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Agenda

▪ Why Simulating?

▪ Different Simulation Engines

▪ Averaged Models

▪ Cycle-by-Cycle Models

▪ Simulation Examples of Converters
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Different Approaches lead to Success

The specs Equations
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Simulations Simulation  Equations?

identify the reason

The prototypeBench  Simulations?

Model is valid!

update 

model

The final product

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

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

Run statistical analyses

EVA, WCA, MC

Check robustness Bench measurements

Complies 

with specs?

EVA: extreme value analysis – WCA: worst-case analysis – MC: Monte Carlo 
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Why Simulating a Switching Converter?

vout(t)

t = 0

▪ Is your transformer well dimensioned to deliver the required power?

▪ Do you have design margin on voltage and current limits for the semiconductors?

▪ What about the rms current in this capacitor at maximum output current?
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Power libraries don’t burn – debug on the computer

magnitude

phase

Is overshoot

acceptable?
Vout

Is the drop

within specs?

▪ A badly-compensated loop can bring issues at the first power-on sequence

✓ Ac models deliver the power stage ac response to let you infer a compensation strategy

✓ Safely test the start-up sequence and confirm variables are within safe limits
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Simulations deliver reliable Results!
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▪ If the subcircuits or models are fed with realistic parameters, simulation works

➢ Carefully characterize the primary and leakage inductance of a transformer

➢ Extract the ESR of the output capacitors for realistic losses and so on…

✓ You can predict oscillations, voltage and current stresses, overshoots…

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

vDS(t) vDS(t)

vCS(t) vCS(t)

SPICE bench
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Agenda

▪ Why Simulating?

▪ Different Simulation Engines

▪ Averaged Models

▪ Cycle-by-Cycle Models

▪ Simulation Examples of Converters
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SPICE – a Reference since 1973

1

( )DSv t

Large steps

Reduction

in steps

Reduction

in steps
o Timestep control algorithm is an essential part of 

the engine:
✓ It controls the number of iterations to find a 

solution
✓ It checks that timestep reduction brings a precise 

solution – jump to next point or fail!

Highly time-consuming process!

▪ SPICE is a linear solver in essence: any nonlinear behavior must be linearized

▪ SPICE samples at a variable timestep: it adjusts its course based on signals shapes

➢ Flat type of waveform: large timesteps are taken

➢ Change occurs: timestep reduction until enough precision is obtained
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Linearizing the Shockley Equation
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▪ A diode is a nonlinear device affected by a variable dynamic resistance rd

✓ SPICE will have to linearize the component at every change in operating point

Nonlinear expression

Resistance

Light-load 

operation

Nominal power 

operation

Nonlinear curve
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A Switching Cell is a Nonlinear System
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( )DRVv t

▪ A switching converter is exhibiting linear characteristics during ton and toff

▪ The toggling event between the two networks introduces a discontinuity
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model

d

a c

PWM switch VM p

The PWM switch
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Averaged and Switched Models
▪ An averaged model is used for plotting a transfer function in an ac analysis

✓ There is no switching component – it simulates extremely fast

✓ You use it for extracting the control-to-output transfer function of a switching cell

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

▪ A switched model describes your converter as if you would breadboard it

✓ It is a cycle-by-cycle circuit and takes time to deliver results depending on the models

✓ You can include 2nd or 3rd-order effects – like leakage terms – and see their effects

✓ You cannot easily extract the ac response of a switching cell with a SPICE simulator
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▪ SIMPLIS uses a PWL approach where a component is modeled through segments

➢ Any change in operating point is modeled as a transition to another segment

✓ At any instant in simulation time, the system is always linear!

SIMPLIS – A Piece-Wise Linear Engine

A two-segment model A three-segment model

More

segments
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AC Response from a Switching Circuit
▪ You can assemble your circuit to model your prototype and check the operating point

▪ From this simulation template, you can extract the ac response for closing the loop

✓ No need to involve an intermediate step with an averaged model
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Agenda

▪ Why Simulating?

▪ Different Simulation Engines

▪ Averaged Models

▪ Cycle-by-Cycle Models

▪ Simulation Examples of Converters
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The PWM Switch Model in Voltage Mode

V. Vorpérian, Simplified Analysis of PWM Converters using Model of PWM Switch, parts I and II, IEEE Transactions on Aerospace and Electronic Systems, Vol. 26, NO. 3, 1990

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

✓ Linearize the switching cell and leave the other elements untouched
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https://ieeexplore.ieee.org/document/106126
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A Model that fits many switching Cells
▪ Invariant equations are valid for most known switching converters

✓ Rotate the PWM switch model and have its terminals properly connected
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Modeling a Buck Converter in VM Control
▪ Select the VM PWM switch model from the LTspice library and assemble the converter

✓ Check operating points are correct after the simulation has run

Vin
12

L

{L}

Cout
220µF

R

1

PWM-VM

D

X1

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

R1

20m
rC

30m

Rlower

{Rlower}

Rupper

{Rupper}

V1

{Vref}

C1

{C1}

R2

{R2}

C2

{C2}

-

+

X2

C3

{C3}

{R3}

R3

B2

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

V2

AC 1

In Swt Vout

err

D

D

op

.ac dec 1000 10 100kHz

*

.param L=22u ; inductance value

.param Vin=12 ; input voltage

.param Fsw=100k ; switching frequency

*

*

.param Gfc=-12 ; magnitude at crossover *

.param PS=-150 ; phase lag at crossover *

*

* Enter Design Goals Information Here *

*

.param fc=10k ; targeted crossover *

.param PM=70 ; choose phase margin at crossover *

*

* Capture the double zero position and 

* one of the pole position

*

.param fz1=2k

.param fz2=2k

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Vout=5

.param Ibias=2m

.param Vref=2.5

*

* Do not edit the below lines *

*

.param Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

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

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

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

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

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

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

.param C1={1/(2*pi*fz1*R2)}

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

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

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

.param G0={((R2*C1)/(Rupper*(C1+C2)))*c*d/(a*b)}

*

*

* Choose op amp characteristics *

*

.param AOL=90 ; open-loop gain in dB *

.param POLE=300 ; low-frequency pole *

.param VHIGH=5 ; upper output level *

.param VLOW=100m ; lower output level *

*

* Do not edit these lines *

*

.param GAIN={10**(AOL/20)}

.param COL={1/(6.28*(GAIN/100u)*POLE)}

.param ROL={GAIN/100u}

*

4.9999194V

425.82944mV

2.4999597V

*

.param Gfc=-12 ; magnitude at crossover *

.param PS=-150 ; phase lag at crossover *

*

* Enter Design Goals Information Here *

*

.param fc=10k ; targeted crossover *

.param PM=70 ; choose phase margin at crossover *

*

* Capture the double zero position and 

* one of the pole position

*

.param fz1=2k

.param fz2=2k

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Vout=5

.param Ibias=2m

.param Vref=2.5

*

*

.param Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

.param fp1={fc/tan(atan(fc/fz1)+

+atan(fc/fz2)-atan(fc/fp2)-boost*pi/180)}

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

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

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

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

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

.param C1={1/(2*pi*fz1*R2)}

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

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

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

.param G0={((R2*C1)/(Rupper*(C1+C2)))*c*d/(a*b)}

*

42.5%

▪ The macro automates the compensation

▪ All components are calculated based on fc and m

Read from the power stage Bode plot
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Control-to-Output Transfer Function in VM
▪ The model automatically detects the operating mode and switches from CCM or DCM

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

CCM operation

DCM operation

.step param Rload list 1 3 5 7

Sweep the load resistance

.step param Rload list 10 20 50 100( )H f

( )H f

( )H f

( )H f
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Transient Response of the Converter
▪ The compensated model lets you immediately check crossover and phase margin

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

cf

m

( )T f

( )T f

50%

1 00%

Vout = 140 mV

vout(t)

iout(t)

1 A/µs
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Modeling a Buck Converter in CM Control
▪ A current-model also exists – PWM CM – and it predicts subharmonic oscillations

✓ It is also capable to toggle between CCM and DCM operations 
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X2

In OutSwt

VCTRL

.ac dec 1000 10 100kHz

*

.param L=50u ; inductance value

.param Vin=10 ; input voltage

.param Vout=5 ; output voltage

.param Fsw=100k ; switching frequency

.param Ri=0.5 ; sense resistance

.param Sn={(Vin-Vout)*Ri/L} ; on-time inductor current slope

.param Mc=1.0; amount of slope compensation (see RRidley thesis)

.param Se={(mc-1)*Sn} ; external ramp level for meeting Mc

*

.step param mc list 1 1.1 1.2 1.3 1.4 1.5

*

4.9937563V

6
2

4
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7
4

3
9

m
V

501.57285mV

( )H f

( )H f

▪ Slope compensation is swept for mc = 1, 1.2, 1.5

▪ mc=1+Se/Sn

mc = 1

mc = 1.5

FSW /2

FSW=100 kHz

Se is the external ramp, Sn is the inductor on-slope
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The PWM Switch Model in a SEPIC
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3.2992034V

796.58732mV
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▪ By rotating the model and matching the port connections, a SEPIC can be studied

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

39.8%

error

voltage

( )H f

( )H f

Vin = 5 V

Vout = 3.3 V

Iout = 2.5 A

SEPIC power stage
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An Active-Clamp Forward Converter
▪ The AC forward lets you operate the converter with greater than 50% duty ratio

✓ Lends itself well to building large input voltage range dc-dc bricks, e.g. 36-75 V types
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B3
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R4
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AC 1

GND

InOut

X5

Gain=0.33

B4

V=If (V(err)>0.99,0.99, IF(V(err)<10m,10m, V(err) ))

D

D

Vout

V
o

u
t

Err

in

opout

*

.param N=1/6

.param ron1=60m

.param ron2=1.5

.param Vf=0.5

*

.ac dec 1000 10 100k

*

.param Gfc=0 ; magnitude at crossover *

.param PS=-75 ; phase lag at crossover *

*

* Enter Design Goals Information Here *

*

.param fc=30k ; targeted crossover *

.param PM=70 ; choose phase margin at crossover *

*

* Capture the double zero position and 

* one of the pole position

*

.param fz1=10k

.param fz2=10k

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Vout=3.3

.param Ibias=2m

.param Vref=2.5

*

* Do not edit the below lines *

*

.param Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

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

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

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

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

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

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

.param C1={1/(2*pi*fz1*R2)}

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

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

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

.param G0={((R2*C1)/(Rupper*(C1+C2)))*c*d/(a*b)}

*

*

* Choose op amp characteristics *

*

.param AOL=90 ; open-loop gain in dB *

.param POLE=300 ; low-frequency pole *

.param VHIGH=5 ; upper output level *

.param VLOW=100m ; lower output level *

*

* Do not edit these lines *

*

.param GAIN={10**(AOL/20)}

.param COL={1/(6.28*(GAIN/100u)*POLE)}

.param ROL={GAIN/100u}

*
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The Clamping Circuit Provides Damping
▪ The transistor rDS(on) in the active clamp circuit damps the notch

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

rDS(on) = 60 m 

rDS(on) = 1.5  
M1

IPP530N15N3

M2

IRFP9240

C1
0.1µ

R1

1

R2

1Meg

D1
1N4148

R3

10k

C2

100n

Extra

damping

( )H f

( )H f

( )H f

( )H f

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

✓ The response becomes that of classical forward converter

NCP1365/66

Without damping With damping

glitch 

is gone

glitch

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

cf

m

( )T f

( )T f

Compensated loop gain

50%

1 00%

Vout = 180 mV
vout(t)

iout(t)

1 A/µs

Cout = 1.1 mF rC = 10 m
Cout = 1.1 mF rC = 10 m

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

▪ The drops is mainly incurred to the 10-m  equivalent series resistance
Voltage-mode-controlled ACF
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Modeling Power Factor Correction in AC
▪ Averaged models lend themselves well to modeling and stabilizing PFCs

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

V
C

A
C

P

I
p

F
s
w

D X1

L={L} C1

82µ
IC={Vout}

R1

50m

R2

{RL}

R3
10m

L1
{L}

Rlower1

{Rlower}

Rupper1

{Rupper}

V1

{Vref}

G1
{gm}

D5
DOTA

D6
DOTA

V2

10m

V4

5

B1

V=((V(err)*{Ct}/{I1})*1Meg)+1

V5

0

B2

I=IF(I(V5)>10u,10u,I(V5))

V6

AC 1

C4

{C1}

R4

{R2}

C5

{C2}

V3

{Vrms}
out

ip

Fsw

D

Err

out
In

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

*
.param Vrms=195
.param Pout=200

.param Vout=385

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

.param L=900u

.param Ct=588p

.param I1=297u

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

.ac dec 100 100m 100

*

.param Gfc=25.3 ; magnitude at crossover *

.param PS=-63 ; phase lag at crossover *
*
* Enter Design Goals Information Here *

*
.param fc=10 ; 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=100u ; 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))}

*

This is a BCM PFC averaged model.
Operating parameters are from NCP1608
 

1. Select lowest Vin and max load
2. Plot V(out)/V(err)
3. Extract mag and phase at crossover (e.g. 5 Hz in low line)

4. Feed the macro with what you've extracted
5. Run another ac analysis, plot V(out)/V(in)
6. Check crossver and margins are ok

7. Increase Vin to max and check margins again
 
Christophe Basso - October 2024

384.99948V
2.0122833V

53.13686V

493.53456mV

2.4999967V

9.2879887V

Borderline PFC

compensator

Access operating 

parameters

Ac analysis AC analysis

cf

m

( )T f

( )T f
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V
C

A
C

P

I
p

F
s
w

D X1

L={L} C1

82µ

IC={Vout}

R1

50m

R2

{RL}

R3

10m

L1

{L}

C2

1µ

D1

DPFC

D2

DPFC

D3

DPFC

D4

DPFC

Vin

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

V3

0

B1

V=((V(err)*{Ct}/{I1})*1Meg)+1

Rlower

{Rlower}

Rupper

{Rupper}

V6

{Vref}

G2
{gm}

D7
DOTA

D8
DOTA

V7

10m

V8

5

V5

0

B3

I=IF(I(V5)>10u,10u,I(V5))

C4

{C1}

R4

{R2}

C5

{C2}

out

rect

ip

Fsw

D

Err

o
u

t

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

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

*

.param Vrms=195

.param Pout=200

.param Vout=385

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

.param L=900u

.param Ct=588p

.param I1=297u

.tran 0 550m 500m 100u

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

+method=gear

.options logparams

*

.param Gfc=25.3 ; magnitude at crossover *

.param PS=-62 ; phase lag at crossover *

*

* Enter Design Goals Information Here *

*

.param fc=10 ; 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=100u ; 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))}

*

.four 50 10 -1 I(V3)

384.97351V
46.999864mV

91.010529V

990mV

2.4998279V

Power Factor Correction in Transient

vout(t)

iin(t)

fSW(t)

ip(t)

Transient analysis

▪ Bias the PFC with an ac source with a bridge rectifier and enjoy waveforms immediately

✓The lack of switching component makes simulation extremely fast

Borderline PFC

compensator
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Modeling Three-Phase PFCs – AC Plots
▪ Averaged models are very well suited to describe a 6-pack 3-phase PFC

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

Va

SINE(0 {Vgpeak} {FLINE})

Vb

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

Vc

SINE(0 {Vgpeak} {FLINE} 0 0 240)

R1

1G

rla

10m
rlb

10m

rlc

10m

H1

VIa 80m
H2

VIb 80m
H3

VIc 80m

La
500µ

Lb

500µ
Lc

500µ

VIa

0

VIb

0

VIc

0

C1

820µ

IC=0

R2

2m

R4

{Rupper}

R5

{Rlower}

E1

1

E2

1

E3

1

Va

Vb

Vc

theta

X1

Ia

Ib

Ic

theta

I0

Id

Iq

X2

R6

{R2V}

C2

{C1V}

C3

{C2V}

V3
{Vref}

R7

{R2d}

C4

{C1d}

C6

{C2d}

R8

1Meg

R9

{Rdd}

R10

{R2q}

C5

{C1q}

C7

{C2q}

R11

{Rdq}

d

q

theta

zero

Ia

Ib

Ic

CLP=2.9 CLN=-2.9
X3

R12

1Meg

R13

{RL}

E4

172m

E5

172m

E6

172m

D1
D

DA
C

P

X
4

DA
C

P

X
5

DA
C

P

X
6

-

+

X7

-

+

X8

-

+

X9

ia ib ic

a b c

FB

va

N

N

a

vb

N

b

vc

N

c

theta

Va

Vb

Vc

ia

ib

ic

theta

FB

theta

da

db

dc

Da Db Dc

6-pack boost

dq0 transform

Angle determination

Output voltage loop

q-loop

d-loop
Inverse dq0 transform

✓ Check the operating 

points are correct before 

considering ac results!
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Compensate the Three Loops Easily 
▪ The tree compensated ac responses are obtained in a few seconds of simulation time

m( )vT f

( )vT f

( )dT f

( )qT f

( )dT f

( )qT f

fc = 80 Hz 

fc = 2 kHz 

fc = 2 kHz 

m

m

Voltage regulation loop

d loop

q loop

✓ One loop is active 

for the ac sweep 

while the two other 

ones are silent.

✓ The voltage loop 

crossover can  be 

as high as 100 Hz 

in a 3-phase PFC.

✓ The d and q loops 

are stabilized for a 

2-kHz crossover 

frequency.
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Sinusoidal Input Currents
▪ This is the power of averaged models, particularly for PFC studies: results in 5 s!

iout(t)

vout(t)

vd(t)

vq(t)

Input currents

5 kW 5 kW

10 kW
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AC Model of a Vienna Rectifier
▪ It is possible to model a Vienna rectifier by resorting to six PWM switch models

R1

1G

rla

10m
rlb

10m

rlc

10m

H1

VIa 60m
H2

VIb 60m
H3

VIc 60m

La

800µ
Lb

800µ
Lc
800µ

VIa

0

VIb

0

VIc

0

E1

1

E2

1

E3

1

Va

Vb

Vc

theta

X1

Ia

Ib

Ic

theta

I0

Id

Iq

X2

R6

{R2V}

C2

{C1V}

C3

{C2V}

R7

{R2d}

C4

{C1d}

C6

{C2d}

R8

1Meg

R9

{Rdd}

R10

{R2q}

C5

{C1q}

C7

{C2q}

R11

{Rdq}

d

q

theta

zero

Ia

Ib

Ic

CLP=5 CLN=-5
X3

R12

1Meg

E4
172m

E5

172m

E6

172m

D1
DC1

2m

R2

10m

R3

{Rupper}

R4

{Rlower}

R5

{RL}

C8

2m
IC=400

R13

10m

R14

{RL}

D

AC

P

X5

D

AC

P

X6

D

AC

P

X8

B1
V=1-abs(V(Da1))

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

B3

V=1-abs(V(Dc1))

V1
{Vref}

V2

{Va}

V3

{Vb}

V4

{Vc}

Vstim1
0

AC 1

D2
D

Vstim20
AC 0

Vstim30
AC 0

-

+

X4

-

+

X7

-

+

X9

D

AC

P

X10
D3
Dd

D4

Dd

D

AC

P

X11

D5

Dd

D6
Dd

D7
Dd

D8

Dd

D

AC

P

X12

ia ib ic

a b c

va

N

N

a

vb

N

b

vc

N

c
theta

Va

Vb

Vc

ia

ib

ic

theta

FB

theta

da1

db1

dc1

Da

FBVo_2

Vo_2

Db

Vo_2

Dc

D
a

D
b

D
c

vout

Retd

Retq

BV

AV
OUTd

OUTq

INd

INq

*

.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)}
*

.options logparams

.model Dd D Vfwd=100m

Plot V(out)/V(AV) for voltage loop gain

799.97589V

400.13733V

2.2618191V

-5.7807918V

-2.3242931fV

2.4999247V

-325.26913V 162.63457V 162.63457V

75.159294V

562.4397V 562.4397V

188.1606mV 594.08027mV 594.08027mV

-6
1

6
.0

0
4

4
8

fV

2.262012V

-1.5707964V

-1.846925V

923.46251mV

-1.5707964V

923.46251mV

EP0660498A2 

23/12/1993

✓ Six PWM switch models 

are necessary but only 3 

are active at the same 

time, depending on the 

line polarities.

dc sources

J. Kolar - Vienna rectifier & Beyond – APEC 2018 keynoteC. Basso, Stabilizing the Loop of a Vienna Rectifier, How2Power, March 2026

https://patents.google.com/patent/EP0660498A2/en
https://ieeetv.ieee.org/vienna-rectifier-and-beyond-johann-w-kolar-apec-2018
https://www.how2power.com/newsletters/2603/articles/H2PToday2603_design_FutureElectronics.pdf?NOREDIR=1
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The Vienna is a Three-Level Converter
▪ The two output voltages are well balanced and the input currents THD is below 2%

vout(t)

ia(t) ic(t) ib(t)
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Agenda

▪ Why Simulating?

▪ Different Simulation Engines

▪ Averaged Models

▪ Cycle-by-Cycle Models

▪ Simulation Examples of Converters
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Assembling simple Circuits First
▪ The goal is to first test the component values you have determined

✓ Is my inductance well sized, what is the ripple current, is the capacitor stress ok?

T OFSW
SW1

Vin

12

rL1

20m

L1

22µ

R1

30m

C1

220µ
IC=0

VIout

0

R7

1

INV

NINV
OUT

X1

Vramp

PULSE(0  1  0  9 .9u 1n 1n 10u)

V2

460m

R

S Q

Qb

X2

Vclock

PULSE(0  5  0  10n 10n 100n 10u)

D2

RBR10T 40A NZ

Vout

*

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

.tran 0  5m 0  100n uic

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

Perfect switch

It’s when it’s

good and loud”

“Only way to 

feel the noise
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Using a Generic Model for fast Simulations
▪ Once the circuit is operational in its most basic concept, increase complexity

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

vout(t)

iout(t)

Load stepTOFSW

SW1
Vsense

0

V1
{Vin}

B1

I=I(Vsense)*{Ri}

D1
DBUCK

rL1

10m

L1

{L}

R1

20m

C1

680µ

IC=0

Rlower1

{Rlower}

Rupper1

{Rupper}

C2

{C3}

{R3}

R2

R4

1k

C3
100p

C4

{C1}

R5

{R2}C5

{C2}

TOFSW

SW2

V2

{Rlower}
V3

{Rupper}

V4

{R2}

V5

{C2}

V6

{C1}

V7

{C3}

V8

{R3}

V9

{fp1}

V10

{G0}

R6

1

R7

{RL1}

R8

{RL2}

T
O

F
S

W

S
W

3

PWL(0 0 10m 0 10.001m 5 12m 5 12.001m 0)

V11

VIout

0

CMP

FB

CS

DRV

DRVB

GND

X2

CS

V
o

u
t

FB

Vout

F
B

CMP

C
S

*

.model DBUCK D TT=10n Rs=10m Cjo=120p N=0.6 BV=150

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

*

*

.param Vin=12

.param Vout=5

.param L=100u

.param Ri=160m

*

.param Gfc=-18.4 ; magnitude at crossover

.param PS=-130 ; phase lag at crossover

*

* Enter Design Goals Information Here *

*

.param fc=5k ; targeted crossover

.param PM=70 ; choose phase margin at crossover

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Ibias=1m

.param Rlower={Vref/Ibias}

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

*

* Capture the double zero position and one of the pole position *

*

.param fz1=200

.param fz2=650

.param fp2=50k

*

* Do not edit the below lines *

*

.param boost={PM-PS-90}

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

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

*

 * adjust second pole for targeted boost *

*

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

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

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

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

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

.param C1={1/(2*pi*fz1*R2)}

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

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

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

.param G0={((R2*C1)/(Rupper*(C1+C2)))*c*d/(a*b)} ; Gain at fc sanity check

*

*

.param P=30

.param step=50 ; if step=30, then load is first 70% then goes 100%

.param RL1={Vout**2/(P*(1-step/100))} ; first load

.param RL2={Vout**2/(P*(step/100))} ; final load

.param Rload={Vout**2/P} ; nominal 100% load

*

*

.param Fsw=100k ; switching frequency

.param Tsw={1/Fsw}

.param Dutymax=0.8 ; max duty ratio

.param DT=150n ; deadtime between Q and Qb

.param VDRV=12 ; drive output voltage

.param Imax=1 ; current sense limit

*

*

* Internal PWM Model specifications

*

.param AOL=90 ; open-loop gain 

.param GAIN={10**(AOL/20)}

.param pole=30 ; low-frequency pole

.param Isink=20m ; sink capability

.param Isource=500u ; source capability

.param VOL=100m ; low-level voltage

.param VOH=3 ; high-level voltage

*

.param Vv=0

.param Vp=2 ; sawtooth amplitude

.param Vref=2.5 ; internal voltage reference

.param Tss=1m ; internal soft-start duration

*

*

.tran 0 13m 9.5m 100n uic

The dc labels are the values of the components:

pV --> pF

nV --> nF

kV --> kOhms

??? ??? ??? ??? ???

??? ??? ??????

Simulation 
results are 
obtained in 
10 s

Vout = 170 mV

Type 3



34

Make sure your Models are Reliable
▪  An accurate model is necessary otherwise: garbage-in garbage out (GIGO)

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

P(W)

P(W)

ton

toff

( ) ( )D DSi t v t

 E J
on

on avg ont t
P t

 =
=

 E J
off

off avg offt t
P t

 =
=

Integrate over time

( ) ( )D DSi t v t

Clamp the max step to 10 ns or less

PWL(0 {VOFF} 10u {VOFF} 10.01u {VON} 15u {VON} 15.01u {VOFF} 20u {VOFF} 20.01u {VON} 22u {VON} 22.01u {VOFF})

Check these

losses!

CTRL + left click on trace name
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The Complete Cycle-by-Cycle Circuit

Lmag

{Lp}

rC

30m

C2

1mIC=0

R3

6
Vin

120

V6
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V7

{Rupper}

V10
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V13

{fp}
V14
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R5
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RR1VWM6S
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100k
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R1

{Ri}

R2

{RCS}
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100p V1

PWL(0 0 100u 20)

R4 5k

C5
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{Cramp}

R7
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D2
1N4148

R9

{Rramp}

V2
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V5
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V8

{Cramp}

R11
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D3

1N4148

M1

SPA11N60C3

R12

22k
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C4
{Ccol}

R10

{RLED}

C7

{C1}

R6 10k

CMP

FB

CS

Rt

Ref

Vcc

DRV

GND

U
C

3
8

4
2

X2
A

K

C

E

X3

A

REF

K

X4

. .
1

2

3

4

X5

ratio=-250m

Vout

ref

cs

Rt

DRV
DRV

G

V
o

u
t

CMP

CMP

*

.model DBUCK D TT=10n Rs=10m Cjo=120p N=0.6 BV=650

.model TOFSW SW (Ron=100m Roff=10Meg Vt=2 Vh=1)

*

.tran 0 6m 0 uic

;.op

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

+method=gear

*

.param Vin=120

.param Vout=19

.param Lp=600u

.param Ri=250m

.param N=250m

.param Tsw={1/65k} ; switching period

*

*

.param Rload=6

.param D={Vout/(Vout+N*Vin)} ; duty ratio calculation

.param mc={0.818/(1-D)} ; recommended compensation value for a Q of 1

.param Sn={(Vin/Lp)*Ri}

.param Sramp={2.5/Tsw} ; 2.5 V over Ts - check your IC specs

.param Se={(mc-1)*Sn}

.param Rr={(Se/Sramp)*19k+1m}

.param fRHPZ={((1-D)**2*Rload/(D*Lp*N**2))/(2*pi)}

.param fcMAX={0.2*fRHPZ} ; maximum crossover frequency

*

*

.param Gfc=-7.5 ; magnitude at crossover

.param PS=-77 ; phase lag at crossover

*

* Enter Design Goals Information Here *

*

.param fc=1k ; targeted crossover

.param PM=60 ; choose phase margin at crossover

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Vref=2.5

.param Ibias=250u

.param Rlower={Vref/Ibias}

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

*

* Optocoupler specifications *

*

.param Rpullup=10k ; check with the selected control chip

.param Fopto=10k

.param Copto={1/(2*pi*Fopto*Rpullup)}

.param CTR=0.8

.param Rd=100 ; this is the LED dynamic resistance, depends on FB current

*

.param VL=2.5

.param VCEsat=0.3

.param Vdd=5

.param Vf=1

.param A={Vout-Vf-VL}

.param B={Vdd-VCEsat}

.param Rmax={(A/B)*Rpullup*CTR} ; check RLED is below Rmax

*

* Do not edit the below lines *

*

.param boost={PM-PS-90}

.param fp={(tan(boost*pi/180)+sqrt((tan(boost*pi/180))**2+1))*fc}

.param fz={fc**2/fp}

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

.param RLED={CTR*Rpullup/G}

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

.param C2={1/(2*pi*fp*Rpullup)}

.param Ccol={C2-Copto}

*

* Ramp Generator Calculation

*

.param Vcc=12 ; The Vcc is the supply voltage and the peak DRV

.param Rramp=19k ; Ramp injection resistance

.param Ichg=3m ; Ramp charge current

.param Rchg={Vcc/Ichg}

.param Sr=300k ; create a slope of 300 mV/µs

.param ton={D*Tsw}

.param Cramp={(1+sqrt(1-(4*Sr*ton*(Rchg+Rramp)/(Rramp*Vcc))))*Vcc/(2*Rchg*Sr)}

.param RCS={Rramp*Se/Sr}

*

.options logparams

* Run an operating point to obtain the dc labels (.op)

* These dc labels are the values of the components:

pV --> pF

nV --> nF

kV --> kOhms

*

If Ccol is negative, the opto pole is too low

??? ??? ???

?????????

????????????

▪  Your component values are now validated and deliver the right results

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

vout(t)

vDS(t)

verrt)

▪  Always carefully draw your circuit

✓ A well-drawn schematic is easier to read!

19 V/3 A
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An Active-Clamp Forward in Current-Mode
▪  The dedicated CM averaged model is used to stabilize the loop 

✓ The extra high-frequency pole severely limits crossover in this case
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*
.model DBUCK D TT=10n Rs=10m Cjo=120p N=0.6 BV=150
.model TOFSW SW (Ron=1m Roff=10Meg Vt=2 Vh=1)
*

.tran 0 3.01m 3m 50n uic

self-driven 

sync rect

Operation in quadrants I and III

✓  Better transformer usage

imag(t)

vDS(t)

Turn-on at a reduced voltage

✓ Good for switching losses
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Transient Response of the CM ACF
▪  A high crossover frequency ensures an excellent response to a 15-A step

vout(t)

vDS(t)

iout(t)

1 A/µs

Vin = 36 V

50% 50%

100%
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Three-Level Buck Converter – AC Response
▪ A three-level structure helps reducing the voltage stress across power switches

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

T. Meynard, H. Foch, Multi-level conversion: high voltage choppers and voltage-source inverters, IEEE Power Electronics Specialists Conference, 1992

45 

90 

135 

10 100 1k 10k 100k 200k

-20 

0 

20 

40 

60 

G1

G2

G3

G4

vG1(t)

vG3(t)

vG4(t)

vG2(t)

▪ G1 and G3 are driven in multiphase

✓ G2 = G1

✓ G4 = G3

Vin = 48 V

D < 50%

Vin = 20 V

D > 50%

( )T f

( )T f

https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717
https://ieeexplore.ieee.org/document/254717
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Simulating a Buck with a Flying Capacitor
▪ A modified multiphase buck controller can be used to control the converter

✓ LTspice shows the voltage at the main switching node for the two duty ratios
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.tran 0 5.01m 5m 100n uic

▪ The rms current in the 

flying capacitor amounts 

to 8 A in this simulation.

Vin = 20-48 V

Vout = 12 V/10 A

Vin = 20 V

iC(t)

vout(t)

Fsw = 400 kHz

DT = 50 ns
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Reduced Voltages across Switches
▪ The voltage at the power switching node depends on the duty ratio

✓ It swings between 0 and ½Vin for D < 50% or ½Vin and Vin  D > 50%

Vin = 36 V Vin = 20 V

vfly(t)vfly(t)

vSW(t) vSW(t)D < 50%

12 V

D > 50%

12 V

= 18 V = 10 V
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6-Pack 3-Phase PFC with SiC MOSFETs
▪ You can run a simulation with dq0 control and SiC transistors

Simulation time for 150 ms: 10 mn
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.PARAM Fline=50

.param Vgrms=230

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

.PARAM Vamp={Vgpeak*2}

.PARAM L=100u

.param TEMPSiC=100

.param CGD=1n

*

.tran 0 150m 100m 50n uic

.param GfcV=20 ; magnitude at crossover *

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

*

* Enter Design Goals Information Here *

*

.param fcV=20 ; targeted crossover *

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Vout=800

.param Pout=30k

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

.param Ibias=100u

.param Vref=2.5

.param Rlower={Vref/Ibias}

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

*

* Do not edit the below lines *

.param boostV={PMV-PSV-90}

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

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

.param fpV={fcV*kV}

.param fzV={fcV/kV}

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

.param C1V={C2V*(kV**2-1)}

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

*

* Components for the d loop *

.param Gfcd=1.6 ; magnitude at crossover *

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

*

* Enter Design Goals Information Here *

*

.param fcd=2k ; targeted crossover *

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Rdd=100k

*

* Do not edit the below lines *

.param boostd={PMd-PSd-90}

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

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

.param fpd={fcd*kd}

.param fzd={fcd/kd}

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

.param C1d={C2d*(kd**2-1)}

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

*

* Components for the q loop *

.param Gfcq=1.6 ; magnitude at crossover *

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

*

* Enter Design Goals Information Here *

*

.param fcq=2k ; targeted crossover *

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

*

.param Rdq=100k

*

* Do not edit the below lines *

.param boostq={PMq-PSq-90}

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

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

.param fpq={fcq*kq}

.param fzq={fcq/kq}

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

.param C1q={C2d*(kq**2-1)}

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

*

.four 50 10 -1 I(Via)

.four 50 10 -1 I(Vib)

.four 50 10 -1 I(Vic)

.LIB SCT016H120G3AG_V2K_L.LIB

.model MUR160 D(IS=7.4f RS=50m CJO=17p 

+M=0.50 vj=0.75 ISR=940p

+BV=600 ibv=100u tt=120n)

.MODEL BAV21 D(IS=15p RS=0.5 IKF=1.3m 

+CJO=3.3p M=0.3 VJ=0.7 BV=200 IBV=.03u 

+TT=40n EG=1.1 TRS1=1u N=1.2 XTI=5)

.options abstol=1u vntol=1m reltol=0.01

+gmin=100p method=gear

THD = 5.5%
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Assess Conduction and Switching Losses
▪ After stabilization, you can assess the power dissipated by each transistor

Left click

IC,rms = 27 A
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Simulating a Vienna Rectifier with SiC
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*

.PARAM Fline=50

.param Vgrms=120

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

.PARAM Vamp={Vgpeak*2}

.MODEL TOFD D(IS=10e-18 RS=16m CJO=550p 

+M=0.4 VJ=0.75 ISR=720n BV=1000 IBV=100u TT=130n)

*

.tran 0 150m 0 uic

.param GfcV=35 ; magnitude at crossover *

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

*

* Enter Design Goals Information Here *

*

.param fcV=10 ; targeted crossover *

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Vout=800

.param Pout=10k ; nominal is 5 kW

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

.param Ibias=100u

.param Vref=2.5

.param Rlower={Vref/Ibias}

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

*

* Do not edit the below lines *

.param boostV={PMV-PSV-90}

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

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

.param fpV={fcV*kV}

.param fzV={fcV/kV}

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

.param C1V={C2V*(kV**2-1)}

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

*

* Components for the d loop *

.param Gfcd=-1.2 ; magnitude at crossover *

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

*

* Enter Design Goals Information Here *

*

.param fcd=1k ; targeted crossover *

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Rdd=100k

*

* Do not edit the below lines *

.param boostd={PMd-PSd-90}

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

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

.param fpd={fcd*kd}

.param fzd={fcd/kd}

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

.param C1d={C2d*(kd**2-1)}

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

*

* Components for the q loop *

.param Gfcq=-1.2 ; magnitude at crossover *

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

*

* Enter Design Goals Information Here *

*

.param fcq=1k ; targeted crossover *

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

*

.param Rdq=100k

*

* Do not edit the below lines *

.param boostq={PMq-PSq-90}

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

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

.param fpq={fcq*kq}

.param fzq={fcq/kq}

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

.param C1q={C2q*(kq**2-1)}

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

*

.four 50 10 -1 I(Via)

.four 50 10 -1 I(Vib)

.four 50 10 -1 I(Vic)

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

+method=gear

.LIB IFX_CoolSiC_Gen1_Industrial_750V.lib

.model MUR160 D(IS=7.4f RS=50m CJO=17p 

+M=0.50 vj=0.75 ISR=940p

+BV=600 ibv=100u tt=120n)

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

ia(t)

dia(t)

1 - |dia(t)|SiC duty ratio
100%

60%

dq0 

reference

duty 

ratio

IGLT65R055B2

https://www.infineon.com/assets/row/public/documents/24/49/infineon-iglt65r055b2-pds-datasheet-en.pdf
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Steady-State Simulation of the Vienna
▪ The start-up sequence is very smooth without significant overshoot

Vin = 120 V, Pout = 10 kW, Vout = 800 V

Input currents

Three-Phase 30 kW Vienna 

PFC Reference Design

Microchip 

https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf
https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf
https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf
https://ww1.microchip.com/downloads/aemDocuments/documents/sic/ProductDocuments/UserGuides/30-kW-Vienna-3-Phase-PFC-Reference-Design-User-Guide.pdf
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Agenda

▪ Why Simulating?

▪ Different Simulation Engines

▪ Averaged Models

▪ Cycle-by-Cycle Models

▪ Simulation Examples of Converters
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.ac dec 1000 10 1Meg

*

.param L=50u ; inductance value

.param Vin=10 ; input voltage

.param Vout=15 ; output voltage

.param Fsw=300k ; switching frequency

.param Ri=0.17 ; sense resistance (neg. for a boost)

.param Sn={Vin*Ri/L} ; on-time inductor current slope

.param Mc=1.2 ; amount of slope compensation (see RRidley thesis)

.param Se={(mc-1)*Sn} ; external ramp level for meeting Mc

*

*

.param Gfc=-6 ; magnitude at crossover *

.param PS=-100 ; phase lag at crossover *

*
* Enter Design Goals Information Here *

*

.param fc=2k ; 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 Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

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

.param fp={fc*kf}

.param fz={fc/kf}

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

.param C1={C2*(kf**2-1)}

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

*

*
* Choose op amp characteristics *

*
.param AOL=90 ; open-loop gain in dB *

.param POLE=30 ; low-frequency pole *

.param VHIGH=5 ; upper output level *

.param VLOW=100m ; lower output level *

*
* Do not edit these lines *

*
.param GAIN={10**(AOL/20)}

.param COL={1/(6.28*(GAIN/100u)*POLE)}

.param ROL={GAIN/100u}
*

14.999433V

471.18536mV

2.4999056V

9
9
6
.3

2
2
9
9
m

V

Stabilizing the Loop of a Boost Converter
▪ This is a current-mode boost converter delivering 15 V/3 A from a 10-V source

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

Current-mode boost

( )H f

( )H f

-8 dB

-91°

2
 k

H
z

▪ The RHP zero is located at:

▪ Choose fc 20% max of the 
RHPZ        fc = 2 kHz

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

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

✓  - 91° - 270° +   61° = -300°

mc = 1.2

20% comp

Power 

stage

-180° op-amp

pole at origin

Phase 

boost

-360°

m

control-to-output transfer function

Fsw = 300 kHz

( )
2

5 1 0.47
10.2 kHz

22 μH 2
zf



 −
= 



15 V/3 A
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The type 2 Compensator with an op-amp

Rlower

{Rlower}

Rupper

{Rupper}

V1

{Vref}

C1

{C1}

V2
AC 1

E1

1k

V3

2

R2

{R2}

C2

{C2}

V4
{Rlower}

V5
{Rupper}

V6

{R2}

V7

{C2}

V8
{C1}

V9
{boost}

-

+

X2

Vout

in

*
.param Gfc=-10 ; magnitude at crossover *
.param PS=-104 ; phase lag at crossover *

*
* Enter Design Goals Information Here *
*
.param fc=2k ; targeted crossover *

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

* Enter the Values for Vout and Bridge Bias Current *
*
.param Vout=15
.param Ibias=250u

.param Vref=2.5
*
* Do not edit the below lines *

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

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

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

.param fp={fc*kf}

.param fz={fc/kf}

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

.param C1={C2*(kf**2-1)}

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

*
*
* Choose op amp characteristics *
*

.param AOL=90 ; open-loop gain in dB *

.param POLE=30 ; low-frequency pole *

.param VHIGH=5 ; upper output level *

.param VLOW=100m ; lower output level *
*
* Do not edit these lines *
*

.param GAIN={10**(AOL/20)}

.param COL={1/(6.28*(GAIN/100u)*POLE)}

.param ROL={GAIN/100u}
*

.ac dec 100 10 100k

Type 2 compensator

 
Christophe Basso

The dc labels are the values of the components:

pV --> pF
nV --> nF
kV --> kOhms

14.999618V

2.0149996V

2.4999363V

3.5103764nV 70.733093pV 161.29983KV 50KV 10KV

74V

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

✓ All component values are automated with the macro

*

.param Gfc=-8 ; magnitude at crossover *

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

*

* Enter Design Goals Information

*

.param fc=2k ; targeted crossover *

.param PM=60 ; choose phase margin

*

.param Vout=15

.param Ibias=250u

.param Vref=2.5

*

.param Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

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

.param fp={fc*kf}

.param fz={fc/kf}

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

.param C1={C2*(kf**2-1)}

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

*

From power stage

8 dB

151°

90°

6
1
°

o
f 
b

o
o

s
t

boost = 6.10000e+01 -> boost = 61°
r2 = 1.34596550e+05 -> R2 = 133 kΩ

c1 = 2.28611544e-09 -> C1 = 2.2 nF

c2 = 1.63861974e-10 -> C2 = 164 pF

fc = 2.00000000e+03 -> fc = 2 kHz

fp = 7.73342618e+04 -> fp = 7.7 kHz

fz = 5.17235168e+02 -> fz = 517 Hz

From LTspice

.options logparams
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Close the Loop and check Step Response
▪ Plot the compensated gain and explore different operating conditions

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

cf

m

( )T f

( )T f

vout(t)

iout(t)

Vin = 8 V, Iout = 3 A

50%

1 00%

Vout = 600 mV
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Verify the Design with a Switched Model
▪ Use averaged model results to close the loop around a switched model

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

T
O

F
S

W
S

W
1

V1
10

D1
RBR5LA M60A

rL1

10m

L1

{ L}

R1

10m

C1

220µ

IC=0

R3

{ RL1}

VIout

0

Rlower

{ Rlower}

Rupper

{ Rupper}
R4

{ Rr}

C3
100p

C4
{ C1}

R5

{ R2}C5

{ C2}

T
O

F
S

W
S

W
2

R6

{ Ri}

V11
{ Rlower}

V12

{ Rupper}

V13

{ R2}

V14

{ C2}

V15

{ C1}

V16

{ Rr}

V18

{ fz}

V19

{ fp}

V20

{ Se}

V21

{ Sn}

R2

{ RL2}
T OFSW

SW3

PWL(0  0  6m 0  6 .001m 5  8m 5  8 .001m 0)

V2

CMP

FB

CS

DRV

DRVB

GND

X2 V
o

u
t

FB

Vout

F
B

CMP

C
S

*

.model DBOOST  D T T =10n Rs=10m Cjo=120p N=0.6  BV=150

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

*

.tran 0  10 .5m 4 .7m uic

*

.param Vin=8

.param Vout=15

.param L=47u

.param Ri=100m

.param T s={ 1/300k}  ; please update clock and ramp generators *

*

.param Gfc=-8  ; magnitude at crossover

.param PS=-104  ; phase lag at crossover

*

* Enter  Design Goals Information Here *

*

.param fc=2k ; targeted crossover

.param PM=60 ; choose phase margin at crossover

*

.param Sramp={ 2.5/T sw}  ; 2 .5  V over  T s - check your IC specs

.param D={ 1-(Vin/Vout)}  ; duty ratio calculation in CCM

.param Sn={ Vin*Ri/L}  ; current on-slope

.param Se={ Sn*(0 .818/(1-D)-1)}  ; external compensation for  a Q of 1

.param Rr={ (Se/Sramp)*19k+100}  ; Rr=100  ohms for  0  compensation

*

* Enter  the Values for  Vout and Br idge Bias Current *

*

.param Ibias=1m

.param Rlower={ Vref/Ibias}

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

*

* Do not edit the below lines *

*

.param boost={ PM-PS-90}

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

.param fp={ (tan(boost*pi/180)+sqrt((tan(boost*pi/180))**2+1))*fc}

.param fz={ fc**2/fp}

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

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

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

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

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

*

*

.param Fsw=100k

.param T sw={ 1/Fsw}

.param Dutymax=0.9  ; maximum duty ratio

.param DT =150n ; deadtime between outputs

.param VDRV=12 ; DRV output

.param VCS=1 ; max Vsense

*

* 

.param A OL=90

.param GA IN={ 10**(A OL/20)}

.param pole=30

.param Isink=20m

.param Isource=500u

.param VOL=100m

.param VOH=3

*

.param Vref=2.5

.param T ss=1m

*

*

.param P=45

.param step=30 ; if step=30, then load is first 70% then goes 100%

.param RL1={ Vout**2/(P*(1-step/100))}  ; first load

.param RL2={ Vout**2/(P*(step/100))}  ; final load

*
T he dc labels are the values of the components:

pV --> pF

nV --> nF

kV --> kOhms

*

Slopes are in V/s

Se is determined for  a Q of 1

If Smag>Se, no need for  slope comp

If Smag<Se, add missing slope to match Se

??? ??? ??? ??? ??????

????????? ???

vout(t)

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

Vin= 8 V

Vin= 12 V

Iout stepped 

from 1.5 to 3 A

in 1 A/µs 

sets slope

compensation level
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A Two-Phase CM Buck Converter
▪ Multiphase converters are helpful to reduce semiconductor stresses and output ripple

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

Vin{Vin}

L

{L}

Cout
6m

R

50m

R1

{rL}
rC

2m

PWM-CM
D

VCtrl

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

RISense={Ri} Slope={Se}

X2

Rlower

{Rlower}

Rupper

{Rupper}

V1

{Vref}

C1

{C1}

R2

{R2}

C2

{C2}

-

+

X1

V2

AC 1

B1

V=IF( V(err)/3>1,1,V(err)/3 )

In OutSwt

err
op

o
u

t

1.499959V

230.94754mV

315.59184mV

799.97814mV

692.8426mV

cf

m
( )T f

( )T f

20 kHz

60°

( )H f ( )H f

Power stage

-43°

-16.4 dB

Type 2 compensator
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Step Load Response of the Multiphase Buck
▪ The output voltage deviation is extremely small despite a 15-A load step

Vout

34 mV

vout(t)

verr(t)

iout(t)

50%

1 00%

50%
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Cycle-by-Cycle Simulation of the CM Buck
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This is a 2-phase current-mode buck converter delivering 1.5 V- 30 A.

 

- Christophe Basso - May 2026

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

Fsw = 200 kHz

ripple current

drive phase 1

drive phase 2

Infineon, Dual Phase Operation in Multiphase Buck Applications

https://www.infineon.com/assets/row/public/documents/24/42/infineon-digital-multiphase-controller-dual-phase-operation-in-multiphase-buck-applications-applicationnotes-en.pdf?fileId=5546d46272e49d2a01737bf04c75581c
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Transient Response of the Switching Model
▪ The cycle-by-cycle circuit implements a dedicated generic controller

vout(t)

iout(t)

50%

1 00%

50%

iL(t)

Vout

34 mV
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Conclusion

▪ Designing a converter combines equations, simulation and bench measurements

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

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

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

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

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

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

Combine analytical analysis, 

simulation, prototype: 

It is the recipe for success!
I’m here!

https://powersimtof.com/Spice.htm

Snowshoeing is 

way cooler than 

simulating 

power supplies!
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Models and Additional Reading
▪ The LTspice/SIMPLIS models can be downloaded from my webpage: 

https://powersimtof.com/Spice.htm

How to use my 250+ ready-made 

switching templates
If you want a crash course on loop 

control, this book is for you!

If the weather is rainy for 1 month or so, 

why not try small-signal analysis?

https://powersimtof.com/Spice.htm
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