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SIMULATION VS DESIGN

Standard simulation tools

Y i_ln v Cr
e Inductor current
20 — Capacitor voltage
0
Full-bridge series-loaded resonant DC-DC converter with snubbers
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Simulationis an injection :
onecircuitgives a single set of waveforms.




Design tools

il v_Cr

Inductor current
— Capacitor voltage

) _ _ . i_dc, v_dc
= . e Measured current
20 — Capacitor voltage

i_IGBT, v_IGBT, i_Diode

Sign:1
20 — Sign:2

0 /. [T dl.— sign:3

Design is NOT an injection :
there can be an infinity of solution for a given set of specifications
(and sometimes NO solution!...)

00 02 04 0.6 08 10 12 xle3

Hidden quantities in
standard simulation tools

Buck converter with thermal model

il

Pulse Generator

Thermal Chain WM o T: 25

L: 1.2e-3

®
v:s00 ()

—_— Scope
Heat Sink
Temperature

Which of the componentsin this circuitis the biggest? =>L? C? the heatsink?
Which of the componentsin 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?
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SEMI ANALYTIC DESIGN

A standard design process

User defined
Specifications

/SC /7/ fow /L Commutation Cell Design

Filter Design

Simulate

select
heatsink

R Measure
Efficiency & Weight
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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

10
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1-Define MacroSwitch requirements

)
AD/fSW ®(:ase
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2-Find number of series connected switches
Voltage to be switched . V.
+ e = 10— ) +1
Vmargin ‘I/C‘Emax

Maximum collector-emitter voltage in switching mode

Q I/SW ‘/Ce

. . «—
Number of series connected switches < If lf : lf
11
- S I -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)
Ic =f (Vce) Eon = (Ic), Eotr = (Ic)
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3-Find Maximum Current per switch for this profile :

solve thermal equation

Conduction losses
+ ®jMax

. Re;
switching losses Oic

Conduction losses + Switchinglosses =

I max (fSW)

Maximum Power extracted

Vi
2 W
D.(Re- PP+ VD) + free = i

[(As, + Asgs) + (Bon + Bopp )-d + (Con + Copp ). = —
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R:h
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2
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o
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[ & Nseries Vda} ( o aff) Tate £ Nseries V:u/ { < cf‘r) fase Nseries Vdr{ ( o aﬁ) fate Rin

Ve
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4
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Tomex () =
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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

=& NMaximum Power

300 A

200 A

Current/,,

1 Vi
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14
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4-Find number of parallel connected switches

Vw
———K—
Ire uired - ¥ -
Mpar = int (mi—x) +1
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5-Find losses and efficency

2

I
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6-Build a MacroSwitch

with each component of the database

Mort, Ose
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Find the IGBT-based MacroSwitch with the best efficiency
a0% Coefficients de pertes des différents modules

’-)? yCycle=50 QTje=50"C

hrad # 600V (7 en série)

E 2.5% 1200V (4 en sér?e)

g Pt
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* 100 “°  RefNr (i{'Voltage Classf
(*)LossCoeff =Loss in one switch/ Ouput Power (Buck converter configuration)
20

Find the IGBT-based MacroSwitch with the best efficiency

3.0% i rpv
Coefficients de pertes des différents modules

N Veommuté=3000V; |lcommuté=100A; Duwcycse-scm DTjc=50"C

E + 600V (7 en série)

(] 2.5% - W 1200V (4 en série)
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(*)LossCoeff =Loss in one switch/ Ouput Power (Buck converter configuration)
21
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Find the IGBT-based MacroSwitch with the best efficiency
0% Coefficients de pertes des différents modules

el Vcommuté=3000V;| commuté=100A; DutyCycle=50%(fsw=3000Hz) DTjc=50"C

*:é - 600V (7 en série) " -
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(*)LossCoeff =Loss in one switch/ Ouput Power (Buck converter configuration)
22

Find the IGBT-based MacroSwitch with the best efficiency

3.0% " P
Coefficients de pertes des différents modules
:)? yCy DTje=50"C
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(*)LossCoeff =Loss in one switch/ Ouput Power (Buck converter configuration)
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EXTENSION OF THE METHOD FOR

VOLTAGE SOURCE INVERTERS WITH
COMPLEX CONTROL PATTERNS

25

Rules of the game

Split the systemin :

e a modulation/topology dependant subsystem,
« and a device specific subsystem.

17 .. 17 A 15 172 : {
P = - lr,z.d{ = f!Y(il/}—:R,I).t.a'! = V{?Jc x.d[J +R3.(-?_!'z‘.de =Vl + R

Ve 2 v, s
P:m‘.':r‘z:f@ = fmed Z - l"‘!m: +Bov: "Im'i w Cclr"[r—ﬂ'l )+ z = (‘40.:7' _Baﬁ‘Iull :_Caf ’I:-eﬂ')
orFman Vay oxmorr Vig

i 3
B\tia')mg T VM | Ay Z Vootrin ' Bon Zlir!ﬂmluﬂm S ZVunm-Iun,,_ + Ay E Vt!ﬂ'q, +Bag' lemﬂd"[aﬂa, *Cay' Zynyq,'le}-nﬁ
OFF=>0N° OFF=>0N" OFF =>0N° ON=>0FF ON=30FF = ON=SOFF ;

&
26

)
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PASSIVE COMPONENTS FOR

MULTILEVEL CONVERTERS

31

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

32
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3

Commutation Cell with Filters

FILTER DESIGN FOR
MULTILEVEL CONVERTERS

27/04/2014
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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:
=> [imit 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)

i

BN
i

High Voltage filter Commutation Cell Low Voltage filter

35

AC Equivalent circuit of a Two-Level Cell

IL_HV, I"_,’”P
IR
Lyy
S
e I L, 1,
—> —
Vi C = VCH,, LLWVWU l
C) CLT VCLV
UL
fH'V _ 1 1y Vi fLV _ 1
0 - 0 -
221, Cr i 7 2724L,,C,,

36
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Series-Parallel MultiLevel Cell with Filters

VH 14

R
i “#JS ILW /2 I,
Cmﬁ% ch, ::_I jg l —

-
o

L oF\_ |

of sl T

1
_f;)HV S e f.'m'

37

AC-equivalent circuit of Series-Parallel MultiLevel Cell

Iﬁf;
T
Ly ] Lo

L

1 —>
VHV CHT7_ VC‘W V. ! 1
HV
Jué)n"n” CLV VCLV
- |
fH'V 1 LY _ 1

*  2xJL.,C.. * 2z L, /n,C,

27/04/2014
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Steady state, time domain : worst case ripples

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

LV LV
VLV _ Vpk-n’ppi‘e _ 21 0
ripple% — % -
HY T npns npns -

fLV = 1
0
Zx‘/LL,,/nP C,,

J = ‘J‘LLI’/np Cy =

1
15 Ty v
27 (n U ) f sw J 5 Vnpple%

Pulsation on the High Voltage side (2" order filter)

IHV

HV k—ripple
I — _pr-nppie _

ripple% — -
I,  7wn,\nf, N il

15 T rHY
2”'np fm \/EInpple%

39

Ripples : from time domain to frequency domain

2
A = o n7.) dé % B, =| Lo | P ginnz.0)
nr e f.,) mr

+ -40dB/dcd =

-20bB/dcd

e fswigching :

-60dB/dcd

2

T

Ripple

110008 |

0dB

=>Conclusion : the ripple requirementallows increasing f, when increasing foitching

27/04/2014
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EMC standards : frequency domain formulation

2
4 =2 Gninz D) <E % B, =| Lo | Zargin(nz.p)
nm AL fo)

-20bB/dcd + -40dB/dcd = -60dB/dcd

2V

V4
Ripple |

. _requirement

Steady state : ripples and standards combined

Required cut-off frequency vs switching frequency

Standsrd ENS5022A
T

11 {——Seady-state rigke [9BM]
i ENSS0Z2A
4 -
i

n Simplified ENS5022 Filters for Two-Level Chopper

maximum ripple [dBuX]
8

v

&

“r 5
40 3
3

20p- H
i 3

o3 ; B 5 7 H

10 10 10 10 0

switching frequency [Hz]

switching fraquancy [Hz)

Susdud ENTATIA

Loyt roie 10|
A

Sammss0RA

Sty ate o B
— i J

27/04/2014
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Steady state : ripples and standards combined

Required cut-off frequency vs switching frequency
or MultiCell converters

switching frequency [Hz]

Step response, average model :
full load => no load

Voltage overshoots

27/04/2014
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Step response, state plane analysis

full load => no load
High Voltage Side Low Voltage Side
A » A VC .
HY LV
C Worst Case
“\
/b L
ILW HV Ilw LV
CHV CLV
0 d 0 d
I, |22 A
CHV CLV
50

Full load => no load : dynamic requirement HV side

I LHV
LV~ HV
HE. = & = LHV — VHV'Va\rr:ht%
owsht% — 1, erreessesss =2 whiiei,
VHV CHV ILVmax
51
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Step response, average model :

no load => full load

Vi

Voltage dips
! LV
ELV /n >

52

Step response, state plane analysis
no load => full load

High Voltage Side

A ch,
VHV ? .......... »
ik

Lo | 2
HV

0 Lo

Ly, —~

max CHV

Low Voltage Side

A VCL )

) Worst Case,

} LLV/np
Ly CLV
0 7 LL,,/nP

I c
LV

53

27/04/2014
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No load => Full load : dynamic requirement LV side

[ LLV
v- C
VLV _ np Lv
dip %
HV

Limit the voltage dip on the Low Voltage Side

Lo v

dip

Gy ILVM

54

Calculation of the components

-

fo =
27[Lr,.Coy

Aoy = np
IHV
. _ rHV __ " pk-ripple
1 Rlp% _Ir;vple% - I
T an
1

<

High Voltage side Low Voltage side

Hegp = np'ns

VLV
- _ 1LV __ pk-ripple
Rlp % Vnpple% - 78
HV

1

fos—F7———
| 7 2L, /0, Cyy

<

3
. |z . T.MAX S s o S
ﬁ)zmm[né:” sw ERIP% 5 Jgab(ma‘x(f:saliem’nCe!l'fm-)) (f! o). )

2V.HV'f:w

Valid for uncoupled AND coupled magnetic components

27/04/2014
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Calculation of the components

High Voltage side Low Voltage side

HV I o
LHV = VHV‘Varrshz% LT—V/ "y = VHV‘de%
Cay 115 Cor L.,

1 1
VLHV'CHV = W ‘V‘LLV/np Cr = i fLV
G -Jo

.

= Vo L,/n, = #

_ 27 7, _ 2 [ ],
— % L rex C = ! L¥max

T D i 2 Sy Ve Vg

Valid for uncoupled AND coupled magnetic components

Calculation of the components

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

MumC?\IOQhupper with: nS=1; VHV=800: ILVmax=250: IHVmax=125: relativeOutRipple=0.01; VHVovershoot=0.1; VLVdip=0.05:standardHV=HVDCA:stand ardLV=EN55022A

l——wv
-+ = CHV H
- m A
- av i

o R
\\ ] ™

Land C values [H or F]
o

i I N S A i L
5
10

switching frequency [Hz]

22
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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

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

LLV/nP@nS=1 [
——clv @ns= ||
--=1HV  @ns=2 ]
CHV  @ns=2||
- S LLVInP@nS=2
My U // Tbeal |TTTTCLY @ns=2

= 0
ol I,

&

Land Cvales [H or F]

switching frequency [Hz] 58

Calculation of the components

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

Mumciﬂughopper with: nS=1; VHV=800; ILVmax=250: IHVmax=125: relativeOutRipple=0.01; VHVovershoot=0.1; VLVdip=0.05:standardHV=HVDCA stand ardLV=EN55022A

LLV/nP@nP=1 []

—ocv @1

--= 1 @P=2 ]

-==CHV @nP=2||
L LLVInP@rP=2

"~ oy e -.__- R

et \\ i P CLV _ @nP=2

Land Cvales [H or F]
/
7
-

switching fre quency [Hz]
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Calculation of the components

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

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

B DV @nP=1 g
J——chv  @mw=1f]
i sebeeier - LLVinP@rP=1 []
R | ——ov @nP=1f
sl s LW @P=2 ]
K i
Lo~ s \"- ----- CHY  @P=2||
5 ! U LLVInP@rP=2
ks S ™~ <<\\\“\ S~ [mmov @2
102 L% s, Bl i Mg - S By M 5

o & iy 5 ™3

% = o = Ty

% — = _

z “he e

s £ aEi e =N

ek

2

H

s %

switching frequency [Hz] 60

Combined requirements

High Voltage side Low Voltage side

A r))\ A r))\

....... Candidates for
volume reduction

.| Candidates for
volume reduyction

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

27/04/2014
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A standard design process

User defined
Specifications

/SC /7/ fow /L Commutation Cell Design

Filter Design

Simulate

weight estimate ?

select
heatsink

R Measure
Efficiency & Weight

VOLUME OF PASSIVE COMPONENTS AND
FILTERS FOR MULTILEVEL CONVERTERS

65

27/04/2014
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Area Product of Magnetic Components : Inductors

oLl Je =7
n,.A, ¥ ke A A,
I Advantage : allows selecting the core
A=Lf 9
A A, "Bk . Drawback : L, I" and Il are not independent variables
Hiieh so the influence of L for example is not ahvious
Taking intoaccount: [ = _F y I= IDC.[H-
4ALf 2r .
3 i Vil -
V.IDC.(HT} 1+E(I—J A :
weget:| A .4 = /Y £c H 1l
’ AM : 4(AI/IDC)'f'B‘kw‘jeﬁ ’;'n n\;‘?ﬁl;

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

Though elegant, this formulation could be misleading :

Bacmax @Nd Rac/Rpc are very difficult to determine a priori :
*Bacmax 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...
*Ro/Rpc depends on f, shape, number of turns, conductor material...

25

NAPwpCon:

100% 150% 200%
73

Improved Normalized Area Product :
A4 B fk.j 3
NA‘P;;'};}M. e An sat f wedeg = lmax[1+ 2 ; Bsm J x R_K. i(ﬁj
V'IDC 8 AI/IDC‘ BACmax RDC 12 IDC

27/04/2014
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Area Product of Magnetic Components : Inductors

Basic formulation
Interleaved converters with uncoupled inductors

Uncoupled InductorsL/

—+—np=1
=8=np=2
. —a—np=3
———np=4
—+—np=5

—8—np=6

0% 20% 40% 60% 80%  100%  120%  140%  160%  180%  200% ]

- 3/4 - z
B.fk,j n, . Al
NVol < Pl | BS Ku-Jog - L g, 221DCW Y
Koape \ V-Locw 8n, 1, Al 12\ Ipow

5

Area Product of Magnetic Components : Inductors

Improved formulation

Interleaved converters with uncoupled inductors

NVol
: ‘ Uncoupled Inductors ;
=/ Rac/Rdc=10; Bsat/Bacmax =3 | e
s | - ~—np=2
| / ././- —dr—np=3
14 =
b
12 } =—=—np=5
11 —a—np=6
08 }'
06 +
04 1’
02 ! r
o [ R
0% 20% 40% 60% 80% 100% 120% 140% 160% 180% 200% I
DCrot

27/04/2014
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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

Mmd — \%Nw /nﬂ \’Q;Nmr
IDCz'nd IDCtot /np IDCmr

Ipe =N p L peind

3/4

2 2
=> Total v IDCra! (1+ ZIDC’tot J l_l_i(\“?‘AImJ
volume “n, | nlAL 2
of the n, Vol,, =#,.K e ? — - .
8B.f k-l s
inductors:

7

Area Product of Magnetic Components : ICTs

Basic formulation

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

: Coupled Inductors [

———np=1

02
] A‘[ro.l‘
0% 20% 40% 60% 80% 100% 120% 140% 160% 180% 200% I
DCtot
34
Vol = VPl | BS Kidy
K shape VI DC

78
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Area Product of Magnetic Components : ICTs

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

Coupled Inductors ; [
Ll = “Rac/ Rdc= 10 ; Bsat/Bacmax =3/

— —anp=1 T_
—=rp=2

—anp=3

——rp=d

——np=5

= —e—np=s

i

0% 20% 40% 60% 80%  100%  120%  140%  160%  180%  200% I

BS

79

N7 2 ’
7 B_.fk..
Vol = Vol [ BaaS Kufeg =3 | e - B |14 R foe
KJF:ape Vpe 8"; n, AL, /] DCrot B‘imer Rpe 12T pere

Minimum volume of LV-side uncoupled inductors and InterCell Transformers

Crossing(f,=f,)

BAC’max
2 Bsas 2 er
1+ 2 = = M:az/IDCsarz_:B—
an:a:/IDCmt BACma'{ ”p 1— AC max
L:> Ripple giving the minimum volume of Magnetic Component :
uncoupled coupled
B.%Cmax B-iCmax

|| ’ 24 2 B ‘ ‘
p=mnloa _ZB+‘“ = min 1 J 24 : iz B:a!
15 Y Ryc/Rpe Mp | _ ZaCmax. ;Ji VRAC/RDC Bao Bicmm

By B

27/04/2014
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Minimum volume of LV-side uncoupled inductors and InterCell Transformers

Ripple giving the minimum volume (as a function of Bacma/Bsar and Al/1pc) ]
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Minimum volume of LV-side uncoupled inductors and InterCell Transforme

Technology-related data : Core loss limitation

. | Maximum value of B, for a loss density of 250mW/cm? vs frequency |

1001 r -0720 =
2en 3 .
4, BRI xmin|1.2 | ———
N 13600
—
= i f -0.76
~ C 500 miV /em® : =
S, B i ~min|l.2 |———m
¥ e 21400
\ =
E — Maximum value of B, for a loss density of 750mW/cm?® vs frequency ’
o101 1001
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Filters with minimum volumes

Low Voltage side

High Voltage side

A o) A
i & &
L Q
> O <&
Sao )
° .2 &
> = S
(}Q/
Base point
Candidates for Candidates for
A volume reduction volume reduction

Min. volume(#4)

VolLyy

Vol Cy

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 Ly, 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

High Voltage side

A — \ A \
3 & &
L = <
oo N
= Qo
S .2 &
s = <
X
& -
: Min. volume(#4)
Base point -
_ Candidates for
Candidates fOF. volume reduction
/] volume reduction

Base point

VolLyy

Vol Cy

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 Ly, 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.
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Design process

User defined

Specifications

SemiCon. & Materials

Database

v

N
/ SC list /@ffmm,fw}ﬁ

A 4

N
HV & LV
standard

Commutation Cell
Design

End fg, list?

End SC list ?

Efficiency vs
Specific Power

Design process

User defined
Specifications

SemiCon. & Materials

Database

v

N
/ SC list /@ffmm,fw}ﬁ

A 4

N
HV & LV
standard

End fg, list?

End SC list ?

Efficiency vs
Specific Power
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Combining SC data and passive component data :

feasible points in the (SpecificPower,Efficiency) plane

Vmﬁﬁﬂl]\' ; D =50%; Power=6kW; Coupled

9
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Efficiency [ n.u.] ‘

Combining SC data and passive component data :

feasible points in the (SpecificPower,Efficiency) plane

\'H‘FGOO\' : D =50%: Power=6kW: Coupled

—— [PWO0R 120C3
——— SPP1INSOC3

§ | = IPPS5RO74C6
= §PP20NGOC3
—— STY139N65MS
[ |-l = APT60N60BCS
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[| =—1P10R350CP
~——— IPB200N25N3

APT60N60BCS
(Si 600V)

~——IPB025N1vN3 G
— SiJ482DP

|| =——DBSC042NETNS3
— BSCO028N0SNS
——— BSCO14NO4LSI
= TRF7946PbF
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98

Combining SC data and passive component data :

feasible points in the (SpecificPower,Efficiency) plane

\'H‘ =600V ; D =50% ; Power=6kW; Coupled

EPC1005
S awmao |
—— IPW0R 120C3 - @ - V) WA ]
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1. || — Epcioos :[Pwaori2oc3 | T TN AL
—— EPC2014 I f i ! - (Si 900V) B i ¥ / ; { 1
——— CMF10120D s o 3 N
E ¢ L——cvF201200 ; § \\ _—
S i N Nk I
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2 | L I
a Vid
Q| [
/
Q (3= i ittt
- S S . 'y
Kil} 1/

1 et
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Efficiency [ n.u.] ‘

Design check

DM filter : LV2

B swCount
Delay: -1/fSwi2kns/ne PWMTop

fsw: fsw
nCel: nPos  SwCountScope

e

wRefln LA Sact
i dv  checkd] >
[pee]' S —
W check LV fiter
vy requrements
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Graphic Vectorization in PLECS

L:iL1
L: [L1L2L3] . .
aaag™
Width: 3 Width: 3
L:L1
Al1] : :
—t : 81
Width: [1 2] Width: 3 Width: 3 Width: [2 1]
L:L
A
L:L

Al1]

. L: ones(1,n) *L
o0 00 0000 7

:I PE2as a B[1]
i LiL B Width: [1n_1]

Width: [n_1 1]

Dedicated blocks to help vectorization

.
[n] n I—l:_’_:l—l connectsk+1tok
> . | o e— - :
4 = =
b —] B2
n: nP

Q

n+1
n+l
r |V center of star
[n] 3_ [1]jo1 s conductor added o alow operation for n=l

(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

E
=
=
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Vectorized filters

DM filter : Lv2
I: ILv
cdv L LC
oMY _ COO—war—fTm -
ofL LClo L: I
5 R: sqrt(l/nP./c)
Cic =
i C: 4%
L: v
00 0-0 00 o T o o C
to nP L: v
2 o—0 00
c"“"“”ta;‘fl'; L: Iy
[P 00 00 o Ty 00 o
L: Y to load [1]
o0—0 oY 00 o o
o R: sqrt(LV/nP. /cLV)
Ciclv =/
+

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

- - - -
Vectorized filters with pre-deS|gn
—_— —— gy = =]
] Same model a3 bt the RLS
requ ety meh o
Tope, oo, i serdc complance
o) o e
el € rud <5 B e,
K 1-WDp i) ot e
s T eproments e conbind s koms
A o 1 et > ) o 5 st < o
Vae: vMagDesign ot
Hamibut @fSabent i’e .
st ony |
duss. 4o
Value: vIVnRp*vHYV
c 5
| chedk LV fiter
= ot
akie: LVrRp*Lrex/nP2
£
Standard
L Voltage on HV side: Normalized current ripple on LV side:
o iy vA [ 200 ]
om0 00 0T 00
- R Initial voltage on filter capacitors: Normalized voltage ripple on LV side:
[oP] L 1 1
o= VT 04 DA [ 0.05 &l
Max Current on LV side: Standard:
e vAfrioad [7] |Enss022a A
T_l_ir C 4ty Switching frequency: Normalized voltage dip (LV side):
to conTron (ground?) [1] fow [ 0.05 B
Number of cells in series: Minimize Inductance Value:
ns [ e )}
Number of cells in parallel: Display calculation details in Octave Console:
P 1 [on )=
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Vectorized commutation cell

Commutation Cel

ofCell

o{Cell-

P'WMbot

)
PWMtop
R: esrFiyCap [ e —
C
C: = PWMbot VCel
v_init: vCFiy0

1

(¢

vChop (V

Cell+
a
=
=
=
o
chopto
C )
-

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

fromCommCells
T | pr=—t
O s
o
AR VYY"
" A
bl towardsCommon

P_lin3 L Plin =L —L_p_in1
A: aCore/2 A: aCore A: aCore/2
Iz ILink/2 7 i+ Wind T~ =T I: lLink/2
. P_air2 L Parl L. P_air3
—— A: 10%aCore —— A: 10%aCore —— A: 10%aCore
I: le-4 1: Wind/4 I: 104
fromCommCells B Maglnt |
n: [nTumns) Maglnt1
I" _ X n: [nurns]
 —

towardsCommon
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Vectorized Monolithic
InterCell Transformer

Width: [1nm1]
Width: [nm1 1]

P_in1 P_in2
A: aCoref2 A: aCore/2

I lLink/2 I: luinkf2

1L I

L] T

P_lin =L
A: aCore
i = P_airl |. P_air2
f: Wind — A Core ___ At aCore
G— I: Wind Iz IWind
Maglnt
fromCommCells s [nTures]
towards common

P_in3 P_lind
A: aCoref2 A: aCore/2

I ILink/2 I: Iinkf2

s ok

L] T

Width: [1nm1]
Width: [nm1 1]

Vectorized and configurable magnetic

components for

ftation Cells/Cx

in_terleaved converters

=@ &7

Width: [om1 1]

Pin1
A; aCore/2
Link/2

Uncoupled Inductors (Blec) | Uncoupled Inductor (Mg) | Cych Cascade Intes Cell Transformer (Bec) | CyckcCascade ICT (Mag) | Mondithic InterCell Transformer (Mag) ||« {b
Width: (1nm3)

P <
A acore
fomCommCels  1:Mind T prert”
=i

§ | p_ar2
- d0%acore __ d: aCore
M‘fl{-‘l l.wnu Wind
H towardsCommon
—
P i3 Pind
A: aCore/2 A: aCore/2
i I: Link/2
-l —il—
width: [1nm1]
Vdth: 1. 1]

Apparently wire multiplexer for ‘magnetic wires” are not avatable from the lbrary 17...

C=0)
towardsGroundHV 1

)
towardsGroundV1

En mettant une résistance en sénie avec une perméance:
on crée des pertes proportioneles & dPhifdt

27/04/2014
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Vectorized regulator and
control signal generator

CS generator
seqControl: minimizeL.conn =
Td: 50e-9

ref PWMtop ']
lenableChop PWMbotp Triangular Wave 12
Delay: delay
Vectorized phase-shift makes / -

the whole block vectorized enableChop

=120

xCascadedIV_IP

vRefln  dutyp

[} dutyCont
[n]
dutySampleF:
o W
"D' 1 Te: 1/(f5w = sampRate) siecor M

sigmaPWMTop
T
{1 o —c

PWMtop

T[]

PWMbot

[n] dutyEqXSample

Equalizing xSample
sampRate: sampRate

integral of the
difference that
are never
compensated for

o o
A A
B
N
£
oA

Sampling must
be synchronized
with carriers to
avoid multiple
switching in the

same period
Delayed Each ref step
sampling causes must be handled
errorson the to cancel the

integral of the
difference of any
pair of control
signals

27/04/2014
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Vectorized equalizing sampler

N
xle-6 integral of the differences

—

xle-5 integral of the differences

Equalizing xSanpler
sampRate: sanpRate
duty eqDuties*

s1*

sum(s1*)p

Asimple circuit
allows open-loop
compensation of
sampled duties and ref these unbalances i sampled duties and ref

without
increasing the
number of
switchings

L EERELEERRSERIESEERRERY!

sampRate .(0:N¢e-1)

fsampee =SaMpRate .fg,
[Ncenl phaseDelay =

Neelr - fsample [Nncenl
n ¥
f: fSample D f: fSample
Dy shaseDaisy Delay: phaseDelay
1 [ R L] [:, : f'ﬂ.ll.] 1 ' 0] 1

Ts: 1/nCell/fSample K: 1nCell  Ts: 1/nCellffSample

[ncenl -. [Nncenr

duty

Design check

B MacroCelaRegulatedt wCoun_
Fle fdt View Window Help

B -8 .

Linkto

RegulatedL
VFilter

MAcroCellw
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DESIGNING WITH OBJECTS
AND OPTIMIZATION

A real-world object

BT 1

Object 50g 100g 2000 5000

\ Shape » Weigh/t [ d

—— Dimensions Cost —_— :
} Model

J Material
2~ / \
Inductance Sgries
Resistance

R i y
| L pacit

Capacitance

27/04/2014
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A real-world object

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

Series
Inductance Resistance

otk

Winding

Designing a real-world object

Apply stimuli

according to specifications:
¢ \oltage,

e Current,

¢ Switching Pattern,

¢ Ambiant temperature

R

Real World
Object

_/Wm\_

Check compatibility
with maximumratings:
¢ Peak voltage

e Peak & RMS current

¢ Peak induction

* Losses => Temperature

B

I >

27/04/2014
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Example

InterCell Transformer

27/04/2014
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Designing a full system

Collect objects

o\

2 Ya

2au=npu]

anumpede)

mmmmm

N\ (

Y4

-

aaaaaaaaa

=

H e e =) e

)
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Source

G

FILTER

shape
dimensions
materials

shape
dimensions
materials

Weight

Weight

Compose objects

COOLING

shape
dimensions
materials

shape

materials

Weight Weight

dimensions

FILTER

shape
dimensions
materials

shape
dimensions
materials

shape
dimensions
materials

Weight Weight Weight

Load

Lrlint
R: rint
V_de
Losses?? Losses?? Losses?? Losses?? Losses?? Losses?? Losses??
Losses?? Losses?? Losses??
Build full system model and solve
FILTER COOLING FILTER
shape shape shape shape shape shape shape
@ dimensions dimensions dimensions dimensions dimensions dimensions dimensions
o materials materials materials materials materials materials materials <}
P
5 3
ol ]
(9p]

Weight Weight

Weight Weight

Weight Weight Weight

Losses! Losses!

Losses??

Losses! Losses!

Losses??

Losses! Losses! Losses!

Losses??

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

27/04/2014
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Need for a fast solver

Steady-state waveforms are needed

¢ 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 inherentlyis 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(1) characteritics of diodes, etc) can be neglected :

Voltage/currentripple 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

RirHv  LiIHV MacoCel § f)f)

V_dc

LVDM filter
V: VIn

%)

Specified

Specified
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Principle used for approximate
determination of the operating point

Assumptions:
=> linear systems, lossless commutationcell, v, is constant

LVDM filter
Apply IV@fRef to the LV side and solve LV circuit
Find amplitude v,,,4 per Voltand delay

- L Lc
V_acl
Vil R: rLoad|
. . L w: 2*pi*fRef ¥
Scale v, and select phase to match v,,,4 specifications - EJ:

Find power delivered by v, and scale for specs (PLV#VACZ_ . .

RirHV L:IHY

RirHV  LiIHV

Lossless commutationcell =>P,,,=P.,

Constantv,, =>onlyig,P ¢ gives Py,

Solve HV circuitwith 1,=1A and find internal resistance
Find i,,°¢ and vy, such that P,=Py,

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

Y

Equations used for approximate
determination of the operating point

Assumptions:
=> linear systems, lossless commutationcell, v, is constant

LVDM filter

opPoint -
opPoint __ Vioad |L opPoint _ N
AC - |UN | Pref Pload
load

L Lc
v
V_acl
Vi1 R: rLoad|
3 2 L w: 2*pi*fRef ¥
1]o;rJPomt'| - T
opPoint _ pN load ]
P - PAC C: 2%cHV ‘;‘

ac |Ullyyad |
RirHV L HV

_ N 7 RirHV  LiIHV
Tint = Vin — Vgv

V_dc
V:vin

2 opPoint L
\/vin 4. Tine- Py

opPoint __ Vin +
1]HV 2 2

opPoint
AC
opPoint

= duty(t) =

HV

27/04/2014
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Approximate time domain
determination of the operating point

Re ey Lt HV/1e3

Commutation Cels y

q
9
4
9

Rirload

Value: pif2

commCel power
for vChopa IVERef
(nstantaneous)

Db

Dwide lestmate vChop@ef
| @oppont

Dagere (€

Fourier2

cefioltage & 1A

commCel power
i el Ty
» #u): (vin + srt(max(0 , vn~2 - 4 *ul1] *u[2]) )) /2 _D

Cel volatges

phase currents

o internal resistance
- of WV fiter

estmate cell voltage
5 | ©oopoant

:B'D dutyCyde

offset
value: .5

mRal

€S generator
‘seqControl: minmizeLc
50e-9

Jeraviacrap PriMbe

Value: 1

Approximate time domain
determination of the operating point

¥R

Chacped voitage., estmate checeoed volage BFiet

el veltages.
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75
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o
-
o
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ey
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e
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b
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-
e
s
o
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s
o
o
o
o
o
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Approximate time domain
determination of the operating point

— MY votage, Extinate MY volage SocPort.

FREEREREREE

§458880843

Hid 4

ix
L2

EEEGRRREEEE BEdacub Ry onByeELIBEE
EEvsuen e s dennpswnvavys BEREE

Approximate frequency domain
determination of the operating point
Solve separate ‘normalized’ circuit (Ipc=1A; V=1V £0°) using a single frequency! (DC and

RirHV  LilHV Iy LVDM filter
L c
V_acl
Vil R: rLoad
w: 2*pi*fRef ﬁ
T ) T
C: ZIJCHV _L_
RitHV L:IHY
) |UapPoint| )
Fint = Vin — Ugv UZéJPomt — lm]zvd L( :gljf’omt _(p{\tl)ad
|Uload|
2 _ . opPoint . 2
opPoint — Uﬂ+ \/vin 4. rmt.PAC PopPoint — PN |vl(:7131€iomt
W 2 ac = e\ o]
opPoint
= duty(t) =~
Yy
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Full frequency domain analysis
using the operating point

The control pattern duty(t) determined previously allowsdirect calculation of the
steady state waveformsat a point that is very close to the specified point:
¢ Thecircuitissplitin independant linear subcircuits

* The spectraof the souvrcesare derived from duty(t), v 2™ and ifp "
Mod

(time domain multiplication by duty(t) followed by FFT, or direct convolution of spectra)

Ly
T
Ly
i /)y
V.. =V 4
Ll Chi v,
Cu_ C

¢ Thecircuitissolved in the frequency domain

¢ If necessary time waveformsregenerated using iFFT. 139

Optimize at last...

( J—
v
4 D
] |
w0 N T
‘E E l Al r,_g [aJ 9
N J
v
[ )
¥ )
( ) ( )
! )
( I )
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