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Objective:

To develop the skills of average modeling and 
and its application in the analysis and design 
of APFC systems

Emphasis on:

� Methodology of Average Simulation
� Small and large signal responses 
� Control loop design
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Outline
1. Overview of simulation methods
2. The averaging methodology
3. Feedback analysis and design 
4. Continuous Conduction Mode (CCM) APFC stages

4.1 Classical (Unitrode) method
4.2 Method with no sensing of input voltage

5. Critical Conduction Mode APFC stages
5.1 Method with no sensing of input voltage

6. Conclusions and Q&A
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Computer Simulation of Power Conversion Systems
Switch-Mode
 Converters

Average modeling Cycle by cycle

Analog Simulation

Voltage,
Current
Stresses

Voltage,
Current
Ripples

Large
Signal

Symbolic Analysis
(MATHEMATICA
,MACSYMA,etc.)

Large
Signal DC

Small
Signal

Analog (SPICE,...)
&
Digital (MATLAB,...)

Control Loop Design

Closed Loop
  Response

Analytical
Expressions

Analog Simulation
(SPICE,SABER,etc.)

Discrete Simulation
(MATLAB,ACSL,etc.)
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Average modeling of switch mode systems

Applications:
� DC transfer functions 
� Transient (large signal, time domain) phenomena 
� Small signal (AC, time domain) transfer functions

Not applicable to:
� Switching details, rise and fall times, spikes
� Device characteristics and losses 
� Subharmonic oscillations

� Conduction losses can be accounted for
� HF ripple can be estimated 
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The Switched Inductor Model (SIM) Strategy

� Identify the switched assembly
� Replace the switching part by a continuous (analog) 

equivalent circuit
� Leave the analog part as-is
� Run the combined circuit on a general purpose 

simulator

The modeling methodology presented in this seminar is 
highly �portable�,  independent of simulator

Demonstration by PSPICE Ver. 9.2 (Evaluation) 
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Modulator ControlEVD

inV

Assembly
Switched

oV

+
−

� The problematic part : Switched Assembly
� Rest of the circuit continuous - SPICE compatible
� The objective : translate the Switched Assembly 
into an equivalent circuit which is SPICE 
compatible 
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Average Simulation of PWM Converters
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L ab

c

b ONT

DCMT
OFFT

L

c

a

TON - switch conduction time 
TOFF - diode conduction time
TDCM - no current time (in DCM)
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The Switched Inductor Model (SIM) (CCM)
The concept of average signals
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Objective : To replace the switched part 
by a continuous network 
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Toward a continuous model
b

c
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offLc DII ⋅=

⇓
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LIDeriving

valueAverageXX
L
V

dt

Id

L
V

dt
dI LL

==

=⇒=

LV

LV

LI

LI LV
LI V

t



APEC03, Computer Aided Design of APFC   [15] Sam Ben-Yaakov and  Ilya Zeltser
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The Generalized Switched Inductor Model 
(GSIM) Model
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Example Implementation in Buck Topology
1. The formal approach
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Implementation in Buck Topology
2. The intuitive approach - by inspection 

L
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Polarity: (voltage and current sources) selected by inspection
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Boost
S

L

oC oRinV

D
oV

L

oC
oRinV

oV

ooff VD ⋅

offL DI ⋅

� Emulate average voltage on inductor
� Create IL  dependent current sources
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Making the model SPICE compatible

onDLI
bG lL

IL and DON are time dependent Variables {IL(t), DON (t) }
DON is not an electrical variable
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⇓
In SPICE environment

+− Source
onD

"D":nodeofName on

)L(I)D(V lon ∗ lL

Gvalue

Don is coded into voltage
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Running  SPICE  simulation

DC (steady state points) - as is

TRAN (time domain) - as is

AC ( small signal) - as is

* Linearization is done by simulator !
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Discontinuous  Model (DCM)
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The combined DCM / CCM mode
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Example: Buck Converter

LR
esrR

outC

oVoutL

1D

MOD
PWM

onDV

exV

D
inV

pulsinV
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File: Buck_cy_by_cy.OPJ

Lout

{Lout}

a

PARAMETERS:
VIN = 10v

out

in RLoad

{RLoad}

Rinductor

{Rinductor}

PARAMETERS:
LOUT = 75u
COUT = 220u
RLOAD = 10

Vin
{Vin} +

-

Cout
{Cout}

PARAMETERS:
FS = 100k
TS = {1/fs}

0

buck_cy_by_cy.sch

Dbreak

D1

Cycle by Cycle simulation
of PWM Buck converter

+ -

+ -

Sbreak-X
S1

VD

PW = 5u
PER = 10u

+-

Resr
{Resr}

PARAMETERS:
RESR = 0.07
RINDUCTOR = 0.1
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Power Start-Up at Constant Don

Time

0s 2.0ms 4.0ms 6.0ms
-I(Lout)

-10A

0A

10A
V(out)

0V

10V

DCM to CCM
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Zooming up

Time

1.625ms 1.750ms1.535ms 1.862ms
-I(Lout)

0A

250mA

500mA
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L
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inV
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b c
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File: Buck.OPJ

PARAMETERS:
FS = 100k
TS = {1/fs}

Average simulation by SIM-Model 
of PWM Buck converter

PARAMETERS:
VIN = 10v
VDON = 0.5

PARAMETERS:
RESR = 0.07
RINDUCTOR = 0.1

Rinductor

{Rinductor}

Vin
{Vin} +

-

Resr
{Resr}

EDoff

min(2*abs(I(Lout))*Lout/(Ts*(vin-V(a))*V(Don))-V(Don),1-V(Don))

etable

OUT+
OUT-

IN+
IN-

0

Gb

V(Don)*I(Lout)/(V(Don)+V(Doff))

GVALUE

OUT+
OUT-

IN+
IN-

Vexcitation

1V

+-

buck.sch

NODESET= 5

+

VDon

{VDon}

+

-

Ga

I(Lout)

GVALUE
OUT+
OUT-

IN+
IN-Gc

V(Doff)*I(Lout)/(V(Don)+V(Doff))

GVALUE

OUT+
OUT-

IN+
IN-

c

b

RLoad

{RLoad}

0

DoffDon

PARAMETERS:
LOUT = 75u
COUT = 220u
RLOAD = 10

EL

V(Don)*V(a,b)+V(Doff)*V(a,c)

EVALUE

OUT+
OUT-

IN+
IN-

Lout
{Lout}
IC = 0

a

Cout
{Cout}

Dbreak

D1

b a
c

� Don coded into voltage 
� Doff for CCM/DCM

!
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DC Sweep plus Parametric (on Rload)
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Sweeping Rload   Constant Don

RLoad

1.0 10 100 1.0K
V(out)

4V

6V

8V

10V

CCM

DCM
Conduction
losses

!
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Transient Analysis �Power Turn-On
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Power Start-Up at Constant Don

Time

0s 2.0ms 4.0ms 6.0ms
-I(Lout)

0A

5A

10A

SEL>>

V(out)
0V

5V

10V
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Comparing Cycle-by-Cycle to Average Simulation

Time

1.625ms 1.750ms 1.875ms
-I(Lout)

0A

400mA

-268mA

766mA
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AC Analysis
The Real Strength of Average Simulation
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� The circuit is linearized by simulator (elements, 
devices and expressions)

� Numerical linearization !
e.g. a source f(x,y,z) is replaced by:

z
Z

)Z,Y,X(f)ZZ,Y,X(f

y
Y

)Z,Y,X(f)Z,YY,X(f

x
X

)Z,Y,X(f)Z,Y,XX(f

∆
−∆+

+

∆
−∆+

+

∆
−∆+

� Transparent to user
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Boost

LR
esrR

outC

oVmainL

D

1D

MOD
PWM

onDV

exV

inV

pulsinV
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1 Dbreak

Dmain

Rsw
{Rsw}

PARAMETERS:
VIN_DC = 10v
VDON = 0.5

Don

Gb

V(Don)*I(Lmain)/(V(Don)+V(Doff))

GVALUE
OUT+
OUT-

IN+
IN-

Lmain

{Lmain}

0

PARAMETERS:
FS = 100k
TS = {1/fs}

Vexcitation

1V

+-

a b

Resr
{Resr}

Rinductor

{Rinductor}

EDoff

min(2*I(Lmain)*Lmain/(Ts*v(a,b)*V(Don))-V(Don),1-V(Don))

etable

OUT+
OUT-

IN+
IN-

Cout
{Cout}

0

c

Gc

V(Doff)*I(Lmain)/(V(Don)+V(Doff))

GVALUE
OUT+
OUT-

IN+
IN-Vin_DC

{Vin_DC}

+

-

RLoad
{RLoad}

out

Boost.sch

PARAMETERS:
LMAIN = 75u
COUT = 220u
RLOAD = 10

Ga

I(Lmain)
GVALUE

OUT+
OUT-

IN+
IN-

PARAMETERS:
RESR = 0.07
RINDUCTOR = 0.1
RSW = 0.1

Vin_pulse

+-

Doff

EL

(V(Don)*V(a,b)+V(Doff)*V(a,c))

EVALUE

OUT+
OUT-

IN+
IN-

SIM-Model under CCM & DCM 
for PWM Boost converter

VDon

{VDon}

+

-
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CCM

Frequency

1.0Hz 100Hz 10KHz 1.0MHz
P(V(out))

-400d

-200d

0d

SEL>>

V(out)

1.0V

10mV

100V

ESR of Cout
100mΩ
10 mΩ
1mΩ

RLoad= 10Ω
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Rload = 1000Ohm

Frequency

1.0Hz 1.0KHz 1.0MHz
P(V(out))

-100d

0d

SEL>>

V(out)

1.0V DCM
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Live Simulation 1

� Boost CCM-DCM
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Duty Cycle Generators
POWER STAGE

Duty Cycle 
       'D' 
Generator

I L

Vref

D

Error Ampl.

V outVin

Power 
Input

VE

ref

ON VL

� General representation of a switch mode DC-DC converter.



APEC03, Computer Aided Design of APFC   [44] Sam Ben-Yaakov and  Ilya Zeltser

PWM MODULATOR - Voltage Mode

 

V V S 

Time 

V 

V E 
P 

V M 

P

E
)0V(M

MP

ME
M

V
VK

VV
VV)emodvoltage(K

M
=

−
−

=

=
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Coding

Modulator Control
EVD

inV

oV

+
−

MK

Mp

ME
M VV

VV)emodvoltage(K
−
−

=

D  coded into voltage

1V0 D ≤≤
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Duty Cycle Limiter
� Behavioral dependent source ETABLE 

E1

V(%IN+, %IN-)
ETABLE

TABLE = (0.1,0.1) (0.9,0.9

OUT+
OUT-

IN+
IN-

0.90.1

Out

In

0.9

0.1
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Modulator Control
EVD

inV

oV

+
−

MK

Average Current Mode

� VE is a function of Vo and IL

��control� is the original analog circuit
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L=195 µ D

28v

+
+

+FF

+
C=2000 µ

R c=0.012 Ω
R o=11.2 ΩR s

25m Ω

Vp=0.25v

+

+ 2.8v

R f=72.2k ΩC f=0.23 µ

R 2=2.5k Ω

R 1
47.5 Ω

3.25

Peak Current Mode Control
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� Current Mode CCM

V(V)
KS = Current Loop Gain   
MC = Slope Compensation
TS = Switching Period
L = Inductance of main inductor
|I(L)| = Average inductor current







 +

+
−

=

L2
)b,a(VKSMCTS

)Doff(V)Don(V
)L(I

KS)Ve(V
EDon

If you can write an expression, it can be modeled !
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d_c vl

0V+

-

SIM-Model  under CCM & DCM 
for Current-Mode PWM Boost converter

Edoff

min(abs((2*i(vl)*lin/(ts*v(don)*(v(in)-v(sw))))-v(don)),1-v(don))

etable

OUT+
OUT-

IN+
IN-

Red_c

1k

PARAMETERS:
KS = 81.25m
TS = 40u
MC = 6250

PARAMETERS:
RESR = 0.012
COUT = 2m
VIN_DC = 28

PARAMETERS:
RSON = 1m
RSW = {rson+rsen}
RL = 11.2

out

csw

V13

1.09

+

-Redoff
1k

Gdoff

v(doff)*i(vl)/(V(Don)+V(Doff))

gvalue
OUT+
OUT-

IN+
IN-

doff

rind

1m
resr

{resr}

Gsw

i(vl)*v(d_c)

gvalue
OUT+
OUT-

IN+
IN-

RL

{RL}

PARAMETERS:
LIN = 195u
RSEN = 0.025
FS = {1/ts}

Vexatation 1

+ -

Vin_DC

{Vin_DC}

+

-

rsw
{rsw}

Gd

i(vl)*v(d_c)

gvalue
OUT+
OUT-

IN+
IN-

cout
{cout}

Schematic file name: CM-Boost\CM-Boost.sch

Edon

fs*(v(Verror)-ks*i(vl)*v(d_c))/(mc+ks*(v(in)-v(sw))/(2*lin))

etable

OUT+
OUT-

IN+
IN-

Dbreak
d1

a

Verror

Vin_pulse
+- ELs

v(sw)*v(don)+(v(c)+v(out))*v(doff)+v(in)*(1-v(don)-v(doff))

evalue

OUT+
OUT-

IN+
IN-

lin

{lin}

Redon
1k

don

Ed_c

1/(v(don)+v(doff))

etable

OUT+
OUT-

IN+
IN-

in

CM-Boost.opj

Power stage

DCG - CM

Don CCM/DCM !
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Frequency

100Hz 10KHz 1.0MHz10Hz
p(V(OUT)) p(V(OUT)/ V(DON))

-400d

-200d

0d
db(V(OUT)) db(V(OUT)/ V(DON))

-50

0

50

SEL>>

V(out)/V(Don)  as normal

V(out)/V(Verror)  lower order
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inS eS
)s(A oS

)s(B

fS

)S(B)S(A1
)S(A)S(A

S
S

CL
in

o
+

==








� A(S)B(S)=Loop Gain (LG)
� + sign already assumes negative feedback
System stable if {1+LG(S)} has no roots (poles) 
in RIGHT HALF complex plane (RAPP)
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Nyquist Criterion

f

))f(LG(gIm

))f(LGRe(1

ωj

σ

RHPP

PlaneComplex plane)f(LG

The number of RHPP is equal to the number of turns 
LG(f) circles (clockwise) the (-1) point in the LG(f) plane, as 
f swings from -∞ to ∞ .

{ This assumes that LG(f) by itself has no RHPP }



APEC03, Computer Aided Design of APFC   [54] Sam Ben-Yaakov and  Ilya Zeltser

Stability

))f(LG(gIm

))f(LGRe(1−

mΦ

The system is stable if LG(f) does circle the -1 point 
Φm is the phase margin
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Bode Plot

f

f

oφ

db

0

+180

|LG| ( ) ( )fAfβ

In negative feedback systems

At f→0 )180(or180 oo −=φ
!
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f

f

oφ

db

0

-180

1A =β
Aβ

mϕ

180o already substracted

o
1|A|

o
1|A|m

180

)180(

+ϕ=

−−ϕ=ϕ

=β

=β
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The design problem: Given  A(f), find β(f)

( )Alog20








β
1log20 ( ) 







β

=
1log20Alog20

|A| β

f

1A =β

( ) ( ) ( )Alog20log20Alog20 β=β−
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|A| β

f

dbA
db1








β

1A =β

0A db =β
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fdec
db20+

dec
db20−

dec
db40−

dec
db20−

( )dbAβ

rate of
 closure

If rate of closure is                      system is dec
db20−

stable 
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f

dec
db0

dec
db20−

dec
db40−

dec
db60−

dbA s
s

s

s

u
u

( ) dbf
1

β

dec
db20+

dec
db0

dec
db20−

dec
db40−
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t

f

M

Overshoot

M

Overshoot

mϕ

mϕ

o60

Excitation

f
|A|

β
1

o
m 90=ϕ o

m 45=ϕ
o

m 90=ϕ
o

m 45=ϕ
o

m 90=ϕ
o

m 45=ϕ

o
m 40Choose >ϕ
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Feedback Loop Design

Close loop
Bandwith fo

Break frequency not
important,

as low as possible

|A|β
β/1

AOL1. Find A(f) of Power 
stage

2. Decide on f0
3. Choose type of 

compensating network

4. Calculate feedback 
network

Make        as large as possibleAβ
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Rin

Cf Rf

Vref in

f
2

ff
L

OLo

R
RA

RC2
1f

.)ampl(AA

=

π
=

=

f

β
1

f

dec
db20

β

f1

f2
A0

A2
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Possible phase compensation schemes
Cf

Rf

Cf
Rf

f
one pole

β ff
p RC2

1f
π

=

f
Lag-Lead

β ff
z RC2

1f
π

=
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Double zero compensation scheme

t
β

double zero

f

β
1

dec
db20−

Useful region
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-20db/drc

-40db/dec

Rate of closure
20 db/dec

A

1/β

Phase advance by compensator 
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Peak and Average Current Mode

MOD

Vo

VrefVc

D
inner loop

outer loop

I L

IL/Vc flat
!
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The advantages of current feedback
(PCM or ACM)

f

Gain 








e

o
V
V

dec
db40−

dec
db20−

Gain










e

o
V
V

dec
db40−

dec
db20−

Same power stage 
(outer loop) with CM

Typical power stage VM
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Average Current Loop

KM

Cfh

CfRf

VE

D

CO
RO

Dout

Rin

Vin L

1mH

VC

470 Fµ 160Ω

VO
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Don

0

0

0

Ve

in

Doff

E4

V(Ve)

ETABLE

OUT+
OUT-

IN+
IN-

V1
100Vdc

G1

V(Doff)*I(L1)/(V(Don)+V(Doff))

GVALUE

OUT+
OUT-

IN+
IN-

InductorSection

out

Ro

{Ro}

L1

{Lin}

0

0

Co

{Co}

OutputSection

E5

min(2*i(L1)*{Lin}/({Ts}*V(Don)*V(in)+0.1m)-V(Don),1-V

ETABLE

OUT+
OUT-

IN+
IN-

0

R1

0.1

V3
1Vac

DC = 0.74Vdc

Duty Cycle Generator

0

Resr

.02

PARAMETERS:
Lin = 1m
Co = 450u
Ts = 10u
Ro = 610

E1

V(Doff)*V(out)+V(in)*(1-V(Don)-V(Doff))

EVALUE

OUT+
OUT-

IN+
IN-
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           Fr equency

10Hz 100Hz 1. 0KHz 10KHz 100KHz 1. 0MHz
DB( I ( L1) / ( V( Ve) ) )

- 40

0

40

80

( 13. 154K, 13. 335)

1/β

I(L1)/V(Ve)

F=13kHz; Gain= -13.3db=0.22
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V2

1Vac
0Vdc

PARAMETERS:
Lin = 1m
Co = 450u
Ts = 10u
Ro = 610

ks

Error Amplifier

Rf

68k

Rin

15k

Ve

Cf

820p

00

0

E2

I(L1)/20
EVALUE

OUT+
OUT-

IN+
IN-

E3

1E6*V(%IN+, %IN-)
EVALUE

OUT+
OUT-

IN+
IN-

Vc

Cfh 62p

V3
0Vac

DC = 0.12Vdc

0

Ve_out

� The error amplifier (KS =1/20)
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           Fr equency

100Hz 10KHz 1. 0MHz10Hz
DB(  I ( L1) / V( Ve) ) - DB(  V( VE_OUT) / I ( L1) )

- 40

0

40

80

( 2. 9126K, 10. 624)

( 12. 761K, 13. 564)

1/β

I(L1)/V(Ve)
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           Fr equency

100Hz 10KHz 1. 0MHz10Hz
DB(  I ( L1) / V( Vc) )

- 40

0

40

I(L1)/V(Vc)

Closed inner Loop
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Loop-Gain

Getting Loop-Gain under closed loop response {A(f)*B(f)} 

A(f)

B(f)

+
_

Vin Vout

~
Vac

V1V2

LG(f)  = V1/V2
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Rules for Getting Loop-Gain by Simulation
The relevant analysis is .AC

� Locate the AC source at the output of a low impedance 
device (could be real or behavioral)

� Set the AC value to any value (1 V is fine)

� Make sure that there are no other AC sources in the 
system

� Check bias point (.OUT file)

� Remember that the classical stability criteria take into 
account the phase reversal (1800)
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KM

Cfh

CfRf

VE

D

CO RO

D

Rin

V in L

1m H

VC

470 Fµ 160 Ω

VE_OUT

VO

Vac = 1V   ;  Vc =Constant (operating point)  ;  KS= 1/20
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LoopGain

           Fr equency

100Hz 10KHz 1. 0MHz10Hz
p( V( VE_OUT) / V( Ve) )

0d

90d

180d

SEL>>

( 12. 467K, 60. 107)

DB( V( VE_OUT) / V( Ve) )
- 100

0

100
( 12. 467K, 72. 211m)

Phase margin 600
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           R( - V( VE_OUT) / V( Ve) )

- 20K 0 20K 40K
I MG( - V( VE_OUT) / V( Ve) )

- 40K

- 20K

0

20K
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           p( - V( VE_OUT) / V( Ve) )

- 200d - 150d - 100d - 50d - 0d
db( V( VE_OUT) / V( Ve) )

- 100

0

100

Phase margin

Nichols
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           Fr equency

100Hz 10KHz 1. 0MHz10Hz
DB(  I ( L1) / V( Vc) )

- 40

0

40

I(L1)/V(Vc)

Closed inner Loop
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� Toward Power factor Correction (open loop)

0InductorSection

R1

0.1

Abs(310*Sin(6.28*50*time))+0.01

in
L1

{Lin}
E1

V(Doff)*V(out)+V(in)*(1-V(Don)-V(Do

EVALUE

OUT+
OUT-

IN+
IN-

V2

1Vac
0Vdc

0

Cfh 62p

Cf

820p
IC = -1v Ve_out

Rf

68k

ks

0

Ve

Rin

15k

E3

1E6*V(%IN+, %IN-)
EVALUE

OUT+
OUT-

IN+
IN-

ErrorAmplifier
Vc

PARAMETERS:
Lin = 1m
Co = 450u
Ts = 10u
Ro = 610

Abs(2.4*Sin(6.28*50*time)/20)+0.01

0

E2

I(L1)/20
EVALUE

OUT+
OUT-

IN+
IN-

Rect. line

Sinusoidal Excitation

!
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           Ti me

10ms 20ms 30ms 40ms 50ms
V( Dof f ) + V( Don)

0V

1. 0V

SEL>>

V( Don)
0V

0. 5V

1. 0V
I ( L1)

- 4. 0A

0A

4. 0A

In CCM: Don+Doff = 1
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           Ti me

10ms 20ms 30ms 40ms 50ms
V( Dof f ) + V( Don)

0V

1. 0V

SEL>>

V( Don)
0V

0. 5V

1. 0V
I ( L1)

- 4. 0A

0A

4. 0A

After changing Lm to 300µH
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FOURIER ANALYSIS
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DC COMPONENT =   1.367887E-04

HARMONIC   FREQUENCY    FOURIER    NORMALIZED    PHASE        NORMALIZED

NO         (HZ)     COMPONENT    COMPONENT    (DEG)       PHASE (DEG)

1     5.000E+01    2.659E+00    1.000E+00    2.973E-01    0.000E+00

2     1.000E+02    1.659E-03    6.240E-04    1.077E+01    1.017E+01

3     1.500E+02    9.142E-02    3.438E-02   -1.001E+01   -1.090E+01

4     2.000E+02    7.244E-04    2.724E-04    2.227E+01    2.108E+01

5     2.500E+02    5.763E-02    2.167E-02   -3.483E+00   -4.969E+00

6     3.000E+02    5.572E-04    2.096E-04    3.296E+01    3.118E+01

7     3.500E+02    4.254E-02    1.600E-02   -4.976E+00   -7.057E+00

8     4.000E+02    5.337E-04    2.007E-04    4.146E+01    3.908E+01

9     4.500E+02    3.389E-02    1.274E-02   -2.130E+01   -2.397E+01

10     5.000E+02    5.120E-04    1.926E-04    4.309E+01    4.012E+01

TOTAL HARMONIC DISTORTION =   4.550535E+00 PERCENT
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Three Loops Feedback PFC System
(Conventional CCM)

Lin Dout

Cout Rload

+
-

RS

+
-

Ref
M

RECTIFIER

R1

R2

R3

R4

AC PWM
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UC3854 Based Average Model

-
+

Lbst

E G

POWER  STAGE

Li (t)

t

ACin

+

_ cpC

Rs

Rcz
Rci

Rm

Eca -
+

C. ERR. AMP

czC

Gm

Vout
R0 0C

vfC

VrefEva

Rvf

Rvi

+

_

V. ERR. AMP

-
+

Rvd

Vout

Rff3

Rff2

C 2ff
C

1ff

Rff1

FF. LPF

ACin

PWM

-
+

Eff ffR

FILTER  & LOAD

SQR-DIV-MUL

f1
f

rec

ret

sw
out

vaout
caout

van

vap

D

line

lineret

sw

cap

cai
pci

sw
Vline
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CCM  - Based on UC3854 

out

rec

vapEca

1E6*V(%IN+, %IN-)
Evalue

OUT+
OUT-

IN+
IN-

line

Rs

{Rs}

R18 {2*Ro}

Racl
{Rac}

PARAMETERS:

RO = 610
CO = 450uF
TS = 10uF

Vrms = 230V

caout

sw

Rcz

24k

Riv

1MegVref 7.5V
+

-

Rci
4k Ccz

620p

Cff1
0.1u

Rvd
10k

Ccp

62p

E6

(V(caout)-1.1)/5.4

etable

OUT+
OUT-

IN+
IN-

Gm

I(V_Iac)*(V(vaout)-1)/(pwr(V(f),2))

Gvalue
OUT+
OUT-

IN+
IN-

Esw

V(Doff)*V(out)+V(rec)*(1-V(Don)-V(Doff))
Evalue

OUT+
OUT-

IN+
IN-

out

PARAMETERS:
RS = 0.25
RAC = 910k
Lin = 1m

Rm
4k

G3

I(L1)*V(Line)/abs(v(line))

gvalue

OUT+
OUT-

IN+
IN-

f1

Co
{Co}

IC = 390

V1
+-

rec

Cvf 47n

f

Rvi
511k

V4
+-

Rff3
20k

Eva

1000*V(%IN+, %IN-)

Evalue

OUT+
OUT-

IN+
IN-

Rff2

91k

Ro
{Ro*2}

EDoff

min(2*I(L1)*{Lin}/({Ts}*v(rec)*V(Don)+0.1m)-V(Don),1-V(Don))

Etable

OUT+
OUT-

IN+
IN-

Doff

Gsw

V(Doff)*I(L1)/(V(Don)+V(Doff))

Gvalue

OUT+
OUT-

IN+
IN-

V_Iin

0V

+

-

cai

cap

E1

abs(V(line))
Evalue

OUT+
OUT-

IN+
IN-

ret

van

Don

V_Iac
0V

+

-

Rff1
910k

Rvf 180k

Cff2
0.5u

L1

{Lin}

vaout

Av_Model_UC.opj
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rec

Eca

1E6*V(%IN+, %IN-)
Evalue

OUT+
OUT-

IN+
IN-

line

Rs

{Rs}

Racl
{Rac}

caout

sw

Rcz

24k

Rci
4k Ccz

620p
Ccp

62p

Gm

I(V_Iac)*(V(vaout)-1)/(pwr(V(f),2))

Gvalue
OUT+
OUT-

IN+
IN-

Esw

V(Doff)*V(out)+V(rec)*(1-V(Don)-V(Doff))
Evalue

OUT+
OUT-

IN+
IN-

Rm
4k

G3

I(L1)*V(Line)/abs(v(line))

gvalue

OUT+
OUT-

IN+
IN-

V1
+-

V_Iin

0V

+

-

cai

cap

E1

abs(V(line))
Evalue

OUT+
OUT-

IN+
IN-

ret

V_Iac
0V

+

-

L1

{Lin}
Input 

Inductor

Input current 

Current Amp
Multiplier

Cff1
0.1u

f1

rec

f

Rff3
20k

Rff2

91k

Rff1
910k

Cff2
0.5u

Feedforward
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R18 {2*Ro}

out

Co
{Co}

IC = 390

V4
+-

Ro
{Ro*2}

Gsw

V(Doff)*I(L1)/(V(Don)+V(Doff))

Gvalue
OUT+
OUT-

IN+
IN-

Output Section
plus Load Change

out

vap
Riv

1MegVref 7.5V
+

-

Rvd
10k

Cvf 47n

Rvi
511k

Eva

1000*V(%IN+, %IN-)

Evalue

OUT+
OUT-

IN+
IN-

van

Rvf 180k

vaout

Voltage Amplifier
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Duty Cycle Generator 
(PWM Modulator)

E6

(V(caout)-1.1)/5.4

etable

OUT+
OUT-

IN+
IN-

Don

Doff Generator (CCM-DCM)

EDoff

min(2*I(L1)*{Lin}/({Ts}*v(rec)*V(Don)+0.1m)-V(Don),1-V(Don))

Etable

OUT+
OUT-

IN+
IN-

Doff
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Voltage Control Loop

0V

out

Rvd
10k

Cvf {Fed_Cap}

Rvi
511k

vap

Eva

1000*V(%IN+, %IN-)

Evalue

OUT+
OUT-

IN+
IN-

Rvf 180k

R2

1Meg

7.492V7.500V

van
7.614V

ba_out
V13

1Vac
0Vdc

Vref 7.5V
+

-

0V

vaout
7.614V

390.0V

R3

{ESR}
Ro
{Ro}

0V

Gsw

V(Doff)*I(L1)/(V(Don)+V(Doff))

Gvalue
OUT+
OUT-

IN+
IN-

390.0V

Co
{Co}
IC = 390

out

0V

Error Amplifier and
Compensation Network

Excitation

V feedback 
comp capacitor

Output Section
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           Ti me

400ms 450ms 500ms 550ms 600ms 650ms 700ms
i ( V_I i n)

- 10A

0A

10A
v( l i ne )

- 400V

0V

400V

SEL>>

Input Current

Input Voltage

Input Voltage Step Response: 
115Vrms to 230Vrms

Pout=250W, Slew Rate=160V/mS
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           Ti me

400ms 450ms 500ms 550ms 600ms 650ms 700ms
v( out )

375. 0V

400. 0V

412. 5V

425. 0V

SEL>>

v( l i ne )
- 400V

0V

400V

Pout=250W, Slew Rate=160V/mS

Output Voltage

Input Voltage

Input Voltage Step Response: 
115Vrms to 230Vrms
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Current Loop Gain at Different Input Voltages

           Fr equency

10Hz 100Hz 1. 0KHz 10KHz 100KHz 1. 0MHz
p( v( ba_out ) / v( Don) ) - 180

- 200d

- 100d

0d
db( v( ba_out ) / v( Don) )

- 200

0

200

SEL>>

Vin=50V, 100V, 200V, 300V
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Loop Gain of Voltage Control Loop

           Fr equency

100mHz 1. 0Hz 10Hz 100Hz 1. 0KHz 10KHz
p( v( ba_out ) / v( vaout ) ) - 180

- 400d

- 200d

0d
db( v( ba_out ) / v( vaout ) )

- 200

- 100

0

SEL>>

Φm=650
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Nyquist Plot

           r ( - v( ba_out ) / v( vaout ) )

- 2 0 2 4 6 8 10 12
I mg( - v( ba_out ) / v( vaout ) ) I mg( v( ba_out ) / v( vaout ) )

- 8. 0

- 4. 0

0

4. 0

8. 0
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Nyquist Plot (zoom in)

           r ( - v( ba_out ) / v( vaout ) )

- 1. 00 0 1. 00- 1. 98 1. 98
I mg( - v( ba_out ) / v( vaout ) ) I mg( v( ba_out ) / v( vaout ) )

- 1. 00

0

1. 00

- 1. 97

1. 97

Φm
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Nichols Chart

           p( - v( ba_out ) / v( vaout ) )

- 500d - 400d - 300d - 200d - 100d - 0d
db( v( ba_out ) / v( vaout ) )

- 300

- 200

- 100

- 0

100

Φm
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Implications of Compensation Capacitor

Cvf=0.1nF, 47nF, 300nF
           Fr equency

100mHz 1. 0Hz 10Hz 100Hz 1. 0KHz 10KHz 100KHz
p( - v( ba_out ) / v( vaout ) )

- 400d

- 200d

0d

SEL>>

db( v( ba_out ) / v( vaout ) )
- 200

0

200
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Implications of Compensation Capacitor

           Fr equency

100mHz 1. 0Hz 10Hz 100Hz 1. 0KHz 10KHz 100KHz
p( - v( ba_out ) / v( vaout ) )

- 400d

- 200d

0d
db( v( ba_out ) / v( vaout ) )

- 200

0

200
           Fed_Cap

0 50n 100n 150n 200n 250n 300n
Phas eMar gi n( db( v( ba_out ) / v( vaout ) ) , p( - v( ba_out ) / v( vaout ) ) )

0

50

100

SEL>>

Cvf=0.1nF, 47nF, 300nF

Phase Margin
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Implications of Compensation Capacitor

           Ti me

804. 0ms 808. 0ms 812. 0ms 816. 0ms800. 1ms 820. 1ms
I ( V_I i n)

- 1. 0A

0A

1. 0A

Cvf=0.1nF, 47nF, 300nF
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Implications of Compensation Capacitor

T H D ,
[% ]

C o m p e n sa tio n  C a p a c ito r, [n F ]
0 .1                 1                   1 0                  1 0 0             1 0 0 0

0
2

4

6

8

1 0
1 2

THD

Cvf=0.1nF, 47nF, 300nF
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Implications of Compensation Capacitor

           Ti me

400ms 500ms 600ms 700ms 800ms 900ms
v( out )

400. 0V

412. 5V

- ( I ( R18) @1+I ( Ro) @1) *v( out ) @1
0W

200W

400W

SEL>>

Cvf=0.1nF, 47nF, 300nF

Output Power

Output Voltage



APEC03, Computer Aided Design of APFC   [106] Sam Ben-Yaakov and  Ilya Zeltser

Voltage Loop Gain at Different
Input Voltages

           Fr equency

100mHz 1. 0Hz 10Hz 100Hz 1. 0KHz 10KHz 100KHz
p( - v( ba_out ) / v( vaout ) )

- 400d

- 200d

0d

SEL>>

db( v( ba_out ) / v( vaout ) )
- 200

- 100

0

Vin=100V, 200V, 300V with feedforward
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Voltage Loop Gain at Different
Input Voltages

           Fr equency

100mHz 1. 0Hz 10Hz 100Hz 1. 0KHz 10KHz 100KHz
p( - v( ba_out ) / v( vaout ) )

- 400d

- 200d

0d

SEL>>

db( v( ba_out ) / v( vaout ) )
- 200

- 100

0

Vin=100V, 200V, 300V without feedforward
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CCM APFC Control with no Sensing of 
Input Voltage

The Concept

RECTIFIER L in D out

C out Rload

AC

Iin

RULE ? D
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Programming Rule Derivation

Average Model
 V sw Vo

V in 

I in

Co Ro

L

LI+
-

Doff IL
+
- Doff V o

In steady state, 
the  average voltage across the  inductor is zero:

〉〈=〉〈=〉〈 ooffSWin VDVV
cycle) switching one over (average component frequencylow   �S〉〈
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Programming Rule Derivation
In steady state, 
the  average voltage across the  inductor is zero:

〉〈=〉〈 ooffin VDV

〉〈
〉〈

==
〉〈
〉〈

L

ooff
e

in

in

I
VDR

I
V

A resistive input will be observed if Doff is programmed 
according to the rule

10 <<〉〈







〉〈

= offL
o

e
off D,I

V
R

D
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Loop Gain Derivation

Control Law Implementation

〉〈







= (t)I

V
R

(t)D in
out

e
off

eR)t(inI 〉〈RECTIFIER Lin Dout

Cout Rload

AC

Iin

Doff
oute VR
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CCM Control Concept with no Sensing 
of Input Voltage

V ac

L 

R o C o 

V o D I in

V ref 

D off 

E/A 

PWM 

M 

SW

Low Pass
Filter

I L (av) V e 

K M 

I L 
V in



APEC03, Computer Aided Design of APFC   [113] Sam Ben-Yaakov and  Ilya Zeltser

Average Model

Out

R3

770k

L1

{Lin}

(14-V(%IN))*14m

don

PARAMETERS:

res = {380*380/P}
Lin = 1m

Ts = {1/100k}
Vrms = 220
P = 1kW

ba_in

V(OUT)*V(doff)+V(in)*(1-V(Don)-V(Doff))

G1

i(L1)*v(Doff)/(v(don)+v(doff))

GVALUE

OUT+
OUT-
IN+
IN-

0.99

0

C2

3.3u

Ipk

Vrms*1.414*abs(sin(6.28*50*time))

1-I(L1)*v(k)

14

1

in

E1

V(%IN+, %IN-)*100k

EVALUE

OUT+
OUT-
IN+
IN-

0

min(1-v(don),2*I(L1)/(v(Ipk)+1u)-v(Don))

doff

R6
{res}

ba_out

v(in)*v(don)*{Ts}/{Lin}

0.99

0

eao

R4

10k

Out
R1 0.1

Iin

V2 5

+
-

k

C1

1mF
IC = 390

V1

1Vac
0Vdc

i(l1)*(sin(6.28*50*time)/abs(sin(6.28*50*time)))

THD meter
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L1

{Lin}

don

V(OUT)*V(doff)+V(in)*(1-V(Don)-V(Doff))

G1

i(L1)*v(Doff)/(v(don)+v(doff))

GVALUE

OUT+
OUT-
IN+
IN-

0.99

0

Ipk

Vrms*1.414*abs(sin(6.28*50*time))

1-I(L1)*v(k)

in

min(1-v(don),2*I(L1)/(v(Ipk)+1u)-v(Don))

doff

R6
{res}

v(in)*v(don)*{Ts}/{Lin}

0.99

0

Out
R1 0.1

C1

1mF
IC = 390

Don generator
(According to 

programming rule)

Inductor current

Output current

Doff generator (CCM+DCM)

Iin

i(l1)*(sin(6.28*50*time)/abs(sin(6.28*50*time)))

THD meter Input current

Ipk Doff

Don=1- I(L1)V(k)
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R3

770k

Out

(14-V(%IN))*14m

ba_in

C2

3.3u

14

1

E1

V(%IN+, %IN-)*100k

EVALUE

OUT+
OUT-
IN+
IN-

0

ba_outeao

R4

10k

V2 5

+
-

k
V1

1Vac
0Vdc

G1

i(L1)*v(Doff)/(v(don)+v(doff))

GVALUE

OUT+
OUT-
IN+
IN-

R6
{res}

Out

C1

1mF
IC = 390

Load

Voltage Feedback
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Input Behavior at Different Line Voltages

           Ti me

740ms 760ms 780ms 800ms730ms
I ( L1)

10A

20A

0A

v( i n)
0V

100V

200V

300V

SEL>>

Pout=1kW, Vin=80Vrms, 230Vrms, 265Vrms

Rectified Input Voltage

Inductor Current
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Current Loop

V4
200 +

-

0.99

0

L1

{Lin}

0.99

0

R6
{res}

1-I(L1)*v(k)

Out

V7

0.127

+
-

C1

1mF

ba_out

G1

i(L1)*v(Doff)/(v(don)+v(doff))

GVALUE

OUT+
OUT-
IN+
IN-

v(in)*v(don)*{Ts}/{Lin}

Ipk

V(OUT)*V(doff)+V(in)*(1-V(Don)-V(Doff))0

V6

1Vac
0Vdc

R1 0.1

0

k

in

min(1-v(don),2*I(L1)/(v(Ipk)+0.1m)-v(Don))

don doff
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Current Loop

0.99

0
1-I(L1)*v(k)

ba_out
V6

1Vac
0Vdc

don

Doff Generator

0.99

0

v(in)*v(don)*{Ts}/{Lin}

Ipk

min(1-v(don),2*I(L1)/(v(Ipk)+0.1m)-v(Don))

doff

R1 0.1

V4
200 +

-

L1

{Lin}

V(OUT)*V(doff)+V(in)*(1-V(Don)-V(Doff))

0

in

Don Generator

Excitation Multiplier

Voltage error 
amplifier output 
is constant 
(open voltage 
loop)

V7

0.127

+
-

0

k

Input Inductor Section
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Loop Gain of Current Control Loop

           Fr equency

1. 0Hz 10Hz 100Hz 1. 0KHz 10KHz 100KHz
p( v( ba_out ) / v( Don) ) +180

0d

- 100d

100d
db( v( ba_out ) / v( Don) )

- 100

0

100

SEL>>

Φm=900
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Current Loop Transfer Function

           Fr equency

100Hz 1. 0KHz 10KHz 100KHz30Hz
db( i ( l 1) / v( i n) )

- 60

- 40

- 30

iL/vin=const
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Live Simulation 2

� CCM APFC No sensing of input Voltage
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Conventional Border Line Control 
Method

L D

Cout Rload

+
-

Ref

R1

R2

+

-

DRIVERVac

R

SQ
Zero

Detector
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MC34261 Based Average Model

L
rec

Cout
R

load

Multiplier

R
2

R4

Line

+
-

R3

R5

-+

VEA

EVA

loadswE G

Curr_tresh
Feedforward

C3

f

Power Stage

ref

Error
Amplifier

-
+

-
+

E
Don
= 1-V(Doff)

Don

-
+

Doff

EDoff= f(V (curr_tresh))

PWM C5

!
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MC34261 Based Average Model

2

10n

0C2
1.59u

1

0

 V(%IN2)*0.62*
(V(%IN1) -2.5)

1

3

2

R1

0.1

ea

1

0

iload

0Vdc

ref

L1

{Lin}

G1

i(l1)*v(Doff)/(v(don)+v(doff))

GVALUE

OUT+
OUT-
IN+
IN-

0

Error Amplifier

0

I1

0.5m

R4

12k

inv

R5
10k

C5

0.68u

R3

1.6meg

in

0

in

C1
{Cout}

IC = 400

Out

1.414*{Vrms}*abs(sin(6.28*50*time))

Don

5.7

2.1

R10
{nom_load}

PARAMETERS:

Lin = 0.87m

Vrms = 220

Nom_load = {Vo*Vo/P}

Cout = 180u
Vo = 400

P = 175W

Rsense = 0.1

Doff

THD

E1

V(%IN+, %IN-)*17783
EVALUE

OUT+
OUT-

IN+
IN-

C3

10n

R2
1.3meg

1-v(Doff)

V(OUT)*V(doff)+V(in)*(1-V(Don)-V(Doff))

Curr_tresh

i(l1)*(sin(6.28*50*time)/abs(sin(6.28*50*time)))

THD meter

0

Out

2*i(L1)*{Rsense}*V(in)/(v(Curr_tresh)*v(out))

Q2

Q2N2222

R6

1k

Q1
Q2N2222

V2 2.5

+
-

!
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Input Behavior at Different Line Voltages

           Ti me

860. 0ms 880. 0ms 900. 0ms 920. 0ms849. 9ms 930. 5ms
i ( L1)

0A

1. 0A

2. 0A

3. 0A

SEL>>

v( i n)
0V

200V

400V

Rectified Input Voltage

Inductor Current

Pout=175W, Vin=80Vrms, 230Vrms, 265Vrms
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Behavior at Different Line Voltages

           Ti me

1. 2900s 1. 3000s 1. 3100s 1. 3200s 1. 3300s 1. 3400s1. 2811s
i ( L1)

0A

1. 0A

2. 0A

3. 0A

SEL>>

v( out )
380V

400V

420V

Output Voltage

Inductor Current

Pout=175W, Vin=80Vrms, 230Vrms, 265Vrms
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Behavior at Different Power Levels

           Ti me

1. 0800s 1. 1000s 1. 1200s 1. 1400s 1. 1508s
i ( L1)

0A

0. 5A

1. 0A

v( out )

400. 0V

406. 3V

394. 8V
SEL>>

Output Voltage

Inductor Current

Vin=230Vrms, Pout=175W, 100W
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Border Line Control Concept with no 
Sensing of Input Voltage

L D

C out R load

+
-

Ref

+

-

Vac SW

E/A

DRIVER

R

SQ Zero
Detector



APEC03, Computer Aided Design of APFC   [130] Sam Ben-Yaakov and  Ilya Zeltser

Principle of Operation

on
in

avpk T
L
V)t(I)t(I == 2 .constTif.const

)t(I
)t(V

on
av

in ==

Vin

Ipk(t)
Iin

Iav(t)

t

t
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MC33260 Based Average Model

L
rec

C
out

R
load

R

VDC

loadswE G

Power Stage

-
+

-
+

E
Ton
= f(control)

Ton

-
+

Toff

E Toff= f(Inductor Discharge Time)

PWM

VregVreg

EtableE/A

Vcontol

Compensation
Network

Transresistance
Amplifier

-
+

Don

-
+

Doff

Line

offTonT
onT

DonE
+

=
offon

off
Doff TT

TE
+

=

f(Vout)Io =
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MC33260 Based Average Model

Out

0

R5
1meg

Ton

i(l1)*(sin(6.28*50*time)/abs(sin(6.28*50*time)))

THD meter

1.4*{Vrms}*abs(sin(6.28*50*time))

C1
{Cout}

IC = 400

R1

0.1

THD

i(V_Io)

ABM3

L1

{Lin}
IC = 

v(Vcontrol)*200u*{Cch}/(2*i(V_Io)*i(V_Io)+10n)

R3

1meg

Out

1

0

Toff

V(OUT)*V(doff)+V(in)*(1-V(Don)-V(Doff))

Doff

C3
680n

Vreg

V_Io
2.6V +

-

in

Don

Vcontrol

G1

i(l1)*v(Doff)/(v(don)+v(doff))

GVALUE

OUT+
OUT-
IN+
IN-

R10
{nom_load}

0

In           Out
0           1.5v

194u      1.5v

200u       0v

TABLE1

v(Toff)/(V(Ton)+V(Toff))

v(Ton)/(V(Ton)+V(Toff))

iload

0Vdc

2*i(L1)*{Lin}/(v(out)-v(in))

1

0

PARAMETERS:

Lin = 320u

Vrms = 220

Nom_load = {Vo*Vo/P

Cout = 47u
Vo = 400

P = 80

Rsense = 1

CT = 2.7n

Cch = {15p+CT}

R6

300k
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i(l1)*(sin(6.28*50*time)/abs(sin(6.28*50*time)))

THD meter

1.4*{Vrms}*abs(sin(6.28*50*time))

R1

0.1

THD

L1

{Lin}
IC = 

V(OUT)*V(doff)+V(in)*(1-V(Don)-V(Doff))

in

Inductor Current

Output Current and Load

C1
{Cout}

IC = 400

Out

G1

i(l1)*v(Doff)/(v(don)+v(doff))

GVALUE

OUT+
OUT-
IN+
IN-

R10
{nom_load}

iload

0Vdc
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Don and Doff Generator

Ton

v(Vcontrol)*200u*{Cch}/(2*i(V_Io)*i(V_Io)+10n)

1

0

Toff
Doff

Don

v(Toff)/(V(Ton)+V(Toff))

v(Ton)/(V(Ton)+V(Toff))

2*i(L1)*{Lin}/(v(out)-v(in))

1

0

Out

R5
1meg

R3

1meg

V_Io
2.6V +

-

0

Feedback
Error Amplifier Model

0

i(V_Io)

ABM3

C3
680n

Vreg

VcontrolIn           Out
0           1.5v

194u      1.5v

200u       0v

TABLE1 R6

300k

Current of V_Io 
reflects an output 
voltage level
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Input Behavior at Different Line Voltages

           Ti me

720. 0ms 740. 0ms 760. 0ms 780. 0ms 800. 0ms700. 3ms
I ( L1)

0A

1. 0A

2. 0A
v( i n)

0V

100V

200V

300V

SEL>>

Rectified Input Voltage

Inductor Current

Pout=80W, Vin=80Vrms, 230Vrms, 270Vrms



APEC03, Computer Aided Design of APFC   [136] Sam Ben-Yaakov and  Ilya Zeltser

Combined Stage
(Boost-Flyback)

Cout R

PWM

Vac

SW

load

n:1

L

+
-

Ref
E/A

D

CB

D1

D2

fLB
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Principle of Operation

Cout R
load

n:1

L D

C
B

D
1

D2

LB

BOOST

ILBVin

FLYBACK

LB

BOOST

ILBVin

n:1

L

C
B Cout R

load

D

FLYBACK

ILF

ILF
.n

ON:

OFF:

� CB  serves as output capacitor for Boost Section and as 
input voltage source for Flyback section. !
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Average Model

R6

1k

1

0

1

0

0

C2

100u
IC = 50

Flyback Input
Voltage Section

C3

1u

V(out)*{n}*V(Doff2)

C1

50u
IC = 

min((2*I(L2)/(V(pk2)+0.1m)-V(Don)),1-V(Don))

0

L2

{L2}

1 2

V(in)*V(Don)*v(Ts)/{L1}

pk2

Boost Doff Generator

Boost Inductor Section

310*abs(sin(6.28*50*time))

Flyback Inductor Section

R1

0.1

Load Section

Don
E1

V(%IN+, %IN-)*1e5
EVALUE

OUT+
OUT-

IN+
IN-

Flyback Doff Generator

in

V2
5

I(L1)*V(Doff1)/(V(Don)+V(Doff1))

Feedback and Don Generator

V(Vc)*V(Don)*{Ts}/{L2}

NODESET=500+

I(L2)*V(Don)/(V(Don)+V(Doff2))

Doff1

R4

1meg

Boost Output Section

Vc

V(Vc)*V(Doff1)+V(in)*(1-V(Don)-V(Doff1))

R3

50

Doff2

L1

{L1}

1 2

0

out

V(Vc)*V(Don)

v(out)*5/50

0

1

0

R2

0.01

I(L2)*{n}*V(Doff2)/(V(Don)+V(Doff2))

min((2*I(L1)/(V(pk1)+0.1m)-V(Don)),1-V(Don))

pk1

R5

330k

0.2/5

PARAMETERS:

L1 = 50u
n = 7

Ts = {1/100kHz}

L2 = 100u
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V(Vc)*V(Doff1)+V(in)*(1-V(Don)-V(Doff1))

in

Boost Inductor Section
L1

{L1}

1 2
R1

0.1

310*abs(sin(6.28*50*time))

C1

50u
IC = 

Boost Output Section
NODESET=500+

Flyback Input
Voltage Section

Vc

I(L1)*V(Doff1)/(V(Don)+V(Doff1))

I(L2)*V(Don)/(V(Don)+V(Doff2))

R4

1meg

0

Capacitor charges by 
Boost inductor during 
Toff(Boost)

� and disharges by 
Flyback  inductor 
during Ton
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L2

{L2}

1 2
R2

0.01

V(Vc)*V(Don)

Flyback Inductor Section
V(out)*{n}*V(Doff2)

Flyback Inductor Section

0

out

R3

50

I(L2)*{n}*V(Doff2)/(V(Don)+V(Doff2))

C2

100u
IC = 50

Load Section

Load
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V(in)*V(Don)*v(Ts)/{L1}

Boost Doff Generator

1

0

pk1 Doff1

min((2*I(L1)/(V(pk1)+0.1m)-V(Don)),1-V(Don))

Doff Generator 
for Boost Section

Flyback Doff Generator

V(Vc)*V(Don)*{Ts}/{L2}

Doff2
1

0

pk2

min((2*I(L2)/(V(pk2)+0.1m)-V(Don)),1-V(Don))

1

0

0.2/5

0

Don R6

1k

C3

1u

v(out)*5/50

R5

330k

Feedback and Don Generator

E1

V(%IN+, %IN-)*1e5
EVALUE

OUT+
OUT-

IN+
IN-

0

V2
5 Voltage 

Divider

Doff Generator for 
Flyback Section

Error Amplifier 
and Don 

generator
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Behavior at Different Power Levels

           Ti me

680. 0ms 690. 0ms 700. 0ms 710. 0ms671. 4ms 721. 4ms
I ( L1)

0A

0. 5A

1. 0A

SEL>>

v( out )

37. 5V

50. 0V

62. 5V

Vin=230V, Pout=100W, 50W

Output Voltage

Inductor Current



APEC03, Computer Aided Design of APFC   [143] Sam Ben-Yaakov and  Ilya Zeltser

Combined Stage
(SEPIC with Transformer)

Cout R

PWM

Vac

load

n:1

LF

+
-

Ref
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Principle of Operation
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Average Model
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Conclusions
� Average simulation provides an insight into the 

operation of Power Electronics Systems

� Simulation can replace tedious calculations and 
breadboarding

� Computer aided design can help shorten the 
design cycle � shorter time to market

� Behavioral models are useful engineering tools
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