This is a simplified 3-phase PFC implementing dgq0 modulation. There is no cross-coupling compensation in this application
circuit. A module reconstructs the angle which is going to feed the abc-to-dg0 and dqO-to-abc blocks. The dc values d and q
are respectively scaled as a function of P, and kept to 0. The last block reconstructs the current sinewaves further
modulated via a 30-kHz triangle carrier.
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The blocks have first been individually tested and it is a mandatory step before running a complete simulation with all
active subcircuits.
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This is the abc-to-dq0 transform block which takes the input currents and transforms them into dc quantities, d, g plus
the zero-sequence component .

This is the dg0-to-abc transform circuitry which builds the currents setpoints sent to the modulators.
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A small setup then helps verify that all calculations are ok. | have superimposed the input currents with their reconstructed
versions via subcircuit U2. They are perfectly identical as well as the d value which confirms the active power value.
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This is the complete simulation setup. | have added macros to automate the type 2 compensators. PFCs usually have an
excess of gain at low frequencies so | put 20 and shot for a phase margin of 60° at 20-Hz crossover. The d and g loops must
be faster. | arbitrarily set the d and q plant gains to 1 and asked for a 2-kHz crossover. | stabilized the loops in the next slides.
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Now, to rigorously compensate these loops, you can either a) determine the small-signal response of this entire circuit -
“cood luck”, as Marko from Tropoja would say * _”* b) measure it in the lab with a working prototype or c), resort to an
averaged model as | did below:
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placed the switching cell by the VM PWM switch model

= Pulse-width modulators are replaced by small-signal gains
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https://www.youtube.com/watch?v=xGb8pt0dxJ0

It then becomes possible to ac-sweep each loop individually while the others perform their duty. In the below illustration,
the d loop is actively swept while the two others are still closed but ac-silent. One important thing here, you have to replace
the power input sources by dc values. | have arbitrarily set these sources to the dc level corresponding to a 15 ms time
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With the averaged model, | can now extract the control-to-output transfer functions of each loop and feed the macro
to automate the compensators components values calculations. Once done, | obtain the wanted crossover
frequencies with a decent phase margin. The d and g loops are compensated for a 2-kHz crossover in this example.
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This the real test where you check the averaged model response and the cycle-by-cycle version. They are
compensated with the exact same components and show almost no difference during a transient load step,
naturally validating the large-signal averaged model of this 3-phase PFC.
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The steady-state simulation shows nice input currents with a rail regulated at 400 V dc.
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This 3-phase PFC has successfully been simulated in SIMetrix but | wanted a version running on LTspice also, considering the
popularity of the program. | thus did duplicate and individually test all the subcircuits already running in SIMetrix. We start
with the angle calculation:

This circuit is a classic and it reconstructs the angle based on the three input voltages referenced to ground.



The abc-to-dgO block is simple to model with behavioral voltage sources. Output filters are added for noise filtering purposes.
The pole is located at 160 kHz, not a problem for a 2-kHz crossover. It can be easily altered if necessary.
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The dq0-to-abc required a bit more care and | have added output clamps, mainly for the debugging sessions. | used three if-then-

else statements with parameters passing. Considering a 6-V peak-to-peak triangle carrier, each output is clamped between -2.9V
and 2.9 V.
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The validation of the whole set is made by loading the 3-phase network and injecting the input currents into the first
subcircuit X2 which computes d and g. The resulting values are feeding the inverse-transform block and | compared the

original currents versus the reconstructed ones.
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The angle calculation is shown in the top, the three input and output currents are perfectly superimposed in the bottom.
The blocks are good to go! | also built other basic subs to really simplify the simulation setup.

Please note that the above curves were obtained with
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A simple comparator with hysteresis:
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This is the complete setup of
the 3-phase PFC in LTspice. The
output voltage is 400 V and the
input sources are 120 V rms.
The switches are simple
voltage-controlled types but
the diode gave me hard times
to find a suitable type, leading
to acceptable switching
transitions (read less noisy).

.MODEL TOFD D(IS=10e-18
RS=16m CJO=500p

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



.param GfcV=20 ; magnitude at crossover *
.param PSV=-90 ; phase lag at crossover *
*

* Enter Design Goals Information Here *

k

.param fcV=20 ; targeted crossover *

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

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

.param Vout=400

.param Pout=10k ; nominal is 5 kW

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

.param lbias=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=0 ; magnitude at crossover *
.param PSd=-100 ; 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 Cld={C2d*(kd**2-1)}

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

*

* Components for the q loop *

.param Gfcq=0 ; magnitude at crossover *
.param PSq=-100 ; 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-PSqg-90}

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

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

.param fzg={fcq/kq}

.param C2g={1/(2*pi*fcq*Gg*kq*Rdq)}
.param Clg={C2d*(kq**2-1)}

.param R2g={kg/(C1g*2*pi*fcq)}

*

These are the automated macros for calculating the compensators components values
based on data extracted from the plant transfer functions like GfcV and PSV for
instance. Some adjustments were necessary as the LTspice syntax differs slightly from

SIMetrix’s.



To speed up the simulation in LTspice, | usually relax some parameters in the control window:

[ settings b4 [9’ Settings .
Netis Optins | Compression | Search Paths | Iemet | Hacks NetfstOptions | Compression | Search Paths | Intemet | Hacks The integration is set to gear which usually brings
Operation Schematic Waveforms SPICE Save Defaults Operation Schematic Waveforms SFICE Save Defaults . . .
Defaut Itegration ethod!] - Defat integratin Methodl'] G, more damped oscillations than trapezoidal (see
() trapezoidal min: = () trapezoidal il = . . .
® modied trap ppsto:[ 1otz | O modhed Postol:[ 106 | this article from Mike Engelhardt). The absolute
() Gear Reltol: (®) Gear Reltal: m .
o D s e o[t ot D s sty o[ et | tolerances for currents and voltages are increased
e Tk 2 ] e s Tk 2 | to 1 pA and 1 mV while the relative tolerance,
i =ieeein Voltol: =i =Teppind Voltol: [ 0,001 . . .
R — sml; e lp— sm; reltol, is set to 1%. Finally, to improve
vortwente: | 3| MnbeteGmin: [ 00007 | o MnOckaGerin: [ 00001 | convergence, the g... conductance is set to 100
Matrix Compiler: | object code  ~ Accept 34 as 3.4K[] Matrix Compiler: = ohject code Accept 3K4 as 3.4K]] S
Thread Priority[]: | medium  ~ No Bypass['] Thread Priority["]: | medium No Bypass[’] p b
['] Setting remembered betwesn program invocations. [*] Setting remembered between program invocations.
I Reset to Default Values I Reset to Default Values
Annuler Aide e Bide

The simulation time for a 200-ms run with the default values is 417 s
With the modified setup it is 191 s

For a reason that | ignore, the settings are not saved in the .asc and are lost when you close LTspice.
For this reason, it is best to save them in a .options instruction placed in the schematic:

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


https://www.analog.com/en/resources/technical-articles/spice-differentiation.html
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The THD measured after a longer run, is around 2%.

Total Harmonic Distortion: 2.230136%

You can see below the output voltage with quite some switching noise and the computed values for the g
component (almost 0) and the d value. The error amplifier for the voltage loop is slightly below 4 V.
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It is then possible to test the transient response by adding a switch on the output rail.

V2
L .—@—.7
0
T fé—o R4
820p {Rupper}
R13 R3
FB
{RL*2} {RL*2}
R2 R5
2m {Rlower} StepSW 6 J_f Vi
L

PWL(0 0 250m 0 250.01m 5 450m 5 450.01m 0)
In this plot, the power is stepped from 5 to 10 kW and the response is stable,

with a good recovery. Simulation time is 511 s.

V(n001)

200ms 240ms 280ms

120ms 160ms



| have now inserted the voltage-mode PWM switch model operated in CCM. Diode D, is here to improve the

operating bias point calculation.

Ic=0

x4
X5
X6

R4
{Rupper}
R13
AL}
RS
{Riower)

7
La
Lb Le
<] SO0y 500y
1"';“‘ At e
10m 10m
VIl VIe
o o
= - v
Wa Vi Ve

SINE(0 {Vgpeak} {FLINE}) | SINE(0 {Vgpeak} {FLINE} 00 120)

L :

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

380.000V
Oms

VHIGH=5 VLOW= 100m

]

four 50 10 -1 I{Via)
Jfour 50 10 -1 I{Vib)
Jfour 50 10 -1 I{Vic)

«tran 0 300m 200m UIC

»
-PARAM Fline=50

.pamam Vgmms=120

PARAM Vigpeak={Vgrins*sgr{2)}

-PARAM Vamp={Vgpeak* 2}

MODEL TOFSW SW({Ron=25m Roff= 10Meg V=2 Vh=1)
-MODEL TOFD D{IS= 10e-18 RS=16m CJ0=500p

+M=0.4VI=0.75 ISR=720n BV= 1000 I6V= 100u TT=130n)
.

Jparam GFeV=20 ; magnitude at crossover *
Jparam PSW=-50 ; phase lag at crossover *
+

* Enter Design Goals Infermation Here *
.

Jparam feV=20 ; targeted crossover *
Jparam PMV=60 ; choose phase margin at crossover *
*

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

-param Vout=400

Jparam Pout=10k ; nominal is 5 kW
.param RL={(Vout)**2/ (Peut)}
.param Tbias=100u

Jparam Vref=2.5

Jparam Rlower={Wref/ Ibias}
.param Rupper={{Vout-Vref)/ Ibias}
*

* Do not edit the below lines *

.param boostV={PMV-PSV-30}

.param GV={10%**[-GfeV/ 20)}

Jparam kV={tan{[ boostVW/ 2+45)*pi/ 180}
Jparam fpl={feV* LV}

Jparam f2V={fcV/kV}

-param CIW={1/{ 2* pi*fc\* GNV*K\V* Rupper) }
Jparam C1V={C2V*{kV**2-1)}

* Components for the d loop *

-param Gfed=0 ; magnitude at crossover *
Jparam PSd=-100 ; phase lag at crossover *
*

* Enter Design Goals Infermation Here *
*

Jparam fed=2k ; targeted crossover #
.param PMd=60 ; choose phase margin at crossover +
*

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

Jparam Red= 100k

¥

* Do ot edit the below lines *

Jparam boostd={PMd-PSd-007 R1
.param Gd={ 10%*{-Gfed | 20)}

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

Jparam fzd=1{fcd/ kd}

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

.param R2d={kd/ [C1d*2*pitfed) }

*

10Meg

* Components for the g loop *

-param Gfeg=0 ; magnitude at crossover
Jparam PSg=-100 ; phase lag at crossover *
*

+ Enter Design Goals Infermation Here +
*

tamgeted crossover *
i choose phase margin at cressover +

Jparam Rdg= 100k
+

* Do ot edit the below lines *

Jparam boostg={PMq-PSq-507}

.param Gg={10%*{-Gfeg/ 20)}

.param kg={tan((boostq/ 2+45)* pi/ 180)}
-param fpg={fog* kgl

V(n001)

60ms

$ Bl
I=I(VIC)*V(D)

+

80ms

VIC

B2
V=V(a,p)*V(D)




The averaged transient simulation shows the exact same response as with the cycle-by-cycle exercise:
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Simulation time is9 s




It is now important to analyze all three loops in ac and feed the macro with the open-loop values. Before this step, the averaged
models are biased by fixed dc sources. | have arbitrarily set a time at which these sources are frozen, e.g. 15 ms in this example.
Before considering the ac results, it is important to verify that the bias points are correct, e.g. the output is well regulated and
the error, d and g voltages from the op-amps are meaningful. The .IC is gone on the output capacitor.

399.98007Vv
|
La R4
L] 820p {Rupper}
- —Kes " o R14
= x * . {RL}
[a]
w <
2m {Rlower}
L Da —Dc
La
500p deoo L
*
rla .PARAM w={2*pi*Fline}
PARAM t1=15m
10m

C‘ V2
— {Va}

.PARAM Va={Vgpeak*sin(w*t1)}
.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
.PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}
*
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]
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.param R2V={kV/ (C1V*2*pi*fcV)}
*

1
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172m
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The loops have to be individually swept. First, extract the control-to-output transfer function for the voltage loop.

o L R S S NVOUVAT | .
VHIGHSVIOWs100m  BammCIVI{CAVRK e B — V(VOUT)/V(AV) -
= :kparam R2v={kV/(C1 1348 e "
{c1v} {R2v} 29dB+ Cursar 1 T HV ( f ) -
FB ssazasgy | 2648 VVOUTRWAW) LH ( f ) e 35
— .85838
sézll sas] Fre:| 20022888Hz | Mag:| 31.957418dB @ v | . -42-
{\\1’3 o Vstini z::: Phase: 37.814821° O . | s
W=soe,  2ev uie- Group Delay: | 35767989ms | 3 -
ol == Plant - :
Rs Retd RO %_{04}_. ;?;;:: : 7:205
— 1Meg {Rdd} {R2d} {c1id} 40454 V(BV)/ V(AV) L1
10 Il | ;
1d I 30dB - 108°
j Redq {(’_:(;Zd} theta : oa] ATV ( f ) L 72
X12 % e [‘;T I ¢m - 36°
R11 F -18.455433 %%  Cursor 1 ; o
L ol VBVIAVIAV) e
fRdad om| Freq:| 19.899885Hz | Mag: | 10.191701imdE @ -
Plotting V(BV)/V(AV) gives the Phass: | 67.347913° O T,(f )‘
compensated loop gain. The control- 4ose- Group Delay: |  3587473ams | e
to-output transfer function is otz e oz 20 :HZ oo
obtained by plotting V(VOUT)/V(AV).
Simulation shows a gain excess of 32 dB
Type of sweep: | Decade V| .param GfcV=32 ; magnitude at crossover * and | purposely set the phase shift to -45°
Number of points per decade: | 100 | -.param PSV=-45 ; phase lag at crossover * (and not -32°) to force a type 1 response
Start frequency: | 100m | s f
_ : rom th 2 compen r. Ph
Stop frequency: | 00 | * Enter Design Goals Information Here * ° _t .e type 2 co fe sato ase
P TequeEncy: % margin is good at 67° in the end.

| am not that happy with the background and trace colors but this site helped for the selection.


https://www.rapidtables.com/web/color/RGB_Color.html
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Insert the ac source in the d
loop, keep the V loop
closed for regulation

purposes.

For the d loop, change the ac sweep range from 10 to 100 kHz in the LTspice control menu: Type of swezp:
Mumber of points per decade:
Start frequency:
Stop frequency:
V(RETd)/V(Ind
1545 ( )/V(Ind) Viretd)/V(INd) 80°
40dB-| e s - 60°
2245 Viretd)/V{INd) e
2448 ‘Hd ( f )‘ Freq:| 1.5950081KHz | Mag: | -1.1779216d8 @[ | 20°
16dB— Phase: 90958079 (O - O
8dB Group Delay: | BE8.074%6ns | - -20°
0dB- L a0°
8dB- - 60°
16dB- ) - 80°
24dB_ -------------------------------------- __."}Dn
32dB- e 1208
T 140°
50dB : 180°
40dB- i V(OUTd)/V(Ind) L 1440
30dB- - 108°
20dB— L 730
10dB— I ¢m ZTd ( f ) e
T e St
: - 0
10dB— Cursor 1 ) ) '
ods ] VIOUTd)V(ING) | 30
0qp | Frea:| 1.9848653KHz | Mag: [ 20.055711mdB @ - 72
A0dB- Phase: o0.810858° ':::' i . T f -108"
50dB- Group Delay: | 762.90076ns | Compensated d loop gain ‘ a )‘ ey
60dB{——— ——— . —————— :. —— . . - 180°
10Hz 100Hz Kz 9 kHz 10KHz 100KHz




For the g loop, keep the ac sweep range from 10 to 100 kHz in the LTspice control menu: Type of sweep:
Mumber of points per decade:
Start frequency:
Bbﬂdﬂw Stop frequency:
R3 184B V(RETq)/V(Inq) V(RETq)/V(ing) T0°
im 40dB-|’
Ve gy T )
16dB- e 0
X11 el s AN ——
: - 97°
R7 Cc4 R13 0dB— Cursar 1 :
A A e BdB— VIRETq)*Wiing)
{R2d} {cCid} CLP: -;i:g: Freq:[ 2.0018679KHz | Mag: | -1.2455703d8 @®
S :32dB— Plant Phase: -00.61925° ] .
H INd & d ADdB : 125"
{€2d} INg—*—|q 80dB— '~ - 180°
C6 theta™——=="thi  g4dB- T (% : V(OUTQ)/V(Ina) | 444
; zel  48dB- ‘ q( )‘ : L 108°
12 Vstim( "o 32dB- : T (1) g
AC 1 — | 1EdB_ ¢ q | 3_Eu
¥~ -0,6418 065V OdB e T e WM e I
STt -16dB— Cursor 1 E ~ -36°
32dB4 VIOUTglV{IMg) L 70
Insert the ac source inthe q  48dB-{ Frea| 20464672KHz | Mag: | -207.38203mdB @ | : - 108°
64dB- rase: | e0.67725 o] COMpensated g loop gain | e
loop, keep the Vand d 80dB — = - 2I2H' - N [pres
loops closed for regulation 10Hz 100Hz 1KHz Z 10KHz 100KHz

purposes.



IMZAZSRO08M1H_LOD

IMZAZSRO08M1H_LD

IMZA7SRODSM1H_LOD Vaut . .param GfcW=20 ; magnitude at crossover *
)J J l_.I. .tran 0 300m 200m uic .param PSY=-90 ; phase lag at crossover *
£ x
N o Enter Design Goals Information Here *
Pﬂ u7 |=1, U = U1l e Ra PARAM Fline=50 g
Sh — st | TIc=0 -param Vgrms=120 fcV=20 ; targeted
820 {RupperH .PARAM Vgpeak= {Vgrrns sqrt(2)} e Usl= g crossover *
ShpG ScpG T P‘ARAM Vamp={Vgpeak*2}
F {RL} four 50 10 -1 1(Via) i Enter the Values for Vout and Bridge Bias Current *
| I— 2 RS .:DLII‘ 50 10 -1 I(Vib) .param\n’nut=400
|.m. us =1 UlD 1= U12 = {Rlower} four 50 10 -1 1(Vic) .param Pout=10k ; nominal is 5 kW
San Shn — Sen 1 m .LIB IFX_CoolSiC_Geni_Industrial_750V.lib .param RL={(Vout)**2/(Pout)}
KT KT .model .model MUR160 D{IS=7.4f RS=50m C10=17p -param Ihias=100u
+M=0.50 vj=0.75 ISR=940p BV=600 ibv=100u tt=120n) -Daram\lll'lref=2-5{vmnb_ 3
Jparam ower= 135
IMZAFSRO08M1H_LO IMZAFSRO08M1H_LO IMZAFSRODSM1H_LO — .param Rupper={[Vout-Vref)/Ihias}
®
i S * Do not edit the below lines *
.param boostV/= iPM\!-PSV-SO}
00 Lb Lo R3 Mun15R15 .param GV={10%*(-Gfcv/20)}
" 500p 500p 18 O .param k\!={t.an(£boust\l’.l’2+45)*pi.l'lSO]I}
.param fpV=_fcV*kV}
.param fzV={fc\//kV}
rla b . .param C2V={1/{2*pi*fcV* GV kV*Rupper)
10m " e .param C1V={C2V*(kV**2-1)}
10m 10m param R2V={ k([ C1V* 2% pi*fcv)
4 +
< - 2
L] m
P b :[ze ET z [z2
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| have then imported SiC transistors from Infineon and, as expected, the simulation time is longer (25 mn)

* Components for the d loop *
.param Gfcd=0 ; magnitude at crossover ¥
Jparam P5d=-100 ; phase lag at crossover *

< Enter Design Goals Information Here *

sparam PMV=60 ; choose phase margin at crossover *-pParam fod=2k ; targeted crossover *

11
{C2q%}
c7y

PULSE(-2 2 0 16.6u 16.6u 1p 32.33u)

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 bDDstd=iPMd-P5d-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 Cld={C2d*(kd**2-1)}

.param R2d={led/(C1d*2*pi*fed)}

*

* Components for the q loop *

.param Gfcqg=0 ; magnitude at crossover *
.param PSq=-100 ; phase lag at crossover *
=

* Enter Design Goals Information Here *
®

.param fcg=2k ; targeted crossover *
sparam PMg=60 ; choose phase margin at crossover *

sparam Rdg=100k

* Do not edit the below lines *

.param boostg={PMq-P5q- 90}

.param Gg={ 10" *(-Gfcg/20

.param kgq= {tan((boustq.fZ+45]l*pl.leO}}
.param fpg={fcqg®kg}

.param fzq={fcq/kqg}+

.param C2q={1/(2*pi*fcq*Gqg*kq*Rdq) }
.param Clq={C2d*(kqg**2-1)

jparam R2q={kqg/(C1q*2*pi*fcq)}



Before picking up a MOSFET or a SiC model, it is crucial to check its accuracy, in particular its switching characteristics. It is important to note
that the switching characteristics of a transistor like a MOSFET or a SiC heavily depend on the below elements:

- Junction temperature

- Driver: output impedance, on and off drive levels, network in series with DRV output (diode/resistance), distance to gate etc.

- Power distribution network: what are the stray elements characterizing the traces/wires bringing the voltage/current variables to the
connection pins of the transistor (resistances, inductances and capacitances)

So before running a long simulation, make sure the adopted model is of good quality. One way to check its basic switching properties, is to

characterize it with a double-pulse test. Extract the energy at turn on and turn off and check with the data-sheet (reproduce the same test
setup as in the document of course, current and voltage).
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The energy can be measured by zooming-in the instantaneous power waveform:
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Excellent results, with a THD at 2.3%.
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It is also possible to add a 3"-harmonic modulation to improve the current distortion. In motor control, adding a
third harmonic helps increasing the modulation index up to 115% as documented in this article. Adding this offset in
LTspice requires the implementation of the so-called min/max injection technique. The idea is to build a 150-Hz (for
a 50-Hz line) carrier that will be added to the original signals computed by the dq0 block.
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This idea has been kindly contributed by Teddy Bonnin from Cissoid — Merci !
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The resulting 150-Hz triangular carrier is then added as an offset to the dqO signals before entering the PWM comparators:
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Total Harmonic Distortion: 2.005869% with 39 harmonic injection
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