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ANotions of Power Factor




What i1s Power Factor? Eooons

AThe goal of any power factor correction circuit is to emulate a resistance
U The absorbed current must be sinusoidal and in phase with the input voltage

_ 2 (1) o (=i (v, () 228y, g
N P =1%o )& rew
@ L . B line ([']pm
!ga Pooo = Virms Chme 85 8230 70VA
70 W PE= active power _ [W]

apparent power [\D A]
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PF= active power [YV] o 56
apparent power [\D A]
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What is the Impact of a Low PF? i

AAssume a 250V load absorbed by an equipment from a N A5A ac outlet
A With a PF of 0.56, the current is 250/110/058 A rms
V You can safely connect a maximum of 3 devices (15/4 = 3.75)

@ In rms

1lOV| 15A
= 1.65 kVA

max

AAdd a frontend power factor correction stage to brlng PF close to unity

You can safely

) A = =E workstations

110 Vi 15A
P, = 1.65KkVA

_
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Explaining Power Factor with Beer T
AA low power factor will force the production and circulation of a higher rms current
AElectric 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
_ T 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 Y P6 of rate 6.X).
supplied by ,
the utility kVA . '
| VAl W] [VAR]
i ' S=P +jQ
) ‘ ‘ If PF < 0.95
OV = ./ P2 2 .
' «—— “Usable” Electricity ‘ -'Q Q [VAR] >33% 9[ W]
Average power —
v & contributing 1 "o ) o C/;@
the work PF2

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




Power Factor and Distortion

APower factor depends on two parameters:

l— Fundamental rms current

|
PF=—="° cog %K.

Irms V k; designates the displacement angle
T_ Total rms current

V Kk, represents the distortion factor

THD = 30%, PF = 0.958
THD = 10% PF = 0.995

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

i) (t) ‘

7 X7 . \\
\ Check harmonics
v(t) v(t) 0§ peo 1 N limits according to
: 4THD 3 IEC1000-3-2
I(t) |(t) \/1+8[?) : \

For a displacement angle k; of 1:

[-O:Ot

kd<1’kj<1 kd<1’kj:1 PE

k=1, k <1 ky=1,k =1 0 THD (%) .




Equipment Compliance
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AThe standard EN610e®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 Iin a Single-Phase Grid
AThe goal of a PFC freanhd converter is to emulate a resistive load
AThe power of a singlphase ac source feeding a resistance involves a squared sinew

300
(T
\/in (t) Pr ( ) Power
excess

P =150 W
- / ----- \/ ----- \ / ----- [ (pu(0) 250w
P (1) =V, (1) D(1)

Power

in (t)

shortage
F =50Hz
. ) 0 10 20 30 40
AActive power factor stores and release energy r=100Hz (ms)
Release ) 420V y (t)
energy V Output voltage

Store
energy

ripple is twice the
iInput frequency

9

Output
¥ capacitor




A WT Microelectronics Company

Instantaneous Power in a 3-Phase Grid =~ ===

AThe total power in a threphase system is the sum of individual powers

Star
3
A The power drawn from the 3- 410 3 3 3
R0 w0 e phase grid is the sum of powers Ripple-free P va® [vp®”  ve®
supplied by phases a, b and c L, total power Y R R
?/Ia ;T— ?/Ib é (\)/Ic é H 3_- - B ST T T \_Tij_n-— T
A The instantaneous power 3210 SRR S P
drawn from the grid is a flat line avg' Fine 0, 3toV) dt =3
SINE SINE SINE
Vi=(Vgpeakl |, VI=(Vgpeak i\ |, Vi=(Vgpeak} i\ equal to 3 x 1.058k = 3.174 kW
V2:{Vgpe§k) It V2:(Vgpe_ak) 1 V2:{Vgpeak} 1
DELAY-0 PHASELA20. PHASE240 Instantaneous powers
I N e = S AN
2 1 0 _EEEE. 'EEE l‘lf '\_x‘ R . =E== 1 f! \.‘L - - F . I{ \l“ R
' : 4 !’1 h . 3 b g Vo YA 1‘!‘ | N
E;- “.I 11; l- -l Ir ‘h' . =§= EE;Il' ;‘!_u
Delta _ '. / 4 k / 4 L / 1)
SINE R8 T ' \ fr .'l l'i, l'_ .‘!‘ ! '!‘. . ‘i‘ - : I‘gl_
Vi=(Vgpeak) m - The need for storage is | TR e T B memr S e o y
FR_E{gngel?nkg} va | : ‘ k ,!r Vol b ] W L f 1!, .
DELAY=0 . reduced in a 3-phase R S ) ]
Sl I\iE R4 R5 i i lf‘ 551- ’[I ';E‘ A I!‘i ".'f . &;’
ve ([ x;;%%%peﬁ';} D {RL} D {RL} | PFC ;; '&x Jr.r-_ .“.‘L fi". l,&
SINE FREQ={Flne} | | Srroimmommomoosooooooomsosoonoonooooonoee ;o K Y A Y don oy Y
V1={-Vgpeak} PHASE=120 S fF LY I ' N £ F) - - Y
2={Vgpeak} 0 e - S LT w M| - i e
HASE 240" 0 0.01 0.02 0.03
PHASE=240 . . .
t
ERL? 1G
R6 R7 “
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Output Ripple in 1- and 3-Phase PFCs

ABelow is the comparison between &8/ PFC output ripple in a @r 3-phase grid

. o ﬁ;Vrect - 1 phase VOu t(t)
lin !1' (V)
V;, =120V rms Re
v Li 2 Fou = 30 kHz i 430
Jil N L = 1 mH L
:T = tuic=0 Pout = 3 KW
Ve = 400 V
Cou = 330 F Ko ] 420
Rt - Jsense varain | *ﬁ 2 = vouT
65m il 1c=1 410
= B : 400 3 phases
OPSIMP D (’;ipper) e C13
D?legad) 390
j + oo 380
: {Cozz} Ic=0 va —L R2
Clo T T (0(331} {V'ef)‘( D {Rlower} 370
l:! 360
‘ 1 phase: strong low-frequency rms component 200 210 220 230 240 250
3 phases: no low-frequency component (ms)

11



Averaged Simulations for the Ripple

ics Company

APart of the output capacitor rms current depends on the foeguency component
U There is no lowrequency ripple in a balanced;@hase, active PFC

.tran 0 550m 500m 100u 1P I BCM I Pout = 300 W
i?}

‘ n r 550 mA o
ic(t) : ‘| E:
R3 U U U . “ )

10m
_ U -550 mA 2 "
::11::_ ????? T;—K‘F* oyt 2% “ 395V - . .
2?2?D alo X1
> =@y L@ b - o
82p

7% gsFC a |[));FC g IC={Vout o Vou[(t) “ 386 \ o ) 2 ) o )
B1 R1 {RL} =5 VLOW= 100m
50m SN0 (Vapsk) (I | s qugpesk) (ruane) 00 120) SO (Vapusk) (FLINE) 00 241
v=((V(err*{Ct}/{I1})*1Meg)+1 é

; =y
. Ay
e ) 3P T COMT Poy=10KW 4o, | i dete =65 L,

<]
< N
s
o )8
=]
2=

T o e ow

. (t) = ﬂwﬂ) o | Tt

i =9, opel T l=

Rupper2 c el =] “ &
{Rupper}

» -
m —|—W¢—‘é x ,
Err _ ) :
l & -40 mA i L
© o i o L;_ 172m
s [{cny DOTA boTA B3 = A &k
T T 405 V -
ez R4 V7 vs ﬁ o T, V6 Rlower2
{R2} 10m 5 C) {Vref} <~ {Rlower}
VOUt(t)

[=[F([(v5)>1uu,1nu,[(v§)) -

.

Single-phase BCM averaged model

No low-frequency ripple in 3-phase Three-phase BCM averaged model
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Power Factor Correctioni One Phase = F&===
AAn active PFC forces a sinusoidal current absorption in phase with the voltage
AA boost converter is traditionally employed for this operation

100- or
v~ 120-Hz ripple
Vrec(t) /\/\/\ SN SN W B . - 400V
> . > N | Vour (1)
. (1) | g (t) V The rectified input
i (tF s voltage sets the
n R Chulk U R Inductor current
envelope
>~ -~ ¥ gy (t)
! ! b V The inductor current is

adjusted to match
power demand

14




No Diode Bridge with Totem-Pole PFCs = F====

AThe bridge hampers overall efficiency with two permanegntiynducting diodes

Fa ® 2V g aug P=300W 0
h=100% Pa S W
2 2P _ Eff. loss® 1.7%
| :—\/—0‘“ V. =90V rms
,avg p V /,‘ )
ac, LL
AThe totempole PFC processes the positive and the negative input cycles
' V Q,/Q, swap roles between switches and diodes
: : A They operate at high frequency: fast leg
. A 1 D; V D4/D, are active during half of the line cycle
| | D A This is the slow leg which can be sync-rectified

i E toff

i i D, J_ Q.
-~ i D, — > ‘ A

: : toff
D I Viine(t) T QZJ N/ Vine(t) ,

SERS
: j -
N
‘ |

T D
High-frequency operation "on * +

Low-frequency operation — —l— 15




' E s
Multi-Level Converters
AThe classical boost structure delivers a single output voltage of 800 V
V It is called dwo-levelinverter, meaning the switching pattern is unipolar

AAn intermediate 6V level can be added to formtlaree-levelinverter
V The switching pattern becomes bipolar and transitions viavastate

M1 TV """"""" il \ i
\\ / g _ F' l ) I‘ L 'A \
1 U # Ju u LU o iu A .. { 1
-400 V
2-level switching pattern 3-level switching pattern

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

16




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

AThe output transformers can then be serialized or paralleled for more power
V+

. . N » A) 12
D V o 8
1 E +—) -Oul 'dl&z('[);1
SW N - 13
= = V2 = - I A 12
— o i 11
Jim G " ° RN R AVAVAVAVAVAVA)
" J|'t IL()§VVVVVV\
7
" < Jes Ssw, v 6_ —
4
e Vorua(D)
- i
y N y N V+/2 [ 0
C, AR
D, VbrvALD)
L L K L 1
022.150 22.160 22.170 22.180

5us/div (ms),,




Three-Level T-Type PFC

A WT Microelectronics Company

AA 3level PFC can be implemented by adding a bidirectional switch

AThe two T switches operate at high frequency and blogk2V

. Dy J_
0

VOUt

D Voul2 V. =V,
+
t
Vin @
Ll
YN [ ]

V, /2 JULT
VL= Vi, 'S, is on
o .-
I + R B
Vin @ i
A The offtime voltage is half of the output voltage D,
i
»

V Design with a smaller inductor for same ripple | / -
Negative % cycle i magnetization phase

¢
Positive %2 cycle T demagnetization phase
(]
V2
VL = '(1/2 Vout'Vin O—UIP
o + B
—>
(]
VIn @ h Voutlz[ *
D,!
L LH #
»

Negative ¥z cycle | demagnetization phaseg




SIMPLIS Delivers the AC Response

AYou can stabilize and test the transient response with the same circuit

FUTURE
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VL
------------ IcapP V5 [an] \ f
g i Can be i L vep CLD AC1 - 20 N 'C
j] § sync-rectified 1 bt | § w
: R17 R18 Ra 0
DU E + ] ‘ﬁsm D . 8_ \
' ' "c;“ T ’E‘ Vo VN Ripper) o \
E E s3| [+ /]\ $4 B >< - -20
: : - . — IcapN
| [E e () = . ‘T( f)‘ \k
e e [ fen e
1 ' N ' {Rlower}
+ Lm 80 ™~
___________ "
E4 [¢}]
aE 5 \
@
2 60
?
SyncP iy I t ©
u1s s3 L( ) E
1 g‘ 40
u o | T(f)
R2] i t
J. ‘%{ } T( ) 100m 500m 1 5 10 50 100
{czwc =0
‘ Sj Loop Gain - Gain Crossover Frequency 4.1443925Hz
Type 2 compensator | Loop Gain  Gain Margin ~ERROR*™*
Loop Phase Phase Margin £9.96004 7 degrees

V,, =230V rms P, = 1.5 kW

19
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Power Factor Correction i Three Phases ~-====

AThere are three active branches, with or without synchronous rectification

ADifferent control techniques 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 (20) () (0) vel®)

+ T !
@ Vy(t) @ V() @ V(" 2-level 6-pack

-level 6-pack or 3-level Vienna rectifier i 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

7z

A

AProcessing PowerSingle Phase

Ve

A

21




Borderline or Continuous Operation?

A WT Microelectronics Company

AA PFC can operate in discontinuous, borderline or continuous conduction modes
ABorderline or critical mode suits low to moderate output power levels, below 300 W
AContinuous conduction mode is adopted for hjgbwer converters, above 500 W

ot e
i

Averaged inductor current

i (t)

/

' Averaged inductor current

X X < <

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

Low ripple reduces core
losses and rms currents
Average current mode

for best distortion figure
Large inductance value
t -related losses due to
diode i SiC is popular

22




: A
Constant On-Time Control
AVoltagemode control offers the easiest implementation for BCM PFCs
V Start with the inductor instantaneous current waveform:

2
t 2 (t
IL peak(t) = VnL( )ton(t) - pin (t) = szf ) tOﬂ (t)
Vin (1 . Vi () Vi (1
<I|n (t)> = Z(L)ton (t) “ <|in (t)> — ( ) — (2)
) _ _ _ _ _ ~ Resistive input P
AThe power sets the eshime value in relationship with the rms input voltage
2, v onimers (=18 s

fon = \VAK V Frequency is
ac = variable \/\/\/ fsw(t)
) i (1) =" sin(m) |
. 4. A ()
23
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Voltage-Mode Operation Stee

AConstant oftime can be implemented in voltageode control Zero-crossing
] distortion
V' No need to sense the input voltage! - fou(t)
: . > ‘ Vrect 758 ( !
L&m LS J—L{ {fﬁ%m Bypass diode W
7 %}; %}; ﬁ = T " W)
Demagnetization
detection

DRV 81 IC=1 l
] BR31 TA%BpICO

N
-dom

11

275u

u1
Ct
1 N
Ct
‘ 1n IC=‘0 ‘

On-time modulator 7 Compensation 24




Peak-Current-Mode Operation
AThe inductompeak currenfollows the rectified voltage for a sinusoidal envelope
o A multiplier is needed to sense the input voltage: increased power consumption

lin ‘ 5m ‘ rect rect mr756
R8 -
V1 (1:070n 4C750n EE’ o BypaSS dIOde | (t)
o C4 - IL N
R13 R14 =1y IC=0
30m 30m
TX1
5m
’ L4 nE
| ~ Demagnetization detection mr7ss Vout
22k 75m D2
G e MC33262
E2 8L AL T
MC2x262P
= - — p AWL @ 13 Y/ (t)
O YYWWG == 200u IC=0
L 1rrrt
= u2 uss DRV +—— 1 Ic=1 l R12
+ S R : —1 /] H [

R31 c8
R 47p IC=0 1
0w o [ Kt i T Compensation /e
DRV 33— RST . . — R4
Multiplier . e o =
; 'YOZOm U1 u4 ] 1K =1 H IC=1 R5 .
(LT R7

I+




FUTURE

Average Current Mode Control i CCM

AA highbandwidth loop monitors the inductor current to force sinusoidal waveshape
AA multiplier scales the current envelope to meet output power requirements

. d(t
1

. High-voltage sensing

i

KKKKKKKK VA
lin n [
> Currentloop
‘/+\‘V1 . ﬁ:?:m:o i-----------2|i-----------‘E ;
Y : o 1o E
P

sense ||

mmmmm

You can run ac analyses for
current and voltage loops
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Predictive Control Law i No Line Sensing *-

Alt is possible to control the duty ratio without sensing the input voltage

AThis elegant approach simplifies the implementation of the PFC engine
If D¢ IS shaped as:
It ensur_esa

Ina PFC Dc transfer characteristic:
N ey Vu . 1 _1 V. DyVo _Ry _
LOIL0 ) e Ty R ) P T (0 e
Ds Vo

n
That is, a resistive input will be observed if Doff is I;
Y.
_{} o |k, [F/A ve
acRA | |
Siiih
S Vcee

programmed according to the rule:
R
D = e av) , 0<Dpff<1 4
off I{Vo(av)}l‘( ) off @)
TonStant” =
Pon D14 B _"C_f
Rii [ .o RE
; COMP, v, : -
o in Vv | |SLOPE? .:[>' (t)
: ...... ‘;’_._._._._._._....: ........ . Vl:n_ ________________ : Viiro R ESLOPE”] — ch
i M>" time Sd$|'"" r_l?._p J Viim = /‘/‘/T — Vout RSCCh - :)J
L T e RS | g
= Tone e=m sw comparator oy Cch
clock fs .

CLOCK 46 | — — ?L_,
L G ref
—_ 1 : -t "7
5 Ts !
, 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

2 FUTURE
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AAn 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} Cc6 _K]F' oyt 400V
q
220
R8 L (a] Cc1
680p
2.2k IC={Vout}
R7 R2
R1 {RL}
2.2k Bl 50m
X1 o
R6
{Rsense} - V=IF((1-V(doff)):>0.99,0.99,(1-V(doff)))

Christophe Basso - December 2024

5
Q
Rupper
{Rupper}
Efr 3.0655658V {gm}
G2
- poA 2.5V
DOTA - L
_|cs {c1} POTA 3 BDoff
= [{C2} < pa v ve CD C)vs L e Rlower
—/ 0
{R2} 100m 5 C) {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))}
*

A 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

ASPICE linearizes the largjgnal PWM switch model and delivers ac results in a secon

o T(1)

Cursor 1 "L 25
Wiem)VICTRL) :
Freq:| 3.3065739Hz Mag: | 24.685418mdB (® 54
...... Phase: 77.995039° ) -7z

ZZZZZ

11111

“®1  Control-to-output transfer function

-----




Averaged Model and Transient Analyses

ELECTRONICS
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ATransient 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 d
| c2
1p :IE oyt 2??
0 ol
x R9
fa) C1 {RL1}
L 680p
DS D3 IC={Vout TOFSW1
RFUHIONS6S £ RFUHIONS6S £ D {Vout} RS
A R1 {RL2} _
On i -
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)))
D4 PWL(0 0 550m 0 550.01m 5 830m 5 830.01m 0)
T -
RFUH10NS6S 3
Rupper
{Rupper}
Egr " {gm} &
l G2
ca D7 D8 B
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))}
*

30




FUTURE

Testing the Step Load Response Fmm

AThe output voltage is stable at low line but shows a bit of ringing at high line
U 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 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
T,




A TPPFC in a Cycle-by-Cycle Application

FUTURE

ELECTRONICS

A WT Microelectronics Company

AThe variable . technique is well suited for a TPPFC implementation
AAn 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 " IGCSEHBSD
40 LAy -
Fo - W s ' o AT
L 1005 N 16m i "t F—t
(1] c8 c9 L]
i 100n 470n
ot .
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(i(V1)) {R2}

.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

AYou need to determine the input line polarity to route the PWM signals
ADeadtime is inserted to provide smooth handover between switch and sync rectifier

Vhigh=5 Vlow=0 Ref=2.5 Td={DT}
A1l
: D T wlr "
u
2 G2 2 OTA
ct
[CSAMP > E = G3
e {gm}
. D5 S
[NV } ~ | c2 ( = Clock pzp /%
[ 100p 7 T, Vref
X3 X4 o Vhigh=5 Vlow=0 Ref=2.5 Td={DT} Ic=0 s
Viow=100m Vhigh=>5 b A10
7 StepSW1 PULSE(
TOFSW2 V3
R2

=
050 10n 10n 50n {1/Fsw})

- w2

4+ ./ -250m
.model DCLP D TT=100n Rs=100m Cjo=50p N=0.6
.model DZ1 D tt=100n Rs=10m N=100m BV=10 NINV 5 —
.model DZ2 D tt=100n Rs=10m N=100m BV=5 INV o
.model TOFSW2 SW (Ron=10 Roff=100Meg Vit=2 Vh=1)
* X2
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Operating Waveforms

AThe 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

Current amplifier
output

0.0V

V(vout)

410V

399V

jasv

Oms

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

AThere is no need to resort to an averaged model with SIMPLIS compensated loop gain

e 20
mr756 VOUT o°
= 0
c
D1 .
trpgss et + VB 3
X1 i‘ —_|R16 ~ D4 - f A
1 ] [1 A 756 | Vs g 20 T ( f )
~ vDSUL AC1 S
+ I I ¥ -40
= VA
— — Icap
o V, =100V rms, P, = 1.3 kW N N
- ISU IDU {Rupper} s 90
(]
« £ . ©
lin 47u =2 = 200u JHB  Vbrigd f.c13 R12 -
. o 3 / N = 680U IC=415 D(Rload) Q
l L3 L L1 E 45
®
c4 o C8 ISL IDL FB 8— f
v2 100n 470n I T ( )
= 3
. ot R4
R3 R14 TPPFC sub 100m 1 5 10 50 100
30 30m D5 250m
m L HSFL| | mr756 4 D D R2
N HSGND 4 . {Rlower}
HSLS + -
47u CSAMROTA :‘ ] [] R15
° N INV FB -
L4
H1 FB—i
1 R17
DZIZK VFB
BN T ouT gy
o _=ouTIN.
R5
+ . {R2} VA IN [\ ]ouT ERR
8 {C2y1C=3.5 =QUT/IN
£ c3
T{C” ERR IN [ \]ouT VB
. - =QUT/IN




NCP1654 i1 a Different Approach S
AThe NCP1654 fromnsemiuses a slightly different technique to producel(t)
AThe static input voltage is used to scale the control voltage envelope

detransfer  Vour _
% —qu'a' B%cf)lsatragtgggt?cer \; - = 1- d - Vin = Vou (1 d)
10N II'l
ISl v.ov Ly -
— 1 —Vin — Vin _ Vout R, has to be constant if we want to
) - R=te =Y My g R,
= TosrET o o (ic(t)) (. () emulate a resistance

turns off

Vref \L

DRI (YA /|

| | 900mv The transition occurs |, dT,,
405mv m when Viymp = Vet OF: Vin C Vet

| . ramp
|
I
: h— The ramp duration lasts a switching period and is easily determined as:
|

I Ll T
otoh Fese! _*_' L_‘ L_‘ "'— | — T Crameref | Crameref Repl L in th b )
Output '_‘ |'_' l’_.l | | sw | = leh —-T— eplace |, In the above expression
ch

Il [l Il SW
-V, ¥.(1 d = R =

Inductor | | | | |
Current Yo v v _l_(Crameref / Tsw) dT,,
- ) ' ref — Ym ref .
This is the internal modulator of the Cramp <IL (’[)> V
NCP1653/54 -

V without
Filtering

L L

V V

out m




Averaged Modeling of NCP1654 R
AThe averaged largsignal model will simulate fast in lack of switching component
ASPICE linearizes equations and we can obtain the caontaltput transfer functlon

.tran 0 550m 500m 100u
: V)
1Lk ,
RFI.IHlI‘.)I'lSIl)i?i AN RFUHIDI‘ISII)BIS AN R7 R3 ! H
(RBOU} 10m K\ The brown-out pin
- v | " senses the input voltage
||—©—@—n L ‘133 e oyt 399.83431V
o g
BO= [a] 1 C1
T 330p
RFUH1OMSGS 25 RUMIOMSES 2N 1c=(vour} R2
R8 [+ R1 {RL} H
{RBOL} T470n B1 50m i
—( PWM
- | - latch
SINE(0 {Vrms*sqri(2)} 50) {Rsense} Q7 V=IF(1-(V(pin2)/{Vp})>0.99,0.99,1-(V(pin2)/{Vp})) integration reset .
Dmll L e
RS Rrun1iONSGS 3 ‘
Rupper2 I=(- V(Rs){ROCP})*V(BO))I(4*(V(CTRL)-0.55))
{Ruppery L e e e e @ ————— -
CTRL ‘ , fomy [ re-———--———-- I - T T
J; G2 1 pip2 i
& [[::)TA ey j 2.4989643 : :
::(_‘5 {C1} DOTA 33<D ijs :¥2 RS __(:3 : IL(t) Scaled Scales Wlth Error Voltage
{c2y - Rlower2 - .
o Ol O 78| Oten Sy 10 77 | by Reense | Input voltage
! 1
! 1

T=IF(I(V5)>26, 280, F(I(VS)<-26u,2801(V5)) L I=((-V(Rs)/{ROCP}Y*V(BO))/ (4*(V(CTRL)-0.53)) Homogeneous to power 37




Simulation Results for the Averaged Model*-===
AThe simulation time is extremely fast and helps test the overall architecture
AThe lowfrequency rms current in the capacitor can be quickly assessed

V(n006)

1.02v
o.ssv\_A/\/\/\/ (j()
0.63V

900mV-

V(pin2)

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

444444
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Stability Analysis and Compensation

AAnN averaged model lets you quickly obtain the contesbutput transfer function
AOnce in hand, you can think of a compensation strategy and immediately test it

¢ dex 100 0.1 100

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 ines *
param gm=200u ; transconductance in Siemens *
Riower={Vre Iblas}
param Rupper={(Vout-Vref)/Ibias}
param ={PM-PS-90)
param G={10**(-Gfc/20)}
param ki={tan((boost/2+45)*pi/ 180)}
R Lot param i3
CRL- param fz={1c/kf}
0om 1k -param a={sqri(lc**2/1p**2)+ 1)}
param b={sqrt((fz**2/fc**2)+1)}
ol B e )’ 'gm)}
] £ S param C1={1/(2*pi*R2*f2))
. e ~ ? ‘gm* (b/2)/ (2*prp’ Rupper))}
e DOTA_options abstol=1u vitol= 1m rekol-0.01 gmin=100p
+method-gear
~model DOTA D tt=100n Rs=10m N=100m BV=5
moded TOFSW SW(Ron=25m Roff= 10Meg Vt=2 Vh=1)
-param Vout =
06 o1 _param RL={Vout**2/Pout)
UHIONSES 7'  RFUNIONSGS L param L=600u
RBOU
Vin v3
—( H ). =2 k.
0 -param Gfc=34; magnitude at crossover *
param PS=—45; phase lag at crossover *
* Enter Design Goals Information Here *
ionsed 75 mrumionses 75 .
-param fc=5 ; targeted crossover ©
6 .
SINE(O {Vrms*sqrt(2)} 50) {Rsense} Evd (i Jorem Vref=2.5
PWL(0 0 550m 0 550.01m 5 750m 5 750.01m 0) * Do ot Gl the below llecs &

Rupper2
{Rupper)

[
]
o

oS
(Riower} DOTA

ISF(I(V5)>280, 200, IF(I(VS)< 200, 284 1(V5))) L

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

k)
“param a={sqrt{(fc**2/p**2) +1)}
param b={sqrt((Fz* *2/fc**2)+1)}

b)*(1p*G)*( am))
param C1={1/(2*pi*R2*12)}
fomind

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

gmin=100p

‘+method=gear

VioupVIETRL)

Cursor 1 i - [
V{em/VCTRL) i .

Frea:[ 41630452Hz | Mag: | 175.60674mdB @ -

FPhase: 68.280602° O H [

Group Delay: | 16.660731ms : T~ "

Cursor 2 : T [

4
Wombtz

Compensated loop gain 4 H 54

e 108z 10842

AT

a5

4sv-|

4

|

ay

anov-|

v

v

v

v

o

Vout(

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

soma 100ms 150ms 0w asdms 00ms - 00w st
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Agenda

AProcessing Powey Three Phases
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Three-Phase Single-Switch Active PFC = T===
AThe classical boost structure does not lend itself for-étistortion current absorption
x ¢ KS AYyLMzi OdzZNNBYyU Aa RAAG2NISR O2YyaAiFr
x The highvoltage bus is typically regulated at 800 V dc for a 380M&e input

P

Oom
= +
g ke C4 L
Ic=1 ic=1 ) - 1u 1C=0
_|R15 R18 ’
la b T Ic T
°N L1
470u
2
SIN SINE ) °
s s R10 = vouT
V1={-Vgpeak} /¥ V1={-Vgpeak} /¥ R11 rain AR
Va yva={vgpeak) | Vb Vo=(vgpeak} (1) Ve 1 470p _ o
REQ={Fline} ={Fli 180m I 1c=1
HASE=120 PHASE=240 c6 . (
|
2.2k 1 t)
1 Ro u1 ie=1 le b
1 1 Q 4 s2 ce | R3
a b c R7 ct + 150p Ly
2.2k -
+ [ R6
H2 H1 |
: u2

i_(t) AFV_LL_/J

[ 1)
w

Filteri

: C::osu Ic=372 N |C(t) ‘ J—l/'\,
D( RRRRR } 750 V

250m 5V peak-to-peak
I Voul) 3
I 563 V
g Vrect(t) W\/\/W
Input current THD ° 35% 487 \/
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Single-Switch Borderline Operation
ARather than using fixeftequency operation, the PFC operates in borderline operatior

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

V No particular control law, classical fre@nning operation, constant chime
400 Vb(t) B} ) . N . Vdc

300
200

100
0 V(1)
108 D2 D3 D6

-200 V(1) 4

-30¢ Different +
-400 —=n —n —m —

downslopes

in(t) : ﬁ

|
L

10

— \i_L(t)

R/ V
o N A O ®

D. S. L. Simonetti, J. Sebastian and J. Uceda,
120.83 120.84 120.85 120.86 120.87 120.88 120.89 120.90 , 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

- FUTU RE

m

AThe inductor currents go through different downslopes at the switch-tffn

AThe input current envelope is sinusoidal but not the average cun»wt (i (t)), . L pea

t
on
—>

(1)

toff
borderline

DCM

---0A

|

K. Yao et al.,

, vol. 32, no. 8, August 2017

2

Mains switch is
turned on:

_Vk
S‘K_L

k

Mains switch is
turned off, diode
D, conducts

Mains switch is
turned off, i,=0
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https://ieeexplore.ieee.org/document/7707348
https://ieeexplore.ieee.org/document/7707348

Simulation of the BCM 3-Phase PFC e

AYou can implement a BCM circuit where the inductive current is always discontinuot
V No CCM operation hence lower switching losses at-amn

X Requires a higholtage output to minimize input current distortion
47 kHz

Pout = 3 kW

out

1c=1 .
b R12
" F
1c=1
b [HIR7 ic=1 o=t
la o b R|B o R15
: : S
. 13 i 3
|ndUCtOI’S = 180uic =0 =Y 990u ic=0 Loico go us
va o v
+ | + | + | €
1 | 1 a b c

SINE SINE SINE
Valliagent (1) Ve Va-fuagean (1) Vo Vazivamenn, (7) Vo o e e Inout current THD °© 12%
FREQ={Fline} FRE?:(FNHE) FREg: \\\\\\\ 1K v 1K Vib 1K o
DELAY=0 PHASE=120 PHASE=240 a Vic
Cc5 c7 Cc9
4 4 Ih 4 47n a
. .

34 kHz

5 Vout
Ic=1 2
FLT
R13
.
oY On-time I t
Isw IN [ On-Time b
I slc13
== 330u IC=75
Frequenc
IN_| Frequency R6
bz us Us Uss DRV . s1 (o=t {Rupper) "t
) D Q s Q R31 o8 [ ®U
o | R " o 47p1C=0
U3 R-g SN
2 SET DRVB DRVB _
RST [n] R4
DRV . FB
ic= = &1 250m .
13, R1 s " 8 ﬁ [
v 100u T | 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. 1 V3 c3 ———(vrefy Ly (Rlower}
s3 1 U4 = — 1 550p IC=0 |Ct s2 T 10m T(m) T
10n1C=0 ] ) ] L ] ]
Re-start Min off-time, 12 s On-time selection = Soft-start
10-kHz watchdo




Three-Phase PFC i Identifying Sectors = ===
A This hybrid haltontrolled 3switch PFC cannot achieve a sinusoidal input current

V You can only impress a sinusoidal shape if at lasphases are controlled
x The equation(t) +i,(t) +i.(t) = O could lead to a sinusoidal input onIy In a few sector

6 12 3 4
» » » Sectors
6-2-4
1-3-5
D2 4 D3 D6
D v, >0 k Notok (% &V, ) >0
— & v,) <0 <0
Sa Sb SC Sector 1 | (Vb V) Ya< Sector 4
% %Et % %EL % %Et D2 D3+ D6 2 D2 dn D3 A D6
S, —l Se= |
L L L ° — ° S GE S ° ° L
) ) ) :tgéb = > % Sa FH |

Vi) () v (o) vl (o +Lo - L - s o+
V() Wl (o) vt () w>%m9m9
- + + + -

3. W. Kolar and T. Friedii - Sp and S, switches have no » Sy, and S, are driven, S, body
,vol. 28, no. 1, Jan. 2013 effect as body diodes conduct conducts: I, = -(lb |Jcri 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 ——
AThis is a 2evel bidirectional boost converter allowing sinusoidal current absorption
ASeveral techniques exist to control the power switches lisge® modulation and dg0

Sap - pr F SCP H
EJH— = EJK— = EJK— =
- - -
0 - | L
I(t) L ]
70
a b C ° — - I_
+ + +
v v @ S — S, S
C N e & Eﬂk— = Eﬂk— =
- - -
N an

onsemi 46



https://www.onsemi.com/design/evaluation-board/SEC-25KW-SIC-PIM-GEVK

6-Step Operation Needs Logic Decoding = F====
AYou cannot impress a sinusoidal shape to phase A in sector, Jcanducts
ATwo legs are made active while one of them is kept passive

SapisON S, ison

Disabledleg _ = i,>0 i,<0
S Vc(t)
Operation - | a ,_ o
1 sector | 3 o & BJn« = Va(t)
N ! (o H ('[) | | | |
_ : : Vpll) —_ ~— >
a rL\am Ia_/lab+ilac — S%p Spp +— Sepp— i, &i.<0 i,&i.>0
. i,>0 ! i PWMed PWMed ‘
b | !
V>0 ’\D b n LY —— : o — D V S, is on permanently in sector
v o T lanl e | i Spp & Sgp PWMed
be : V S, is on permanently in sector
<0 | Vi S, &S, PWMed
c "rljm'ci+:i +— Sy Sont—1 S, +— o
le = In n n . . .
S i ’ off ) off U Leg A is off in sectors | and IV
BJ :: =+ | '; = : + 0 Leg B is off in sectors Ill and VI
- - - i Led Cis off in sectors Il and V
off i - - P - » o

L. Huber , M. Kumar [eriodnaie Mharisdh ofvhaen-sap Brid < , APEC 2015 47



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

Six-Pack Simulation with LTspice
AThe PFC is supplied from a 40@haseto-phase level and delivers 800 V/25 kW

AThe switching frequency is 25 kélthe loop has been compensated with SIMPLIS
AThree multipliers are used to shape the inductor current envelope

SINE{D {Vgpeak} {FLINE}) |SINE{D {Vigpeak} {FLTNE} 00 -120) .::l:’llW:

SINE{D {Vgpeak} {FLINE} 0 O0-240,

N
! T /]
15
H1 H2 "2 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}
- -
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Testing the Transient Response

7

AThe 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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The dqO Transformation ¥ mne

AWe have three sinusoidal voltage sources and we want a resistive input
AWe can transform the -8ariable input into two dc components, d and g
APerform regulation on d and g and convert back into three sinusoidal setpoints

A e s 420 B )
| v | % cos(q) co%q 2?’0 8 cos %?’0 g ’
) 8 ¢ s oy ()
14(t) gq %\/;g sin(q) smge —2?’? 8 sin Zﬁ—3p+ Sbg :
Z. ~ (=) ' ) .
> 8, Y é ﬁ Q Q g Ib(t)
g 2 2 2 0
V The inversalgOreconstructs the corrected waveforms after correc@dnd variables
- e J2 @
Reconstructed variables t e cos@) - sin(g) e
c() a \/% 5 4  Regulated signals
2 .
P 2Py N - i (t
() « eb \fecos@ ) sm(q 3 5 %q ijgtg
. wosg+ L) -sin(g 3Py Y2 | :
(1) é 3 S 24 .
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Three-Phase Rectifier with SPWM

AA phaselocked loop (PLL) is used for extracting the amggle
AEach input current is sensed and used to compla@variables withg

VOUt

ia(t)

a(t)T Vb(t)T d? c(t)T ¢

l/ VoItage loop \

Vo)
V() —

V() —*

abc to dgg—?©

cos(q

|

q(t)

lg

PLL

D. Boroyevich,

sing

vV V

atan{ cog ,sing

d
San< dead- a
Sap Ol time
Spn dead- dy
Spp ¢ Q time
Sen « dead- A
Scp < q time
v, i I _f _______ |
& 1+§ ‘ : e >—IF
1+ -
" de : Vref :
e o s
| - I
LW abC : Vref :
Jon i >
+ 1+Wp I T : )
0O  Type2
q(t)

, PECon 2008, Malaysia

— q(t)

Sinusoidal PWM (SPWM)
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https://ewh.ieee.org/r10/malaysia/ie_ia_pel/pecon2008/dushan_tutorial.pdf

Average Modeling of the Whole Chain

A WT Microelectronics Company

AThe PWM switch model lends itself perfectly for thisttase PFC ac simulation

A

A

Active port

D
R1
10Meg

.PARAM Fline=50 -
.PARAM Vgrms=120

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

l@ 1=V(CurC)*V(D)
B5

O

|

P

B6

V=v(a,p)*V(D) i

Simplified Analysis of
1 PWM Converters Using
Model of PWM Switch
U — Part I: Continuous Conduction
Mode

VATCHE VORPERIAN
Virginia Polytechnic Institute and State University

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

A | have replaced the switching cell by the VM PWM switch model
A Pulse-width modulators are replaced by small-signal gains
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Three Loops have to be Compensated

AThree loopsV,to be regulated at 400 V and thikandq paths
AThe voltage loop will be closed with a-B@ crossover whil& for d andqwill be 2 kHz
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.PARAM t1=15m
.PARAM Va={Vgpeak*sin(w*t1)}

.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
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V One ac source is active at a time
V First the slow V-loop is compensated

V Then the d and g loops
x Check bias points are correct /!
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All Loops show Comfortable Margins o

AThe three loops are individually compensated with adequate phase and gain margir
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Cycle-by-Cycle Simulation with SIMetrix = Fe===

AThis cycleéby-cycle SIMetrix simulation is fast and gives results in less tham 5

o A There are three compensators in this circuit
R s R e gm0 A The voltage loop is compensated for a low crossover
e A e T TRl st L A The inner current loops are faster © 1-2 kHz
ol g 10 ] A The converter delivers 5 kW from a 120-V ac input
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wwoz | e .param GfcV=20 ; magnitude at crossover * *
v g .param PSV=-90 ; phase lag at crossover * * Do not edit the below lines *
e FscEats * .param boostV={PMd-PSd-90}
s o o * Enter Design Goals Information Here * .param GV={10"(-GfcV/20)}
il h =97% * .param kV={tan((boostV/2+45)*pi/180)}
A —£ 120 V. 5 kW .param fcV=20 ; targeted crossover * .param fpV={fcV*kV}
oL \ﬂ e ' .param PMV=60 ; choose phase margin at crossover * .param fzvV={fcV/kV}
- ; —t2 1 Reference * Jparam C2V={1/(2*pi*fcV*GV*kV*Rupper)}
Wj i % Signals * Enter the Values for Vout and Bridge Bias Current * .param C1V={C2V*(kV"2-1)}
w oL ;"; | L . * .param R2V={kV/(C1V*2*pi*fcV)}
; e J %%ﬂ > .param Vout=400
1 PN bt 2 .param Pout=5k Type 2 voltage loop
I — |1 %iﬂ param RL={(Vouty*2/(Pout) compensation
& | e .param Ibias=100u
o B B .. .param Vref=2.5
B o .param Rlower={Vref/Ibias}

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




FUTURE

Now compare Averaged and CBC Models ===

AExcellent correlation between cyely-cycle and average model waveforms
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Simulation was also performed in LTspice

ALTspice can also run the entire simulation with SiC transistor models
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.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)}
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.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)
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TFUTURE

Always check your SPICE Models! e

A An accurate model is necessary otherwise: gardaggrbage out (GIGO)
V Implement a doubleulse test with the datasheet condltlons and check losses

--------------------------------- CTRL + left click on trace name -------==---====-="-;
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.model MUR160 D(IS=7.4f RS=50m CJ0O=17p M=0.50 vj=0.75 ISR= 247 21a4
.param Voff=-5 18A—
.param Von=18 120 142+
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Simulating a Vienna Rectifier

FUTURE
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AThe Vienna rectifier can be controlled using the dg0 blocks already available
A\ This 3level converter requires two output capacitors, each biased at 400 V
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Vienna Rectifier with LTspice

FUTURE
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>
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AThe same circuit can be reproduced in LTspice with averaged modeling too

ATransistors models can be inserte

yout TMEAVSRODEMIN L0 IMZATSROOBMIH LO

d for a longer but more realistic simulation
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Simulation Results for a 10-kW Level

440V

o FUTU RE

// ECTRONICS

AThe simulation is fast and the THD is 3.2% in this typical example
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APower Factor correction is a hot topic for several decades

Aln singlephase applications, analog implementation is still possible

ADifferent techniques are available with or without input voltage sensing

AThe totempole PFC gains traction owing to modern semiconductors like GaN and Si
AThreephase PFC is a complex matter, and | recommend to study rotating machines
V Many terms and mathematical expressions come from this field

AMost of the 3phase PFC projects | have seen deal with digital control

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

I donét care about PFCs when | <cycl e

| Om done, mer_ K 'y
und danke vielmals! ‘
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