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Overview

* This presentation explains my method for extracting the coefficients of a
coupled winding model based on mutual impedances

* My work on this model began in 1999 when | read a pre-print paper by Enrique
E. Mombello and Klaus Moller [1]

| found that | could get good results with a simplified version of their model and
submitted a discussion where | also asked for some clarifications [2]

| have been significantly refining my method of extracting the model coefficients
from FEA results and from measured data during the last year

« Aflyback transformer is used as an example to illustrate the modeling approach




Example Flyback Transformer

Maxwell 2D radial model for a core with a round center leg

All wires 0.28mm single insulation 155C. (A little smaller than 30 AWG)
Primary: 18 turns with 1st and last layers in parallel.

Secondaries: 36 turns each

3.5 mil tape between each layer

Core: B65807J0000R049 RM6 N49 with 8 mil spacer gap

Bobbin: B65808E1508T001

Pril Sec 1 Sec 2 Pri1 2

L, L, L, L,
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Maxwell Data

DesignVariation : Ipeakl='lA' Ipeak2='-1A"' Ipeak3='—-1A' Ipeakd="1A"
Solution : Setupl : LastAdaptive

Parameter : ReduceMatrixl

Inductance Unit: nH

Adaptive Freq : 1Hz
R, L
JoinSeriesl JoinSeries? JoinSeries3 JoinSeries4
JoinSeriesl 0.16085, 48173 1.5255E-11, 95757 1.0618E-11, 94670 3.1774E-12, 46849
JoinSeries? 1.5255E-11, 95757 0.37133, 1.9314E+05 3.1256E-11, 1.9161E+05 1.1024E-11, 94797
JoinSeries3 1.0618E-11, 94670 3.1256E-11, 1.9161E+05 0.43751, 1.9413E+05 1.7975E-11, 96450
JoinSeries4 3.1774E-12, 46849 1.1024E-11, 94797 1.7975E-11, 96450 0.24357, 48866

10000HzZ
R,L
JoinSeriesl JoinSeries? JoinSeries3 JoinSeriesd
JoinSeriesl 0.16169, 48172 0.0015252, 95756 0.0010616, 94669 0.00031771, 46849
JoinSeries?2 0.0015252, 95756 0.37506, 1.9314E+05 0.003125, 1.9161E+05 0.0011022, 94797
JoinSeries3 0.0010616, 94669 0.003125, 1.9161E+05 0.44162, 1.9413E4+05 0.0017972, 96450
JoinSeriesd4 0.00031771, 46849 0.0011022, 94797 0.0017972, 96450 0.24468, 48866

* R-L impedance matrix data from Maxwell 2D was exported as a text file

* |In order to make importing into Mathcad easier, | replaced the commas with
tabs, and deleted "Hz" and “Adaptive Freq :”
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Circuit Model
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Circuit Model Equations

« The first step in extracting the model coefficients is to derive equations that describe
the self and mutual impedances seen from the winding terminals of the model

« These impedances can be defined in terms of a set of matrices

« Mombello and Moller called the physical windings the branch windings, and they used
the subscript b in variables relating to those windings

 There are two matrices, Lb and Rb, that describe the physical windings at low
frequencies where the auxiliary windings have negligible effect, one for inductance and
one for resistance

« Lb is the baseline matrix of the self and mutual inductances of the physical windings

 Lbis a4 x4 matrix in this flyback transformer example
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DC Resistance Matrix

* Rb is a matrix of the dc resistances of the physical windings

* These resistances are implemented with discrete resistors
connected in series with the inductors that represent the windings

* At dc there are no mutual resistances
* The mutual resistances are modeled with the auxiliary resistors
‘R,;, 0 0 0|
0 R;,, 0 O

0 0 R,; O
0 0 0 Ry

Rb =




Self and Mutual Inductances

* For Lb, | typically use the values computed at 1 Hz when I'm basing the model
on a Maxwell simulation

* For models based on measurements, | derive Lb from measurements of the self
and leakage inductances at the lowest frequency where accurate
measurements can be made with the available equipment, such as 10 kHz

* The self-inductances of this model have little dependence on frequency, but the
leakage inductances decrease with increasing frequency due to the auxiliary
inductances and resistances




Auxiliary Inductors and Resistors

* The values of the auxiliary inductors and resistors and are arranged in column
matrices N

i T ! - : - RAll - RA]E E RA]B
Ly Ry v ; 2
Lyps Ry o T
LA]3 RA]3 Ry ‘I*i «I“’ﬁ ﬁ
L R + ? Lz . . Lo R h Laz R La2s R
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Ly R o [ -r [ r 1 |
L — LA23 — RA2 3 Ry L L Lys
A L RA - R - L, : Las ;:32 :
A31 A3l \-:- I - S Ryp % Rz ° gRA
LA32 R A32 ; [ [ | [ | [
L 433 Rys33 . o ; 1
Ly R4 M L [T Lo Tom
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Auxiliary Inductors and Resistors

* Three pairs of auxiliary inductors and resistors
per physical winding are generally sufficient for
getting accurate results up to 10 MHz

* The auxiliary inductors could have any value,
but they are arbitrarily assigned to have the
value of the physical inductor on the same row
as shown in the circuit diagram

* The values of the auxiliary resistors on a row
can be interchanged without changing the model
performance

« Since each auxiliary inductor is only connected
to its auxiliary resistor, the circuit could be drawn
differently, but the form shown is convenient

2l UtahState /)))
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Auxiliary Winding Couplings

Each of the auxiliary inductors is coupled to the each of the physical inductors, but
not to each other

This results in a reduced-order coupling coefficient matrix for the whole model

1 Kbi2 Kbli3 Kbl14 KblAIl KbiAI2 KbIAI3 KblA21 KblA22 KblA23 KblA31 KbIA32 KblA33 KblA41 KblA42 Kbl1A43]

Kbi2 1 Kb23 Kb24 Kb2A1l Kb2A412 Kb2A413 Kb2A21 Kb2A422 Kb2A23 Kb2A31 Kb2A32 Kb2A33 Kb2A41 Kb2A42 Kb2A443

Kbi3 Kbi4 1 Kb34 Kb3AI1l Kb3A12 Kb3A13 Kb3A21 Kb3A22 Kb3A23 Kb3A31 Kb3A32 Kb3A33 Kb3A41 Kb3A42 Kb3A43

Kbl4 Kb24 Kb34 1 Kb4A41l Kb4A12 Kb4A13 Kb4A21 Kb4A22 Kb4A23 Kb4A31 Kb4A32 Kb4A33 Kb4A41 Kb4A442 Kb4A43
KbilAIl Kb2AI1l Kb3AIll Kb4All 1 0 0 0 0 0 0 0 0 0 0 0
KbIAI2 Kb2A12 Kb3A12 Kb4A12 0 1 0 0 0 0 0 0 0 0 0 0
KbIAI3 Kb2A13 Kb3AI13 Kb4A1I3 0 0 1 0 0 0 0 0 0 0 0 0
K, = Kbi1A21 Kb2A21 Kb3A21 Kb4A21 0 0 0 1 0 0 0 0 0 0 0 0
"o KbIA22 Kb2A22 Kb3A22 Kb4A22 0 0 0 0 1 0 0 0 0 0 0 0
KblA23 Kb2A23 Kb3A23 Kb4A23 0 0 0 0 0 1 0 0 0 0 0 0
KbIA31 Kb2A31 Kb3A31 Kb4A31 0 0 0 0 0 0 1 0 0 0 0 0
KbIA32 Kb2A32 Kb3A32 Kb4A432 0 0 0 0 0 0 0 1 0 0 0 0
KbIA33 Kb2A33 Kb3A33 Kb4A33 0 0 0 0 0 0 0 0 1 0 0 0
KbilA41 Kb2A41 Kb3A41 Kb4A41 0 0 0 0 0 0 0 0 0 1 0 0
KbIA42 Kb2A42 Kb3A42 Kb4A442 0 0 0 0 0 0 0 0 0 0 1 0
| Kb1A43 Kb2A43 Kb3A43 Kb4A43 0 0 0 0 0 0 0 0 0 0 0 1
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Inductance Matrix Function

» The goal of the model extraction process is to determine the values of the
auxiliary resistors and the auxiliary coupling coefficients so that the frequency
response of the model approximates the frequency response data from FEA
simulations or measured data

» The auxiliary coupling coefficients, together with the physical and auxiliary
inductance values, are used to create an inductance matrix M that is a function of
the auxiliary coupling coefficients

M(kA> ={a1
Cols < Naux
forrowel..N

for col € 1..Cols
!M o ka -\/LA -Lb

|a<—a+1

W, row

M
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Circuit Model Resistance and Inductance Functions

 Two functions are defined that are used to calculate the resistance and
inductance values of the circuit model [1]

T
Ry, (Ryskysf) = R<_Rb+(wf)2'M(kA>'G<faLAaRA>'M<kA) Loy (Ry ky /) = L<—Lb—(wf)2-M(kA)-B(f,LA,RA>'M(kA>T
TR T
1,1 1,1
R L
2,2 )
R L
3,3 3,3
R L
4,4 44
R1,2 L1,2
R1,3 L1,3
R1,4 L1,4
R2,3 Lz,s
R L2,4
2,4
R L,
|34 | ]

e DA s

eeeeeeeeeeeeeeeeeeeeeeeeeeee



Circuit Model Mutual Resistance Coupling Function
« A function to calculate the mutual resistance coupling coefficients is defined

T

kreq (R, ky.f):=||R —Rb+ (wf)z M (ky) -G (fs Ly, Ry) - M (k)
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Error Functions

* The model coefficients are extracted by using a solving routine called Minerr that
minimizes a set of error functions that compare the frequency response of the
FEA or measured data with the frequency response of the circuit model

* One of the error functions compares the mutual resistance coupling values

Error KR (R, ky,)):=| kr— KR (/)
kreQ(RAakAaf)_kr

e DA s
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Resistance and Inductance Error Functions

 Two functions are defined that are used to calculate the errors of the resistance and
inductance values of the circuit model

 The errors are normalized so that the Minerr solver doesn’t have to deal with values that
are widely different in magnitude

« The arrows over expressions in Mathcad specify that calculations involving arrays are to
be done element-by-element

Error R (RA Ky ,f) =

Rf+— RF(f)
2:_ Req (RA ’ kA 7f) _Rf

D

Rf

Error L (Ry,ky.f) =

Lf«— LF(f)
E:_Leq (RA 7kA 7f) _Lf
D

Lf
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Coupling Stability

* |n order to have a stable circuit model, the solver needs to ensure that none of the
eigenvalues of the model coupling coefficient matrix K,,,,4 are negative [3]

* The EigenTest function is used to compute the eigenvalues, and the EigenSign
function is used is used to help the solver avoid coupling matrices that have

negative eigenvalues

Ligenlest (kA) 1= H EV «+ eigenvals (Kmod (kA))
EV

EigenSign <k A> = || ET «— min (EigenTest <kA>>
10000000« ET

|ET| +107"°
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Initial Values

* The Minerr solver requires initial values to be defined

* The values shown below have produced good results for very different
transformers, but some interesting work has been done on finding initial
conditions for a parameter extraction method implemented in Excel [4]

0
100
1000

10 B
100 ky=jfornel.. Nk

1000 ”K «—0.01

10 ” !

100 K
1000
10
100

| 1000 |
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Guess Values

Minerr Solver

_‘E Constraints on coupling coefficients and resistors prevent inappropriate component values.
o
. . YUl —l<ky <1 —l<ky <1 —1l<k; <1 —l<k; <1 —l<k; <1 —l<k; <1
Pp— . —_ * — 1 ] 17 25 33 41
Error Weighting c¢:=10 d:=100 e:=
—lqk_dqu —1<k_4m<‘1 —l<FcAw<1 —1<icA%<1 71<k434<1 714&443«:1
d-Eror R(Ry,ky,1)=Z d-Emor R(Ry,ky,5)=Z d-Ervor R (R4, ky,10)=Z —1<k, <1 —l<k, <1 1<k <l —l<k, <1 1<k, <1 —1<k, <1
d-Ervor R(Ry,ky,2)=Z d-Eror R(Ry,ky,6)=Z d-Error R (Ry,ky,11)=Z —l<ky, <1 “l<ky <l —l<ky <l —l<ky <l —l1<ky <1 1<k, <1
d-Error R(Ry,ks,3)=Z d-Error R{Ry,k,,7T)=Z d-Error R (R, ky,12)=Z Ik <l —l<k <l —l<ky <1 1<k <1 1<k <1 —1<ky, <1
d-Error R(Ry,ky,4)=Z d-Error R(Ry,k;,8)=Z d-Error R (R, ky,13)=Z “l<ky <l A<k <1 A<k <1 1<k <1 1<k <1 —1<k <1
—l<ky <1 —14?@,1541 —l{k‘,ﬁ<l —1<k‘,51<1 —1<kA39<1 —lqkAﬁql
c-Eﬂ'or_L(R_,,,k_,;,l):Z c-Emr_L(RJ,kA,5)=Z c=Error L (RA,JCA,IO)=Z —lqk_,,sql —14&,“41 _l{k“m<l _l{k“sz{l _l{kAm{l —14&{48{1
c-Eror L (R, ky,2)=2Z c-Eror_L(Ry,ky,6)=Z c-Ervor L(Ry,ky,11)=2Z
c-Error L(Ry,ky,3)=Z c-Error_L{Ry,ky,T)=Z cError L (Ry,ky,12)=Z 10* .R, >10° .0 10 .R, >10° .Q 10*-R, >10°.Q 10*.R, >10°.0
c-Eﬂ'or_L(R_,!,k_,!,f-I-):Z C-Er'mr_L(R_,!,kA,S)=Z c«Error L (RA,JCA,IB):Z
10* Ry > 10° .0 10* -R,,j>105 -Q 10* -RAS>105 .0 10* Ry > 10° .0
e-Error KR(Ry,k,,1) =Zk e-Error KR (Ry,k,,5)=Zk e-Error KR (Ry,k,,10)=Zk 10* .RAB>105 .0 10* .RAG>105 .0 10* -RAD>105 .0 10* -RA11>105 .0
e-Emr_KR(RA,kA,Q)=Zk e-Emr_KR(RA,kA,é)=Zk g-Emr_KR(RA,kA,ll)=Zk
e+Error KR (Ry,ky,3) =Zk e«Error KR (Ry,ky,7)=Zk e«Error KR (Ry,kq,12)=Zk EigenSign (k) > 10000000
e-Error KR (R, ky,4) =Zk e-Error KR (R,,k,,8) =2k e-Error KR (Ry,ky,13)=Zk |
;g [ij] :=Minerr (R, k)
wv

ﬁah&atﬁ J))J
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Creating a .inc file for SPICE

« Strings for exporting the R,, L, and K, values are created in order to export the

values in a .inc file for SPICE

paramRA := STR1 1<—“.param ”
for m € 2..rows (RA>

STR «— cc+ 2

, 1

STR

KA:==ja1
Cols «— rows (L)
forrow e 1..N
’for col € 1..Cols
I STR” « concat (“KA” , num2str (a) ,“Lb” , num2str (row) ,“LA”, LAnum“ , %7, num2str (kA”))

‘ a—a+1

STR

form e 1..r0ws<RA>
|

m

Ry
STR <« concat (paramRA , RAnum ,num2str[ o ]]

LAnum:={la«+1

forrowe l1..N
”forcole 1..N

|
‘ ”for;ce l..r
STR

H STR « concat (num2str (col) , num?2str (K))

Ha<—a+l

RAnum:={la—1

KB :=

formel..N
I fornel..r
l STR « concat (“RA” , num2str (m) , num?2str (n) R “=”)

H a—a+1

STR

a—1
for rowe 1..N
H for col € row..N
[ if row#col
STRH <« concat (“Kb” ,num2str (a) ,“ Lb”, num2str (row) ,“ Lb” , num2str (co/)

a—a+1

STR

L7, num2str (Kb

")

ﬁah&atﬂ /)))
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Exporting Results

« Exporting text in Mathcad Prime without having quotes appear around the strings requires converting each
string to its binary representation using str2vec, and adding a CR=13 and LF=10 at the end of each string

XFMR_Params :=stack (LB ,RB ,RA ,KA ,KB)
ORIGIN=1 rowCount := rows (XFMRiParams) =74

indices := ORIGIN .. (rowCount — 1 + ORIGIN)

XFMR_Bin:= || resultIndex +— ORIGIN
for rowlndex € indices

row <— str2vec (XF MR _Params e )

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

result «— row
resultIndex collndex

” resultindex — resultIndex + 1

result — 13

resultIndex

resultindex «— resultIndex + 1
result — 10

resultIndex

resultindex «— resultindex + 1

result

WRITEBIN (“Flyback Rev6cP.txt”, “byte” , 0, XFMR Bin) =0

ﬁah&atﬂ /)))
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Exported Simulation Coefficients

.param Lb1=4.8173e-05
+  Lb2=0.00019314
+  Lb3=0.00019413
+  Lb4=4.8866e-05

.param Rb1=0.16085
+ Rb2=0.37133
+  Rb3=0.43751
+  Rb4=0.24357

.param RA11=214.477000242723
RA12=1078.23438785406
RA13=3153.34644341078
RA21=10.0003791302968
RA22=800.237239579724
RA23=3723.2505164845
RA31=10.0000002850391
RA32=7440.89806762504
RA33=926.082362775296
RA41=197.327796422211
RA42=1922.75864618008
RA43=3665.3351185934

+ + 4+ + + + ++ + + o+

Kb1 Lb1 Lb2 0.992733257486516
Kb2 Lb1 Lb3 0.978958323544128
Kb3 Lb1 Lb4 0.965595167000665
Kb4 Lb2 Lb3 0.989545413197733
Kb5 Lb2 Lb4 0.97578712777856

Kb6 Lb3 Lb4 0.990267462123355

KA1 Lb1 LA11-0.0137757577083034
KA2 Lb1 LA12 0.0184610465000532
KA3 Lb1 LA13 0.0548788316453706
KA4 Lb1 LA21 -1.78265673599189e-05
KAS Lb1 LA22 -0.03279507843416
KAG Lb1 LA23 0.0503915480124927
KA7 Lb1 LA31 -3.81850864845691e-05
KA8 Lb1 LA32 -0.00888751301516053
KA9 Lb1 LA33 0.113575451415644
KA10 Lb1 LA41 0.0703176762030998
KA11 Lb1 LA42 -0.0143279583913815
KA12 Lb1 LA43 0.0189253612366771

KA13 Lb2 LA11 0.023102102136462
KA14 Lb2 LA12 0.00590232657445108
KA15 Lb2 LA13 0.0586823267782564
KA16 Lb2 LA21 0.00281902201120364
KA17 Lb2 LA22 -0.0893927392593592
KA18 Lb2 LA23 0.0535429906201036
KA19 Lb2 LA31 0.00277319991973146
KA20 Lb2 LA32 0.010232967809785
KA21 Lb2 LA33 0.0992443283801928
KA22 Lb2 LA41 0.0470846779795087
KA23 Lb2 LA42 0.0144762498958276
KA24 Lb2 LA43 0.00664829250596309

KA25 Lb3 LA11 -0.00768339767348674
KA26 Lb3 LA12 -0.0233311876377677
KA27 Lb3 LA13 0.0561186095462765
KA28 Lb3 LA21 7.62296324484378e-06
KA29 Lb3 LA22 -0.104832387384644
KA30 Lb3 LA23 0.0506879381466831
KA31 Lb3 LA31 6.89115880441456e-05
KA32 Lb3 LA32 -0.0126555429012229
KA33 Lb3 LA33 0.100990733073922
KA34 Lb3 LA41-0.0360973111986138
KA35 Lb3 LA42 0.0159802924138386
KA36 Lb3 LA43 -0.0224957473705719

KA37 Lb4 LA11 0.0359493819071467
KA38 Lb4 LA12 -0.0406355407652597
KA39 Lb4 LA13 0.0498600292082448
KA40 Lb4 LA21 0.00393149024432926
KA41 Lb4 LA22 -0.053686675122871
KA42 Lb4 LA23 0.0446681246282003
KA43 Lb4 LA31 -0.00398923836564 386
KA44 Lb4 LA32 0.0122518176078736
KA45 Lb4 LA33 0.113953439082557
KA46 Lb4 LA41 -0.0853000223863285
KA47 Lb4 LA42 -0.0127712425146223
KA48 Lb4 LA43 -0.0389706529288161

ﬁah&atﬂ /)))
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Conclusions

« As shown in my previous presentation, a mutual impedance circuit model can be made to
match FEA results very closely

« A Mathcad Prime worksheet has been created to extract the model coefficients
« Although creating the worksheet was difficult, using it is fairly straightforward

* | intend to keep working on the extraction method, and hope to be able to implement it in
open-source software such as GNU Octave

« Example files can be found at http://www.verimod.com/resources.html
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