“param GHoV =20 ; magnitude at crossover *

<param FEV=-90 ; phase lag at crossover ¥
=

* Enter Design Goals Information Here *

-

Jparam foV=20] targeted crossover *

param Vout= 800

Pout=10k ; nominal is 5 kW
“param RL={{Vout / 2y**2/{Pout / 2)}
*

-param Tikas = 100u

param Vref=25

Jparam Rkowser= {Vinet | Thias }
param Ruppers {{Vout-Vref ) Thizs )
=

* Do not edit the below lines *
param boostv= ﬂm—l’ilfﬂ]
Jparam GV = {107 -GV | 20
Jparam k= :hnllbonstﬂbls: "pl{ 18O} }
Jparam fpv= {fcV kV}
“param fzvV={icV/kV}
_pram CV= {1 { 27 eV GV R " Rupper)
param C1V={CIV{kV""2-11}

°§

SINE{D {Vgpeak} {FLINE})

SINE{D {Vapeak} {FLINE} 00 120} SINE{D {Vgpeak} {FLINE} 00 240)

param R2V= (kv {CIV 2 pi"fcV )}
"

tran 0 120m &0m uic

Options abstol= lu witol= 1m reftol=0.01 gmin= 100p
+method=gear

.
JFARAM Fline=50

Jparam Vigrms= 230

JFARAM Vgpeak= {Vgrms "sqri{2)}
JFARAM Vamp= {Vgpaak <2}

JOIDEL TOFSW SW{Ron= 25m Roff = 10Meg Vi=2 Vh=1)
500p

JMODEL TOFD D{IS= 10e-18 RS= 16m C10=.

+M=0.4 V] =0.75 ISR =720n BV = 1200 IBV = 100u TT= 130n}
*

:D_ R19 Pt
10k

X1o
RT 4
1L

i

EES

gh"i‘i‘

L
{R2d} {Cld}

_“_

-param FMV=60; choose phase margin at crossover ™
=

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

¥ Components for the d loop *
Jparam Gfod=0; magnitude at crossover ¥
Jparam F5d=-100; phase Lag at crossaver *
.

mmmmmm

mnl\mzm

crossover *
mnl‘li‘l 80 ; choose phase margin at crossover

mummvmnmmcum'

Jparam Rdd= 100k
=

Jparam Gd={10"*{-Ghcd/ 20) }

<param kd={tan{{boostd/ 2+ 457"/ 1301}
param fpd= {fod*kd}

Jparam fzd={fcd/kd}

_param C2d={ 1/ { 2*pifcd*Gdkd"Rad) }
Jparam Cld={C2d"{kd**2-1}}

param R2d= {kd/{C 142 pi"fod) }

*

* Do ot edit the below lines *

= { FMgq-F5q-30}
Jparam Gg={ 107*{-Gfcg/ 207}
mﬂﬂl ﬂﬂlllimﬂ A5)"plf 180)}

mn 'M:llﬂﬂfﬂl}

sparam C2g={1{{2"pi"tcg"Gq"kq"Raa) }
<param Clg={C2d*{kq**2-1)}

sparam R2g={ka/{Clq"Z"pi"fcal }

.

four 5010 -1 HVia)
four 5010 -1 {Vibj
four 5010 -1 HVic)

{C2d}

T theta———

—(——

et

ﬁ!
i

8

:

§

H11

B ESE

R10 5

{R2q} {Clq}

_”_
iC2q}

w =30 kHz
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A WT Microelectronics Company

This is a 10-kW 3-phase neutral-
point-clamped (NPC) power
factor correction converter. The
circuit uses dg0 loops to provide
low distortion input currents. The
two rails are regulated at 400 V
but | did not add more loops for
ensuring voltage balancing
between rails. Please note that
the computed d and q setpoints
need to be reversed before
entering the current setpoints
reconstruction blocks. Deadtime
are provided between the
switching events of transistors
1/3 and 2/4.

Christophe Basso
March 2025 — Rev. 0.36



V., =110V rms, P_, = 10 kW — THD ~5%

106V V(vupper) V(vlower)

405V
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V., =230V rms, P_, = 10 kW — THD ~6%

106V V(vupper) V(vlower)

405V~

404V

403V

402V

401V _ _

oov. : - © O e O O > O O
399V

398V

397V

396V

395V

I(Vla) 1{\VIb) I(Vic)

AN

T T T T T T T T
Oms 9ms 18ms 27Tms 36ms 45ms 54ms 63ms T2ms 81ms



Jparam Gfcv =20 ; magnitude at Crassover

* Components: for the d loop ®
Jparam PSV=-30 ; phase lag at crossover ¥
*

Jparam Gfed=0] magnitude 3t crassover *
Jparam P5d=-100 ; phase lag at crossaver *
.

* Enter Design Goals Information Here ®

.

Jparam fcvV=20 ) tangeted crossover ©

Jparam PMV=60 ) chotse phase mangin at Crassaver *
=

* [Enter the Values for Vout and Bridge Bl Current *
=

* Enter Design Goals Information Here ®
®

Jparam tod= 2k ; targeted crossover ¥
param PMd= 60 } Chodse phase margin at crassover
=

* Enter the Values for Viout and Bridge Bixs Current *
. param Wout=800
_param Rdd= 100k Jparam Pout= 10k ; nominal is 5 kW
= Jparam RL= {{Vout [ 2)**2/{ Pout 2]}
* Do not edit the below lines * *
sparam boostd= {FMd-F5d-30}

Jparam Gd={10"*{-Ghcd/ 20} }

param kd={tan{{boastd/ 2+ 45)"pi/ LEO)}
param fpd= {fod*kd}

param fad={fcd/lkd}

Jparam C2d={1/{ 2*pi"hod"Gd"kd " Rdd i}
Jparam Cld={C2d"{kd**2-1}}

param Rad= {kd/ {C1Ld* 2 pi"fod)}

.

Jparam Ibias = 100u

Jparam Vref=25

_parsm, Rbowesr = (et | Thiss }
e Rupper= {{Vout-Wref] /Thizs }

* Do not edit the below lines *

Jparam boostV = {PMV-FSV-30}

Jparam &V ={107*{-GfcV ! 20]}

Jparam kW = {tan{{boostV | 2+ 45)"pl/ 1803}
Jparam fpv = {feV kv }

_param £2V= {feV kv }

param T2V ={1/{ 2*pi*fcV "GV kV "Rupper |}
Jparam CIV={CIW={kV™*2-1}}

sparam R2V={kV{{CIV2"pi*fcV )}

.

* Companents: for the q koop *
Jparam Gfeg=0] magnitude 3t crassower *
2 phase kg ot crossover ©

Jparam fog= 2k ) tangeted crassover *

Jparam PMg= 60 | choose phase margin at crassover *
®

Jparam Rdq= 100k

=

* Do et edit the below lines *

_param Beast= {PMG-F5SI-90}

Jparam &= { L0 {-Ghog/ 200}

Jparam kg={tan{{boastyy 2+45)"pl/ 180} }
sparam fpg={fog*ka}

sparam fzq={fca/ka}

Jparam C2g={1{/{2pi"toq"&a"kq " Raa) }
Jparam Clg={C2d"{kq™*2-1)}

Jparam R2g={kq/ {Clq 2 pi"teq)}

.

four 50 10 -1 Hvia)
four 50 10 -1 HVib)
four 5010 -1 Kvic)

F., =30 kHz

=

12

M

FER
|
\{/

S

| ca
T =350
N e
{RL=2} {Roupper}
Vi
10m
Stepswil
PFWL{0|0 330m 0 330.01m 5 £80m 5 £80.01m 0)
o_2 FB—4 Wi
=]
T =350
2m ;ms 15
RL*2 Riower
L ¥ | * e
17
10m StepSW2
PWL{0|0 330m 0 330.01m 5 £80m 5 £80.01m 0}
100n
- Ly B La
L Lb e s Yot Vo_2—" i —y
5000 ik
500w 500y R4
ik :
ria b (3
10m L0m 10m -tran 0 520m 300m uk
VIb Vic .options abstol= lu vntol=1m reftol=0.01 gmin= 100n
a a +method=gear
a w "
PARAM Fline=50
va Vb e _param Vgrms= 230
JPARAM Vapeak={Varms *sart[2)}
JPARAM Vamp= {Vapeak*Z}
SINE{D {Vapeak} {FLINE}) SINE{0 {Wgpeak} {FLINE} 00 120) SINE{D {Vgpeak} {FLINE} 00 240) JMOCEL TOFSW 5W{Ron=25m Roff=10Meg Vi=2Vh=1)
= i MODEL TOFD D{I5= 10e-18 RS= 16m C10=500p
1 LI +M=10.4V]=0.75 ISR =720n BV = 1200 I8V = 100u TT=130n)
LIV} "
15
{CIv} {R2V}
FE——{* R13
E1 E2 E2
10k
H1 H2 wa V6 L
= = PWL{D 0 20m {Vref
WL S VIc 60m 1 1 1 e :D— R13 x1a
10k
10
- S,
¥13 X1 |
= Ridd R2d} {Cld
o = - 1Meg {Rdd} {R2d} {Cld}
Vb theta I ~ J}
Ve———Vc b 4 {Cad}
2 'c_'_r theta @ 6 theta—
<
R1L I—D_
x9 15 {Rda} 4’7 11 1o 1
Outh |—Gal Outh [ —Gh1 1 x20
u cl . == oy
DT=350n DT=350n {R2a} {Cla}
1l
14 X16 1
- - iC2q}
= _: - . <
DT=350n DT=250n

FULSE{D 2 0 16.6u 16.6u Lp 33.33u)

E\{/ﬁ
]

Y

i

;

va
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Transient load
simulation
from 50% to
100% loading.



In this example, the load is stepped from 5 to 10 kW, V.. = 110 V rms
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In this example, the load is stepped from 5 to 10 kW, V.. =230 V rms
108V V{vupper) V(vliower)
et Y VAN AN A N G SN N ¥ S SO ¢ S S S ¥ N L S S
wl AN AR
) )
392V VOUt(t)

s




D16
TOFD

SINE{D {Vgpeak} {FLINE}) SINE({D {Vgpeak]} {FLINE} 00 120)

<tran 0 110m: &0m wic

<options abstol= 10u wntol= 10m reftol=0.01 gmin=1n
+ meethod=gear

-

JMODEL TOFSW SW{Ron= 25m Roff = 10Meg Vi=2Vh=1)

JMODEL TOFD Dy IS= 10e-18 RS= 16m C10=500p

+M=10.4V]=0.75 ISR =720n BV = 1200 IBV = 100u TT=120n}
=

four 50 10 -1 H{via)
four 50 10 -1 Vil
_four 50 10-1 H{Vic)

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

* Components: for the d kop *
“param Ghod=0; magnitude at crossover ©
param PSd=-100 ; phase kg ot crassover ©
=

mmmmmm

mnrulit

targeted crassover *
mnm 60 ) choose phase margin at crossover ©

* Enter the Values for Vout and Bridge Bixs Current =
-

-param Radd= 100k
"

¥ Do not edit the below lines *

_param bosstd= {PMd-PSd-90}

<param Gd={10%%{-Ghcd/ 200}

_param k= {tan{ {boastd ! 2+ 45)"pi/ 190)}
“param tpd={fcd*kd}

_param fzd= {fed) b}

<param C2d={1/{ 2"pi"Tod"Gd " kd "Rad ) }
param Cld= {Cad"{kd*2-1)}

param R2d={kd{{C1d"2"pi"fcd] }

*

=
JPARAM Fline=50 1 network frequency

-param Vgrms=110; per phase line-neutral voltage
"

FARAM Vopeak={Varms*sqrt{2)}
JPARAM Vamp= {Vgpeak*2}
=

_PARAM PWin| =20k | injectad power in watts
PARAM POIN| =3k ; wanted VARS

PARAM Ri=60m | current sense value per phase
.
FARAM w={2"pi"Fline}

JPARAM tl=5m
JFARAM theta=t1"Fline™2%pl ; angle in radians

=
Jparam fog=2k ; targeted crassover ©

*
param Rdg= 100k
=

Jparam Ga={ 0% -Gtcg/ 205}

“param lkg={tan{{boostq 2+ 45)"pl/ 180} }
<param fpg={fcq*kq}

-param fzq={fca/ka}

Jparam C2g={1/{2"pi"feq"Ga kg Rdq)}
Jparam Clg={C2d"{kg**2-1]}

Jparam R2g={kq/{Clg*2"pi*teq)}

=

SPARAM RL={{Wgrms "2/ FWin| ]*3} ; equivakent ko resistance per phase

PARAM Va= {Vopeak sin{theta)} ; phase 3 voltage ot time t1

_PARAM Vb= {Vapeak sin{theta-27pl/ 3} ; phase b voltage at time t1
PARAM V= {Vapeak sin{theta-47pi/3)} 1 | phase ¢ voltage at time t1

JPARAM la={Va/RL}: current at time t1 in phase a
JPARAM ib={Vh/RL} ; current at time t1 in phase b
J'AMHM: {Vc/RL} ; current at time t1 in phase ¢

PARAM wd= {sqrt{2/3) Zpl 35V 2opif3yve]}
PARAM wg= {sqrt{2/3) mmqum:-v: cos({theta-2vpl /3y Wb+ cos{theta+ 2=pl 3" Vc]}
PARAM kd={sqrt{2/3)"{sin] ol -Z%pif3) 27pi{ 3]}

PAMHH: {=grif2/3y ionﬂm: iz + cos{theta-2%pl/ 3)ib+ cos{theta+ 2%l /3 ic) }

PARAM VASET={{PWinj-kd*vq)"Rijvd} ; calculated setpoint for the d value
PARAM VOSET={{idva-POin] J*Rijvd} ; calculated setpoint for the g value
.

In inverter mode, the voltage-
regulation loop has disappeared
since the dc rail is now fixed by
the 800-V battery in this
example. The setpoint of the d
and g inputs are now externally
set by a microcontroller for
instance. For instance, if my
solar panels delivers an excess
of 20 kW of power, | can reinject
this level into the grid and d
must be programmed

accordingly. Similarly, | can set
the reactive power in VARs to 0
via the g setpoint or, depending
on the impedance | want to
offer — inductive or capacitive — |
can set the level of VARs by
programming the g setpoint.

»
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u ’%jm . 55% % m#m .
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va g . W2
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*

.PARAM Fline=50 ; network frequency
.param Vgrms=110 ; per phase line-neutral voltage
*

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

.PARAM PWinj=20k ; injected power in watts
.PARAM PQinj=8k ; wanted VARs
Vi .PARAM RL={(Vgrms**2/PWinj)*3} ; equivalent load resistance per phase
.PARAM Ri=60m ; current sense value per phase
*
.PARAM w={2*pi*Fline}
.PARAM t1=5m
.PARAM theta=t1*Fline*2*pi ; angle in radians
.PARAM Va={Vgpeak*sin(theta)} ; phase a voltage at time t1
.PARAM Vb={Vgpeak*sin(theta-2*pi/3)} ; phase b voltage at time t1
-op .PARAM Vc={Vgpeak*sin(theta-4*pi/3)} ; ; phase c voltage at time t1
.PARAM ia={Va/RL} ; current at time t1 in phase a
.PARAM ib={Vb/RL} ; current at time t1 in phase b
.PARAM ic={Vc/RL} ; current at time t1 in phase c
*
.PARAM vd={sqrt(2/3)*(sin(theta)*Va+sin(theta-2*pi/3)*Vb+sin(theta+2*pi/3)*Vc)}
.PARAM vq={sqrt(2/3)*(cos(theta)*Va+cos(theta-2*pi/3)*Vb+cos(theta+2*pi/3)*Vc)}
.PARAM id={sqrt(2/3)*(sin(theta)*ia+sin(theta-2*pi/3)*ib+sin(theta+2*pi/3)*ic)}
.PARAM iq={sqrt(2/3)*(cos(theta)*ia+cos(theta-2*pi/3)*ib+cos(theta+2*pi/3)*ic)}
*

2.5193466V vqSET
6.2983665V vdSET

V2
{VqSET} — / {VdSET}

&
0

]
]

.PARAM VdSET={(PWinj-id*vq)*Ri/vd}
.PARAM VqSET={(id*vq-PQinj)*Ri/vd}

The injected power in watts and the wanted VARs have to be transformed into d
and g quantities for programming the currents. This is what is done through this
macro, accounting for the sense resistance of 60 mQ in this example. For a 20-
kW absorbed power, the value for d is 6.3 Vand is -2.52 V for a 8 kVARs or
reactive power. The apparent power is estimated to be 21.54 kVAs.

Should you want to inject power instead, simple change 20 kW to -20 kW.



Simulated currents for the 20-kW absorbed power and 8 kVARs — the current leads the voltage, this is a capacitive impedance.

180V V(vc) I{Vic) 100A
150V L g0A
s -
ol L 40
30V-| - 20A

ov- - oA
30V L 20A
:ggx: L 40a
120V - G0A
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::g: V(vb) 1(VIb) :ggi
150V L g0A
s -
vl L 40
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oV - oA
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:ggx: L 40
120V ~ -60A
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180V 100A
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1533/ \
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150V . . L 80A
180V 100A
100A 1(VIb) I(Vic)
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These are the three instantaneous powers per phase: 6.6666k + 6.667k + 6.6668k = 20 kW

Vic,NFI(Ve)

Pl

[ Waveform: V(c,N)*I(Ve)

Irterval Start:

ICE convention which considers:a

Interval End:

positive current when it leaves the

Average:

neg..terminal of a device. Here, the

current leaves the “+” of the ac source Integral:

V(b,NJ'I{Vb)

—

& Waveform: V(b,N)*I(Vh)

Imterval Start

Average

Irteqral

3
pb(t) Interval End; I
|

V{a,Ny1{Va)

-10KW+

T Waveform: V(a,N)*I(Va)
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pC(t) Interval End:
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|
|

Awerage: | -6.6663 KW
|
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Now isolate one or two line periods (40 ms here) and determine the rms currents in each phase

Imterval Start: |

|
Interval End: | 40ms |
Average: | 1.1685mA |
RMS: | 65.282A |

I(Vib)

Interval Start:

40ms
-1.5621mA
65.277A

Irterval End:

Average:

RMS5:

I(Vic)

Irterval Start:

| |
Interval End: | |
Bverage: | B9314ps |
| |

RMS:

T T T T T T
4ms 8ms 12ms 16ms 20ms 24ms 28ms 32ms 36ms

A40ms



Always true

You can now determine the VAs per phase and sum for the total value: regardless of

S :Vrmslrms [VA]
waveforms
Phase 1, P=65.282 Ax 110V = 7.181 kVAs P-V | -COS((p) [W] Sinusoidal
Phase 2, P=65.277 Ax 110 V = 7.18 kVAs e e = waveforms
Phase 3, P = 65.278 Ax 110 V = 7.18 kVAs Q =Vl -Sin(@) [ VAR]
S=P+]JQ
The apparent power is thus the sum of these numbers or 21.54 kVAs 1T Always true
The VARs are thus: = ?jv(t)-i(t)-dt “— regardless of
0
o W [VAR] waveforms
Q = /21.54k? — 20k? = 7.9982 KVARSs PE — [W] _ Vims i cos(¢) = cos(g)
[VAR] 8k [VA] Vi lims
tan(¢@) = = =04
(9)="5 = 0% =) an(p) - [VAR]
[W]

In the next simulation, | have changed the VARs to -8 kVARs and the inverter will now offer an inductive impedance.
Changing the impedance of the inverter helps stabilizing the grid voltage when its value tends to be higher or lower than the
specified value (+/- 10% on average over 10 mn, Enedis). By adjusting tan(phi) — which is Q [VAR]/P [W] — you have a means
to compensate these voltage variations while you inject in the grid. This excellent video (in French) explains these
phenomena in details.


https://www.youtube.com/watch?v=i6xMLiSxgvM

Simulated currents for the 20-kW absorbed power and -8 kVARs — the current lags the voltage, this is an inductive impedance.

V(vc) I(Vlc)

180V 100A
150V . i - 80A
120V L son
90V

6oV - 40A

0V - 0A
30V - 208
60V - 40A
90V
120V - 60A
450V A ~ -80A
18OV T i A100A
180V (vb) (Vib) 100A
120V L coa
90V

6oV L 40A
30v] - 20A

ov- - oA
-30V+ - 20A
60V - -40A
90V
120V - S0A
150V . . - -80A
180V v — -100A
180V va) e 100A
150V - e _ .
120V L coa
90V

sov- - 40A

oV - 0A
-0V - 208
v - 40A
90V
420V - 80A
450V _ . - -80A
180V T T T T T T T T T -100A

Oms S5ms 10ms 15ms 20ms 25ms 30ms 35ms 40ms 45ms 50ms

tan(¢)=-0.4



Looking at the 30-kW Vienna demonstration board released by Microchip and described here, | thought | could

try to add a compensation for imbalanced outputs in this NPC inverter:

Output voltage control 3 phase PFC contro

B

-

Output caps.
voltages

e | a theta
a (v) <+
1 2% } 3 1/6 1
, , 1 s F T
Error voltage Correction
voltage

Angl re

B3 B4

V=cos(V(theta)*3)*(1/6)

3-level modulator

+ e I P4~

X |+ EHE)—{PR] P
s i =

i ! - i

In this PSIM simulation circuit, the voltages
across the low- and high-side capacitors are
subtracted to generate an error voltage. The
proportional coefficient is quite small, this is
obviously a low-gain loop. The correction
factor is made by taking the cosine of the
angle, affected by some gain and added to the
error voltage. The whole result is then biasing
the 0-sequence input of the dg modulator. It
is an interesting way for implementing the
correction in this 3-level rectifier.

Loop implementation for compensating imbalance

V=IF((V(DiffV)+V(Angle))>1,1,IF((V(Diffv)+V(Angle))<-1,-1,(V(Diffv)+V(Angle))))


https://ww1.microchip.com/downloads/en/DeviceDoc/MSCSICPFC-REF5-3-Phase-30-kW-Vienna-PFC-Reference-Design-DS50002952A.pdf

Vout param GicV =20 ; magnitude at crossover * * Companents for the d koop
_param FSY=-90 ] phase kg 2t crossover © _param Gfed=0] magnitude 3t Crassover ©
H

=:} * Enter Design Goals: Information Here ® =
T 1ic=350 = * Enter Design Goals Infarmation Here *
am Jparam fov= 20 | targeted crassover *
?1‘ ?“ sparam FMV =60 ; choose phase margin at crossover * Jparam fod=2k ; targeted crossover ¥
RLku} Rupper} = param PMd=60 ; choose phase margin at crassover *
R3 * Enter the Values for Vout and Bridge Bixs Current = =
D17 10m =

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

o0 o s oo 5. o e 1000 * imbalance coefficient *

Jparam RL= {{Vout/ 2j**2/{Pout/ 2]}
.

o2 - p— e e .param ku=0.96 ; 1 is fully balanced load
o o= (et {iac} Feram bl {ean{{boastd 2¢ ASYFpi/ 1803} . . .
|a o - (o vt - .param Gceorr=0 ; final gain to O-input of
D18 T IC=350 ¥ =
TOFD TOFD 2m 18 15 'Dnllﬂcﬂﬂl_ehﬂnﬂm' mwfllﬂl:ﬂ':::ﬂ'ﬂ'uwﬂ
iy ey T =22V 0) o U dca 1) dg modulator
= _param KV = {tan{boastV 2+ 45)*pl/ 180)} 5 *
0m oty v * Companerts for the qtoop *
mmfu“]:""gwww” mﬂm:ﬂ;mﬁmdm'
e e e ) e —
10an 4 - * Enter Design Goals Information Here © . .
— % Coeff t ku hel
) : O I o T L ——— oefficient ku helps
500y = oo 1k Jparam FMq=60 : choose phase margin at crossover
{ e i | purposely
a * Do not edit the bebow lines
o Lm 1om * b mtarce cosfficlet * oo Gas (10 e 2] R16 1 b | h I d
e a5} 1 I fully halancad load e param kq= {tan{{boosta/ 2+ 45)"pl/ 190} Im a ance t e Oa S-
- param Goorr=0.5 final Gain ta 0-nput of da modutator e {RL*ku}
G 0 ?ﬂﬁmﬁmmzmmzuiwmzm -param C2g={1/{2*pi*tcq"Ba"ka Raa)} With G = O the
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. o - (nf (1 Zoca} corr 4
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In this mode, the voltage difference between the two capacitors is around 15.3 V, each load is imbalanced by 4%
from their nominal value.

Vivupper) Vivlower)

407.8 V on average

392.5V on average

I(Via) I{Vib) I(Vic)

S4A
ADA

NNANS AN

-2TA—
-36A
A5A—

H448
0ms EIms ‘1Bms E?rns EGms 45ms Edrns f‘3ms ?Erns B1ms

V., =110V rms




In this mode, the imbalance loop is closed and the two voltages are almost identical at 400 V each. The
coefficient is set to 0.5

MoMoMoQoQo
NSO

V., =110V rms



In this mode, the voltage difference between the two capacitors is around 18 V, each load is imbalanced by 4% from its
nominal value. The voltage is still diverging.

Vivupper) V(vlower)
18V

24 |(Via) I{Vib) I|Vic)
204

16A
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447
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BA
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-16A
204
244

I]r1|1s EIms ‘1Bms ETms EGms riﬁms ﬁrims f‘3ms TEms B1ms

V., =230V rms



When the loop is closed, the two capacitive voltages are well balanced.

Vi{vupper) Vivlower)
£

247 I(Via) I{Vib) I|Vic)
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Oms 9ms 18ms 27Tms J6ms 45ms 54ms 63ms T2ms 81ms
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High-line transient step on both outputs, voltages remain well balanced
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ia ib ic
R3 RS R6 Gat
1om 10m 1om
u L2 13
° 5000 55000 ° Y5000
< <

Ha Ho He
| | |
a b °
ia i 3
6om 60m 0m
SINE SINE SINE
Vi=(Vgpeak}
va ‘gpeak] Vo ‘gpeak} Ve
FREQ={Fline} FREQ={Fiine} FREQ=(Fline}
DELAY=0 PHASE=120 |y PHASE=240
Ra
16
1w Vout U 1w Vout L
Vup Viow
Rz co Ro c10
= 1000 100n
£
1 = <
c2v

Vout Vo_2

|
theta

DIy Angle corr

B14 81
ES (116)

Q13a

R13

{Rda)

AND 2y14

Q24a

{R2q)
e

(c2q)

Qi3p

Verrd

.PARAM Fline=50
b1 ot .PARAM Vgrms=110
+ ]5“’ Toro N ]5‘2 Toro s {§5pe PARAM Vgpeak=(Vgrms*sqrt(2)}
amic=3s0 | s _PARAM Vamp={Vgpeak*2}
= = (RL) .
MODEL TOFD D(IS=10e-18 RS=16m CJO=500p
R22 +M=0.4 VJ=0.75 ISR=720n BV=1200 IBV=100u TT=130n)
2m *
©Gb2 4 o2 * imbalance coefficient *
.param ku=0.96 ; 1 is fully balanced load
= — .param Gcorr=0.5 ; final gain to 0-input of dq modulator
FB
Gb3 Ged 4 s13 Dé'u ot Duty ratio Gaz ., [Ruty ratio
] TOFD D10 =12 s G2LIN [puty cycle| G2 IN [Duty cycle|
- - RI7 ! .
®) I I
R15
2m Rz Duty ratio Duty ratio
Gat Gb4 Gea (Rlower) Ga3 Gat
S ot j‘:ﬁ%m 7 ]sa Soro GOIN Dﬁl_yll_:lj:le Gt IN | Dmle
- - - I I
Ga3 Ga2 Gas b3

U4t
Inverse_dq0_cl

¢

q

ia
ib

* Components for the q loop *
.param Gfcq=0 ; magnitude at crossover *
.param PSqg=-100 ; phase lag at crossover *

* Enter Design Goals Information Here *

.param fcq=2k ; targetted 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 kg={tan((boostq/2+45)*pi/180)}
_param fpg={fcq*ka}

.param fzq={fcq/kq}

.param C2q={1/(2*pi*fcq*Gq*kq*Rdaq)}
.param C1q={C2d*(kq"2-1)}

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

Gb2 Gb4 Get Ge3

Q24p Qi3c

AND 2y34

* 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 C2 /(2*pi*fcd*Gd*kd*Rdd)}
_param C1d={C2d*(kd"2-1)}

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

Ge2 Ged

Qe

.param GfcV=20 ; magnitude at crossover *

.param PMV=60

Q24a

.param Vref=2.5

{R2q)
©cla

Verrq

zero0 ic
ta

thet

corr

theta

6
{Georr}

.param fp'
.param fz\

at3c

Q24c

\;Z |

s

.param VHIGH=

3
:
:
@
:

.param Vout=800
_ .param Pout=10k ; nominal is 5 kW
2z .param RL={(Vout/2)"2/(Pout/2)}

Qi3b .param Ibias=100u

.param PSV=-90 ; phase lag at crossover *
* Enter Design Goals Information Here *

Qi3a .param fcV=20 ; targeted crossover *
; choose phase margin at crossover *

* Enter the Values for Vout and Bridge Bias Current *

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

Q24b * Do not edit the below lines *
.param boostV={PMV-PSV-90}
— .param GV={10"(-GfcV/20)}
.param kV={tan((boostV/2+45)*pi/180)}
CV*kV)

_param C2V={1/(2*pi*fcV*GV*kV*Rupper)}
.param C1V={C2V*(kV2-1)}
.param R2V={kV/(C1V*2*pi*fcV)}

* Choose op amp characteristics *

.param AOL=90 ; open-loop gain in dB *
.param POLE=30 ; low-frequency pole *

; upper output level *
.param VLOW=100m ; lower output level *

* Do not edit these lines *
.param gm=100u

_param GAIN={10(AOL/20)}
.param COL={1/(6.28*(GAIN/100u)*POLE)}
param ROL={GAIN/100u}

The NPC PFC is also available in
SIMetrix and simulates well.
The loop for balancing the
capacitors is also implemented
here.
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The two loads are imbalanced by 4% and the loop does its job perfectly by
keeping the same 400-V voltage across each output capacitor. The distortion
is kept at a low level, V;, =110V rms and P_, = 10 kW.

N/ N /"\ oW AWAVAVAW 4
, g g~ VN g~ g~ VN g V- _ N
N7 N /7 N /7N 7/ N /N 7N/ N /N7
N7 N7 N7 N7 N7/ N7 N7/ N7/
\7 \7/ \7/ \7/ \7 \7 AW 4 AW 4 \Z
"4 "4 \"4 \"4 A"4 "4 A4 A4 A" 4
A A A A A A A A A
7\ 7\ 7\ VA 7\ 7\ 7\ 7\ 7\
7 N7 N7 N7 N7 N7 N7 N7 \7\
N N7 N7 N N7 N7 N7 7\
120 130 140 150
10ms/div
Curve label Mame Walue
ia Distortion/cycle 2.18957%
ib Distortion/cycle 2.02856%

Distortion/cycle 2.015360%



Vout

* Components for the q loop * * Components for the d loop *
.param Gfcq=0 ; magnitude at crossover * .param Gfcd=0 ; magnitude at crossover * h b .
Gat o o ob1 st s 6o | s o ;param PSq=-100 ; phase lag at crossover ;param PSd=-100 ; phase lag at crossover T e N P C e I n g a
TOFD TOFD TOFD
] ] ] -gran 1C=350 * Enter Design Goals Information Here * * Enter Design Goals Information Here *
= = — * * H . .
.param fcq=2k ; targetted crossover * .param fcd=2k ; targeted crossover * b I d I re Ct I O n a I CO n Ve rte r I
R22 .param PMq=60 ; choose phase margin at crossover * .param PMd=60 ; choose phase margin at crossover * 7
2m * *
eb2 G2 4 .param Rdq=100k * Enter the Values for Vout and Bridge Bias Current * re Ia Ced th e Ioa d b a n
— — * Do not edit the below lines * .param Rdd=100k p y
.param boostq={PMq-PSq-90} *
.param Gg={10"(-Gfcq/20)} * Do not edit the below lines *
.param kq={tan((boostq/2+45)*pi/180)} .param boostd={PMd-PSd-90} - a tte ry a n n OW
Gb3 Ge3 .param fpq={fcq*kq} .param Gd={10*(-Gfcd/20)}
C12 .param fzq={fcq/kq} .param kd={tan((boostd/2+45)*pi/180)} . . . .
2m C=350 Duty ratio .param C2q={1/(2*pi*fcq*Gq*kq*Rdq)} .param fpd={fcd*kd}
- - £ fouy Syl param C14=(C20(e12.1) param fzd=(icka) Inject a certailn active power
ﬂ_]_u .param R2q={kq/(C1q*2*pi*fcq)} .param C2d={1/(2*pi*fcd*Gd*kd*Rdd)}
[ ;*5 __,—- * .param C1d={C2d*(kd*2-1)} . .
m
- ot ] _param R2d={kd/(C1d*2*pi*fcd)} 2 0 kW t h |
e i ! in this example
G2 IN | Duty Cyclel
[ . . .
s while specifying —or + 8
! ) . kVARs of '
R3 RS R6 Ga1 Ga3 Ga4 Gb1 Gb3 Gb2 Gb4 Gel S O re a Ct Ive p OWe r.
10m 10m 10m
The choice is made in th
., . . 1 1 e choice Is made In the
°<\:500u °<\:500u D%SWU KND} ug 10 gm)’z 13
g o g L L | & . m ddandq
' I I ANDUZ/ N (02 us (a0 a1z (AND 214 a C ro a n a n a re
= Y matically calculated
© w ® i L automatically calculatea as
Q
us N Uit N N U30 d
SINE SINE SINE NAND_2 / \ NAND 2 \ \ NAND 2 m t t t
V1={-V( k) V1={-Ve k) VI={-V, k] - -
voey giiii)’w(ﬁ) va v2:§v$:aak>) ‘(ﬁ)‘ vb vz:fw%p:ai))‘(ﬁ)‘ ve a p a ra e e r p a S S e O e
FREQ={Fline} FREQ={Fline} FREQ={Fline}
DELAY=0 I PHASE=120 lN PHASE=240 “' .
i ! dc setpoints.
© 1K Vout_U 1K Vout_L at3a Q24a Qaab
R2 co RO c10
— 100n 100n
. T
1 — — —
Us *
vdd Vee ~ .PARAM Fline=50 ; network frequency
i Qi3a .param Vgrms=110 ; per phase line-neutral voltage
12 -12 *
Vout Vo_2 Vo2 Lvi —L-v2 “ e = .PARAM Vgpeak={Vgrms*sqrt(2)}
E11 T TLO72 i Verrd Uf‘ -.PARAM Vamp={Vgpeak*2}
8 va L Rdd) \ Q24a .PARAM PWinj=20k ; injected power in watts
— — —— {(VASET} Rz s .PARAM PQinj=-8k ; wanted VARs
Vee Uzz; .PARAM RL={(Vgrms**2/PWinj)*3} ; equivalent load resistance per phase
E2 1 & R10 .PARAM Ri=60m ; current sense value per phase
b O M
[ (cld) (R2d) Q13p PARAM w={2*pi*Fline}
N 4\‘ _ _PARAM t1=5m
(c20) st V23 T .PARAM theta=t1*Fline*2*pi ; angle in radians
E3 1 werse_dqo_cl ™ .PARAM Va={Vgpeak*sin(theta)} ; phase a voltage at time t1
S L x2 Vdd d al | Qzap .PARAM Vb={Vgpeak"s_in(theta-2*p‘\/3)) ; phase b voltage at lir_ne t1
TLo72 1, q ib .PARAM Vc={Vgpeak*sin(theta-4*pi/3)} ; ; phase c voltage at time t1
20 yota = .PARAM ia={Va/RL} ; current at time t1 in phase a
_ u25 Vb/RL} ; current at time t1 in phase b
— T — = .PARAM ic={Vc/RL} ; current at time t1 in phase ¢
ve Vee theta Q13e *
l R13 & R14 g y .PARAM vd={sqrt(2/3)*(sin(theta)*Va+sin(theta-2*pi/3)*Vb+sin(theta+2*pi/3)*Vc)}
L Rda) o (R2q) 2 = .PARAM vg={sqrt(2/3)*(cos(theta)*Va+cos(theta-2*pi/3)*Vb+cos(theta+2*pi/3)*Vc)}
- e .PARAM id={sqrt(2/3)*(sin(theta)*ia+sin(theta-2*pi/3)*ib+sin(theta+2*pi/3)*ic)}
— - _PARAM iq={sqrt(2/3)*(cos(theta)*ia+cos(theta-2*pi/3) ib+cos(theta+2*pi/3)*ic)}
{C2q} . Q24c *
.PARAM VdSET={(PWinj-id*vq)*Ri/vd} ; calculated setpoint for the d value
v24 .PARAM VqSET={(id*vg-PQinj)*Ri/vd} ; calculated setpoint for the q value
.MODEL TOFD D(IS=10e-18 RS=16m CJO=500p
V4 G-D (,iD 4 +M=0.4 VJ=0.75 ISR=720n BV=1200 IBV=100u TT=130n)



The current leads the voltage, the inverter offers a capacitive impedance. Changing the sign of the PQinj
parameter would force an inductive impedance, the current then lagging the voltage.
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3-level conversion
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3 switching states for leg A
3 switching states for leg B
3 switching states for leg C

S, closed, S; open
V(A,0) =V, /2

S, open, S; closed
V(A,0) =

11
1] |
>

11
1
~

]
s b= 1]

N

Ve / 2 Switching states

0
-Vdc / 2

Total are 3 x 3 x 3 =27 states

S, closed, S, open
V(A,0) =

S, open, S, closed
V(A,0) =-V,y /2
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s, x|
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Leg A switching pattern

V(ga1)

5.5V

4.5V

3.5V

2.5V VGSl (t)
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o S, open

0.5V
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4.8V
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S, closed
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v S; closed

2.5V V (t)
1.5 GS3
0.5V
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There are 27 vectors when the voltage imposed by any of the three legs is either V, /2, 0 or -V, /2. Consider 6 large vectors in
which the voltage at node A/B/C and o can only take on V,./2 or =V, /2. Check the video from Mrs. Tabish Mir for more details.

State “+"  State "+  State » AlB|cC

Leg A T L, Leg B Tz Leg C T . 11
c/2 ic/z jc/z

|

S s> A & o —> ® c<— 1+ C
0] o B (0] - + +
T = " T:: y T - " - - +
V c/2 Vdc/2 Vjc/Z

| | | ' s

b 4

+ o =
The reference vector is synthesized by summing the legs voltages:

V, V V

6 large vectors
V., = E(Vao +V,,£120°+V, , £ -120°) — 2(Vee Voo 1900 Ve 1900 for + + -
3" ’ ’ 3\ 2 2 2

ref

You can synthesize the vectors with Mathcad and it’s cool : ) 2/3
“n leg A leg B leg C Complex equivalent Argument Magnitude i Polar coordinates
Vv v, \Y/ Vi 2i-Vy.-sin(120-°) . -2
2| Ydc dc de de de 2i-1- S|n(120 °) 1 2i1sin(120) _ °
“l—=+ £ (120°) — Z(-1200)| » — + ———— 4 AsinQA) | Vs ==V £60
+ + = 3[ 2 ( 2 J (1207 ( 2 j ¢ )} 3 3 afg( j 60° 3 2 = 0.667 ref g de
V, V, Y/ V 2i-Vy-sin(120-°) 1 2l sm(120 °) 1 2i-1-sin(120-°) 7 o
2| Vdc dc dc de dc o o _ V, ==V, £-60
i o L = 0.667
PR N 73 DY C75 DO IRV LR | st
B o 2-1.cos(120- ) 1 7 o
V. V. v/ 2:V4.-c08(120-°) 21 C03(120 D 1) s ) Z|-o0e67 V. ==V, /180
_ + + 2| Ydc dc 7 (120°) + dc Z (-120| - dc _ Ydc arg( 3 =180° 3 3 ref g de
3L 2 2 2 | 3 3 1 2i-1-5in(120-°) ~+ 2
- . N/ ein(190.° 1 2 1sm(120 °) I~ 0667 V. =SV, /1200
_ _ + 2 _Vdc ~ Ve /(120 + Vie /(1209 Ve ~ 21V sin(120-°) - g 5 =-120° | 3 3 rof = 3 Ve
3 2 2 2 | 3 3 i 1 2i-1-sin(120-°) -2
2 Vd Vd Vd Vd 2|Vd S|n(120 o) E 21 S|n(120 ) =120° =+ ————| =0.667 V P = _Vd 41200
- + - S 200y - | 8| 1207 | 8 a3 - 3 3"
3| 2 2 2 3 3 1 21.cos(120-° -
| J o ( ) 2
2[Vae (Ve Ve Vge 2Vggoos(120°) (121 C05(120 )| _ge ST . | =088V =V, 200
+ - - Ricatrs Z (120°) — - 4(1200)_)7_f 93 3 3



https://www.youtube.com/watch?v=WEU9qzgbjcE

Large vectors: largest
possible magnitude is 2V, /3

State “+”
Leg A

State “-”
S; LegB

Now consider 6 medium vectors in which the voltage at node

A/B/C and o now includes 0V, V,./2 and -V, /2.

| State “0”
5 Leg C

jc/zT T

|

"

b 4

A

=

+ O O

6 medium vectors

0
0

+

+



The reference vector is synthesized by summing the legs voltages:

Vet =E(Vao+Vb04120°+vw4—1200)_>3 Voe _V
3 | 3\ 2

%4120%0) for+-0

leg A leg B leg C Complex equivalent Magnitude Argument
2 _Vdc Ve 1 cos(120-°)  sin(120-°)-i 1 c0s(120-°)  sin(120-°)-i 1 cos(120 °)  sin(120-°).i 3 -
+ _ O - = [ Jl(lzo)_ } - - - - - =0577 arg| - - =-30 V.
3] 2 2 3 3 3 3 3 3
2| Vde [ Vde c0s(120-°) 1  sin(120-°)-i cos(120°) 1 sin(120-9)-i| c0s(120%) 1 sin(120) o
- + 0 5_—7+ - £ (120°) - 0 S — 3t = 0577 arg( =z —3 j 150 Vv,
0 + - Zlos (&J 7 (120°) - Yo (1207 | _ 2SiN(120) %3120) — 0577 2 S'”(m o) 0° Vi
3 2 2
B 2i-sin(120-° 2 120-
0 - + 2 0—(Vdcj 7 (120°) + Vae |, (~120%) | » ~2SIN11207) AR —ost Ism( ) =—%0° Vi
3 2 2 . ) " .
+ 0 - Z.Iﬁ —(0) £ (120°)} (VdCJ / (c1207)| L _ cos(120)  sin(120-7)i %— COS(;ZO' ), SINA2091 _ 577 arg(é - COS(m ) 4 Sin(120)- j 30°
3 2 2 3 3 3
- 0 + EI_E -(0) £ (120°)} (Vdcj / (_1200)} _, C0s(120°) 1 sin(120°%)i &320'0) - :—i - W‘ = 0577 arg( c0s(120-°) _g ~ sm(1§0 0 ) -150°
3 2 2 3 3 3
6 medium vectors
(+) ©0*) (4
Medium vectors: largest possible
(-+0) S (+0-) . .
magnitude is V, /3
; ECN
(- ++4)f I aee 4+ Compared to the 2-level hexagon
‘ which has 6 quadrants, there are
(-0+) (+-0) now 12 points for sampling the
circle: granularity is improved.
-4) (074 (+-+)

B

B
N

I

Vref =

NG
A

Polar coordinates

Ly, /300

L v, 1500

L v, 2900

Ly, /900

Ly, 230

L v, /-150°



Now consider 12 small vectors in which the voltage at node
A/B/C and o now includes 0 V and V,./2 but also 0 and -V,/2.

State “+”
Leg A

cc/zT 1
)

s, |

State “-”
Leg B

IN|
4

Vg4 /2

1S,

=

A |8 | c BB

Satono] |

O + O
0O 0 +
+ + 0
+ 0 +
0O 0 +

6 short vectors

SV1

v,
902 (1zo°)} +(0) 2 (—1zo°)} N é

2

)

Redundancy in
vectors: 12 switching

states but 6 vectors

produ

ced

Length of long vector is 2V,/3
Length of medium vector is V,./V3
Length of small vector is V, /3 (they

are along the large vectors but if half
length)

_2-cos(120-°)
3

| State “0” |
T ) 51 LegC Tz \ 51
Vad/2 S, Va2 15,
V,/2 0
. - B — C
T-_ I S3 T__ 3
Vao/2 1S, Vae/2 | S,
2-0s(120-°) 2-c0s(120-°) o
SV2’ ‘T‘ SO Q(T) -0
QR - ()]
.0 -
. Here, the +00and O - -
B combinations lead to the
svVi’i o 0 - same vector, 0.33 £0°
S |
||

6 short vectors

Choice in switching states helps
to meet a certain strategy, like

voltage balancing for instance.




Now consider 3 zero vectors in which the voltage at nodes A/B/C
and o is equal three times to either 0V, V,./2 or -V, /2

State “+” State “+” State “+” “n-
Leg A T ) I's, Leg B T ) 15, Leg C T ) I's, C
Vae/2 S Vie/2 S Vye/2 S + o+ 4
Vdc/2 | 2A + Vdc/2 | ’ + \g/z |I ’ - = =
GV) oo I ‘6“) ° % B @ o | —TY
T S, T S5 T s, 0 0 0
Va/2 Sa Vac/2 S Vae/2 S, 3 zero vectors @
| | |
State “-” | State “-” | State “-” |
Leg A T ) 51 LegB T“ ) S1 LegC T“ ” Sy
Vie/2 S, Vy/2 S, V,/2 S
+ Vo2 1 Va2 ! Val2 |
1S, Is, I's,
- H - H - K
V 2T V c/ZT V C/ZT
ac/ : 54 d | 54 d : 54




More choices in
a 3-level type
(27 states)

—

- f1337\::3111“--\
W

In a two-level converter, only 7 positions
are available to synthetize the reference

vector (6 large vectors plus the 0). You have to identify

the region where
the reference
vector appears.

Combine
| 0, SV, SV

\ Al
[EN

Example 1

Combine
SV, MV, SV

Example 2

_:_‘::}/;::Z:_———"”/

In a three-level converter, 19 positions are
available to synthetize the reference vector
(18 plus the 0). Redundancy also exists for
different strategies.

To synthesize the same vector in the 3-level
inverter, you now have access to two small
vectors (2 switching states for each), two
large vectors (1 switching state for each) and
then 2 medium vectors (1 switching state for
each). You obtain a better resolution.

Determine the triangle region where the
reference vector appears and choose the
closest switching states to synthesize its
magnitude and angle. You will average the
vector by combining the switching states

durations: Y, MV SV
(Vi 26T, = \%ta + {\% 4300} 1, + {\% 4600} 1,
t t,+t +t. =T,
This is the

wanted vector

C. Basso, Introduction to 3-Phase PFC Il, November 2024



https://powersimtof.com/Downloads/PPTs/Introduction_to_3Phase_PFC_II.pdf

The hexagon is made of 6 sectors (long vectors every 60°), it self made of smaller hexagons. To calculate
the dwell times, one has to know in which triangle the reference vector lies.

You will combine the three vectors available at the triangle

junctions. In this example, the reference vector lies in sub-triangle 2
, . and can be described by weighting SV and MV vectors. If it lied in

» MV . o o

4 sy AT sub-triangle 1, then synthesizing it would require time on the zero

\ /' AV and short/small vectors. The total duration equals the switching

g period T,,. We have these two equations and three unknowns:

Extract real and imaginary

[Vref4¢].TSW = \Eta + V£L30° -t, + ELGOO -, » parts then equate them (3

3 J§ 3 equations)

T, =t +t, +t. >1=d +d, +d,

Assume V,
is in sector | Ly,

v, Y v, V, v
Va Tow (Vief €056 + Vigp-sin(9)) = —2-t, + [%005(30") + %-i-sin(30°)j-tb + [%-cos(em) + %-i-sin(GO")j-tC

3

Vd

V, V, V, V,
Vref(a) TSW~(Vref~cos(¢) + Vref-i'sin(d))) = Tc‘ta + [%@os(%j + %isin(%jj-tb + (%-cos(%) + %-Lsin(%j}tc in radians

Vdcta Vdc \/E‘Vdc‘i Vdc \/E‘Vdc‘i
+ . + + tC. T + 6

a t, t. Tsw'<Vref‘C°5(¢) + Vref~sin(¢)~i) = j group real and imaginary

Vie VY v,

Tswy7 a7 7 Tow 7 (Ve _ e O s (307) 1y + S cos(60°)-
J'OS V., dt :J'Oavw(jpr J' V, dt+| ™ Vv, dt Tow (Veer €03(0)) = —=ta + 75 SO 0O g pan
t t, +t,

SRV L %

. Vie Vge - 3 equations
Tow (Ve isin(9)) = E-rsm(30°)-tb + T.|.sm(60°).tC imaginary part

tC

ta+tb+tc=Tsw



Tawn(Veas-i-sin(0) ) = —-i +
sw( ref ()) \/Tg 2 b
ta+tb+tC=TSW

Assume the following instantaneous values

Vi, =230V rms value Fline = 50Hz

o= Z'W'Fline tl = 6ms

Va(t) = Viy/2:sin(e-t) l
This is the 3-

Vp(1) = Vjy-/2:sin(o-t — 120°) phase input

vo(t) = Viy2sin(et + 1209 Voltage

Va(ty) =309.340V  vy(t)) = 67627V v(ty) = -241.722V

These are the values of v,, v, and v, at 6 ms.
How to synthesize the corresponding vector in
oy coordinates?

Tsw'(Vdc - 2'\/§'Vref'5i”(e))

Vdc

Tow (3 Vief €08(8) — Vg + /3 Viegsin(0))
Vd

c

Tow (Ve — 3 Vyef 005(0) + y/3Vyp-sin(6))

Vdc

V() = g-(va(t) - %-vb(t) - %-vc(t))

V() = 309.349V

o V(t) = 100514V

Viet = [Vo(t1) + #Vp(ty)| = 325269V

0 = arg(Vy(ty) + iVp(ty)) = 18-°

i B\
VB(t) = E(OVa(t) + 7Vb(t) - ?Vc(t))

It is the vector to be synthetized by
SVM in the alpha-beta reference frame.

Tow (Ve — 243 Viegsin(0)) Foyy = 30kHz

ty = - — 18825.415
de Tow = — = 33333 ps
SW

t Tow (3 Vier €08(8) — Ve + /3 Vyepsin(0)) -
b= Vao TeTIS vy = 800V

Tow (Vitc — 3 Vief €05(8) + /3 Vygp-sin(0))
to= — 19195

v,
dc

ty + tp + 1o =33.333-pus



The Ranit Sengupta in this video came up with different definitions for the three timings but ended up in identical results:

Vief Modulation
h = =061 .
2 index

Vo=
dc3

4

Tow -~ ﬁ.mn.Tsw-sin(e) = 18.825-ps

aaa ~

4 s
thpp = ﬁmn-TsWsm(GO +60) — Tgy = 12.589-ps

T

4 .
cce = Tsw — —= "My Tgy8iN(60° — 0) = 1.919-us
3

Same results
taaa + tbbb + tCCC = 33333“5

The complicated part is to
determine in which sub-
triangle does the reference
vector fall? Plenty of IEEE
papers which offer various
approaches, each of them
being optimized for the
smallest computational
time.

=)

sin(#) |
mr1 cns{ﬂ} -—|=0471
NERY.

= = m_-sin(8) = 0218
my ﬁmns’ﬂf}

if m1, m2 and (m1+m2) < 0.5 —= Region 1
if m1 and m2 < 0.5 AND (m1+m2) = 0.5 —>= Hegion 2

if m1 = 0.5 —» Region 3

if m2 = 0.5 —> region 4

REGION
-——— The clculation i then updated

4 depending on the identified triangle.

—m,T; 51n(§—a)

\E
3 Ty — —=m,T;sina
V3
3 (T
2T, — EmnTs sin (§ + a:)
4 4

m,Tssina — T

V3

t \Y/ V,
i‘_a + ﬁ.cos(30°) + £~i«sin(30°) —
3T V3 V3

—m,, T sin (
3 3
4 T
—3 m,, T, sin (5 + o:) — T
—m,T;sina

—3 m,, T sin (g = GC)

d dc . .
Tc-cos(60°) + Tc-l-sm(60°)

—m,T;sina

V3

T, — EmnTS sin (g — cr)
4

i m, T sin (E + a)

V3 3

2T, —

a+ijb

te
j - (309.349 + 100.514i) V/

. t,, t, and t_values are the time during

75 ™M ls sin (g - a) — T which you generate the corresponding
vectors. This not the switching pattern
applied to the power switches.


https://www.youtube.com/watch?v=xolGGtl8PvQ

To ease calculations, any reference vector outside sector 1 — meaning an angle outside the 0-60° region, is brought back
into sector 1 by adding or subtracting an offset. This is how it is coded in the Matlab routine:

1 function alpha = fcn(sec,ang)
I Reference vector l 2 - alpha=0; J
| | | 3 - if (secm==]) No change
Sector judging 1R ASA Ny * .
| s alpha=ang; in sector 1
S end
¥ ¥ v ¥ ¥ ¥ Update angle | iz A ]
[Sector A | [Sector B | [Sector ¢ | [Sector 0] [Sector £ | [Sector #]  Sector 1-6? 2 R Subtract 60
7 - alpha=ang-(pi/3): ]
Region Region Region Region Region Region S b t . I 1 4? 8 end In seCtor 2
judging judging judging judging judging judging ubo- rlang € 1-4r g = L f (sec==3)
- - - - - - 10 - alpha=ang-(2*pi/3); SUbtraCt 1200
On-ti On-ti On-ti On-t On-tim On-tim H H
uulcu'I;:l‘::g c;llcllll;:::g L‘.lh.'lltlal'l':ﬁ“ c;llcu‘l.lllrl‘:g uculcutl;m::g ;‘chu‘l‘mﬁg Dwe” tlme CaICUIatlon 11 end |n sector 3
l I l l l l ke = if (sec==4) dd o -
“0n-ti On-ti On-ti On-ti On-ti On-ti . . .eps .
'illoca:‘:g nlloc::‘:g lllocla:‘ncg alloca:?:g alloctnl'?:g alloc‘a':::leg SWltChes |dent|flcat|0n 13 - alpha=pi+ang: A 180 n
| | | | ] ] 14 end sector 4
IS=- if (sec==5)
m 1€ - alpha=(2*pi/3)+ang:; Add 120° in
17 end
17 g = if (sec==¢) sector 5
g ) For a modulation index m < 0.75, the reference 19 - alpha= (pi/3) +ang: o
o ) _ & “  Add 60°in
4 vector crosses sub-triangles 1, 5,9, 13, 17 and 21. end
" ; 21 sector 6
3
PN NN 2N 150,75 < m < 1.15, th ining triang|
" 5 /Ny N\ / ' M < 2.2, the remaining triangles are Screenshot from the Ranit’s video
s AN crossed, 2, 3,4,6, 7,8, 10, 11, 12, 14, 15, 16, 18,
ANWAY: 19, 20, 22, 23 and 24.
20

(c) I. Ouerdani et al., Space Vector Modulation Technique for 3-level NPC Converter with Constant Switching Frequency, Hindawi Publishing Corp, Wiley Online Library.



https://onlinelibrary.wiley.com/doi/epdf/10.1155/2016/6478751

The switching sequences now depend on the type of vectors you want to weight, LV, SV or medium vectors.

» Sub-1:NNN-ONN-OON-OOO-POO-PPO-PPP & return

> Sub-2:PPO-POO-PON-OON- & return | We are here

> Sub-3:O0NN-PNN-PON-POO & return
> Sub-4:00N-PON-PPN-PPO & return

PPO-POO first set of short vectors (SV1-SV2)
OON-ONN second set of short vectors (SV1’'-SV2’)

Switching pattern for sub-triangle 2:

SVl Sv2 MV SV1' Sv2' Sv2' sV’ MV SV2 SVl

4 P P P O O O O P P P L (zeg==2)
Vs i i la=Tc/4+Ta/4+Tb/2
PHASE A = e
0 - s2a=(Ta+Tb+Tc) /2
slb=Tc/4
-Vs = Yy o
s2b=Tc/2+Tb/2+Ta/4
4 Pi OO O N! N O O o P
Vs i 5.‘=TL
0O PHASE B s2c=Ta/4+Tc/4
-\s
Vs 4 O O NN ™N ™N N NI O ()
1 1 H PHASE C
O P
-Vs - - i Mirror
te |t g, | G| fa] | felg | ff | oo
V2 ONN PNN 2 2 | 2 | 2 2 Pl | 24
*5

‘ ’Vref

T =Vt

o s + M [t

Ranit Sengupta — PPT from this link


https://www.youtube.com/redirect?event=video_description&redir_token=QUFFLUhqbGxNLW5wYXFKYlQ4NF9BTlBaSjUxRzRrMDA5Z3xBQ3Jtc0trYWVZM1FtUWI2RnI4ODlpbGhud3pNc192cGowMFI1U0toQ09wbElNcmE5VERHSFpPWll1bkJGa25kUG1iaDVmQmlscUowMUNjNVd5T3oybF9xOENlNnhTOEdheENleUpYbVJhWlBVUlNXMFAzcXNGVQ&q=https%3A%2F%2Fdocs.google.com%2Fpresentation%2Fd%2F1EpOj6dxcCsucVj6Dxc8mOp6OiaeED-KK%2Fedit%3Fusp%3Dshare_link%26ouid%3D105435102740774518087%26rtpof%3Dtrue%26sd%3Dtrue&v=xolGGtl8PvQ

) -] o
Vaut v ia - = = ta th tc

- i 10 X15 Region R1 R1 Gla|—Gla
el - 1d d |  ———|MApha R2 R2 G2a—G2a
Bl A5 T Ic Talpha
i D13 theta Ig aq 1t R3 R3 G1b —G1b
Hier theta Izero R4 R4 G2b —G2b
] C_ e X14 L {zero e Bata RS RS Glc|—6lc
SWel Sector
o Lva o — R6 R6 G2c—6G2c
- } oo L {vb theta|—= This is for test. RS1 RS? RS3 RS RS1 RS2 RSIRS4
= TOFD Vi The d and g parameters are | | | ‘
set by the error loops. — | ‘
fvo_2 L
W3
=) #e
— ToFD
+ va
| (— (vec/2}
SWcd
D16
e X8 X7 X11
INV INV INV
0 13c
™ " R 0 13a a0 13b o
2 2 . _aptions abstol = 10u witol= 10m reftol=0.01 gmin= 1n
e Fr— E7 Gl E9 H— E11
Vi VI Vic _MODEL TOF {Ron= 25m Vt=2Vh=1) = {Fsw} - {Fsw} - {Fsw}
b o L} MODEL Vt=2Vh=1;
four 50 10-1I{Via) _miodel g‘;m:m‘;:u:.m R5=77.3996-3 n;:umn—:lr_w:mat—u M=.85242 X9 X10 X12
four 50 10 -1 H{Vib) + V1=13170 ISR =31573E-9 NR = 24162 TT=0 XTI=2 EG=3.26 FC=0.5) NV INV NV
(58 four 5010 -1 H{vic) L3 | STPSCLOHIZCWL O 24a O 24b O 24¢
10m 10m 10m * NINV NINV NINV
1 JMODEL TOFD DyIS= 10e-18 RS= 16m C10=500p
1 +M=0.4VI=0.75 ISR=720n BV= 1200 IBV= 100u TT= 130n)
o A= E8 i E10 LR E12 /7y V2
{Fsw} - {Fsw} - {Fsw} | _ PULSE(D 1 O {Tsw/2} {Tsw/2} 1p {Tsw})
R7
1k
val vhL vel = Bs2
2000 w=V{panN)
SINE{D {Vgpeak} {FLINE}) SINE{D {Vgpeak} {FLINE} 00 -120)
% SINE{D {vgpeak} {FLINE} 0 0 120)
RB
1k
16 x20 nz3 ca Bs3
V=V{phNN)
an o 3 wn o o wfr P e =
Jparam Vgrms= 200
oT=(0T} oT=(oT} oT=(oT} param Vapesk= {Varms “sartiZ) }
Jparam Vidc =800
x1a il ¥ Jparam Fsw=30k
Outh
IN OutP TN
DOT={DT}

R3
_param Tsw={1/Frw} Ty
- Outh G qasc—m AN param OT=100n 4
out | OutP | o -
s b
oT={0T} oT={DT} 2000 \r=ipe.n)

In this example, the 3-phase NPC converter feeds a
motor from a 800-V rail (2 x 400 V) and inject currents
into the windings. The observed phase voltage is
filtered to lower the noise. The references are coming
from the 3 ac sources and the rms value is arbitrarily
set to 200 V phase to neutral.



Simulation results for V,. =800V, V=300V rms, F,, = 30 kHz

V(phase _c)

V(phase_b)

V(phase_a)

V(phase_ca)

V|phase_bc)

V(phase_ab)

I{Vla)

I{Vib)

I(Vic)

Oms

6ms

T
12ms

T
18ms

T
24ms

T
30ms

T
36ms

T
42ms

T
48ms

T
54ms

60ms



410V V(n022)

vl 4

37V Sub-triangle selection in sector |
276V 3

2.56V

v 12

1.90V:
V(n034)

2 6 Sector selection
l1to6

V(n019)

2.9v+
5.4V
4.9V
4.4V
3.9V
3.4V
2.9V+
2.4V
1.9V

1.4V~ 1
0.9V

27p\V:

21V t

V{n020)

8V
s:v— tb

V(n021)

G-
G+
Juv—
OV T T T T T T T T T
Oms 6ms 12ms 18ms 24ms 30ms 36ms 42ms 48ms 54ms 60ms




LT oY

m
{2}

_PBIBM Mo =30 ; e iwezch Suguesney

PABAMA Va1 i}

PARAM Wgrmam 110 ; pur phuse bew ewuotral witage
_PRRAM Vedem et : de rail vabos

PRRAM Vg [Vt set {1}

PARAM Wamgm [Vgpeak® 2}

PABAM P 10 ; abneebad povsr ol tts

PARAM POEmj=O ; wastad VAR

e T

PRRAM RLFFC={ Ve [2)* 2
PARAM B0 1 ; currert e wibos per phase
SPRHAM W01 ; wiage s par phase

This is the 3-phase PFC version of this inverter, with added control loops

* Compmemsts tor the g leop *

param Gl =40 ; magedlde 41 croaaces *
parkes Pigm110 ; phase lag at erosacwer *
+ Emtar Dusige Goals Ledormation Hars *

_param kg=dk ; Lirgeted cresacws *
parkes PMGmE0 ; chooss phase sargie at crodscr *

param GN=SD ; mageitude 4l croacws *
parass PS= 90 ; phase lag 4t crosacer

* Emtar Ousige Geals Lefermation Hara *

params EN=5D ; Largated rescws
param PMV=SD ; chooe phase sargis 4 e |

= Emtar tha Vabous for Vet and Bridge s Corramt *
param YemtwS00

param biayw100a
param Vrafwl s

-param Pide110 ; phase lig at eresewr *
* Emtar Dusige Geaks [edermation Hars *

param kd=ik ; targeted oroancwr ©
-param PId=S0 ; chocse phase margis a1 eresscwr *

el f1Bias}
param Roppar={( Voot Vred) b}

21
pu-m-ﬂ.\‘ﬂu Ea i

This simulation model is
available from the
TOFPACK ZIP file and
can be freely used.

s
Bl ] u: baim{tbuta 2t g3} u: e e * Ester the Valous for Vout and Bridge Bias Correst *
e ey 0 O T R e e S
i ek ety o e e [P ——
£ ABAM i (e 151 e bt i bt Tpa /S bt TR RN,
¥ . 00 et adi the Bubow
mlﬁl:ﬁ;ﬁ' il-_-u_;l'mlihl};u::-l—-l' ¥l hm::: — param bocatd={ Fid Fid 30}
. FAAN 15SET = (i P = RS ———— aw param Ghm{ 100 (-Gl (291}
tram © 44 40T s . “param k= {tan (Bocutd 114515 (15013
e abntoin i minie 2 rebisleg.00 guim=in sarim ety
[re— Saram
= euram G~ (3 {2kl hi )}
= a ‘:" s _MIDEL TOFSW S Roa= 15a Rof=10Mag V=2 VB=1] param Cld={Cid*{kd* =211}
_modal TOFD D{IS=3 367E-18 Nu 9983 IKS= 77 399E3 [F=] DOOOES CMwASS I0E17 Mu 44242 -m-nd-ﬂrmud z e ke
¥ ¥Iw3 3070 ISK=I3 57383 MR 4262 1m0 XTimE EGm3 28 FCmR.5)
& u : STPSCLOHLDOWL
w e o
) o 56 18 -1 {Via
SINE(S {Vopuak} (FINE}) SINE(S {Vopuak} (FLINE} & 6 -128) SIME(D {Vapuak} {FLINE) @ § 128} e T

s
B -t
i‘, ety {u'\‘T
fromey
18
s
»

xr

= g current weipoend =V
Ha HE - o E1 o £z o = Vi SET Xz
Via (85} o vie fmy ™ i P . flasery :I>_

=i R D L L RV ‘s
lﬁﬁ"ﬁr
- _ . - - " =% . x 1] x4
L xk e} B "
== it _L“ = ! b E x2 T e - nn If:u —a2a
A Ca L [ T P P Py o
v ) i u P R ™ ™ @b b
L - = Leare I—_‘ L] Lo —
] = e " - e e
L o — L] L3 Gdc —Glc
e  =— " ——b_ OV (R o+ LW L4 W LI I
= 1d —d 15 T,
thta—] thuta - e B
II
Gac FL="40 5y "
i = phusa_a phasa_a
1.
14 — ar — ik
150w WeWpa ) 25ew Vi, ek V=gt
e s e
e e P s
B
as & (=] e (=2} B4
| IE — 1509 VML psny V= Wph g} preee o V= gk w2}
A ey s s i
xar o P phse_ca Py
i 18 = (=1 B2 (=53 B4
1509 Ve M)  qsey V=g pa} 150 T W=pe w2}
s v
o Ry L nse(e s 88 [Fami2) {Taw2} 15 [Tawl)



https://powersimtof.com/Downloads/LTSpice/TOFPACK_3_phase_PFCs.zip

The output power is 30 kW, Q =0, V,, =230V rms. The THD is 3%.

Partial Harmonic Distortion: 2.864874%
Total Harmonic Distortion: 3.018450%

Between HB and V, /2

480V V(phasea)

1.0KV- V{phase_ab)
0.8KV-] Between HB phases and a-b

600V \(phase_a)

Between HB phase aand N

A0V V(vupper) V(vlower)

4USV-W\/WW

392V Wm

oA (Via) I{Vib) I{Vic)

T T T T T
Oms Bms 12ms 18ms 24ms Ims IEms A2ms ABms rAms Blms



Interesting documents and application notes to read on NPC PFCs:

3L-ANPC vs. 3L-NPC Inverters — UnitedSiC

Gate Drive and Protection of Three-Level Inverters — UnitedSiC

Inverter/PFC Converter Topology — Overview — Texas Instruments

Video commenting on the above slides from Texas Instruments

3L NPC, TNPC & ANPC Topology — Semikron Danfoss

Nabae, |. Takahashi and H. Akagi, A New Neutral-Point-Clamped PWM Inverter, in IEEE Transactions on Industry Applications, vol. 1A-17, no. 5, pp. 518-523, Sept.
1981

K.-P Kang, Y. Cho, M.-H Ryu, J.-W Baek, A Harmonic Voltage Injection Based DC-Link Imbalance Comp Tech for 1-Phase 3-level NPC Converters, MDPI 2018

N. Celanovic and D. Boroyevich, A fast space-vector modulation algorithm for multilevel three-phase converters, in IEEE Transactions on Industry Applications,
vol. 37, no. 2, pp. 637-641, March-April 2001

J. Pou, J. Zaragoza, S. Ceballos, M. Saeedifard and D. Boroyevich, A Carrier-Based PWM Strategy With Zero-Sequence Voltage Injection for a Three-Level Neutral-
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