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= Why Simulating?



Different Approaches lead to Success S

" The specs analysis is followed by an analytical equations-based approach

v' Combining equations, simulations and hardware measurements: recipe for success!

The specs Equations Simulations Simulation ~ Equations?
e 4 i
e I - \/L , . _
S Lo | LTspice
‘& | simeus
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{} Complies N1
with specs? identify the reason
Check robustness
The final product  Run statistical analyses Bench ~ Simulations? The prototype
EVA, WCA, MC Model is valid!

EVA: extreme value analzsis — WCA: worst-case analzsis — MC: Monte Carlo 3



Why Simulating a Switching Converter?  “o===
= A badly-compensated loop can bring issues at the first power-on sequence
v Ac models deliver the power stage ac response to let you infer a compensation strategy

v’ Safely test the start-up sequence and confirm variables are within safe limits

80 180
60
(dB) a0l hase (°) ? Voull) :;ittrt]ii eroepcs?
20 ~
0 magnitude 0
2 \$\\ s overshoot
Je acceptable?
-40 AV,
-60
-80 -180

10 100 1k 10k 100k t=0
= |s your transformer well dimensioned to deliver the required power? Q\}
= Do you have design margin on voltage and current limits for the semiconductors? @

= What about the rms current in this capacitor at maximum output current? %

- Power libraries don’t burn — debug on the computer ssss




Simulations deliver reliable Results! e
= |f the subcircuits or models are fed with realistic parameters, simulation works

» Carefully characterize the primary and leakage inductance of a transformer

» Extract the ESR of the output capacitors for realistic losses and so on...
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v You can predict oscillations, voltage and current stresses, overshoots...

v Comfortably close the loop with the computer and enjoy a perfect match on the bench
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Agenda

Different Simulation Engines
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SPICE — a Reference since 1973 Foam

= SPICE is a linear solver in essence: any nonlinear behavior must be linearized
= SPICE samples at a variable timestep: it adjusts its course based on signals shapes
» Flat type of waveform: large timesteps are taken

» Change occurs: timestep reduction until enough precision is obtained

ﬂ, R_edt:ction o Timestep control algorithm is an essential part of
= in steps .
A the engine:
;. [ ]

. v’ It controls the number of iterations to find a

( .
\ solution

Vps () v’ It checks that timestep reduction brings a precise
solution — jump to next point or fail!
e — v
Reduction 4
in steps N

Highly time-consuming process!




Linearizing the Shockley Equation
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= A diode is a nonlinear device affected by a variable dynamic resistance r;

v" SPICE will have to linearize the component at every change in operating point
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A Switching Cell is a Nonlinear System = Fe===

" A switching converter is exhibiting linear characteristics during 7, and 7,

Buck converter |14 Buck converter 14
ANA——" P AAA 2 — I AAN, "
. rDS (on) L rL . L rL
V. C) @ C = § R, () V. grd 6 C= § R,
on time - off time —

" The toggling event between the two networks introduces a discontinuity

linear i
e Slngularlty The PWM switch
Averaged
Cannot model o—1a o} ¢ C o
differentiate ~__ ‘
SW
i I ] —
inear inear PWM switch VM [P
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Averaged and Switched Models o Cucis

= An averaged model is used for plotting a transfer function in an ac analysis
v’ There is no switching component — it simulates extremely fast
v You use it for extracting the control-to-output transfer function of a switching cell

v" It can also work in transient simulations and lets you test compensation strategies

TOFSW
ton={ton} Lsw={L} RISense={Ri} \J/— Operating point - ok swi VIout

X1 L R1 AN ‘A ”ﬁf\ Vout @

4.9900026V _ Out AVAY;
— 20m 22p

1m 0

Vc % {L}
Toff Ip Iv Fsw D rC X1 R1
Stim .
7\ Vin V2 %499-99826““’ 30m R N Vin @{%{‘}T Vin NINV D2 30m §R7
_ J1ov AC1 SW 333.33218V 4 () 12 mv_° “RBR10T40ANZ 1
Iv Cout T
Vramp

IN|

424m L 4:2399998V c1
. P_5 740005v 220pF v2 220
o 1.5000104pv l 440m T:c:o

Averaged model — COT %7 \v4 PULSE(0 1 0 9.9u 1n 1n 10u) Switching mbde/ - buck

= A switched model describes your converter as if you would breadboard it
v It is a cycle-by-cycle circuit and takes time to deliver results depending on the models
v You can include 2" or 3"-order effects — like leakage terms — and see their effects

v You cannot easily extract the ac response of a switching cell with a SPICE simulator
10




SIMPLIS — A Piece-Wise Linear Engine

= SIMPLIS uses a PWL approach where a component is modeled through segments
» Any change in operating point is modeled as a transition to another segment

v At any instant in simulation time, the system is always linear!
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AC Response from a Switching Circuit =~ F====

= You can assemble your circuit to model your prototype and check the operating point

" From this simulation template, you can extract the ac response for closing the loop
v No need to involve an intermediate step with an averaged model

Vsw
s2 » 100uic=0  IL

: ol vqur  YOUT Compensated loop gain 7{(s)
lin [ [ 80
(dB) 60 \
— \%:n) 20 T ( | f ) \\
J | 20 ~~
- 0
Qdrv
SR 20 7 .
v DRV 40 <€ 7N
2 Q & % 60
s-a N
v2 & ] e 180
[ I " {c2}Ic=0 135
u4 (LVCS K 4i Ii D RS \
’1_‘ c3 _ 90 \
+ - ERZ% (C1i 1C=0 {Rupper}
Vclock Jil Jil maxDC —O~— J_ 100p IC=R04 (- R6 Cf!—| (O) 45 L/T / /‘\ \ 1/ T
T* | . \J) z
| | : P 45 \
— + =
. 330m RS L et B OPSIMP 90 | Gain Crossover Frequency 7.8790853kHz \
L R v . Gain Margin 16.714798dB \
B W [TJour  YGT MZZ,E | Rowen 135 Phase Margin 54519007 degrees
G2 _ =OUT/IN . \
OBN [N [Jout__ @B -1809¢ 100 1k 10k 0Ok 200k
=OUT/IN
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Agenda

Averaged Models
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The PWM Switch Model in Voltage Mode ===

= We have seen that the discontinuity was brought by the switching cell

v’ Linearize the switching cell and leave the other elements untouched

PWM Switch Model

a/ \cC
m

— —o/:: =

70) JAN

Input-output currents Input-output voltages

V. Vorpérian,

L PWM Switch Model

a

—4((0—“—(:—
_d4T A

PWM switch VM [P

, IEEE Transactions on Aerospace and Electronic Systems, Vol. 26, NO. 3, 1990 14



https://ieeexplore.ieee.org/document/106126

A Model that fits many switching Cells e
" |[nvariant equations are valid for most known switching converters

v’ Rotate the PWM switch model and have its terminals properly connected

rL L1
X2 W X5
PWM-VM 10m {L} c PWM-VM
rL1 L2 X6 rL3 L6

A

a c Vout ' DK} Vo ut a C_4 3 Vout '
DT > iom {L} [cz . vin - 1 DT *¥ SR iom {L} [cs
P 220pF " R2 <—> 1ov 220uF —R1 , 220uF R5
7 vin H § a H § 1\ vin ] H
_/ 10v E 1 E 15 _J 10v E ratio={N} 1

X1
PWM-VM
ﬁ

rci rC4
10m 10m 10m
buck boost forward
N N Nz rL4
SN
a {L} im

RE a

3 /S L5 c5 f‘&%\ rL5 Cc Vout

2 [rglP Vout SR Il Vout . ° AVAV, I

a N L Ll {L} im 10

+\ Vin C L {cx c7
_J1ov r2 c3 a ca k12 L7 L8 0.91 _| -
xZ a = 220pF
10m 220p0F oo %D vin 2 control]  |220WF L., C) Vin 2. §R6
15 —/ v 3l LM 15 - 10V > %n—-m rC5 15
L3 rc2 * P 2l T 10m
C
{L} 10m , 10m al [N,
buck-boost Cuk SEPIC c| x7
< <
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Modeling a Buck Converter in VM Control
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= Select the VM PWM switch model from the LTspice library and assemble the converter

v’ Check operating points are correct after the simulation has run

DCMin=0.05 DCMax=0.95 Lsw={L} Fsw={Fsw}

X1
PWM-VM L R1
In Swt /‘W\_/\/\/ 4.9999194V  Vout
T X {L>}  20m
D rC
= o 30m
C) Vin c R
— /12 out 1
B2 220pF

V=IF ( V(err)/3>0.9,0.9,V(err)/3)

D—425.82944mV

T
<

A N
42.5% I {C3}
{C2}
c1 R2 R3 Rupper
| {R3} {Rupper}
{c1} {R2}
KVZ\ ) 2.4999597V
o0
err \_/ op \et
AC1 X2
-\ V1 Rlower
.ac dec 1000 10 100kHz {Vref}
) _ {Rlower}

.param L=22u ; inductance value
.param Vin=12 ; input voltage

*

.param Fsw=100k ; switching frequency <

+ Read from the power stage Bode plot

:.param Gfc=-12 ; magnitude at crossover * :
\.param PS=-150 ; phase lag at crossover * |

* Enter Design Goals Information Here *
.param fc=10k ; targeted crossover *
.param PM=70 ; choose phase margin at crossover *

* Capture the double zero position and

* one of the pole position

.param fz1=2k

.param fz2=2k

.param fp2=50k ; this pole is usually placed at Fsw/2

* Enter the Values for Vout and Bridge Bias Current *
.param Vout=5

.param Ibias=2m

.param Vref=2.5

*

.param Rlower={Vref/Ibias}

.param Rupper={(Vout-Vref)/Ibias}

.param boost={PM-PS-90}

.param G={10**(-Gfc/20)}

.param fp1={fc/tan(atan(fc/fz1)+
+atan(fc/fz2)-atan(fc/fp2)-boost*pi/180)}

.param a={sqrt((fc**2/fp1**2)+1)}

.param b={sqrt((fc**2/fp2**2)+1)}

.param c={sqrt((fz1**2/fc**2)+1)}

.param d={sqrt((fc**2/fz2**2)+1)}

.param R2={((a*b/(c*d))/(fp1-fz1))*Rupper*G*fp1}
.param C1={1/(2*pi*fz1*R2)}

.param C2={C1/(C1*R2*2*pi*fp1-1)}

.param C3={(fp2-fz2)/(2*pi*Rupper*fp2*fz2)}
.param R3={Rupper*fz2/(fp2-fz2)}

.param GO={((R2*C1)/(Rupper*(C1+C2)))*c*d/(a*b)}

" The macro automates the compensation

= All components are calculated based on /. and ¢,

16




Control-to-Output Transfer Function in VM
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* The model automatically detects the operating mode and switches from CCM or DCM

v You don’t need to determine the critical resistance to choose a DCM or CCM model

0°
-20°
-40°
-60°
-80°
100°
120°
140°
160°

180°
100KHz

Sweep the load resistance

.step param Rload list 1357

CCM operation

10Hz 100Hz 1KHz 10KHz

24dB 0°
18d DCM operation _8°
.step param Rload list 10 20 50 100
12d 16°
6d 24°
0d 32°
-6d 40°
-12d 48°
-18d o56°
-24d 64°

72°
80°

88°
100KHz

1KHz 10KHz

100Hz

10Hz

17




~__| ELECTRONICS

ics Company

Transient Response of the Converter

=" The compensated model lets you immediately check crossover and phase margin

v/ Owing to nonlinear equations, you can also test the corresponding transient response

1 Alus (IVOUT)

ZT(f)

AV, =140 mV

-

10Hz 100Hz 1KHz 10KHz 100KHz 0.0ms 0.6ms 1.2ms 1.8ms

ViopWiem)

Freq:| 0.4266B46KHz | Mag: | 25.822824mdB |

Phase: £5.953885°

18
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Modeling a Buck Converter in CM Control F====

= A current-model also exists = PWM CM — and it predicts subharmonic oscillations

v’ It is also capable to toggle between CCM and DCM operations Fgyl2

In

RISense=

{Ri} Slope={Se}

Lsw={L} Fsw={Fsw}

DCMin=0.

05 DCMax=0.95

501.57285mV

PWM-CM

A/D

@

¥
VCtrl X

X2

VCTR

624.37439mV

-
i

10Hz 100Hz 1KHz  10KHz 100KHz

Vi
{Vout}

= Slope compensation is swept form_.=1, 1.2, 1.5
= m=1+S,/S,

S, is the external ramp, S, is the inductor on-slope 19




L1

ki2L1L20.91

| 3.2992034V Oyt

In /‘2{\6\

1y

Y Vin
{Vin}

39.8%

o

398. 29367mv~l

PWM-VM

NA

N

X1
DCMin=0.05 DCMax=0.95 Lsw={L} Fsw={Fsw}

V=IF( V(err)/{Vp}>0.99,0.99,V(err)/{Vp})

L

I

796.58732mV

The PWM Switch Model in a SEPIC

= By rotating the model and matching the port connections, a SEPIC can be studied

v’ This is a 4th-order converter with a complicated control-to-output transfer function

V Iﬁ: Oou T:; SEPIC power stage

30d 0°
24d -20°
18d _40°
12d 80°
Gd _80[!
0d o
100

-6d .
124 120
184 140°
160°

180°

200°

10Hz 100Hz 1KHz 10KHz TMHz

20
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An Active-Clamp Forward Converter

= The AC forward lets you operate the converter with greater than 50% duty ratio
v’ Lends itself well to building large input voltage range dc-dc bricks, e.g. 36-75 V types

boost v={ron1}*(I(VLP)+(I(V5)/V(D))) buck stage

VIL
X2 L1
l @ . 3 n c r}{;ﬁ\ O Vout3.2999389V v You need two PWM
. 1~ c2 B2 <> PP )p; ' {vf} lc1 :
vy “1_p ] Oz ;:1:9 SS | a70p §R2 swﬂch models to
2y Voltage ratio={N} 100m unveil the resonant
g vLp drop X3 R1
Damping fzb 0 l 50m notch.
a
+\B1 . .
l B3 —> _ J V=({ron1}*(I(VLP)+(I(V5)/V(D))))*V(D) .ac dec 1000 10 100k %7 s v Dampmg IS
CDWH VEtron2}HHVLR) A+ a | I . g provided by the P-
—/ 48 | <_>o opout L @‘fm channel rpgp)-
._c|3 R3 R4 C5
o < i
> _ {ul} oy | A {CI_,,} i > You can push
48.2% § ° cain=02 x4 Supper crossover
* Q. Er w ~< {Rupper} f i
.param N=1/6 o pp I’equency N
_param ron1=60m Main switch - X5 | q
.paramron2=15 AC switch g4 Vi /T Ril , VO tage-mo e
-param Vf=0.5 {vref} \ _ {Rlower control.
v=If (V(err)>0.99,0.99, IF(V(err)<10m,10m, V(err) )) .7

Voltage-mode-controlled ACF 21




The Clamping Circuit Provides Damping ===
= The transistor rp ., in the active clamp circuit damps the notch

v You can extend crossover frequency beyond the notch and reduce output capacitance

Without damping V(vout)/V(opout) 00 10dBmiathdamping V(vout)/V(opout) 0°

8d 8d _ge

6d 18°

4d R1 EX’[I’? 4d 27°

1 1~ damping
Od = IPP530N15N3 T | gg 36 ©
4d ] , 9" o4 gig
o -4d

IRFP9240 ii o]
-8d 64 63

-12d -8d 2
-10d NCP1365/66 81

-16d 130° -12dB 90°
10Hz 100Hz 1KHz 10KHz 100KHz 10Hz 100Hz 1KHz 10KHz 100KHz

= Crossover frequencies can be as high at 30 kHz once the notch is damped

v The response becomes that of classical forward converter Voltage-mode-controlled ACF 22




Transient Response of the VM ACF
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= The 30-kHz crossover frequency offers an excellent response to a 50-100% load step

1 Alus
70d 180° 30
o6d 144°  og
42d 108° 99
28d 72° 18
14d 36° 14
0d 0° 3 45V, V(vout)
-14d -36° 3 39\
284 790 AV, =180 mV
Freq:| 29.585191KHz | Mag: | -12.421118mdB 3.33Ve
-42d Phase: |  £9.275626° 108° 3 97V
-6d C,..=1.1mF r.= 10 mQ 1447 321V ll
-70d 180° 3 15V
10Hz 100Hz 1KHz 10KHz 100KHz Ous 120ps 240us 360us 480us 600ps

= The 70° phase margin will ensure a swift recovery with minimal overshoot

" The drops is mainly incurred to the 10-m¢€2 equivalent series resistance

Voltage-mode-controlled ACF 23




Modeling Power Factor Correction in AC  Fe===

= Averaged models lend themselves well to modeling and stabilizing PFCs

" You can extract the control-to-output transfer function and confirm operating points

AW, WTH™Y .
Ac analysis Vout)/V(in): AC analysis
R} 50 d 9 0 0
Access operating R3 40d ?2 o
parameters 10m
N v3 20122833v— P | 2 30d 5 4 o
(D {Vrms} 5313686V ESy E _K},. out 384.99948V
493.53456mv—2 alyg ’::{L} i §;p 20d 360
9.2879887v—tn . §R11C={Vout} f'{{:u 1 Od 1 8 .
50m
Borderline PFC V=((V(errf* {Ct}/<113)* IMeg) +1 0g 0

compensator

lc‘* bs

1

1

1

1

: DOTA
e {c1}

: €2} < ra v2
| {R2} 10m
1

1

1

1

1

__________________________________

Ty g

_40d Freq:[ 10.117368Hz | Mag: | 15.346460mdB ¢ 720

Phase: 60.128613° !

100mHz 1Hz 10Hz 100Hz

24
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Power Factor Correction in Transient Foam

= Bias the PFC with an ac source with a bridge rectifier and enjoy waveforms immediately
v'The lack of switching component makes simulation extremely fast

000000000000000000 et \f(ip) Transient analysis

1.5V
0.0V
Vin V3 i -0 V f
_@_@_' —=n 4‘:::)9::2:: Fow ..;".' - e T384.97351v 1 1 ZV ( SW)
DPFC DPFC gn %:;m é{kl_} 2 4\{

SINE(0 {Vrms*sqrt(2)} 50)

N
1
3
N
1
3
NN
”~
3 -

ions abstol=1u vntol=1m reltol=0.01 gmin=100p
+method=gear

.options I;gparams
compensator

Oms 10ms 20ms 30ms 40ms 50ms

__________________________________




Modeling Three-Phase PFCs — AC Plots Fe===

= Averaged models are very well suited to describe a 6-pack 3-phase PFC

= They can be used to extract the transfer functions in a dq0 type of control

_________________________________________________________________________

57 o L] v Check the operating
e e e 200 f{“"we'} i Output voltage loop points are correct before
. o w T A considering ac results!
. - Sty | | . |
> {c1v} {R2v} !
] L S B i Inverse dqO transform
""""""""""""""""""""""""""""""""""""" d-loop

: | |
o e Jue 6-pack boost NG ”$ w
(I [ —— ! - | | i I
ol b ri qu transform E é i |
Tom om 0 JHMHGISIFT I R9 RZca | | | :
|
1

T 1 1
RS ! AN, —]F—
: Ll x2 1> 1M | {/l\zﬁﬁ {R2d} {C1d} | | CLP=29 CLN=-29
- ] Ia 1 €9 \ 1 | X3 db
VIa %) Vic . 10 ' i ! i
+ ib v d ES
0 Id ¥

0 0 1 Ic : 1 M
| . ! \ {c2d} Lot b

___________________

© 1 1
i ! ! 1 1
<> Va Vb Ve ! | \
_ I R11 l—ﬁ\ 1 h d
1 - 1
SINE(0 {Vgpeak} {FLINE}) | SINE(0 {Vgpeak} {FLINE} 00120) | SINE(0 {Vgpeak} {FLINE}00240) ____________________ : ' {R/\Q’} = ! | é;ﬁﬁ
1 | f
N | 1 ! 1 | -
1 ] |

1
R1 I va i ! R10 c}s_ ! |

1 | —/\/'\ r—{ ' 1
1G : \‘Ilb z: theta heta: i {R2q} {Ciq} : : :
! R12, | i R PRI

va vb v ' 1Meg i {C2q} '

i ib i | ' | '
& EL , E2 _ E3 L o 1 e - !
&a som %3& 80@ e som &:% N:# N%l Angle determination g-loop

< | 26




Compensate the Three Loops Easily

= FUTURE
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" The tree compensated ac responses are obtained in a few seconds of simulation time

IXTXIXEITYFTYTTYTTIYTY : ; QOD

OD

90°

OU
180° ,
90°
200000000000 snnnenaes?® 0°
ZT,(f)
q loop 90°

100Hz

180° v

v" One loop is active

for the ac sweep
while the two other
ones are silent.

The voltage loop

crossover can be
as high as 100 Hz
in a 3-phase PFC.

The d and g loops
are stabilized for a
2-kHz crossover
frequency.

27




Sinusoidal Input Currents R

" This is the power of averaged models, particularly for PFC studies: results in 5 s!

1 . 10 kW
lout(t)

18A=
D kW 5 kW




AC Model of a Vienna Rectifier

FUTURE

ELECTRONICS
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" |t is possible to model a Vienna rectifier by resorting to six PWM switch models

799.97589V vout
D1
Vo 2 Vo 2 la b
X5 X11 X12 2m
4] 4] A §R5 §R3
ﬂF ol HE ﬂF b b bl o - (RLY  {Rupper}
N 62.4397\ " 562.439 N
10m
3 X10 | 1881606mv| 6 ¢ 5 4.0802)@/ o7 8 59 n.osoz74y
Dd pa Dd Db Dd De
e o e 40913733V fo.2 FB—
75459200V 11 1 %
NV NV
Dd Dd Dd fcs
=~1C=400
2m
.model Dd D Vfwd=100m BN R14 R4
{RL} {Rlower}
R13
10m
A\
La Plot V(out)/V(AV) for voltage loop gain
* Lb Lc
8soou *Fil 800 800
.PARAM w={2*pi*Fline} 1 u c3
.PARAM t1=15m 2.2618191V
.PARAM Va={Vgpeak *sin(w*t1)}
rla PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)} Stip rlc
= *sin(W*tL-4*pi
10m ;PARAM Vc={Vgpeak *sin(w*t1-4*pi/3)} 10m 10m
{C1V} {R2V}
.options logparams
249992
VIa VIb VIc
° ° ° AC1
******************************************************************************* ! Vi _) Vstim1
' Vref
v2 d v3 va | e s 5.78
way  QC Sources by vy ! AV :
rg Retd R9 R7 C4
. -1.886925V 5, —\/\——
1Meg {Rdd} {R2d} {C1d}
Ia
16 923,46251my, 10 T N
Id 17
923 4625tmic I 2.262012V {c2d} INg
1 5707Pel N h
thtd
-325,26913V 16363457V 16363457V
g E X1
E3 Va Va

-

o
-

C. Basso,

Vb——{Vb theta (L3707, C
Ve— Ve

12

1Meg Retq

, How2Power, March 2026

[:‘>J 9180UTd
=\ Aco
0 ) vstim2

CLP=5 CLN=-5
X3

q
theta

R10

c5
{R2q} {C1q}
I

11
{C2q}
c7

zero

da1 a

E4
- 172m

“ee . Six PWM switch models

3 are necessary but only 3
172m V=1-abs(V(Db1)) are aCtlve at the same
: time, depending on the
f 172m I\3/3=1-abs(v(Dc1)) Iine pOIaritieS-
J. Kolar -

— APEC 2018 keynote 29
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https://www.how2power.com/newsletters/2603/articles/H2PToday2603_design_FutureElectronics.pdf?NOREDIR=1

The Vienna is a Three-Level Converter ===

= The two output voltages are well balanced and the input currents THD is below 2%

402.5V

V(vout)-V(Vo_2) out(t) V(vo_2)

402.0V=
401.5V=
401.0V=
400.5V=
400.0V=
399.5V=
399.0V=-
398.5V=
398.0V=-
397.5V.

LA

I(Vla) I(VI I(VIc)

45A
36A=
27A=
18A=
9A=
OA=
-9A=
-18A=
-27A=
-36A=

454

Oms

NN

10ms 15ms 20ms 25ms 30ms 35ms 40ms 45ms
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Agenda

Cycle-by-Cycle Models
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v" Is my inductance well sized, what is the ripple current, is the capacitor stress ok?

Assembling simple Circuits First

" The goal is to first test the component values you have determined

Perfect switch

Ou

12
Vclock

PULSE(0 5 0

X1

+\ v2
460m

NINV
O

INV
o

ramp
PULSE(0 1 09.9u1n1in10u)

= You don’t need the bells
and whistles of a complex
controller model at first!

'/Z FUTURE
” | ELECcTRONICS

N
\VAVAVAVAVAV/
\VAVAVAVAVAV/

On10n100n 10u

.model TOFSW SW (Ron=25m Roff=10Meg Vt=2 Vh=1)
*

.tran 0 5m 0 100n uic

“Only way to
feel the noise

It’s when it’s
good and loud”



Using a Generic Model for fast Simulations®====

= Once the circuit is operational in its most basic concept, increase complexity

= A generic model simulates fast and lets you test if your compensation strategy works

s Load step V{vout)
NN B R g j Vo)
\ ', T P Y AV, =170 mV

TOFSW 1

TOFSW
SW3

C__j ‘gﬁn} Cga —i 2 YN DD}.’.UCK 20m §{R;L1} @ g »
Cc1 ‘ ; )
Bl 682|.| I

l TIC-O
i —a i
é I=I(Vsense)*{Ri}

—=
PWL(0010m 010.001m 512m 5 12.001m 0)

6.0 A= _‘#-___IJ o
Type 3 . g _ _ Lol 1)
cyp = E — Simulation
::cs {R2}| [IS GN R2 upperl ‘7 .‘?{\; re S u Its a re ,_1_ .'-h:"-
{c2y a R3} tRupper} - . .
z R4 w2 obtainedin
ﬁ(m; i /\1/k\[ F
“ _—](':030 L — 10 S H
=—100p 1 {Rlower} N
J7 0.Oms 1.0ms 20ms 30ms 4.0ms 5.0ms
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Make sure your Models are Reliable e
= An accurate model is necessary otherwise: garbage-in garbage out (GIGO)

v Implement a double-pulse test with the data-sheet conditions and check losses

22KW- 1{V2)*V(drain)

|
.

20KW— 20KW- P (W ) 1 Wovetorm: I02)Vdroin) x

18KW-| e t t 18KWH |

o ] Vp S T6KW-] -

10w 14k I =

12KW—{

I(V2)*V(drain)

10KW—
Ul BKW—

IMZA75R008M1H_La o7 GKW .
oo o] ip (1) vps (2) J

OKW.

KW :: ' t

- 2 on
0V V{drain) 150V V(drain)
C— Vi ' 400V 400V
_ /400 360V i
T V2 Integrate over time
_ /0 2807 1
R 18 MURIsO el 2500 | |
+—drain 200V 200v- | Eon = avg on J |
— 160V 150 | At=t, | CheCk these
D2 R3 = u2 120V 100v-| | | |
| | mza7sR008BMIN L0 O sov 'E = ¢ [ J] ! losses!
T y3 MUR160 18 "5[ o o ! off D |At=t,, off .
= A0V ; S0V SUESSSE—— b
(V) V)
60A- 63A
54A+ 56A— P (W)
e 48A 49A-| t
.tran 0 30u 0 10n 42A 128 off
36A—
PWL(0 {VOFF} 10u {VOFF} 10.01u {VON} 15u {VON} 15.01u {VOFI 13084 35+ |
28A-
.model MUR160 D(IS=7.4f RS=50m C10=17p M=0.50 vj=0.75 ISR= 247
21A-
.param Voff=-5 18A-
.param Von=18 128+ 14A-
.lib IFX_CoolSiC_Gen1_Industrial_750V.lib BA-] TA+
0A ! oA
A T T T T T T T T T -TA: T T T T T T T T T
Ops 3ps Gps Yps 12ps 15ps 18ps 21ps 24ps 27ps 19.5ps  19.8ps  20.1ps  20.4ps  20.7ps  21.0ps  21.3ps  21.6ps  21.9ps  22.2ps  22.5ps

PWL(0 {VOFF} 10u {VOFF} 10.01u {VON} 15u {VON} 15.01u {VOFF} 20u {VOFF} 20.01u {VON} 22u {VON} 22.01u {VOFF})
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The Complete Cycle-by-Cycle Circuit e
= Your component values are now validated and deliver the right results

v It’s time to run the complete circuit with semiconductor models

RS - D4 Vout
A b .
10m . ::: E RB218NS150 c 22\
cs Lmag R3
Vin =100 SRS > {Lp} _ 30m 18\/=

120 ratio=-250m 1c=0 Tf; ¢ 14\ VoulD)
i : T 10V=
A RR1wmss AN %"f 6\/=

* 19 VI3 A 7\ /=

" 2V

A - V(n006)
ref 0P
- = Skm 1N4148 .
CMP D3 i 1 10 Ri r
4_ Fe § Vee l_Kl_G |l;”1 ! Y’ﬁ §:RLED} {::::er}
DRV — o 9 orv [PRY AN, —|SPA11N60C3 “
i0 X3
R7 Rt Rt GND |— R11 CMP ra A
{Rchg} % I1)|%414s X2 §:21: J < XZ, cuT_,
| I b 1
RO B R2 k| _ Vicm
{l/t\m/n\u(:} {R/\{S\ﬁ L ” N—A—REF | 5.0\ = l: F':|
- R1 T {Ccotz xa/_\ A [\ S v .1
{Cmnf:} = 5Cn5 == == f;'op (_) vi §{Ri} A Rlower 4.0V err )

PWL(0 0 100u 20) (Rlowery 3,0 \f=
-

I < 2.0V

. . 1.0V

= Always carefully draw your circuit 0.0V : : : :
0.0ms 1.2ms Z2.4ms 3.6ms 4.8ms 6.0ms

v" A well-drawn schematic is easier to read! -




An Active-Clamp Forward in Current-Mode*

"= The dedicated CM averaged model is used to stabilize the loop

v The extra high-frequency pole severely limits crossover in this case

.model DBUCK D TT=10n Rs=10m Cjo=120p N=0.6 BV=150 R19
.model TOFSW SW (Ron=1m Roff=10Meg Vt=2 Vh=1) VIout
* . . 3 2.2 _ W ( ) Vout
) (s J J 500n im
600 bmagl?) s Lma § g R18 M3 J c
N Vin  400mad 0 g 4 B FDMC3612 | rpmc3612 §10m R5
_ /) 36  200mad >0u X3 e {RL}
oA / ratio=180m S R13 R17 |
-200mAs \/ § = 10k 10k T 1.1m
-400mA= !
-B00mA: T T T s jl i R12 R14 N
N 2.8us 4.0us 52us 6.4ps L2 . X2 10k 10k
1.8m C N=100 " 130\ V(d)
Operation in quadrants | and Ill d fj“- self-driven ﬁ V()
v’ Better transformer usage D1 RS o sync rect »
AR G
1N5818 1 >
— 2.2 65V +-
X1 RG M1 2 R15
cp v DRV . A\ /\,—+———{IPP530N15N3 | /\2/2\/ ( \E
R4 B ove—DRVB 10 c7 L <R9 '
1 ca {R2} s G\D 0.1y | 1Meg Rupper Ny >
Tec23 , {Ruppe 0V i T
c3 - 2.8s 4 4us 6.0ps
l4c1y s M2 _ FB
| IRFP9240 | DRV Rlower TUrN-on at a reduced voltage
@ R2 Y
= D3 fRiower} v~ Good for switching losses
10k
1N4148
N

FUTURE

_| ELECTRONICS

A WT Microelectronics Company

.tran 0 3.01m 3m 50n uic
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Transient Response of the CM ACF e

= A high crossover frequency ensures an excellent response to a 15-A step

V. =36V
130V in V(d)

65V

I(Vlout)

30A= .‘“““'“u“."'ww'NnnmIMMMMhﬂﬂumuunﬂmuvﬂ-uuuluuunvvl .
28 Loul(?)

100%

ond 50% 50% 1A/ps

V(vout)

Voult)

Ll L) = L) ] ] ] ] ] L]
Ops B50ps 100ps 150us 200ps 250ps 300ps 350ps 400us 450us
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Three-Level Buck Converter — AC Respon

FUTURE
ECTRONICS

electronics Company

= A three-level structure helps reducing the voltage stress across power switches

v SIMPLIS can deliver the control-to-output transfer function in a few seconds

<

T. Meynard, H. Foch,

v G, =G;

- . 60 |
’ Vi, = ll8 Vv
VGi(f) * il
20 ~——"\
"ﬂnuunﬂ“oouu%\
. °o°>\
VG3(t) -20 |T{ ‘f\| %%%c..c AN
| ) "%,,%\
= v 135 #
.o 4L
i ‘ \ H 90 L
Vea(?) /\
. . . 45
* G, and G; are driven in multiphase ZT(f) \
v G,=G, 10 100 1k 10k

100k 200k

, IEEE Power Electronics Specialists Conference, 1992 38



https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717

Simulating a Buck with a Flying Capacitor *-

= A modified multiphase buck controller can be used to control the converter

v’ LTspice shows the voltage at the main switching node for the two duty ratios

.tran 0 5.01m 5m 100n uic

= The rms current in the
flying capacitor amounts
to 8 A in this simulation.

N

Gl— =l
H D2
Q:C]B %3 RBR20NS60A
=4
"
F1
"
G3— 03 D3
QZCB 5% RBR20NS60A
\ F Vsense i L1 vfn):
| cfiy —@ ¥ I
1 Wi x avav; Y
gy, B S
—/ {Vin} G4— 2 ° '
TR
- a5 RBR20NS60A R1
=
. 20m
F2 |
G2— oz
. D5 LY
QZCB aé RBR20NS60A g:w
. | B1 V=V(F1,F2) Ic=o
V=I(Vsense)*{Ri} F = 400 kH |
o sw z
T DT =50 ns
{c2} X1 5
{C3}
C2 R4 CMP DRV1 —G1
B———\/\, cup 5
{c1} {R2} FB i b
cs
DRVB1 ——G2
s GNP prvB2|—G4 F&
cs
100 c6
a7p Vin = 20-48 V
Vou = 12 V10 A

Vou

V, =20V

Cﬂy

15A

-15A

R2

5 12.010V
" 11.990V
o 15.6us 17.4us 19.2us 21.0us

FUTURE

m
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Reduced Voltages across Switches

= The voltage at the power switching node depends on the duty ratio
v’ It swings between 0 and %V, for D <50% or 4V, and V.. D >50%

V,=36V D<50% V(SW) Vsil?) Vi, =20V D>50% V(SW) Vsp!)

20V
17V
14V
12'V
11V
8V

V(fly)=18V V(fly) =10V

10.36V
9.59V
21s 4us SIVES 8us

Ous 21s 4s SIVES 8us

20V

12V

OV
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6-Pack 3-Phase PFC with SiC MOSFETs Fi===

= You can run a simulation with dg0 control and SiC transistors

SCTO16H120G3AG_V2K_L SCTO16H120G3AG_V2K_L SCTO16H120G3AG_V2K L Vout
ey U7 <z U9 by UL c1 "
sal — — s | 1€=790
K K K & {Rupper}
SapﬁJ MJ sm;J ™ 13
b R
! = = R2
us u10 u12 2m (Rlower}
sa Sc
K K K
SCTO16H120G3AG_V2K_L SCTO16H120G3AG_V2K_L SCTO16H120G3AG_V2K_L 47
Lal
Lb1 Ll
o) O ©
PARAM Vgpeak={Vgrms*sqrt(2)}
-PARAM Vamp={Vgpeak*2}
ia .PARAM L=100u
1om b ric .param TEMPSIC=100
10m 10m .param CGD=1n
x
Via Vb VI
0 0 °
va Vb Ve
SINE(0 {Vgpeak} {FLINE}) SINE(0 {Vgpeak} {FLINE} 0 0 120) [
N
1 SINE(0 {Vgpeak} {FLINE} 0 0 240)
16

ci8

_‘i
{cGp} -I: {cep}

a

a

w

P —

VHIGH=5 VLOW=100m
i

i ve FB—*
E2 E3
v3
1 y {Vrefy

. ; . v
a ic
E1
H H2 H3 -
VIa 20m VIb 20m VIc 20m 1

X1

Va——iva

Ve——{ve
12
1Meg

ie—T |

I 1.
theta
thetad |

Simulation time for 150 ms: =10 mn

l;llV} {R2v}

R9
! X2 H\A\—
“_L = 1Meg {Rdd} {R2d} {Cid}
; 10| It

d T

oy
c2 R6

X10

.param GfcV=20 ; magnitude at crossover *
.param PSV=-90 ; phase lag at crossover *
*

* Enter Design Goals Information Here *
*

.param fcV=20; targeted crossover *
.param PMV=60; choose phase margin at crossover *
*

* Enter the Values for Vout and Bridge Bias Current *
*

.param Vout=800
.param Pout=30k

.param RL={(Vout)**2/ (Pout)}
.param Ibias=100u

.param Vref=2.5

.param Rlower={Vref/Ibias}
.param Rupper={(Vout-Vref)/Ibias}
b

* Do ot edit the below lines *
.param boostV={PMV-PSV-90}

.param C2V={1/(2*pi*fcV*GV*kV*Rupper)}
.param C1V={CV*(kV*+2-1)}

-param R2V={kV/(C1V*2*pi*fcV)}

M

x11

R7 C4

VHIGH=5 VLOW=-5 C”’?; CLN=-29 X7
- N
Iaf— NINV
q iab

theta I iac

o=

{c2dy
c6
Xx12
R11
{Rdq}
R10  C5

{qug {Cl';l

r
{C2q}

* Components for the d loop *

.param Gfcd=1.6 ; magnitude at crossover *
.param PSd=-92 ; phase lag at crossover *
*

* Enter Design Goals Information Here *

*

.param fcd=2k ; targeted crossover *
.param PMd=60 ; choose phase margin at crossover *
M

* Enter the Values for Vout and Bridge Bias Current *
*

.param Rdd=100k

*

* Do not edit the below lines *

.param boostd={PMd-PSd-90}
d={10**(-Gfcd/20)}

.param an((boostd/ 2+45)*pi/ 180)}
.param fpd={fcd*kd}

.param fzd={fcd/kd}

.param C2d={1/(2*pi*fcd*Gd*kd*Rdd)}
-param C1d={C2d*(kd**2-1)}

.param R2d= {kd/ (C1d*2*pi*fcd)}

M

* Components for the q loop *

.param Gfcg=1.6 ; magnitude at crossover *

-param PSq=-93 ; phase lag at crossover *
*

* Enter Design Goals Information Here *
*

; targeted crossover *
.param PMq=60 ; choose phase margin at crossover *
M

.param Rdg=100k
M

* Do not edit the below lines *

.param boostq={PMq-PSq-00}

.param Ga={10**(-Gfca/20)}

.param kq={tan((boostq/ 2+45)*pi/ 180)}
.param fpq={fcq*ka}

.param fzq={fca/ka}

-param C2q={1/(2*pi*fcq*Gq*kq*Rda)}
.param C1q={C2d*(kq**2-1)}

-param R2q={kq/(C1q*2*pi*fcq)}

*

four 50 10 -1 I(Via)
four 50 10 -1 K(Vib)
four 50 10 -1 I(Vic)

\LIB SCT016H120G3AG_V2K_L.LIB

.options abstol=1u vntol=1m reltol=0.01
+gmin=100p method=gear

.model MUR160 D(IS=7.4f RS=50m C10=17p
+M=0.50 vj=0.75 ISR=940p
+BV=600 ibv=100u tt=120n)

TRS1=1uN=1.2 XTI=5)
«tran 0 150m 100m 50n uic

v4
PULSE(-3 3 0 16.6u 16.6u 1p 33.33u)

I{(VIb) THD = 5.5% I{VIc)
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Assess Conduction and Switching Losses

= After stabilization, you can assess the power dissipated by each transistor

V{Vout)*1x(UT:D}+V(Sap)Ix{UT:G)+V[SapG)1x{UT: $1)+V(N0O01)*1x({UT:S:

/// 3  FUTURE

// ELECTRONICS
A WT Microelectronics Company

* . * . I rms = 27 A
S00KW V(NOD1)* Ix(U8:D)+V({San)*Ix({U8:G) . C, I(c1)
T Interval Start: 10ms
180K W= kel Bl 0ms
Left click o on
160KW=] / / e
Inteqral: Interval Start:
140K = Interval End:
120KW- R
100 KW=
S0KW=
GOKW=
40K W=
20KW=

-240A— T T T T T T

'EI:IHI"N | | | | | | | | | | | |
10ms 12ms 16ms 20ms 24dms 28ms

Oms 5Sms 10ms 15ms 20ms 25ms 30ms 35ms 40ms 45ms
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Simulating a Vienna Rectifier with SiC

FUTURE
ELECTRONICS

A WT Microelectronics Company

= Two back-to-back MOSFETs are used for creating bidirectional switches

5
"(Rlower}

vout L0 L0
[ u2
1 z I Lo
Jp1 Jps ps L 1c=350
~ ~ X
TOFD Torp  TOFD m 13 4
2 {RLY {Rupper}
10m
IMZA i_Lo i_L
u3 U4
1Y l'g-rgll il 2 et
N
T 1c=350
9 J L pe,,
AN =™ X Lo to “
TOFD TOFD TOFD) us us RLY
L I 3
il 10m
w12
Y ~
a
Lb Lc R15
800,
o 8004 800y
1k
H
ia * g
Jom rib rle PARAM Fiine=50
10m 10m .param Vgrms=120
_PARAM Vgpeak=-{Vgrms*sart(2)}
PARAM Vamp={Vgpeak*2}
vic .MODEL TOFD D(I5=10e-18 RS=16m C10=550p
VIal \;lh o +M=0.4 V1=0.75 ISR=720n BV=1000 IBV=100u TT=130n)
° *
tran 0150m 01
Va Ve
Vb SINE(0 {Vgpeak} {FLINE} 0 0 240)

SINE(0 {Vgpeak} {FLINE} 0 0 120)

SINE(0 {Vgpeak} {FLINE})
1
16

.options abstol=1u vntol=1m reltol=0.01 gmin=100p
+method=gear

.four 50 10 -1 I(Via)
four 50 10 -1 I(Vib)
four 50 10 -1 I(Vic)

.param GfcV=35 ; magnitude at crossover *
.param PSV=-62; phase lag at crossover *
*

* Enter Design Goals Information Here *
B

.param fcV=10 ; targeted crossover
.param PMV=60 ; choose phase margin at crossover
*

* Enter the Values for Vout and Bridge Bias Current *
B

.param Vout=800
.param Pout=10k ; nominal is 5 kW
.param RL={(Vout/2)**2/(Pout/2)}
.param Ibias=100u

.param Vref=2.5

.param Rlower={Vref/Ibias}
.param Rupper={(Vout-Vref)/Ibias}
*

* Do not edit the below lines *
.param boostV={PMV-PSV-90}

.param GV={10%¥(-GFcV/20)}

.param kV={tan((boostV/2+45)*pi/ 180)}
.param fpV={feV*kV}

.param C
.param R2V={kV/(C1V*2*pi*fcV)}
*

.LIB IFX_CoolSiC_Gen1_Industrial_750V.lib
.model MUR160 D(IS=7.4f RS=50m C10=17p

+M=0.50 vj=0.75 ISR=940p
+BV=600 ibv=100u tt=120n)

IGLT65R055B2

N ; . ve FB—
a i i
E3
e N 13 i PWL(0020m Qe
[ VIa 60m [ VIb 60m [ VIc 60m 1 (¢ {vref})
X1 X2 bt
i
Meg
lm

Va——{Va
Vb——— Vb theta heta
Ve—— Ve

5ES8

R6

* Components for the d loop *

.param Gfcd=-1.2; magnitude at crossover *
.param PSd=-93 ; phase lag at crossover *

M

* Enter Design Goals Information Here *
*

.param fcd=1k ; targeted crossover *
.param PMd=60; choose phase margin at crossover *
*

* Enter the Values for Vout and Bridge Bias Current *
*

.param Rdd=100k

M

* Do not edit the below lines *

.param boostd={PMd-PSd-90}

.param Gd={10**(-Gfcd/20)}

.param kd={tan((boostd/ 2+45)*pi/180)}
.param fpd={fcd*kd}

.param fzd={fcd/kd}

.param C2d={1/(2*pi*fcd*Gd*kd*Rdd)}
.param C1¢ 2d*(kd**2-1)}

.param R2d={kd/(C1d*2*pi*fcd)}

*

* Components for the q loop *
.param Gfcq=-1.2 ; magnitude at crossover *
-param PSq=-93 ; phase lag at crossover *

M

* Enter Design Goals Information Here *
*

.param feq=1k ; targeted crossover *
-param PMq=60 ; choose phase margin at crossover *
M

.param Rdq=100k
¥

* Do ot edit the below lines *
-param boostq={PMq-PSq-90}

-param Gq={10**(-Gfcq/20)}

-param kq={tan((boostq/ 2+45)*pi/ 180)}
.param fpq={fca*ka}

.param f2q={fca/kq}

-param C2q={1/(2*pi*fcq*Gq*kq*Rdq)}
.param C1q={C2q*(kq**2-1)}

-param R2q={kq/(C1q*2*pi*fcq)}

M

R11 '_D

X6

g
<H

R10 cs
{R2q} {Ciq}
IE

11
{C2q}
c7

V=3-abs(V(Dc1))

SiC duty ratio V(da) 1 - |di (?)

AN

V(da1

VAVAV

100% 1.00VA
e 0.80V

ratio

60% 0.60V/
400mV-

OmVv

dqO
reference

15ms 30ms 45ms

Ooms

43



https://www.infineon.com/assets/row/public/documents/24/49/infineon-iglt65r055b2-pds-datasheet-en.pdf

Steady-State Simulation of the Vienna e

= The start-up sequence is very smooth without significant overshoot

T0A

V(vout,Vo_2) Vin =120V, Py = 10 kW, V= 800 V Vivo_2)

Three-Phase 30 kKW Vienna
PFC Reference Design
Microchip

MICROCHIP

{Vla) I{VIb) Input currents I(Vic)

S0 A=

J0A
10A
-10A=

-J0A
-H0A=

l ,‘0‘Q‘Q""""p}"&'&l&"’b'6'6'6'

-T0A

| | | | | | | | | | | | | | | | | | | |
Oms 10ms 20ms J0ms 40ms H0ms 60ms f0ms 80ms 90ms 100ms 110ms 120ms 130ms 140ms 150ms
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https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf
https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf
https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf
https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf

Agenda

" Simulation Examples of Converters
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Stablilizing the Loop of a Boost Converter

= This is a current-mode boost converter delivering 15 V/3 A from a 10-V source

v You start by determining the RHP zero at the minimum input of 8 V

L1

L} m,=1.2
d 471.18536m\ 20% COInp
rL
§10m oL
S| (¢ =
3 8
a1 2 15 VI3 A
Vin <> S
8V _ § out 14.999433V
N
— a et
4 T220uF
R1
_> B1 5
@ <
10m
V=IF V(err)/3>1,1,V(err)/3)
5
v i it
L1
{c2}
st = 300 kHz C2 R3 R“Pl’e“%
{Rupper}
{c1} {R2}
V4 2.4999056V
eh@_{
op
AC1 X2
vi '> RIowerlz
{vref} \_ {Rlower}
Current-mode boost

= The RHP zero is located at:
50(1-047)
J-= 22 uH- 27
= Choose f_.20% max of the
RHPZ — f. = 2 kHz

~10.2 kHz

= Read the mag and phase
from the control-to-output
plot: Gfc =-8 dB and PS = -
91°

= The compensator will
exhibit 8 dB of gain at 2 kHz
and a phase lag of -209° for
a 60° phase margin:

v -91°-270°+ 61°=-300°

lo,

-360°

Power -180 °op-amp Phase
stage pole at origin boost

10Hz 100Hz 1KHz

control-to-output transfer function

FUTURE
| ELECTRONICS

A WT Microelectronics Company

0°
-30°
-60°
-90°
120°
150°
180°
210°
240°
270°
300°

100KHz
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The type 2 Compensator with an op-amp

= The compensator is an active filter tuned to provide phase boost at fc

v" All component values are automated with the macro

2.0149996V

{c2}
Cl R2

{c1} {R2}
X2

2.4999363V

in

14.999618V

Vout \+\

™ Vi
C_ {Vref}

Rupper V2 C)
{Rupper} AC1\ —

El
Rlower 1k \ -

{Rlower}
From LTspice
.options logparams
boost = 6.10000e+01 -> boost = 61°
r2 = 1.34596550e+05 -> R, = 133 kQ
cl = 2.28611544e-09 -> C; = 2.2 nF
c2 = 1.63861974e-10 -> C, = 164 pF
fc = 2.00000000e+03 -> £, = 2 kHz
fp = 7.73342618e+04 -> fp = 7.7 kHz
fz = 5.17235168e+02 -> £, = 517 Hz

* From power stage

.param Gfc=-8 ; magnitude at crossover *
.param PS=-91 ; phase lag at crossover *

* Enter Design Goals Information
.param fc=2k ; targeted crossover *
.param PM=60 ; choose phase margin
.param Vout=15

.param Ibias=250u

.param Vref=2.5

.param Rlower={Vref/Ibias}

.param Rupper={(Vout-Vref)/Ibias}
.param boost={PM-PS-90}

.param G={10**(-Gfc/20)}

.param kf={tan((boost/2+45)*pi/180)}
.param fp={fc*kf}

.param fz={fc/kf}

.param C2=1/{(2*pi*fc*G*kf*Rupper)}
.param C1={C2*(kf**2-1)}

.param R2={kf/(C1*2*pi*fc)}

-+
n
]
o
O
Y
o
o
~
©

| ELECTRONICS
A WT Microelectronics Company

150°
144°
138°
132°
126°
120°
114°
108°
102°

96°

90°

84°

10Hz 100Hz 1KHz 10KHz
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,// FUTURE RE

Close the Loop and check Step Response *-=====

" Plot the compensated gain and explore different operating conditions

= Run a load and input step to check if the output voltage deviation is acceptable

SICANICE: . lvioun
2.9A= vout(t)

|T(f)| Vin=8V, I, =3A 2.7A 100%

out

2.5 =
2.3 =
2.1A=

1.9A=

1.?!-'.- 50%
1.5A T ———

iout(t)

AV, =600 mV

Freq: 2.0143181KHz  Mag: | -33.19703mdB .
Phase: 57.107426° .

48




FUTURE

Verify the Design with a Switched Model Fe===

= Use averaged model results to close the loop around a switched model

= Run a transient load step to confirm the design is stable

V(outf)
", L RBRSLAMGOA VIout 2 Iout stepped vout(t)
AN 512 Vgt AN rorsm from 1.5t0 3 A
10m {L} {RL2} .
_ , 0 sw3 in1A/us
@ ' ] e S
Tzzou
1C=0
é PWL(0 0 6m 0 6.001m 5 8m 5 8.001m 0)

-
3

X2

C P CMP DRV T
-L.c5 {R2} cs GND) Rupper
{c2} ca { {Rupper}

{Rr}

{C1) R4 %T
o cs sets slope -
100 : wer
[ P compensation level J}'.f.o;e,}

= The transient response is stable at the
three input voltages: 8, 10 and 12V

4Y




A Two-Phase CM Buck Converter Bl

= Multiphase converters are helpful to reduce semiconductor stresses and output ripple

= A two-phase buck operated in current-mode control requires adaptation of the model

RISense={Ri} Slope={Se} J:_\;’EE; i]imi é-rﬁi

Lsw={L} Fsw={Fsw} —
DCMin=0.05 DCMax=0.95

315.59184mV

PWM-K |T(f)|

In D | swt = R1 | 1.499950V. Out
230.94754m
k|l W T s M
- T X2
{Vin} _> Vin 2m R .param n=2 ; enter number of phases i
™ B1 Cout | 50m .param L={Lb/n} ; equivalent inductance value f:; "
— 6m .param Ri={Rb/n} ; equivalent sense resistance ] =
l .param rL={rLb/n} ; equivalent DC resistance 20 :kHZ
V=IF( V(err)/3>1,1,V(err)/3) * :
Type 2 compensator . _— Viout)/Vierr) .
________________________________ =1 LW L
692.8426mV T Ecjg H(f L 2g°
: : kT .
| {C2} ! ) | ( )| L A"
| a4 R2 | Rupper 0dB=- 4 y
P i {Rupper} 3dB- = -bl)"
v2 ) 799.97814mV 9dB=- 1 .
—{ | | i : S
U e Ty | 12dB= ! :
AC1 X1 . 15dB=- : . =_120
bemonoeenooees VLN RI - -16.4 dB ; NPT
{Vref} {Rlo:v‘::;% -18dB4 Power stage \ T %I:I .
'£-1|:1E L J L J L I ) !!!ll L J L J LI !!!!l L J L J L J !!!!!l L J L J L J !!!!!l '-1|:|”
10Hz 100Hz 1KHz 10KHz 100KHz
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UTURE

Step Load Response of the Multiphase Buék===

= The output voltage deviation is extremely small despite a 15-A load step

/\ \/ Vo)

LoD 100%

50% 50%

A
16A

1.540V:

1.

1.526V-

1.519v=

1.512V+

1.505V+

1.498V—

1.491V=

1.484V= AV

1,477V ~34 mV

1.470V+

1.463V- —~ - :

Ops

IIIIIII
30ps 60ps 90ps 120ps 150ps 180ps 210ps 240ps 270ps 300ps




Cycle-by-Cycle Simulation of the CM Buck*

= The cycle-by-cycle circuit implements a dedicated 2-phase generic controller

Vsense2
5 % %
5 .'b. /"b.
TOFSW TOFSW
Vsensel swi VIL2 L L2 sw3
6 N 0 3—Tr—AN 2
) \rj W Yem N
0 T 0 [
L VIOUT TOFSW l
= DRVB1 o D2 X SW4hrvB2 z
<> vi . o a RBQ3ONS45A 4 (X ). a
_/ {Vin} a
R3
BCS1 BCS2 {RL1}

l

[

V=I(Vsensel)*{Ri} V=I(Vsense2)*{Ri}

cs F,, = 200 kHz
Il
{c2}
C4 RS X1
Bp———\/\/ CMP  DRV1 [——DRV1
{C1} {R2} FB DRV2 ——DRV2
R4 ] DRVB1 —DRVB1
Csa CS1  DRVB2 —DRVB2
{Rr} _Lcs Cs2 GND —

R8

csr;%
{Rr} Cc7

Uy

47p

T
<

This is a 2-phase current-mode buck converter delivering 1.5 V- 30 A.

- Christophe Basso - May 2026

Vout

Rupper
{Rupper}

Rlower
{Rlower}

PWL(0 0 700u 0 701u 5 800u 5 801u 0)

R6

Infineon,

,// 2 FUTURE
r/ | ELECTRONICS

A WT Microelectronics Company

13V drive phase 1 V{drv1)

b \/=-

kb e el
I{C1) ripple current

624ps

630ps

636ps

642ps  648ps
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https://www.infineon.com/assets/row/public/documents/24/42/infineon-digital-multiphase-controller-dual-phase-operation-in-multiphase-buck-applications-applicationnotes-en.pdf?fileId=5546d46272e49d2a01737bf04c75581c
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1111111
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= Designhing a converter combines equations, simulation and bench measurements

= A simulator is a design companion which confirms or not your calculations

= There are two types of models: averaged and switched models

v An averaged model simulates fast and lets you stabilize the control loop

v" A switched model is slower and you “breadboard” the circuit on the computer

v" A piece-wise linear simulator like SIMPLIS extracts the ac response from a switching circuit

» Combine ac modeling with transient simulation for a safe first power-on experiment

Combine analytical analysis,
simulation, prototype:
It is the recipe for success! Snowshoeing is

way cooler than gesed ™. AL
simulating :
power supplies! ¢

https://powersimtof.com/Spice.htm



Models and Additional Reading s

= The LTspice/SIMPLIS models can be downloaded from my webpage:

ST,

T Slmulannu -~
i+ Slwitching Converfers &

SAL with LTspice

An Infuitive Guide to Compensating
Switching Power Supplies

APPLY CHRISTOPHE BASSO’S
RECIPES ON LOOP CONTROL

EHH|5][|FHE BRSSO | CHRISTOPHE BRSSO Christophe P. Basso

How to use my 250+ ready-made If you want a crash course on loop If the weather is rainy for 1 month or so,
switching templates control, this book is for you! why not try small-signal analysis?
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