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
3

⎞
⎟
⎟
⎟
⎠

≔Lleak24EQ ⎛⎝ ,,RA kA f⎞⎠ ⋅―
1

ω
f

Im

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
2

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

9
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
4

⎞
⎟
⎟
⎟
⎠

≔Lleak34EQ ⎛⎝ ,,RA kA f⎞⎠ ⋅―
1

ω
f

Im

⎛
⎜
⎜
⎜
⎝

-Zeq ⎛⎝ ,,RA kA f⎞⎠
3

――――――

⎛
⎜⎝
Zeq ⎛⎝ ,,RA kA f⎞⎠

10
⎞
⎟⎠

2

Zeq ⎛⎝ ,,RA kA f⎞⎠
4

⎞
⎟
⎟
⎟
⎠
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Function to calculate the mutual resistance couplings of the the equivalent circuit 

≔kreq ⎛⎝ ,,RA kA f⎞⎠
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

←R +Rb ⋅⋅⋅⎛
⎝
ω

f
⎞
⎠
2 M ⎛⎝kA⎞⎠ G ⎛⎝ ,,f LA RA⎞⎠

T
M ⎛⎝kA⎞⎠

――――
R

,1 2

‾‾‾‾‾‾‾⋅R
,1 1

R
,2 2

――――
R

,1 3

‾‾‾‾‾‾‾⋅R
,1 1

R
,3 3

――――
R

,1 4

‾‾‾‾‾‾‾⋅R
,1 1

R
,4 4

――――
R

,2 3

‾‾‾‾‾‾‾⋅R
,2 2

R
,3 3

――――
R

,2 4

‾‾‾‾‾‾‾⋅R
,2 2

R
,4 4

――――
R

,3 4

‾‾‾‾‾‾‾⋅R
,3 3

R
,4 4

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Define error functions base on mutual resistance coupling, resistance and inductance

≔Error_K ⎛⎝ ,,RA kA f⎞⎠
‖
‖
‖‖

|
|
||

←kr KR ((f))
-kreq ⎛⎝ ,,RA kA f⎞⎠ kr

≔Error_R ⎛⎝ ,,RA kA f⎞⎠
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
||

←Rf RF ((f))
←D -Req ⎛⎝ ,,RA kA f⎞⎠ Rf

→―
―
D

Rf

≔Error_L ⎛⎝ ,,RA kA f⎞⎠
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
||

←Lf LF ((f))
←D -Leq ⎛⎝ ,,RA kA f⎞⎠ Lf

→―
―
D

Lf
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Vectors of zeros used in the Minerr block.

≔Z ‖
‖
‖
‖
‖

|
|
|
||

←Z
―――

+N 2 N

2

0

Z

≔Zk ‖
‖
‖
‖
‖

|
|
|
||

←Z
―――

-N 2 N

2

0

Z

Define a function for calculating the coupling matrix of the equivalent circuit.

≔Kmod ⎛⎝kA⎞⎠
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

←K identity (( +N Naux))
for ∊ |

|
|
|
||

m ‥1 N
‖
‖
‖
‖‖

for ∊ |
|
|
|

n ‥1 N
‖
‖‖

←K
,m n

Kb
,m n

←a 1
for ∊ |

|
|
|
|
|
|
|
|

row ‥1 N
‖
‖
‖
‖
‖
‖
‖
‖

for ∊ |
|
|
|
|
|
||

col ‥+N 1 +N Naux
‖
‖
‖
‖
‖
‖‖

←K
,row col

kAa

←K
,col row

kAa

←a +a 1

K

Define function for computing the eigenvalues of the 
model coupling matrix.

≔EigenTest ⎛⎝kA⎞⎠
‖
‖
‖‖

|
|
||

←EV eigenvals ⎛⎝Kmod ⎛⎝kA⎞⎠⎞⎠
EV

=EigenTest ⎛⎝kA⎞⎠

3.948
1
1
1
1
1
1
1
1
1
1
1
0.998
0.041
0.009
0.004

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦
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Define function for determining the if there is a negative eigenvalue for the model coupling matrix. This helps the 
solver find solutions that are physically realizable, which requires all of the eigenvalues to be positive [2]. The 
1000000 multiplier gives it a high weight in the solver.

≔EigenSign ⎛⎝kA⎞⎠
‖
‖
‖
‖
‖

|
|
|
|
|

←ET min ⎛⎝EigenTest ⎛⎝kA⎞⎠⎞⎠

―――――
⋅10000000 ET

||ET||

=EigenSign ⎛⎝kA⎞⎠ ⋅1 107

Error Weighting ≔c 10 ≔d 100 ≔e 1

G
ue

ss
 V

al
ue

s
Co

ns
tr

ai
nt

s
So

lv
er

＝⋅d Error_R ⎛⎝ ,,RA kA 1⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 5⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 10⎞⎠ Z

＝⋅d Error_R ⎛⎝ ,,RA kA 2⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 6⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 11⎞⎠ Z

＝⋅d Error_R ⎛⎝ ,,RA kA 3⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 7⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 12⎞⎠ Z

＝⋅d Error_R ⎛⎝ ,,RA kA 4⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 8⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 13⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 1⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 5⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 10⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 2⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 6⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 11⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 3⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 7⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 12⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 4⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 8⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 13⎞⎠ Z

＝⋅e Error_K ⎛⎝ ,,RA kA 1⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 5⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 10⎞⎠ Zk

＝⋅e Error_K ⎛⎝ ,,RA kA 2⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 6⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 11⎞⎠ Zk

＝⋅e Error_K ⎛⎝ ,,RA kA 3⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 7⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 12⎞⎠ Zk

＝⋅e Error_K ⎛⎝ ,,RA kA 4⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 8⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 13⎞⎠ Zk

Constraints on coupling coefficients and resistors prevent inappropriate component values.

<<-1 kA1
1 <<-1 kA9

1 <<-1 kA17
1 <<-1 kA25

1 <<-1 kA33
1 <<-1 kA41

1

<<-1 kA2
1 <<-1 kA10

1 <<-1 kA18
1 <<-1 kA26

1 <<-1 kA34
1 <<-1 kA42

1

<<-1 kA3
1 <<-1 kA11

1 <<-1 kA19
1 <<-1 kA27

1 <<-1 kA35
1 <<-1 kA43

1

<<-1 kA4
1 <<-1 kA12

1 <<-1 kA20
1 <<-1 kA28

1 <<-1 kA36
1 <<-1 kA44

1

<<-1 kA5
1 <<-1 kA13

1 <<-1 kA21
1 <<-1 kA29

1 <<-1 kA37
1 <<-1 kA45

1

<<-1 kA6
1 <<-1 kA14

1 <<-1 kA22
1 <<-1 kA30

1 <<-1 kA38
1 <<-1 kA46

1

<<-1 kA7
1 <<-1 kA15

1 <<-1 kA23
1 <<-1 kA31

1 <<-1 kA39
1 <<-1 kA47

1

<<-1 kA8
1 <<-1 kA16

1 <<-1 kA24
1 <<-1 kA32

1 <<-1 kA40
1 <<-1 kA48

1

>⋅104 RA1
⋅105 Ω >⋅104 RA4

⋅105 Ω >⋅104 RA7
⋅105 Ω >⋅104 RA10

⋅105 Ω

>⋅104 RA2
⋅105 Ω >⋅104 RA5

⋅105 Ω >⋅104 RA8
⋅105 Ω >⋅104 RA11

⋅105 Ω

>⋅104 RA3
⋅105 Ω >⋅104 RA6

⋅105 Ω >⋅104 RA9
⋅105 Ω >⋅104 RA12

⋅105 Ω

>EigenSign ⎛⎝kA⎞⎠ 10000000

≔
RA

kA

⎡
⎢
⎣

⎤
⎥
⎦

Minerr ⎛⎝ ,RA kA⎞⎠
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＝⋅d Error_R ⎛⎝ ,,RA kA 1⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 5⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 10⎞⎠ Z

＝⋅d Error_R ⎛⎝ ,,RA kA 2⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 6⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 11⎞⎠ Z

＝⋅d Error_R ⎛⎝ ,,RA kA 3⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 7⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 12⎞⎠ Z

＝⋅d Error_R ⎛⎝ ,,RA kA 4⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 8⎞⎠ Z ＝⋅d Error_R ⎛⎝ ,,RA kA 13⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 1⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 5⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 10⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 2⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 6⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 11⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 3⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 7⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 12⎞⎠ Z

＝⋅c Error_L ⎛⎝ ,,RA kA 4⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 8⎞⎠ Z ＝⋅c Error_L ⎛⎝ ,,RA kA 13⎞⎠ Z

＝⋅e Error_K ⎛⎝ ,,RA kA 1⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 5⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 10⎞⎠ Zk

＝⋅e Error_K ⎛⎝ ,,RA kA 2⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 6⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 11⎞⎠ Zk

＝⋅e Error_K ⎛⎝ ,,RA kA 3⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 7⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 12⎞⎠ Zk

＝⋅e Error_K ⎛⎝ ,,RA kA 4⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 8⎞⎠ Zk ＝⋅e Error_K ⎛⎝ ,,RA kA 13⎞⎠ Zk

Constraints on coupling coefficients and resistors prevent inappropriate component values.

<<-1 kA1
1 <<-1 kA9

1 <<-1 kA17
1 <<-1 kA25

1 <<-1 kA33
1 <<-1 kA41

1

<<-1 kA2
1 <<-1 kA10

1 <<-1 kA18
1 <<-1 kA26

1 <<-1 kA34
1 <<-1 kA42

1

<<-1 kA3
1 <<-1 kA11

1 <<-1 kA19
1 <<-1 kA27

1 <<-1 kA35
1 <<-1 kA43

1

<<-1 kA4
1 <<-1 kA12

1 <<-1 kA20
1 <<-1 kA28

1 <<-1 kA36
1 <<-1 kA44

1

<<-1 kA5
1 <<-1 kA13

1 <<-1 kA21
1 <<-1 kA29

1 <<-1 kA37
1 <<-1 kA45

1

<<-1 kA6
1 <<-1 kA14

1 <<-1 kA22
1 <<-1 kA30

1 <<-1 kA38
1 <<-1 kA46

1

<<-1 kA7
1 <<-1 kA15

1 <<-1 kA23
1 <<-1 kA31

1 <<-1 kA39
1 <<-1 kA47

1

<<-1 kA8
1 <<-1 kA16

1 <<-1 kA24
1 <<-1 kA32

1 <<-1 kA40
1 <<-1 kA48

1

>⋅104 RA1
⋅105 Ω >⋅104 RA4

⋅105 Ω >⋅104 RA7
⋅105 Ω >⋅104 RA10

⋅105 Ω

>⋅104 RA2
⋅105 Ω >⋅104 RA5

⋅105 Ω >⋅104 RA8
⋅105 Ω >⋅104 RA11

⋅105 Ω

>⋅104 RA3
⋅105 Ω >⋅104 RA6

⋅105 Ω >⋅104 RA9
⋅105 Ω >⋅104 RA12

⋅105 Ω

>EigenSign ⎛⎝kA⎞⎠ 10000000

≔
RA

kA

⎡
⎢
⎣

⎤
⎥
⎦

Minerr ⎛⎝ ,RA kA⎞⎠

=ERR ?

=RA

214.4770
⋅1.0782 103

⋅3.1533 103

10.0004
800.2372

⋅3.7233 103

10.0000
⋅7.4409 103

926.0824
197.3278

⋅1.9228 103

⋅3.6653 103

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Ω
=Kb

1.00000 0.99273 0.97896 0.96560
0.99273 1.00000 0.98955 0.97579
0.97896 0.98955 1.00000 0.99027
0.96560 0.97579 0.99027 1.00000

⎡
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎦
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=eigenvals ⎛⎝Kmod ⎛⎝kA⎞⎠⎞⎠

3.976231
1.021110
1.003832
1.001675
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
0.970672
0.019848
0.004485
0.002148

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

If negative eigenvalues values are present then the 
realizability criterion is violated [2].

Computed auxiliary couplings

≔kA1
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|

for ∊ |
|
|
|

h ‥1 24
‖
‖
‖

←K
h

kAh

K

≔kA2
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|

for ∊ |
|
|
|

h ‥25 48
‖
‖
‖

←K
-h 24

kAh

K

=kA1

-0.013776
0.018461
0.054879

-0.000018
-0.032795
0.050392

-0.000038
-0.008888
0.113575
0.070318

-0.014328
0.018925
0.023102
0.005902
0.058682
0.002819

-0.089393
0.053543
0.002773
0.010233
0.099244
0.047085
0.014476
0.006648

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=kA2

-0.007683
-0.023331
0.056119
0.000008

-0.104832
0.050688
0.000069

-0.012656
0.100991

-0.036097
0.015980

-0.022496
0.035949

-0.040636
0.049860
0.003931

-0.053687
0.044668

-0.003989
0.012252
0.113953

-0.085300
-0.012771
-0.038971

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥⎦
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Extract resistance and inductance values of the equivalent circuit for plotting.

≔R11eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
1

≔L11eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
1

≔R22eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
2

≔L22eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
2

≔R33eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
3

≔L33eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
3

≔R44eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
4

≔L44eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
4

≔R12eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
5

≔L12eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
5

≔R13eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
6

≔L13eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
6

≔R14eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
7

≔L14eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
7

≔R23eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
8

≔L23eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
8

≔R24eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
9

≔L24eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
9

≔R34eq
f

Req ⎛⎝ ,,RA kA f⎞⎠
10

≔L34eq
f

Leq ⎛⎝ ,,RA kA f⎞⎠
10

Equivalent Circuit mutual resistance couplings

≔kr12eq
f

kreq ⎛⎝ ,,RA kA f⎞⎠
1

≔kr13eq
f

kreq ⎛⎝ ,,RA kA f⎞⎠
2

≔kr14eq
f

kreq ⎛⎝ ,,RA kA f⎞⎠
3

≔kr23eq
f

kreq ⎛⎝ ,,RA kA f⎞⎠
4

≔kr24eq
f

kreq ⎛⎝ ,,RA kA f⎞⎠
5

≔kr34eq
f

kreq ⎛⎝ ,,RA kA f⎞⎠
6
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Equivalent circuit leakage resistances and inductances

≔Rleak12eq
f

Rleak12EQ ⎛⎝ ,,RA kA f⎞⎠ ≔Lleak12eq
f

Lleak12EQ ⎛⎝ ,,RA kA f⎞⎠

≔Rleak13eq
f

Rleak13EQ ⎛⎝ ,,RA kA f⎞⎠ ≔Lleak13eq
f

Lleak13EQ ⎛⎝ ,,RA kA f⎞⎠

≔Rleak14eq
f

Rleak14EQ ⎛⎝ ,,RA kA f⎞⎠ ≔Lleak14eq
f

Lleak14EQ ⎛⎝ ,,RA kA f⎞⎠

≔Rleak23eq
f

Rleak23EQ ⎛⎝ ,,RA kA f⎞⎠ ≔Lleak23eq
f

Lleak23EQ ⎛⎝ ,,RA kA f⎞⎠

≔Rleak24eq
f

Rleak24EQ ⎛⎝ ,,RA kA f⎞⎠ ≔Lleak24eq
f

Lleak24EQ ⎛⎝ ,,RA kA f⎞⎠

≔Rleak34eq
f

Rleak34EQ ⎛⎝ ,,RA kA f⎞⎠ ≔Lleak34eq
f

Lleak34EQ ⎛⎝ ,,RA kA f⎞⎠

≔Qleak12
f

――――
⋅ω

f
Lleak12

f

Rleak12
f

≔Qleak13
f

――――
⋅ω

f
Lleak13

f

Rleak13
f

≔Qleak14
f

――――
⋅ω

f
Lleak14

f

Rleak14
f

≔Qleak23
f

――――
⋅ω

f
Lleak23

f

Rleak23
f

≔Qleak24
f

――――
⋅ω

f
Lleak24

f

Rleak24eq
f

≔Qleak34
f

――――
⋅ω

f
Lleak34

f

Rleak34
f
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Figure 13. FEA and Equivalent Circuit self resistances.
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Figure 13. FEA and Equivalent Circuit self resistances.

Figure 14. FEA and Equivalent Circuit self inductances.
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Figure 14. FEA and Equivalent Circuit self inductances.

Figure 15a. FEA and Equivalent Circuit mutual resistances.
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Figure 15a. FEA and Equivalent Circuit mutual resistances.

Figure 15b. FEA and Equivalent Circuit mutual resistances.
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Figure 15b. FEA and Equivalent Circuit mutual resistances.

Figure 16a. FEA and Equivalent Circuit mutual resistance couplings.
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Figure 16a. FEA and Equivalent Circuit mutual resistance couplings.

Figure 16b. FEA and Equivalent Circuit mutual resistance couplings.
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Figure 16b. FEA and Equivalent Circuit mutual resistance couplings.

Figure 17a. FEA and Equivalent Circuit mutual inductances.
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Figure 17a. FEA and Equivalent Circuit mutual inductances.

Figure 17b. FEA and Equivalent Circuit mutual inductances.
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Figure 17b. FEA and Equivalent Circuit mutual inductances.

Fig. 18a. FEA and Equivalent Circuit leakage resistances.
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Fig. 18b. FEA and Equivalent Circuit leakage resistances.
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Fig. 18b. FEA and Equivalent Circuit leakage resistances.

Fig. 19a. FEA and Equivalent Circuit leakage inductances.
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Fig. 19a. FEA and Equivalent Circuit leakage inductances.

Fig. 19b. FEA and Equivalent Circuit leakage inductances.
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Fig. 19b. FEA and Equivalent Circuit leakage inductances.
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Calculate strings for exporting the Lb and Rb values to LTspice.

≔paramLB ‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
||

←STR
,1 1

“.param ”

for ∊ |
|
|
|

m ‥2 rows ((Lb))
‖
‖‖

←STR
,m 1

“+      ”

STR

≔LBnum ‖
‖
‖
‖
‖‖

|
|
|
|
||

for ∊ |
|
|
|

m ‥1 rows ((Lb))
‖
‖‖

←STR
m

concat (( ,,“Lb” num2str ((m)) “=”))

STR

≔LB ‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|

for ∊ |
|
|
|
||

m ‥1 rows ((Lb))
‖
‖
‖
‖

←STR
m

concat

⎛
⎜
⎜⎝

,,paramLB
m
LBnum

m
num2str

⎛
⎜
⎜⎝
――
Lb

,m m

H

⎞
⎟
⎟⎠

⎞
⎟
⎟⎠

STR

≔paramRB ‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
||

←STR
,1 1

“.param ”

for ∊ |
|
|
|

m ‥2 rows ((Rb))
‖
‖‖

←STR
,m 1

“+      ”

STR

≔RBnum ‖
‖
‖
‖
‖‖

|
|
|
|
||

for ∊ |
|
|
|

m ‥1 rows ((Rb))
‖
‖‖

←STR
m

concat (( ,,“Rb” num2str ((m)) “=”))

STR

≔RB ‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|

for ∊ |
|
|
|
||

m ‥1 rows ((Rb))
‖
‖
‖
‖

←STR
m

concat

⎛
⎜
⎜⎝

,,paramRB
m
RBnum

m
num2str

⎛
⎜
⎜⎝
――
Rb

,m m

Ω

⎞
⎟
⎟⎠

⎞
⎟
⎟⎠

STR
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Calculate strings for exporting the RA, LA and KA values.

≔paramRA ‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|

←STR
,1 1

“.param ”

for ∊ |
|
|
|

m ‥2 rows ⎛⎝RA⎞⎠
‖
‖‖

←STR
,m 1

“+      ”

STR

≔RAnum ‖
‖
‖
‖
‖
‖
‖
‖
‖
‖

|
|
|
|
|
|
|
|
|
|

←a 1
for ∊ |

|
|
|
|
|
|

m ‥1 N
‖
‖
‖
‖
‖‖

for ∊ |
|
|
|
|

n ‥1 r
‖
‖
‖
‖

←STR
a

concat (( ,,,“RA” num2str ((m)) num2str ((n)) “=”))

←a +a 1

STR

≔RA ‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
||

for ∊ |
|
|
|
||

m ‥1 rows ⎛⎝RA⎞⎠
‖
‖
‖
‖‖

←STR
m

concat

⎛
⎜
⎜⎝

,,paramRA
m

RAnum
m

num2str

⎛
⎜
⎜⎝
――

RAm

Ω

⎞
⎟
⎟⎠

⎞
⎟
⎟⎠

STR

≔LAnum ‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
||

←a 1
for ∊ |

|
|
|
|
|
|
||

row ‥1 N
‖
‖
‖
‖
‖
‖
‖‖

for ∊ |
|
|
|
|
|
|

col ‥1 N
‖
‖
‖
‖
‖‖

for ∊ |
|
|
|
|

κ ‥1 r
‖
‖
‖
‖

←STR
a

concat (( ,num2str ((col)) num2str ((κ))))

←a +a 1

STR

≔KA ‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
||

←a 1
←Cols rows ⎛⎝LA⎞⎠

for ∊ |
|
|
|
|
|
|

row ‥1 N
‖
‖
‖
‖
‖
‖

for ∊ |
|
|
|
||

col ‥1 Cols
‖
‖
‖
‖

←STR
a

concat ⎛
⎜⎝

,,,,,,,“KA” num2str ((a)) “ Lb” num2str ((row)) “ LA” LAnum
a

“ ” num2str ⎛
⎜⎝
kAa

⎞
⎟⎠
⎞
⎟⎠

←a +a 1

STR
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Calculate string for exporting the Kb values.

≔KB ‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
||

←a 1
for ∊ |

|
|
|
|
|
|
||

row ‥1 N
‖
‖
‖
‖
‖
‖
‖‖

for ∊ |
|
|
|
|
|
|

col ‥row N
‖
‖
‖
‖
‖‖

|
|
|
|
|

if ≠row col
‖
‖
‖
‖

←STR
a

concat ⎛
⎝

,,,,,,,“Kb” num2str ((a)) “ Lb” num2str ((row)) “ Lb” num2str ((col)) “ ” num2str ⎛
⎝
Kb

,row col
⎞
⎠
⎞
⎠

←a +a 1

STR

Combine the strings of model parameters for exporting.

≔XFMR_Params stack (( ,,,,LB RB RA KA KB))

Convert each string to it's binary representation using str2vec, and add a CR=13 and 
LF=10 at the end of each string.

=ORIGIN 1

≔rowCount =rows ((XFMR_Params)) 74

≔indices ‥ORIGIN (( +-rowCount 1 ORIGIN))

≔XFMR_Bin ‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||

←resultIndex ORIGIN
for ∊ |

|
|
|
|
|
|
|
|
|
|
|
|
|
||

rowIndex indices
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖
‖‖

←row str2vec ⎛
⎝
XFMR_Params

rowIndex
⎞
⎠

for ∊ |
|
|
|
|

colIndex ‥ORIGIN +-length ((row)) 1 ORIGIN
‖
‖
‖
‖

←result
resultIndex

row
colIndex

←resultIndex +resultIndex 1

←result
resultIndex

13

←resultIndex +resultIndex 1
←result

resultIndex
10

←resultIndex +resultIndex 1

result

=WRITEBIN (( ,,,“Flyback_Rev6cP.txt” “byte” 0 XFMR_Bin)) 0

42


