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ThreePhase
PFC Rectifier Systems
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3 Passive Systems
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 3 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM CcCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Classification of Unidirectional Rectifier Systems

y Definitions and Characteristics

0 Passive Rectifier Systems- Line Commutated Diode Bridge/Thyristor Briddill/Half Controlled
- Low Frequency Output Capacitor for DC Voltage Smoothing
- Only Low Frequency Passive Components Employed for Current
Shaping, No Active Current Control
- No Active Output Voltage Control

0 Hybrid Rectifier Systems - Low Frequency and Switching Frequency Passive Components and/or
- Mains Commutation (Diode/Thyristor BridgEull/Half Controlled)
and/or Forced Commutation
- Partly Only Current Shaping/Control and/or Only Output Voltage Control
- Partly Featuring Purely Sinusoidal Mains Current

0 Active Rectifier Systems - Controlled Output Voltage
- Controlled (Sinusoidal) Input Current
- Only Forced Commutations / Switching Frequ. Passive Components

y PhaseModular Systems - Phase Rectifier Modules of Identical Structure
- Phase Modules connected in Star or in Delta
- Formation of Three Independent Controlled DC Output Voltages

y" Direct ThreePhase Syst. - Only One Common Output Voltage for All Phases
- Symmetrical Structure of the Phase Legs
- Phase (and/or BridgdLegs Connected either in Star or Delta

ETH -
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 3 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)
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* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Diode Bridge Rectifier with Capacitive Smoothing
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3 Diode Bridge Rectifier / D6ide Inductor and Output Capacitor
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3 Diode Bridge Rectifier / ASide Inductor and Output Capacitor
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3 Passive 8 Harmonic Injection
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3 Passive 8 Harmonic Injection

Minimum THD of Phase Currentfor 1/2 /
THRin=5 %

0
0
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 3 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM CcCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch
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Swiss Federal Institute of Technology Zurich
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3 Auto-TransformeBasedl2-Pulse Rectifier Systems

Yy AGSide Interphase Transf. (Impr. DC Voltage)
p

Ot

i

o

f

51

ETH

Normalized input current

0.10
0.00
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
Ordinal number of harmonics

DCSide Interphase Transformer can
be omitted in Case of Full Transformer
Isolation of Both Diode Bridges
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 3 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)
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* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Diode Bridge and B&ide Electronic Inductor (El)

UAC
i — p
Ua ) { ; ; L ‘ UET = UAC
I
c . C% Upn | | B
4 41 4 UR] w N iU/DC |
* t t . Nl T 00150 __use T ! Y
n 7 s NV N n
0
Electronic Inductor
+ Only Fract. of Output Power Processed
+ High Efficiency and Power Density
. Not Qutput Voltage Control
. EMI Filtering Required
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3 Diode Bridge and B&ide Electronic Inductor (EI)

y" Control Structure

Rs)E

Y.

<
X
2

X

>
+>
1
[

0 Current Control could Theoretically Emulate Infinite Inductance Value but Damping
(Parallel Ohmic Component) has to be Provided for Preventing Oscillations
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3 Diode Bridge and B&ide Electronic Inductor (EIl)

Yy Experimental Results

U,.=3x400V
P,=5 kW

=70 kHz

C=4 x 330 uF /100 V

o .f 2ms/divi"_:

Input current (A)
E=y

=98.3 %
2= 0.955
THD =28.4 %

0 I I I I n I = A =
1 357 9111315171921 232527 293133353739
Ordmal number of hammonics
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3 Diode Bridge and B&ide El or Electronic Capacitor
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3 12-Pulse Rectifier Employing Electr. Interphase Transformer (EIT)

oS

| lﬁ

*

(JDT§
0Q
v

0 Switching Frequency E8ide Inductors
0 Proper Control of the EIT Allows to AchiBueely SinusoidaMains Current !
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 39 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM CcCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch
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3 Active 39 Harmonic Injectiorinto All Phases

'
V;
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Active Resistance Emulation

0 No Output Voltage Control
0 Mains Current Close to Sinusoidal Shape

pl—o—o—
Ua cl. e.g.. i1=1+32Iy
~ fl E_ |2 - I 3/2 |y
b
C wl|[R - ceL: siy=iy | i
C.=+
i Minnesota Rectifier

0 Controlled Output Voltage
0 Purely Sinusoidal Shape of Mains Current

APEC 2011 —
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3 Active 39 Harmonic Injectiorinto All Phases

:
* L2,
o/
i, =1cos(ar) iy +ip+i,=0
. - 2 i, == .. c e e
rb:Icos[ax‘——} _J o Iy —iy =ig+iy i+, =
3, iy =g +iy,

. ’ 2 . s . :_‘;b+2f_1.':3fy
i :Icos[ar‘JrT] 15 ——l_r(,+zy)

0 Current Control Implemention withoost TypeDC/DC Convertednnesota Rectifigror
with Buck TypeTopology
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3 Active 39 Harmonic Inj. Onlynto One Phasdl)

+ Purely Sinusoidal Mains Curréfinly for Const. Power Load)
+ Low Current Stress on Active Semicond. / High Efficiency
+ Low Complexity

- No Output Voltage Control

w KKK
a la
~ > - L
0 b
C
et R R e T L ot
t2?
= i
0 [O,E}
3
wl
b 1 3 | |
0 ’—@—‘: : : _/:r\__ : T T ot
| uy —
: ' > ©f
fTTTTTTTTTTTTTT T ' (1-k)iy

0 T4, T Could be Replaced by Passive Network
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y" Proof of Sinusoidal Mains Current Shape¢ ar e[o,ﬂ

- Current to be Inj. Into Phase i, =—ig

- Local Avg. Ind. Voltage / Bridge
Leg (T+, T) Output Voltage: uy =0 andlor  wyg = uyg

- Bridge Leg Voltage Formation: #a =#p0 =k -ugq +(1—k)ueg
pg =k -u,. +u.g
k= Hpe

Uy

- Bridge Leg Current Formation: :}+ =k-i, =~k -G-uyy=—G 1y, e

u,.

P wu, i t‘u,.-i
- Constant Power Load Current: i = — Zac "a T %be "Tb

"o

",

_ g Ma Mac T Up Mpe _ -
u

u
H,0 + Hp Zbe }
ac \ Hlﬁ'(’ J

y Sinusoidal Mains Current i +iz, =G-u,q =i,

Vv

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

i, =G u,
ib = G . ”bﬂ
i, =G-u.
p
luao k
0
1-k
TU’CO (1-k)
n
Condition:
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3 Active 39 Harmonic Inj. Onlynto One Phas€ll)

Yy BoostType Topology

u

<~
+ Controlled Output Voltage =
+ Purely Sinusoidal Mains Current

(e Rup)

- Power Semiconductors Stressed
with Line-to-Line and/or Full
Output Voltage

Yy Proof of Sinusoidal Mains Current Shapedos|0.Z | (1)
3

O 4 Different Switching States: ~ T,on, T off } Kk
T, off, T on } .
T,off, Toff | ™
T.on,Ton J} ky=(1-k—k;)

3 Different States Regarding the Current Paths
with Relative OfTime k; k, , ark;
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. . . T
Yy Proof of Sinusoidal Mains Current Shap er e[o,ﬂ (2)
- Current to be Injected intb: .r'; = —iy ,-: =G -1,
3 * W
- Inductor Voltages: iy ~0 iy 5~ 0 iy =Gy
K.
' i. =G u.
- Bridge Leg T, T): Voltage FOrm.:  kyuyy +ky (#g = Uy )+ (1= ky k3 )1 =0
u
k2 _ Yab
Upn
!
Iy (”bc - Upn)+k2”bc +(1— Iy —kz)ub(, =0
Uy
kl B —
Upn
- Constant Power, Load Current; 7 =—1— = "ab'a ~Hpcle _ —kyi, + ki,
Upn Upn
- Current Formation ifi.: ipy =kyiy +(1-ky —ky)i, Condition: f: +r'; +z’ff =0

- *

Yy Sinusoidal Mains Current: iy, +i =i, V
ETH .
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3 Active 3¢ Harmonic Inj. Onlynto One Phas@ll)

T, L P
Yy BuckType Topology T L i -—
& . uL
+ Controlled Output Voltage g e b
+ Purely Sinusoidal Mains Current IR ; .
/ 0 b M b C== |[Upn []R
+ Low Current Stress on the . o -
Inj. Current Distribution _L 1:}-&2— i
Power Transistors / High Eff. TITx % & ur,
+ Low Control Complexity 12 % pam
— L n
- Higher Number of Active 30 — —
Power Semiconductors than ig b |l
Active BucKType PWM Rect. 20 -
(but OnlyT;, T. Operated with < 10 ly
Switching Frequency) =
§ 0
3 0
UN L= 400Vms ~
U= 400
"P=10kW 4
0 5 10 15 20 25 30 35 40
t (ms)

0 Patent Pending
0 Switches Distributing the Injected Current could be Replaced by Passive Network
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y" Proof of Sinusoidal Mains Current Shape me[o,ﬂ

I'— Laboratory
- Current to be Inj. into Phask:
- Current Formation:
- Local Avg. Ind. Voltage :
- Voltage Formation:
ETH

iJ_, =—i, Duty Cycles: T, } k
_ _ T}k

klI =1, kzI =1,

i, ===k +(1—ky)I =~ iq =G Uy

t- - ) V ';b =G- Hpo

ig tip+i, =0 i. =G uy

uy; =0

kyug + (A —ky)uy —(kyu. +(1—ky)up) = up,

kit —katiey = 1y, kI =i,

Iglgp *ictey =1y, T kol =—i,

iglgy +icll, =P = const. I =const.Y u,,=const,

V

APEC. 2011
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 39 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM CcCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Diode Bridge Combined with DC/DC Boost Converter

U = 3 x 400 Viy= 50 Hz) .
F)out =10 kW 600\/"\/'\/' ‘{/'\/'\/
THD= 32 % % 200 T 0 &
E 0 \ ia /0 3
200 -20
400, 5 10 15 2070
t (ms)
et RO A )
& a ia 20
=15
b ‘ 2
u JK C = upn[]R ~ ol
c
1T 1 1 5
44212 . JL_ AL s anl o
n 0 5 10 . 15 20 25

y" Other Diode Bridge Output Current Impressing DC/DC Converter Topologies
(e.g. SEPIC, Cuk) result in Same Mains Current Shape

ETH -
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3 Half-Controlled Rectifier Bridge Boost Converter

Sector:: A @ B

VU 1 Ub e
' |

i

Sector A: o1 E[_E__E}
66

%
Uab > L:a-_b
“acl(-j‘-) Kﬁ) ) (=)‘U

o Sinusoidal Current Control Only in Sectors _—
with 2 Positive Phase Voltages, e.g. in Sector B JK;} A

& In other Sectors, Only One Phase Current  Sector B: o1 < F__E} —
could be Shaped, e.g. in Sector A 6 2 i %

GiaL—P

Controlled Output Voltage (L&S U) ) N
Low Complexity (e.g. Single Curr. Sensor) ”l “‘“Cl@ — ©|v
Low Conduction Losses —

. Block Shaped Mains Current JK;} J’(}} %

ETH -
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3 Half-Controlled Rectifier Bridge Boe3type Converter

y" Current Control Concepts

Option 1: All Switches Simultaneously Controlled with Same fiygle (Synchr. Modulation)

Option 2: Only Phase with most Positive Voltage is Modulated, Switch of Phase with most Neg. Voltage
is Cont. Turned on for Lowering Conduction Losses in Case of Switch Implementation
with MOSFETs. Middle Phase Switch is OFF; Results in Block Shaped Mains Current

. 0.1 0.2 0.3 0.4 0.5
Control Acc. to Option 2 1
A Sector = -
o | & 3 4 3 fi
\ B\ *‘ 0.1 0.2 0.3 0.4 0.5
IE"Ire'Jr.'jl.'n:r Hn.m,.\'.l', uﬂﬂ,ﬁ: 30 1 - 1 L i
) /> # - 20 |

u (V)
=

i (A)

V)

e 1
MOSFET §: PWM  PWM  off on on  off B
MOSFET §, o aff PWM PWMW  off on
MOSFET §; off o T off  PWW PWM 04 | ;

0 0,1 0.2 0.3 0.4 0.5

ETH -
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3 BoostType Autolransf-Based 12Pulse Hybrid Rectifier

y" Impressed Diode Bridge Output Voltages

HM”
£

oS

Q« JiEE

K
X,

=0

+ Output Voltage Controlled
+ Sinusoidal Mains Current Shaping Possible

- Active Converter Stage Processes Full Output Power
- Low Frequency Magnetics Employed

ETH -
Eidgendssische Technische Hochschule Ziirich AP=Cm 2 0 1 1
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3 BoostType Autelransf:Based 12Pulse Hybrid Rectifier

Yy Experimental Results (Impressed Diode Bridge Output Voltages)

_ leCroy | !
lF{;L:—lC(B))l((VlV15V(4OO HZ) - 20ADV———
U, =520 V | '
£ = 60 KHz \/\/ :

THR=3.1% A Y\

I 0.5ms/div
Input Currents 1 L

SRR AN I ™

0.7 =

Duty cycle
(=]
n
)
.,
5

N iN
Duty Cycle
Variation .

-45 -40 -35 -30 -25 -20 -15 -10 5 0 5 10 15 20 25 30 35 40 45

Phase angle (°)

ETH -
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3 BoostType Autolransf-Based 12Pulse Hybrid Rectifier

Yy Impressed Diode Bridge Output Currents

<&ai
s K

_@

o
—

+ Output Voltage Controlled —i<¢
+ Sinusoidal Mains Current Shaping Possible

0

- Active Converter Stage Processes Full Output Power
- Low Frequency Magnetics Employed

3 Wide Varity of Further Topologies for Pulse Multiplication (e.g. A2B6p) which
Proces©nly Part of Output Power but diProvide Output Voltage Control

ETH -
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 39 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM CcCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

APEC.

2011 —



=IC I~ Power Electronic Systems 39/268 —
I'— Laboratory

3 Half-Controlled Rectifier Bridge Budkype Converter

+ >
Ty Ty T :
+ Controlled Output Voltage ‘. [N N
+ Low Complexity < a ia l .
+ Low Conduction Losses L x c= upn[]R
1
Block Shaped Mains Current ¢ + l
T x 7 % ! -
Sector: 1 2
Ug Uph Ue
o]

wlt

Topology Limits Input Current Shaping to
Intervals with Positive Phase Voltage ! | i

Sector 1. Onliy could be Controlled
Sector 2i5 andip could be Controlled

(@]

Low Complexity Control: Only Current of sa I - }

Phase with most Positive Voltage Controlled,;
Switch of Phase with most Neg. Voltage Turned ‘b IENMRRISA [ ?0;
On Cont. for Providing a Fr#¢heeling Path sc [N | | 1

ETH -
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Coffee Break !
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems

Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 39 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM CcCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 PhaseModular Rectifier Topologies

<L i
Y Y-Rectifier O e L |
| el V™ Soe |
-0+ L
AC C "l_‘ Uy, be C-Llupnljﬂ'
| el V" ol 1Y
o AC C$ o | Pe
| bC T~ e ||
Yy g Rectifier “Tlac T L1, | 2c
pc| V™ /el
-0 L
4C CL v P¢ C'_l_'lu ,,DR
pc| [V jole v
- AC AL DC
L]
| | / DC N DC ||

0 Individual DC Output Voltages of the Phase Units
0 Isolated DC/DC Converter Stages Required for Forming Single DC Output

ETH -
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3 Y-Redctifier

'U()

Q
=
<«—

'U:

5
—1
T

=

ACSide Equivalent Circuit

O
| IR

)
R-AREVRRE. SUNEE ;3
2
P90l
111
® @ O

Ha

ol 2]

Q
=
«—

tpme | | B

();

0 Basic AGide Behavior Analogous to Direct ThRkese Threkevel Rectifier Systems

ETH -
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3 Y-Redctifier
y" Cond. States foi>0, 1,<0,i<0 in Dep. on Transistor Switching Stat& § S)

0T 1T

b
s b
T

Switching States (011) and (100)

(000) (001) (010 (011) ® Redundant Concerning Formation
of Uab U Uca

-}-_— mu e j mu o] ér:l\éecrcs(eagccl)&():)erning Charginggf
: IR S
| 1 |
ot X Ll . #1
[ LT TLLT
(111) (110) (101) (100)

| <]
dgendssische Technische Hochschule Ziirich AP=Cm 2 0 1 1
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3 Y-Redctifier

y" Equivalent Circuit and Voltage Formation

”E = HE + Ha_.%

Uy = Uy +Uy _

Uz =g + L

|
H; = U'z+u ug+u'y+u'z=0

uy = u'y+uy

- — q'—
Hz = u'z+u

Ho :é(ﬂﬁ +H3 +H(—,)

—
Hy =U 4 -H'IO

44

— — q'—
Hy . =U'g gy

(shown at the Example of Phase a)

| <]
Eidgendssische Technische Hochschule Ziirich AP-ICm 2 0 1 1
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3 Y-Redctifier

y" Equivalent Circuit and Voltage Formation

u, +uy +u, =0

Us- u, = L%i—ﬁ'ﬁ—Fﬂlﬁ_x U N
b 5 0, 203 uy :Lﬂ—l—ﬁ'g-l-ﬂ'g TUHN
N{—)—— L O—+4+O—OH ~ di T
—

di, _
UN' N u. =1L ?: +U'sHU; _Aupn N

. 0=0 + 0 + 0 +3uyy

|:> HNH_N :ﬂ

0 Voltage of the Star Poirtl Befined byug (CMVoltage)

|
Eidgendssische Technische Hochschule Ziirich AP=Cm 2 0 1 1 -
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3 Y-Rectifier

y' Modulation and Voltage Formation

[T A, S
TR T R T o Xyt
BN U

180 270 360 T

0 90 180 270 360 0 9 180 270 360
& Addition ofmg Increases Modulation Range frdip= Uto Uy = 2/43U
0 Potential of Star PoinN ¥&hanges with LFz, ) and Switching Frequengy.{

ETH -
Eidgendssische Technische Hochschule Ziirich AP=c@ 2 0 1 1
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3 Y-Redctifier

y" Balancing of Phas®Module D@utput
Voltages by DC Componenug{my)

my=0

m, 0

O«

m, Only Changes the @ime of Redundant
Switching Stages, e.g. (100) and (011)

No Influence on the AGide Current
Formation Allows Balancing of the Module
Output Voltages Independent of Input
Current Shaping

U

PAN A iy
| \/t
N N N
<—'_‘—>|T=1/f RN 2Tg R 3Tg
—— 5 mp
4 Y i N 7/ ~
Y4 AY /o Y 7/ ‘mc_
s RN N \
/ \.l \.I \.
sa(l)
%
S |
0
(011) | (100), , (011)
(010)u L(010)
(000) (000)
3T, "
3 il Sy
A £ B ~ 7 m mC
7Tt RN “\';"? 0 =77
Sa g oM gl t
X R
Sb? I'_]_E-_>t
) , I'-T ]
L i, (011)
(010) L(010)
(000)J (000)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Y-Rectifier

y Control Structure / 2out-of-3 Output Voltage Balancing iy
A E‘{ sign(vy,) g
Vine /=~ Alpe i Aty § CO]E)‘ [5‘-' r 5
ra® 25 F(s) f n:(s}%__ %y Logic ——\ AC
- io Pre-Control p; I

™ Ve E < VDC,&lJ__

2NV = }

H(s) ?i < Vm’bl—l__

DC

Ve lJ:
- - Voen | = bee -
Voem=3EVpe Average -

/4
E.g.: HE[OE} max(u, ,u,,u.)=u,
min(u, ,uy,u.)=u,

0 Output Voltage Balancing Considers
Only Output Cap. Voltage of Phase with
Max. Voltag€e.g. Phasea) andPhase
with Min. Voltagdge.q. Phasd).

APEC 2011 —
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3 Y-Rectifier
y' Experimental Verification of Output Voltage Balancing
a Symm. LoadingP, =R, =P.= 1000 W

a Asymm. Loadnd?, = 730 WR, =P.= 1000 W
Symm. Loading Asymm. Loading

3
P,=3x1kW
= 4

2
660 UF

Input Phase Currents, Control Sign@lutput Voltages %Ci:_“"li:olo'%lfé}(,

/ w8 l
1 S G (R N [ S . D il R U (N | Y [ -
Vocs 4 o
B I s otV 202
i
SR A e ——/‘<)/\VW‘

2 ms/div

APEC 2011 —
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3 mRedctifier

“* ;% ’T J > E+p 0
| = |
) I |

0 Connection of Each Module to All Phddested Power also Available for Phase Loss !

ETH -
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3 pRectifier

y" Derivation of Equivalent Circuit / Circulating Current Compongent

—a alal LA o =g, L ala| Lo . T Uab e~ Ho
@ >—— - . | Hagp = H'zp+1 @ > &) ®_|
L — —_— — L — —_— gy
T Uz = U's,+1 T ;
c A — = c A = — U= U
@_c 1 . 4 @ ca C) . [ . ca.
Uy . 17
i A - —=ul
Def.. wu'gy+u'y +u'z,=0 —@—9—>a—<’—- < @ uabl
- . N b LA 5 (1 ul%c
0 Mains Phase Current Formeddy, u';,. u'z, . —— -0
and Ug, Up, Uc Tx .,
[ . . . c = U=
o Circulating Curreri Formed byig ~— ()2
1
ug = —\vt=p + 1y +uz Ly — —y
0 3( ab be (‘a) o C @ (}l
0 up and/orig, which does not Appear ig, ip andic, can be Ly —uy Yip
Maximized by Proper Synchron. of Module PWM Carrier Signals; —_- ) |
Accordingly, Switching Frequency Componenisgf »';.-, a'gnhd 7
S 9, ¢ A - =
are Minimized _ @

APEC 2011 —
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3 mRectifier

Yy Y-Equivalent Circuit Describing Mains Current Formation

0 Equiv. Conc. Nboad Voltage at Terminash, ¢ (No Circ. Curreng, i.e. No Voltage Drop acrosg

Hap = Wagp = Ug — U T
‘ Ao =
Uy = Uy, = Uy, —Ug om — & (%) uabl
ZI’A b LA — —.uL
0 Equiv. YVoltage Syst. should not Contain Zero Sequ. Comp.=> - —— () bcl
! —1 . Ly —
ug +ug +ug =0 |:> u'y .=y, —(—ug —ug,) LS ¢ mmmC @ Ca
[ — — —, ] L —1 _.‘H*'
1 u'y.=2uy +ug o __a . @ a
gy =—(U'gp—1'z,) :
3 _l’y b L Er _'uB;
1 r~— = A
Iy, = —(H'b_(, —H'Eb) o—-+
X e
Hz'= —(u'a, —H'Bc)
3
0 Equiv. Concerning Input Impedance between any Terminals
L /Ly = 1, =Ly Ly//Ly =21y  Ly-_I
Zin=Z;, sa=3ta =Ly Ly ily =S Ly vy =31a

APEC 2011 —
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3 mRedctifier

Yy Circulating Current Max. / Minimization of Mains Current Ripple

oo NP>«
i P> PP e

U,.=3x480V (50 Hz)
P, =5 kW ,
U, = 800 V Diap
fs=25 kHz

L=2.1 mH (on AGide)

Drs 1o

0 For Proper Phase Shift of Module PWM Carrier Iy
Signals a Share of the Liste-Line Current Ripple
can be Confined into the Delta Connection. | | |

APEC 2011 —
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3 mRectifier

Yy Experimental Results

U,=3x480V (50 Hz) i |
P, =5 kW Iza
U, =800V =
fs= 25 kHz ab
L=2.1 mH (on AGide)
T T ]
|
T
| T | | [T |
L[ ] | [ Zmpdv
o g Iga D A/IV; i, gy, Igr 2A/iV
- Formation of Input Phase Currerit =i, - iz,
- Circulating Zero Sequence Curre¢nt
ETH —u
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems

Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 39 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM CcCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 SingleSwitch + Boostype DCM Converter Topology

+ Low Complexity / Single Switch
+ No PWM, Constant Duty Cycle Operation

+ No Current Measurement U.L=3x400V (50Hz)
P,= 2.5 kW
. High Peak Current Stress Up =800V

, Low Frequ. Distortion of Mains Currents / Deplgy U THR=13.7 %
. High EMI Filtering Effort

400

20

~—o oo
Ug . * % % 200r 110~
< i 8 <
] Y .§
e g’ T2
C 5 upn[]R 2 &)

-200

£4 %

-20
15 20

39

6 Improvement of Mains Current Shape ByHéarmonic t
Duty Cycle Modulation or Boundary Mode Operation i -
0 Reduction of EMI Filtering Effort by Interleaving o | l_ﬂ
tu=0 =T

ETH -
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3 Two Interleaved Singli8witch BoosfType DCM Converter Stages

400

. |_- *% ? _:>< CE_‘”"“[]R 0 -"’

) oo
- T K
i1 %

Voltage (V)

-400
0

+ Interleaving Reduces Switching Frequency Input Current Ripple
+ For Low Power Only One Unit Could be Operétiggher Efficiency

. Low Frequency Mains Current Distortion Still Remaining
. Relatively High Implementation Effort
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3 TwaeSwitch BoosfType DCM Converter Topology

& a la L * % % J T
e = A
b + U, =3x400V
— C== upn[]R P, = 2.5 kW
c U, = 700 V
N I IR S A A KE THR= 9 %
s S . 3 T PR 1 )

-
© o

~ Voltage (V)
3

+ Slightly LoweHPfor sameUyy/ Uy Component

as SingleSwitch DCM Converter
, Large Switching Frequency CM Output Voltage Cc
. High Input Capacitor Current Stress

Current (A)

0 Artificial Capacitive Neutral PoilN

0 Decoupling of the Phases ;

0 Pros and Cons. as for Singeitch Converter i, ‘

0 T.andT. Could also be Gated Simultaneously PYMI_ g rrposdionsonolnoooonodoonnong
0 5 10 15 20

t (ms)
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3 Classification of Unidirectional Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems '

Passive Systems

Hybrid Systems

Active PFC Systems

Single Diode Bridge

Multi-Pulse Rect. System

* DC-Side Inductor
* AC-Side Inductors
« Passive 3 Harmonic Injection

+ (Partial) Transf. Isol. or Auto-Transf-Based
* AC- or DC-Side Interph. Transformer
* Passive Pulse Multiplication

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 39 Harmonic Injection Phase-Modular Systems

Direct Three-Phase Systems I

* Single Diode Bridge
& DC-Side Electron. Ind.
* Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

« Passive/Hybr. or Active 379 Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

phase Transf.
Boost-Type

» Single Diode Bridge
& DC/DC Output Stage

+ Half-Controlled Diode
Bridge

* Multi-Pulse Rect. System
(Transf. or Auto-Transf-Based)

with DC/DC Qutput Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current Impressed Input Voltage
(Boost-Type) (Buck-Type)

DCM cCcMm DVM | CvM '

* Three-Switch Converter
* Six-Switch Converter

Buck-Type

» Single Diode Bridge
& DC/DC Output Stage
* Half-Controlled Diode
Bridge

* Two-Level Converter
- Y-Switch
— A-Switch
= Y-Arrangement With Mains
Artificial Star-Point Connection
* Three-Level Converter
(VIENNA Rectifier)

* Single-Switch
Converter

* Single-Switch
* Two-Switch

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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TwoelLevelCCM Boodtype PFC Rectifier Systems

a Y-Switch Rectifier
o (pSwitch Rectifier

ETH -
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3 Y-Switch Rectifier

0 Proper Control of Power Transistors Allows Formation of PWM Voltages at , , and/or
Impression of Sinusoidal Mains Current

ETH -
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3 G-Switch Rectifier

Q=

=0

0 D-Switch Rectifier Features Lower Conduction
Losses Compared teSyvitch System

0 Active Switch Could be Implemented with
SixSwitch Power Module

CKFKE]
JK%JK&JE%

ETH

63/268 —

o
i
I+

“—

| e |
| S|
=y
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3 gSwitch Redctifier

Y Equivalent Circuit / Mains Current Control

0 Reference Voltages, i.e. the Output of the Phase Current Controllers Need to be Transformed into

g -Quantities
—_— A.Y
u’ i u;
sector L
detection
w clampy;
i L u; pwm;
7 e i e * u
I ~ 1 !\ m; )\ my; \
& A K{s) =EC/ > | A _.F 2
= A - At =5
carrier signal A >
* puérﬁ —
clamping

F(s) PRt

0 Mains Currents Controlled in Phase with Mains Voltagas,, uc

0 Voltage Formation &, b, cis Determined by Switching State 8f;. S35 Seac and AND Input
Current Direction/Magnitude

0 Always Only Switches Corresponding to Highest and Lowestoklriee Voltage are Pulsed
0 Switch of Middle Phase Turned Off Continuously

APEC 2011 —
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3 opSwitch Redctifier

Yy Modulation

U, = 115 V (400HzZ)

P,= 5 kW
Up = 400 V
fs= 72 kHz

Power Density: 2.35 kW/din

Boost inductors

Output DC-link
capacitors

Semiconductors
Controller board

65/268 —

Viz
12|

/
\

(\

ApIATY)
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3 geSwitch Rectifier

Yy Experimental Analysis

U =115V (400Hz)

P, =5 kW
Up = 400 V
fs= 72 kHz

Power Density: 2.35 kW/dn

Boost inductors

Output DC-link
capacitors

Semiconductors
Controller board

THD= 2.3%

||||||||||||||||||||||||

||||||||||||||||||||||||

CH1 100V
CH2 10A

CH3 10A
CH4 10A

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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ThreelLevelBoostType CCM PFC Rectifier System

o Derivation of Circuit Topologies
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3 Derivation of Thred.evel Rectifier Topologies (1)

: ] i Ik
k] [F
A S
L i

0 Sinusoidal Mains Current Shaping Requires Independent Controllability of the Voltage
Formation of the Phases
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3 Derivation of Threé.evel Rectifier Topologies (2)

T +A U +%U
i‘; A r Y ry L W ., K XX ‘J_—.P
= 1 1 == ~ a la a =
L B[R [ RT 48
M |upn HR m B M ”pn[]R J . b (2epn []R
K !
B . | | B L I
= 1 L] = DSt =
'E A A A T 2 % 1% .
% L -AU %U
a b c
luﬂ
+4L + U U

LT 2 1% 2 1% 1% 7T
r Mlvupn []R 1 JE}]'K—‘ 1 JE}_»{—‘ 1 JE}_[ M|”pn[]R

!
Ble B
L o ]

e [
Bl e Bl
L St

)]
= W
—
—
L]

£

&% =~
&

(-

e Ors

o

=

0 ThreeLevel Characteristics + Low Input Inductance Requ.
+ Low Switching Losses,
+ Low EMI

. Higher Circuit Complexity
. Control of Output Voltage Center Point Required
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ThreeLevel PFC Rectifier Analysis

o |nput Voltage Formation

o Modulation / Sinusoidal Input Current Shaping
o Qutput Center Point Formation

a Control

o Design Considerations

a EMI Filtering

a Digital Control

o Experimental Analysis

ETH -
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3

Input Voltage Formation

DNa_ J J e []R ' n
I - Sa=0
i) 4 _ 4 T : Tat Ta: OFF
¢ -%U Uam = 445U
p
nU
N _ J
a M
0 Voltage Formation 1
a Ay
Ugyg = (1- Sa )sign(iﬂ )— L M
is Determined by Phase Switching State Sy =
AND Direction of Phase Current Tos, To: OFF
Ugnm =-YU

ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

P
v U
— v
a M
‘a %WU
L v
a n
Sa=1
Ta+ Ta-: ON
Ugpmr =0
P
v U
— v
a M
ia wBU
L v
a n
Sa=1
Ta+ Ta-: ON
uﬁ_-‘ff = O
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3 Semiconductor Blocking Voltage Stress

y Blocking Voltage Definition p B
%U “U
a o a "
ia wU ‘a w®u
L v L v
Sa= 0 Sa= 1
Ta+ Ta-: OFF Ta+ Ta-: ON
. . L Hay = +/5U Ugpy = 0
o gl Limited toU; via Parasitic Diode O+ o )
g N Not Dir. Def. by Circuit Structure -
o N2  Not Dir. Def. by Circuit Structure #U
o gD Limited toU. via Paras. Diode af. " ‘ M
o gy  Limited toUs+ via De+ la v U ia -
g 51 Limited toU. viaDe L ! . I}
=0 Sa=1
Ta+, Ta_: OFF Ta+, Ta_: ON
Ugm = -Y2U Uz =0

APEC 2011 —
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3 Impression of Input Current Fund. (Ohmic Fund. Mains Behavior)

+%U N’
! r————¢%-—-—-—

DNa+ J J Z_w I:IR
Upn
] Bl .
o s s 2
¢ -%U
c UL,
v
1 Uk
1
1
0=0,141 0A(56/60 Hz) 5
u=1A B (360 Hz pu 800 Hz)
: : A
0 Difference of Mains Voltage (e.gy) and A . —
Mains Frequency Comp. of Voltage Formed |, ,l
at Rectifier Bridge Input (e.g#"; ) ! 4
Impresses Mains Current (eig) I 4
ETH
APEC 2011 —
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3 PWM / Formation af, u,, U./ AGSide Equiv. Circuit (1)

B v VAN VAN my
o Def. of Modulation Index: y
i 2
Jf[:—a 0...— O<—-Q-—>| /A\ /A\ t
1 U [ \/5) s Tszl/f\ ’ EEe S - ’ —m, =
Sa (l}l ’ ’

o ZeroSequence Signal to Achieve Ext. Mod. Rancjé

01y , (100), . (011

r
Uz =U;+ U 010)7 £010
ao a 0 ":T + u;; + ul—, =0 EDOO;J LEooog
— =g -
Uzo = Uy + U, to :g(”a—0+ub_u +”EO)

o Generation ofl,, i.e. 3"¥Harmonic Signal

»
P
»
Lt}

ETH
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3 PWM / Formation af,, u,, U./ AGSide Equiv. Circuit (2)

—F

u,,u,,u, Impression of Mains Current Fundamental U =Ugn = Us U

in Combination withu,, u,, U, ‘.
Up =Upn = Up +tUp

ey =13 _
Uz = ugny _uc+ucw

u, ,uy_,u,_  Causing the Switching Frequ.
Ripple of the Mains Currents and/or Note:
DM Filtering Requirement : Uy =0
Ugoy = ”;T + Uy
Ugo = Up +Ho
Uz =g + g
u, Low Frequency Zero Sequence Component
for Extending the Modulation Range from  ,
M =0...1 (Sinusoidal Modulation) toM =0...— Uy =uy+uy
N 0 = HgTHUy
. Switching Frequency CM Voltage Fluctuation

of the OutputA Resulting in CM Current and/or
CM Filtering Requirement
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3 Time Behavior of the Components of Voltagges:; ,u-

I, =1, ti,.
a0 _
& 20 %
§ -205
<40

i
o
o

200

Voltage (V)

Voltage (V)

Voltage (V)

Voltage (V)

10
t (ms)

| <]
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3 Local Average Value of Center Point Current

0 Derivation of LowFrequency Compon j,, of Center Point Current Assumihglartonic
Component cu, (as Employed for Increasing the Modulation Range)

Assumption:i, > 0,7, <0,i, <0

m, =mj+my= M -cos(wt)+ Ms-cos(3ar)

my=my+my=M,- cos(an‘—%r}uws -cos(3art) M, = 1'; M;= fﬂ
5 El_..r EU
m,=m,+my=M,; -cos((or +T}+ M; -cos(3an‘)
a,=1-m, (relative ontime of T,,) iy =a, i, tay i, +a,-i,
a, =1-m, (relative onrtime of T,,) :(1_ma).,'a +(1_mb).,-b+(1_mc).;c
a,=1-m, (relative on-time of T.,)
- - My 1
RMS ¢ iy minimal fOE zz

O mgy, i.e. PWM incl. 8Harm., Reducey, and Extends the Modulation Range
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3 Cond. States within a Pulse Period / Center Point Current Formation

U A 7N

0 Considere.g i, > 0,i, <0,i, <0

0 Switching States (100), (011) are Forming
Identical Voltagesuz , u;, uz but Inverse
Centre Point Curren i,

0 Control ofiy, by Changing the Partitioning

of Total OfATimes of (100) and (011) ©1) .00, (1)
(010)1 u(010)
(000) (000)

i # A A i f A i i * A A b A 4 A
b i - ' b iy - tm b iy l i - Iy
g_l"—- = g_l'.(_- l = g_l’_- = E—E—- =
L A & A A A A A &K A A i
(000), iy, =0 (001), iy, =i, (010), iy =-i, (011), iy =i,
« . i A 4 2 ; A A A ‘ i A A A ; A A A ;
0 Corresponding & e T Sl LT T
Switching States Y | i w |
and Resulting & mm I L 5 L S L
CurrentS Pa'[hS A 4 1 A A A A A A A X X
(111), i, =0 (110), iy, =i, (101), iy =iy, (100), iy, =-i,
ETH
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System Control

a Control Structure
o Balancing of the Partial Output Voltages
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Eidgendssische Technische Hochschule Ziirich AP=c@ 2 0 1 1

Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems

I'— Laboratory

80268 —

3 Control Structure

O« O¢ O«

!

Third

harmonic

Ky(s)

hv.d

s s g
Uu +Uh +UC

1 P¥

Output Voltage Control
Mains Phase Current Control _
Control of Output Center Point Potential

(Balancing ofUs, U.)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

AC

M

o HHHH -

0—>0—>0
w, 0 u-

Control ofig, ip, icRelies oruz u;  ug
Control ofupjRelies o, (DC Lomponent)
No Cross Coupling of both Control Loops
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3 Control of Potentialy of Output Voltage Center Point

0 Assumption: iz> 0,i,<0,ic<0

0
= -m
sa(l)
P i t
% [ 0= .
(100), i, {011)

010)] 010
gooogJ I—gooo;

0 Control via DC Componenugfi.e. by Addingn, to the Phase Modulation Signals

i.e. by Inversely Changing the Rel.-ODimes of (100) and (011)100)and U11), Without
taking Influence on the Total Ghimel o) + Uo11).-

ETH -
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n
oy |

3 Control of Output Voltage Center Point Potentsgl

8 Assumption:  r, - Ly iav

1
U_=—U-AU
2
M=1
Sq (1)
1
N
10 * 0 : t
O ] (100), ! i(011)
-100 -50 0 50 — 010) 010)

0 Output Voltage Unbalance Results in Increasingidme ofTy+and Decreasing Offimes oflp. and

Tc- so that the Voltageg'; #'; #@';  are Formed as in the Symmetric@3ased) and/or the
Mains Phase Currents Remain at Sinusoidal Shape

0 Resultingi,, Reducépy, i.e. Self Stability Guarantv

Eidgendssische Technische Hochschule Ziirich

| ®
Swiss Federal Institute of Technology Zurich
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3 Admissible Unbalance of LoadingwfandU.

+ [l] 0.75
= |U; Ry ..""\

DNa+ Tor J J - I 0.5
0.25 —~—
D M T —
e iE}} : ar ©
. T = |* []R‘ -0.25 ____.;—/
. v
e
L “U.
R.-R_ 06 507 08 L0 1 312
s “"TRAR
+ —

6 System Toleratdsoad Unbalance Dependent on the Voltage Transfer R&tie\(.)/ Uand/or
the Value of The Modulation Indisk

ETH -
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Design Guidelines

o Current Stress on the Components
o Transistor Selection
o Qutput PreCharging at Starup

ETH -
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3 Current Stress on Power Semiconductors
Yy 6-Switch Circuit Topology

_11’_{ -
IDFﬂ\;g = TIN
— p
[2M - o
IpF rms = '\III— I N\ I y \
1 - a IT‘m'g:[;_ 4 }IN
IDN.m'g =—Iy / R
z 7 |'|1 2M -
1- T.rms — 4 N
IDN.rms EIN ‘\I 4 3z
D
N
153 om? .
Ic pms = - Iy
v 3 3 V4 16
. SN v
Ai . :7—11![1—11{
L.pp.max fiLy 4 \ 2 } L

& Output Voltage 33 Umax(typ. 1.2 83 Unay; Umax Ampl. of Max. Mains Phase Voltage
0 Required Blocking Capability of All SemiconductétdJ

APEC 2011 —
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3 Current Stress on Power Semiconductors
Yy 3-Switch Circuit Topology

M - 2 M)
IDF‘m'g :TI IT.m'g :[;_7,]IN
.zv \ 1 4.
TDF rms = ' * I7 pims = \‘E_g N
1 -
Ipn gve =—In
DN.avg — p N 1 M-
1 - ID_-U.mg = __T Iy
Ipn yms =Z1IN ' i
2 J / M 2Mm
D Ipps rms = ‘\If[ I 37 }I’\’
N- v
+ i IsV3M om? .
- 3 E —_ Ic yms = \ . 16 N
. JooA W =<z -
A’L.ppmlax = fT— 1‘{[ 1-M > } L A DF—
s=N \
[ 0
n

& Output Voltage 33 Umax(typ. 1.2 83 Unay; Umax Ampl. of Max. Mains Phase Voltage
0 Required Blocking Capability of All SemiconductétdJ
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3 Nonlin. G,.of Superjunct. MOSFETs Causes Input Curr. Distortion

1000

[ —v— IPP60R09ICP
Ihs=1.3 A —&— IRFP27N60
D & —=—FCA22NGO
g 100 STW42N65M5 &
(-'GEI.F %
VDS _j i = —
2 = —
G o— (ps 3 V= C 0s5Gosd Achip=
T fd = 180ns |fr — 80ns T S — e — 3 =
o e
1
Lgnu e L 1 |
GS E 5 0 50 100 150 200 250 300
S Vps (V)

CH1 10vY  CH2 100V M 50ns

UL L= 3 x 400 V (50 Hz)is =1 MHzPy = 10 kW
5

Nonlinear Output Capacitancg ©f MOSFET . — |(AC""’)W

(CoolMOS) has to be Charged at Taffn —

(@]

3 3 __—"1 " IPP6OR075CP — . ——A~
0 Large TurOff Delay for Low Currents (e.g. Dela & ,,/'/ﬁ""’"““g%/"r IRFP27N60
of CoolMOS IPP60R099 (@ IDS=1.3A):11% & 2/r\ [ IRFP21NGO
Switching Cycle @ fs = 500 kHz THD = 1.29 In(Achip) - 2.57 :
1 —e— CoolMOS CP-series
® Results in PWM Volt. and/or Input Curr. Distortic | T HVOSTE PP ype
20 30 40 50 60 70 80 90
Achip (mm?)
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3 PreCharging of Output Capacitors / Stafp Sequence

Lower Mains Diodey. is Replaced by Thyristor
Inrush Current is Limited bigyre

Switches are not Gated During Stalp

Start-up Sequence is Required

O« O< O« O«

D
o - —0 =
D U T
Fa+ + 100V/Div 1 .
Na+ - : I \
v INT |
Th Dpre M lOA/DlV-l PP I RS P 4...‘.:5 e
Va Rpre + ; 2 \
U- T
- : \| o F) \
DFa_ A DSPStates2 \ i \ \
- - e n,o 1 =5 3‘ WwaA 2 5s|emv B ZBBm\J N5 s 1Ay \
L
Stop Precharge\ Soft Start Run
a b c Offset Comp.
|
ETH -
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Digital Control Issues

o Implementation Using a DSP vs. Using an FPGA
o Sampling Strategy
a Controller Requirements

ETH -
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3 Software Tasks

y Calculation of Controller Outputs

Current Controller
0 Voltage Controller
0 Balancing of Output Voltages

¢

Yy Startup, Sequence

y" Observe Error Conditions

OverVoltage at the Output
OverCurrent
OverTemperature

Output Voltage Unbalance

OO« O« O«

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Digital Control Employing a Single DSP

i VR Hard h
. araware
+Using ADC¥%s of DSP, o
+ PWM Modules of DSP for PWM Gen.
L,o EMI B oUp,c.
Sequential Calculation Filter °Upc.
Limited Calculation Capability Lso B
— J
PWM, PWM, PWM,
Irs Controller U, j¢—
Iis (DSP TI 2808) 3
Samplin, PWM, s P%" 1
1? : updatel Ups Ups Upy
Sam[;:hng I:::gi-’ T N
Sam?ling Currenjtrlcontrol]Currenllmnlml Current control ;T!:.ﬂg(?g:‘i:;{d im
>

3 Parallelization of Controller Calculation Required
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3 Implementation Using a Single FPGA

92/268

1 . = |ewnss,,
. Current '
IL,." I ?D‘? Controller N DPWM v
[ nterface ) ¥ PWM_S
VR Hardware Vv (Deserializer) I_[ (P+Lag) I_I- (8 bit) N
g '
il il
System DSP Interface 180° Phase-
EMI Management (8, vy Ip) Shifted Clocks
Filter Vo
° FPGA
Sampling ‘arent controll  PWM,
I I update
PWM, PWM, PWAM, ¥ Sampling |Current controll  PW1,
LiqIyvoly Voo V. 2
AN Current Controller o 1, 1, update
5 ADC Voltage / ADC
> (12 bit) g (12 bit) Sampling |Current controll Py,
Voltage Symm. 1, I updat:
Controller >
FPGA
Voltage control
Voltage symmetry control
>t
0 External ADCs Required o ADC Interface PWM update
0 Calculation Capability Nearly Unlimited 448ns 3205 ogns  O2NS 360ns
. o ADC Delay \ | cumem |/ gap
0 Example Timing VR100f) € 1 MHz): ke
480ns 640ns
0 448ns 608ns lus
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3 Implementation Using an FPGA vs. a Single DSP

0 Single DSP Implementation

+ No External ADCs Required
+ Easy Debugging
+ Implementation using C

Limited Calculation Capability
Glue Logic can Not be Included

) 4
VR Hardware h
L, 3
Lo EMI Upe.
2 Filter ol/p
L;o
PWM, PWM, PWM,
k2] Controller Upch
12 (DSP TI 2808) |
i1 PhSp g
U Upz Upy

Eidgendssische Technische Hochschule Ziirich

0 FPGAasedmplementation

+ Calc. Capability Nearly Unlimited
+ Glue Logic can be Included

External ADCs Required
Debugging Not Easily Possible

5

VR Hardware Vv
o+
. . by
. A
v_\, n i
Vi, EMI - 1
v Filter| || | I T' : V-
NS A <
[ WM, PWM, PWAM,
Tlola) | ¢urrent Controller ‘A—Dé'
2l Gz bio Voltage (12 hit)
Voltage symm.
Controller
FPGA
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3 Sampling Strategy / Current Controller

y" Current Controller

0 PI-Type Controller Shows Problems With Integral

Part at Current Zero Crossing

0 P-Type Controller + Input Voltage Feed Forward
Shows Good Results and can be Extended to
P+Lag Controller (Improves Performance)

1+sTp
1+ 5T,

K(s)=Kp

Yy Sampling Strategy

O«

Sampling at the Pulse Period Midpoint
(Symmetric) PWM, Direct Sampling of
Fundamental

Single Update or Double Update Possiblg
Current Control of All Three Phases has tp

O« O«

Magnitude (dB)

Phase (deq)

Bode Diagram

100 1k 10k 100k ™
Frequency (rad/sec)

be Done in 1 Cycle

ETH

1
>t
PWM_OUT| | | | .t
n n+l
Sample .t
-1 n !
PWM_update Tn T
>
Current | PWM I [ Current | PWM [ A/D [ Current ]
1 controller | update conversion | controller update conversion | controller
J n u

— n-1

n+1
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3 Output Voltage Controller / Balancing of Partial Output Voltages

y" Output Voltage Controller

0 Generates Conductangg for Ref. Value of Current Controller

0 Design for No Steady State Deviation

0 Needs to be Able to Handle Loss of a Mains Phase (Bandwidth << 2fN)
0 Should show Good Dynamical Behavior at{Siags

PI-Type, Controller is a Good Choice

y" Balancing of the Output Voltages

Generates Controller Outpug (Mg)

Design for No Steady State Deviation

Bandwidth has to be Set Lower than Three Times Mains Fredy€éBeyndwidth << &\)
Should Show Lowest Dynamic of all Control Loops

O« O« O« O«

PIType, Controller is a Good Choice

APEC 2011 —
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3 Example of Implementation Using an FPGA (VR250)

i . L 1
2 | I Current " PWM_S;,
VN In;:t:]:f?ace N Controller 4 DPWM
I. ]
Vo,p (Deserializer) " (P-(I-L',)ag R (10 bit) PWM_S,;
=7 1.4
V"’J" voltage feedforward)

il i

CHECK CaleVN T ﬂ

Signals MeasRMS

X Voltage FSM
FilterV.
HterVo Controller STARTUP
(PI-type) Start-up
(P*, g*, ke) State Machine
PLL Voltage Symmetry S(}’SfC'It‘RL
- o renerates:
Clk 125 MHz / 0° (é‘l?;';_tt‘"f’lte)r Sample Tick
25MHz 125 MHz / 1800 Iyp PWM_enable
15.625 MHz /0 £y PWM_update

CLK generation

ADC_Clk: 31.25 MHz
SYSTick 5 kHz HW-Monitor FPGALink
RMSTick (50Hz) 15.3 kHz
RMSTick (400Hz) 61 kHz

FPGA: ECP2 Lattice

< < -

TO HW-Monitor TO DEBUG-PC
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EMI Filtering

a DM Filtering
o CM Filtering
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3 EMI Filtering Concept

L Cp
d DM and CM Filter Stages . yf/
0 Connection of Output Voltage Midpoivit | T Cﬁ"h
to Artificial Mains StarPointN %2 I_f‘.“n -
A No HighFrequency GMoltage atV/ ﬁ c.
A Capacitance dizgNot Limited by Elvoﬂ
Safety Standards L3I }TH
D o
0 Parasitic Capacitances have to be Considered = CBn
for CMFilter Design T I o =
' Mo Lom Io Io |
B -
It
I
50 Q Ley Li M, CrB
3 - 0 _
{ 50 Q b4 M EMC input filter
{3 g - . O . . .
N|| 500 * 1 NI N2 , N3
o — +— - — a ¢
=N

o Il
N CrB #heat—smk
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3 DM Filter Design

L . o 00| 4 L ==
0 DM Equivalent Circuit C 1 - T
L0 b b
|| 1 L )N
N[l 00| . .
1 — G
LISN
O Required DM Attenuation, e.g. for % 170 dBuv
fs =1 MHz (VR1000) = T |
=IO i | NN AR AR A
100 :4:: ;,Ju i e, Ml M““m 'J)lr \ ’,/""‘n i \;F‘\.I,J\ LJ A |\J‘III‘A\HLM"\“ J\‘ﬂlwwh‘
§ jL e CISPR Class A
h‘% 50
015 T (MH2) 10 30

R .
: 660 nF T660 nF Tﬁs nF [ |50
0 DM Filter Structure )
ETH
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3 CM Filter Design

6 CM Equivalent Circuit

200 mE
_ 160 dBpV
2150 | |
@ ) CM | |Att.car j
e Kl i B Py S R e s e w\wmm
©y
3 , CISPR Class A
2
= 50
=5
0 Required CM Attenuation 0
0.15 1 £ (MHz) 10 30
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3 EMI Filter Structure for VR1000 Rectifier System

3 Stage DM Filter
2 Filter Stages for CM Filter

O« O«

Loms Leva Lome Lpmi Lemi Lpoost
VAC 500F W409 VAC 500F W409  Micrometals T90-8 Micrometals T90-8 3 x VAC 500F W380 Micrometals E137-8
3 x| turns 3 x4 turns 16 turns 16 turns 3x 5 tumns 20 uH A
§ ‘. S I e 7
3
2 = . o W= B
§ c I - I 3
U
c .Z .Z .Z .Zv2 .Z V] (<
o - T e - D A B
PE = = == == = = =|= = —|— ChMm VCMI1.1
i LIJ LT T X250V Crn
= Comr =+ Cpm2 CpMmi 660 nF 250V
Y2250V X 250V X 250V [| 220 nF é\d
4.7nF 66 nF 660 nF Il

. 3 X CM Inductors in Series to Implement Proposed Filter Concept
. Additional CM Filter Stage Required Due to Parasitic Capacitances

|
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Experimental Analysis

o Power Density / Efficiency Pareto Limit
o Experimental AnalysijsVR250
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3 Experimental Analysis

Y Generation 1 4 of VIENNA Rectifier Systems

0 Switching Frequency &f = 250 kHz2Offers Good

100
98
96
94
92
90
88

Efficiency # (%)

ETH

Eidgendssische Technische Hochschule Ziirich

Compromise Concerning Power Density / Weight per
Unit Power, Efficiency and Input Current Quality THD

[
50 kHz 250kH
- - Z
72 kHz — ——_
\oo kHz
\1 MHz
4 6 8 10 12 14 16

Power Density p (kW/dm3)

fS: 72 kHz
} = 4.6kw/dm?

fs= 250 kHz
} = 10kW/dmes

(164 W/in3)
Weight = 3.4 kg

fs= 1 MHz
} = 14.1kw/dm3
Weight = 1.1 kg

Swiss Federal Institute of Technology Zurich
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3 Demonstrator, VR250 (1)

0 Specifications

U,=3x400V

fn= 50 Hz p 60 Hz or
P,=10 kW

U,=2x400V

fs= 250 kHz

0 Characteristics

d=96.8%
THR= 1.6 % @ 800 Hz
10 kW/dm3

3.3 kg (C3 kW kg)

Dimensions: 195 x 120 x 42.7 @m

360

Hz

800 Hz
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