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What is Power Factor?

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

ü The absorbed current must be sinusoidal and in phase with the input voltage
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What is the Impact of a Low PF?
ÁAssume a 250-W load absorbed by an equipment from a 110-V 15-A ac outlet

Á With a PF of 0.56, the current is 250/110/0.56 º 4 A rms

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

250 W ï PF = 0.56
110 V ï 15 A

Pmax = 1.65 kVA
x 3

You can safely 
connect 6 

workstations
250 W ï PF = 0.99

110 V ï 15 A

Pmax = 1.65 kVA
x 6 PFC

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

Iin,rms = 2.3 A

Iin,rms = 4 A
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Explaining Power Factor with Beer
ÁA low power factor will force the production and circulation of a higher rms current

ÁElectric 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
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Power Factor and Distortion
ÁPower factor depends on two parameters:
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Equipment Compliance
ÁThe standard EN61000-3-2 defines the class of equipment and associated limits

Class C

Lighting 

equipment?

PC/monitor

TV?

Class B

Portable 

tool?

Motor 

equipment?

3-phase 

equipment?

Class A

Class D

no no

yes yes

yes

Enter

no

Pin > 75 WPin > 75 W

Class D limits

no

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

yes yes

no
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Storage Need in a Single-Phase Grid
ÁThe goal of a PFC front-end converter is to emulate a resistive load

ÁThe power of a single-phase ac source feeding a resistance involves a squared sinewave
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Instantaneous Power in a 3-Phase Grid
ÁThe total power in a three-phase system is the sum of individual powers
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Å The power drawn from the 3-

phase grid is the sum of powers 

supplied by phases a, b and c

Å 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
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Output Ripple in 1- and 3-Phase PFCs
ÁBelow is the comparison between a 3-kW PFC output ripple in a 1- or 3-phase grid

360 

370 

380 

390 

400 

410 

420 

430 

200 210 220 230 240 250

vout(t)1 phase

3 phases

(V)
Vin = 120 V rms

Fsw = 30 kHz

L = 1 mH

Pout = 3 kW

Vout = 400 V

Cout = 330 µF

(ms)
1 phase: strong low-frequency rms component

3 phases: no low-frequency component
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Averaged Simulations for the Ripple
ÁPart of the output capacitor rms current depends on the low-frequency component

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

Single-phase BCM averaged model Three-phase BCM averaged model

vout(t) 386 V

395 V

375 V

iC(t)

1P ï BCM ï Pout = 300 W
550 mA

-550 mA

40 mA

-40 mA

vout(t)

iC(t)

3P ï CCM ï Pout = 10 kW

405 V

395 V

No low-frequency ripple in 3-phase

400 V
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Power Factor Correction ï One Phase
ÁAn active PFC forces a sinusoidal current absorption in phase with the voltage

ÁA boost converter is traditionally employed for this operation
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No Diode Bridge with Totem-Pole PFCs
ÁThe bridge hampers overall efficiency with two permanently-conducting diodes
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P = 300 W

h = 100%

Vac,LL = 90 V rms

ÁThe totem-pole PFC processes the positive and the negative input cycles

Pd º 5 W

Eff. loss º 1.7%

High-frequency operation

Low-frequency operation

VQ1/Q2 swap roles between switches and diodes

Á They operate at high frequency: fast leg

VD3/D4 are active during half of the line cycle

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

Q1
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D3

D4
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vline(t)
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vline(t)

D1

Q2 D4

Q1

D2

D3

toff

ton
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GaN
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Multi-Level Converters
ÁThe 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

ÁAn 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

0 V

400 V

-400 V

3-level switching pattern

0 V

800 V

2-level switching pattern

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

1

2

1

3

2
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Stacking High-Power Converters
ÁThe two dc rails of equal values let you use semiconductors of lower voltage

ÁThe output transformers can then be serialized or paralleled for more power
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Three-Level T-Type PFC
ÁA 3-level PFC can be implemented by adding a bidirectional switch

ÁThe two T switches operate at high frequency and block Vout/2

D1

D2

S3 S4

Vout

Vout/2

Vout/2

L1

Vin

Vin > 0

S3 = SW

S4 = 1

Vin < 0

S3 = 1

S4 = SW

VL = Vin

Vin

S3 is on VL = -(½ Vout-Vin)

Vin

Vout/2

D1 D1

Vout/2

+ +

Positive ½ cycle ï magnetization phase Positive ½ cycle ï demagnetization phase

Negative ½ cycle ï magnetization phase

+

VL = Vin

Vin

S4 is on

D2 D2

S4 is on

Vin

+

Vout/2

Negative ½ cycle ï demagnetization phase

VL = -(½ Vout-Vin)

ÁThe off-time voltage is half of the output voltage

VDesign with a smaller inductor for same ripple

Vout/2

T
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SIMPLIS Delivers the AC Response
ÁYou can stabilize and test the transient response with the same circuit
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Power Factor Correction ï Three Phases
ÁThere are three active branches, with or without synchronous rectification

ÁDifferent control techniques exist to maximize efficiency and minimize distortion

San Sbn Scn

Sap Sbp Scp

va(t) vb(t) vc(t)
2-level 6-pack or 

B6 type of PFC

va(t) vb(t) vc(t)

3-level Vienna rectifier ï T-type

800 V
800 V

400 V

Vienna 3-Phase PFC Reference Design, Microchip

30 kW

0 V

0 V

https://www.microchip.com/en-us/tools-resources/reference-designs/vienna-3-phase-power-factor-correction-reference-design
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Borderline or Continuous Operation?
ÁA PFC can operate in discontinuous, borderline or continuous conduction modes

ÁBorderline or critical mode suits low to moderate output power levels, below 300 W

ÁContinuous conduction mode is adopted for high-power converters, above 500 W
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losses and rms currents

V Average current mode 

for best distortion figure
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× trr-related losses due to 

diode ï SiC is popular

BCM

CCM

restart
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Constant On-Time Control
ÁVoltage-mode control offers the easiest implementation for BCM PFCs

V Start with the inductor instantaneous current waveform:
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Voltage-Mode Operation
ÁConstant on-time can be implemented in voltage-mode control

V No need to sense the input voltage!

On-time modulator

Demagnetization 

detection

Compensation

Bypass diode

()Li t

()ini t

()swf t

()FBv t

()outv t

()rectv t

Zero-crossing

distortion
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Peak-Current-Mode Operation 
ÁThe inductor peak current follows the rectified voltage for a sinusoidal envelope

o  A multiplier is needed to sense the input voltage: increased power consumption
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()FBv t

()outv t

()rectv t

Multiplier

Compensation

Demagnetization detection

Bypass diode

MC33262
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Average Current Mode Control ï CCM
ÁA high-bandwidth loop monitors the inductor current to force sinusoidal waveshape

ÁA multiplier scales the current envelope to meet output power requirements

()Li t

()ini t

()outv t

()rectv t

d(t)

You can run ac analyses for 

current and voltage loops

Current loop

High-voltage sensing

Rsense

ROCP
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Predictive Control Law ï No Line Sensing
ÁIt is possible to control the duty ratio without sensing the input voltage

ÁThis elegant approach simplifies the implementation of the PFC engine
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S. Ben-Yaakov, I. Zehser, PWM Converters with resistive input, IEEE Transactions on Industrial Electronics, vol. 45, June 1998
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https://ieeexplore.ieee.org/document/679011
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An Averaged Model to Stabilize the Loop
ÁAn 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

Å The right-side macro 

automates the 

compensation 

components values 

for the type 2 OTA

Å Always check the 

operating points are 

correct before 

considering the ac 

plots

Å This is the voltage-

loop ac analysis, but 

the current loop can 

also be swept

Ok

Loop opening
Ok
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Check Crossover and Margins are Ok
ÁSPICE linearizes the large-signal PWM switch model and delivers ac results in a second

Compensated loop gain

Control-to-output transfer function

jm = 77°

fc= 3.3 Hz

()T f
()T fÏ

()H fÏ

()H f

31 dB

-30°
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Averaged Model and Transient Analyses
ÁTransient analyses are extremely fast and let you test the compensation strategy

Power is stepped from 

1 kW to 1.5 kW
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Testing the Step Load Response
ÁThe output voltage is stable at low line but shows a bit of ringing at high line

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

Pout stepped from 1 kW to 1.5 kW, Vin = 100 V rms Pout stepped from 1 kW to 1.5 kW, Vin = 230 V rms
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A TPPFC in a Cycle-by-Cycle Application
ÁThe variable-toff technique is well suited for a TPPFC implementation

ÁAn internal circuitry detects the line polarity and routes timings to the switches

Current

 sensing

Abs

function
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Inside the TPPFC Subcircuit
ÁYou need to determine the input line polarity to route the PWM signals

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

Line polarity detection
PWM routing

Dead-time Off-time modulation
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Operating Waveforms
ÁThe simulation time is 183 s on my machine which is acceptable

Current amplifier 

output
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SIMPLIS for AC and TRAN Responses
ÁThere is no need to resort to an averaged model with SIMPLIS
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NCP1654 ï a Different Approach
ÁThe NCP1654 from onsemi uses a slightly different technique to produce 1-d(t)

ÁThe static input voltage is used to scale the control voltage envelope
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Averaged Modeling of NCP1654
ÁThe averaged large-signal model will simulate fast in lack of switching component

ÁSPICE linearizes equations and we can obtain the control-to-output transfer function

Vp

+

x k.Vin

()Li t

·

Verr
GND

Vm
I

Vref

+

-

PWM 

latch 

resetintegration

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

iL(t) scaled

 by Rsense

Error voltageScales with

input voltage

Homogeneous to power

The brown-out pin 

senses the input voltage

Voltage-mode CCM 

PWM switch model

1-doff(t)

Type 2 OTA voff(t)
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Simulation Results for the Averaged Model

vm(t)

d(t)

vout(t)

i in(t)

()LI t

This is the off-time 

generator voltage

ÁThe simulation time is extremely fast and helps test the overall architecture

ÁThe low-frequency rms current in the capacitor can be quickly assessed
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Stability Analysis and Compensation
ÁAn averaged model lets you quickly obtain the control-to-output transfer function

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

ok

vout(t)

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

Compensated loop gain
4 Hz

68°

Loop is open 

in ac but 

closed in dc
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Three-Phase Single-Switch Active PFC
ÁThe classical boost structure does not lend itself for low-distortion current absorption

× ¢ƘŜ ƛƴǇǳǘ ŎǳǊǊŜƴǘ ƛǎ ŘƛǎǘƻǊǘŜŘ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ άƘƻƭŜέ ƛƴ ƛƴǇǳǘ ŘƛƻŘŜǎ ŎƻƴŘǳŎǘƛƻƴ ǘƛƳŜ

× The high-voltage bus is typically regulated at 800 V dc for a 380/480-V ac input

vFB(t)

ia(t)

ib(t)

ic(t)

vout(t)
5 V peak-to-peak

vrect(t)

Input current THD º 35% 487 V

563 V

750 V

Filtering

One inductor
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Single-Switch Borderline Operation
ÁRather than using fixed-frequency operation, the PFC operates in borderline operation

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

V No particular control law, classical free-running operation, constant on-time
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D. S. L. Simonetti, J. Sebastian and J. Uceda, Single-switch three-phase power factor preregulator under variable 

switching frequency and discontinuous input current, Proceedings of IEEE Power Electronics Specialist Conference - PESC '93

iL(t)

Different

downslopes

Vdc

https://ieeexplore.ieee.org/document/471995
https://ieeexplore.ieee.org/document/471995
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Non-Sinusoidal Average Inductor Current
ÁThe inductor currents go through different downslopes at the switch turn-off

ÁThe input current envelope is sinusoidal but not the average current

K. Yao et al., A Novel Control Scheme of Three-Phase Single-Switch Quasi-CRM Boost Rectifier, 

IEEE Transactions on Power Electronics, vol. 32, no. 8, August 2017
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https://ieeexplore.ieee.org/document/7707348
https://ieeexplore.ieee.org/document/7707348
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Simulation of the BCM 3-Phase PFC
ÁYou 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

fSW(t)

ia(t)

ib(t)

ic(t)

47 kHz

34 kHz
Input current THD º 12%

Pout = 3 kW

750 V

inductors
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Three-Phase PFC ï Identifying Sectors
Á 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 ia(t) + ib(t) + ic(t) = 0 could lead to a sinusoidal input only in a few sectors
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J. W. Kolar and T. Friedli, The Essence of Three-Phase PFC Rectifier SystemsðPart I , 

IEEE Transactions on Power Electronics, vol. 28, no. 1, Jan. 2013
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+

-

+

+

-

+

-

-

+

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
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Six-Switch or Sixpack Configuration
ÁThis is a 2-level bidirectional boost converter allowing sinusoidal current absorption

ÁSeveral techniques exist to control the power switches like 6-step modulation and dq0

Sap

San

Sbp

Sbn

Scp

Scn

ia(t)

ib(t)

ic(t)

a b c

onsemi SEC-25KW-SIC-PIM-GEVK

https://www.onsemi.com/design/evaluation-board/SEC-25KW-SIC-PIM-GEVK
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6-Step Operation Needs Logic Decoding

L. Huber, M. Kumar and M. M. Jovanoviĺ, Performance comparison of three-step and six-step PWM in average-current-controlled three-phase six-switch boost PFC rectifier, APEC 2015

>

>

>

ia = iab + iac

ib = iab ï ibc

ic = iac + ibc

vab > 0

vac > 0

vbc

ia > 0

ib < 0

ic < 0

La

Lb

Lc

>

>

a

b

c

ia

Sap

San

Sbp

Sbn

Scp

Scn

Disabled leg

va(t)

vb(t)

vc(t)

ib & ic < 0

ia > 0

off off

off

V Sap is on permanently in sector 

I ï Sbp & Scp PWMed

V San is on permanently in sector 

IV ï Sbn & Scn PWMed

ü Leg A is off in sectors I and IV

ü Leg B is off in sectors III and VI

ü Led C is off in sectors II and V

ÁYou cannot impress a sinusoidal shape to phase A in sector 1 as Sap conducts

ÁTwo legs are made active while one of them is kept passive

PWMed PWMed

ia < 0

ib & ic > 0

Sap is on San is on

I IVOperation 

in sector I

https://ieeexplore.ieee.org/document/7104600
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Six-Pack Simulation with LTspice
ÁThe PFC is supplied from a 400-V phase-to-phase level and delivers 800 V/25 kW

ÁThe switching frequency is 25 kHz ς the loop has been compensated with SIMPLIS

ÁThree multipliers are used to shape the inductor current envelope

Error voltage

Logic decoding Current 

loop

PWM routing

iL(t)

Multiplier
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Testing the Transient Response

Pout = 12.5 kW Pout = 12.5 kWPout = 25 kW

ia(t) ib(t) ic(t)

ÁThe transient response from 50% to 100% of nominal power is excellent
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The dq0 Transformation
ÁWe have three sinusoidal voltage sources and we want a resistive input

ÁWe can transform the 3-variable input into two dc components, d and q

ÁPerform regulation on d and q and convert back into three sinusoidal setpoints

()

()

2 2
cos cos cos

3 3

2 2 2
sin sin sin

3 3 3

2 2 2

2 2 2
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q b
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i i

i i
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q q q

p p
q q q

è øå õ å õ
- +æ ö æ öé ù
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é ùå õ å õé ù é ù

= - - - - +æ ö æ öé ùé ù é ùç ÷ ç ÷é ùé ù é ùê úê ú é ù
é ù
ê ú
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c o
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q q
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é ùé ù

è ø
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VThe inverse dq0 reconstructs the corrected waveforms after corrected d and q variables

ic(t)

ia(t)

ib(t)

iq(t)
id(t)

Regulated signals

Reconstructed variables
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Three-Phase Rectifier with SPWM
ÁA phase-locked loop (PLL) is used for extracting the angle q

ÁEach input current is sensed and used to compute dq0 variables with q

N

va(t) vb(t) vc(t)

va(t)

vc(t)

vb(t) PLL
cos q

sin q

abc to dq0
ia(t)

ib(t)

ic(t)

Sap

San

Sbp

Sbn

Scp

Scn

Vout

+

-
id

0

1

1

z

p

sG
s

w

w

+

+

0

1

1

z

p

sG
s

w

w

+

+

iq

0

-

+

Type 2

Type 2

( )atan2 cos ,sinq q q(t)

dq0 

to 

abc 

id

0

iq

+

-

+

-

+

-

dead-

time

dead-

time

dead-

time

Sap

San

Sbp

Sbn

Scp

Scn

da

db

dc

q(t)

q(t)

0 V

3 V

-3 V

Sinusoidal PWM (SPWM)

0

d

q

D. Boroyevich, Modeling and Control of Three-Phase PWM Converters, PECon 2008, Malaysia

ref

bv

ref

av

ref

cv

Voltage loop

https://ewh.ieee.org/r10/malaysia/ie_ia_pel/pecon2008/dushan_tutorial.pdf
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Average Modeling of the Whole Chain

Á I have replaced the switching cell by the VM PWM switch model

Á Pulse-width modulators are replaced by small-signal gains

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

5 kW 5 kW
10 kW

ia(t)

ib(t)

ic(t)

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

dq0 control loops
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Three Loops have to be Compensated
ÁThree loops: Vout to be regulated at 400 V and the d and q paths

ÁThe voltage loop will be closed with a 20-Hz crossover while fc for d and q 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 q loops

× Check bias points are correct

.PARAM t1=15m

.PARAM Va={Vgpeak*sin(w*t1)}

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

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

Input sources
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All Loops show Comfortable Margins
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ÁThe three loops are individually compensated with adequate phase and gain margins

vT

vTÏ

dT qT

dTÏ qTÏ

Voltage loop ï fc = 20 Hz d loop ï fc = 2 kHz q loop ï fc = 2 kHz
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Cycle-by-Cycle Simulation with SIMetrix

.param GfcV=20 ; magnitude at crossover *

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

*

* Enter Design Goals Information Here *

*

.param fcV=20 ; targeted crossover *

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

*

* Enter the Values for Vout and Bridge Bias Current *

*

.param Vout=400

.param Pout=5k

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

.param Ibias=100u

.param Vref=2.5

.param Rlower={Vref/Ibias}

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

*

* Do not edit the below lines *

.param boostV={PMd-PSd-90}

.param GV={10^(-GfcV/20)}

.param kV={tan((boostV/2+45)*pi/180)}

.param fpV={fcV*kV}

.param fzV={fcV/kV}

.param C2V={1/(2*pi*fcV*GV*kV*Rupper)}

.param C1V={C2V*(kV^2-1)}

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

Á There are three compensators in this circuit

Á The voltage loop is compensated for a low crossover

Á The inner current loops are faster º 1-2 kHz

Á The converter delivers 5 kW from a 120-V ac input

Type 2 voltage loop 

compensation

ia(t)

ib(t)

ic(t)
THD º4.5%

h = 97%

120 V, 5 kW

150 ns DT

Reference 

signals

ÁThis cycle-by-cycle SIMetrix simulation is fast and gives results in less than 5 mn
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Now compare Averaged and CBC Models

385 

390 
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400 

405 

410 

415 

420 
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200 300 400 500 600 700
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2.8 
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3.6 
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ÁExcellent correlation between cycle-by-cycle and average model waveforms

vout(t)

vd(t)

vq(t)

verr(t)

5 kW

10 kW

5 kW

V

mV

V

V

cbc

avg

cbc

avg

CBC: cycle-by-cycle
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Simulation was also performed in LTspice
ÁLTspice can also run the entire simulation with SiC transistor models

ia(t) ib(t) ic(t)
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Always check your SPICE Models!
Á An accurate model is necessary otherwise: garbage-in garbage out (GIGO)

V Implement a double-pulse test with the data-sheet conditions and check losses

P(W)

P(W)

ton

toff

() ()D DSi t v t

[]E J
on

on avg ont t
P t

D =
=

[]E J
off

off avg offt t
P t

D =
=

Integrate over time

() ()D DSi t v t

Clamp the max step to 10 ns or less

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

Check these

losses!

CTRL + left click on trace name
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Simulating a Vienna Rectifier
ÁThe Vienna rectifier can be controlled using the dq0 blocks already available

ÁThis 3-level converter requires two output capacitors, each biased at 400 V

Average model for 

ac analysis

Cycle-by-cycle 

model
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Vienna Rectifier with LTspice
ÁThe same circuit can be reproduced in LTspice with averaged modeling too

ÁTransistors models can be  inserted for a longer but more realistic simulation

In the averaged model, some subcircuits are disabled depending on 

the input line polarity ï always check the bias point is correct!
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Simulation Results for a 10-kW Level 

vout(t)

Vin = 120 V rms, Pout = 10 kW

ÁThe simulation is fast and the THD is 3.2% in this typical example
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Conclusion

ÁPower Factor correction is a hot topic for several decades

ÁIn single-phase applications, analog implementation is still possible

ÁDifferent techniques are available with or without input voltage sensing

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

ÁThree-phase PFC is a complex matter, and I recommend to study rotating machines first

V Many terms and mathematical expressions come from this field

ÁMost of the 3-phase PFC projects I have seen deal with digital control

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

Iôm done, merci, thank you 

und danke vielmals!

Iôm here!

I donôt care about PFCs when I cycle in the mountains!
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