Four-Winding Transformer Model Coefficient Extraction from Measured Data

Bryce Hesterman
May 25, 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

Pri 1 Sec 1 Sec 2 Pri 2

Fig. 1. Transformer construction details.



Unit definitions. Q== nH:=H-10""
1000
0.1716
Measured dc resistances. Rdc:= 0.37581,
0.4250
.2406
Low-frequency resistances and inductances.
[0.172600654 4.55376+107°
—4
RO = 0.382819163 .0 L0:= 1.82487.10 “H f0:=10+kHz w0:=27+ 10
0.435272334 1.84187-107*
1 0.239045168 4.65797+10°
-Rdcl 0 0 0]
0 Ra’c2 0 0
Rb:=
0 0 Ra’c3 0
0 0 0 Ra’c4
Low-frequency leakage inductances.
Lleakl2 0:=0.000000759198 < H  Lleakl3 0:=0.00000192703 - H Lleakl4 0:=0.00000326471-H
Lleak23 0:=0.00000386677 «- H Lleak24 0:=0.00000935959 - H Lleak34 _0:=0.00000470411-H
X |_Leaki2 0 [, _Lleaki3 0 [, _ Lleakl4 0 |
L0 L0 L0
1 1 1
1— Lleaki2 0 1 1— Lleak23 0 1— Lleak24 0
L0 L0 L0
1 2 2
Kb:= -
1— Lleaki3 0 1— Lleak23 0 1 1— Lleak34 0
L0 L0 L0
1 2 3
\/1 _ Lleakl4_0 \/1 _ Lleak24 0 \/1 _ Lleak34_0 |
L0 L0 L0
I 1 2 3
1.0000 0.9916 0.9786 0.9635
Kbh= 0.9916 1.0000 0.9893 0.9740
0.9786 0.9893 1.0000 0.9871
0.9635 0.9740 0.9871 1.0000
3.942
All of the eigenvalues must be positive to have a stable model [2]. eigenvals (Kb) = ggﬁ
0.005



L0 Kb+ [LO «L0 Kb 4[L0 -LO_ Kb -, [LO L0 ]
1 1,2 1 2 1,3 1 3 1,4 1 4
Kb +y[L0 -LO L0 Kb +y[L0 -LO_ Kb «\[LO L0
Lbie 1,2 1 2 2 2,3 2 3 2,4 2 4
Kb n[LO -0 Kb+ [L0 -LO L0 Kb +\[L0 -LO
1,3 1 3 2,3 2 3 3 3,4 3 4
Kb +y[L0 -LO Kb +\[LO -LO Kb -\[L0 -LO L0
1,4 1 4 2,4 2 4 3,4 3 4 4

4.554.107° 9.04-107° 8.962-107° 4.437.107°
_ 9.04.107° 1.825.107* 1.814-107* 8.98.107°
8.962-107° 1.814-107* 1.842-107* 9.143.107°
4.437.107° 8.98-10"° 9.143-107° 4.658.107°

4.544.107*

All of the eigenvalues must be positive to have a stable model [2]. eigenvals (Lb) = S56. 10

5.287-1077

-6
3.035-10 H



Measured self resistances and inductances.

freq RI11 L1l R44 L44
(Hz) (ohm) (H) (ohm) (H)
20417.379  0.176714  0.0000454685 0.244835  0.0000465008
69183.097  0.204333  0.0000454741 0.294545  0.0000464998
123026.877  0.270488  0.0000454485 0.410325 0.0000464591
173780.083  0.354768 0.0000454256 0.564212  0.0000464175
234422.882  0.474137 0.0000453944 0.781677 0.0000463579
275422.87  0.558997 0.0000453741 0.941292  0.0000463162
363078.055 0.765276 0.0000453339 1.315280 0.0000462278
416869.383  0.903397  0.0000453100 1.557840 0.0000461734
512861.384 1.156536 0.0000452664 1.973551  0.0000460801
562341.325 1.288912  0.0000452459 2.188143  0.0000460344
741310241  1.773047 0.0000451798 2.877101  0.0000458940
1230268.771 3.533518 0.0000451024 4.804675 0.0000456974
1995262.315 12.171316 0.0000450339 13.050004 0.0000455485
R22 L22 R33 L33
(ohm) (H) (ohm) (H)
0.464219 0.0001838580 0.408705 0.0001821664
0.648541 0.0001837672 0.553922  0.0001821136
1.034821 0.0001836550 0.856800 0.0001820252
1.545904 0.0001835411 1.255194 0.0001819374
2269451 0.0001833607 1.819483 0.0001818064
2.784273  0.0001832497 2.233939 0.0001817188
4.088262 0.0001830052 3.234132  0.0001815572
4.857854  0.0001830560 3.836210 0.0001816473
6.323104 0.0001828094 5.036927 0.0001814737
7.072642  0.0001826978 5.654723 0.0001813946
9.683816 0.0001824044 7.912521 0.0001811981
18.124881 0.0001824010 15.934445 0.0001813085
53.733561 0.0001828725 51.988373 0.0001817767
f=1..rows (freq) a)f:: 2.7 -freqf

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

ZI1 :=RIl +1j-w +L1] 722:=R22 +1j-w +L22
S f S f S f S S

733 :=R33 + lj-w + L33 744 :=R44 + 1j-w +L44
f f f f f f f f



Measured Leakage Impedance Data

Rleakl?2 Lleakl?2 Rleakl3 Lleakl3 Rleakl4 Lleakl4

(ohm) (H) (ohm) (H) (ohm) (H)

0264212 7.204710-1077 0.273733 1.878550-107° 0.395800 3.044960-107°
0.276394 7.095860+ 107 0.310390 1.859750.107° 0.452577 2.970660+107°
0.304332  7.011700 107" 0.394293 1.836980:107° 0.581019 2.932590.107°
0.342738  6.912680+ 107 0.509181 1.807410+107° 0.756703 2.887400.107°
0.399902 6.765250+107" 0.680391 1.763700+107° 1.019400 2.821410-107°
0.443340 6.655380+ 107 0.810365 1.730750+107° 1.219700 2.771760+10~°
0.542981 6.407060+1077 1.108310 1.656240+107° 1.681240 2.659070+107°
0.605153  6.255100+ 107 1.293740 1.610430-107° 1.970640 2.589080-107°
0.711963 5.999310-107" 1.611570 1.533150-10°° 2.469180 2.470870+107°
0.763490 5.878880+ 107" 1764610 1.496570+107° 2711730 2.414470-107°
0.928093 5.512740-107" 2.246890 1.384960-10° 3.479890 2.242010-107°
1.246240 4.930080+ 107 3.126450 1.211190-107° 4.901140 1.970070+107°
1.583520 4.539470.1077 3.982920 1.102930-107° 6.316170 1.803390-107°
Rleak23 Lleak23 Rleak24 Lleak24 Rleak34 Lleak34

(ohm) (H) (ohm) (H) (ohm) (H)

0.790386 3.672360+107° 1271310 8.482470.107° 1.344110 3.799260-107°
0.862053 3.605510+107° 1.432770  8.198840-107° 1.405750 3.528830-107°
1.025280 3.558750-107° 1.799240  8.086560+10~° 1.542570 3.474950-107°
1.248250 3.500270+107° 2299350 7.954210-107° 1.729030 3.423110-10°
1.579770 3.414520-107° 3.045390 7.764190-107° 2.006730 3.351100-107°
1.831180 3.350180-107° 3.612440 7.621520-107° 2.217880 3.297880:107°
2.405310 3.205110-107° 4913050  7.299060+ 10 2.703150 3.178250-107°
2.762360 3.116500+107° 5.724080 7.101200- 10 3.006660 3.105190+107°
3.372790 2.967710+107° 7.118420  6.766650+ 107 3.531380 2.982530.107°
3.666640 2.897510+107° 7.792920  6.607940+ 107 3.786710 2.924470.107°
4.595220 2.684400-10° 9.927260  6.124990-107° 4.609630 2.747150+107°
6.314380 2.351830-107° 13.877300 5.372270-107° 6.234380 2.465260+107°
8.038020 2.142680-107° 17.870600 4.918530-107° 8.030120 2.282450-107°



Compute the leakage impedances from the measured leakage resistance and inductance values.

Zleakl 2/_:: Rleakl 2f+ 1. wf_- Lleakl 2f Zleakl 3/_:: Rleakl 3f+ 1. wf_- Lleakl 3/(
Zleakl 4/_:: Rleakl 4f+ 1. wf_- Lleakl 4f Zleak23f_:: Rleak23f+ 1. wf_- Lleak23f
Zleak24f_:= Rleak24f+ 1. wf_- Lleak24f Zleak34f_:: Rleak34f+ 1. wf_- Lleak34f

Compute the mutual impedances.

Z12 = \/ (zu — Zleakl2 ) 722 713 := \/ (zu — Zleakl3 ) 733
f f /) f f f f f
714 = \/ (211 — Zleak14 ) 744 723 = \/ (zzz — Zleak23 ) 733
f f /) f f f f f
724 := \/ (zzz — Zleak24 ) <744 734 := \/ (233 — Zleak34 ) <744
f f /) f f f f f
Compute the mutual resistances.
RI2 :=Re (le) RI3 :=Re (le) RI14 :=Re <214)
f f f f f f
R23 :=Re (zzs) R24 :=Re (zz4) R34 :=Re <234)
f f f f f f
Compute the mutual inductances.
Im (zzzf) Im (zz 3f> Im (zz 4f>
L2 := : LI3 = : L4 := :
/ w / w Y w
f f f
Im (zzsf) Im <224f> Im <234f>
L23 = : L24 = : L34 = :
f w Y w Y w
f f f
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Fig. 2. Simulated self resistances.
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Fig. 3. Measured self inductances.
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Fig. 4. Measured mutual resistances.
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Fig. 5. Measured mutual inductances.



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

[R11 ] (11 ]

f f

R22 122

f !

R33 L33

f f

R44 L44

f f

R]Zf L12f

RE(f):= : LE(A):=

% R13f % L13f_
R14 L14

f f

R23 123

/ f

R24 124

f f

R34 L34

] f_ L 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



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.

VisZyli+Zo L+ Zj3I3+Z1y+ 13

VomZy i+ 2oy L+ Zp3e I3+ 2540 15

Vs=Zs o)+ Zsyo L+ Zs30 I3+ 234 15

VimZyLi+Zp b+ Zyz- I3+ 2401,

10
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_ _

Li2 Li3

kl12:=——= k13:=
\VLII-L22 \VLil-L33

L23 L24

k23 " k24 =
VL22.133 VL22.L44

12

ki4:= L4
VLII-L44

k34:= L34
VL33.L44
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[ 12 ]
f
kri3
kri4
Mutual Resistance Function KR (f) = 4
kr23f

kr24
f

kr34
L A/.
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N1 =18 Turns, N2 = 36 Turns, N3 =36 Turns, N4 = 18 Turns
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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.
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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.



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. ltis, 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.

All Al2 Al3
— L —
Lan Laz Lass
- g Ran - Rup % g Ran
Lo Ly JGE
— — o
Lo Laxn Laos
2 R b R s R
§ A1 A2 § A23
Ly Lys Iass
— — —
Las Lan Lass
¢ Ras z Ras 3 g Rasz
Ly Lyar T
— — —
Lan Lasn Lass
p RA 11 2 2

g Ran
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Figure 12. Schematic diagram of transformer circuit model.



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 r, which is 3 in Fig. 12. The
counter variable « indicates the kth auxiliary circuit, and it ranges from 1 to r.

N:=4 r:=3 Naux:=N-.r=12 Nk:=N? .r=48

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

L, =|lrow+0
fornel..N
forael..r

row «—row+ 1
L <« Lb

row n,n

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

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

[1000]
100
10 ky=lfornel. Nk
1000 K «0.01
100 "

| 10,6 K

1000

100
10

1000

100

[ 10 |

18



The mutual inductance between L; and L, is designated M,,.

The elements of M are calculated as shown below.

a+—1
Cols < Naux
forrowel..N

M (ky):

for col € 1.. Cols
M

—ky .
row , col a

a<—a+1

M

«Lb

row , row

L,

col

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

L, =|lrow+0
fornel..N
forael..

row

r

row «—row+ 1
L <« Lb

n,n

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.

R,

GA<_ 2 2 2
R, +<a)f> .L,

G <fa LA aRA> =

_ identity (Naux)

X
Q
for n € 1.. Naux
X <_GA

X

rows (G (1,Ly,R,)) =12

cols (G (1,Ly,Ry)) =12

19

B(f,Ly,Ry) =

rows (B (1,Ly,R,)) =12

cols (B(1,Ly,R,)) =12

Ly

B,
R/ + (a)f)z L}

X « identity (Naux) é

for n € 1.. Naux

X (—BA

n,n n

X



Function to calculate the equivalent circuit self and mutual resistances.

Req(RA’kAaf> = R<—Rb—i—(a)f>2 °M<kA>'G<f7LAaRA>'M<kA>T
T

1,1

[}
(S}

w
w

rows (R,, (Ry,ky,1)) =10

S
~

(S}

cols (R, (Ry,ky, 1)) =1

%)

SNEIEEEEEEEEE
V-P

20



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

T
Log(Ryskysf) = L<—Lb—(a)f)2 "M (ky) B (f Ly, Ry) - M (ky)
S

1,1

—_ N w &)
(S} S w (5]

N NN N N NN NS

Function to calculate the equivalent circuit self and mutual impedances.
Zeq (RA ) kA ’f) = Req (RA 9 kA 7/) + 1.' : C()f' Leq <RA ? kA ’/>

Functions to calculate leakage impedances based on (5). Zieak mn = Logm — ———— (5)

(ZeRaskish.)

Zeq (RA 9 kA 7])2

Rleaki2EQ (R4, ky,f) :==Re Zeq(RA,kA,f)l—

(ZeRaskish))

Zeq (RA 9 kA 7f>3

Rleaki3EQ (Ry,ky,f) ==Re|Z,, (Ry,ky, f)l -

(ZeRaskish))

Zeq (RA ’ kA 7])4

Rleakl4EQ (R4, ky,f) ==Re|Z,, (R, ky, f)l -

21



Rleak23EQ (R4, ky,f) :==Re

Rleak24EQ (R, k4, f) :=Re

Rleak34EQ (R, ky,f) :=Re

Lleaki2EQ (R, ky ) i=——
w
f

LleakI3EQ (R, ky ) i=——
w
f

LleakI4EQ (R, ky ) i=——»
w
f

Lleak23EQ (R, ky,f) = 1.
w

S

Lieak24EQ (R ky ) i=——»
w
f

Lieak34EQ (R ky ) i=——»
w
f

Z

eq

Z

eq

Zeq <RA ’ kA 7f>3 - Zeq <RA , kA ,f>4
2
(Zeq <RA ’ kA 7f> 5)
Im Zeq (RAakA 7/)1_ 7 <RA kA f)
eq y 4],
2
(Zeq <RA ’ kA 7f> 6)
Im Zeq (RAakA 7/)1_ 7 <RA kA f)
eq y 4]
2
(Zeq <RA ’ kA 7f> 7)
Im Zeq (RAakA 7/)1_ 7 <RA kA f)
eq Y4,
2
(Zeq <RA ’ kA 7f> 8)
Im Zeq (RA 9 kA 7/)2 - 7 <RA kA f)
eq y 4]y

(ZeRaskish)

Zoy (Ry s ky ,/)3

(ZeRaskish))

Zoy (R skas)),

2
(Zeq <RA ’ kA 7f> 10)

(ZeRaskish))

Zeq (RA ’ kA 7/)2 -

Zeq (RA ’ kA 7f>3 -

Zeq <RA 9 kA af>4

2
(Zeq <RA ’ kA 7f> 10)

Zeog (Rak4S),

22




Function to calculate the mutual resistance couplings of the the equivalent circuit

T
kreq (R, ky,f) = R<—Rb+<a)f)2 M (ky)+ G (f, Ly, Ry) « M (ky)
S :
1,2
Ve
1,1 2,2
R
1,3
Ve
1,1 3,3
R
1,4
\/R ‘R
1,1 4,4
R
2,3
=
2,2 3,3
R
2,4
Vs
2,2 4,4
R
3,4
\/R
I 3,3 4,4

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

Error_KR <RA 2 ky ,f) = || kr — KR (f)

kreq(RA,kA,f)—kr

Error_R (RA,kA ,f> := || Rf +— RF (f)
DR, (Ry,ky,f) —Rf
D

Rf

Error_L (RA,kA ,/) := || Lf — LF (f)
DL, (Ry,ky,/)—Lf
N
D
Lf

23



Vectors of zeros used in the Minerr block.

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

K od (kA) := || K « identity (N + Naux)
formel..N
fornel..N
K Kb
a+—1

forrowel..N
for col e N+1.. N+ Naux
K (_kA

row , col

K (_kA

col , row

||a<—a+1

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

[3.944]
1
1
EigenTest <kA) :=|| EV « eigenvals (Kmod (kA>> 1
EV }
1
EigenTest <kA) = i
1
1
1
0.998
0.042
0.011
1 0.005 |

24



Guess Values

traints

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| +107"°

EigenSign (kA) =10-10°

Error Weighting

c:=100

d«Error R <R (s Ky 1> =7
d-Error_R (RA,kA,Z) =Z
d«Error R (RA,kA,3) =7

d«Error R (RA,kA,4) =7

c+Error L (RA,kA,1> =7
c+Error L (RA,kA,2> =7
c«Error L (RA,kA,3> =7

c+Error L (RA,kA,4> =7

e«Error KR (R, ky,1)=Zk
e+ Error KR (RA N8 2> =7k
e+ Error KR (RA N8 3> =7k

e+ Error KR (RA N8 4> =7k

d«Error R (RA,kA,S) =7
d«Error R (RA,kA,6) =7
d«Error R (RA,kA,7) =7

d«Error R (RA,kA,S) =7

c«Error L (RA,kA,5> =7
c«Error L (RA,kA,6> =7
c«Error L (RA,kA,7> =7

c«Error L (RA,kA,8> =7

e+ Error KR (RA N8 5> =7k
e+ Error KR (RA N8 6> =7k
e+ Error KR (RA N8 7> =7k

e+ Error KR (RA N8 8> =7k
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d«Error R (RA,kA,9) =7
d+Error R(Ry,k,,10)=Z
d«Error R (RA,kA, ll) =7

d«Error R (RA,kA, 12> =7

c«Error L (RA,kA,9> =7
c+Error L (RA,kA,lo) =Z
cError L(Ry,ky,11)=Z

cError L(Ry,ky,12)=Z

e+ Error KR (RA N8 9> =7k
e« Error_KR (RA,kA , 10) =Zk
e-Error KR (Ry,ky,11)=Zk

e«Error KR (R, ky,12) =Zk

Constraints on coupling coefficients and resistors prevent inappropriate component values.




Cons

Solver

—1<kAl<l —1<kA9<l —1<kAl7<l
—1<kA2<l —1<kA10<1 _1<kA18<1
—1<kA3<l —1<kA“<l —1<kAl9<l
—1<kA4<l —1<kA12<1 —1<kA20<1
—1<kA5<l —1<kA13<1 —1<kA21<1
—1<kA6<l —1<kAl4<l —1<kA22<1
—1<kA7<l —1<kA15<1 —1<kA23<1
—1<kA8<l _1<kA16<1 —1<kA24<1

104-RA1>105-Q 104-RA4>105-Q

10* Ry > 10°.Q

10* ‘R, > 10°.Q

104-RA3>105-Q 104-RA6>105-Q

EigenSign (k) > 10000000

:=Minerr (RA , kA)

10* Ry > 10°.Q

10* "Ry > 10°.Q

10* "Ry > 10°.Q

—1<kA25<1 —1<kA33<1 —1<kA41<1
—1<kA26<1 —1<kA34<1 —1<kA42<1
—1<kA27<1 —1<kA35<1 —1<kA43<1
—1<kA28<1 _1<kA36<1 —1<kA44<1
—1<kA29<1 —1<kA37<1 —1<kA45<1
—1<kA30<1 _1<kA38<1 —1<kA46<1
—1<kA31<1 —1<kA39<1 —1<kA47<1
—1<kA32<1 —1<kA40<1 _1<kA4x<l

10* 'RA10>105 -Q

10* -RA“>105 -Q

10* -RA12>105 -Q

[783.9398
981.8784
69.7503
3.9901-10°
710.7659
62.8531
4.0219.10°
683.0379
10.0000
820.7976
992.9180
261.8718

Kb=

ERR="

1.00000 0.99163 0.97861 0.96349
0.99163 1.00000 0.98935 0.97402
0.97861 0.98935 1.00000 0.98715
0.96349 0.97402 0.98715 1.00000
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[3.978772 ]
1.020776
1.007422
1.001277
1.000000
1.000000
1.000000

od (ki) = 1.000000 If negative eigenvalues values are present then the

1.000000 realizability criterion is violated [2].
1.000000

1.000000
1.000000
0.964762
0.021448
0.003923

0.001620 |

eigenvals (K,

m

Computed auxiliary couplings

kA]:: fOI‘hGl..24

ky,:=|for h € 25..48
Kh<—kAh

K —ky
h—24 h

= | &
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kg =

0.069179 ]
0.041484
0.062593
0.062957
—0.017083
—0.007143
0.062025
—0.015824
—0.000097
0.048061
0.038979
0.067791
0.079815
0.052201
0.079492
0.065831
0.001333
0.019805
0.065779
0.054106
0.011679
0.077916
0.050492

0.060360 |
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kyo=

0.061637 ]
0.049381
0.038670
0.062068
0.038466
0.016451
0.062131
0.076614
0.059818
0.071115
0.047870
—0.015735
0.022667
0.068666
0.042355
0.061238
0.112004
0.032624
0.061227
0.058325
—0.025515
0.034682
0.067596

| —0.010353 |




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

Rlleq =Ry, Ry kyf), Lileq =Ly, (Ryskysf),
R22eq =Ry Ry kioS), L22eq :=Ley (R 5Ky 1),
R33eq =Ry (Ry k), L33eq :=Ley (Ry Ky 1),
Rdeq =Ry Ry koS), Lddeq =Le, (Ry:Ky»1),
Ri2eq =Ry (Ry ksf), Li2eq :=Ley (Rssky»f),
Ri3eq =Ry Ry kyof), Li3eq :=Le, (Ryskys1),
Ri4eq =Ry Ry kiof), Lideq=Ley (Rs:ky»f),
R23eq =Ry (Ry ko S), L23eq :=Ley (Ry sk 1),
R24eq =Ry (Ry ko S), L24eq :=Ley (RysKy1),
R34eq =Ry Ry kio)) L34eq :=Loy (RysKys1)

Equivalent Circuit mutual resistance couplings

krIZeqf:: kreq (RA,kA ’f>1 krlj’eqf:: kreq (RA,kA ,f)z kr14eqf:: kreq (RA,kA ,f>3

erj’eqf:: kreq (RA Ny ,f>4 kr24eqf:: kreq (RA Ny ’f>5 kr34eqf:: kreq (RA Ny ,f>6
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Equivalent circuit leakage resistances and inductances

RZeakIZeqf::Rleak]ZEQ (Ryskqsf) Lleak]Zeqf:: Lleak12EQ (R, , k4, /)
Rleakl.?eqf::RleakBEQ (Ryskqsf) Lleak].?eqf:: Lleak13EQ (R, ky,f)
Rleak14eqf::Rleak14EQ (Ryskqsf) Lleak14eqf:: Lleak14EQ (R, , k4. f)
RZeakZSeqf::RleakBEQ (Ryskqsf) LleakZSeqf:: Lleak23EQ (R, , k4, /)
Rleak24eqf::Rleak24EQ (Ryskqsf) Lleak24eqf:: Lleak24EQ (R, , k4, f)
Rleak34eqf::Rleak34EQ (Ryskqsf) Lleak34eqf:: Lleak34EQ (R, , k4, f)

w +Lleakl?2
f

Qleakl2 := —————
Y Rleakl 21_
 «Lleakl 3/
Qleakl3 :=——— ———
Y Rleakl 31_
 «Lleakl 4/
Qleakl4 :=—— ———
Y Rleakl 41_
- Lleak23f
Qleak23 :=——— ———
Y Rleak23f_
- Lleak24f
Qleak24 :=

Y Rleak24eqf

w +Lleak34
f

Qleak34 :=—— ———
Y Rleak3 41_
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Figure 13. Measured and Equivalent Circuit self resistances.
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Figure 14. Measured and Equivalent Circuit self inductances.
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Figure 15a. Measured and Equivalent Circuit mutual resistances.
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Figure 15b. Measured and Equivalent Circuit mutual resistances.
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Figure 16a. Measured and Equivalent Circuit mutual resistance couplings.
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Figure 16b. Measured and Equivalent Circuit mutual resistance couplings.
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Figure 17a. Measured and Equivalent Circuit mutual inductances.
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Figure 17b. Measured and Equivalent Circuit mutual inductances.
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Fig. 18a. Measured and Equivalent Circuit leakage resistances.
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Fig. 18b. Measured and Equivalent Circuit leakage resistances.
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Fig. 19a. Measured and Equivalent Circuit leakage inductances.
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Calculate strings for exporting the Lb and Rb values to LTspice.

paramLB:= STR] e “param”

for m € 2..rows (Lb)
STR 1 «— 6‘+ 2

STR

LBnum:=|{for m € 1..rows (Lb)
STR <+ concat (“Lb”, num2str (m) ,“=")

STR

LB:=|for m € 1..rows (Lb)

m,m

Lb
STR <—c0ncat[pammLB , LBnum ,numzstr( T )]

m n

STR

paramRB := STRl e “param”

for m € 2..rows (Rb)
STR «—“+

m, 1

STR

RBnum:=|/for m € 1..rows (Rb)
STR <« concat (“Rb” , num2str (m) , “:,,)

STR

RB:=| for m € 1..rows(Rb)

~

Rb
STR <+ concat [pammRB , RBnum ,numEStr[ ;mJ

m

STR

44



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

paramRA4 = STRl e “param”

for m € 2..rows (R,)
STR 1 «— “+ 2

STR

RAnum:={la 1
formel..N

fornel..r
STR <+ concat (“RA”,num2str (m) , num2str () ,“=")
a—a+l1

STR

RA:=|{for m € 1..rows <RA)
R,

m

STR « concat|paramRA ,RAnum ,num2str
m m

m

STR

LAnum:=|la+—1
forrowel..N

forcole 1..N
forkel..r
STR « concat (num2str (col) , num2str (x))

a

I a<—a+1

STR

KA:=lla—1
Cols —rows (L)
forrowe 1..N
for col € 1.. Cols
STR < concat (“KA” , num2str (a) ,“Lb” , num2str (row) ,“LA”, LAnuma , 7, num2str (kAa))

a

I a—a+1

STR
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Calculate string for exporting the Kb values.

KB:={la+—1

forrowe 1..N
for col € row..N
if row=col
STR <« concat (“Kb” , num2str (a) ,“Lb”, num2str (row) ,“Lb”, num2str (col) , 7, num2str (Kbmw wl))

a

a<—a+1

STR

Combine the strings of model parameters for exporting.

XFMR_Params :=stack (LB, RB ,RA ,KA ,KB)

Convert each string to its 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 rowlndex € indices

row «— str2vec <XFMR_Params‘ s )

for collndex € ORIGIN .. length (row) — 1 + ORIGIN

result

resultlndex collndex
I resultIndex «— resultIndex + 1

result «— 13

resultindex

resultindex «— resultIndex + 1
result — 10

resultindex

resultIndex «— resultIndex + 1

result

WRITEBIN (“Flyback Rev6gP.txt”, “byte”, 0, XFMR Bin)=0
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