The NCP1654 has been released after the NCP1653 which came out in 2005. Both engines include what is called a
predictive control law. Unlike the former series of CCM PFCs like the UC1854, there is no need to sense the input voltage
for generating the duty ratio. The 1654 senses the input voltage, but for implementing brown-out protection and scaling

the control voltage at low and high lines.
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The modulator is made of a capacitor C, ., charged by | ;. The MOSFET turn-off occurs
when the ramp voltage intersects with the reference voltage. The ramp is actually
seating on a component, V_, which is the absolute value of the sinusoidal envelope:
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The ramp duration lasts a switching period and is easily determined as:
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Because V,and V  are nearly constant over time, the voltage V,, will be made proportional to the average inductor current
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It is possible to build an averaged model with the voltage-mode CCM PWM switch model:
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I=IF(I(V5)>28u,28u,IF(I(V5)<-28u,- 28u,1(v5)))

I= (( V(Rs)/{ROCP})*V(B0))/ (4*(V(CTR|-] 0.55))

.model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
.model DOTA D tt=100n Rs=10m N=100m
*

.param Vrms=100
.param Pout=1.3k
.param Vout=400
.param RL={Vout**2 fPout}
.param L=600u
.param RBOL=82.5k
.param RBOU=6.6Meg
.param ROCP=3.8k
.param Vp=2.5
.param Rsense=30m
*

*

.param Gfc=34 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
*

* Enter Design Goals Information Here *
*
.param fc=5 ; targeted crossover *

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

*

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

.param Ibias=250u

.param Vref=2.5

*

* Do not edit the below fines *

*

.param gm=200u ; transconductance in Siemens *
.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 a={sqrt((fc**2/fp**2)+1)}
.param b={sqrt((fz**2/fc**2)+1)}

.param R2={(a/b)*(fp*G)*(Rlower+Rupper)/((fp-fz)*Rlower*gm)}

.param C1={1/(2*pi*R2*fz)}

.param C2={Rlower*gm*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
*

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



These are the simulated waveforms for a 1.3-kW CCM PFC supplied from a 100-V rms input line
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We can use the averaged model to extract the ac response of the power stage and stabilize it. Check bias points are correct.

.model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
.model DOTA D tt=100n Rs=10m N=100m BV=>5
*
.ac dec 100 0.1 100 -param Vrms=230

.param Pout=1.3k

L1 .param Vout=400

{L} .param RL={Vout**2fPout}

.param L=600u

.param RBOL=82.5k

.param RBOU=6.6Meg

.param ROCP=3.8Bk

Jparam Vp=2.5

.param Rsense=30m

*

regt

R7 R3
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= [A]
Vin *
_Lca .
C— {Vrms} T 1p _Kl‘]‘" oyt  400.00009V .param Gfc=34 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
*

X2

B [a) o5 | * Enter Design Goals Information Here *
T 680p *
IC={Vout} .param fc=5 ; targeted crossover *
R2 .param PM=60 ; choose phase margin at crossover *
R8 c6 R1 {RL} *
{RBOL} T, B1 50m * L
T * Enter the Values for Vout and Bridge Bias Current *
*

R6 .param Ibias=250u

- - faram Vref=2.5

{Rsense} ~>  V=IF(1-(V(pin2)/{Vp})>0.99,0.99,1-(V(pin2)/{Vp})) * Do not edit the below fines *
D4 *

H .param gm=200u ; transconductance in Siemens *
RFUH10NS6S .param Rlower={VreffIbias}
.param Rupper={(Vout-Vref)/Ibias}
.param boost={PM-PS-90}
param G={10**(-Gfc/20)}
Rupper2 .param kf={tan((boost/2+45)*pi/180)}
R9 LoL {Rupper} -param fp={fc*kf}
Epr - - .param fz={fc/kf}
param a={sqrt((fc**2/fp**2)+1)}
.param b={sqrt((fz**2[fc**2)+1)}
.param R2={(a/b)*(fp*G)*(Rlower+Rupper)/((fp-fz)*Rlower*gm)}
c3 param C1={1/(2*pi*R2*fz)}
e B2 RS D1 faram C2={Rlower*gm*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
azk [F 2N pora
{Rlower} .options abstol=1u vntol=1m reltol=0.01 gmin=100p
+method=gear
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The loop is stabilized for a 4-Hz crossover frequency at 100 V rms. It will naturally increase when V, is 230 V.
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The crossover increases to 8 Hz at 230 V rms. The BO sensing helps reducing the variability a little.
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The averaged model lends itself well for assessing the current distortion at different line levels

V,, =100V rms

Total Harmonic Distortion: 3.649093%

.model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
.model DOTA D tt=100n Rs=10m N=100m BV=5 .
* Total elapsed time: 2.749 seconds.
rect -param ¥rms=100
-param Pout=1.3k
.tran 0 550m 500m 100u _param Vout=400
L: _four 50 10 -1 I(V3) .param RL={Vout**2/Pout}
1L .param L=600u
.param RBOL=82.5k
D6 7T D1 iy -param RBOU=6.6Meg
RFUH10NS65 RFUH10NS65 R7 R3 .param ROCP=3.8k

(Reou> tom ‘param Reense=30m V., =230V rms

*

s
’_Q_@_‘ - ogt 222 -param Gic=34; magnitude at crossover * Partial Harmonic Distortion: 3.604100%
I a

.param P5=-45; phase lag at crossover *

* Total Harmonic Distortion: 3.635482%
* Enter Design Goals Information Here *

*

{rL} . Total elapsed time: 7.161 seconds.

R1
{RBOL} ] 50m * Enter the Values for Vout and Bridge Bias Current *
*
.param Ibias=250u
.param Vref=2.5
*

S ——— (Rolnsty L VI g v91)0.95,099,1- (Ve v61) Do not edit the below lnes * The average model is useful to
*

.param gm=200u ; t Juct in Si =

g - param Rlower—{urei/ Toas) assess the low-frequency rms

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

param G (10°*(_cHc/20)} component of the output

Rupper2 .param kf={tan{(boostf2+45)*pif180)}
{Rupper} -param fp={fc*kf}

-param fz={fc/kf} Ca paCItOI’

l ' ' {gm} _ “param a={sqrt((Fc**2/fp**2)+1)}
ca
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=]
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0N56n3 oussDZ 1C=E\rnut} .param fc=5 ; targeted crossover ¥ _
Ao g L Reo ° T R2 .param PM=60 ; choose phase margin at crossover *
*
Bl

2 -param b={sqrt{(fz**2/fc**2)+1)}
D7 D& + . .param R2={(a/b)*(fp*G)*(Rlower+Rupper)/({fp-fz)* Rlower*gm)}
DOTA DOTA = .param C1={1/(2*pi*R2*fz)}

B‘?' c3 — £3 * * ik F o F
- rs € -param C2={Rlower*gm*(b/a)/{2¥pi*fp*G*(Rlower+Rupper))}
w O Or ()t Sirmome K Tane 95 I

fe3 {c1}
{2 < pa V7
{R2} 600m 3.7

=2.33A,V, =100V rms

{Vreft < {Rlower} 47k DOTA .options abstol=1u vntol=1m reltol=0.01 gmin=100p

+method=gear C' rms

I=IF(I(V5)> 280,280, TF(I(V5)<-28u,-28u,1(VS)) - 1=((-V(Rs)/{ROCP})*V(B0))/(4*(V(CTRL)-0.55))



Once the loop is closed, you can test the transient response:
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.model DOTA D tt=100n Rs=10m N=100m BV=5
.model TOFSW SW(Ron=25m Roff=10Meg Vt=2 Vh=1)
*

.param Vrms=100

.param Pout=1.3k

.param Vout=400

.param RL={Vout**2/Pout}

.param L=600u

.param RBOL=82.5k

.param RBOU=6.6Meg

.param ROCP=3.8k

.param Vp=2.5

.param Rsense=30m

*

.param Gfc=34 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
*

* Enter Design Goals Information Here *

*

.param fc=5 ; targeted crossover *

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

*

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

.param Ibias=250u

{Rsense} V=IF(1-(V(pin2)/{Vp})=>0.99,0.99,1-(V(pin2)/{Vp}))

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

v
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Rupper2
{Rupper}

pip2

.param Vref=2.5

*

* Do not edit the below lines *
*

.param gm=200u ; transconductance in Siemens *
.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 a={sqrt((fc**2/fp**2)+1)}

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

c3 .param R2={(a/b)*(fp*G)*(Rlower+Rupper)/ ((fp-fz)*Rlower*gm)}

:{CZ}

R4
{R2}

V7
600m

vs
3.7

Rlower2

B2

{Rlower}

R5 L

47k

_lnF Z

D5
N DOTA

I=IF(I(V5)>28u,28u,IF(I(V5)<-28u,-28u,I(V5)))

I=((-V(Rs);"{ROCP})*V(BO));" (4*(V(CTRL)-0.55))

.param C1={1/(2*pi*R2*fz)}

.param C2={Rlower*gm*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
*

.options abstol=1u vntol=1m reltol=0.01 gmin=100p
+method=gear
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This is the complete cycle-by-cycle CCM PFC operated as in the NCP1654:

I=IF(I(V5)>28u,28u,IF{I(V53)<-28u,-28u,I(V5 I}}}

I=((-V(Rs)/{ROCP})*V(BO))/ (4I* (V(CTRL)-0.55))

*

.param Gfc=34 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
*

* Enter Design Goals Information Here *
*

.param fc=5 ; targeted crossover *
.param PM=60 ; choose phase margin at crossover *
*

*

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

.param Ibias=250u
.param Vref=2.5
*

* Do not edit the below lines *
*

.param gm=200u ; transconductance in Siemens *

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

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

.param R2={(a/b)*(fp*G)*(Rlower+Rupper)/((fp-fz)*Rlower*gm)}
.param C1={1/(2*pi*R2*fz)}

.param C2={Rlower*gm™*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
*

.model msr860 d (IS=0.000374104 RS=0.024924 N=4.50866 EG=1.73402

.param ROCP=3.8k
.param Vp=2.5
.param Rsense=30m

D4
I~
LT
MUR1660C
- L1
.tran 0 500m 400m 100n uic
= {L}
D12 .options abstol=1u vntol=1m reltol=0.01 gmin=100p
C £ MUR1660C 2~ +method=gear
R9 .four 50 10 -1 I{V3)
{RBOU} R3
10m
c2_|
o r DMS ut
-1
msr860
) P 1 Cc1
D10 T 330p
D13 BO DPFC 47p IC=380
7% MUR1660C -
StepSW1
R10  |C10 E;m
{RBOL} Ta70p
ci1
w T 100p
{Rsense} PULSE(D 5 0 10n 10n 500n {1/Fsw}) B3 StepSW2
b1 ~ V=V(pin2)+V(Ct) TOFSW2
L .model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
Rs T~ .model DOTA D tt=100n Rs=10m N=100m BV=5
RFUH10HSGS .model MUR1660C D (IS=179N RS=42M N=1.64 BV=600 IBV=500U
+ CJO=310P VI=.775 M=.37 TT=109N)
.model TOFSW SW (Ron=25m Roff=10Meg Vt=2 Vh=1)
Rupper .model TOFSW2 SW (Ron=10 Roff=100Meg Vt=2 Vh=1)
{Rupper}
CTRL +XTI=0.5 BV=600 IBV=0.0001 CJO=1e-11
_ +V1=0.7 M=0.5 FC=0.5 TT=1e-09
s - - pip2 +KF=0 AF=1
+
cs  [{c1y DOTA DoTA, . .param Vrms=23l]k
= I . Pout=1.3
B2 RS —C7 D6 param =
2 < e V2 va CD C—) Rlower 47k | InF ZipoTa e L et
{R2} 600m {Rlower} .param RL={Vout**2/Pout}
3.7 _param L=600u
.param RBOL=82.5k
.param RBOU=6.6Meg
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.param Gfc=324 ; magnitude at crossover ¥

=

R1660C

=45 : ®
Aran 0 1s 500m 100n uic R} B ey
; * Enter Design Goals Information Here *
D11 D12 .options abstol=1u vatol=1m reltol=0.01 gmin=100p B
MUR1660C MURLE60C el —aear P S S
.param PM=60 ; choose phase margin at crossover *
V3 L2 RS =
- {RBOU} R3 =
l Sm l 10m * Enter the Values for Vout and Bridge Bias Current *
ca cg &
100n 470n c2 | .param Ibias=250u
_ ip T dro ?3 .‘param\!ref=2.5
rair fput
L1
=L ) msr860 * Do not edit the below lines *
30m Z0m +
f_ﬁ_\ 1 e .param gm=200u ; transconductance in Siemens *
- 1 .param Rlower={Vref/Ihias}
3 ==
SINE(0 {Vrms*sqrt(2)} 50) ™ - ) 3;2‘: 47p ?gi)gso kS .param Rupper={(Vout-Vref)/Ihias}
Di4 Di3 = {RL*2} .param boost={PM-P5-30}
MUR1660C £ MURLEGDC £ R2 .param G={10%**(-Gfc/20)}
StepSW1 {RL*2} .param kf={tan(({boost/ 2+45)*pif 180)}
.param fp={fc*
{RBOLY Tz, S0m ToFSW ¥ va “param a={sqrt((fc=*2/fp**2)+1)}
n oy -param b={sqrt((fz=*2/fc=*2)+1) 1
‘13;; .param R2={(a/b)}*(fp*6}*{Rlower+Rupper)/ ((fp-fz)*Rlower*gm)}
RS T P .param C1={1/(2*pi*R2*fz)}
. .param C2={Rlower*gm*(bfa)/(2*pi*fp*6*(Rlower+Rupper))}
{Rsense} 2L PULSE(0 5 0 10n 10n 5000 {1/Fsw}) B3 StepSW2 PWL(0 0 550m 0 550.01m 5 750m 5 750.01m 0) *
- V=V(pin2)+V(Ct) TOFSW2
- .model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
Rs RFUle\{J)NSBS .model DOTA D tt=100n Rs=10m N=100m BV=5
.model MUR1660C D (IS=179N RS=42M N=1.64 BV=600 IBV=500U
+ CI0=310P VI=.775 M=.37 TT=109N)
.model TOFSW SW (Ron=25m Roff=10Meg Vt=2 Vh=1)
Rupper .model TOFSW2 SW (Ron=10 Roff=100Meg Vt=2 Vh=1)
{Rupper} .model msr860 d (IS=0.000274104 RS=0.024924 N=4.50866 EG=1.73402
CTI +XTI=0.5 BV=600 IBV=0.0001 COJ0=1e-11
_ +W1=0.7 M=0.5 FC=0.5 TT=1e-09
= D2 iz +KF=0 AF=1
D3 x*
DOTA 27
5 {c1} DOTABI .param Vems=100
= s \ a2 rs S7 Tz .param Pout=1.3k
C2 Rlowe . =.
€2}« Ra V2 V4 f _‘o T+ V1L r 47k |1nF ZEDOTA .param Vout: 400&:
lower . =
[R2} T {Vraf} .o {RI T param RL={Vout**2[Pout}
m 3.7 T .param L=600u
.param RBOL=82.5k
_ _ .param RBOW=6.6Meg
I=IF(I(V5)>28u,28u IF(I(V5)<-28u,28u1(V5))) <>  I=((-V(Rs)/{ROCP})*V(BO))/(4*(V(CTRL)-0.55)) .param ROCP=2.8k

.param Vp=2.5

.param Rsense=30m

.param Fsw=65k

.param Ichg={22p*Vref*Fsw}
=
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®
.param Gfc=324 ; magnitude at crossover *
.param P5=-45 ; phase lag at crossover ¥
#

# Enter Design Goals Information Here *

®

.param fc=>5 ; targeted crossover *

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

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

.param Ibias=250u
.param Vref=2.5
®

* Do not edit the below lines *
=

.param gm=200u ; transconductance in Siemens *

.param Rlower={Vref/Ibias}

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

.param boost={PM-P5-307F

.param G=1 10%*(-Gfc/20)}

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

.param fp={fc*kf}

.param fz={fc/kf}

.param a={sqrt{(fc**2[fp*¥*2)+1)}

.param b={sqrt{(fz**2[fc**2)+1)}

.param R2={(afb)*{fp*G)*( Rlower+Rupper)/ ((fp-fz)*Rlower¥gm)}
.param C1={1/(2%pi*R2%fz)}

.param C2 ={Rlower®*gm*(b/a)/(2*pi*fp*G*(Rlower+Rupper) )}

D4
[
reget I
MUR1660C
_ L1
.tran 0 1s 500m 100n wic 3
=
D11 D12 .options abstol=1u vntol=1m reltol=0.01 gmin=100p
MUR1660C <% MURLEGDC <% +method=gear
vz = RS {Vref*1.05}
- N {RBOU} R3
R l 5m l 10m
o ca cs
piy 100n 470n C2
() Vin 1p ] D5
W 5 |
drair 1T
RE R7
30m 30m m=r860
L2
U c1
+ L
cz ES
SINE{0 {Vrms*sqrt(2)} 50) o™ - ) 3;&: a7p ?303"80 R
D14 D13 = {RL*2}
MUR1660C <% MUR1660C L5 R2
StepSW1 {RL*2}
R10 c10 R1
== 50m
{RBOLY 4700 TOFSW C +
c11
RS T 100p
{Rsense} - PULSE(Q 5 0 10n 10n 500n {1/Fsw}) B3 StepSW2 PWL(0 0 550m 0 550.01m 5 750m 5 750.01m 0)*
- v=V(pin2)+V(Ct) TOFSW2
L e .model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
i .model DOTA D tt=100n Rs=10m N=100m BV=5
.model MURL660C D (IS=179N RS=42M N=1.64 BV=600 IBV=500U
+ CJ0=310P VI=.775 M=.37 TT=109N)
.model TOFSW SW (Ron=25m Roff=10Meg V=2 Vh=1)
Rupper .model TOFSW2 SW (Ron=10 Roff=100Meg Vt=2 Vh=1)
{Rupper} .model msr860 d (IS=0.000274104 RS=0.024924 N=4.50866 EG=1.73402
CTl +XTI=0.5 BV=600 IBV=0.0001 CI0=1e-11
. +V3=0.7 M=0.5 FC=0.5 TT=1e-09
i +KF=0 AF=1
ca D2
DOTA B?m 277 B -
5 {c1}y B1 L = param Vrms=100
= F gRs - .param Pout=1.3k
C2 Vs Rlower B2 . D& =
€2} = ra vz va CD C—) 0 + Vi a7k |1nF £ipoTa S L
{rR2} 600 {vref} o~ {Rlower]} .param RL={Vout**2/Pout}
m 3.7 T .param L=600u
.param RBOL=82.5k

I=IF(I(V5})2SU,2SU,IF(I(V5}<-2Su,-28u,r(\f5}l]}

~

I=((-V(R<)/ {ROCP})*¥(80)){ (4*(V(CTRL}-0.55))

.param RBOU=6.6Meg
.param ROCP=3.8k
.param Vp=2.5
.param Rsense=30m
.param Fsw=65k

.param Ichg={22p*Vref*Fsw}
®

An OVP circuitry is added: it interrupts the driving pulses as soon as the output voltage
exceeds the nominal value by 5%.



Another simple predictive control law was described by Dr. Sam Ben-Yaakov in a paper he published in 1998, PWM Converters

with Resistive Input. The principle lies in generating an off-time control proportional to the average inductor current:

In a PFC

(i, (t)) =i, (t) o< v, (1) \;ut - L

programmed according to the rule:
(R, )
= av) , 0<Dgfr<1 4
off :[vo(av)}lL( ) off @)
constant

5T
AC

D14

|
comparator r—s' Cch

s clock fg

Applying V.s balance:

Vin t ] E.nsure.sa
B CR SHOR AU

The original patent dates from October 2001 and describes a
claim linked the charging method of capacitor C,,, based on
the error voltage.

Capacitor voltage

I
et m‘r 'SLOPE2
]
_________________________ Virp - __isLopE1
v /EI_IJJ_}_ time g Viiry ) N
CLOCK 46 | ! = N*;EE
|
|
T Tone
-
TS |
Cramp

6,307,361 (Oct 2001) and 6,728,121 (April2004)



PWM Converters with Resistive Input
PWM Converters with Resistive Input
https://patentimages.storage.googleapis.com/c5/92/3b/c334b35daab704/US6307361.pdf
https://patentimages.storage.googleapis.com/be/b5/36/cb895d9b7bb5a0/US6728121.pdf

| built a large-signal averaged model for determining the voltage-loop response and stabilize the converter.

R5
CTRL
100m

Col1
1k

Vi

AC1

Loll

1k

rect

.ac dec 100 0.1 1k I_E:Il_} four 50 10 -1 I(Vl]
R3
10m
C"‘ Vinl b
—~ {Nrms} ce —|<a oyt e
3,
220
RBp [a] Cl1
T 680p
IC={Vout
- 2.2k {Vout} R2
R1 {RL}
2.2k B1 50m
X1
R6
i i
{Rsense} é V=IF((1-V(doff))>0.99,0.99,(1-V(doff)))
5
0
Rupper
{Rupper}
i - - {gm} uo=
G2 o
4 D7 D8 *
/NDOTA > pota _ 272
|C5 {C1} B3 CDBDﬂf’f
I TS
{C2) < ra w7 + va G) C—)u + Ve Rlower T
{R2} _J1oom \—/ 5 _ J {vref} {Rlower}
L L L L

I=IF(I(V5)>28u,28u,IF(I(V5)<-28u,-28u,I(V5)))

I

V=V(Cs)*{Ct}/(V(CTRL)*{gmE}*{Ts})

*
.model DOTA D tt=100n Rs=10m N=100m BV=5
*

.param Vrms=100

.param Pout=1.5k

.param Vout=400

param RL={Vout**2/Pout}
param L=400u

.param Rsense=60m

.param Fsw=100k

*

.param Ct=100p
.param gmE=12u
.param Ts={1/Fsw}
*

£

.param Gfc=31 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
*

* Enter Design Goals Information Here *

*

.param fc=3 ; targeted crossover *

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

£

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

.param Ibias=250u

.param Vref=2.5

*

* Do not edit the below lines *

*

.param gm=200u ; transconductance in Siemens *

.param Rlower={Vref/Ibias}

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

.param boost={PM-P5-00}

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

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

.param fp={fc*kf}

param fz={fc/kf}

.param a={sqri((fc**2/fp**2)+1)}

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

.param R2={(a/b)*(fp*G)*(Rlower+Rupper)/{(fp-fz)*Rlower*gm)}
param C1={1/(2*pi*R2*fz) }

.param C2={Rlower*gm#(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
*



VierV(CTRL):

The voltage loop is stabilized with a 3.3-Hz crossover
frequency and a comfortable phase margin.

30dB: 100°
........................................ - 90°
24dB- ':LIFSEIF 1 ) )
Viem)"VICTRL) .
18dB- FI'E-'EIZ 340485H |"-"|agi -58.593318mdB @ L 70°
. (=}
12dB-| Phase: 77.744597 O L o
Group Delay: | 20.653582ms | :
6dB - 50
Cursor 2

; - 40°

DB - - = == oo T e e oo
' - 30°
-6dB— L 20°
12dB - 10°

[ 0“
18dB-]

- 10°
24dB-| - -20°
30dB el e
36dB 0°
32dB - 100
28dB-| - 200
24dB-| - 300
20dB-] - 40°
16dB - _50°
12dB— - _60°

8dB - 70°
4dB-] - -80°
0dB— - 90°
4dB— - _100°
8dB— -_110°
12dB — . . . — — — 120°
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The large-signal model can be used to check the transient response once the loop has been stabilized. Averaged models are
interesting in evaluating PFCs as they simulate very fast considering the absence of switching component.

.model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
.model DOTA D tt=100n Rs=10m N=100m BV=>5

Jtran 0 1.1 500m 100u uic .model TOFSW SW (Rﬂ'n:25m Rﬂff:].UMEg Vit=2 Vh:].)
*

- Vrms=230
L1 four 50 10 -1 (V1 param
n (v1) .param Vout=400

.param P1=1.5k ; transient power
.param P2=1k ; nominal power
D1 i D2 7 .param RL2={Vout*#*2/P2} ; nominal power resistance
ELDLESI HRLFLINEE RS R3 .param RL1={Vout**2/(P1-P2)} ; added in // for P1
10m .param L=400u
.param Rsense=60m
Vinl Vi .param Fsw=100k
*

9
c2
1 — oyt 77 .param Ct=100p
. . 1p /l\lﬁ' » .param gmE=12u

L RO .param Ts={1/Fsw}
*

<0 @ {RL1}

T 080
Ic=g\mut} TOFSW1 Jparam Gfc=31 ; magnitude at crossover *

R5 .param PS=-45 ; phase lag at crossover *
R1 {RL2} 6

*
B1 50m

rect

X2

*

D5 D3
RFUH10NS6S ZE RFUH10NS6S ZE R7

* Enter Design Goals Information Here *

2.2k *

.param fc=3 ; targeted crossover *

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

*
SINE(0 {Vrms*sqrt(2)} 50) {Rsense} % VTR W{dholi})>0.00, 0.5 {1 wWdaii))) * Enter the Values for Vout and Bridge Bias Current *
D4 PWL(0 0 550m 0 550.01m 5 830m 5 830.01m 0) *
H .param Ibias=250u
RFUH10NS6S .param Vref=2.5
*

RO

out

* Do not edit the below fines *
*
R .param gm=200u ; transconductance in Siemens *
upper .param Rlower={Vref/Ibias}
. {Rupper} .param Rupper={(Vout-Vref)/Ibias}
= » » {gm} .param boost={PM-PS-90}
G2 .param G={10**(-Gfc/20)}
c4 D7 D8 T .param kf={tan((boost/2+45)*pi/180)}
DOTA = L .param fp={fc*
Cs  [{c1} POTA o3 param fp={fc*kf}

= C) VA ‘param hz{{fdk(f(? *%2 [fp**2)+1)}
V5 _ S v=v(Ccsy:{Ct Err)* EVELT, .param a={sqrt((fc**2/fp**2)+1
{c2} R4 V7 Ve 0 . V6 Rlower (Cs)*{Ct}/(V(Err)*{gmE}*{Ts}) .param b={sqrt((fz**2/fc**2)+1)}
{R2} 100m 5 _J {vrefy < {Rlower} .param R2={(a/b)*(fp*G)* (Rlower+Rupper)/((fp-fz)*Rlower*gm)}
.param C1={1/(2*pi*R2*fz)}
.param C2={Rlower*gm*(bfa)/(2* pi*fp*G*(Rlower+Rupper))}
*

doff

: I=IF-(I(V5]>28u,;8u,IF(I(VS];—ZSU,Q;U,I(VS;]] %



| then built a cycle-by-cycle version to check the loop was well stabilized and | compared the step response with that of the
averaged model:

*

tram 0 1.1 500m wic
.param Vrms=230

.param P1=1.5k ; transient power H oyt *
-param P2=1k; nominal power There is a lot of switching noise MUR1660C .param Gfc=31; magnitude at crossover *
-param Vout=400 on node out so plot its filtered D4 L .param PS=-45 ; phase lag at crossover *
.param RL2={Vout**2/P2} : nominal power resistance version Vout. *
-param RL1={Vout**2/(P1-P2)} ; added in /| for P1 RO +§ ) DS * Enter Design Goals Information Here *
param L_:400u Vout - = DPFC *
-param RIFS:H;I:IOI: o e o2 Rupper .param fc=3 ; targeted crossover *
.param = L —E0 - < *
‘param DT=150n 100n SWU MUR1660C o {Rupper} .tparam PM=60 ; choose phase margin at crossover
* TOFSW c1 *
v3 Vi [ 680p * Enter the Values for Vout and Bridge Bias Current *
l/ﬁ\\ L2 r/‘\\ R3 L1 IC=380 £
U ! SIn ! bl % ALk param Ibias=250u
100p R 10m {} = = .
0 8 o 0 .param Vref=2.5
*
. 100n 470n * Do not edit the below lines *
_ }Vin X1 .
RE R7 L HSFL L s .param gm=200u ; transconductance in Siemens *
30m 30m N HSGHD {RLZ} {RL1} .param Rlower={Vref/Ibias}
L3 RS HSLS .param Rupper={(Vout-Vref)/Ibias}
T N CSAMP  OTA _param boost={PM-PS-907}
100p 2.2k mv FB |—FB ! .param G={10**(-Gfc/20)}
SINE(0 {Vrms*sqrt(2)} 50) = §R1 Rlower .param kf={tan((boost/2+45)*pi/180)}
DT={DT} Fsw={Fsw} _ D1 50m {Rlower} .param fp={fc*kf}
DPFC D3 N .param fz={fc/kf}
.model DPFC D TT=100n Rs=10m Cjo=50p N=0.6 - MUR1660C .param a={sqrt((fc**2[fp**2)+1)}
model MUR1660C D (IS=179H RS=42M N=1.64 BV=600 IBV=500U SWL .param b={sqrt((fz**2ffc**2)+1)}
+ CJ0=310P VI=.775 M=.37 TT=109N) R8 TOFSW .param RZZ{(a,-'b}*gfp*G}*(R}n‘weHRupper},-‘((fp—fz}*mnwer*gm}}
.model TOFSW SW (Ron=25m Roff=10Meg Vt=2 Vh=1) 2.2k 4 TOFSW1 .param C1={1/(2*pi*R2*fz)}
* - .param C2={Rlower*gm™*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
5 {c1} + ¥
£1 T Q\ 3 va
{Ri} 12} < pa
Bl
v=-abs(I(V1}) {R2}
.options abstol=1u vntol=1m reltol=0.01 gmin=100p PWL(0 0 550m 0 550.01m 5 830m 5 830.01m 0)

+method=gear

It is @ TPPFC circuit where the inductor current is observed via the dummy 0-V source V, then shaped in a positive-only

waveform via B,.
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Many new integrated circuits now include a digital filter for compensating the loop. For instance, in a PFC controller, where the
crossover frequency is set to a few hertz, building the filter in the analog way, would imply large time constants. These time
constants would require resistances of high value considering the small capacitance one can integrate in a die. Hard-wiring a
digital filter, on the other hand, represents a viable option, especially if one wants to dynamically change the mid-band gain in
relationship with the input voltage and keep an almost constant crossover frequency at high- and low-line condition.

In a PFC circuit, the power stage often exhibits an excess of gain in the vicinity of 5-10 Hz, implying a compensator providing an
attenuation at this frequency. The analog version of the compensator can be thought of an operational transconductance
amplifier (OTA) driving a network setting the time constants for two poles and the zero. Below is what can be simulated in
LTspice (files are here):

Jmdel dota D Rs=1 TT=100n N=100m

o
SNIEARII -acdec 1010 T .panm Gfe=-20 ; magnitude at crossever + 34dB 145
100000y .p\h'h‘h PS=-T0 ; phase lag at crossover * 48dB galn L 140°
* Eriter Design Goals Information Hem *
L]
.param fe=1k ; targeted crossover + 42dB— —135°
param PM=70 ; choose phase margin at crossover * phase
vout s 36dB- ~130°
y » * Enter the Values for Vout and Bridge Bias Curment *
Lu b3 b1 param Vout=12 30dB- —125°
= o DOTA DOTA Jparam Ihias=250u
= S 24dB -120°
i = p2 Ve vio . .
100m 5 Do not edit the below lines
{RZ} : 18dB— —115°
Jparam gm=100u ; & ductance in Si
Jparam Rlower={Vref/ Ibias}
= Jparam Rupyper= {{ Vout-Vref) / Thias} 12dB— —110°
Type 2 compensator- OTA pu-am G:{mfr{'::&.rm}
Watch for e Cjo of the damp diode: THO.30615pV  L20LGE263IpV 553 297TSHV  IEKV 10KV e ( 2+45)* pil 180} 6dB— 104"
any added capacithnce slbers the paruh fp={fc*kf}
frequency respense. - e e «param fe={fe/kf}
i v e ()ﬂ «[param a= fier* 2 ifp**2)+1 ﬂ'dB— _10'[.1'“
Christophe Basso {c1y (—) {€z} (—) {RZ} {Ruppery N/ (Rlowerk :4&:;.“2;2..2;: 1;}}
Jparam R2={[a/b)*{fp*G)*(Rlower+Rupper)/ [ [fp-fz) * Rlower* gm )} fdB- - g&°
Jparam Cl={1/( 2*pi*R2*fz)} -
é = .param C2={Riowertgm*( b/ a)/{ 2*pi*fp* G *[ Riower+ Rupper) ) 3
: -12dB 90°

el TS e 10Hz 100Hz 1KHz 10KHz 100KHz
il = nF
kW = kOhms

Christophe Basso — December 2024 — Rev. 0.1


https://powersimtof.com/Downloads/LTSpice/Compensators_LTspice.zip

A digital version of a type 2 can be assembled with delay lines which have a SPICE primitive.
You can check slide 103 of last APEC 2021 seminar.

X3
OUT IN

X4
ouUT 1IN

ouT

Znr-1

Znr-1

Nao
IN> + E5
_ {a0}
7 + ™ E6
R |
.
ol &
=S
1] <N'- e
a3
~ -
a1l Nbi
T E1 E3
= {al} {b1}
.
ol &
Sl |y
Il E
a|N3
= a2 Nb2
+ E2 E4
= {a2} {b2}

The coefficients determination is automated in the right-side macro

{TD}

TD

B1
V=V(Na2)-V(Nb2)+V(Na1)-V(Nb1)+V(Na0)

O

~
. . _1
This is z
lout
IN LE . — T\ E1
Td={Td} Z0=50 1
R3
R1 R2 50
1004 100p

—

*

.param Vin=100 ; input voltage
.param Vout=400 ; regulated output voltage
£

*

.param Gfc=234 ; magnitude at crossover *
.param PS=-50 ; phase lag at crossover *
&

* Enter Design Goals Information Here *
*
.param fc=10 ; targeted crossover *

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

*

.param Ibias=250u
.param Vref=2.5

*

* Do not edit the below lines *

E 3

.param Rlower={Vref/Ibias}

.param Rupper={(Vout-Vref)/Ibias}
E 3

* Do not edit the below lines *

&

.param boost={PM-P5-90}

.param G1=4{10**(-Gfc/20)*(Rlower+Rupper)/Rlower}
.param kf={tan{(boost/2+45)*pif 180)}

.param fp={fc*kf}

.param fz={fc/kf}

.PARAM G2=1{IF(Vin<150,G1,G1/4)}

*

£

.PARAM Fsw=10k ; internal sampling frequency

.PARAM Tsw=1{1/Fsw}

.PARAM Ts=Tsw

.PARAM Fline=50 ; line frequency

.PARAM TsN=1/(4*Fline) ; moving average sampling freq.
=

.PARAM wz={2*pi*fz}

.PARAM wp={2*pi*fp}

.PARAM GO=G2

=

PARAM a0={G0*TswHwp*(Tsw*wz+2)/ (2*Tsw*wp+4)}
.PARAM al={G0*Tsw**2*wp*wz/(Tsw*wp+2)}

.PARAM a2={GD*Tsw*wp*(Tsw*wz-2)/(2*Tsw*wp+4)}
.PARAM b1={-8/(4+2*Tsw*wp)}

.PARAM b2={(4/ (Tsw*wp+2))-1}

&

Example for a PFC


https://powersimtof.com/Downloads/PPTs/Chris%20Basso%20APEC%20seminar%202021.pdf

100dB s 100°
90dB : -
20dB- Cursor 1 Viout) u
;E:E_ Freq: KMz | Mag:| 10.000619dB @ %
| Phase: | -20.999513° (O L a0°
50dB—
Group Delay: | 10.221526ns |
40dB— : — 20°
30dB— '
: -0
L e SRR
10dB— . - 20°
0dB- -30
~ -40°
-10dB—
-20dB— boost ~ -60°
-30dB—
- 80°
40dB-] -90°
-50dB . ————— . —— . ———— . —————-100°
10Hz 100Hz 1KHz 10KHz 100KHz
TD={Ts} a0={80} al={al} a2={a2} bl={bl} b2={b2} . . ] . .
Jacaec 10010 100k AR = 20, gt ot s This is the type 2 response with a sampling frequency of
ke Desin Gools Infornation er 100 kHz. The coefficients are calculated to bring a 20-dB
«PARAM fic=1k ; tangeted crossover * . . o . .
. gain at 1 kHz with a phase boost of 60°. This is exactly
N T SN what the Bode plot shows with a phase of -30°
«PARAM kf= 24+45)*pif 180
%w % o e 1507 corresponding to the 60° boost you want. The dc sources
{w} * . . . .
ooty give the calculated coefficients as LTspice, unfortunately,
L e cmmens does not generate a file in which the calculated
«PARAM wp={2*pi*fp} .
’%w M% s ch=c parameters could be displayed.
Thoost} PARAM al={G0* Tsw* wp*| Tswrwz+2) /[ 24 Tswrwp+4)
JPARAM al1={G0* Tsw**2*wp*wz/ (Tswrwp+2)}
JPARAM a2={G0* Tew*wp*{ Tsw*wz-2) /[ 2* Tew*wp+4) 3

JPARAM bl={-8/(4+2*Tsw*wp)}
JPARAM b2={[4/[Tsw*wp+2))-1}
-




In a PFC circuit, the 100- or 120-Hz ripple shows up on the error signal which controls the duty ratio. Too much of ripple — if
you push the crossover frequency — induces higher distortion. One way to counteract this phenomenon, is to include a notch
filter set at 100 or 120 Hz. It can be done by implementing a moving-average filter whose sampling frequency is 4 times the
line frequency (200 Hz or 240 Hz):

TD={Ts} a0={a0} al={al} a2={a2} bi1={b1} b2={b2}
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.ac dec 1000 0.1 1k

Gain change
with line

Filter sampling

Notch sampling

*

.param Vin=100 ; input voltage

.param Vout=400 ; regulated output voltage
*

*

.param Gfc=34 ; magnitude at crossover *
.param PS=-50 ; phase lag at crossover *
*

* Enter Design Goals Information Here *

*

.param fc=10 ; targeted crossover *

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

*

.param Ibias=250u
.param Vref=2.5
ES

* Do not edit the below lines *

*

.param Rlower={Vref/Ibias}

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

* Do not edit the below lines *

*

.param boost={PM-PS-90}

Jparam G1={10**(-Gfc/20)*(Rlower+Rupper)/Rlower}
.param kf={tan((boost/2+45)*pi/180)}

.param fp={fc*kf}

param fz={fc/kf}

.PARAM G2={IF(Vin<150,G1,G1/4)}

*

*

PARAM Fsw=10k ; internal sampling frequency

PARAM Tsw={1/Fsw}

PARAM Ts=Tsw

.PARAM Fline=50 ; line frequency

PARAM TsN=1/(4*Fline) ; moving average sampling freq.
*

PARAM wz={2*pi*fz}

PARAM wp={2*pi*fp}

.PARAM GO=G2

*

PARAM a0={GO*Tsw*wp*(Tsw*wz+2)/(2*Tsw*wp+4)}
PARAM al1={GO*Tsw**2*wp*wz/(Tsw*wp+2)}
PARAM a2={G0*Tsw*wp*(Tsw*wz-2)/(2*Tsw*wp+4)}
.PARAM b1={-8/(4+2*Tsw*wp)}

PARAM b2={(4/(Tsw*wp+2))-1}

*



The notch rejects the 100-Hz components but erodes the phase boost by 10°

20dB S 200°
0dB- L1800
20dB- 1600
40dB - 140°
60dB -120°
80dB- 1000
100dB - 8
Wiout .
120dB- out) : 100-Hz notch - 80
Freq: Mag: | -34.107626dB @ §
Phase: 101.02404° i :
140dB- Group Delay: | 2.506658ms | : - 40
Curenr 2 :
160dB - 200
180dB . . - —_——g 0

100mHz 1Hz 10Hz 100Hz 1KHz



The issue with the delay line is the computational burden it brings on the SPICE engine. And when you simulate PFCs, it
dramatically increases the simulation time. One option to attenuate this effect, is to get rid of the delay line and replace
it with an equivalent circuit. The 1%t-order Padé approximant is an option but | have adopted a different one, consisting

of a second-order polynomial:

S-t 2 T
H (s)=1- b Q=2 ==
S S T ty
1+ —+| —
wQ \w
ouT
‘E/ LE * i / /_|_\\~.\_‘ El
Td={Td} Z0=50 SNVe
~R3
~R1 Rz %0
100p 100p

*

.param w0=3.14159/TD

.param Q={2/3.14159}

.param L=100u

.param C={1/(wO0**2*L)}

.param R1={1/((({C}/(4*{L}))**0.5)*2*{Q})}
.param R2={TD/1u}

R2

Bl

V=V(VF)+V(IN)

The agreement with the pure delay is acceptable in my opinion and | tested it in my book on small-signal

modeling. The simulation truly benefits from this approach and the simulation time is reduced with the pure

analog version.

It took me a while to figure this out; the first attempts did not work for the analog delay in LTspice: the same circuit worked in IsSpice but not in LTspice!
- The guilty was resistor R, calculated to exactly 987 pQ if L is arbitrarily set to 1 pH. LTspice minimum resistance is set to 1 m( so it messed up the results by
not allowing a smaller value. By increasing L to 100 pH, R, is now equal to 98.7 m(2 and it rejects the 100-Hz component ok.



https://ris.utwente.nl/ws/portalfiles/portal/134422804/Some_remarks_on_Pade-approximations.pdf
https://stairwaypress.com/product/transfer-functions-of-switching-converters/

We can now compare the analog notch response with that including the delay line:

.param Fs=200
.param Ts={1/Fs}

.ac dec 5000 10 100k

1
+ 1) E1l X1
o/ 05 in out

outl-

Vi Delay ANA

AC1 TD={Ts}

—o02 +™ p1
— ~ V=V(o01)+V(02)

out?

~-1

11
Tt 1) E2 X2
o - 05 [m ouT

TD={Ts}

The selectivity is less with the analog
notch but it provides a 40-dB attenuation
at 100 Hz.

—o022 +™ g2
C_) V=V(o11)+V(022)

0dB
-20dB+
-40dB+
-60dB+
-80dB+
-100dB-{

Digital notch ﬁ

) WK \,/ _ TN W\ l[!]lpll'lI‘]"!f!rn;"rrrn.

-120dB:

4dB:
0dB—
-4dB-{
-8dB-
-12dB—
-16dB+
-20dB+
-24dB—+
-28dB+
-32dB—
-36dB+

Analog notch

-40dB

10Hz

T
100Hz

T " " " " T T
1KHz 10KHz



The digital type 2
compensator is now
coupled with the 100-
Hz notch and the
component is rejected
by 90 dB. By changing
the line frequency to
60 Hz, this notch will
be tuned at 120 Hz.

9dB V(out)

100mHz 1Hz 10Hz 100Hz 1KHz



Fast leg

Slow leg

=] out

1T

MUR1660C

T .

v; R
Vout ut — /Q DPFC
c2 100 o2 Rupper
i | Rupper
.tran 0 850m 800m uic ill]l]n SWU L e N {Rupper}
RSN a2 16=395
vi T~ 1.9m
N L2 L R3 L1
u ' aIn ' ALR H— FB—%
i 100p l 10m iL}
0 c8 c9
o 100n 470n
C_) Vin X2
R6 R7
30m s 30m Vi
)
SINE(D {Vrms*sqrt(2)} 50) mir 0 §R1 Rlower
. B D1 s 9T 50m {Rlower}
.model DPFC D TT=10n Rs=10m Cjo=120p N=0.6 DPFC MUR1660C
.model MUR1660C D (I5=179N R5=42M N=1.64 BV=600 IBV=500U
+ CJ0=310P VI=.775 M=.37 TT=109N)
.model DCLP D TT=100n Rs=100m Cjo=50p N=0.6 S
.model DZ1 D tt=100n Rs=10m N=100m BV=10 ULz
.model TOFSW SW (Ron=25m Roff=10Meg Vt=2 Vh=1)
.model msr860 d (I5=0.000374104 RS=0.024924 N=4.50866
+EG=1.72402 XTI=0.5 BV=600
+IBV=0.0001 C}0=1e-11
+V1=0.7 M=0.5 FC=0.5 TT=1e-09 B1
+KF=0 AF=1 V=-abs(I(V1))
*
.options abstol=1u vntol=1m reltol=0.01 gmin=1n method=gear

R10
{RL}

*

.param Vrms=100

.param Pout=3k

.param Vout=400

.param RL={Vout**2/Pout}
-param L=500u

.param Ri=40m

*

*

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

.param Ibias=250u

.param Vref=2.5

*

* Do not edit the below lines *
*

.param gm=1{IF{Vrms<150,200u,50u)} ; transconductance in Siemens *
.param Rlower={Vref/Ibias}

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

*

The filter is now included in a totem-pole PFC using a variable-t_; modulator as described by Sam Ben-Yaakov in his 1998
paper. The fast leg uses simplified switches while the slow one implements a pair of diodes. They can also be sync-rectified but
the model does not include these outputs. Please note the g_ change in relationship with the input voltage to adjust the gain
on the fly and keep a constant crossover at low- and high-line operations. The NCP1681 typically operates this way.


https://ieeexplore.ieee.org/document/679011
https://www.onsemi.com/download/data-sheet/pdf/ncp1681-d.pdf

Vhigh=5 Vi =10 Ref=2.5 Td={DT}
a1l ag

[ - e
e x4 o Vhigh=S5 Viow=0 Ref=25 Td={DT}
Viow'=100m Vhigh= 10 L A14

_—

L ——

T
%Iy |

w
JFARAM fp=E8.2

oz D
a1 e DL
'D dm . = €1 ® e
= - 1000 PARAM Rz=24k
o1 D4 PARAM G={Rz"gm}
ozl % om

Jpraim DT= 150n
w

L

JPFARAM Fsw= 100k ; switching frequency

JFARAM Fsamp= 10k ; internal sampiling frequency

JPARAM Ts=4{1/Fs=amp}

JFARAM Fline=50 ; line froquency

JPARAM TsN=4{1/{4"Flinc}} ; mowing Iverage sampling freg.
L

T

Jmendel BOLF D TT=100n Rs=100m Cjo=50p N=0.6
Jmesdel DEL D tt= 100n Rs= 10m K= 100m BV =10

Jmendel DE2 D = 100n Rs= 10m K= 100m BV =5

Jmeadel TOFSW2 5W { Ron= 100 RofT=100Meg Vi=2Vh=1)
L

JPARAM wz={2"pi"fz}
JPARAM wp={2*pi*Tp}
JPARAM GO=0G

T

JPARAM 20={ G0 Ts"wp™{Ts wz + 2)/ (2 Ts"wp+ 4}
JPARAM al={ G0 Ts "2 wp sz {Ts"wp+ 2)}
JPARAM aZ= {60 Ts"wp™{Ts"wz-2)/{ 2" Ts"wp+ 4)}

TD={Ts} 30={a0} al={al} a2={aZ} bi={h1} h2={b2} PARAM h1={-8/{4+ 2 Ts"wn)}
I S . Rl JPARAM h2={{4/{Ts*wp+ 2) -1}
10y R4 al ouT  IN
4' 2 T &2 + _ % ma— "
i . 1k xS X8
E2
2 - EZ /" 4+ T
[:15 m j L 1 :
c2 6 o2 H = as C—:t 1M
L H s _ TD={TsN}
100p = Tan  YEWal)eviaz) B1 Viref o
=0 =3 5 —|- 20n
- A PULSE{D 5 0 10n 100 50n {1/Fsw}) T
UE]

The TPPFC requires a logic circuit decoding the input line polarity for actuating the power switches. In this approach,
only the fast leg is switching, the slow leg uses classical diodes. Please note the absence of virtual ground at FB input,
hence the necessity to factor the divider ratio in.
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This is the input waveform in a 3-kW PFC supplied from a 100-V rms input voltage.
The error voltage is almost flat, without ripple.
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This is the input waveform in a 3-kW PFC supplied from a 230-V rms input voltage.



=65 kHz.

In this mode, the load is stepped from 2 kW to 3 kW in a short period of time. V,, is 100 V rms in this mode, F
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SwW
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In this mode, the load is stepped from 2 kW to 3 kW in a short period of time. V, is 230 V rms in
this mode. The load release is not shown as no over-voltage protection is installed on this circuit
and the overshoot is extremely large.
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