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

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

This averaged model is used later to 
extract the ac response of the three loops 
and stabilize the converter.

I have appreciated interacting with Yang Fu 
from Shenzhen -多谢!
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For the dc operating point, I believe only 
some averaged models need to be 
active at a time considering the input 
line polarities at the selected time t1. 
Here, I selected 15 ms implying:

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

The operating point seems correct and 
matches the transient simulation. Using 
three averaged models (or 6 in the 
transient simulation), makes the simulation 
sensitive to any parameter change: always 
check the dc point is ok. 
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This is the cycle-by-cycle simulation. The output 
voltage is 800 V, Pout = 10 kW
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This is the way the duty ratio is elaborated to force 
sinusoidal input currents to the Vienna converter. 
The modulation depth is adjusted depending on 
operating conditions.

Vin = 230 V, Pout = 10 kW
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Low-line simulations



The cycle-by-cycle 
simulation confirms the 
operating points are good. 
The voltage is well spread 
between the two output 
capacitors for an 800-V 
rail. The values for the d, q 
and error voltage do 
match the averaged 
simulations.



This is a transient averaged simulation in which 
the load is stepped from Pout/2 to Pout.



This is a transient cycle-by-cycle simulation in 
which the load is stepped from Pout/2 to Pout.



Excellent match 
between averaged 
and cycle-by-cycle 
simulations. There 
is a slight offset on 
the d levels but 
nothing serious.

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



The ac analysis is quite sensitive to the loop 
configurations, in particular the high open-
loop gains of the TL072. Also, it is 
important to tick the correct box when 
using initial conditions for ac analyses: I 
was having good dc operating points in dc 
analysis but after an ac analysis, it was 
wrong and this is the reason:

If it is not ticked, the bias point for this first 
ac analysis is wrong.

For the voltage loop, the bias is correct and 
we can sweep this first loop.
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Vb is positive Vc is positiveVa is negative



Power stage Type 2 centered at 10 Hz Compensated V loop

In the previous slide, you can see that some of the PWM switch models are grayed out. The reason is that I have 
selected a t1 value (15 ms) for which Va is negative (-169 V) while Vb and Vc are positive at 84 V. As such, the PWM 
switch model in Va treating the positive polarity is made silent (grayed out) while only the one dealing with the 
negative value is active. Same with the models undergoing the negative polarities for Vb and Vc, they are also 
grayed out and only the ones treating the positive waves are active. The grayed-out models would normally be 
ignored by the engine considering the series diodes but the lighter the circuitry is, the easier it becomes for 
converging and finding a correct bias point.



Now validate the d loop measurement. 
Check operating point are ok still.
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Power stage of d loop Type 2 centered at 2 kHz

Compensated d loop



Now enable the q loop. In theory, both d and q loops 
have the same transfer function but it is always 
interesting to look at each individually. Here, by 
enabling the ac source with the q loop, the operating 
point is wrong.

By locally reducing the open-loop gain of the q op-
amp, the circuit converges:

Not ok

Not ok

Not ok

Not ok

ok

ok

Added resistance
Remove it for other analyses

ok



Power stage of q loop Type 2 centered at 2 kHz Compensated d loop

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

In theory, the d and q loops have the same ac 
response but changes can occur due to the dc 
loop kept closed during the ac sweep.



New cycle-
by-cycle 
test – all 
clear!

The step 
load 
response 
is good, 
with a nice 
recovery.



Finally, I have included SiC MOSFETs in the circuit:

Include the lib file

The simulation with SiC transistors is the 
final step. The driver side is simplified and 
delivers up to 18 V through a 3.3- 
resistance. A more accurate simulation 
should include a comprehensive model of 
the driving path.



This is a 120-V input voltage for a 10-kW output power



-5.9 V

This is the high-
line simulation 
(230 V rms lie-
neutral or 400 
V line-to-line) 
and you can 
notice the d 
value swinging 
to almost -6 V. 
You need 
sufficient dc 
supplies on the 
op-amp, what I 
originally did 
not have with 
the +5/-5 V. I 
increased them 
to +8/-8 for this 
sim. If d cannot swing neg. enough, regulation is lost in high line



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

The reference voltage is soft-
started for a smooth power-on 
sequence.



vout(t)

The input currents nicely grow to their nominal values after a few tens of milliseconds.



At steady-state, the input currents are well sinusoidal and the outputs are properly regulated.

vout(t)



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



The output response is stable, with a good recovery.

vout(t)



This is the averaged 
model of the Vienna 
rectifier. The key here is, 
again, to soft-start the 
reference voltage.

The VM PWM switch



The input currents are nicely sinusoidal and both output rails are regulated at 400 V
Vin = 120 V rms, Pout = 10 kW



This is template for the load transient response in averaged mode.



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

vout(t)
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Not ok
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The operating point is wrong and I could not 
find a way to have it converging to the 
correct value despite changing the .IC values 
or clamping sources. Until I found a way : )



As I rarely give up, I’ve tried to keep one cap 
initialized (the low-side cap) to 400 V and 
added two .nodeset statements. It worked 
and the bias point is correct considering the 
given operating conditions. However, it is 
quite sensitive and might be an issue for a 
different setup. However, it validates the 
principle which is cool.
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Plotting V(BV)/V(AV) gives the 
compensated loop gain. The control-
to-output transfer function is 
obtained by plotting V(VOUT)/V(AV).



PM = 66°

fc = 10 Hz

This is the compensated loop gain of the voltage loop.



Now change the ac source to plot the d loop. 
Close the V-loop with R15 and plot 
V(OUTd)/V(Ind) for the compensated d-loop 
gain.

PM = 62°

fc = 940 Hz



Now change the ac source to plot the q loop. 
Close the d-loop with R16 and plot 
V(OUTq)/V(Inq) for the compensated q-loop 
gain.

PM = 62°

fc = 935 Hz



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



vout(t)

Vin = 120 V rms, Pout = 10 kW



This is another simplified way to 
control the 3-phase Vienna 
rectifier. I am using the method 
documented by Sam Ben-Yaakov 
in the paper referenced below. I 
have adapted it to this 3-phase 
rectifier and it brings excellent 
results without sensing the high-
voltage rail.

The good thing is that it runs on 
SIMPLIS and I can extract the 
small-signal response of the 
voltage loop via a POP and set a 
crossover frequency of 40 Hz with 
a good phase margin.

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

in my ZIP file.

https://ieeexplore.ieee.org/document/679011
https://powersimtof.com/Downloads/Book/Book%20Collection.zip


Vin = 120 V rms, Pout = 10 kW



fc

PM = 70°

Power stage response Compensated loop gain



The final test includes 
the transient load 
step.



Vin = 120 V rms, Pout stepped from 5 to 10 kW



Vin = 230 V rms, Pout stepped from 5 to 10 kW



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

The right-side macro automates the type 2 OTA 
compensator for a 10-Hz crossover frequency as 
obtained in SIMPLIS. Running an .op analysis will 
display the components values as bias points in 
the schematic diagram.



Vin = 120 V rms, Pout = 10 kW



This is the same circuit now equipped with two 
controlled switches on the output, toggling the 
load from 50 to 100% of its nominal value (5 kW 
to 10 kW).



Vin = 120 V rms, Pout stepped from 5 to 10 kW



Vin = 230 V rms, Pout stepped from 5 to 10 kW
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