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Operating Waveforms in aBhase Circuit e

A power plant delivers 3 voltages out of phase by°Hi{l referenced to a neutral point
For a given wire gauge, more power is conveyedphése than in phase network
In a balanced system, there is no current flowing in the neutral wire
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No Current in the Neutral Wire

[:]I=lJT1JF2EE

ELECTRONICS

With perfectlybalanced loads, the current in the wire is equal to zero
Should a load absorb different power or is nonlinear, current may flow in the neutral
Overheating the neutral because of unbalanced consumption is a major cause of h
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Opening the Neutral S
The neutral wire is distributed in a house for a ¢tn singlephase usage

It can be inadvertently opened during a maintenance phase by the utility company
The voltage between phases dangerously increases
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One phase draws__ Rjsk of overheat —
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When the Neutral Brakes at the Substation ==

AUtility companies often power houses with singlease distribution schemes
AEquilibrium is ensured when distributing phases in a neighborhood
% |f for any reason the neutral is open at the substation, some appliances may fry!

The neutral wire is cut!
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More Power by Wire in a-Bhase Network

Instantaneous powep(t) fluctuates around the average value in a siAgi@se grid
Average power in a-Bhase system isonstantto 3 times the singlgphase power
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Rectification with a 3?hase Diodes Bridgd

AThe most positive voltage source takes the lead
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Plotting the absolute value of the intgshase voltage leads to the rectified voltage

60
| ~ V,_/6°564V
400 ) 2 3 -II-----I_---------,I'!I-‘ I."-,I! I.f -1
i ' E : 4 fl III. \ :
! ‘ (. / B} ' / /!
'I ; k \'1.."“ "._I;’J I | 1 ; ’ i
30 '
v 7 Inter-phase x N /
- v L voltage - : R /]
! : 5
i ; \ - . i f
H .’I rect® = | [¥ap®| £ [vap®] > [vacl®] ~ [vap®)] > [vpel®)]
\ ! |1.'ac[t}| if |1'ac[t}| = |Tab[t}| ~ |Tac[t}| > |1.'bu[t}|
i ! [be®] £ [vpe®] > [vap®| A [vpel®)| = [vac®)]
v
k} 0 otherwise
0 : . . l
0 510 0.01 0.015 0.02
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B L

~

VA 2Gin(wiy) = VACQ”zcam%/@l 8

3~ 200 P y
wd =p - + —= solve ---> t,: =— =1.66Tns
=P (%@1 3 0 Y
t
qp: = @60 =300 corresponding angle with respect to line frequency
line

vadty) = 487.904/ Vplty) = 487.904/

- T X - D &
VACQ"chmé%/@z * 8= VACQ’_ZGm%yCDZ ; 0
6 p
= solve > t,: = =
WOyt =P %@2 2 Y
o
go: =—@60° =900 corresponding angle with respect to line frequency
line

Vap(to) = 487.904/ vadto) = 487.904/



FUTURE

Power Factor of the-Phase Rectifier No Bulk Caf. =

The total power of a-phase system is the sum of the three power sources
The power factor is obtained by computing the total apparent and active powers
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Power Factor of the-Phase Rectifieg Bulk Cap.

AAnoversizedb80-uF bulk capacitor is installed to smooth the output ripple
AThe total harmonic distortion increases to a very large value

with cap. 563V
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SingleSwitch Active Power Factor Correction

AThe classical boost structure does not lend itself for-ttistortion current absorption
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SingleSwitch Borderline Operation s

ARather than using fixeftequency operation, the PFC operates in borderline operatior
AThe total inductive current is sensed, ensuring no inductoropiiratedin CCM

\V/ No particular control law, classical fre@nning operation, constant chime y
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A Distorted Waveform e

AThe inductor currents go through different downslopes at the switch-affn
AThe input current envelope is sinusoidal but not the average curssht (i, (1)), . L peak

1:on toff 2
—>

1

borderline  —R)-»—Y Y
Mains switch iIs
DCM |y, i, L V,

O_b®_,_fW\_ turned on: S, :L—"

(1)

L, “
vc® le ~~
L,
_____ A 0A va®1a VY
vy is L2 Lol Mains switch is
S oYY turned off, diode
L@‘LAL/Y\_ D,, conducts
Vb Ip Lb
S M Vi L
v, ains switch is
v l v v v V v oL turned off,i, =0
Ve c

K. Yao et alA Novel Control Scheme of Thiglgase Singi&witch QuasCRM Boost Rectifier
IEEE Transactions on Power Electronals 32, no. 8, August 2017
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FUTURE

Simulations of the BCM-Bhase Singi8witch PFC =~

AYou can implement a BCM circuit where the inductive current is always discontinuot
VV No CCM operation hence lower switching losses at-turn
% Requires a higholtage output to minimize input current distortion
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Dividing a Cycle into Sectors e

A power factor correction algorithm needs the sinusoidal angle for proper operation
The period is divided into 6 sectors@f¥ (p/3) width with each specific phase sign
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ThreeSwitch Power Factor Correction

A This hybrid hattontrolled 3switch PFC cannot achieve a sinusoidal input current
VV 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 only in a few sector
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SixSwitch Power Factor Correction

AThis is the configuration of choice for this B6 power factor correction circuit
AOnecycle control or OCC represents a possible solution for simple control

\/ All-analogue solution, no complicated calculations!
6 1 2 3 4 5

V Decode sectors to identify whete/o phases
are positive or negative

V In the sector, identify rising or decreasing
sine waves then multiplel and |, variables
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Implementing the Control Law

AThe duty ratio is modulated by comparing a sawtooth with the current information
ASquare waves,and § are generated and drive a leg depending on the active sector
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An Analogue Integrator Floumns

AThe duty ratio is modulated by comparing a sawtooth with the current information
ASquare waves,and § are generated and drive a leg depending on the active sector
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AA decoder is necessary to select the switching transistors in the active region

Switching in the Right Region

\V No deadtime needed considering the switching patterns
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The Complete Simulation Circuit

Sector determination

A The entire circuit can be simulated in SIMPLIS :’Ejlom ‘jm i@j
A The POP finds the operating point in a one minute  * ﬁ ,
V Transient and ac analyses for loop control are easy! i?j Phase curren

rectification

R,
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From the
modulator |,

Zl?j ZJCF ? Control
L ?F = o

i 050 04 iﬁ Scp

RS 020 %
060 05 Scn

R6 010 %

I, and |, multiplexing .
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Stability Analysis Reerioncs

A stable periodic operating point lets the enginesageep the converter
A 10Hz crossover frequency is adopted with a comfortable margin
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Individual Current Loops 7~

The classical approach based on multiplier also represents a possibility
Three current loops are designed and controlled by a common error amplifier
All-analogue solution requiring three multipliers plus ihchronized references

V Deadtime is needed in each branch
to limit shootthrough currents

V Reversearecovery losses of the body
diode is an issue

- L L] x |t is thus difficult to increase the

() sdsd% WO DR e switching frequency

L el L :> Implement Gstep
A A VYW sectorized operation

Y. Jiang, H. Mao, F. C. Lee anBdojevi¢ Simple high performance thrgghase boost rectifiers
Proceedings of 1994 Power Electronics Specialist ConfefleB&C'94T aipei, Taiwan, 1994



https://ieeexplore.ieee.org/document/373828
https://ieeexplore.ieee.org/document/373828
https://ieeexplore.ieee.org/document/373828

6-Step Operation and Sectors
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Aln this 6step operation, two switches are active while another reversaducts

i,>0 Disabled |
Vc(t) c :'ls'a'f'gg > — — .
: P
! | = o o =
WP Lo | - -
o) e 1< La o= i+ :
Cc | . — .|
a /{ar\ a >ab Eac I— S(#) pr &p
" ;>0 |
+ : X
YN - 1 : - ——
Vac> O 9 b + o . i ! —
Ly b= Tap! lne |
VbC : !
28 <0 E
¢ Lo 1e™ lac™ o Sh Sal Jort SnT off
e | - -
e 2 BJl« = BJl« =
= i H H
Offi 4 E 4 " " " 4

V The circuit requires a
simple logic decoder
to determine the
active sector

V It can work with
individual CCM PFC

} controllers

V Distortion figures are
good at nominal
power

[ @ | dzo6 SNE a ® YdzY !l RdrfdryaRee eodpaasdn oMige@elp gha @dted BVWM in averageurrent
controlled threephase sixswitch boost PEC rectifi2015 Applied Power Electronics Conference and Exposition
(APEG)Charlotte, NC, USA, 2015, pp. 18®68



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

iImulation Setup with SIMPL
- lio (O]
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A Ac response
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Good Distortion Figures

Total distortion at a 15 input voltage is 4% for an output power of 6.5 kW
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N\

| Phase Margin 68.728468degrees
I A
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The converter is compensated for a 16@ crossover frequency with good margin



Agenda
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A SingleSwitch Active Power Factor Correction
A SixSwitch Implementation

A ThreeLevel Converters

A The Vienna Rectifier
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ThreelLevel Power Conversion

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

\/ The switching pattern becomes bipolar and transitions viavastate

270

2-level switching pattern 3-level switching pattern

‘ Stack converters supplied by 400rails and reduce semiconductors stress
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SinglePhase d_evel PFC

AThe boost converter splits the higioltage rail into twestacked dc values
AThese intermediate values let you use semiconductors of lower breakdown voltages

Jin ‘ 330u ‘
i "L
VBF
c7
100n NI
V2 + @ AC
‘/Jil\\ D{ load} -
R13 VAF
30m
R6
330u {Rupper] y o+
- 7 M
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- — R10
e =
IN [\]ouT
=OUT/IN —T 1
vB +——HVBF 2 0 O V
IN [out o | ——=16NF
=OUT/IN Clock2 E5
T ICt2 1
VA +——H VAF
IN [\ JouT (7)) vs o= ST Bcidke .
=0OUT/IN 1 —FE GNF
E6
= 200V

\/ Steadystate simulations as well as ac response are obtained in a snapshot with SIN

M. T. Zhang et alSinglephase threelevel boost power factor correction conver{dEEE Applied Power Electronics Conference and ExpesiR&C'95Dallas



https://ieeexplore.ieee.org/document/468984
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https://ieeexplore.ieee.org/document/468984
https://ieeexplore.ieee.org/document/468984
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Operating Point and Ac Response
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\

e —
Loop Gain  Gain Crossover Frequency 5.14235382Hz
Loop Gain - Gain Margin 40.304732dB
Loop Phase Phase Margin 73.420094degrees
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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

Stacking Higiirower Converters
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ThreelLevel TType TPPFC

AA simple totempole PFC can be implemented by adding a bidirectional switch
AThe two T switches operate at high frequency and blogk?V/

Vout D -
T sl D, i
I || | - D 1: | Vout/ 2 | = D
| Voul? V=V, [Sisor V=0 Vi)
+ E__E_ _f_ _E_i - - a =
+ < S ison D + <— <—Vout/2 D
\/In @ I \/in @ 2 4
L
~ I : :
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t D
@ Vin = [ ]
Vout/2 JUL »
Vi=Va i Sis OI"I) V=2 Ny Vin) —VOUt
. + Ny L] + Ny
Ve . . \/ln @ Ul T D t \/|n @ T _: VOut/ 2 [:: D *
A The offtime voltage is half of a 460 PFC D, D
7 215 «

\/ Design with a smaller inductor for same ripple

Negative ¥z cycle magnetization phase Negative ¥ cycle demagnetization phase
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A Voltage Doubler

AThe structure doubles the input voltage implying¥/\, /2 or 800V bus for 265/,
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SinglePhase TType Power Factor Correction © ==

AA TPPFC is implemented with slow and fast legs as in the classical approach
% Sectorization Is necessary for ensuring widains operation

s i o zi s
Lk
o :l lel L.Ll J.iJ.:I
N et ol
o ks s o
Vil g utl
L_ﬁ_u
”—”—”—‘ $=9
S=S Insert_
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A Sector a: Y <Y2 Y,

A Sector b: {{> %2\,
A Sector c: Y < %2\,

Negative section
A Sector d: [V |< 2 V.

out

A Sector e: [\,|> ¥\,

out
A Sector f: [V| < %2 V.,

1.6-kW TType 3Level PFC Power Suppl®esign Guide RD1¢ZToshiba
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Sectorization of the Transitions

ADedicated switching sequences are selected depending on the input line

i - 1 i . 1
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P
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Simulating the dType with SIMPLIS s

AThe operating circuit gains in complexity, especially considering the sectorization
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T-Type Simulation Results

Alt is possible to run an ac analysis once the operating point is determitoed line
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Agenda

A Tri-Phase Rectification Basics

A SingleSwitch Active Power Factor Correction
A SixSwitch Implementation

A ThreelLevel Converters

A The Vienna Rectifier



The Vienna Rectifier
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AThe Vienna rectifier patent was granted on Decembet P393
AThe inventor is Johann Kolar and assignee was IXYS Semiconductbitt@ltwse
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3-level Vienna rectifier 1993 2-level Wgrsaw rectifie[ 1992
Johann Kolar 2 02 RI XKyckagaNJd

EP0660498A2 Wikipediac 3-phase boost

48

Fig. 1

0 660 498 A2

V Three controlled switches versus six
V 600-V-rated diodes and switches

V Smaller inductance than in€witch

V 3-level power converter

V High reliability in case of failure

x Unidirectional
x Complex control like SVPM

A Vienna 3Phase PFC Reference DesMitrochip



https://patentimages.storage.googleapis.com/b1/13/81/635be1001b49f7/EP0660498A2.pdf
https://www.microchip.com/en-us/tools-resources/reference-designs/vienna-3-phase-power-factor-correction-reference-design
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https://www.microchip.com/en-us/tools-resources/reference-designs/vienna-3-phase-power-factor-correction-reference-design
https://en.wikipedia.org/wiki/Warsaw_rectifier
https://www.ped.pwr.edu.pl/pdf-99124-31417?filename=THREE%20PHASE%20WARSAW%20BOOST.pdf
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https://www.ped.pwr.edu.pl/pdf-99124-31417?filename=THREE%20PHASE%20WARSAW%20BOOST.pdf
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Bidirectional Power Switches

AThe arrangement featuring a transistor and diodes represents a bidirectional switch
ATwo transistors bacto-back help reduce forward losses

SW is off SW is off L . .
Bidirectional switch
i ________________ Vout
Vf - . : » » » p
E —E i D; | D3| Ds 23 = 8 = states
Vi . : L — :---S-(;----: C — H 15 \/
: —, a | LT " Hou
Vi __.';x > | Va@+ A a T
L P N B - b S
T f 1 1 N [ @_'_ OK-Y\ T ./- T M
! ! L ! !
@) | Ve 5 ¢ o |
SW is on SW is on ! j ! \8)+ A ! E = |
S0 | | Do Dy Ds) 15 1 Cm (] %V
': — X . & & "
: — : » & - n
vV, 1 1 VA : |
% v ; E A The blocking voltage of thetype switch is half the dc bus
= 4 A Inductor magnetization occurs when SW is turned on

Controlling the Vienna Rectifier Using a Simplified A¥Sunbu) MSEE thesis, Ontario, Canada, 2019



https://ir.library.ontariotechu.ca/bitstream/handle/10155/1115/Sunbul_Ali.pdf?sequence=3

|FUTURE

A Simplified View

AThe Vienna rectifier can be visualized with three sipglie triplethrow switches
AThe voltage at nodes a, b and ¢ swings between %20WV orF %2 \,
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Different Current and Voltage States
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AThere are six sectors in a mains cycle and eight switches combinations
\/ Three switcheg each being either open or closedead to 8 different combinations

S, | S, |
off off

off
on
on
off
off
on
on

8 spacewectors
ESENEY
null 000 off
100 on off
001 off off
101 on off
010 off on
110 on on
011 off on
nul 111 on on
Operations irsector 1
1,>01,&i,<0
pnnor+--

Voltage levels produced in each state
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0
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| - o— ! * TO - - M 0 | 1 1 1 0 0
X __—J - .
| (011) x5 T(100) X

J. Kolar et alThreePhase PFC Rectifier and#c Converter SystemAPEC 2018 Seminar.
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https://ethz.ch/content/dam/ethz/special-interest/itet/power-electronic-systems-lab/images/Publications/Tutorials/apec-2011-seminar-ac-dc--ac-ac-final-inclusive-swiss-rectifier-as-sent-010211-smaller.pdf

Similar Truth Table for aBack PFC

AThe same concept of switching states is applied tesaifch converter
AThree controlled switches lead to 8 different combinations from 000 to 111

(100) v, (110) V.
S=1 §=0 S=0 5= 1 =1 §=0
= - | — — |
o o - y - N
- I il - - 3 | -
e T e e A0 aﬂi[ V(1) 5~ (1) V() 30—
Sdl— Sbl— S‘"I— Sj|— Scl—
- y N o o N
o |- - EJ* i . -
S Vab = Voutr Vbc_ 0,Vea=-Vout V=0,V = V. V =-V.

—1 out' Yca out

\/ The idea is to synthetize voltages by alternating the combinations
\/ Adjusting the time during which a combination is sateragegntermediate values



ThreePhase Threéevel Converter
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AThe number of levels defines how many voltage steps form the envelope
AA threelevel PFC overs a better granularity than adexel version
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50

-50

-100

-150

-200

There are 9 different possible voltages with-Bedel PFC

Vienna, individual phase control, THD = 2.8%

200

100

-100

-200

145 150 155 160 165 170

5 different possible voltages with al@vel PFC
6-pack typec THD =4.7%



Control of the Vienna Rectifier

AThere are many options to control a Vienna rectifier
ASpace vector modulatiors{/P\VWNlis one of them with OCC or individual phase contrc
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Sector 1
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Uy Third

harmonic

PWM generatlon
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©11)
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o 'h ¢

Py

(000)
o A Typical space vector realization with a triangular
8—>0—>0 carrier and setpointsn, m, andm,.
| A An offsetm, is added to control the migboint
through redundant vectors 100 and 011.

ThreePhase PFC Rectifier andfaeConverter SystemkW. Kolar, M. Hartmann andFFiedli Professional Seminar, APEC 2011, fort Worth



https://www.youtube.com/watch?v=yEJpAB95mrY
https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/__APEC_2011_Seminar_ACDC_ACAC_final_inclusive_Swiss_Rectifier_as_sent_010211.pdf
https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/__APEC_2011_Seminar_ACDC_ACAC_final_inclusive_Swiss_Rectifier_as_sent_010211.pdf
https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/__APEC_2011_Seminar_ACDC_ACAC_final_inclusive_Swiss_Rectifier_as_sent_010211.pdf
https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/__APEC_2011_Seminar_ACDC_ACAC_final_inclusive_Swiss_Rectifier_as_sent_010211.pdf
https://www.pes-publications.ee.ethz.ch/uploads/tx_ethpublications/__APEC_2011_Seminar_ACDC_ACAC_final_inclusive_Swiss_Rectifier_as_sent_010211.pdf
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Simulating a Vienna Rectifier

AThis is a doop switching system operated in opdéwop for simplicity
AOutput power is 8 kW from a 130 ac source
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Conclusion

Diode bridge In trphase rectification brings 8Moles in the phase currents
Power factor correction is necessary to reduce the harmonic content
Singleswitch PFC do not lead to acceptable results

Two-level rectifiers feature a higholtage rail and bring stress on semis
Threeleveltypes are more complex but improve distortion and reduce stress

The Vienna rectifier can be implemented with an analogue or digital solution
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