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Stabilizing The Loops Of A Three-Phase Vienna Rectifier—Part 2

by Christophe Basso, Future Electronics, Toulouse, France

In the first part of this series,[!] I have shown how to assemble two PWM switch models to predict the ac
response of a single-phase T-type converter. I have then extended the analysis to the three-phase Vienna
rectifier, driven with a dg0 algorithm. After several ac sweep sequences, the three loops have been stabilized
with classical analog type 2 compensators. The transient simulations have confirmed stable input currents with
a low harmonic content in low- and high-line conditions.

In this second part, we will continue simulating the Vienna rectifier with a cycle-by-cycle (switching) model for

checking the total harmonic distortion (THD) but also the stability under various loading conditions. Specifically,
the transient response of the three loops in the Vienna rectifier will be verified using the switching model under
low-line and high-line inputs, and these simulations will be compared against those obtained with the averaged
models.

After these points have been verified, I will show how to close the loops with a digital proportional integral (PI)
compensation block. This involves an explanation of how the analog type 2 compensator, which was generated
with a macro in part 1, operates, followed by an explanation of the proportional-integral or PI compensator. The
latter is the digital equivalent of the analog type 2a compensator, which is like the type 2 but lacks the high-
frequency pole. As we’ll see, the addition of a zero-order hold to the digital compensator achieves the same
effect as the missing high-frequency pole.

This discussion also covers how to build the PI compensator in LTspice using the backward Euler transform,
modeling the filter with delay blocks and automating generation of filter coefficients with a macro. Issues of
implementing the digital compensator such as scaling of the output voltage, and the lack of a virtual ground are
dealt with on the way to verifying the digital compensator design.

The digital PI compensator is then applied to compensate the three dg0 control loops in the Vienna rectifier.
Despite a simple implementation in LTspice, the averaged models can still offer tremendous help in determining
what PI coefficients are suited for stabilizing the loops. In contrast, with switching models, it simply wouldn’t be
practical to extract the ac responses of the control loops in the Vienna rectifier.

Finally, PLECS simulations will be used to confirm my approach with the averaged models. This simulator
employs a piece-wise linear approach that speeds simulation of switching models. It also has pre-defined blocks
for modulators and compensators, which ease modeling of the circuit.

Cycle-By-Cycle Simulations Of The Vienna Rectifier

Average models are unbeatable in terms of simulation speed because they have no internal switching parts.
They not only lend themselves well to running ac analyses but, owing to their large-signal capabilities, you can
also explore large-signal transient responses.

However, when it comes down to assessing switching losses, current and voltage stresses or efficiency, you
need to resort to a slower cycle-by-cycle model. I usually start with simple voltage-controlled switches for the
power transistors, and, when all is working as expected, I add more comprehensive transistor or diode models
to obtain reliable simulation results. That way, when a non-convergence issue occurs, I know that the latest
addition is causing problems, and I can easily backtrack to test if a different model fixes the issue.

The complete circuit appears in Fig. 1, showing the six voltage-controlled switches, directly driven by the PWM
section in the lower right corner. I have used two ideal switches (Sa1 to Sas) supplemented with a diode (D7 to
Di12) to approach the real implementation made of back-to-back transistors. The modulator is made of
subcircuits X7 to Xo which compare the current setpoints reconstructed by the inverse dq0 transform block X3
with a 30-kHz 6-V (-3 V/3 V) peak-to-peak sawtooth voltage.
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Fig. 1. The cycle-by-cycle simulation time for this three-phase rectifier with ideal switches is
around 80 s which is good for such a complex power factor correction circuit.

The simulation results are available in Fig. 2 for operation at both input line extremes, with a 10-kW output
power. The two rails are well balanced at 400 V each and the current absorbed from the grid is sinusoidal. The
THD is around 3% in low-line operation and remains below 6% when the input voltage increases to 230 V (400
V rms line-to-line). The low-line performance obtained in Fig. 2 shows reasonably close agreement with that
obtained in part 1 Fig. 18 for simulation using the averaged model. In that case, THD was 1.3%.

When the basic implementation works as expected, it becomes possible to use component models for the
switching elements like transistors and diodes. For example, voltage-controlled switches can be replaced by SiC
transistor subcircuits should you like to assess conduction and switching losses. However, before running long
simulation cycles with unverified models, I recommend you thoroughly test the subcircuit you have identified as
a potential model of the selected SiC transistor.

Reference 2 shows how reproducing the double-pulse test documented in the transistor datasheet represents a
good way to validate the model or reject it. By assessing the energy dissipated during calibrated switching
cycles, you can check whether the imported model reliably predicts losses with sufficient accuracy or, on the
contrary, delivers unacceptable results.
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¥, =110V rms, P,,, = 10 kW

Fig. 2. The input currents in low-line operation (shown on the left) look good and exhibit a THD of
3.2%. In high-line conditions (shown on the right), the THD increases to 5.8%.

Nevertheless, having a good model on hand is not enough to ensure accurate simulation results as switching
performance heavily relies on the power distribution network (PDN) and the way parasitics are distributed in the
wiring environment. For instance, there’s the equivalent series resistance and inductance of the dc-link
capacitors. Failure to faithfully identify and include these parasitics can make your simulation useless.

However, extracting these terms from a PCB layout or a power module assembly can be extremely tedious and
may hamper simulation time or convergence. You must therefore keep a good balance between circuit
complexity and acceptable results which, in the end, will have to be verified on the bench.

Transient Response Of The Vienna Rectifier

Now that our averaged and switching circuits operate as expected in terms of input currents THD and voltage
regulation, we can study the response to a load step. The transient response test is part of the stability analysis
package but does not replace the loop measurement that we performed with the averaged model. It is
complementary and will tell us if the adopted compensation strategy keeps the regulated variables (the two
400-V dc bus voltages) within adequate limits.

Fig. 3 gathers the transient responses of the Vienna rectifier operated at low line. The output power is stepped
from 5 to 10 kW in a few microseconds, a very rapid transition. The left-side plots correspond to the averaged
circuit implementing the six PWM switch models. The simulation is fast and very handy for checking different
compensation strategies like changing crossover frequencies of the loops, adding or reducing phase margins
and so on.

V,, =110V rms, P, = 10 kW — averaged simulations V,,=110V rms, P,,, = 10 kW — cycle-by-cycle simulations
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Fig. 3. Transient response simulation is an important exercise in checking loop stability. Here,

you can see how stable the three loops are. You can also appreciate the good correspondence

between the waveforms produced by the averaged models on the left and the switched models
on the right.

As you can see in the waveforms, the voltage response is very smooth, with an error voltage loop response
without significant overshoot. The d-loop compensator output exhibits a faster transient response, which is
normal as its crossover frequency is 1 kHz, way above that of the voltage loop.
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The g-loop does not significantly vary in this configuration where the reactive power is purposely kept to zero.
The situation could be different in applications in which, rather than looking for a pure resistive emulation, you
would impose a particular inductive or capacitive component, for grid-forming purposes as with a six-pack
structure for example.

In Fig. 3, the right-side waveforms are collected on the switched model operated under identical conditions.
LTspice does not provide practical tools for copy/pasting waveforms coming from different simulations but you
can clearly see that the matching between averaged and switched models is excellent, confirming the validity of
the averaged circuit.

The comparison between switched and averaged models is key when designing control loops. Before trusting
the ac response and the adopted compensation strategy, it is important to validate the average model with
cycle-by-cycle simulations but also by bench measurements. Once the model is validated, you can assess and
trust the robustness of your design via worst-case analyses or Monte Carlo sweeps, to cite a few tools well
adapted to averaged models.

To complete this comparison, Fig. 4 shows the same transient test but run in high-line conditions (400 V line-
to-line) this time. Again, you can note an excellent relationship between the two plots.

¥, =230V rms, P, = 10 kW — averaged simulations V,,= 230V rms, P,,, = 10 KW - cycle-by-cycle simulations
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Fig. 4. When subjected to a load step in high-line conditions, the responses of the averaged
models (left waveforms) and switched models (right waveforms) are almost identical.

Stabilizing The Loops—Analog Vs. Digital

In part 1, the three loops in the Vienna rectifier were stabilized with analog type 2 compensators using a macro
to generate the filter coefficients. This form of active filter involves a pole at the origin and a pole-zero pair. The
pole at the origin provides a near-infinity gain at dc—limited by the op-amp’s open-loop gain Ao.—while the
distance between the zero and the pole sets the amount of needed phase boost. The pole-zero pair is therefore
adjusted to offer adequate phase margin while the mid-band gain forces the wanted crossover frequency.

Fig. 5 shows the typical response of this filter which, in this example, provides 50° of phase boost at 1 kHz with
a 10-dB mid-band gain. The circuit is self-biased to adjust the op-amp dc output in a linear zone (e.g. =2 V for a
5-V supply voltage) and uses the classical LoL/CoL filter to inject an ac stimulus: when LTspice computes the dc
operating point, it shorts all inductors and opens the capacitors. When the inductance is shorted, the loop
involving E1 biases the resistive divider Rupper/Riower t0o ensure an adequate op-amp output. Considering the high
open-loop gain of the op-amp, the voltage on the divider is adjusted at the microvolt level: for a 12-V output,
E1 biases the Rupper terminal at 11.999695 V for an ~2-V output.

Needless to say, manually tweaking a dc source to stabilize the op-amp output at the desired level, would have
been extremely tedious and long. With the approach used in part 1 with the auto-bias circuit, the loop is
conveniently closed in dc but becomes open in ac, owing to the extremely low cutoff frequency set by the LC
filter which excludes E1 from the analysis. By plotting the voltage at node Vout, you obtain the expected Bode
plot. You could also insert the ac source in series with E1—then remove LoL/CoL—and you would obtain identical
results but by probing Vout/Vin this time.
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Fig. 5. A type 2 compensator built around an operational amplifier offers a potential phase boost
up to 90°.

In a digitally-controlled system, a proportional-integral or PI compensator is usually adopted for stabilizing the
dqO loops of our example. The transfer function of such filter is given below:[3]

1+
I+s7, ) 1+s7, ,
G(s):kp( - j: —=— (1)
i Si’ -
P a)po

If you factor the zero in the denominator and implement an inverted zero, the above expression transforms into
a more familiar shape:

G@):G{H“’j (2)

z
N

in which you have

-2 )
1

. ZT— (4)
k

w,, :T—p (5)

The transfer function obtained in equation (2) is very close to that describing the type 2 compensator from Fig.
5 except that it does not feature a high-frequency pole. As a matter of fact, equation (2) describes a so-called
type 2a compensator which is the analog PI compensator. The typical application circuit is shown in Fig. 6.

Please note the right-side macro in Fig. 6 which automates all the calculations for the poles and zero but also
for the PI parameters, kp and 7. In this example, the gain deficit exhibited by the power stage at 1 kHz is 20 dB
and a 60° phase boost is needed. The macro places a zero at 577.35 Hz while the 0-dB crossover pole fpo is
located at 5 kHz. If we extract the magnitude from (2), we find the desired 20 dB of gain brought by the
compensator at 1 kHz, the selected crossover frequency fc:

G(1.)

2
_Jw H(LJ 5k 1+[577'35

2
= j =10 or 20 dB (6)
f f) 57735 1k

The phase response of this compensator at 1 kHz is also easily calculated:
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argG(s)=180°—tan™ L =180°—tan™' 37735 =150° (7)
7 1

c

The pole at the origin in the type 2 or type 2a combined with the inverting configuration provides a phase lag of
-270° or 90° at dc. The phase boost at 1 kHz is thus 150 - 90 = 60° as we wanted.

.ac dec 100 10 100k
2.0119998V

* Enter Design Goals Information Here *
*

.param fc=1k ; targeted crossover *

.param Gfc=-20 ; gain at crossover

.param boost=60 ; select phase boost at crossover
*

* Enter the Values for Vout and Bridge Bias Current *
*
.param Vout=12

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

Vout

* Do not edit the below lines *
*

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

i .param G={10**(-Gfc/20)}
5605 L e 180°
se® » ° .param fz={tan(pi/2-boost*pi/180)*fc}
52dB= ‘G (f)‘ ‘..' 171 -param a={G*2*pi*fc}
48cB= 4 =162° _param b={1+(fc/fz)**2}
4445 K 150° 1530 .param Wpo:(a/sqrtlb)?
4045 " L1440 .param 2;10:((1\;\{&7/(2;;)0) )
» .param Cl1=; po*Rupper]
36dB~ _.’ r -135° -param R2=(1/(fz*2"pi*C1))
32dB .'. % ! Laplace=-{kp}*(1+s*{Ti})/(s*{Ti}) =126° * Pl parameters
28dB= o+ g =117° *
- g . ° .param Ti={R2*C1}

igja- ZG (f) ‘.".20 4B 1220 .param kp={Wpo*ti}

O e *
= E e M R—— .0

10Hz 100Hz 1KHz 10KHz 100KHz

Fig. 6. A type 2a compensator does not feature a high-frequency pole as does its type 2 cousin.

Digital Compensators

In three-phase active power factor correction projects, the control section usually relies on full digital
implementation, including compensators. To build a digital filter like the PI, you start from the transfer function
in the Laplace-domain and replace s by its equivalent using the backward Euler transform. You then obtain an
expression in the z-domain that you convert into a difference equation, detailing how the stimulus ¢ is
processed to form the sampled response ve.

Fig. 7 shows a possible process applied to the original transfer function expressed in the Laplace-domain. Please
note that other implementations are possible, e.g. resorting to the bilinear transformation rather than the
backward Euler but it won't be covered here.

Once you have the final expression in the z-domain, modeling with a SPICE simulator can be done in different
ways. One approach is to describe the z! function with a delay line as illustrated in reference 4. With this
implementation, you can now assemble the delay blocks by following the flow. You end up with the circuit
shown in Fig. 8.

You can see the z'! blocks arranged with a few adders. Parameters kp and k; are computed by the left-side
macro which asks for a 20-dB attenuation at 1 kHz. There is no boost computation in this simple example and
the zero is arbitrarily placed at 100 Hz.
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v, [n]=k,e[n]+Tke[n]-k,e[n-1]+v, [n-1]

Fig. 7. The backward-Euler transform is applied to a PI Laplace transfer function to obtain the
difference equation v[n].

Difference equation based on Backward-Euler

*
* Enter Sampling Freq Y
*

.PARAM Fs=100k
.PARAM Ts={1/Fs}
*

.PARAM fc=1k
.PARAM Gfc=20

.PARAM fz1=100 ; place the zero
.PARAM wz1={2*pi*fz1}
.PARAM G={10%*(-Gfc/20)}

*

X1 Output with ZOH

This is a ZOH

.PARAM D={sqrt(1+(fz1/fc)**2)}
.PARAM fp0={G*fz1/D}

.PARAM GO={fp0/fz1}

*

.ac dec 10000 10 1M
* Compute PI parameters ac dec leg
*

PARAM ki={fp0*2*pi} %
-PARAM kp={ki/(wz1)} 100V 9.9503717V
.PARAM kiz={ki*Ts} 21 p0
* This is a sampled PI with or without the ZOH. You compare
.options logparams vi v3 the ac response with that of the classical PI and the
* {f213 (fp0} type 2a (1 pole at the origin and 1 zero).
. - Christophe Basso, November 2025
Computed parameters:

ki = 6.252003053624664e+01
kiz = 6.252003053624665e-04

kp = 9.950371902099892e-02 T Type2a
acin— E8 acin— £7
= Laplace={kp}+{ki/s} = Laplace={GO}*(1+{wz1}/s)

Fig. 8. You construct this simplified digital filter by assembling the blocks as described by the
difference equation.

This is a PI - 1 pole at the originand 1zero  This is a type 2a - 1 pole at the origin and 1 zero

The parameters are passed to a Laplace expression with voltage-controlled source E7 and Es: the first one
produces the frequency response of a type 2a described by equation (2) while the second determines the ac
response of the PI controller with kp and ki. These two voltage-controlled sources are there to check if the
digital PI transfer function matches the time-continuous expressions.

For the digital part, kp is passed as a simple gain while kj is scaled by the sampling period Ts to become kiz. The
model from Fig. 8 includes a zero-order hold (ZOH) for reconstructing the time-domain signal, e.g. if you drive
an analog PWM or for observation purposes. Node NZI represents the direct output, before the ZOH.

If you ac-sweep the input of this filter and compare all three responses, you obtain the graph shown in Fig. 9.
The 20-dB gain correctly translates into a 20-dB attenuation at 1 kHz. The three frequency responses are
identical in magnitude up to 10 kHz while the digital phase starts diverging at around 1 kHz.

These are the effects of the ZOH which brings a delay of Ts/2 and a sin(x)/x-shaped frequency response. Owing
to the attenuation occurring at high frequencies, the sampled PI filter frequency response resembles that of a
type 2 compensator despite the absence of a second pole in equation (2). We will take advantage of this
characteristic in the PLECS implementation described later in the article.
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Fig. 9. You construct this simplified digital filter by assembling the blocks as described by the
difference equation.

Once the subcircuit is encapsulated behind a symbol, we can capture a slightly different test circuit as

represented in Fig. 10. In this illustration, you see a resistive divider sensing the 800-V bus voltage. In reality,

specific fully isolated circuits exist to sense the voltage and safely bring a scaled down version for entering the
microcontroller digital-to-analog converter (DAC). Nevertheless, the division ratio will be sensibly the same as
here, 2.5/800 = 3.125m.

stimulus *
R1 N e response * Enter Sampling Frequency
foov cin 3.0799999V  out *
{Rupper} .PARAM Fs=30k
— .PARAM Ts={1/Fs}
Ts={Ts} kp={kp} ki={kiz} VHIGH=10 VLOW=100m x
‘l:lt .param Gfc=-10 ; magnitude at crossover *
.param PS=-80 ; phase lag at crossover *
R2 *
{Rlower}. * Enter Design Goals Information Here *
vs Vref *
AC1 {Vref} .param fc=100 ; targeted crossover *
.param PM=60 ; choose phase margin at crossover *
*
.param boost={PM-PS-90}
. .param fz1={fc/tan((boost)*pi/180)}
.ac dec 5000 10 100k é *
* operating parameters *
Type2a *

.PARAM wz1={2*pi*fz1} ; original calculation
acin

.PARAM G={(10**(-Gfc/20))/kdiv}
*
E1

.param Vout=800 ; regulated output voltage

.param Ibias=200u ; bias current of the resistive divider
Laplace={-G0}*(1+{wz1}/s)

.PARAM D={sqrt(1+(fz1/fc)**2)}
.param Vref=2.5

.PARAM fp0={G*fz1/D}
.PARAM GO={fp0/fz1}
param Rupper={(Vout-Vref)/Ibias} *
.param Rlower={Vref/Ibias} * Compute PI parameters
param kdiv={Vref/Vout} ; no virtual ground *
* .PARAM ki={fp0*2*pi}
.PARAM kp={ki/(wz1)}
.PARAM kiz={ki*Ts}
*
.options logparams
*

Fig. 10. The PI digital filter is now associated with a resistive divider for regulation purposes.

In the compensators shown in Figs. 5 and 6, there is a virtual ground brought by the op-amp operated in closed
loop. Considering the high open-loop gain of the active element, both inverting and non-inverting pins share the

same dc potential set by Vrer. If we see the 2.5-V reference voltage as a perfect dc source, any modulation
applied at the compensator input will not affect the reference voltage.

As a consequence, if there is no ac modulation seen over Vrer, the ac potential of the inverting pin is also zero
volts. Having 0 V ac across Riower implies no ac current flowing into it, naturally excluding it from the poles-
zeros calculation process: the resistive divider ratio does not affect the transfer function for s other than dc
(when the local feedback is inactive).

In the digital PI circuit from Fig. 10, we do not have a virtual ground and the ac modulation entering the
© 2026 How2Power. All rights reserved.
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subcircuit—node acin—is attenuated by the division ratio brought by our resistive divider or any external circuit
scaling down the 800-V rail. The typical division ratio of 3.125m thus translates into a 50.1-dB attenuation we
need to account for. This is the kaiv parameter found in the macro located in the middle of the figure. Therefore,
when measuring the control-to-output transfer function of the power stage, you either probe the Vout node and
include the aforementioned attenuation or you probe after the resistive divider which naturally involves the
division ratio.

The macro in Fig. 10 includes this particular point and now determines the zero position based on the required
phase boost. In this example, a 10-dB gain is needed with a phase boost of 50° at 100 Hz. The sampling period
is 33.3 ps and corresponds to the Vienna rectifier switching frequency of 30 kHz. The attenuation captured for
the Grc parameter assumes a measurement at the bus level (not after the resistive divider) and the macro will
translate the needed gain accounting for kaiv in the calculation of parameter G.

The PI filter will thus provide a total gain of around 60 dB at the selected 100-Hz crossover frequency. These 60
dB will undergo the 50-dB attenuation from the divider and, in the end, the gain at 100 Hz should be the
expected at 10 dB. This is confirmed by the plot from Fig. 11.

32dB - - 80°

G
i G()
16¢iB=
10 dB - 139.7° 140°
8dbH T s 3 - S
>
& 200
0dE- ©
o
8
-8cB- Q . 100°
- 90
2G(f)
-16d5-4 | soe
-24dB=
- 60°
-32dB-
- 40°
-40dB~
-48dB - 20"
-560B v T T 0°
10Hz 100Hz 1KHz 10KHz 100KHz
Fig. 11. The ac response matches what we entered in the macro: a 10-dB gain with a phase

boost of 50°.

Implementation In The Vienna Rectifier

We now have a valid PI compensator that we can integrate into our averaged model. There is one thing to note
with this delay line-based approach; the cycle-by-cycle transient simulation can be a challenge in terms of
speed, convergence and integrity of results. That is the drawback of using many delay lines in these filters in a
switching circuit.

An alternative consists of using a second-order Padé approximant, built with passive elements. It would have
probably led to a more robust subcircuit but I did not explore this option and kept the actual subcircuit which
worked well with averaged models.

Fig. 12 shows the whole circuit now equipped with digital filters. I did not show the automated macros, but they
are part of the schematic diagram. The voltage loop is compensated for an 80-Hz crossover frequency while the
d- and g-loops are stabilized for a 1-kHz crossover. The rest of the circuit is unchanged. We can now run a
transient test with digital compensation and check if the whole converter is still stable.

© 2026 How2Power. All rights reserved. Page 9 of 15



HOW=POWER

1 Sl bl £~

Your Power Design MNewsletter

Exclusive Technology Feature

Le
500

e
1om

0 0 0
o - o
;

SINE(O {Vgpeak) {FLINE) 00 240)

Ts=(Ts} kp={kpV} kiz={KizV} VHIGH=25 VLOW=100m
8 v

Ts=(Ts) kp={kpd} kiz=(kizd} VHIGH=10 VLOW=-10  da1—

:::' " )
............ T
2

ab1.

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

&5 B2
172m V=1-abs(V(Db1))

-
X - E6

|
<

8
V=1-abs(V(Dc1))

T
§EE
i
L (O—oe (o0 (D=

4

Fig. 12. The filters simply replace the op-amp and their passive components.

As confirmed in Fig. 13, the transient response is well stable at the two input levels, 110 (190 V line-to-line)
and 230 V (400 V line-to-line). For this particular design, the macro did compute the following coefficients,
displayed by pressing CTRL+L after LTspice has finished the simulation:

kpv = 3.072774086791324e+01 ; k, for the voltage loop
kizv = 2.972477698697325e-01 ; ki, for the voltage loop
kpd = 1.235433173601355e+00 ; k, for the d-loop
kizd = 1.434266460277525e-01 ; ki; for the d-loop
kpg = 1.039487470095485e+00 ; k, for the g-loop
kizqg = 1.206784831502161e-01 ; ki; for the g-loop

These coefficients could now be entered into your digital compensator graphical user interface (GUI), provided
the complete architecture and the gains involved in the adopted modulator were well modeled in the averaged

circuit.

Reference 5 is an interesting video in which the speaker uses the auto-tuning capability of the program to
automatically calibrate PI compensators for the best possible transient response. If the obtained results look
promising, I prefer to first plot the control-to-output responses of the three loops then understand and drive the
compensation strategy for the given characteristics. Linking the poles and zeros with analog or digital
coefficients used in a PI or PID compensator, gives you the full control of the compensation strategy and lets
you tweak knowingly in case fine-tuning is necessary.
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Fig. 13. The transient response is obtained in less than 30 s and confirms the stability of the
converter at both input line levels.

Simulations With PLECS

It is possible to also run a similar analysis with PLECS, the power electronics simulation program from Plexim.
Rather than wiring components pin-to-pin as in LTspice, the user will place ready-made blocks describing a
given function like space vector modulation (SVM), PI or PID compensators in analog or discrete mode,
transistors with a piece-wise linear (PWL) model involving switching losses and so on. Simulating my circuit with
PLECS offers a good way to check that my conclusions on stability are correct.

Beat Arnet who is chief embedded engineer at Plexim U.S., kindly spent time to capture my LTspice Vienna
rectifiers operated with analog and sampled compensators. Fig. 14 shows how to implement the three-phase
rectifier with analog filters. Like in my LTspice macros, the component values around the compensator are
automatically calculated.

PLECS also offers the ability to automate the parameters, giving you the neat option to change crossover or
phase margin values. That way, you can immediately see the impact on the transient response and shape the
loops to meet your design goals.
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Fig. 14. This first version of the Vienna rectifier in PLECS implements analog compensators.
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Fig. 15 shows the ac analysis performed by PLECS on the voltage loop. The compensation was set to meet 80
Hz with a 60° phase margin, which the left-side plot confirms. The two other loops, d and g, were stabilized for
a 1-kHz crossover frequency.

On the right-side of the figure, the transient response is excellent, confirming a sound compensation strategy
for the three active loops. In this experiment, the output power is instantaneously stepped from 50 to 100% of
the nominal 10-kW output power. The simulation is fast and lasts a few seconds on my computer.

Magnitude Phase currents
20 Voltage loop compensation 60 :
= 4071,(1) (1) VY
© :
2 ol
g 2 f%%%%&'
o
s ~201 _
-40- 40 : I T N SR 8 ) :
-60 :
-100 B Phase 900 DC Voltage | Midpoint Voltage
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. -160-4 . T A 700 -
@ -180-
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0 220 500+
_240- Voura(?)
2604 - 400
-280 i 300+ T T ; ‘
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Fig. 15. The voltage loop is compensated for an 80-Hz crossover frequency with a 60° phase
margin. In the waveforms on the right, the transient response is excellent with nice sinusoidal
input currents.

The sampled version of the compensators appears in Fig. 16. The original PI compensator did not lead to a good
transient response considering its flat high-frequency response. By involving a ZOH in the modulator section,
the response in the upper spectrum was naturally rolled off and it cured the issue.

Reference 6 offers an interesting description of the various modulator schemes implemented in PLECS with their
impact on the frequency response.
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Fig. 16. The compensators in PLECS are now using sampled versions of a PI or type 2a
compensator. An anti-windup scheme has been added in the voltage-loop block.

The original PI compensator implemented in Fig. 8 includes an integral term prone to saturation during start-up
or transient events. An anti-windup structure is usually added to prevent this type of issue and a possible
implementation is described in Fig. 17. In normal operation, the integrator operates in its linear region, away
from the positive and negative supply rails. As a result, the input and output levels of the limiter are identical.
By subtracting the two values, you obtain zero volts, making the circuit silent in steady-state operation.

——— P k()

—> Vour (t)

Compensator

Fig. 17. An anti-windup system activates to prevent the integral term from saturating in a large
transient event.

During the start-up sequence or if a large-signal transient event occurs, the integral term will quickly saturate

as it integrates or accumulates the error signal over time. When its output exceeds a certain threshold, the
limiter will start activating, naturally making the input-output difference a non-zero value.

The difference voltage will then be routed back to the integrator input to counteract the increasing error voltage
at the integral block input. This compensation voltage is adjusted by block k» whose value shall be properly
adjusted to not degrade the overall response when the limiter is active.

Once the anti-windup block is added, we can check the start-up sequence. This is what Fig. 18 shows, with a
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smooth ramp up of the output rails from zero to 400 V on the split rails. The input voltage is 110 V rms for the
phase-neutral sources and the output power is fixed at 10 kW.

Input currents
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Fig. 18. The start-up sequence of the Vienna rectifier in PLECS is smooth without overshoot.

In a three-level inverter, the dc bus theoretically equally splits between the two output capacitors. However, dc
imbalance can occur linked to unequal load currents, various drops in the power meshes, but also timing delays
in the control algorithm. An extra loop is often implemented to prevent voltage runaway across the capacitors.

This can be done in different ways but I found the solution described in reference 7 figure 2-23 interesting: a
low-gain regulator drives the zero input of the dq0 inverse-transform block. The regulator adds a small
modulation on the current setpoints to react to any discrepancy found between the low and high output rails.
This option is not implemented here but I have tested in my LTspice 2025 collection of files[® and it does the
job very well, without significantly affecting the input currents THD figures.

Now that the simulation runs smoothly, we can check the transient response by stepping the output from 5 to
10 kW. The results shown in Fig. 19 confirm the good stability of the system with the digital coefficients
determined in the LTspice simulations..

Input currents

i(0) 1,(0) Pl P, =10 kW
/ NN /\/\\__‘/_{‘\C__‘;‘i,\(__{__m/\/\r\/\/\/\f\/\/\ NN TN TN TN
A AN T T R X UALAA A A A A A A A AA A

< etage Mot votage

Voutl (t)

__,,"/’JJ- voutZ(t)

Output voltages

=.1;_$HE%??H??#%H#}%HH%HM_??HHHHN%F

E
5

m eis ok e ol ol ek o ww ok sk ol s on ok ek ol ok 0 us R s ko sk s b W ok B R s 0 B e b R b e

Fig. 19. The transient response of the digitally compensated Vienna rectifier simulated in PLECS is
also excellent, with a well-controlled undershoot in the bus voltages.
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Conclusion

This article closes this two-part story on how average models can help characterize the ac response of the
three-phase Vienna rectifier. By first displaying the individual loop responses, I have stabilized the system with
analog compensators, later replaced by digital versions.

The digital PI resorts to a delay line for the z'! operator and delivers the expected response very quickly. Once
coefficients are well calibrated, transient simulations confirm the converter is stable at the two input voltage
extremes.

To further validate the modeling approach, I have shown that PLECS simulations using my automated macros,
also deliver a stable response with both analog and digital circuits. This modeling technique can be extended to

other PFC structures like the six-pack for instance, also available as a ready-made template in my summer
2025 file collection.
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