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What i1s Power Factor? Eooons

= The goal of any power factor correction circuit is to emulate a resistance

» The absorbed current must be sinusoidal and in phase with the input voltage

pa ()=, (v, (0= 2y, 1

1
|n ,avg T .([ pm =70W

line

P =Vir s * Lo e =85%823m =70 VA

In,app In,rms in,rms

active power  [W]
apparent power [V -A]

PF =

1 Tiine
Pin,avg :T- j Pin (t)dt =70W

line 0

P =V . =85x1.46 =124 VA

in,app in,rms |n rms

active power  [W]
apparent power [V -A]

PF = —0.56




What Is the Impact of a Low PF?
= Assume a 250-W load absorbed by an equipment from a 110-V 15-A ac outlet

= \With a PF of 0.56, the current is 250/110/0.56 < 4 A rms

v You can safely connect a maximum of 3 devices (15/4 = 3.75)

@ In rms

110 V-15A
= 1.65 kVA

max

= Add a front-end power factor correction stage to bring PF close to unity

You can safely

@ % S — B > connect 6
B | 2. workstations

110V -15A
= 1.65 kVA

P _/

max




Explaining Power Factor with Beer o
= A low power factor will force the production and circulation of a higher rms current

= Electric wires can overheat and utility companies push for power factor correction

v" A glass of beer with an excessive foam can help understand the issue

Useless
circulating
power

kVAR
l Rates 3.0A-3.1Ay 6.x
Billed solely when reactive power exceeds 33% of the active
Apparent i r————— power. It is not applied in the off-peak period (P3 of rate 3.X and
power S 4 W P6 of rate 6.X).
supplied by
the utility kVA '
[VA] [W]  [VAR]

S=P+]jQ

If PF <0.95
' «——— “Usable” Electricity ‘

2
m Q [VAR] >33%-P [W]
Average power ,‘ .
contributing |

the work \/ PF2 -

https://www.iberdrola.es/en/homeowners-associations/information/reactive-power 6




Power Factor and Distortion

= Power factor depends on two parameters:

l— Fundamental rms current

1,rms v k4 represents the distortion factor

PF = I cosp =Kk,

rms vk, designates the displacement angle

T_ Total rms current
THD = 30%, PF = 0.958

THD = 10% PF = 0.995

v(t) v(t) 1 \\ THD = 5% PF = 0.999

e 3

7 X7 \\
\ Check harmonics
v(t) v(t) o8 b _ 1 N limits according to
: ,.(THD ’ IEC1000-3-2
(1) (1) *(moj

Kg<1,k,<1 ky<1l,k,=1 pf
kg=1,k,<1 ky=1,k,=1 : SR

For a displacement angle k , of 1:




Equipment Compliance

A WT Microelectronics Company

= The standard EN61000-3-2 defines the class of equipment and associated limits

Class C

Lighting

TV?

equipment?

PC/monitor

Portable
tool?

Motor
equipment?

3-phase
equipment?

Class A

NORME CEI
INTERNATIONALE IEC
INTERNATIONAL  61000-3-2
STANDARD Dogiéme égon

Class D limits

Rang harmonique Courant harmonique Courant harmonique
maximal autorisé maximal autorisé
par watt

n mA/W A
3 3,4 2,30
5 1,9 1,14
7 1,0 0,77
9 0,5 0,40
11 0,35 0,33

13<n <39 385 Voir tableau 1

(harmoniques impairs n
seulement)

J. Turchi, D. Dalal, Power Factor Correction: from Basics to Optimization, Technical Seminar, APEC 2014 8




Storage Need in a Single-Phase Grid Fmm
= The goal of a PFC front-end converter is to emulate a resistive load

= The power of a single-phase ac source feeding a resistance involves a squared sinewave

300 :
Vin (t) Pott) Power
excess
P =150 W
: (W) [ SN S VI SN W S | (p, (1)) =150 W
i (1) ) | (0
P () = Vi (1) 15, (1) Power
shortage
F =50Hz
. 0 10 20 30 40
= Active power factor stores and release energy F =100 Hz (ms)
Release ) 20V y (t)
energy v Output voltage

Store
energy

40V ripple is twice the
iInput frequency

9

Output
capacitor




Instantaneous Power in a 3-Phase Grid

= The total power in a three-phase system is the sum of individual powers

[}
R1 R2 R3
R R i
0 _— 0o _— —
Via - — Vib ——— Ve ———
[}
SINE SINE SINE
V1={-Vgpeak} / + Vi V1={-Vgpeak} / "+ V2 V1={-Vgpeak} / + V3
V2={Vgpeak} \ I"1 V2={Vgpeak} \ "1 V2={Vgpeak} \ I 1
FREQ={Fline} FREQ={Fline} FREQ={Fline}
DELAY=0 PHASE=120 PHASE=240
Delta
SINE R8
V1={-Vgpeak} m
V2={Vgpeak} V4
FREQ={Fline}
DELAY=0 SINE R4 R5
ve [+ V1=(-Vgpeak) D{RL} D{RL}
1 )V2={Vgpeak}

Star

2={Vgpeak}
REQ={Fline}
PHASE=240

FREQ={Fline}
PHASE=120

R6

ERL? 1G “
R7

The power drawn from the 3-
phase grid is the sum of powers
supplied by phases a, b and c

The instantaneous power
drawn from the grid is a flat line
equal to 3 x 1.058k = 3.174 kW

' The need for storage is
- reduced in a 3-phase

PFC

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

A WT Microelectronics Company

4x10°
2 2 2
Ripple-free va® | vp() Ve(®
PStot(t) = + +
L, total power R R R
3x10° ¢ Tlin
Pavg F"ne P3t0t(t) dt = 3.174-kw
0
Instantaneous powers
a| . . ey . =
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3l % | . § { -~
1x10°H—+ T ] T ¥ T
- 3 Y A Lo ' Iy 1
- L o | L ) Vo
- LY - . b ) [
o N W W o 10
!, } ! t h! A i i A
I 14 i Al i i
I‘r ! “' i‘r ' ' 1‘: “‘ . ‘ “l
/ WS i \
0 i | 8 M | My
0 0.01 0.02 0.03
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Output Ripple in 1- and 3-Phase PFCs  F====

= Below is the comparison between a 3-kW PFC output ripple in a 1- or 3-phase grid

. o ﬁ;Vrect - 1 phase Vout(t)
lin !1' " 8 (V)
V;, =120V rms Re
v 2 Fou = 30 kHz 430
Jil N L = 1 mH %L
= 1u1C=0 Pout = 3 kW
Vgye = 400 V )
Cout = 330 pF 000 . 420
Rt - Jsense varain | *ﬁ 2 = vouT
= 410
= 400 3 phases
B
R12 390
D{Rload)
s 380
o | frowen 370
l:! - 360
‘ 1 phase: strong low-frequency rms component 200 210 220 230 240 250
3 phases: no low-frequency component (ms)

11
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Averaged Simulations for the Ripple

= Part of the output capacitor rms current depends on the low-frequency component

» There is no low-frequency ripple in a balanced, 3-phase, active PFC

1P —BCM - P, =300 W

.tran 0 550m 500m 100u
L1 ‘
L3 .
ic(t)
" U U U
10m U
222 i oY
= ‘1:3 "'?? E oyt 2?2
s
2?2?D alyg )L(: L L a
82p V t
D3 D4 —IVou
7% porc 7% perc L OUt( )
B1 R1 R}
1]
v=((v(

50m
err]*{Ct}/{I1})*1Meg)+1
SINECD s sa2 ) > 3P — CCM — P, = 10 kW
5
[

&1 @
“ (€
a a = -
" e - 7 i g b

VB! Wik 1 1 1 + B4
S -

rs e

x —= Nl =ascezs
. et b " it A - =
- i y a b I

Rupper2 & ® e

Rupper w7 x2

Err _ e

& % <y
¢4 D7 D8 + :;) 172m

= ol DOTA DOTA = 22?7 ,

ic {ca} B3 1 s

=

{2 R4 V7 vs G) C—):S T V6 Rlower2
{R2} 10m 5 _ J {vref} < {Rlower} v t(t)
ou

ISIF(IVS)=100,10u1(V5)) <L, TTToTosooeosoosooooooooooooooooooooooooooooes

il
7

B
-
—~
G
[
i g
i i

Single-phase BCM averaged model No low-frequency ripple in 3-phase Three-phase BCM averaged model 12
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= PFC Architectures
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Power Factor Correction — One Phase = ===

= An active PFC forces a sinusoidal current absorption in phase with the voltage

= A boost converter is traditionally employed for this operation

100- or
v~ 120-Hz ripple
Vi (t) /\/\/\ SN SN W B . - 400V
- YN > - 3 N L VOUt (t)
i (t) | i (1) v’ The rectified input
N y N
i (t) s R voltage sets the
T R Chulk U L inductor current
envelope
= = iy, (1 P
. . ! v The inductor current is

adjusted to match
power demand

14




No Diode Bridge with Totem-Pole PFCs =~ ===
= The bridge hampers overall efficiency with two permanently-conducting diodes

Py = 2Vl P=300W

B P, ~5W
2 V2P, 7= 100% Eff. loss = 1.7%
le sy =— Ve =90V rms
T N el M
=" The totem-pole PFC processes the positive and the negative input cycles
' v Q,/Q, swap roles between switches and diodes

| . = They operate at high frequency: fast leg
. @ D, v’ D,/D, are active during half of the line cycle

= This is the slow leg which can be sync-rectified

i E toff |—l t(on
L > ] e
i 3 ~ =
1 : to A

DZ

Viine(t) T ‘

1 ff
T il QZJ LV ] Vline(t) | +
High-frequency operation :‘_—!& *

Low-frequency operation — —l— 15




Multi-Level Converters
= The classical boost structure delivers a single output voltage of 800 V
v It is called a two-level inverter, meaning the switching pattern is unipolar

= An intermediate 0-V level can be added to form a three-level inverter

v The switching pattern becomes bipolar and transitions via a 0-V state

, UUUNLA LU

2-level switching pattern 3-level switching pattern

‘ Stack converters supplied by 400-V rails and reduce semiconductors stress

16




Stacking High-Power Converters
= The two dc rails of equal values let you use semiconductors of lower voltage

= The output transformers can then be serialized or paralleled for more power

EVENS W I L O

D c 8

1 E +— -V°“l 'dl&z(t)g

SW, - 13

= = vz = [ " ] I R

Jk_ C, — ° — - 10

.—@T. | | L L N Z
Wo ° v —_

o | ° Vprva(t) |

N N a V+/2 [ 0

C, v

D, Vorva(t) 2

L L K L (])-

22.150 22.160 22.170 22.180
5us/div (ms),,




Three-Level T-Type PFC Sl
= A 3-level PFC can be implemented by adding a bidirectional switch

= The two T switches operate at high frequency and block V_ /2

Vout Dl J-
! ) nn ] L0
i Vout2 V =V, !S,ison! [
+D BN
+ < R S,is oi
Vi | 0| 0]
y ]
e il i |
° )
Positive % cycle — magnetization phase Positive %2 cycle — demagnetization phase
Vi D = 0 D L [
Voul2 ! JULT !
VL=V 'S, is on Vi = (% Vour Vi Youl?,
A : = # = 3 ¥ 5| =
| + — | —_—>
Vin ) | T4 Vao 4 vout/{:: 4
= The off-time voltage is half of the output voltage D, D2§ |
T L Py
v’ Design with a smaller inductor for same ripple » ’

Negative % cycle — magnetization phase Negative ¥ cycle — demagnetization phase




SIMPLIS Delivers the AC Response e

= You can stabilize and test the transient response with the same circuit

VL
+17
in ‘ ﬂm L J ée = QEDOU J ve \
lm ) J.cs AN leapP CI) V5 [an] f
100n = 4700 H HR Can be + vep ) act o 20 = C
0 }D@ vinso y i j] i sync-rectified a2, = w
R13 R14 SyncP | 1 A ©
30m 30m ' - 1 1 R17 R18 oy O 0 \
N R20 DU ! . R 50m
T ml] gl Lsg o i [ on o % s g
5 . I : oo = ven >< o g 20 \
a7y i ' 1 t 4 -
T 5 IS I RSy T(f
JD;G L7 SyncN i ID;E i 2 IT(t) o wFB k
— X1 — :—n ‘/\ E :;:51 H 2mIC=0 D?Fﬁoad) DRW
1 us {Rlower}
2 e R R N % 80 ™~
E4 L % \
N g
T 4 — I\
o)
2 60
)
sep Ds3 i t ©
u1s s L( ) &
ERR — §- 40
’ S 4T ()
ir(t)
c Lo 100m 500m 1 5 10 50 100
s {C2}y1Cc=0
‘ o ‘ ! Loop Gain - Gain Crossover Frequency 4.1443925Hz
s4
Type 2 compensator | 405V | sop Gain  Gain Margin ~ERROR*™*
7 400 V Loop Phase Phase Margin £9.96004 7 degrees

V,, =230V rms P, = 1.5 kW
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Power Factor Correction — Three Phases *-====

= There are three active branches, with or without synchronous rectification

= Different control technigues exist to maximize efficiency and minimize distortion
800V

- - » 800V
L t [ L L L Iy
v/ /2 400V
I i o £ o pesidam

+ + +

Sar Sty S | oy | () Va0 (0) vl) (0) Vel®)

+ T !
@ V,(t) @ Vy(t) @ Ve(® 2-level 6-pack

-level 6-pack or 3-level Vienna rectifier — T-type
B6 type of PFC

, Microchip 20



https://www.microchip.com/en-us/tools-resources/reference-designs/vienna-3-phase-power-factor-correction-reference-design
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" Processing Power — Single Phase
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Borderline or Continuous Operation? s

= A PFC can operate in discontinuous, borderline or continuous conduction modes
= Borderline or critical mode suits low to moderate output power levels, below 300 W

= Continuous conduction mode is adopted for high-power converters, above 500 W

ot o
il

1 Averaged inductor current

Near ZVS switching
No t, loss on the diode
Variable frequency
Large rms currents

DR NN

v Low ripple reduces core
i ('[) losses and rms currents

v Average current mode
for best distortion figure
Large inductance value
t -related losses due to
diode — SiC is popular

R/ R/
0‘0 0‘0

Averaged inductor current

22




" E =
Constant On-Time Control
= Voltage-mode control offers the easiest implementation for BCM PFCs

v Start with the inductor instantaneous current waveform:

Resistive input P
" The power sets the on-time value in relationship with the rms input voltage

B 2LP. v’ On-time is t. =18 s

constant

L, = V. 2 v' Frequency is
ac variable fow (t)
. VARVFIS

) i ()= in (o)

constant




Voltage-Mode Operation Stee

= Constant on-time can be implemented in voltage-mode control Zero-crossing
distortion

v' No need to sense the input voltage! - . (1)
|

I+

|
‘ 5m ‘ Vrect Nﬂr756 \
: L3 D1 —
R8 (j' (j
& s Bypass diode
100n 470n pay
£ —
ca s - IL -
R13 R14 1uIC=0 .
30m 30m
™1
[e] [e]

5m
°L4

By

Demagnetization
detection

_-DRV +r—— 81 IC=1 l
] BR31 TA%BpICO

N
-dom

11

275u

u1
Ct
4 N
Ct
‘ 1nIC;0 ‘

On-time modulator 7 Compensation 24




'  FUTURE

Peak-Current-Mode Operation SR

= The inductor peak current follows the rectified voltage for a sinusoidal envelope

o A multiplier is needed to sense the input voltage: increased power consumption

rect

Bypas; diode

rect
‘ & N 1756
R8
cs o8 100m )
I~
OF N l. t
e C4
== 1u IC=0
X1

n
1

« Demag netization detection mass Vo

MC33262
E2 LA

D AWL @ o i3 VreCt (t)

O YYWWG 200u IC=0
1Py v
2 o PRV - o=t l R12
DI Q s Q ® ] H D1K

QNI RRﬂSﬂi T Compensat|0n [
et {Rupper }
E——RST = R4
Multiplier . e o =
L w
~——— 100m N e K =1 4 o Rs 1 .
N1 600m R7 T c2 gm
C2
R11

c1 R1 3 ——Va4 M
P 220m V3 c3 Vreft
10m C1
1 ‘ ‘ ‘ out ( ) 25

—|
<
—t+
<
n
vs)]
—
—t
N—"




Average Current Mode Control — CCM R
= A high-bandwidth loop monitors the inductor current to force sinusoidal waveshape

= A multiplier scales the current envelope to meet output power requirements

o d(t
. L

. High-voltage sensing

i

mmmmm

§ VOuT
= %
w Rsense 330U IC=372 VOU'[ (t)
— {Rsense}
IN O(;;-ft.l‘ll:?;e RR79 D Rupper ) D(Rload)
ﬂ_ﬂ_} {ROCP}
1 | Ra
" Duty ratio ROCP l 'g’z + Dzso
yyyyyyyyy
H—l_u . {gm}
i c2 va—L
I T cs ‘Vre”T E(iz'ower) Vieat (t)
€1
You can run ac analyses for T -+

current and voltage loops ’ 26




Predictive Control Law — No Line Sensing Fe===

= |t is possible to control the duty ratio without sensing the input voltage
= This elegant approach simplifies the implementation of the PFC engine

Ina PFC Dc transfer characteristic: If D is shaped as:

V 1 1 V. DV, R It ensures a
() =i (D) ecv. (t out _ _ _, R =i off ¥ ou D o = _n I, (t) - sinusoidal
< - ( )> ; ( ) : ( ) Vin 1-D Doﬁ ; Iin <|L ( > i Vout < > absorption
That is, a resistive input will be observed if Doff is 2 Ds Vo
prograrm'ped according to the rule: l'ﬂ gl o > Ar
“in 1 1 IR Ve
L(av) , 0<Dpff<1 @) I Cot 3 ° [F/>—
R acRA | |
—O— -l WV = = C
I Rii [ .o RE
v. COMP4 v - ‘D-
30 in SLDPE2

______ »:t — Vramp ) cLopes L ch(t)

J ‘ELLLL)_ Ime-ufd$|..._.. 'i"_ - t » . VOUt RSCCh - .

- CLOCK 46 LG ine T — drlver

: L G+1 BRE e E::;_ VeOnTow comparator e=— TC

_________________________________________ T I ) Ts ! S\i -
clock fs
IEEE Transactions on Industrial Electronics, vol. 45, June 1998

(April2004) S. Ben-Yaakov, |. Zehser,

(Oct 2001) and



https://patentimages.storage.googleapis.com/c5/92/3b/c334b35daab704/US6307361.pdf
https://patentimages.storage.googleapis.com/be/b5/36/cb895d9b7bb5a0/US6728121.pdf
https://ieeexplore.ieee.org/document/679011

An Averaged Model to Stabilize the Loop
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= An average model can be built and offers many advantages for the PFC study

v" It simulates fast (no switching component) and it works for ac analyses

Loll

rect

.ac dec 100 0.1 1k L1 four 50 10 -1 I(V1)
{Lr
R3
10m
C)U’ml 9
—./ {Vrms} 6 <II oyt 400V
q
220
R8 L (a] Cc1
680p
2.2k IC={Vout}
R7 R2
R1 {RL}
2.2k Bl 50m
x1
R6
{Rsense} V=IF((1-V(doff)):>0.99,0.99,(1-V(doff)))

v

Christophe Basso - December 2024

5
Q
Rupper
{Rupper}
E[r 3.0655658V Lgm}
G2
- poA 2.5V
DOTA .
5 {c1} POTA 3 il BDoff
= |{c2} £ pa v e CD C)vs L ve Rlower
—/0
{R2} 100m 5 Cf {vref} {Rlower}

I=IF(I(V5)>28u,28u,IF(I(V5)<-28u,-28u,I(V5))) <

V=V(CS)*{Ct}/(V(CTRL)*{gmE}*{Ts})

*
.model DOTA D tt=100n Rs=10m N=100m BV=>5
*

param Vrms=100

.param Pout=1.5k

param Vout=400

.param RL={Vout**2/Pout}
.param L=400u

.param Rsense=60m

.param Fsw=100k

*

.param Ct=100p
Jparam gmE=12u
.param Ts={1/Fsw}
*

.param Gfc=31 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
*

* Enter Design Goals Information Here *
*

.param fc=3 ; targeted crossover *
.param PM=60 ; choose phase margin at crossover *
*

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

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

* Do not edit the below fines *
*

.param gm=200u ; transconductance in Siemens *

.param Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

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

.param fp={fc*kf}

.param fz={fc/kf}

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

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

.param R2={(a/b)*(fp*G)*(Rlower+Rupper)/((fp-fz)*Rlower*gm)}
.param C1={1/(2*pi*R2*fz)}

.param C2={Rlower*gm*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
*

The right-side macro
automates the
compensation
components values
for the type 2 OTA

Always check the
operating points are
correct before
considering the ac
plots

This is the voltage-
loop ac analysis, but
the current loop can

also be swept
28




Check Crossover and Margins are Ok

= SPICE linearizes the large-signal PWM switch model and delivers ac results in a second

o T(F)

FUTURE

ELECTRONICS

Cursor

Wiem)VICTRL)

Freq:| 3.3069733Hz Mag: | 24.585418mdB @

1 Control-to-output transfer function

77.995039°




Averaged Model and Transient Analyses

ELECTRONICS
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" Transient analyses are extremely fast and let you test the compensation strategy

Christophe Basso - December 2024

rect
.tran 0 1.1 500m 100u uic
L1 .four 50 10 -1 I(V1)
{L}
D1 D2
RFUHIONS6S 2> RFUH10NS6S 2% R3
10m
Vinl V1 o 3
— 1p :IE oyt 2??
0 ol
x RO
fa) C1 {RL1}
L 680p
D5 D3 IC={Vout TOFSW1
RFUHIONS6S £ RFUHIONS6S 2% D {Vout} RS
- R1 {R12} _
On S -
R6
e . L L L L
SINE(0 {Vrms*sqrt(2)} 50) {Rsense} é V=IF((1-V(doff))>0.99,0.99,(1-V(doff)))
DM4 PWL(0 0 550m 0 550.01m 5 830m 5 830.01m 0)
N o
RFUH10NS6S 3
Rupper
{Rupper}
Egr " {gm} &
l G2
Ca D7 D8 *
DOTA DOTA = ???
|C5 {C1} B3 BDoff
{€2} < pa — va C‘D ‘5’5 1. Ve Rlower V=V(CS)*{Ct}/ (V(Err)*{gmE}*{Ts})
{R2} 100m 5 (_ {vref} < {Rlower}

I:IF(I(:\"S)>28u,28:1,IF(I(V5)<—28u,—28-u,[(v5)-))

=~

.model DPFC D TT=100n Rs=10m Cjo=50p N=0.6
.model DOTA D tt=100n Rs=10m N=100m BV=5
.model TOFSW SW (Ron=25m Roff=10Meg Vt=2 Vh=1)
*

.param Vrms=100

.param Vout=400

.param P1=1.5k ; transient power

.param P2=1k ; nominal power

.param RL2={Vout**2/P2} ; nominal power resistance
.param RL1={Vout**2/(P1-P2)}; added in // for P1
.param L=400u

.param Rsense=60m

.param Fsw=100k

*

.param Ct=100p
.param gmE=12u
param Ts={1/Fsw}
*

*

.param Gfc=31 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
*

* Enter Design Goals Information Here *
*

.param fc=3 ; targeted crossover *
.param PM=60 ; choose phase margin at crossover *
*

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

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

* Do not edit the below lines *
*

.param gm=200u ; transconductance in Siemens *

.param Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

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

param fp={fc*kf}

.param fz={fc/kf}

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

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

.param R2={(a/b)*(fp*G)*(Rlower+Rupper)/ ((fp-fz)*Rlower*gm)}
.param C1={1/(2*pi*R2*fz)}

.param C2={Rlower*gm*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
*
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Testing the Step Load Response Fmm
= The output voltage is stable at low line but shows a bit of ringing at high line

» The transient response is better in high line as the crossover frequency increases

I(Vin1)

25A 12A I{(Vin1)
158 BA]
5 A 47—
”
2o
- A28
V
1.3V (cs) 660m\ Vies)
540m\V -
420mV-
0.6V 300m\V -
180m\V—
B0mY—
0.4V o) G0mV -
441V — 425V -
42TV
413V
399V 397V
385V
3TV
ELTAY T T I I I I I T T 370V I T T I T T T T T
Oms E0ms 120ms 180ms 240ms 300ms 360ms 420ms 480ms 540ms 600ms Oms 6G0ms 120ms 180ms 240ms 300ms 360ms 420ms 480ms 540ms 600ms

Pt Stepped from 1 kW to 1.5 kW, V;, = 100 V rms

P, stepped from 1 kW to 1.5 kW, V,, =230 V rms
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A TPPFC in a Cycle-by-Cycle Application

FUTURE

ELECTRONICS

A WT Microelectronics Company

= The variable-t_4 technique is well suited for a TPPFC implementation

= An internal circuitry detects the line polarity and routes timings to the switches

*

| out
.param Vrms=100 [l
.param Pout=1.5k There is a lot of switching noise MUR1660C
.param Vout=400 on node out so plot its filtered D4 1
.param RL={Vout**2/Pout} version Vout. =
-param L=400u Vout o = DS
.param Ri=60m ut DPFC o
.param Fsw=100k c2 100 | 02 § upper
i = Rupper’
.tran 0 350m 300m uic -param DT=150n ;|;1m" SWuU T A {Rupper}
TOFSW B c1
= L2 £ R3 L1 " Iﬁcsl]gsﬂ
40 LAy -
b T - AT
NS 100p N 10m {L} ! o i
(1] c8 c9 L]
i 100n 470n
O .
R6 R7 L HSFL
30m 30m N HSGND
L3 R5 HSLS
I N CSAMP  OTA |
SINE(0 {Vrms*sqrt(2)} 50) 100H 2.2k mv B —¥B R1 Rlower
DT={DT} Fsw={Fsw} ) D1 50m {Rlower}
DPFC D3 ZE
.model DPFC D TT=100n Rs=10m Cjo=50p N=0.6 MUR1660C
.model MUR1660C D (IS=179N RS=42M N=1.64 BV=600 IBV=5000 Err SWL
+ CJO=310P VI=.775 M=.37 TT=109N) RE TOFSW
-model TOFSW SW (Ron=25m Roff=10Meg Vt=2 Vh=1) 2.9k |ca
Christophe Basso - December 2024 E1 _:(:5 ey
Ri {c2}
- {Ri} R4
V=-abs(1(V1)) L

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

+method=gear

R2
1RL}

*
.param Gfc=34 ; magnitude at crossover *
.param PS=-45 ; phase lag at crossover *
-

* Enter Design Goals Information Here *
*

.param fc=5 ; targeted crossover *
.param PM=60 ; ch phase gin at ci *
-

*

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

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

* Do not edit the below lines *

.param gm=200u ; transconductance in Siemens *

.param Rlower={Vref/Ibias}

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

.param boost={PM-PS-90}

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

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

.param fp={fc*kf}

.param fz={fc/kf}

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

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

.param R2={(a/b)*(fp*G)* (Rlower+Rupper)/ ((fp-fz)*Rlower*gm)}
.param C1={1/(2*pi*R2*fz)}

.param C2={Rlower*gm*(b/a)/(2*pi*fp*G*(Rlower+Rupper))}
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Inside the TPPFC Subcircuit

= You need to determine the input line polarity to route the PWM signals

= Dead-time is inserted to provide smooth handover between switch and sync rectifier

Vhigh=5 Viow=0 Ref=2.5 Td={DT}
A1l AS "
10,
’ w g
a
[CSAMP > =

o0 - 4 c :
=T 100p -
e x4 o Vhigh=5 Viow=0 Ref=2.5 Td={DT} Ic=0
Viow=100m Vhigh=>5 b A10
7 - ~ StepSW1
L = ] TOFSW2

NINV o ncP SyncN
INV & ] A |
D2 D3 :
¥ G1 R1 DCLP 7~ DoLp i 7 AP
_ ? im - Cc1 T vi
100 100n () oo Qb
D1 D4 = m SyncP— i
/N pz1 5 pz1

~ SyncN
- V2 Qb——]
+./ -250m

model DCLP D TT=100n Rs=100m Cjo=50p N=0.6

model DZ1 D tt=100n Rs=10m N=100m BY=10

: NINV

.model DZ2 D tt=100n Rs=10m N=100m BV=5 mv__° yncN [ S
.model TOFSW2 SW (Ron=10 Roff=100Meg Vt=2 Vh=1) ncp——
*
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Operating Waveforms ¥ rmons

= The simulation time is 183 s on my machine which is acceptable

Vierr)

3.932V

3.910V+

3.888V
V(n013)

1.4V
1.2V
1.0V

0.8V
0.6V
0.4V
0.2V
0.0V

410V

Current amplifier
output

V(vout)

399V

jasv

T T T T T T T
Sms 10ms 15ms 20ms 25ms 30ms J5ms 40ms 45ms 50ms
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SIMPLIS for AC and TRAN Responses = F===

= There is no need to resort to an averaged model with SIMPLIS Compensated loop gain

o 20
mr756 VOUT _cg
~~
D1 c 0
“ + ss L et + VB 8
— |R16 /a\ D4 -
1 ] EE zmr756 V5 8‘ 20 T ( f
~ VDSUL AC1 S
' i : -40
- VA
— — Ica
E1 L V|n - 100 V rmS, POUt - 1.3 kW P R6 8 /
- ISU IDU {Rupper} g 90 \
o & 3
2 - .
lin - T 200u HB - Vbrigd .ci3 R12 ~
. = e . N 680U IC=§415 D {Rload} Q
L3 L L1 ©
= 45
ca L cs ISL IDL ® FB o
V2 100n 470n 8'
| 8 T ( f )
o U1
R3 R14 TPPFC sub R4
30m 30m > D5 D 250m 100m 1 5 10 50 100
L HSFL| | e R2
N HSGND mr D{Rlower}
HSLS + s4 IC=1
47u ] [] R15
CSAMROTA \
La N R12 INV  FB +
H1 FB—l
1 R17
DZ.ZK VEB e
VA
S IN[JouT oy
60m ERR =OUT/IN
\+ R5
2 R2) VA IN [\ ]JouT ERR
- . O E—
a {C2}1Cc=3.5 =0UT/IN
E2 C3
T{C” ERR IN [\ ouT Sve
1 ‘ =OUT/IN




NCP1654 — a Different Approach e
* The NCP1654 from onsemi uses a slightly different technique to produce 1-d(t)

= The static input voltage is used to scale the control voltage envelope

. V.. 1
Ich% ;1\ T PFC Modula- B?:cf)lsatr:gtgraigt?(]:er VO t= 1-d - Vin :Vout (1_ d)
PR’ S "
cramp%OEL VT‘"‘“JT‘ s R =Vin_ Vi _ Vo (1-d) Ru has to be constant if we want to
L L "o (i) (i(b) emulate a resistance

Vo turn\T/Aoflf V / I A
B ai
|
|
|
|

900mVv The transition occurs | . dT
| V + ch SW =V
405mV- Vm(t) when Vramp = Vref or: m C ref
| _ ramp
|

V without I

e

: ' The ramp duration lasts a switching period and is easily determined as:
|

Filtering

L LA

I T T T
Latch Reset _¢_H4_‘_L_H)_ — T = Crameref | = Crampvfef
Output _'—L”—‘_”— | | sw o |— —> ch = =—
ch

I LI [ I
Inductor | | | | |
Current Yo CrampVrer / Tew ) AT V. V
' Vref :Vm +( ramp - re / SW) SwW —)Vm :Vref (1—d) - Rin = — out m
This is the internal modulator of the Cramp <IL (t)> V.
NCP1653/54 -

Replace |, in the above expression

SW




Averaged Modeling of NCP1654 S
= The averaged large-signal model will simulate fast in lack of switching component

= SPICE linearizes equations and we can obtain the control-to-output transfer functlon

.tran 0 550m 500m 100u i
: VYW
1Lk ,
RFI.IHlI‘.)I'lSIl)i?i AN RFUHIDI‘ISII)BIS AN R7 R3 ! .
{RBOU} 10m KV, The brown-out pin
- = i " senses the input voltage
||—©—@—|I L (1:3 e oyt 399.83431V
0 g
BOS a | a
= 33op
RFUHIDNS[;?J‘ ZS RFUHIONS%% ZS 1C={vout} R2
RS c6 R1 {RL} !
{RBOL} T470n B1 50m i
T i PWM
RG ' vV latch
‘ err .
SINE(0 {Vrms*sqri(2)} 50) {Rsense} Q7 V=IF(1-(V(pin2)/{Vp})>0.99,0.99,1-(V(pin2)/{Vp})) : Integration reset .
?\ﬂﬁl L e
L3 RFUH10NSG6S a ‘
Rupper2 |_'(( V(RS)/{ROCP})*V(BO))}(4*(V(CTRL) 0.55))
{Ruppery L e e e e e @ ————— -
CTRL ‘ , fomy [ re-———--———-- I - T T
J; G2 1 pip2 0
& [[::)TA ey j 2.4989643 : :
::(_‘5 {C1} DOTA 33<D ijs :¥2 RS __(:3 : IL(t) Scaled Scales Wlth Error Voltage
{c2} - Rlower2 - .
::2} s00m ) 5y ¢ (, frery < (Riower) ! ark - |1nF E bY Ryense input voltage
! 1
! 1

I=IF(I(V5)>26u, 280, IF(I(V5)<-26u,28u,L(V5)) - I=((-V(Rs)/{ROCP}Y*V(BO))/ (4*(V(CTRL)-0.53)) Homogeneous to power 37




Simulation Results for the Averaged Model*-===
= The simulation time is extremely fast and helps test the overall architecture

= The low-frequency rms current in the capacitor can be quickly assessed

V(n006)

1.02v
o.ssvm\/\/
0.63
Vipi
900my

pin2)

This is the off-time
Vm(t) generator voltage

444444
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Stability Analysis and Compensation

= An averaged model lets you quickly obtain the control-to-output transfer function

FUTURE
ELECTRONICS

A WT Microelectronics Company

= Once in hand, you can think of a compensation strategy and immediately test it

¢ dex 100 0.1 100

R0 Lol
crRe
100m 1K
cot
& £ =
1 L
v
_Jaca

nionseS 75 mrumionsss 7

Dt

ionsed 75 mrumionses 75

model DPFC D TT=100n Rs=10m Cjo=50p N=0.6.
model DOTA D tt=100n Rs=10m N=100m BV=5

param Gic=34 ; magritude at crossover *
param PS=-45 ; phase g at crossover *

* Enter Design Goals Information Here *
param fc=S ; targeted crossover *

param Ibiss = 250u.
param Vref-2.5

* Do not edit the below nes *

fc/id
-param a={sqri((ic**2/1p*+2)+1)}.
param b={sqrt((fz**2/fc**2)+1)}

Faram C1=(1/(2*pi*R2"2))

"gm*(b/a)/(2*pi*fp* Rupper)))
D1 v

DOTA_options abstol=1u vitol=1m retol=0.01 gmin=100p
“method-gear

model DOTA D t1=100n Rs=10m N=100m BV=5
“model TOFSW SW(Ron=25m Roff=10Meg Vt=2 Vih=1)

2 Enter Design Goals Information Here *
-param fc=5 ; targeted crossover *

SINE(Q {Vims*sqrt(2)} 50)

PWL(0 0 550m 0 550.01m 5 750m 5 750.01m 0)

Rupper2
{Rupper)

[
]
o

oS
DOTA

1TH(1(V5)> 280,280, F(1(VS)< 280, 2801(VS)))  ~=-

1=((-V(Rs)/ {ROCP})*V(BO))/(4* (V(CTRL)-0.55))

-param Vref=2.5
v
* Do not edit the below lines *

kf)
param a={sqrt((fc* *2/Ip**2)+ 1)}
param b=(sqrt((fz* *2/fc**2)+ 1)}

cr (u(;':'n'h‘)) it
“poram C1= *R2°!
-:'IIG=(W-0‘#(MI)/0'1"I'G‘(MW)))

gmin=100p

‘bmethod=gear

VioupVIETRL)

Cursor 1 i T —
V{em/VCTRL) H -

Frea:[ 4.1630452Hz | Mag: | 175.60674mdB @

Phase: 68.280602° O

Group Delay: 16.660731ms T

Cursor 2

4
Wombtz

68°

Compensated loop gain

e 108z

AT

a5

4sv-|

4

e

ay

anov-|

v

v

v

v

Vour(D

Vi, =100 V rms, step from 50 to 100% of the load

soma 100ms 150ms 0w asdms 00ms - 00w st
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" Processing Power — Three Phases
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Three-Phase Single-Switch Active PFC ~ Fa===
= The classical boost structure does not lend itself for low-distortion current absorption

** The input current is distorted considering the “hole” in input diodes conduction time
** The high-voltage bus is typically regulated at 800 V dc for a 380/480-V ac input

Vrect
mr756
Rmecl ﬁ "
|c=1 |c=1 |c=1 D1 VFB(t)
[R14 [R13 R17 R8
I+ [+ I+ 10m
Ic=1 - al.ca L
R16 IC=1 Ic=1 -) == 1y |C=0
_|r15 R18 ’ H H
- —
a b o One inductor 1,(t)
o L1
Ll 470u
B
SINE SINE SINE 2
Vsense Vdrain R10 VouT
V1={-Vgpeak}, V1=(-Vgpeak} / V1={-Vgpeak} / "+ R11 R
Va={vgpeak) 1) V2 v2=(vgpeak} (1) VO va={vgpeak) (1) V© | B N 4700 o - 5y o
FREQ={Fline} FREQ={Fline} FREQ={Fline} 180m 4' |7 Ic=1
DELAY=0 PHASE=120 PHASE=240 c6 H
2.2k 1 I b (t)
L
" U1 | ie=1 le
4 4 1 Q 4 s2 ce | R3
a b c R7 ct + 150p Ly
! =
2.2k — - O—
+ [ R6
1 1 (] Roppens
H3 - H2 W || oPsiMp ISW =C13 -
o == 330u IC=372 i (t)
o |
-} C
N 1Ré9 . R12
D( RRRRR 3
- - o = 750V
a b c Q " 10u G2
il
|

fLFB

Vi
B
l s
{R2}
Clock Iiﬂ ‘] . ?(:22)'(::0
T ) 563 V/
TC

-
\Cte — R2
©n
Vrect(t) W\/\/W

Input current THD ~ 35% 487 V a1

Id

2o 5 V peak-to-peak \L
VOUt(t) T

Fiiteriné




Single-Switch Borderline Operation

= Rather than using fixed-frequency operation, the PFC operates in borderline operation

A WT Microelectronics Company

= The total inductive current is sensed, ensuring no inductor operates in CCM

v No particular control law, classical free-running operation, constant on-time

400
300

V(1)

200

100
0

-100
-200

-300

ve(t)

Va(t)

-400

10

Different
downslopes

120.83

120.84

120.85

120.86

120.87

120.88

120.89

120.90

=

D2 D3 4 D6 X
— — — f — 1
o%mx o%mx O%sz
+ + . + a B .
©» © ©
— \i_L(t)

D. S. L. Simonetti, J. Sebastian and J. Uceda,

, Proceedings of IEEE Power Electronics Specialist Conference - PESC'93 42



https://ieeexplore.ieee.org/document/471995
https://ieeexplore.ieee.org/document/471995

Non-Sinusoidal Average Inductor Current Fe===

= The inductor currents go through different downslopes at the switch turn-off

|
= The input current envelope is smusomtlal but not the average current ﬂ (i, (1)), = L’;eak
off b

I
borderline ﬁ@.ﬁ_f\"\(\_
I Mains switch is
i (t) DCM Vs ip b turned on:
. L, S, =~
vc® le ~ A~ L,
R
0A va® fa -~~~
o Ly Vo Mains switch is
Oﬁ@)_ﬂ_m I_ turned off, diode
I D, conducts
Ve @ e~
) L,
Vp Ip
* : V | Mains switch is
° turned off, i, =0
) L.
Ve le

i, (t)+i, (t)+i (t)=0  vaosetal,

, vol. 32, no. 8, August 2017 43



https://ieeexplore.ieee.org/document/7707348
https://ieeexplore.ieee.org/document/7707348

Simulation of the BCM 3-Phase PFC e

= You can implement a BCM circuit where the inductive current is always discontinuous
v' No CCM operation hence lower switching losses at turn-on

** Requires a high-voltage output to minimize input current distortion
47 KHz

Pout = 3 kW

out —

1c=1 .
R R12
i F
ic=1
. R (=1 oot
a F b R18 N R15 f (t)
SW
|nd UCtO rs =5 %o0u ic=0 - faouic=0 ENEL cmo e L
Va Vb Ve
+ | + | + | €

| T T a b c

SINE SINE SINE
Vi={-Vgpeak) V1={-Vgpeak} 3 Vi={-Vgpeak} /i
vt (1 V2tipes (11 vetpen (0 Input current THD ~ 12%
FREQ={Fline} FRE?:( FFFFF } FREg:( \\\\\ } 1K\/\ 1KVIb 1K ~
DELAY=0 PHASE=120 PHASE=240 a Vic
cs5 c7 c9
4 R Ih 4 47n a
. .
H3 -

34 kHz

5 Vout
Ic=1 2
FLT
R13
-
bRV On-time I t
ISW IN [ On-Time b
I zc13
== 330u IC=75
Frequenc,
IN_| Frequency R6
R
s1 ic=1 {Rupper) R1
R31 cs B (RL}
o 47pIC=0

an auON
us SET DRVB = DRVB _
RST [n] =
DRV . FB
ic= = &1 250m -
13, R1 s " 8 ﬁ [
v 100u e | T
T 1oom ut ic=1+ ic=1 RS C
S Ro[] R10 {R2} +
+ t 0 F c2
bRV u7 B . ©» {gm}
: - = & Ve ——va o
ca v3 c3 ———(vrefy Ly (Rlower}
s3 1 U4 = — 1 550p IC=0 |Ct s2 10m T(m) T
100 1C=0 ] ) ] ] ]
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Three-Phase PFC — ldentifying Sectors

= This hybrid half-controlled 3-switch PFC cannot achieve a sinusoidal input current
v You can only impress a sinusoidal shape if at least two phases are controlled

% The equation 1(t) + I, (t) + 1.(t) = 0 could lead to a sinusoidal input only in a few sectors

6 1 2 3 4 5
» » » V(¥ :' o Sectors
.. Gy Gy . - !
B ; . . 6-2-4
L L L 0 135
D2 D3 D6 : D’ > | arepositive] ¢
) | S 2PN
D v, >0 Ok Notok (v, &v,)>0
—m —m —m — b& A 0
Sa Sb Sc =T Sector 1 &%) < " <% Sector 4
% %Et % %EL % %Et D2 D3+ D6 D2 D3 4 D6
S, —l Sy S, = ]
L L L ° — ° S ° S ° ° L ° L
::tgiébg%° % Sa 3 FH |
+ + +
v, (~0) v (o) () (o o N " A+ L+
VL) w® (o) vt () Vo) ve®) () vc(t)(?
- + + + - -

J. W. Kolar and T. Friedli,

=)

, vol. 28, no. 1, Jan. 2013

Sy and S, switches have no

effect as body diodes conduct

=

Sy and S, are driven, S, body
conducts: i, =—(i, +i,) 45


https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/04_Essence_of_three-phase_Friedli_02.pdf
https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/04_Essence_of_three-phase_Friedli_02.pdf

Six-Switch or Sixpack Configuration

A WT Microelectronics Company

= This is a 2-level bidirectional boost converter allowing sinusoidal current absorption

= Several techniques exist to control the power switches like 6-step modulation and dqO

_a

—

Sep

l_

& &

l_

—

Sap — pr H
o A EJH—
H -
ia(t) I—
ip(t)
i.(t)
a b C ° X
+ + +
IO Sun 1
o A EJH—
H -
fas} -
N

TFT
M

Phase
0 13141718

I NTC
G2 4 I o530
15 TH1  TH2
82 8 7
16
DC-
9,10,11,12
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https://www.onsemi.com/design/evaluation-board/SEC-25KW-SIC-PIM-GEVK

6-Step Operation Needs Logic Decoding %=

" You cannot impress a sinusoidal shape to phase A in sector 1 as S, conducts

= Two legs are made active while one of them is kept passive

Disabled leg

y

. L
Operation 2 = H
. ! 4 & I
In sector | | Al a| ]
a ia = iab + ac I— Sé:ip pr — Scp
. i PWMed PWMed
+ Vab E
b ! | e
Vac >0 9 + - ! -
Iy = lap — :
Vbc !
c <’::1 Sbn off Scn
: H H
: o = e
| H H

L. Huber, M. Kumar and M. M. Jovanovic,

Y YV V

SapisON S, ison
i,>0 I,<0

V,(t)
Vy(t)

} v' Sy is on permanently in sector

| - Spp & S¢p PWMed

v S,, IS on permanently in sector

IV -5, &S, PWMed
Leg A is off in sectors | and IV

Leg B is off in sectors Ill and VI
Led C is off in sectors Il and V

, APEC 2015 47



https://ieeexplore.ieee.org/document/7104600

Six-Pack Simulation with LTspice

= The PFCis supplied from a 400-V phase-to-phase level and delivers 800 V/25 kW
= The switching frequency is 25 kHz — the loop has been compensated with SIMPLIS

= Three multipliers are used to shape the inductor current envelope

JMDDEL TOFD D{IS= 10c-18 RS= 16m C10=5000
+M=0.4V]=0.75 ISR =720n BV = 1200 I8V = 100u

SINE{D {Vgpeak} {FLINE}) |SINE{D {Vigpeak} {FLTNE} 00 -120)

STHE{0 {Vgpeak} {FLINE} 0 0-240

f‘ ¥ ¥ )

15
HL W2 o Bl B2 B3
VIa {Ri} WIb {Ri} Vic {Ri} V=abs{Via Ny {Ke0 V=abe{V{bN] P {KBD V=abs{V{c,N)"{KBO}
é;' a
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7

" The transient response from 50% to 100% of nominal power is excellent

#2v

V{vout)

Pout = 12.5 kW P, = 25 kW P, = 12.5 kW

g

e I T R R R = o
EEIRERRERERRERE

""d‘v‘e‘v"""’V‘V""

= FUTURE
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Testing the Transient Response

ics Company

49




The dqO Transformation

= We have three sinusoidal voltage sources and we want a resistive input
= We can transform the 3-variable input into two dc components, d and g

= Perform regulation on d and g and convert back into three sinusoidal setpoints

1 | | « 7 | -c( )
!qtt) id| cos(8) cos(&—%] cos(9+2?j iali : t

14(t) ﬂl\/g —sin(0) —sin(@—%zj —sin(9+2§j {Ikl a(t)

- b V2 V2 oo (1)

2 2 2 l
v'The inverse dg0 reconstructs the corrected waveforms after corrected d and q variables

Reconstructed variables

(1)

[
; 2 27T . 27T
) « {:t}\fg cos(@—?) —sm(@—?)

cos(6 + 2?7[) —sin(@ + 2?7[)

- - 50

cos(é) —sin(o)
4 Regulated signals

i I,(t)
L} « (0

»
>

NI

I,(t)




Three-Phase Rectifier with SPWM

A WT Microelectronics Company

= A phase-locked loop (PLL) is used for extracting the angle &

= Each input current is sensed and used to compute dg0 variables with 0

I(t)

abc to dg0
o] C vb(t)T d? mTé\F ]

Vo)
V() —

V() —*

PLL

cos 0

|

0(t)

atan2(cos @, si

vV V

D. Boroyevich,

sin 0

, PECon 2008, Malaysia

d

San< dead- a

Sap < O time ]

l/ Voltage loop Spn < dead- b

B o Spp ¢ Qg time
Sen < dead- de
SCp < Ol time
] - Tt T T I
1 @, | ref
G +: ‘ d : Va >IF
1+— -

@ dqo : Vref :

Type 2 L P
— o0 PES =0 to ' '

i
q i 1+% q abC
) > GO
+< 1+wi Iy
0O  Type2 T
ne)— O(t) o(t)

Sinusoidal PWM (SPWM)
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Average Modeling of the Whole Chain e

= The PWM switch model lends itself perfectly for this 3-phase PFC ac simulation

A

SINE
Vi=(-Vgpeak}
V2={Vgpeak)
FREQ=(Fline}
PHASE=120

{cav}
Vvdd Ve c2
€1y Rav VerrV
is i :
L vt L v cs oy Re

1
i
L= =

E11 1 FBE—

i

a

G va ! + Rdd)
= — —

— ! va R12

1

R13

Vb theta—F] {Rda}
c

ca

(Cld)

{C2d)

x2 Vdd

| TLOT2 1
| }—4‘ ::

Vee

cr

(1o}

4||7

Us
[Ld R24 [ scs
{Rupper}! 820u 1C=380
\ 57
FB X
<o
l}izz [
R23 |: 2m
{Rlower}
Da
R6 .PARAM Fline=50
10m .PARAM Vgrms=120
.PARAM Vgpeak={Vgrms*sqrt(2)}
.PARAM Vamp={Vgpeak*2}
L3 *
°7)500u
{

]
]

i

]

]

]

]

TLOT2 % Jverrd
]

]

_ |

- ]

]

R10

{R2d}

172m

E7
ia 172m

i
R14 Verrq
Aot

1

{R2a}
c6

(c2q)

zzzzzz

—~
M

E9

A
Active port
D
R1
10Meg

B
Simplified Analysis of
/T PWM Converters Using
| yewerver (T e Model of PWM Switch
CurC —— Part I: Continuous Conduction
. Mode
VATCHE VORPERIAN

Virginia Polytechnic Institute and State University

P

V. Vorpérian, Simplified analysis of PWM converters using model of PWM switch. Continuous conduction

mode, in IEEE Transactions on Aerospace and Electronic Systems, vol. 26, no. 3,, May 1990

= | have replaced the switching cell by the VM PWM switch model
= Pulse-width modulators are replaced by small-signal gains

10 kW
5 kw 5 kw

1(t)

ip(t)

I(t)
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Three Loops have to be Compensated

*" Three loops:

V

out

to be regulated at 400 V and the d and q paths

A WT Microelectronics Company

= The voltage loop will be closed with a 20-Hz crossover while f, for d and g will be 2 kHz

v One ac source is active at a time
v" First the slow V-loop is compensated

v' Then the d and g loops
< Check bias points are correct /"

2.49986 {C2v}
& I I 4.2526
Vdd Vee Cc2
{C1v} {R2v} )_VerrV
Py P ke
V1 V2 c3 R8 TLO72
JE— J— X1 vdd
FBE - OUTY /1 _ INV l, Verrd
2{.}5 . =0 \\OJ+9-EI + -
- - 1) -
- - u7 R12 -
v3——
— {Rdd} Vee
{Vrefy—— {C1d} R2d
4.25251 _i;4| : o }i -3.01346
. us 1 c5 AC 1
'al dq0 SUb4 25251T_25 3649 -3.01346 == E—( : )—E_'_ [k
la Id | (@) - Retd cod ouUTd
ibg—— b 9 | fa) Retq {Cad; V8
lc 10 | @ -9.23708n JE
| theta R7 X2 vdd +
ic 3— LL [ 1K TLO72 1,
||}7 +
theta
-169.706 " - ] —_
va Vee
theta_sub Input sources £5,37728 | -487503m nyy | Vemq
va  -1.5708 el |
V885281 Vb  theta al-E1 {Rdaq} (1q} {R2q}
Ve theta ce6
.PARAM t1=15m I I-@
ve .PARAM Va={Vgpeak*sin(w*t1)} (c2q} -46.4503m

.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
.PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}

2.46048 172M
® + £1Da
u20
Inverse_dq0 E7
d ia 172m
zero ic | fa
theta
-1.26309
E8
theta 172m
+ E1 Dc
o)
=
E9

INd

Ind

Retd

.

=OUT/IN

.

=0OUT/IN

.
o—— IN ouTL___—5

IN [\]JouT|___"§

=OUT/IN

OuTd

IN [\]ouT|___“H

Retd

Outd
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All Loops show Comfortable Margins

= The three loops are individually compensated with adequate phase and gain margins

| Gain Margin
Phase Margin

Gain Crossover Frequency 19.958322Hz

tttERRG Rttt
52.227237degrees

400m 600m

4 6 8 10

20 40 60 80

Voltage loop — f, = 20 Hz
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40

20

0

-20

-40

-60

-80
180

135

90

45

0

-45

100
-180 10

N N\

N

N

90 |— Gain Crossover Frequency 2.0795443kHz
Gain Margin 25.418435dB
135 I Phase Margin 59.176574degrees
20 40 60 100 200 400 600 1k 2k 4k 6k 10k 20k 40k 60k 100k

d loop —f, =2 kHz
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\___/

Gain Crossover Frequency 2.0942419kHz
— Gain Margin 25.896246dB
Phase Margin &0.900061 degrees
10 20 40 60 100 200 400 600 1k 2k 4k 6k 10k 20k 40k 60k 100k

q loop —f, = 2 kHz
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Cycle-by-Cycle Simulation with SIMetrix = Fe===

= This cycle-by-cycle SIMetrix simulation is fast and gives results in less than 5 mn

. = There are three compensators in this circuit
wol o Lo wmade e sl Lo i . » The voltage loop is compensated for a low crossover
EE[E‘ BEEE Eﬁﬁ‘[ ihuce e = The inner current loops are faster ~ 1-2 kHz
n -l -t b e NOE v P_m,r_u = The converter delivers 5 kW from a 120-V ac input
SSE[ ﬁ?ﬁ«zmoo : j?&«zmo : ﬁ?ﬁmmo vs o S
i | I T s 07 N N >
- 150 ns DT

ic
R6

san Sap sbn
10m
L3
gsmm /AND _: /AND_2\jg /AND_2)10
c
2
|
o
i

Ut
u N
o, 2 (AND_2\ u3 [AND 2512

¥ ip(t)

. ~ 0]
|C(t) \/\/‘\T-—‘HD ~45 /0

@0721 14

wwoz | e .param GfcV=20 ; magnitude at crossover * *
v g .param PSV=-90 ; phase lag at crossover * * Do not edit the below lines *
e b * .param boostV={PMd-PSd-90}
o o o * Enter Design Goals Information Here * .param GV={10"(-GfcV/20)}
il n =97% * .param kV={tan((boostV/2+45)*pi/180)}
¢|’ - 120 V. 5 kW .param fcV=20 ; targeted crossover * .param fpV={fcV*kV}
ot ‘ \ﬂ ora ’ .param PMV=60 ; choose phase margin at crossover * .param fzV={fcV/kV}
| ) e 1 Reference * .param C2V={1/(2*pi*fcV*GV*kV*Rupper)}
«vreoj i % Signals * Enter the Values for Vout and Bridge Bias Current * .param C1V={C2V*(kV"2-1)}
w oL ;Il»l; | 1 o * .param R2V={kV/(C1V*2*pi*fcV)}
: 2 nsilsn | %%ﬂ o .param Vout=400
1 PN bt 2 .param Pout=5k Type 2 voltage loop
1 — | T W %iﬂ param RL={(Vout)"2/(Pout)} compensation
™ e | - .param lbias=100u
o T = oo .param Vref=2.5
o S .param Rlower={Vref/Ibias}

.param Rupper={(Vout-Vref)/Ibias} 55




FUTURE

Now compare Averaged and CBC Models Fe===

= Excellent correlation between cycle-by-cycle and average model waveforms
\

3.8
3.6
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3.2

Verr(t) 23

2.6

2.4
2.2
2.0 V
mVv

160 b1l |
140 cbc

O
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v |

-2.90

295 chc

V d(t) -3.00

-3.05
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-3.10

-3.15 ‘ ‘
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200 300 400 500 600 700
Time/ms CBC: cycle-by-cycle 56
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Simulation was also performed in LTspi

= [Tspice can also run the entire simulation with SiC transistor models

IMZA7SRO08M1H_LO

]
"
Sap(;j

,_
=y ug

SanJ)*
Al

IMZA75RO08M1H_LO

Lb
500p 500u
;': b
m 10m
Via VIb
o 0
- a
Va Vb

SINE(O {Vgpeak} {FLINE})| SINE(0 {Vgpeak} {FLINE} 0 0 12q)SINE(0 {Vgpeak} {FLINE} O 0 240)

Vic

IMZAZSRO0SM1H_LO IMZA75RO08M1H_Li vaut
= ug = u11 | c1 R4
,,J ,,J Tic=0
Sby | E — o {Rupper)]
sy sc R1Z
F {RL}
! — R2 RS
=h ui0 t=n U1z 2m {Rlower}
Sh % Sc K%
IMZAZ5RO08M1H_LO IMZA75R008M1H_L0 L.

«tran 0 200m 200m uic
-

.PARAM Fline=50

.param Vigrms=120
PARAM Vgpeal(={Vgrms sqrt(2)}
{PARAM Vamp={Vgpeak®2}

four 50 10 -1 I{Via)

four 50 10 -1 I{Vib}

four 50 10 -1 I{Vic)

.LIB IFX_CoolSiC_Gen1_Industrial_750V.lib

.model .model MUR160 D(I5=7.4f RS=50m CJO=17p
+M=0.50 vj=0.75 ISR=540p BV=600 ibv=100u tt=120n) .param Vref=2.5

=

* o for the d loop *

param
param PSV=-90 ..l.ase lag e

“ Emer Design Goals Information Here *

.param fcW/=20 ; targeted crossover *

.param Gfcd=0 ; magnitude at crossover *
parsm PSA=—100 ; phase lag at crossover *

s Emer Design Goals Information Here *

:param PMV=60 ; choose phase margin at crassover *. Para""-ﬂ 2k ; targeted 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 Ibias=100u

.param Rlower={Vref/Ibias}
.param Rupper={ (Vout-\ref)//Ibias}
3

* Do not edit the below lines *

.param mv:{;pnv—psv—su}

.param GV={10%*(-GFc\/20]

.param k\r=[tan{£boosw|f2+45)‘ pi/180)}
-param fp\/={fc\r

.param f2V={fcV }

.param c2v={1.'{1*pr‘fcv*ev‘ KV*Rupper)}
.param C1V={C2V*(kv**2-1)}

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

=

cz
I
orily
I
lecivy {R2vY
: FB—a—>
. +
E2 o LE3 v X10
: VHIGH=5 VLOW="5
\ua s0m \r[h 80m \"c 80m 1 & :|>
X11
RS R7 C4
- RE W CLP=2.9 CLN=-2.9
1M cid = -

. o g { { {cid} X3
vb——vh theta ! — fa
Ve——{Ve {cad} a b

R12 ECE t 1

P zero <

12 \J;
R11 ,—F'\

R10 cs

A v

{C2q}
7

..

w,...

=

v4
PULSE(-2 2 0 16.6u 16.6u 1p 32.320)

.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 Imoshd=£PMd~PSd~9lJ}

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

.param H:{En{{bmﬂdl!ﬂ'ls)* pi/180)}
-param fpd={fcd"kd}

param fzd={fcd/kd }

-param c:ld:{lf{z’pw*fcd*Gd’lnd*Rdd)}
.param C1d={C2d*kd**2-: 1")

.tparam R2d={kd/(C1d*2*pi*fed)}

* Components for the q loop *

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

* Enter Design Goals Information Here *
.

.param feq=2k ; targeted crossover *
param PMq=60 ; choase phase margin at crossover *

-param Rdg=100k

* Do not edit the below lines *

-param boostq={PMq-PSg-50}

-param Gg={10**(-Gfeq/20)} _
-param kq={tan((boostq/2+45)*pi/180)}
-param fpg={fcq*kq}

.param fzq={fcq/kq

-param C2q={1/(2*pi*fcq*Gq* k*Rda)}
.param Clq={C2d*(kq"*2-1)}

param R2q={ka/(C1q*2"pi*fca)

40A

247

16A-{

8A

0A-

BA-|

-16A—

-24A+

-32A+

40A+

-48A:

a(D)
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VSUBCKET SiCHOS_750V dd gg ==
*7@ Start SIMPLIS Encryption

o(0)

PARAH fparl = {B8.148%}
PARAH fpar? = {asb=-fps
PARAM fpard = {abd_adj}
PARAM fpard = {abdch ad
PARAM fparb = {23.1%}
PARAH fpart = {asb=-fpa
PARAH fpar? = {aabs_2%*s
PARAM fpar8 = {rgint}
PARAM fpar9 = {4.27}
PARAM fparlld = {17 67}
PARAM fparll = {cg= aa-r

()

Oms

T
10ms

T
20ms
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Always check your SPICE Models! e

= An accurate model is necessary otherwise: garbage-in garbage out (GIGO)

v Implement a double-pulse test with the data-sheet condltlons and check losses

CTRL + left click on trace name ------------------";

I(V2)'V{drain) I(V2)*V{drain)

22KW 22KW- i
20KW— 20KW— ( ) [& Waveform: I(V2)*V(drain} X
18KWo ¢ t t 18KW- P W oS [ G|
16KW- ID VDS 16KW— terva End
14KW— 14KW-| Prerage
126w~ 2 A
10KW— 10KW-
u1i 8K KW .
IMZA75R008M1H_L0 V7 6KW- | t Vv t
o] ol D DS
2KW-| KW
) OKW- KW | t
2Kw - 2KW- on
M0V Vi{drain) 150V V(drain)
C_ Vi ' 400V 400V
__ /400 360V
T V2 Integrate over time
_/0 280V T
R2 18 II;I;JR:I.EO : 240V 250V : :
s—drain 200V 200V : E = Pan tOﬂ J |
1
] . =t i Check these
D2 R3 = U2 120V 100v4 ' ! |
1 — IMZA75R008M1iH_La 997 sov- ! E -P t J ! IOSSGS :
T~ y3 MUR160 18 40V ' avg off !
v 0V 1 At=t, \
— AoV 7 50V e
(VZ) (V2)
60A 63A.
s4a] wonl P(W)
~ 48A-| 49A+ t
.tran 0 30u 0 10n 427 127 off
36A
PWL(0 {VOFF} 10u {VOFF} 10.01u {VON} 15u {VON} 15.01u {VOFI 1084 358~ |
28A—
.model MUR160 D(IS=7.4f RS=50m CJ0O=17p M=0.50 vj=0.75 ISR= 247
218+
.param Voff=-5 18A—
.param Von=18 120 142+
dib IFX_CoolSiC_Geni_Industrial_750V.lib 6A-| TA—
0A I 0A-
BA. T T T T T T T T T -TA- T T T T T T T T T
Ops 3ps Gus Yps 12ps 15ps 18ps 21ps 24ps 2Tps 19.5ps  19.8ps  20.1ps  20.4ps  20.7ps  21.0ps  21.3ps  21.6ps  21.9ps 22.2ps  22.5ps

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

= The Vienna rectifier can be controlled using the dgO blocks already available

= This 3-level converter requires two output capacitors,

o5
ipeAL

o8
ipeAL 2

2m IC=0
R16
1om

lcapP

c13

each biased at 400 V

R28 R24
R (Rupper)

Vo2 VN
cs

2m IC=0 R15 R23
(RL)  (Riower)

R29
1om

_PARAM Fline=50

.PARAM Vgrms=120

_PARAM Vgpeak={Vgrms*sqrt(2)}
_PARAM Vamp={Vgpeak*2}

Cycle-by-cycle
model

Duty ratio Da

442.261
442.261 e

8
IcapN e
209.976 =
é é g Rz
05, o7 2m Ic=200
e 3 ] DEAL A o s (Riower)
AL AL e )
N N
06 08

icu
Sac-am [ =——
Rupper
R16 -
Tom
Vo_2 209.976

SINE
Vi=(-Vgpeak}
gpeak) (1
Fiine)
PHASE=120

B2 IN[puycycle
V2=(Vgpeak) Ly
FREQ=(Fline} [
PHASE=120 I
Duly ratio Db
B N [puycycle
re Ly
e [t
Ra
16
Duty ratio Dc
= % IN[puty Cycle
Verv Ly
xi
TLor2 Ve
E11 L, WVerrd
a
va Rdq
R12 7
Vee
€21 g R10
b

c (Rad)
(c1a) c5

(c2d)

va e
Da Da
|

=3-abs(V(Da1))

T

V=3-abs(v(Dp1)) U21

Jerrv
X Ve
TL072 e
Rad
Riz X
Ve
] R0

C1d) {R2d}
c

H

ROFF=(2°RL) RON=(RL) THRESHOLD=2.5 HYSTWD=11C=0 switch_time=10n
ROFF={2'RL} RON={RL) THRESHOLD=2.5 HYSTWD=1 IC=0 switch_time=10n

_PARAM Fline=50

_PARAM Vgrms=120

_PARAM Vgpeak={Vgrms*sqri(2)}
_PARAM Vamp={Vgpeak'2}

Average model for
ac analysis

81
V=1-abs(V(Da1))

(c2)
x2 Vad
} TLor2 1,
Vee

R13 24 R14 JVe'ra
(Rda} ci R2)
e
(c20)

Db

B2

V=1-abs(V(Db1))
— Dt

5e Pe
=) o

B3
V=1-abs(V(De1)
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°

Vienna Rectifier with LTspice

FUTURE

ELECTRONICS

A WT Microelectronics Company

= The same circuit can be reproduced in LTspice with averaged modeling too

" Transistors models can be inserted for a longer but more realistic simulation

wout [MZAFSRODEMIN L0 IMZATSRODEMIN LO

z

ut uz
= t = e
DL D5 -] IC=350
ToFD ToFD  TOFD D:l—l e R13
RZ {RL}
o
I@mmn_m IWSNMHIH_
J. & J. 3l8 [ 2 P
1
T IC=350
m
D2 75 D4 iy Lo o Rid
TOFD ToFD TOF us ug {RLY
Lilgrgl [ <2
N L I
g
~
Lk L
B0y so0y
L3
10m
MODEL TOFD D{IS=10e-18 RS=16m CI0=550p
+M=0.4 V3=0.75 ISR =720n BV=1000 IBV= 1004 TT=1301)
«tran O 150m 0 wic
v
SINE(0 {Vgpeak} {FLINE} 0 0 240)
B O {FLINE} 00 120)
SINE(0 {Vgpeai} {FIINE})
R1
16
EL E2 E3
HZ | . _
VIb E0en VIe 60m 1 1 1 EL{ R

{Riower}

.OptioNS abstol= 1u vitol=1rm reltol=0.01 gmin=100p
+method=gear

+four 50 10 -1 K(Via)
+four 50 10 -1 K{Vib)
~Fousr 5010 -1 K(¥ic)

N

crossover
phase lag at crossover *
-mmmmmm'

pmvsv, 2

.parim FEV=10, targeted crossover
param PMY=560; dmueplmemmnm'

* Enter the Viskees for Vout and Bridge Bias Curent *
.param Vout=B500

-param Pout=10k ; nominal is 5 KW

..n.-m. e
..n.-m.

m..er{vm Thias}
wnm Rupper={{Vout-Vref)/ Tbias}

* Do ot adit the belew fines *

paraim boost={PMV-PSV-50}
paraim GV={10%*({-GFV/20)}

paraim KV={tan{ (boostV/ 2+45)*5if 180)}
param fpV={FV*kV}

param FV= {feV/ KV}
param C2={1/[2°pi*FeW GV K\ Rupper)
-param C1V={C2V(kV**2-1)}

paraim RIV={KV/[CI1V* 2+ it FeV)}

¥

LLIBIFX_CoolSIC_Gen1_Industral 7SO0V.ib

model MURL6D D{IS=7.4F RS=50m CI0=17p
+M=0.50 vj=0.75 ISR=840p
+BV=600 ibv=100u t=120n)

&

FEg

!
L

i
i}
:z{%
A
{C1vy {R2v}
FB—
10
Vi
furey)
xi1
RS "7
Re CLP=219 CLN=-2.%
1Meg {Rad} {R2d4} {Cld} = B
m L o
{‘gm q Ia[—Dal
o i ey
zem
2 g
11
{Rda} g =
W=3-abs(W(Dcl)) PULSE(-3 3 0 16.6u 16.6u 1p 33 33u)
R10 {=3
{R2q} {C1q)
ih A=
€29}
cr

* Components for the d loop *
.param Glcd=-1.2 ; magnitude at crossover *
-pararm PSA=-33 ; phase lag at crossover *

* Enter Design Goals Informstion Here *

-param fod=1k ; targeted crossover
sparam P -mmmmnmo

* Enter the Values for Vout and Bridge Bias Curment *
.param Rog=100k

* Da not edit the below lines
\param boostd={PMd-PSd-90}
-param Gd={10°*(-Gfcd/ 20)}

-pararh kd={tan{(boosta) 2+45) "pi/ 180)}
-para fpd={fed*kd}

pm nm_{m;(cm'z‘u-u:}

* Components for the g loop *
.param Gfcg=-L.2 | magnitude at crossover *
param FSq=-93 | phass lsg st crossovsr *

* Enter Design Goals Information Here +
.

param eqf{m-;(qqf 20)}

-»m Raae b Ciae 2 i)

775.90338% vout * Componantsorthe dioop ©
poran Gld=

2; m atcrossover®
p.mm-as phase lag at cressover -

* Enter Desin Goal Informaton Here

b1 \acdec100 110k
o
4 =50
Vgrm:

- oo

+ Enter the Values for Vout and Bridge Bias Curent *

.param Rad=100K

param boostd=-
aram Ga oo ety

LS

ST o - e fobe i)
. i * «param fad=-
o R < Riower) S tion e param Cad{1/(2*pi*fod Ga*hd* R}
w3 paraim =10 turgetsd coasover pararm Cla— {Caie k" 2))
10m param V=0 . pacarn )
. for
porom Vout=800
~ :  nominatis
. param RL={{Vout/ 2)**2/ (Pout/ 2)>
" Le PARAM w= {2 pitFina}y “paran Ibias=100u
So0u 000 PARAM t1= 15
PARAM Ve (Vgpesicso <
PARAM Vo= (Vgpeaksin{wHti 2+pi13)} -
e PARAM Vo= (Ve sl 144 B3 par Rsq=100k
00 ottt bl s
" o param boosta={(PMa PS90)
poram Ga=(10%(Gfcaf20)}
EEEE R
o ie
o o Sy
X ST )
param R2V={kV/( CIV 24 pi* param C: 4!
a ! b el Y pararm R2g= {ka/(Cla*2rpitica)}

In

BL
V= Labs(WDa1))

B2
V=Labs(¥(Db1))

1-abs(V(Bet))

the averaged model, some subcircuits are disabled depending on
the input line polarity — always check the bias point is correct!
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Simulation Results for a 10-kW Level

= The simulation is fast and the THD is 3.2% in this typical example

V(viower, ) vupper)

I(Vic)

V,, =120 v rms, P, = 10 KW

'&""""""‘"'"""""""""""

T T T T T
90ms 100ms 110ms 120ms 130ms
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FUTURE

Conclusion Elomns

= Power Factor correction is a hot topic for several decades

= |In single-phase applications, analog implementation is still possible

= Different techniques are available with or without input voltage sensing

= The totem-pole PFC gains traction owing to modern semiconductors like GaN and SiC

= Three-phase PFC is a complex matter, and | recommend to study rotating machines first
v/ Many terms and mathematical expressions come from this field

= Most of the 3-phase PFC projects | have seen deal with digital control

= Simulation helps a lot for assessing losses but also for conveniently closing the loop

| don’t care about PFCs when | cycle in the mountains!

I'm done, merci, thank you
und danke vielmals!
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