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This is an averaged version of the Vienna
rectifier using the model of the PWM
switch. The PFC delivers 800 V for a 10-kW
load. This is a low-line simulation (V,, =120
V rms) to check the control section.

The dq0 modulator-demodulator is similar
to the one used in the 6-pack example. An
additional treatment is added in the
output of the modulator to produce an
off-time modulation (1-D) for this Vienna
application.

This averaged model is used later to
extract the ac response of the three loops

and stabilize the converter.

| have appreciated interacting with Yang Fu
from Shenzhen - 5!

Christophe Basso — November 2024 Rev. 0.3
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For the dc operating point, | believe only
some averaged models need to be
active at a time considering the input
line polarities at the selected time t,.
Here, | selected 15 ms implying:

tip = 15ms

vyltg) = -169.706v  NEZ
poS
poS

theta = atan2|v | t;g). vl tipl} = -1.571

Tbl.t].[':l = #8533V
Tlll.tlﬂ:l = B4 833V

This selection implies that positive diodes
on line b and c are turned on. The diode on
the negative line a is active. Some of the
models are turned off, easing the burden
on the simulation engine.

The operating point seems correct and
matches the transient simulation. Using
three averaged models (or 6 in the
transient simulation), makes the simulation
sensitive to any parameter change: always
check the dc point is ok.
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This is the way the duty ratio is elaborated to force
sinusoidal input currents to the Vienna converter.
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This is a transient cycle-by-cycle simulation in
which the load is stepped from P_,./2 to P_,.
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Excellent match
between averaged
and cycle-by-cycle
simulations. There
is a slight offset on
the d levels but
nothing serious.

Having averaged
and cycle-by-cycle
data well
superimposed is a
great reward and
confirms the
modeling
approach.
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730.2634m
10m

ok~ The ac analysis is quite sensitive to the loop
. ﬁ e AR U8 izl _ ' ' _ _
e [ @>< - @><l %:: g configurations, in particular the high open-
- T ] 1 i I loop gains of the TLO72. Also, it is
! %;‘ 8 30 important to tick the correct box when

using initial conditions for ac analyses: |

T
e - was having good dc operating points in dc
analysis but after an ac analysis, it was
oL (2 °N L3 PARAM w={2*pi*Fline}

wrong and this is the reason:

.PARAM Va={Vgpeak*sin(w*t1
484/884 ™ {Vg (w*t1)}
|
b
ib
60m

.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
.PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}
V5 . .
—wn V) is positive

4 Choose Component Value

INV @ VouT
=OUT/IN Device Value Initial Conditions
104343,
v IN []ouT] uTv = ) o
3_()?347@@_5 Base |2 |v e O Opendrait  Enable For Analysis:
(®) Initial voltage op

VOUT [N [Jout] YV Decade |]_m |: () Es
=OUT/IN ® E12 : Transient

Vee 4“!7 E AC Noise/TF
HOK, Result [ m O

5 5 2.4999 [9—”@—3%»4 esu 2 = [oc

vl vz c3 g

z

{c2v

E11 T B \ ouTv 59{ INV _
250,326 N . l 25 / = :$;/A+ u 576.778m%ﬂ_)9a Ok Cancel Parameters...
L~ - \/Sj‘; kﬁ‘ - ‘/+\‘ B1
X [Ez—é— .;5--8— -: (Vref)I (?:81‘341 '_| am \__/ v=1-abs(v(Da1))
400.0325 =t + Dat
us 1 P oy o . . . . .
w7 e P = If it is not ticked, the bias point for this first
B! be—P e 4l Retq ° A 795.922m %/L L.
SR e . L bR e ac analysis is wrong.
‘ Toor2 ) £a I \__/ V=1-abs(V(Db1))
thet: I
_____ o T el
T T4 i - —+ —&1 Det =
:' _“_a_s ;% ":m * 5708 5,37728 G043 vera /Z ee H H
Va -1. -1 m |
oL R g S | g roason For the voltage loop, the bias is correct and
Ve CGI@ 0 k ‘\ /‘ V=1-abs(V(Dc1))
(clm -61.943m -

we can sweep this first loop.
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- Gain
Gain

I~ Phase

Frequency/Hz

Gain Crossover Frequency 10.626907Hz

Gain Margin
Phase Margin

10m 20m 40m  100m 200m 400m 1

4414542948

\

5720677 1degrees

2 4 6810 20 40 60 100 200 400600 1k 2k 4k 6k 10k

Compensated V loop

1kHz/div

In the previous slide, you can see that some of the PWM switch models are grayed out. The reason is that | have
selected a t, value (15 ms) for which V, is negative (-169 V) while V, and V_ are positive at 84 V. As such, the PWM

switch model in V, treating the positive polarity is made silent (grayed out) while only the one dealing with the

negative value is active. Same with the models undergoing the negative polarities for V, and V,, they are also

grayed out and only the ones treating the positive waves are active. The grayed-out models would normally be

ignored by the engine considering the series diodes but the lighter the circuitry is, the easier it becomes for
converging and finding a correct bias point.
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D1
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:@E;::;j & i) Now validate the d loop measurement.
30.74 (. 1om . . .
>< i e, Check operating point are ok still.
& : 10000 (2:r§| \C:Adeifx D?Rﬂl_s) (RIWZZSD
481664 e 487.69 o O k %ﬁ.2634m
. > 8 >
L

.PARAM Fline=50

.PARAM Vgrms=120

.PARAM Vgpeak={Vgrms*sqrt(2)}
.PARAM Vamp={Vgpeak*2}

PARAM w={2*pi*Fline}

.PARAM t1=15m

.PARAM Va={Vgpeak*sin(w*t1)}
.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
.PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}

{cav}
vdd Vee |
3.04347¢;
{C1v} R2V/
5 -5 24999 § I—@—‘( L-
V1 v2 3 yg N8 TLo72
— — Vdd
E11 FBE ouTv INV Verrd ba Da
230.326 & ;fﬂva 25 - S 576.778m
— — L
R12 k
V3 B1
— Rdd]
o {Vref} ‘3 0’4341 (ng) - V=1-abs(V(Da1))
) d4.8528 i 24606 72m
400.032 b s h Dat
ia L E
N % , = dq0_sub = -3.0136 i =
| 19.3195 la Id @ Retd u20 Db
ib—— 1b Iq @ Retq Inverse_dq0 E7 795.922m
E3 84 8528 Ic 10 d ia 172m
& S e o, -16.8346 theta -6.92875n oI, N1 b | @-1.1865 [ £10b1
© :{IZ x2 Vdd zero i B2
TLOT2 the! A V=1-abs(V(Db1))
thota | N L -1.2741
- E8
= - 1 theta 172m
va u4 - + —&1 De1 -
-16%.70 theta_sub Vee Verrq De
va  -1.5708 15337728 -G17.943m gqy ( . 780.855m
vbE———{ Vb theta @8- o '
Ve theta {Rdq} {R2q} k
Y e O [ i31 bs(V(Dc1))
vl T"@i =1-abs(V(Dc
(c2q} -61.943m e
Id ouT| OTd Id N VUT

=0OUT/IN

OUT/IN

Reld  Retd N uTl Oud  INd |
UT/IN

=0OUT/IN
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Power stage of d loop Type 2 centered at 2 kHz

Gain Gain Crossover Frequency 2.0142727kHz
Gain Gain Margin “*ERROR™*
Phase  Phase Margin 59.511622degrees

Compensated d loop



Not Okm.;pp Now enable the g loop. In theory, both d and q loops
i W20 have the same transfer function but it is always
ﬁj =mo  interesting to look at each individually. Here, by
i . enabling the ac source with the q loop, the operating
: Q. R e point is wrong.
1T

70 g P e By locally reducing the open-loop gain of the q op-
.PARAM Vgpeak={Vgrms*sqrt(2)} . .
st igase PARAM Vemp={ygpecic? amp, the circuit converges:

.PARAM t1=15m

.PARAM Va={Vgpeak*sin(w*t1)}
.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}

Not ok

2v)

Vee —I—
4.79505¢
1y RoV)
%% %& 2.45964 @]
Vi v2 c3 R8 TLO72
= = us X1 vdd
E11 FBE \ ouTv INV Verrd ba Da
3103228+ va 2_T+ 768.893m
L = Cra
— ol - Not ok e
{vref} c1d fR2a) - V=1-abs(V(Da1))
E2 537720 | &4 R10 1.64562
b 84.8528 1.34364 172M
480.028 = + m} Elvb Us
> ia L E L
NS %“ dq0_sub = -1.64562,, ] =
I 1d u20
258_5“?1 |: . gz:z Inverse_dq0 E7 683.742m Lo
ES d4.8528 le 10 8.31432 L ACt d ia 172m
< — -279.455 theta . n oga (> a i | @1.83871 Db
o R7 % va B Zer0 ic T B2
1K Tor Vo theta V=1-abs(V(Db1))
theta I N | L -3.18235 -
= - L theta J72m —
val U4 - — {—1Dc1 -
-169.706,theta_sub Vee Verrq Dc
L va  -1.5708 /174572 BB5042 gy (L - 452
VbE——— Vb theta 8160 —le——— 52:636m
EJ—Vc theta {Rda} {C1q} {R2q} B3 &
C6 . . .
ve l@ L V=1-abs(V(Dc1))
(c2q ~3:58042 = IIQ
otok  — = o £23413m - - - -
L =
= e e e e e Tl N
...................... i A
I}
I T T

Added resistance

IN [\Jout|__O¢fa Ing IN [Jout]___Re
T e Remove it for other analyses

Retq N EIOUT Outg  INg N EIOUT vouT
=OUT/IN =OUT/IN
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Power stage of q loop
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Type 2 centered at 2 kHz

Finally, | have set the voltage loop at 10 Hz and
the dq loops at 1 kHz.

In theory, the d and g loops have the same ac
response but changes can occur due to the dc
loop kept closed during the ac sweep.
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0 \
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45 // \\
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Frequency/Hz 1kHz/div

Compensated d loop

-urve label Mame Value
Gain (... Gain Crossover Frequency 1.8637823kHz
Gain (... Gain Margin “*ERROR™*
Phase... Phase Margin £3.379129degrees
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Finally, | have included SiC MOSFETs in the circuit:

.param GfcV=32 ; magnitude at crossover * * Components for the d loop *
lcapP .param PSV=-45 ; phase lag at crossover * .param Gfcd=30 ; magnitude at crossover *
. * .param PSd=-93 ; phase lag at crossover *
s o N o cma50 D R28 Roa D * Enter Design Goals Information Here * * ) )
RL (Rupper} * * Enter Design Goals Information Here *
R16 .param fcV=20 ; targeted crossover * *
CT025HU120G3AG_V2K  SCTO25HU120G3AG_V2K ~ SCTO25HU120G3AG_V2K SCT025HU120G3AG_V2K | SCT025HU120G3AG_V2K SCT025HU120G3AG_V2K Tom A ) . o - .
pelinng i g = e = .param PMV=46 ; choose phase margin at crossover .param fcd=2k ; targeted crossover
/ \ ,/ \Voj / \ ,/ \ ,/ \ Vo2 JVeN * .param PMd=60 ; choose phase margin at crossover *
T T Ta ﬂ\ b T e | I T = FBN * Enter the Values for Vout and Bridge Bias Current * *
\\ \\ / IcapN * * Enter the Values for Vout and Bridge Bias Current *
T u2e U1 T - Tus m } .param Vout=800 *
.param Pout=10k ; nominal is 5 kW .param Rdd=100k
2 D5 D8 c8
DEAL 4 DEAL 4 2m IC=350 DWS R23 D .param RL={(Vout/2)*2/(Pout/2)} *
Jul 0 {RL}  {Rlower} SN N . o
Da Ka Db De Ke o0 .param Ibias=100u Do not edit the below lines
10 .param Vref=2.5 .param boostd={PMd-PSd-90}
" .param Rlower={Vref/Ibias} .param Gd={10%(-Gfcd/20)}
.param Rupper={(Vout-Vref)/Ibias} .param kd={tan((boostd/2+45)*pi/180)}
L * .param fpd={fcd*kd}
- * Do not edit the below lines * .param fzd={fcd/kd}
ib ic . .param boostV={PMV-PSV-90} .param C2d={1/(2*pi*fcd*Gd*kd*Rdd)}
. _param GV={10(-GfcV/20)} _param C1d={C2d*(kd"2-1)}
RS Ro ‘PARAM Fline=50 param KV={tan((boostV/2+45)*pi/180)} param R2d={kd/(C1d*2*pi*fcd)}
Eﬁsﬁm \\;grms;jZO N 2 .param fpV={fcV*kV} *
"PARAM Vomne _{ng:f*zsqn( » param f2V={fov/kv} * Components for the g loop *
Lo L ;| 'amp={Vgpeak*2} _param C2V={1/(2*pi*fcV*GV*kV*Rupper)} pafamp %fzq;; ' m:gqnitcijciipe at crossover *
800 2) 800 param C1V={C2V"(kV72-1)} .param PSq=-93 | phase lag at crossover *
.param R2V={kV/(C1V*2*pi*fcV)} 3 ’
He Hb He .INC \SUBS\SCT025HU120G3AG_V2K.LIB * . .
‘ ‘ ‘ I I d h I b f.I * Choose op amp characteristics * : Enter Design Goals Information Here
. . . nclude the lib tile . .
N ® ‘ param AOL=90 ; open-loop gain in dB * p:::x E’:I?A_izbl?tr:?\if:ecrﬁzsszvgar in at crossover *
60m 60m 60m .param POLE=30 ; low-frequency pole * ;p a ! P 9
Duty ratio Da .param VHIGH=5 ; upper output level *
D ’ =
Vst gpeai SN apeal N ek 2 IN[puty Cycle param VLOW=100m ; lower output level * ;param Rdq=100k
{-Vopeak} /1 | {-Vgpeak} v (Vgpeak) 1\
V2={Vgpeak} V2={Vgpeak} V2={Vgpeak} <J_l I * . ) . X
EEEE;SEW) :ﬁigg(jg‘;’ Eﬁig;gf‘f) ' |_‘ * Do not edit these lines * Do not edit the below lines
Duty ratio Db -param gm=100u .SZEQ g(:qis{tﬂ)_"{(':’gfiqsgg))gm
o IN [ Duty Cycle -param GAIN={10%(AOL/20)} ‘param kq=tan((boostq/2+45)"pi/180)}
N EE— Il .param COL={1/(6.28*(GAIN/100u)*POLE)} P fq‘_ ok q Pl
R I=H .param ROL={GAIN/100u} -param fpq={feq’ka}
I - .param fzq={fcq/kq}
. .param C2q={1/(2*pi*fcq*Gq*kq*Rdq)}
L (c2v) Duty ratio De _param C1q={C2q*(kq"2-1)}
= B IN [Duty Cycle]
vdd Vee B————— Puty by .param R2q={kq/(C1q*2*pi*fcq)}
c2 Verrv IpE ¥
{C1v} R2V] ' ' '
s . ™ . 0 . e
vi vz c3 R8 X1
vdd

TLO72
E11 FBE—8—— 1, WVerrd
R ;YE‘V:; v Rdd .

— “®° 3 ﬁm ) o The simulation with SiC transistors is the
e oL L | 0 final step. The driver side is simplified and
I:qo sublu 1 |7 20 j Dat

2 T delivers up to 18 V through a 3.3-Q
resistance. A more accurate simulation

"

s W T e T e

* [T

. should include a comprehensive model of
the driving path.

—

B5

— theta i
= V=3-abs(V(Dp1)) U21

Vee
R13 cr R14

U4
theta_sub

Va
VbE———| Vb theta|—&] {Rdq}
Ve

{R2q}
{C1a} ce

EJ— theta JVerrq

{C2q}

+

B6 |
V=3-abs(V(Dc1)) U22

=0 O
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This is the high-
line simulation
(230 V rms lie-
neutral or 400
V line-to-line)
and you can
notice the d
value swinging
to almost -6 V.
You need
sufficient dc
supplies on the
op-amp, what |
originally did
not have with
the +5/-5 V. |
increased them
to +8/-8 for this
sim.

Vdd Vee
[ L]

ITB/A ITA/A IcapP /A IcapN / A ic/A ib/A ia/A

ITC/A

Verrq / mV

VerrV /V

Verrd / V
N

\ o~
7 h > a . — — O
) N TN N N
oy N S S SN SN, Swy

N .4 N 4 ™ ™ N e - e -
? e — e

I/ et o ™ ™ e

/

If d cannot swing neg. enough, regulation is lost in high line o —
1 g ‘ ; 5.9V
N\
\ A
\' / \ SN N N o e,
p—— \

Time/ms
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g

{Rupper}

D1 D3 DS
T TOFD Zn ToFp TOFD
D2 D4
T TOFD s TOFD

{ Rilower}

EE

e
10m

e

PARAM Fline=50

.param Vgrms=120

PARAM Vigpeak={Wgrms*sqri{ 2}

PARAM Vamp={Ngpeak* 2}

. MODEL TOFSW SW([Ren=25m Reff=10Meg Wi=2 Vh=1)
MODEL TOFD D{IS=10e-18 RE= 16m CI0=550p

+M=10.4 VI=0.75 ISR="720n BV= 1000 TBV= 100u TT= 130n)
»

Jtradn 0 34900 0 i

SINE(O {Vigpeak} {FLINE} 0 0 240)

- va
BO00Y 800
i il
10m -
VIa VIb VIc
0 [} [}
- a -
Va
b
SINE(D {Vgpeak} {FLINE} 00 120)

SINE(0 {Vgpeak} {FLENE})
R1
1G

Loptions abstel=1u vivtel= Lin reftel=0,01 gmin=100p
+method=gear

fousr 50 10 -1 I{ Via)
feur 50 10 -1 T{ Vib)
Feur 50 10 -1 T{ Vie)

Jparam GFeW=35 ; magnitude at crossover *
.param PSVW=-62 ; phase lag at crossover *
-

* Enter Design Goals Information Here *
*

Jparam foW=10 ; targeted crossover *
.param PMV=60 ; choose phase mangin at crossover *
-

* Enter the Values for Vout and Bridge Bias Curment *
-

.param Wout=800

Jparam Pout=10K ; nominal is 5 kW
Jparai RL={(Vout/ 2)** 2/ (Pout/ 2)}
.param Ibias= 100w

.param Vref=2.5

Jparam Rlower= {Wref Ibias}

parm Rupper={{Vout-ref)/ Itias}

* D ot edit the belew lines *
param boostV={PMV-PSV-80}

param GV={ 0% +{-GFcV/ 200}

.param KV={tan (boostV[ 2+45) *pif 180) 3
.param FpV={fV RV

param V= LRk

param CV= {1/ [ 24 pit FW* GV kW Rupper)
.param CIV={C2VH(kV*+2-1)}

Jparai RIV={kV/(CLV* 2* pi*FeV) 3

*

1 |

a
I
c
' ke
ey {Revh
W FE—= =
E1
b PWL(O 0 20m {Vref})
1
- RS R
W i 2 W]
1
- — o " Meg {Rad} {R2d} {cia} -
Vi Vb thets b— s d
ve—|ve : Ic
R1Z e e . e
1Meg M—I— e

CLP=2.9 CLN=-29

* Cormnponedts for the d loop *

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

N

* Enter Design Goals Information Here *

*

Jparam fed=1k ; targeted crossowver *

.param PMd=60 ; choose phase mangin at crossover *
»*

* Envter the Values for Vout and Bridge Bias Cument *

.

.param Rdd=100k
*

* Do ot edit the bedow lines *

.param boostd={PMd-PSd-00}

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

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

param fod={fed/kd}

.param C2d={1]{2*pi*fed*Gd*kd*Rdd)}
.param Cld={C2d* (kd**2-1)}

Jparam R2d={kd/(C1d*2*pi*fod)}

.

*+ Components for the g loop *

.param Gfeg=-1.2 ; magnitude at crossover *
.param PSq=-93 ; phase lag 8t crossover *

*

* Enter Design Goals Information Here *
»*

param feg=1k ; targeted crossower *
.param PMg=560 ; choose phase mangin at crossover *
*

.param Rdg=100k
*

+ Do ot edit the below lines *
.param boosty={PMg-PSq-90}

.param Ga={10°*{-Gfeq/ 20)}

.param k= {tan{(boosty/ 2+45)*pif 180)}
.param fpq={feg*ka}

«param fzg={fcq/kq}

«param C2q={1/{2*pi*feq*Gg*ka*Rdq) }
.param Clg={C24*(kq**2-1)}

.param R2q={ka/ (Clq*2*pitfeq)}

*

V=3-abe( [ Da1))

B2

V=3-abs((Db1))
Ia —Dal
Ib —Dbi
Ic

T

I

C6

X1z
R11 ,—|¥‘-~ﬁ.
l-'/'/
Hoa} L

R10 c5

B3
W=3-abs{V(Del))

Ve
C_) PULSE(-3 3 0 16.6u 16.6u 1p 33.33u)

This is the cycle-by-cycle
implementation in LTspice,
reusing the dq blocks originally
tested with the 6-pack PFC.

The reference voltage is soft-
started for a smooth power-on
sequence.
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The input currents nicely grow to their nominal values after a few tens of milliseconds.
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At steady-state, the input currents are well sinusoidal and the outputs are properly regulated.



Loptions abstol= Lu vitol= 1m reitel=0,01 giin=100p
+method=gear

four 50 10 -1 I{Via)
four 50 10 -1 I{Vib)
four 50 10 -1 I{ Vie)

param GRV=35 ; magnitude at crossover *
.param PSW=-62 ; phase lag at crossover *
-

* Enter Design Goals Information Hene *
*

Jparam fcW=10 ; targeted crossover *
.param PMV=60 ; choose phase mangin at crossover *
»

* Enter the Values for Vout and Bridge Bias Cument *
»

Jparam Veut=B00

«param Pouwt= 10k ; nominalis 5 kW

param RL={{Vout 2)**2/ (Pout/ 2)}

param Thias=100u

Jparam Vref=2.5

«param Rlewer={Vref/ Tbias}

param Rupper={{Vout-Vref) / Tbias}

-

* Do not edit the below lines *
.param boostV={ PMV-PSV-807}

Jparam GV={10%*{-GFeV/ 20)}

Jparam kV={tan| | boostV) 2+45)*pij 180)}
param fpW={fV*kV}

param FV= {FV RV

param CIV={1/ [ 2*pi*FV* GV KV* Rupper) }
.param C1V={C2V*(KV*+2-1)}

Jparam R2V={kV/ [CIV*2* pi*fcV) 3

»

R10 cs

—
{R2g} {Clq}

Vout
07 D&
TOFD TOFD |la
= 1c=400
D1 p3 DS - ] e R13 R4
Fiy N ToFD I F
TOFD TOFD R3 {RL*Z} {Rupper} Vi
s 1 D10 10m StepSWL
L) TarD PWL(0{0 330m 0 330.04m 5 480m 5 450.00m 0)
AL io 2 FE— s
-
* | & 1
-
D11 D12 T IC=400
77 D2 75 D4 77 06 F1— = Rid RS
TOFD TOFD TOFD | e [RL*2} o {Riewer} v
- R3
- M
& | @ 1 der =
PWL(0{0 330m 0 330.01m 5 480m 5 480.01m 0)
v
La
Lb Le
et Bl E00
fa *
. b e .PARAM Fline=50 =
10m 10m .param Vgrms=120
PARAM Vgpeak={Vgmms*sqri{2)}
PARAM Vamp={Vgpeak* 2}
= . MODEL TOFSW SW{Ren=25m Roff=10Meg V=2 Vh=1)
= EE s .MODEL TOFD D{IS=10&-18 RS=16m C}0=
] o o +M=0.4 V1= 0.75 TSR =720n BV=1000 TEV= 100u TT=130n)
*
- - - .ran 0 600m 300m uic
va C) v
=/ - SINE(D {Vgpeak} {FLINE} 0 0 240)
SINE(D {Vgpeak} {FLINE} 0 0 120)
- VHIGH=5 VLOW=
SINE(O {Vgpeak} {FIINE}) a
w 1
16 =
ke
{c1vy {Rnv}
. . W w FBE— =
E2 E3 =
Hi HZ Vs
VIa 60m VIb 60m — 1 = 1 PWL(00 20m {Mref})
X1
%7 R R7
XL x2 RE
ia
1 Rdd Rad} {Cid
= = = ™ Meg {Rdd} {R2d} {Cld}
—_e . N i
ve—ve . Ic C2d
R12 w— metn W fx R
1iMeg m&h—l_
X1z

INV
NINV
Bi
V=3-abs(V(Da1))
—
NINV
CLP=2.9 CLN=-2.9
B B2
a W= 3-abs(W{Dbi))
= |—Da1
Ib [—Db1
Fo—) i
— R
NINV
B3
V=3-abs{W[De1))

* Components for the d loop *

Jparam Gfod=-1.2 ; magnitude at crossover *
.param PSd=-53 ; phase lag at crossover *

*

* Enter Design Goals Information Here *

*

Jparam fed=1k ; targeted crossover *

.param PMd=60 ; chotse phase margin at crossover *
*

+ Envter the Values for Vout and Bridge Bias Curment *
*

.param Rdd=100k

*

+ Do not edit e below lines *
.param boostd={ PMd-PSd-50}

.param Gd={ 104 *{-Gfed/ 20)}

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

.param fzd={fod) kd}

.param C2d={1/( 2% pi*fed* Gd*kd* Rad)}
.param Cld={C2d*(kd**2-1)}

.param R2d={kd/{CL1d*2*pi*fod)}

*

+ Compornents for the g loop *

.param Gfeg=-1.2 ; magnitude at crossover *
.param PSq=-53 ; phase lag at crossover *

*

* Enter Design Goals Information Hers *+

*

.param fog=1k ; targeted crossover *

.param PMg=60 ; choose phase margin at crossover *
*

.param Rdg= 100k
*

* Doy ot eceliit Hhe: below lines *

.param boosty={ PMg-PSq-00}

-param Gg={10% *{-Gfeq/ 20)}

-param ke = {tan{ (boosty/ 2+45)*pi/ 180)}
-param fpq={fcq*kq}

-param faq={feq/kq}

-pamm C2q={1/{2*pi*feq* Gg*kg*Rdq) }
.param Clg={C2d*(kq**2-1

-pamm R2q={kq/(C1q*2*pi*fq)}

*

T, VA
'C_ PULSE(-3 3 0 16.60 16.6u 1p 33.33u)

In this
simulation, the
load is stepped
from 50% to
100% on each
of the output
rails.
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The VM PWM switch

{Riower}

La
b
800y Ty
10m e
VIa VIb
[ []
L E-}
va Vb

SINE{D {Vgpeak} {FLINE}} SINE{D {Vapsak} {FLINE} 00 120)

gF

g7

v

SINE{0 {Vgpeak] {FLINE} 00 240)

_tran 0'200m 200m ukc ™ Components for the d loop *
<param Gfod=-1.2 ; magnitude at crossover ¥
_four 50 10 -1 Hvia) .:n:nl’ﬂ:ﬂ!,'mbu#m'

® Enter Design Goals Information Here *
=

<param tod= 1k ; targeted crossover ¥

_param PMd=60 ; choose phase margin 3t Crassover *
_PARAM Vapeak={Varms “sart{2)}

_PARAM Vamp= {Vgpeak 2}

MODEL TOFSW SW{Ron= 25m Roff = 10Meg Vi=2Vh=1) _
_MODEL TOFD D{T5= 10e-18 RS=16m C10=500p =
+M=0.4 V] =0.75 ISR=720n BV = 1000 I8V = 100u TT=130n}
H

=
* Enter the Values for Vout and Bridge Bixs Current

* Do not edit the bekow lines ©
Jparam boastd= {FMd-F53-90}
param Gd={ 10°*{-Gted ) 205}

=35 =
Jparam GicV=35; magnitude at crossover mhﬂ-:hﬂimﬂtﬁ:'ﬂfm:}

param PSW=-62 phase kag at crossover ©

"

* Enter Design Goals Information Here *
"

L=
param fcW=10; tangebed crossover * = =
5 PMV=60; ct " = - .:n:nm—tlﬂHCm"Z"n"ﬂ:ﬂI}
* Enter the Values for Vout and Bridge Blas Current * e
= <param Gfog=-1.2 ; magnitude at crossover ¥
_param Viaut =800 Jparam PS5q=-83 ; phase lag at crossover ¥
-

“param Pout= 10k } nominal ks 5 kw
param L= {{Wout) 2y 2/ {Fout/ 2]}
-param Thiaxs = 100u

Jparam Vref=215

-param Rlower= {Vref/Tbixs }

“param Rupper= {{Vout-Vref )/ Thias }
=

* Enter Design Goals Information Here *
=

Jparam fog=1k ; targeted crossover ©
Jparam PHg=60 | choose phase mangin at Crassower *
=

Jparam Rdg= 100k
* Do ot edit the below lines ™ -

_param bocstV= {FMV-PSY-90}

param GV = {10°"{-Gtcv | 200}

_param V= {tan{{boosty 2+ 45)7pi /180)}

* Do not edit the below lines *
“param boestg= {FM-PS-90}

Jparam Gg={10"*{-Gfcq 205}
mnhn :uﬂimmqu-s:'mmn

sparam fpW ={hcV kV}

Jparam fzV={icV/kV}

param T2V = {1/ { 2%pi"tcV =GV "kV " Rupper i}
param CL1V = {CIVS{kV="2-11}

“param R2v={kV [{C1V=2"pi"fcv]}

=

Jparam T
mn R2g={ka/{Clq"2"pi"fcq)}

dal-

Bl
V=1-abs{V{Dall)

CLP=23 CLN=-239 &
x3

B2
V=1-abs{V{Db1))

[=}
B {
1 {CIV}
1G
{CIv) RV}
FE——{=
E2 E3
HL H2 + + vi X10
VIa 60m VIb 60m = i = i PWL{O 0 20m: {Wref}) E
X1
47 = o
X1 X2 1I
R R:2d 1.
va = o Mg (R} {R2d} {Cld}
Vb theta 1o b il
Ve——Ve T {Cady
12 — | Ia o6
1Meg m—l—

R10

l_.
{R2q} {Clal

]
{C2q}
L=

B3
V=1-abs{V{Dcll)

This is the averaged
model of the Vienna
rectifier. The key here is,
again, to soft-start the
reference voltage.
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The input currents are nicely sinusoidal and both output rails are regulated at 400 V
V,, =120V rms, P, = 10 kW
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800 L Le four 50 10 -1 I{Vic)
B0 BO0y .
JPARAM Fline=50
ra = - Jparam Vigrms=1Hy
10m JPARAM Vigpeak={Vgrms*sqri{2)}
10m 10m JPARAM Vamp={Vgpeak*2}
.MODEL TOFSW SW{Ron=25m Roff= 10Meg \t=2 Vh=1)
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= E-] o
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= x10
HL H2 Vi dal-
VIa 60 VIb 60 1 PWL{0 0 20m {Mref})
i E4
1 - el
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X1 X2 Ra
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1 Rdd R2d} {C1d
- = I~ o Meg {Rdd} {R2d} {Cid} B
Vb—Vb  theta —1b - Il 4 -
Ve—{ Ve I C2d
R12 thetn 9 E,s ’ thets thets 172m
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This is template for the load transient response in averaged mode.

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

* Eriter Design Goals Infommation Hem *
*

<param fcW=10 ; targeted crossover +
.param PMV=60 ; choose phase margin at crossover *
»

# Envter the Valuses for Viout and Bridge Bias Cument +
+

.param Veut=800

<param Pout=10k ; nominal is 5 kKW

.param RL={{Vout] 2)**+2/{Peut/ 2)}

.param Ibias=100u

.param Vref=2.5

<param Riower={Vref/ Thias]}

.param Rupper={{Vout-Vref) /Thias}

N

* Do ot edit the below lines +

.param boestV={PMV-PSV-00}

.param GV={10%*(-GfeV/ 20)}

«param kV={tan({boostV] 2+ 45)*pif 160)}
<param fpli={fcV*KV}

.param 2= [feV) kv

.param C2W= {1/ (2% pi* FoV* GV KV* Rupper) }
.param CIV={C2V*[KV*+2-1)}

.param R2V={kVf[CIV* 2*pi*fcV)}

»

+ Components for the d loop +
-param Gfed=-1.2 ; maghitude st crossover *
.param PSd=-33 ; phase lag at crossover *

+

* Eriter Design Goals Information Hems *
4

<param fod=1k ; targeted crossover +
param PMd=60 ; choose phase margin at crossover *
»

# Ervter the Values for Viout and Bridge Bias Cument +
N

.param Red=100k

*

+ Do not edit the below lines +
.param boostd={PMd-PSd-00}

.param Gd={10%*{-Gfed/ 20)}

-param kd={tan{[boostd 2+ 45)* pif 180)}
.param fpd={fcd*hd}

.param fed= {fed/kd}

.param C2d={1/(2*pi*fed* Gd*kd*Rdd)}
.param Cld={C2d%(kd**2-1)}

.param R2d={kd/ (CLd*2*pi*fed)

N

BL
V=1-abs{V[Da1))

B2
V=1-abs{V[Db1))

B3
V=1-abs{W[De1))

* Components for the q loop *

-parain Gleg=-1.2 ; maghitisde at crossover *
Jparam PSq=-03 ; phase lag at crossover #

+

* Enter Design Goals Infomation Herm *

*

Jparam fog=1k ; targeted crossover *

.param PMg=60 ; choose phase margin at crossover *
+

Jparam Rdg=100k
+

* Do ot edit the below lines *

param boosty={FMqg-PSq-007

param Gg={10%+(-Gfeg/20)}

Jparam kg={tan{[boostq/ 2+45) *pi/ LED)}
param fpg={feq*ka}

param fzq={foq/ka}

«param C2q={1/(2*pi*feq* Gq*hg* Rdgq) }
.param Clg={C2d* (kg *2-1)}

param R2q={ka/(C1q*2*pi*fea)}

+




I(Via) 1{Vib) 1{Vic)

48A
40A-
32A+

247

s

-24A+
-32A+

-40A+

vvvvvvv

434V
R

i [/ N

42TV / \

420V / \ \
413V \
406V Vout(t) / \\
e e ....u«000«0000000««0«0/ N N
- \ 0

\ P

378V \ "
371V "."

364V

This is the response to a load step, from 5 to 10 kW. Excellent
match with the cycle-by-cycle version.
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* Compomnents for the d loop *

Jparam Gfcd=-1.2 ; magnitude at crossover *
.param PSd=-83 ; phase lag at crossover *

»

* Enter Design Goals Information Here *

»

«ac dec 100 1 10k

RS R3 _ .param fed=1k ; targeted crossover
25 D S]Z D {RL} {Rupper} :mz:;:fm -param PMd=60 ; choose phase margin at crossover +
i - :mm:m::;?ﬁz]} * Ervter the Values for Vout and Bridge Bias Cument *
501|20002mV] £ s ‘*wﬂm I
o2 Fi— :nummu-emmo
S ST .param bocstd={PMd-PSd-90}
. _param Gd={10%*{-Gfcd/ 20
= b et e e “horar ke b 24 15)°63180]
ERE IC=400 R14 R4 . . . . x:: ::m;:;
g §{RL} {Riower) e param C20={1/ (2*pi*fod*Gd* kd*Rod)}
. ] param Cld={C2d*(kd**2-1)}
::: :rr:: m:gﬁ:admmsemz—n;'utumeﬂ “l”"‘"‘" R2d={kd[{CLld*2*pi*fed )}
*
* Enterthe Values for Vout and Bridge Bias Current * * Components for the g loep *
. sparam Gfeg=-1.2 ; magnitude at crossover *
Jparam Vout=E00 Jparam PSg=-93 ; phase lag at crossover *
.param Pout= 10K ; nominalis 5 kW * ) )
* .param RL={{Vout] 2)**2 /[ Pout/ 2)} : Erter Design Goals Information Here *
L Lk Le PARAM w= { 2% pi* Fline} .param Ibias=100u L
] _ Jparam fog= 1k ; tangeted crossover *
Lot Eod 800y o e x:: m{“ﬁ;mﬂ} .param PMg=60 ; chouse phase margin at crossover +
: !Flw={nuwll°si|{w°u-2‘pi.f3]} parain Rupper={{Vout-Vref) Tbias) :Nﬂl"' e
':;m e T + Do not edit the below lines * :mmmmmmo
1om 10m o G {104+ crev 2001 param boostq={PMq-PSq-50}
«param ki={tan({boostV) 2+45)* pi/ 180)} Jpamam Gq={10**(-Gfcg/ 200}
param fpi={fV RV} -param kg={tan{ [ boosty/ 2+45)*pif 180)}
o - e param FV={fH/ KV} -param fpg={feq*ka}
o o w Jparam CHV={1/(2*pi*FV*GV*KV* Rupper) } «param faq={fog/kq}
Jparam C1V={C2V* (KV**2-1)} ‘::: Eﬁfﬁéﬁ. f;ﬁﬁ;m‘wmn
= & ,.pnram SERRE el -param R2g={kq/(Clg*2*pi*fcq)}
vz w3 w4 *
{va} Vb e VHIGH=5 VLOW= 100
a
T
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o e
e e o | Not ok
Lﬁ'“:D_'.osmn
: x10 o a1
Vatim1
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Via 60m IR SCH T o4 5,0717145V0UTd
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X1 - 172m ) v=tl-abs(u{Da1))
47 RG R7 €4 o
%u RElE. 550494, 1, 1 o
" Lm = 1Meg {Rdd} {R2d} {cia} CLE=ZSCLN=-29 a8
10 I
I 14 - If cl -+
Riz WGIMNE 1 = e S ™ ) V= Labs(wob1))
b sl : -
E <!
. . . R16
The operating point is wrong and | could not im .
R11 I—WLM W= 1-abs{V{Del))
fi . . ~ Mq
ind a way to have it converging to the A
: : w « | Not ok
correct value despite changing the .IC values A

or clamping sources. Until | found a way : )
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1Meg {Rdd} {R2d} {Cid}
||
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g {cad}
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Retq
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+~. -3.0092082V0UTd

theta

iC2q}
c7

799.95514V Ok t
Cc1

788.6973m)

D27

r
:

.ac dec 100 1 10k
nodeset V{vout)=800 V{vo_2)=400

*=

As | rarely give up, I've tried to keep one cap
initialized (the low-side cap) to 400 V and
added two .nodeset statements. It worked
and the bias point is correct considering the
. given operating conditions. However, it is
quite sensitive and might be an issue for a
different setup. However, it validates the
principle which is cool.

Plotting V(BV)/V(AV) gives the
compensated loop gain. The control-

to-output transfer function is
obtained by plotting V(VOUT)/V(AV).

Stop frequency: 100

Type of sweep: | Decade |

Mumber of points per decade: | 100 |

AV Start frequency: | 100m |
| |




30dB: 180°
[“,‘]r 3-phase Vienna PFC averaged model - acr.. X
Cursor 1
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5= M 10.063214H Mag: | 4.1011187mdB @
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This is the compensated loop gain of the voltage loop.
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Now change the ac source to plot the d loop.
Close the V-loop with R, and plot
V(0OUTd)/V(Ind) for the compensated d-loop
gain.
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Now change the ac source to plot the q loop.

Close the d-loop with R, and plot

V(OUTq)/V(Inq) for the compensated g-loop

gain.

-3.009.2032\DUT1:|

c4

oy

{Cid}

}7
2d}

INd
INq

§R16
im
CLI

—

———

theta

Vstim1

145.55658fV

AC1

Py

-
O

OUTq



vout TMZAFSROOEMLH_LO TMZATSROOEMIH_LD
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va C) ve
T W
SINE(0 {Vgpeak} {FLINE} 0 0 120

*
PARAM Fline=50

.param Vigrms=120

PARAM Vigpeak={Vgrms*sgri{2)}

PARAM Vamp={Vgpeak*2}

MODEL TOFD D{IS=10e-18 RS=16m CI0=550p
+M=0.4 VI=0,75 ISR=720n EV=1000 IEV=100u TT=130n)
*

#

- .tran 0 150m 0 uic

SINE(D {Vigpeak} {FLINE} 0 0 240)

SINE(0 {Vgpeak} {FLINE})

im

u1 uz
g !$2 i [ la
Di b3 el = T =0
ziTi:n-'l:- ZETt.'lFl) Torp I e am R1¥ R4
R {RL} {Rupper}
?m
Imsmmu Lo INIZA?SRMVI].H
l E lhl—nll ] m o
D:l—l | e
T 1c=350
75 b2 75 ba yi M?smm.ﬂ L0 IMZATSROOBM1H o ™" e iz
TOFD TOFD TOF {RL} {Rlower}
—] ﬂmﬂ R3
N B I

.options abstol= 1u wntol= 1m reltel=0.01 gmin= 100p
+method=gear

Jfour 50 10 -1 I{Via)
four 50 10 -1 I{Vib)
Jfour 50 10 -1 I{Vic)

.param GfeW=35 ; magnitude at crossover *
.param PSW=-62 ; phase lag at crossover *
-

* Enter Design Goals Information Here *

-

.param feV=10 ; targeted crossover *
.param PMV=60 ; choose phase mamgin at crossover *
-

* Enter the Values for Vout and Bridge Bias Cument *
-

param Vout=B00
Jparam Pout=10K ; nominal is 5 KW
Jparam RL={{Vout/2)**2/ [ Pout/ 2)}
.param Dbias=100u

param Vef=2.5

.param Rlowers {Vref/ Thias}

sparam Rupper={{Voul-ref)  Ibias}

* Do not edit the below lines +
param boestV={ PMV-PSV-80}

.param GV={10% (-G 20)}

.param kV={tan{ (boostV| 2+ 45)* pif 180)}
param fpV={FV RV}

.param V= {RV KV

.param C2V={1/{ 2% piFeV* GV KV* Rupper)
Jparam CIV={C2V*(KV**2-1)}

Lparam RIV= [V (CLV 34 pisfe)

-

JLIB IFX CoolSiC_Genl Industrial 750V, ik
Jmodel MURLE0 D{IS=7.4f RS=50m CI0=17p

+M=0.50 vj=0.75 ISR="S540p
+BV= 600 ibv=100u tt=130n)

{civy {R2v}
. " w FE— s
HL . 3 Vi 0 BL
H2
VIa 60 VIb 60m = 1 — 1 PWL{0 0 20m {Vref}) V=3-abs(
Xi1
%7 R R7
X1 i X2 Ra CLP=29 CLN=-2.9
v = | = 1Meg {Rdd} {R2d} {Cid} = B2
Vb—Vb  thet ib—|1b Ll I L Ta V=3-absg
Id Ia —Dal
Ve——V¢ . Ic . —1
R12 't—'_m Ig {"xﬁ} heta :m | =
1Meg M_l_ rarn et
x12 47_
R11 I—|:F""-H.
;\j\n{z\; 47 = = =
V= 3-abs{V[ Del)) 'C_ PULSE({-3 3 0 16.6u 16.6u 1p 3333u)
R10
'—
{R2q} {Cig}
I =7
{C2q}

+ Components for the d loop *

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

* Enter Design Goals Information Here *
*

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

+ Enter the Values for Vout and Bridge Bias Curment +
*

.param Rdd=100k

*

* Do oot it Hhe: bedow lines *

param becstd = {PMd-PSd-00}

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

Jparam kd={tan({ boostd/ 2+45) *pi/ 180)
«param fpd={fed*kd}

.param fzd={fed/ kd}

.param CRd={1/{ 2*pi*fed* Gd* kd* Rebd )}
param Cld={C2d* (kd**2-1)}

.param R2d= ke [ CLd* 2% pitfed) b

*

* Components for the g

.param Gfeg=-1.2 ; magnitude at crossover *
.param PSq=-93 ; phase lag at crossover *

*

* Enter Design Goals Information Here *
*

.param feg=1k ; targeted crossover
Jparam PMg=60 ; choose phase margin at crossover *
*

.param Rdg= 100k
*

* Do vt it the balow lines *

. param boosty={PMg-PSg-00}

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

param kq={tan({boostq/ 2+45) *pif L80)
-param fpq={feg*ka}

-parim fzq={fcq/kq}

-pamim C2q={1/(2* pi*fog* Gg*kg*Rdq)}
.param Clg={C2d*(kq**2-1)}

.param R2q={ka/(Clg* 2*pi*feq)}

L3

The perfect switches
have been replaced by
SiC transistors models
to check if the rectifier
still works well in this
mode.



140V V{vlower) V({vupper)

200V

160V

120V

B0V
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o
TO0A

(Via) 1{Vib) 1(Vic)

GOA-
50A+

40A-

-40A—
-50A+
-60A—

-T0A. T T T T T T T T T T T
Oms 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms 110ms 120ms 130ms 140ms

V,, =120V rms, P_ = 10 kW



IcapP

C13
2m IC=350

R16
10m

+ VeP
Ik

AC1 N

R24

¥B
A
”\/

VAR Vout=800

VAR Pout=10k ; nominal is 5 kW

VAR RL={(Vout/2)"2/(Pout/2)}

VAR Gfc=24 * magnitude at crossover *

VAR PS=-85 * phase lag at crossover *

This is another simplified way to
control the 3-phase Vienna

VA
Vo_2 (upoer * Enter Design Goals Information Here *
IcapN VeN VAR fc=40 * targeted crossover * . . .
.*VAR PM=70 * choose phase margin at crossover * re Ctlfl e r'. I a m u SI ng th e m et h Od
o 10-350 D?,Q,_s) (Rm;fg * Enter the Values for Vout and Bridge Bias Current *
= documented by Sam Ben-Yaakov
.VAR Vref=2.5
VAR Rlower=Vref/Ibias 1
T VAR Rupper=(Voutetfias in the paper referenced below. |
ib Nic VA N [—]ouT . * Choose OTA characteristics * H 1
. . i 0 : - have adapted it to this 3-phase
10m 10m VAR Vgrms=120 .VAR gm=110u * transconductance in Siemens *
———— VAR Vgpeak={Vgrms*sqrt(2)} . e . .
B WSl B VR vampeiopeakcs oot e - rectifier and it brings excellent
°5L2 ) L3 =OUT/IN * Do not edit the below lines
<{L) b — VAR L=800u VAR l(:;oost=(Pé\;/If—F/’S-§)0 . . .
i VAR G=10"(- 20
Ha He He ESR—@’—EVB ;VAR Ri=55m VAR fp=(lan(bogst*pi/180)+sqrt((tan(boost*pi/180))"2+1))*fc re s u Its W It h O Ut s e n S I n g t h e h Ig h -
ibg icg =OUT/IN VAR fz=fc"2/fp
5 . uty ratio Da VAR a=sqrt((fch2/fpr2)+1 .
; . . e Vi voltage rail.
1 1 1 iy .
SINE SINE SINE 1 1 al I VAR R2=(a/b)*(fp*G)*(Rlower+Rupper)/((fp-fz)*Rlower*gm)
vw:(-Vgpeak)(q va Vi=(Vgpeak) N \/1:(-\/gpeak)(+\ Vo 3 i:‘7¥7 I VAR C1=1/(2*pi*R2*fz)
\ééz(gg?;?nke)) gy, \égé(\)/g?;ﬁ% Y ‘éé;%’g?;ia:e)) N, 17 oo INDmV ratio Db .VAR C2=(Rlower*gm/(2*pi*fp*G*(Rlower+Rupper)))(b/a)
DELAY=0 PHASE=120 PHASE=240 = G~ Duty Cycle . . .
[ v L Sy (o) The good thing is that it runs on
R4 N Duty ratio Dc {"} Rupper = {Rupper}
% N {11} Bower oven SIMPLIS and | can extract the
L i s :
) o small-signal response of the
8 i
BR1 I % {"} H
oS voltage loop via a POP and set a
E2 .
+ crossover frequency of 40 Hz with
- Verr
ERR fL M
; a good phase margin.
Clock Rt | e
BR2 ‘iRl) % ot E] : (CK?Q) IC=0
o ._‘ e GN T @ LE mmmmm e D m peemmm e mem e mpmem e mem o m me i emameam e
F I : T ‘ Boost PFC 3-phase cycle by cycle Vienna Var toff - steplead.sxsch
- ‘_, Boost PFC 3- phase cg,rcle I::l},r cg,rcle Vienna Var toff.sxsch
[F=) —— -
ic icg M M
FXT o T _ in my ZIP file.
D1n4148 N

2.2k -
R11[ ]
E3 OPSIMP o
| s Ic=1

S. Ben-Yaakov, I. Zehser, PWM Converters with Resistive Input, IEEE Transactions on Industrial Electronics, vol. 45, no. 3, pp. 519-520, June 1998
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Power Stage Magnitude / dB&

Power Stage Phase [ degrees

20

-45

-90

-135

-180

™~
1 2 4 6 8 10 20 40 60 80 100 200 400 600 800 1k
freq/Hz 100Hz/div

Power stage response

Loop Gain / dB

Loop Phase [ degrees

Compensated loop gain

20 \\
\fc
0 \
-20 \
-40
~N
|
| ———_\
45
PM =70°
0 4
45 | Curve label Mame Value
Loop Gain - Gain Crossover Frequency 40.4738706Hz
Loop Gain - Gain Margin 19.827023dB
Loop Phase Phase Margin T0.1172degrees
0] 2 4 6 8 10 20 40 60 80100 200 400 600 800 1k
freq/Hz 100Hz/div



SINE
V1={-Vgpeak}
V2={Vgpeak)
FREQ={Fline}
DELAY=0

*

Ic=1

1+

{f -

.VAR Vout=800
VAR Pout=10k ; nominal is 5 kW
VAR RL={(Vout/2)"2/(Pout/2)}

R38
(Rupper)D .VAR Gfc=24 * magnitude at crossover *
.VAR PS=-85 * phase lag at crossover *
ol * Enter Design Goals Information Here *
.VAR fc=40 * targeted crossover *
.VAR PM=70 * choose phase margin at crossover *
{lefjr; D : Enter the Values for Vout and Bridge Bias Current *

.VAR Ibias=126u
VAR Vref=2.5
.VAR Rlower=Vref/lbias

SINE
V1={-Vgpeak}
V2={Vgpeak)
FREQ={Fline}
PHASE=120

SINE
V1={-Vgpeak}
V2={Vgpeak)
FREQ={Fline}
PHASE=240

<
a
BR1
D1n4148
<
a
BR2
D1n4148
< 3]
ol I
BR3
D1n4148

OPSIMP
us

ROFF={2*RL} RON={RL} THRESHOLD=2.5 HYSTWD=

0 switch_time=10n VAR Rupper=(Vout-Vref)/Ibias

ROFF={2*RL} RON={RL} THRESHOLD=2.5 HYSTWD=1 IC=0 switch_time=10n

*

.VAR Fline=50

.VAR Vgrms=120

VAR Vgpeak={Vgrms*sqrt(2)}
VAR Vamp={Vgpeak*2}

VAR L=800u
VAR Ri=55m
*

IN

= Duty Cycle|

Duty ratio Da

E

LI

Duty ratio Db

* Choose OTA characteristics *
N

VAR gm=110u * transconductance in Siemens *

* Do not edit the below lines *

VAR boost=PM-PS-90

VAR G=10/(-Gfc/20)

VAR fp=(tan(boost*pi/180)+sqrt((tan(boost*pi/180))*2+1))*fc
.VAR fz=fc*2/fp

VAR a=sqrt((fc"2/fp"2)+1)

VAR b=sqrt((fz*2/fc’2)+1)

VAR R2=(a/b)*(fp*G)*(Rlower+Rupper)/((fp-fz)*Rlower*gm)
.VAR C1=1/(2*pi*R2*z)
VAR C2=(Rlower*gm/(2*pi*fp*G*(Rlower+Rupper)))(b/a)

{™}

T

% IN | puty Cycle| {"™"} Rupper = {Rupper}
{""} Rlower = {Rlower}
[ {™}C1={C1}
= {"}C2={(C2)
Duty ratio Dc {"}R2={R2}
Duty Cycle| { ™"} Rload = {RL}
Ly ()
- ()
Verr
G4
ERR fL .
R17
{R2)
Clock R18
{gm}
Ic=1 ke C4
B {C2}I1C=0 Vo ——
v . {vre)——
T(Cn

The final test includes
the transient load
step.
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230V rms, P, stepped from 5 to 10 kW
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Vg

Vo
SINE{D {Vigpesi} {FLINE} 0 0 280)
} {FLINE} 0 0 120}

o7 D8
Fod E
Fﬁ! TOFD
7o it . a >, oogmm om
TOFD ToFD  TOFD L - {RL} {Rupper}
[ - D10 10m
ToFo | | TOFD
02 FE—
i )
_ [ =]
D1l oz B ;Cnm
702 Filiad Ficked . L 14
o §Tnu Sl‘:ﬂmﬂl
SUST o
Bpap e
N e £ o2 |cw o T
800y = Ve 2—"—
R16 1k
e £ é
10m

=
JFARAM Fline=50

JPARAM Vigrms= 120

JPARAM Vgpeak= {VQrms“sqrt{2)}
JFARAM Vamp={Vapeak*2}
JFARAM Ri=55m

=

<options abstol= Lu wntol=1m reftol=10.01 gmin= 100p
+ method=gear

Hour 5010 -1 HVia)
four 5010 -1 Vi)
Jour 5010 -1 H{Vic)

~tran 0 150m 80m uk:

=
-param Vout=E00

-param Fout=10k ; nominal ks 5 kW
param RL={{Vout/2y"2/(Pout 2}
=

-param Gho= 24 ; magnitude at crossover *
param PS=-85 1 phase kg at crossover ©
=

¥ Enter Design Goals Information Here ©
-

-param fo=420 targeted crossover ©
-param FM=70; choose phase margin at croassower ¥
-

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

Jparam Thixs = 1260
-param Vref=215

"
* Do not odit the below lines *
=

param gm=110u } transconductance in Semens
“param Riower= { Vet Thixs }

“param Rupper= {{Vout-Viref |/ Thias }

_param boost= {FM-P5-90}

param G={10"{-GEfc/ 200}

<param ki ={tan{{boost/2+45/"pi/ 180)}

“param fp={fc it}

Jparam fz={fc/kf}

“param a={sqrtf{fc™" 2/ fp™2)+ 11}
“param b= {sqrij{fz 2/

T 2i+ 1)}
Jpram R2={{a/ by {fp G Rboweer + Roupper ) /{{fo-fz /" Riower <gm )}

_param Cl={1/{Z"pi"RZ"fz)}

Jparam C2={Rlowsergm *{b/a)/ | 27pi"tp G| Riower + Rupper] |}
-

MODEL TOFSW SW{Ron=25m Roff= 10Meg V=2 Vh=1)
_MODEL TOPSWCT SWi{Ran= 100 Roff = 100Mag V=2 Vh=1]
MODEL TOFD D{I5= 10¢-18 RS= 16m C10=550p
+M=0.4 V1 =10.75 I5R=720n BV = 1000 IBV = 100u TT=130n}
MODEL DETOF {BV =21 R5= 100m Cjo= 1000}

MODEL DOTA I{Rs= 1 TT=100n N=100m}
.

This is variable off-time PFC. Run an .op statement tosee

the values avtomated by the macro.

Christophe Basso - Movember 2024

{1y

=1
16
fa] 5 e
w2 L pog vz
\f{ (R} 100m

FULSE{D 5 0 30n 30n &50n 33.3u)

W — pF

m iid iid Fiid idd
vE V7 VB 5 va
{C1y {c2} {R2} {Rupper} ARl

The dc labels are the values of the components:

This is the LTspice version of the variable off-time
3-phase VIENNA rectifier and it simulates fast. The
rectifier used in SIMPLIS is no longer necessary
and | used an ABS in-line equation to rectify the
input currents for phases a, b and c.

The right-side macro automates the type 2 OTA
compensator for a 10-Hz crossover frequency as
obtained in SIMPLIS. Running an .op analysis will
display the components values as bias points in
the schematic diagram.
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402.5V
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Vin = 120 V rms, Pout = 10 kW Total Harmonic Distortion: 3.232831%



This is the same circuit now equipped with two
controlled switches on the output, toggling the

load from 50 to 100% of its nominal value (5 kW
to 10 kW).
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