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Outline of the presentation

» Simulation vs Design
* Semi Analytic Design

* Designing with objects and optimization



SIMULATION VS DESIGN



Standard simulation tools

Full-bridge series-loaded resonant DC-DC converter with snubbers
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Simulation is an injection :
one circuit gives a single set of waveforms.
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Design tools

Design is NOT an injection :

i_Ln v Cr
40
— Inductor current
20 — Capacitor voltage
0 / '
-20
-40
i_dc, v_dc
40
— Measured current
— Capacitor voltage
504 p q
D_ ............
40 i_IGBT, v_IGET, i_Diode
— Sign:1
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there can be an infinity of solution for a given set of specifications

(and sometimes NO solution!...)



Hidden quantities in
standard simulation tools

Buck converter with thermal model

I I W
Pulse Generator Thermal Chain ™ T: 25
o,
L: 1.2e-3
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Scope
Heat Sink

Probe

Temperature

Which of the components in this circuit is the biggest? => L? C? the heatsink?
Which of the components in this circuit is the most expensive?

If L is halved and C doubled to get the same voltage ripple, will the filter be smaller?
Or less expensive?



SEMI ANALYTIC DESIGN



A standard design process

User defined
Specifications

Commutation Cell Design loss estimate

[ osc Ao
HV & LV
iter Desi
Atandards Filter Design

Simulate

more accurate
loss estimate

: select
Build

heatsink

Measure
Efficiency &Weight




COMMUTATION CELL DESIGN



Find the MacroSwitch

with the best efficiency

Rules of the game

a) Define a global switch requirement (Voltage current, Frequency, Duty Cycle,
Case Temperature,..)

b) Evaluate the limit of operation of a switch to determine haw many must be
connected in series and parallel to fulfill requirements

c) Evaluate losses and other characteristics of the design

d) Repeat a) to c) for each component and compare results and make a choice
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1-Define MacroSwitch requirements

2-Find number of series connected switches

Voltage to be switched _ V.,
+ r]Series - Int( )+1
Maximum collector-emitter voltage in switching mode Tergin T CEma
W sz | Vce |
%
. . (
Number of series connected switches —K KK
A A N A\ A
=T =T =T



3-Find Maximum Current per switch for this profile :

evaluate variation of losses as a function of the current

output characteristic IGBT-inverter (typical) switching losses IGBT-inverter (typical)
Ilc =1 (VcE) Eon =1 (Ic), Eots = f (Ic)
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3-Find Maximum Current per switch for this profile :

solve thermal equation

Conduction losses

0.
o JMax [ max(f;w)

e g Roi
switching losses Oic

Conduction losses + Switching losses = Maximum Power extracted
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Current /frequency operating area of a switch

Maximum Power

400 A

SEMIX 302GB12T4s
Vsw=900; D=0.5; dTetha_J_C=60°C

\ —e— Maximum Power
300 A
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§ 200 A
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0A e l - . \‘—‘_“.;'—J
1643 He 1E+4 Hz
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Switching Frequency f;,,
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4-Find number of parallel connected switches

I .
npar:mt( ;‘;g;"‘ed)ﬂ o— T | T | T o
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6-Build a MacroSwitch
with each component of the database

P ——— 1y
D g, | N VS FO P S TR N J
O = J Paraméatrea de |la fnrme Ad'ande
g - — 4 Parameétres de la forme d'onde
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i 4 DK piEl T s »| < b |
% 0 Hz 50 °C
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= M e tension
T nSeries \\\sw coeffPertes (rappel)
T : 00 V
T \‘\\\ : 00 V
T T 00 V
T & T 1—600 V
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semicondDatabase.xls

Find the IGBT-based MacroSwitch with the best efficiency

LossCoeff(*
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(*)LossCoeff =Loss in one switch / Ouput Power (Buck converter configuration)
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semicondDatabase.xls

Find the IGBT-based MacroSwitch with the best efficiency

Coefficients de pertes des differents modules
Vcommuté=3000V; Icommuté=100A; DutyCycle=50%{fsw=1000Hz) DTjc=50°C
@ 600V (7 en série) U
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(*)LossCoeff =Loss in one switch / Ouput Power (Buck converter configuration)
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semicondDatabase.xls

Find the IGBT-based MacroSwitch with the best efficiency

Coefficients de pertes des differents modules
Vcommuté=3000V; Icommuté=100A; DutyCycle=50%{fsw=3000Hz) DTjc=50°C
@ 600V (7 en série) U
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(*)LossCoeff =Loss in one switch / Ouput Power (Buck converter configuration)

22


semicondDatabase.xls

Find the IGBT-based MacroSwitch with the best efficiency

Coefficients de pertes des differents modules
Vcommuté=3000V; Icommuté=100A; DutyCycle=50%; fsw=10000Hz DTjc=50°C
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(*)LossCoeff =Loss in one switch / Ouput Power (Buck converter configuration)
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semicondDatabase.xls

EXTENSION OF THE METHOD FOR

VOLTAGE SOURCE INVERTERS WITH
COMPLEX CONTROL PATTERNS
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Rules of the game
Split the system in :

* a modulation/topology dependant subsystem,
* and a device specific subsystem.

17 1t .
P.g= IV|dt—TI(V +Ryi)i.dt V[ jldtJ+R (TI dJ Vi gy + Ry s

T 0

\Y/ \Y/
I:)switching = fmod'[ z \?elfl(Am + Bon'lcell + Con Iczell) Z ill(Aoff + Boff 'Icell +Coff I(:Zell )]

OFF =>ON ON=>0FF Y gef

= mod 2
I::’switching ['Abn Z cellon Z Gl ceII +C z celly, Icellen—i_Aoff Z ceII1f Z cell g * ceIIﬁ Z cell g IcelloffJ

def OFF =>ON OFF =>0ON OFF =>0ON ON=>0OFF ON =>0FF ON =>0FF
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PASSIVE COMPONENTS FOR
MULTILEVEL CONVERTERS



Rules of the game

* Establish design criteria for filters and specific/internal components
* Apply them to all configuration
* Compare stored energy

* Evaluate converter size or cost based on a combined lost/stored energy
criterion
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FILTER DESIGN FOR

MULTILEVEL CONVERTERS
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Commutation Cell with Filters

ILHV Ichop
e —
A LHV A
]
D | L,y | v
\ —> —>
CoiT|Vew N Lo )
-I VChOp CLV VCLV
1-D
f HV 1 -I: f LV 1
0o = sw 0o
27 \/ L Crv 27 L Cry




One (of the many) approach of filter design

Different functions of passive components

Limit the impact of the converter on the external world :
=> |limit the ripples of current on HV side and voltage on the LV side (Steady-state)

Limit the impact of the external world on the converter :
=> limit HV and LV variations induced by load steps (Transient response)

Limit the impact of the converter on itself :
=> |limit the ripples of curent ripple and and HV voltage ripple (Steady-state)

High Voltage filter Low Voltage filter
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AC Equivalent circuit of a Two-Level Cell

FHV _ 1 Iy Vi FLV _ 1
0o = 0o =
27 \/ L Crv f f 27 Ly Cy
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Series-Parallel MultiLevel Cell with Filters

Lv |4 ﬂiz]s 455&
|, /2 I
it oI
:

O
—
<

4
4
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AC-equivalent circuit of Series-Parallel MultiLevel Cell




Steady state, time domain : worst case ripples

Pulsation on the Low: Voltage side (2" order filter)

LV LV
V LV . Vpk—ripple . 2 1 fo
ripplee — \V - f
HV 7T r]pns npns Sw
.I: LV 1

0

2z L, /n, Cyy

jZ\
;

—

1

\/LLV/anLV =

rippleXo

27(n,n, )" fsw\/%v LV

Pulsation on the High Voltage side (27° order filter)

HV HV
| HV . ka—ripple . z 1 fo
ripplee T

'Lvmax Zn,\n, fe,

fOHV — 1
27/ Ly Cry

T

1
\ LHVCHV =

ripple

—
2
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Ripples : from time domain to frequency domain
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EMC standards : frequency domain formulation
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Steady state : ripples and standards combined

Required cut-off frequency vs switching frequency.
for MultiCell converters

Simplified EN55022A Filter for multiCell Chopper

5
10 I

nCell =10
nCell =5
nCell =2

[ [ T T 17

nCell =1 A
e ~
10 7~ ~ >
~ ~
I 7
> e
5 ~ -
% \ /’ P A / / /'1
- >\\ ~ < ~ -
/ ~ / e =
10° - ~—— — ® P
p // < 'g _ .
~<777.¢777777ﬁ
/ o
/ g
2
10
3 4 5 6
10 10 10 1Q|, 5

switching frequency [Hz]



Step response, average model :

full load => no load

A
0.l
I'( :O) — O
V V // B \Y} I-Vmax : ))
HV Crvr| Ve Loy /M, ) A\
0V
CLV VCLV
3 J J

Best response of the control to limit
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Step response, state plane analysis

full load => no load

High Voltage Side

Low Voltage Side

A
VC LV
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Full load => no load : dynamic requirement HV side

LHV VHV V e

ovrsht%

C, |

LV max
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Step response, average model :

no load => full load

Voltage dips

A

VHV

Best response of the control to limit
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Step response, state plane analysis

no load => full load

High Voltage Side Low Voltage Side
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No load => Full load : dynamic requirement LV side

Limit the voltage dip on the Low Voltage Side

I LV "
LV
V LV anLV — I—LV/np _ VHV 'Vdip
dlp _——  ssssssssnss AR R R R -
Vi Cv Iy
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Calculation of the components

High Voltage side Low Voltage side

(

Ocey =Ny Neen = NN,
- HV | I|o_II2/—rippIe Vo
LRIy, = Iripplc% — | s Rip,, :Vrli_rx)le% — p\k/_”pple
LV max HV
1 1
fO — fO =
\ 274[Ly Chy 27,/ /0, Cyy

~ = ~ =

/ 3
1:O = min[nésll 1:sw z Rlp% ) \/gab(max( 1:salient’ nCeII ' fsw)) = maX( fsalientl nCeII' fSW) ]
2 2\/HV' fsw
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Calculation of the components

High Voltage side Low Voltage side

r L. _ Vi .Vowsht% LV/ n VHV VdIIF\)/%
) CHv ILvmax ) C|_v I|_vmax

L., .C., = L L C = :
\\/ Y S R k\/ AUS Ty

HV
VHV 'Vovrsht%

= L. /n
HY — LV LV
— max m
I LV hax _ I L e
HV HV HV LV — LV LV
277 fo " Viv Voursnws 27010 Vi Vatpss




Calculation of the components

Example #1 : 2-level converter
=> from 10 to 150kHz, the tendancy is an increase of passive components

MultiCell Ghopper with: nS=1; VHV=800; ILVmax=250; IHVmax=125; relativeOutRipple=0.01; VHVovershoot=0.1; VLVdip=0.05;standardHV=HVDCA;standardLV=EN55022A
10

S S ——
LHV 1
\\ CHV
LLV []
CLV []
Pt
N " \
7
—
3 / e ———— ™N
10 — -
T — i
1S NG
L -
n //
o
=
S
>
O
o
c
<
-
-4
10 N -
\\ L - ,\\ ]
N — —~—
— — \‘\
\\ ’/ \‘\
~— N
3 4 5 6
10 10 10 10
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Calculation of the components

Example #2 : series 2-cell converter
=> the HV filter is unchanged, L,, and C,, are reduced if f,, > 80kHz

MultiCell Ghopper with: nS=2; VHV=800; ILVmax=250; IHVmax=125; relativeOutRipple=0.01; VHVovershoot=0.1; VLVdip=0.05;standardHV=HVDCA;standardLV=EN55022A
10

1 F F T T
LHV  @nS=1 []
N CHV @ns=1{
LLV/nP@nS=1 []
CLV @nS=1]]
~s N ’,//\‘\ ----- LV @nS=2
\\\ 4/’<~ ----- CHV @nS=2
SS — I LLV/InP@nS=2
~ S
\\\ \ // ‘--._~~ ————— CLV @ns=2
\\\ N / e —— S ~N
10 > —_— = ———
T “\‘ - o~
S = Ss "(‘ - - ~=s\ i
]O: Iy = \\\
;' I/ - M
<] ~
= s
[
>
(@]
°
c
©
—
-4
10 NG —
\\ - 4—\ e
o, . 2=y
\\‘~~, _— -~ S —
\\;~ // '/ oy - \
. ~ _— e A NE
N
N~ J
N 4= ~
FSaLeTT ‘~~s\
N
~.~\
3 4 5 6
10 10 10 10
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Calculation of the components

Example #3 : parallel 2-cell converter
=> all passive components are reduced if f,, > 80kHz

MultiCell Ghopper with: nS=1; VHV=800; ILVmax=250; IHVmax=125; relativeOutRipple=0.01; VHVovershoot=0.1; VLVdip=0.05;standardHV=HVDCA;standardLV=EN55022A
10

1 F F T T
LHV  @nP=1 [|
\\ CHV @nP=1}]
LLV/nP@nP=1 []
CLv @nP=1[]
N T N~ | LHV ~ @nP=2 [
S ] \
S <<l | TN CHV @nP=2
Sl _—— S~ | LLV/nP@nP=2
No SN N T it TS R CLV @nP=2
10 \\\ \\\ \ / ﬁ;‘ ~
SO So — ~ %
o \\\ \\\ Py — i S, - ~_ —
B ~ So ,‘( -“—-.___ ‘s\
~ N . Sa
.j_:. \\ _ - -.-g;
) Sso _— T
~ ~
=} ~ ™
C_>U \‘w..\ —"-- = >
N
(@]
°
C
© N
- \\\
10 v g
So N < Ny
b, oS N il —— T ——
So S e e Seaa
\\‘ \\‘ // s._~ ——
N N N / T e ~— - .
\;~~ \‘\~ e '/ ~a -y \‘\ o
Sso Sso \><, - _— T e \\
AN \\_— / .\\
N ™N ~ ™N
I~
\\\~ -1 - . ~\
~o ’——' ~\~
\\~
.
~
3 4 5 6
10 10 10 10
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Calculation of the components

Example #4 : parallel multiCell converter
=> with 10 // cells, all passive components start decreasing at f,, > 15kHz

MultiCell Ghopper with: nS=1; VHV=800; ILVmax=250; IHVmax=125; relativeOutRipple=0.01; VHVovershoot=0.1; VLVdip=0.05;standardHV=HVDCA;standardLV=EN55022A
10

1 F F T T
LHV  @nP=1 [|
\\ CHV @nP=1}]
LLV/nP@nP=1 []
o CLV  @nP=1]
S N ’,/ ‘\ ----- LHY @nP=2 7
Ss. e N e Rt CHV @nP=2
N " T [ — _
\\\\ </ \\\ ‘\-~‘-- LLV/nP@nP 2
S8 . \\ _— T T o S i CLV @nP=2
- — e~ N
10 \\\A \\\‘ A— — ] — - - —
T NS S e ' —— — -~
~ - ~_ = ~ Y —
5 B Ss — ] e SN
I - 77:§\ = ) o N N T \\x
S ———— T = Sewsall
() S ] —
c_ju = D ~ S shiﬁ\&ﬁg . -~
; e —— —
°
C
] ~
N~
- 4 ~ \
10
SIS
— SIS
= = =
L= :
TSN
S \
3 4 5 6
10 10 10 10
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Combined requirements

._— Current design

_ .| Candidates for
«~| volume reduction
' —_—

For the same amount of energy, magnetic components are (2 to 10 times??) bigger, heavier and more
expensive than capacitor => Reducing the inductances and increasing the capacitance leaves room for61

optimization... (and increasing the inductance must not be rejected a priori!)




A standard design process

User defined
Specifications

Commutation Cell Design loss estimate

/ SC /17/ fow
blAS L Filter Design weight estimate ?
standards

more accurate
loss estimate

Simulate

: select
Build

heatsink

Measure
Efficiency &Weight




VOLUME OF PASSIVE COMPONENTS AND

FILTERS FOR MULTILEVEL CONVERTERS
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Area Product of Magnetic Components : Inductors

Basic formulation

AN AL ( : )
n VI/ Ny
o L.I i = Nl h
= eff —
n.A K, A, A,
Advantage : allows selecting the core
A, A =LIL=—" .
BK,.j Drawback : L, I" and /4 are not independent variables
"rw et Jeff . . .
so the influence of L for example is not obvious

2
~ 1 Al
Taking into account : L:L R — |DC.(]__|_ ZAI j and g =15c 1+_(_j

4Al. f DC 12\ oc
A A Bk, jy
z A
V.|Dc. 1+—AI : :|.+i A—I E \
Av-A 2lpc 12\ T -
e get : A = A
we g AAI/1 o) F B, ju - ———




Area Product of Magnetic Components : Inductors

Improved
Improved formulation #3 : combining copper losses and core losses

Limits on Core Loss Density and Copper Loss Density can be combined to form an

Improved Normalized Area Product :

A, B Tk, ] 2
NAPcopper: Ac A\N sat W Jeff :lmax 1+ 2 : Bsat 11+ RAC 1 Al
AI/IDC BACmax I:QDC 12

core

Though elegant, this formulation could be misleading :

Bacmax @Nd R4o/Rpc are very difficult to determine a priori :

*B,cmax Should be chosen to limit core temperature rise which in practice depends on
f and core material (loss), size (volume/surface ratio), shape, cooling conditions...

*R,-/Rp-depends on f, shape, number of turns, conductor material...

25 * Beat/Bacmax=5 ; Rac / Rdc=30 F

IDC

\ =—$=—NAPCcOpCore
>

limBAC

\ e |im Bt
"

ra

NAPcopCore
=
un

= .
!

Q
n

[=]

50% 100% 150% 200%

=}
i
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Area Product of Magnetic Components : Inductors

Basic formulation
Interleaved converters with uncoupled inductors

- Al
a T T T T T T T T T 1 &
0% 20% 40% 60% BO0% 100% 120% 140% 160% 180% 200%

I DCtot

n N34 : >
ol Voo [(Bf kb | _ |1 [1+ 2o | 1, L [np.mmj
Kshape Vil e P 8np ni.A| ot 12 e

3/4
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Area Product of Magnetic Components : Inductors

Improved formulation
Interleaved converters with uncoupled inductors

NVol

Uncoupled Inductors ;
18 - Raci Rdc= 10; Bsat}'BHCmax = 3 .| =—f—np=1——

N ) v — e
.V —

——p=5

1 - +np:6 .
o \_ M
a6 -1 — -
0.4
Al

a T T T T T T T T T 1 &

0% 20% 40% 60% B0% 100% 120% 140% 160% 180% 200%




Area Product of Magnetic Components : ICTs

Basic formulation
Interleaved converters with coupled inductors (or InterCell Transformers = ICTs)

Compared with uncoupled inductors:
* Fluxes unchanged ,
* Current ripples reduced

Altot = Alind 'np /n 5
M Al _ AL RRAL,
| octot :np'IDCind | bcing IDCtot/np | ot
3/4
4 , 5 )
=> Total V IDCtot 1+ 2|DCtot 1+ 1 'Altot
volume n, nf).AItot 12\ e
of the n, Vol =n K .06 XA
coupled 8B.T. we Jeft
inductors :
\ )




Area Product of Magnetic Components : ICTs

Basic formulation
Interleaved converters with coupled inductors (or InterCell Transformers = ICTs)

NVol
: \ Coupled Inductors
18 ——np=1l ——
16 \ —W—-np=2|

=dr=np=3

1.4
110 =4

\
1.2 \ =—g=np=5 [
1 A —i=np=6 L
° \ \
e ‘\x _“-’--_L_ *

o1 %ﬂnﬁ-—ﬁm

.0 : : : : : , , , , , AItO'[
0% 20% 40% 80% 80% 100% 120% 140% 160% 180% 200% I DCtOt
é f k _ 3/4 . 3/4
Aol = ot [ BT e | | L[y 2locw |y, 1 (Alwt]
' pr 2
Kshape V : I DC 8np np AI tot 12 I DCtot
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Area Product of Magnetic Components : ICTs

Improved formulation

Interleaved converters with coupled inductors (or InterCell Transformers = ICTs)

NVol

18

16

1.4

1.2

0.4

0.2

0.8

0.6

| Coupled Inductors;
] Rac/ Rdc= 10 ; Bsat/Bacmax =3[ "™

Al

tot

20% 40% 60% BO% 100% 120% 140% 160% 180% 200%

I DCtot

\\Vol =

shape

VOItot (Bsat' f 'kW' jeff

3/4

3/4 2
j -nNn._. imax 2 . Bsat \/1+ RAC @tot j
P 8np @Altot/l DCtot BACmax RDC 12 DCtot
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Minimum volume of LV-side uncoupled inductors and InterCell Transformers

Crossing(f=f,)

BAC max
1+ 2 S B o Al = S
2A| | - B tot/ " DCtot — nz B
np tot/ DCtot AC max p 1_ AC max
B

{ = Ripple giving the minimum volume of Magnetic Component :

/ uncoupled \ / coupled \

BAC max BAC max
y4 min 1 3 24 : 2 Bsat min 2 Bsat
= , Z — :
RAC/RDC nli 1_B%C¢ H@ AC/RDC né 1— Bac mex
sat Bsat

& o | >
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Minimum volume of LV-side uncoupled inductors and InterCell Transformers

Ripple giving the minimum volume (as a function of B,cyax/ Bse: and Alllpc)

df ‘F 1 24
a od 2 =0 y=31— = 3] ————
—1 I)= |1+ Wi+br uneople e =0 =N T W R R

rrinirurn lié & I'augrnentation des pertes joules AC Jed df -0 \/7
7 coupled — =0 y =
sperser_ At B S T _ 1[1+ 2 } 1+QL[£} dz VRM/RM

VIpe 8 Al ,U' o Rpe 124 Ine
L. | - t t g -
rninimunn lié au passage en saturation
peeses B NAPcapper AC'AW'B'f'kw'feﬁ" :lma}( 1+ 2 Bsm. N+ RAC L M
1+ #_B_M o ALl =t D core V. 8 AIJT Ry 12\ T
A T, B B2 nl 1—3—“ DC DC ACma}( DC DC
Bm
rapp [=RacdFdc]
Deltalll dde donnant e min de MAP[Core+ Copper] 1 1 bl il 4 3| Bl Il a1 91 1M
en fonction de BackaxBzat et RaoRdc deltallldc donnant min(kaPcopper]
2884499141 1296998634 1048515917 0915226657  0.836518972  OF7FE22237 0732757832  (0.696601327  (.BGEEEEEET 0.641293173 0.619388716
BactdaxBsat  deltalflde 1 n 21 il 41 51 E1 71 a1 91 1
1] 1] 1] 1] 1] 1] 1]
0.05 0.105263158 0.05 0105263158 0.10! 0.105263158 0105263158 0105263158
01 0222222272 01 0222222272 0.224 0222222222 0222222222 0222222222
015 0.352341176 015 0352341176 0.35 0.352341176 0352341176 0352341176
0.2 05 0.2 05 05 05 05
0.25  (.BEEEEEEEY 0.25  0.EEEEEEEEY  [.EEH (0.EEEEEEEET 0641293173 0619388716
03 0857142857 03 0857142857 0485 01.5-2 (0.66E6E6667 0641233173 0619335716
035 1078923077 035 1076923077  107¢ E— 0115 (0.EEEEEEEET 0.641293173 0619388716
04 1333333333 04 1333333333 1296 = (0.EEEEEREET 0641293173 0619388716
045 1636363636 045 1636363636 1294 =) 0051 (0.66E6E6667 0641233173 0619335716
05 2 05 2 129 g 0o0-0.5 0.6EEEEEEET 0.641293173 0619388716

Bacmax/Bsat

Cf ProduitAire Selfs&ICTs.xls



Minimum volume of LV-side uncoupled inductors and InterCell Transformers

AC max

... | Maximum value of B, for a loss density of 250mW/cm? vs frequency R
| [ O O yam L 02| T
250 mW [ em® . f ——
B ~min| 1.2 | ——— —
" 13600 —
.
. —————
I Maximum value of B, for a Ioss dens:ty of 500m W/cm3 vs frequency S
: R — 090 FF
=>" 1.00T 'Kq 7 f -0.76 A
500 W / 3 . ‘e 3C96-BF FF
: 00 e B AC I’:ax " ~min| 1.2 —————— e
N %, 21400 st
\ R e 373 dPhilips{300-500kHz)
£29 oo kriz)
& Maximum value of B, for a loss density of 750mW/cm? vs frequency
oi10T - y ___LooT | \.'ﬁ ! f 0.76
10000 Hz N 750 mW / .

o107 +— —
10000 Hz

0.10T

1001

26200

Technology-related data : Core loss limitation

3,085 Philips{100-200kHz)

e 3085 Philips{20-100kHz)

GO0 FF

e 3090 Philips(20-200kHz)

e 3090 TM(25-200kHz)

3 CO6-BF FF

3096 -HF FF

—GF35 FF

s 3F3aF0F0{20-300kHz)

m 3F3cPhilips{20-300kHz)

= 3F3dPhilips(300-500kHz)

= 3F3¢ Philips(500-1000kHz)

345 FF

e 34 FOF(500kHz-2MHz)

s SFAATHE Philips{1-3MHz)

—500F PC

e 6030F PC

e G030F VAC

== MegaFlux50u Changsung

= MIPPa141 Magnetics&Ferroxcube
MPPb26K MagneticsBFerroxcube

= PPCE0L Magnetics&Ferroxcube

=== MPPd1251 Magnetics&Ferroxcube
MPPe 1604 Magnetics! be

0

MPPf200/3004 Magne!
N87 FF
N97 FF
o NG PC
PCSOFF
00 Fz~ Powertite|metglass)
3C82Provisoire




Filters with minimum volumes

Low Voltage side

/| candidates for
/| volume reduction

volume reduction

<& I\/Iln volume(#4)
3 CLv

Feasible points all use a capacitance greater than that of the base point which means capacitors bigger than basepoint.
Smaller filters can only be found by reducing the volume of the magnetic part.

For HV filter this is only possible by decreasing L, but for LV filter, the magnetic component with the smaller volume can be
obtained for a smaller or higher inductance. The minimum volume of the whole filter will be found somewhere between
these two values of inductances (base point inductance and inductance with the minimum volume), by following either the
constant LC (L_MinVol < L_BasePoint) or the constant L/C (L_MinVol > L_BasePoint) line.



Filters with minimum volumes

Low Voltage side

Minimu

in volume(

. / Base point |

(V4 mmmn — Z_ | Candidates for
/ 1 Candidates for valiime radiictic

{ volume reduction ~
1 — \Base poi;nt‘l

CLV

—> <

Feasible points all use a capacitance greater than that of the base point which means capacitors bigger than basepoint.
Smaller filters can only be found by reducing the volume of the magnetic part.

For HV filter this is only possible by decreasing L, but for LV filter, the magnetic component with the smaller volume can be
obtained for a smaller or higher inductance. The minimum volume of the whole filter will be found somewhere between
these two values of inductances (base point inductance and inductance with the minimum volume), by following either the
constant LC (L_MinVol < L_BasePoint) or the constant L/C (L_MinVol > L_BasePoint) line.



Design process
<«»

User defined SemiCon. & Materials
Specifications Database

n—— .y Commutation Cell Losses
min’ ' max Design HeatSink Weight
A R

HV & LV Filter Losses
standards Design Weight

End f,, list ?

End SC list ?
Efficiency vs

Specific Power




Design process
<«»

User defined SemiCon. & Materials
Specifications Database

= Ng

max

V
| Losses

/ SC list /17/[fmin'fmax v Eon' Eoff = [max = n HeatSink WElght
A A rgJC'f SW P

Losses

Hv & v/ [ "P'EW} = H} HP
S Weight

Vyy, ILV
tandards LV & HV standards

= fLV, 0HV

End f,, list ?

End SC list ?
Efficiency vs

Specific Power




Combining SC data and passive component data :

feasible points in the (SpecificPower,Efficiency) plane

Specific Power [ kW / kg ]

V,,,/~600V ; D =50%; Power=6kW; Coupled

8
7 IPW90R120C3
| (si9oov)
A —
6 (\ \ \\
c)’\% / 1/
5 \ 0 ///
\\e / ~ * ncreasing f.
/ ,\,e /’ ‘ S Jsw
3 /
/
. /
/’/
1 _——
e
%.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

Efficiency [ n.u.]
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Combining SC data and passive component data :

feasible points in the (SpecificPower,Efficiency) plane

V600V ; D =50%; Power=6kW; Coupled

—— IPW90R120C3
|| = SPP11N80C3
g | = IPP65R074C6
~——— SPP20N60C3
|| =—— STY139N65M5
71| — APT60N6OBCS A
—— IPB60R099CP
——— STP20NM60FD / \ ~—_
—— IPD50R399CP %e \
——— |PI50R350CP | \&3 Q
|| ——— IPB200N25N3 Ne)

XD >

APT60N60BCS
(Si 600V)

IPW90R120C3 TN
(Si 900V) N

e

<
7 \ y

\— =

AN/
\/\/

R

I
—

——— IPB025N1WIN3 G /
- —— sil82DP
5 || —— BSCO42NETNS3 /
——— BSCO028NOGNS //
| —— BSCO14NO4LSI g
||| — IRF7946PbF -
—— IRLH5034PbF = | —

-{ = SiR640DP
m — BSC0925ND
g

{ — BSBOI3NE2LXI 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
Efficiency [ n.u.]

Specific Power [ kW / kg ]

<<

/A

N

A
A

\ \\ﬂ P/

\\\

I
/ //
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Combining SC data and passive component data :

feasible points in the (SpecificPower,Efficiency) plane

. | | | | V,,, =600V ; D =50%; Power=6kW; Coupled CM.FZO _ fggsoeo;v)
——— IPW90R120C3 oy}
| ——— APTBONGOBCS j
8 :Eggigﬂ APT60N60BCS ] / /
| (Si 600V)
Al —Eggiggé IPW9O0R120C3 T~ I'/ /
_ L (sigoov)
_ = N\ N
8 || ——CwmF201200 \ T~ l
> LA - |/l
i 5 /c’\, S 663 /// I
< ?)e %’b(\ _~ V
3 4 '\66 ] — |
o W M /
= \_ | /] /
2 / // / / Ik
: IS )
L)
. = 7
—/ ]
— T
¥s 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

Efficiency [ n.u.]



Design check

Main blocks are nS, nP compatible

CS generator

seqContral; minimizelconn

Td: 50e-9

-

-

-
-
-

PMtop

2]

Constant

Stepl
Time: 400/fSw
Before: 0
After: -0,30%vHY

1,

+ +

Il
Step
Time: 200/f5w
Befaore: 0,20%¢HY
After: 0.80%vHY

I1ij

Unbalancing component
Hi: .05%HY
Lot -.05%vHY
f: fSw/f3
Delay: -1/fSw/2/in5/nP

Y
+

I

=+

= anzbleChop PWMbot +
Time: 6005w
kﬁjummutﬁﬁon Cel Befft':é“:f: 1 J_
: [ . £33 After: 0 Time: 300/f5w
In]—{cel 5 e 500/
££ DM filter : Lv2 efore:
. After: 1
\ — I Iy
‘L —|| c oV
+ L ; A i 0%vHY
¥CascadedIv_IP (‘ Vivhy — — 1_ci.ﬂp P L T c
T 2 I
=28 ¢ - n: nP — .
EEE’E -‘,D - - - . . _@) v V1
== 2= | GHERD .1]_E_n] cel, ' vm2 g R
AARA _T — :
Aml Am2
Scope A’ Am2
:\'T/ N
swiCount
faw: fawm
PWMTop nCel: np*ns  swCountScope
()
v_Ref chedkl LAY ]
vRefln pefi LV check? | T
v_dv  chedd o= { A
lostiv B
v v Lv check check LV filter

requirements

e



Graphic Vectorization in PLECS

L: L1
s

L: [L1L2L3] . L+ L2 .
o e o I FYT I o
L: L3

Width: 3 ey Width: 3

L: L1
Y o's o e MU
A L: L1
: My
—"I:“"I_“'I;'EH'-J-— A[] . . L: L2 . _
e :I I YL I B [1]
o e
L:L
Y o's o'e M
A
L: L
Al . L: ones{1,n) *L _
=0 o0 o0 o0 < :I P & B [1]
[t 8 Width: [1n_1] Width: [n_1 1]
o T




Dedicated blocks to help vectorization

n: nP

&:n]}illﬂl

seriesConnect
nS: NS
nF: nP

o|+[nP] -[nP]{e

—

L
[=

=

&

- rl -
[n] n I_I:_l_—l_‘ . connects k+1to k

n+1 o I
1 1 1 [1] : g l

D " —

n+l

center of star
]

this conductor added to allow operation for n=1
o (avoids a wire group with width=0)

This block allows star connection of n terminals {n integer = 0) and gives acces to the center of the star.

Author : TM
R1
R2
R3 ri
+[ns] -[ns] an 3

- r3
PUE—
. nP*nS=nTot
Pl ] o r4
nP*nS=nTot
Active part of the circuit o Principle only (addition of a short circuit as a (N+1)th element allows n=1) o

This block allows series connection dipoles.
- If the dipole is defined as a single element, the number of elements in series is imposed by the number 'n" in the mask.
- If the dipole is defined as a vector, the number 'n'in the mask must be equall to the size of the vector of dipoles.

Author : TM




Vectorized filters

DM filter : Lv2
[« 1LY

v L LC
vl O%™eHY [::: :n]}:l]—- D

R: sgrifl/nP. fc)

[
-
I

I

C: 4%

L: ILV

OO o0 o—0 od T T T 50 o—
L: ILV

commutation ©—° %° EW oo

IEEIE'? oo oo ol T T 4o o0 o
n L: IV

o—o o T T oo

to nP

to load [1]
o

R: sgri{lLv/nP. fdV)

CrdV =

C: 4%V
to common {ground?) [1] l




Vectorized filters with pre-design

++ Link: untitled/app-criented LV-side DM 2nd order filter * = BT | Block Parameters: untitled/app-oriented LV-side DM 2nd order filter s
2nd order DM Filter with application-oriented mask (LY side ) {mask) (link)
Same medel as Differential Mode Filter™, but the R,L,C parameters of the filter are derived from application
requirements such as:
ripple, overshoot, dip and standard compliance.
- both time domain {ripple) and frequency domain (standard) requirements on the output voltage are used to find the
L Al LIV LC minimal LC product == filtering requirement,
3— B - the spedified undervoltage resulting of a no4oad to fulldoad step is used to find the minimal C/L ratio == transient
A [n] ] D . requirement,
[np] [1] K 1-VLVHDD - the specdified worst-case time domain cell-side current ripple is used to find the minimal inductance =3 iRipple
requirement,
R: sgri(Iv/nP./dV) > K . Then the 3 requirements are combined as follows :

C: cLVT . vout (Vv
C: 4%dV
T

[1]

Value: vMagDesign
Harmbut @fSalient
NyS"+..+0Ng

dos"+. . +dp

rippleVout
o NS 4. . +Ng

dn5"+..+do
Value: iLVnRip*iLVmex/nP/2

ripplelin .
Nn5"+. . +Np

———————° Standard implantationis: e——

L v
00 00 00 ol Y o o
L: v

oo o0l g oo
comrrutation LI

Ceﬂs oo o0 oY s oo o
[nP] L Lv

o—o o Vo 00 0004

tonP

to load [1]

. R: sgrt(ILV/nP. fclV)
C:dV =/

+
C: 4%y
to common (ground?) [1] l

4 1

ldas™+. . +dy

Parameters

Voltage on HY side:
vl
Initial voltage on filter capacditors:
D*vh
Max Current on LV side:
v rLoad
Switching frequency:
faw
Mumber of cells in series:
ns
Mumber of cells in parallel:
nP

-

Value: vIVnRip*vHV
- i
check LV filter

requirements

Case 1: L{transient & filtering) = L{iRipple) Case 2: L(transient & filtering) < L{iRipple)

~log(L) “log(L)
|

(transient)
o

(transient)
s I

P =..design OK..
° o

|
|
| 1

| © o Ceoog © (Rippe)® ©
| o o

|

|

|

|

I

I
|
] A
1 s e
1 o )
| = °
@ = (filtering) ® = (filtering)
> log(C) = log(C)
=2 to minimize IL¥, design at C : => design atB
(combine filtering & iRipple) {combine iRipple & transient)
=2 to minimize cLV, design at A&
(combine filtering & transient)
See also: HY side DM Filter with application-oriented mask Author: TM

Parameters

Mormalized current ripple on LY side:

] z.00 ]

Mormalized voltage ripple on LV side:

] 0.05 O

Standard:
[ |Enss022a

Mormalized voltage dip (LV side):

] 0.05 [

Minimize Inductance Yalue:
|:| [True

Display calculation details in Octave Console:

[l [un




Vectorized commutation cell

Cell+

seriesConnect
ns: ns
nP: nP
+[nP]  -[nP]

B
a.

il

P '¥M bot
PYWWHtop
%ggl_

Commutation Cel
Iy -

o Cellf
} + PYMtop
R esrFlyCap v — - chop
n S T -
c |+ O——"
— chop o C: cFly =— PVWMbot VCelll
wv_init: wCFly0 { )

1
% T "
| 1 I wChop (Vv
o Cell, | :Eﬂ] i

seriesConnectl
ns: ns

D nP: nP

Cell-

"“x:f"l'"

MacroCell is composed of Flying Cap Legs (nS commutation cells in series) that can typically be used in parallel connection (nP legs in parallel).
Ideally, all commutation cells should all be controlled with the same duty cycle, but those in series with a phase-shift of 2pi/nS, and those in
parallel with a phase-shift of 2.pi/nP . When nP and nS are coprime, the input and output ripples are periodic at nP.nS.fSw.

Author : TM



Vectorized Cyclic Cascade
InterCell Transformer

fromCaommCells

o e
—a
T
o—.mwn
el towardsCaomman
P lin3 - P lin = L P nt
A: aCoref2 A aCore A: aCore2
[+ ILinkf/2 =T [: Wind —T T It ILinkf2
_|. P_air2 _|. P_airl _|. P_air3
___ A 10%aCore ___ A 10%aCore ___ A: 10%aCore
[; 1=-4 [+ Iwind/4 [: 1=-4
P
fromCommCells T Maglnt
+ n: [MTurns] T MagIntl
r o [nTurns]
L—

towardsCommaon



Vectorized Monolithic
InterCell Transformer

Width: [1nm1]
Width: [nm1 1]
P_linl P_lin2
A: aCoref2 A aCore2
[+ ILinky [+ ILink
I -
|| |
P_lin =L
A ac
g —— . P_airt . P_air2
___Ar10%aCore ___ A:aCore
@ B Magint I: Ivwind [z vvind
fromCammCells :én:DﬂUmﬂ
|—- towards common
P_lin3 P_ling
A aCaref2 A aCare/2
[+ ILinky§2 [+ ILinkf2
I -
| [
Width: [1nm1]

Width: [nm1 1]




Vectorized and configurable magnetic
components for interleaved converters

' -
++ ICTmonelithic_MowWorking/Commutation Cells/Configurable ICT =HAC] =

Uncoupled Inductors (Elec) I Uncoupled Inducter (Mag) I Cydic Cascade Inter Cell Transformer (Elec) I CydicCascade ICT (Mag) | Monolithic InterCell Transformer (Mag) [ E[

Width: [1 nm1]

Width: [nm1 1]
P_lin1 P_lin2
A: aCore/2 A: aCoref2

12 ILink; I: ILirtk}.
o Ik
|| 1

P_lin =L
At aCore . )
I Wind T _|. P_airl | P_air2
fromCommCells n T 10%aCore T AT aCore
MagInt I Iwind I: Wind
n: [nTurms]
[ towardsComman
(G
P_lin3 P_lin4
A: aCore/2 A: aCoref2

I+ ILink,2 I: ILirk/2
I = [

| B 1

Width: [1 nm1]

—

width: [nm1 1]

Apparently wire multiplexer for "magnetic wires” are not available from the library 17...

>

towardsGroundHV 1

(G

towardsGroundLy 1

WindingFluxes1 |

[ ]
LinkingFluxes 1
ncell
1
R1

En mettant une résistance en série avec une perméance
on crée des pertes proportioneles & dPhi/fdt




Vectorized regulator and
control signal generator

sigmaPWMTop
+ 3
CS generator - o g Bl p| AND v

seqCaontrol: minimizelconn ref - P

Td: 50e-9 AN _"-_“ Hl ol anp ——=C
ref PW Mtop - 1 PWMbat
enableChop PWMbat - Triangular Wave12
Delay: delay
Vectorized phase-shift makes / —
the whole block vectorized enableChop
wCascadedIV IP
AvRefln  dutyp
<o Ip
= =252 D |
3 g El_l W
== W = [n] dutyCont
i
ol um (n]
PLY PI 1 - M dutySampleFl
| NS g > __ ] [rs"+.. 40 _ = = ZOH :EI—P U =1
\% d.s"+.. +d, TPt oupl— szu,,,*jj ot PPl outPT{—ml duty [1] e Rate) selecto duty
- [H W T sampr.a elector
¥V unSstthaPlp P_I unSatOutPl — i
Sml‘i-h*l: [n] dutyEg¥Sample
#=|duty eqluties™

Equalizing xSample
vLoad sumfiL) sampRate: sampRate



Vectorized equalizing sampler

Sampling must
be synchronized
with carriers to

avoid multiple
switching in the

same period

Delayed Each ref step
sampling causes must be handled
errors on the to cancel the
integral of the integral of the
difference that difference of any
are never pair of control
compensated for signals

o O
AN A
o |
i | N
o=ll=
oo




Vectorized equalizing sampler

_ xle-5 integral of the differences xle-6  integral of the differences

Equalizing xSanpler
sampRate: sanpRate

Jduty egDuties*®

W

A simple circuit
allows open-loop
compensation of

sampled duties and ret these unbalances -~ sampled duties and Lgi
increasing the |
number of
switchings
fsamp,e =sampRate .f,,,
- sampRate .(0:n,;~1)
ﬂ_ﬂ_ [ncen] (P v= Ncetr - Frample ﬂ_ﬂ_ [ncei]
f: fSample _I' f: fSample
Delay: phaseDelay 1 Delay: phaseDelay j
— U o e il T — W T na
duty - -l
Ts: 1/nCell/fSample K: 1nCell Ts: 1/nCell/fSample [ eqhuties™
ngg] L+ ngg1 4




[ MacroCellwRegulatedLVFilter/Scope

Design check

el

"1+ Octave Con-oi TR T T =

Duty Cydes (continuous, sampled)

Voltages (Ref, AvgChopped, Load)

Name
Time -
4 Currents (Ref, inductor, load) ]
outPIV |
iRef (IP filtered) ¥
sumijiL) ]
iLoad |
4 Duty Cycles (continuous, sampled) |/
unsatQutPl ~ ¥
dutyCont ~ V|
dutysampleF “r [V
dutyEg¥Smpl |
Switchl:2 I V|
Switchl:3 ]
Switchl:4 i ¥
Switchl:5 S [
Switchl:e “r ¥
4 Yoltages (Ref, AvgChopped, Load) ||
vRef ~ ¥
vLoad ~ |
viChop ~ ¥
El
i
4 Plot4 ¥
AmS:1 ~ [
Am5:2 ~
Am5:3 ~ [

Mame
Time
4 CheckVoltage Dip
Gain
Gainl

4 Check harmVout@fsal
Constant2
Constant4
HarmVout@fsalient

4 Check vOut ripple
Constantl
Constant5
rippleVout

4 Check current ripple
Constant3
Constantd
ripplelinil
ripplelin:2
ripplelin:3

$ee

=

eni

Jds 2ds 2ds

¢

Cursorl
0.0217017

-0.00851251
0.000509075

1

1
00275526

0325837

Cursor 2
0.0217017

-0.00891251
0.000509075

1
-1
0.0275926
10

-10
0105594
-0142035
0325887

@

5] *2.3333e-008

phaseDelay = [0 1 2 3 4
-- Main initialization

vHV = 100

£5w = 20000

rNom 5

R =

nP = 3

ns = 2z

ilVnRip = 0.80000
vLlVnRip = 0.010000
vITransN = 0.10000

k iRefSat = 3
k_iMax = §
allowedSat = 0
iNom = 20
iRefSat = &0

iMax = 100

-- Flying caps ---------
vFlynBip = 0.050000
cFly = Z_ 0000e-004
esrFlyCap = 0.0010000

wCFlyQ0 = 100 100 100 50
-- LV filter ———————————
stanName = 2

fDesign = 150000
vMagDesign = 0.0083125

1Min = 1 5000e-004
1Ripple = 7.8125e-005
1LV = 1.5000e-004

1LV/nP = 5e-005

cRipple = 1.38892-008&
cStandard = 7_1480e-006
cTransient = 1_2000e-004
cLV = 1.2000e-004

£0 = 2054.7
ratiocF = 5.72238
wnl_ = Z2.5133e+004
case 2

iRefSzt = &0

iMax = 100

-- €S generator —-----—--—-

n§ = 2; nP = 3; minimizeLeonn
index =& 5 4 3 2 1
delay = 05.3333e-0061.6667e-005
-- Regulator —-—----------
iNom = 20
iRefSat =
iMax = &0
nEqSesmpF = 0.50000
sampRate = 2
iSamp = 3
wnI_ZOH =

40

.5133e+004

Eiv = 32031.%8

-- Equalizing_xSempler —-—-
fSample = 40000
phaseDelay = [0 1 2 3 4

-

= Ma(rGCEIIwREguIatEdLVF'\Iterf;wCuun...l | B S

File Edit View Window Help
: O - = e

Z_5e-0053_3333e-0054 _16687e-005

Link to
MAcroCellw

RegulatedL
VFilter

5] *B.3333e-008



C:/underCobianControl/PowerElectronicsDesignTools/PLECS/AVG_MacroCellwRegulatedLVFilter.plecs

DESIGNING WITH OBJECTS
AND OPTIMIZATION



A real-world object

Shape

— Dimensions

Material

Real World
Object

sl

90g 100 2003 5009

Weight ( ‘
Cost — ¢
Model

\Inductance Series

Resistance

[
Winding
Capacitance




A real-world object

The only part of a real-world object
that is known to a standard simulator

Series

\Inductance .
Resistance

!

Winding
Capacitance




Designing a real-world object

Apply stimuli

according to specifications :

* Voltage,

Current,

Switching Pattern,
Ambiant temperature

wR

Real World
Object

Check compatibility
with maximum ratings :
Peak voltage

Peak & RMS current
Peak induction

Losses => Temperature

T/\/\

| >




Example : InterCell Transtformer

<) Figures - GUI_ICT_Ncells

=1=1]

File Edit Debug Desktop Window Help v x
Y \ .
Dol |b|RAODLE L 2|0 8O / Proiect: \ BODB &0
— Input € LR DA ‘, — Output
— Initial Walu “ariahle in interval \ D I rect T = n YourNa A — Optimized %alu
Conductar Width (ec) [0.2;5] a‘ y reLoad Stored Design - c - Copy Outputs to Inputs Conductar Width (ec) 0.351153 mm
Conductor Height (hc) 80 mm T \ Thermal sf ion Conductar Height (hc) B9.8241 mm
: : 3 Conv  |Chopper Te 125 o ; ;
Interyvinding Distance (eww) 01 = e rte\r %8 Interinding Distance (eww) 1 mm
Conw wJPELS v bmax [ _e6
Vinicalslu_re Le \l.\u’\dlh (eli) . Hom & [30;34] : s IT Hexc 36 WCHm? Wertical Core Leg Width (eli) a0 mm
Hur\zunlgure Leg Height (el \he 20 mm & [2;50] Harizontal Core Leg Height (slih) 10,6733 mm
o dl [ ICF
= ctangular Ladder
Cate depth idi) 34 mm & [25;3 P . Core Depth (di) 28 mm
Murmber of Turns (M) 20 ol ;36] ~ Number of Turns (W) 15
witching Freguency (Fs) 20 [1;1000] Stlistitag Py (7 20 kHz
— Constraint Yal Active —— | pranual Design — Constrained Quantities e ———
Core Width (eimax) 300 mm (o] Draw ICT | offset¥ lio mm k Evaluate % Care Width (ei) 995346 mm
; ; Iritia-4=0Final G096 m]
Core Height (himax) 300 mm & Clear Figure ! Core Height (hi)
Max Qutput Current Ripple (loutrnax) 150 App & Max Output Current Ripple (IripplehHF)
Saturation Ratio (Ksatmax) 0.9 « Saturation Ratio (Ksat)
Maximum Losses (Prax) 500 W « Total Losses (PTotal) 360.593
Maximum Yolume (Volmax) 10000 cm3 « Total Walume (volTatal) 1433.33 cm3
Maximum Mass (Mmax) 25 ky « Total Mags (MTotal) 5E2656 kg
Maximum Price {Prmax) o Euros ~ ﬂla|§ﬂﬂ€ (PrTatal) 0 Euros
. .
Maximum Current Density (Jmax) g Afmm? & h(af‘-ta te'rgjfg)t I Cs 352837 Admm?®
Maximum Temperature Rise (Dtmax) 45 °C i VEIREE (R0 (D) 45 C /
| ain Characteristic:
. . Brnax 03 T
Horiz. Winding Core Distance (ewc) 2
— Optimization-based Desig 025 -B- Tatal Weight £ 62566

Insulation Thickness (eins) 04
Vacuurtermeabwlity (Tuﬂ) 1 25R64e-006
Ir of Han :QILL& l I tsguu

Duty Cycle (0) 0.5625

mm

Total Mass =

Optimize |

— Paost-Processing

FEMM: 2D FE + RAC=> Copper losses

BvsT: B(t) wifrms+ iGSE=>core losses | Loop |

Refine Optimization using FEMM and BvsT corrections |

Qutput Current Ripple

Total Cora Losses

£ 7Démarrer

153

Total Conductor Losses Wy
Total Losses 360,899 W
Maximurm Termperature 45 °C
4
20:24
FR | = [ w
il EIJ&T} o ﬂ—b 19/08/2013




Example : InterCell Transformer

J Figures - GUI_ICT_Ncells — ﬁlil
File Edit Debug Desktop Window Help v x
Udds|sv20w9Lds-2/0B D = Prolec BHODB =0

— Input s s s e Outputs—
Initial “alues ourhamay Optimized Values

0.351153

[1;1000]

— Constraint Values - T Active —— — Manual Desigh — Constrained Quantities

Draw ICT | oﬁsetVI 0 mm
Iritia-4=0Final G096 m]
Clear Figure

Maximum TemperzTte

e =le

FR

. 20:24
Pl O % 18 19/0872015 ™




Designing a full system

t Ly ) ;IUS -;lrzs
_jlzg _#S | 12
HV CoiT|Vew -leS 4%2‘3 t
1—j i”% LV CLV:
AT B




Collect objects

shape shape shape shape shape shape
dimensions dimensions dimensions dimensions dimensions

shape
MEWES MEWES materials

dimensions dimensions

MEWES MEWEIS MEWEIS MEWES

Air speed

n: [1 duty]

W

y
£
B
5

Series
Inductance Resistance
LI

Losses?? Losses?? Losses??




Compose objects

FILTER COOLING FILTER

shape shape shape shape shape shape shape
dimensions dimensions dimensions dimensions dimensions dimensions dimensions
materials materials materials MEIEIS MEIEIS MEWES materials

n: [1 duty]

I

Losses?? Losses?? Losses?? Losses?? Losses?? Losses?? Losses??

Losses?? Losses?? Losses??




Build full system model and solve

FULL SYSTEM

FILTER COOLING Inputs

FILTER

shape shape shape shape shape
dimensions dimensions dimensions dimensions dimensions

shape shape
dimensions dimensions

MEWES materials

MEWES MEWEIS MEWEIS MEWEIS MEWEIS

Losses! Losses! Losses! Losses! Losses!

Losses?? Losses??

Losses! Losses!

Losses??

=> Simulate full system, find waveforms and evaluate losses at last!




Need for a fast solver

Steady-state waveforms are needed

e Accelerated determination of steady-state waveforms
with a standard (time-domain) simulator is not the best choice.

* In most cases simplifications can be made to allow frequency domain analysis
which inherently is a direct determination of steady state waveforms.

Main assumptions to allow standard frequency analysis (linear system) :

* Intrinsic non-linearities of components (saturation of permeability of magnetic
materials, exponential V(I) characteritics of diodes, etc) can be neglected :

Voltage/current ripple applied to commutation cells can be neglected
to decouple the HV and LV sides,

Influence of spontaneous commutations can be neglected,



Direct determination of
the operating point

duty cycle
r:rHy L HY MacroCell ¥ : ? ?
—___ Cell k3 o o
Z:cHY ::+ —I b
_I LVDM filter
V_dc (:*:) ? —— cha 1 LC
Viwin W - : ?
= _I AR
C: cHV = _I ? |:| R: rLoad
Cell- [ o
2 S

' Specified | Specified |



Principle used for approximate
determination of the operating point

Assumptions :

=> linear systems, lossless commutation cell, v, is constant

Apply 1V@fRef to the LV side and solve LV circuit
Find amplitude v, , per Volt and delay
Scale v, and select phase to match v, ,; specifications

L v 2%pi*hef

Find power delivered by v, and scale for specs (P, #v,?)

Lossless commutation cell => Py,=P,,

Constant vy, =>only i;P¢ gives Py,

Solve HV circuit with 1;.=1A and find internal resistance
Find i,,”¢ and v,y such that P =P,

" Y_dc
Viwvin

Find duty cycle so that v,= D(t).vyy,

LvDM filter

-
RS Ez

L

LC

+

R: rLoad

T o s——

® =

f
I
C: 2%cHY

RarHY e Ry

RirHY  LilHY

_:l_r'“l"T“l"\

[T+

CicHY =

CochHY =
T

Ok




Equations used for approximate
determination of the operating point

Assumptions :
=> linear systems, lossless commutation cell, v, is constant

. LVDM filter
vopPomtl - L =
opPoint _ |Yload opPoint N -
AC — N L(QUref _Qoload) ==
|v | V_acl
load *Ea }@ E: R: rLoad
L w 2%pitiRe
| opPoint 2 § - o
PopPoint _ PN Vioad |
AC - TAC | N | C: 2%cHV =
Vioad B —Fo——
RirHY i HY
N 7 RirHY  LilHY
Tint = Vin — Vpy L
. Cochv ::+
2 opPoint L
v — 4. Tipe. P
; . in int-*4
poppoint _ Vin \/ - WO = O
HV 2 2 -
_ CicHY —
vopPoint T
_ JAC
= duty(t) ~ __opPoint

HV



determination of the operating

R:rHy L: HVf1e3

Approximate time domain

+
CicHVf1e3 ==
V_dcl /=
Vivin —> '||“ (l
+
CocHVf1e3 =
Discrete Value: pif2
vioad for  Fopriert C

vChop=1V@fRef

Value: vLoadRef

A e

n: nP

point

Commutation Cells

RirHy LiHY l
R: rPar/nP . ¥ -I -;:-.-"
CrcHV =/
v de A . 4 Rirlv
e @ H v (v i chap
.
Vil R: rLoad C:cHV — 2 (v
wi 2%pi*fRef E —I " [:)_
C: 45V n: nP l—Cell-
| T 1L
I - - [ _E
C: 2%cHY -
RirHV L; HY
V_ac2
V: vLoadref
wi 2%pi*fRef

Value: vIn

internal resistance
of HY filter

cellvoltage @14

ommCell power estimate cell voltage

estimate vChop@fRef
@opPoint

@opPoint

Cell volatges

phase currents

EopPoint

o |

-

¥ 14

flu): (wIn +sgrt{max(0 , vIn~2-4=u[1] *ul2]) )} /2

)

—

commCell power
for vChop=1v@fRef
(instantaneous)

Discrete
Fourier2

commCell power
> for vChop=1v@fRef
(DC compaonent)

macroCel

vLoad

R:rPar Li 1e-8

LVDM filter
l2 Ly
oy

R: rLoad

opPoint

CS generator
seqContral: minimizelconn
Td: 50e-9

=raf PWMtap

dutyCyde
. _,//_
.3

offset
Value: .5

. enzbleChop PWMbot [+
1

Value: 1



Approximate time domain
determination of the operating point




Approximate time domain
determination of the operating point

R
Lk




Approximate frequency domain
determination of the operating point

Solve separate ‘normalized’ circuit (Ip=1A ; V,=1V £0°) using a single frequency! (DC and {

R:rHY  LiIHV I}y LVDM filter
_|:|_'i_hr_h"_hr_hl 2 L L —
J‘T’T’T_r_
1t V_acl 4
CrehV == Vi1 @ |:| R: rLoad
wi 2¥pi*Ref
V dc 7+ > I dc - o
V: vIn C‘) —E E C‘D I: 1 +
N C 25cHY =
C:cHV = oo
RirHV L:1HY
_ h opPoint
N opPoint |vload opPoint N
Tint = Vin — VHy Vac = | N | 4( ref _(pload)
Vioad
opPoint 7 .
, \/vizn — 4. Tine- PA(,? |v0pPomt 2
opPoint __ Vin 4 PopPoint . PN load
_YHv ) 2 _Ac A ol
load
vopPoint
__ YAC
= duty(t) " __opPoint

HV



Full frequency domain analysis
using the operating point

The control pattern duty(t) determined previously allows direct calculation of the
steady state waveforms at a point that is very close to the specified point:
* The circuit is split in independant linear subcircuits

« The spectra of the souvrces are derived from duty(t), vihro" and (%25

Vnvpc LVf
Mod
(time domain multiplication by duty(t) followed by FFT, or direct convolution of spectra)
]LHV
T
A LHV A /ZV\
& Iy I
VHV CHI?: VCHV = E’Wfﬂ;n
/m Ly’ p
JLIé)ns. ? CLV:: VCLV
()

* The circuit is solved in the frequency domain
* If necessary time waveforms regenerated using iFFT.



Optimize at last...

shape, materials, dimensions

FULL SYSTEM

Voltages, currents, temperatures, weight, losses

Objective Constraints

Optimization routine




