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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
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(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
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3 Classification of Unidirectional Rectifier Systems

y  Definitions and Characteristics

0 Passive Rectifier Systems Line Commutated Diode Bridge/Thyristor Briddrull/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

Yy 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 ThredPhase 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
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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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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

0 Minimum THD of Phase Current/or 1/2 /
0 THRi =5 %
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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
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(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
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3 Auto-TransformeBasedl2-Pulse Rectifier Systems
Yy AGSide Interphase Transf. (Impr. DC Voltage)
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Ordinal number of harmonics

Normalized input current

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
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3 Diode Bridge and B&ide Electronic Inductor (El)
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0
Electronic Inductor

+ Only Fract. of Output Power Processed
+ High Efficiency and Power Density

. Not Output Voltage Control
. EMI Filtering Required
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3 Diode Bridge and B&ide Electronic Inductor (EI)

y" Control Structure

R

Y.

<
=
2

X

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
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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)

R
T J.n?5=[vc

oS

*

(JDT§
0Q
v

] i J%c—*lU -

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

1 o
w KKK , x
D8 % T :
b y ‘ ‘
S y i ‘ ‘ C=|upn[]R

i

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

Active Resistance Emulation

Ppl—o—o——
Ua cl. e.g.. i1=1+32Iy
O— T ix=1, 3/2 iy
b
: w{|F - coL: sy =iy, i
C.=+
S Minnesota Rectifier

0 Controlled Output Voltage
0 Purely Sinusoidal Shape of Mains Current
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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
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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

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

Uoe

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

i, =G u,
ib = G . ”bﬂ
i, =G-u.
p
luao k
0
1-k
TU’CO (1-k)
n
Condition:

%+%+%:0

Ua0
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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: ,-; = —iy .r';j =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
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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

- Current to be Inj. into Phask:

- Current Formation:

- Local Avg. Ind. Voltage :

- Voltage Formation:

ETH

k=i, kyJI=-i,
i, =G u,

i, = 1=k +(A-Fky)I =]
; V ';b :G'Hbo
ig tip+i, =0 i. =G-ugy

t{Lz{]

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

27/179

i, =—i, Duty Cycles: T, } k

T } K

kit —katiey = 1y, kI =i,
iqap +iclep = U p, 1 kol =—i,
iglgy +icll, =P = const. I =const.Y u,,=const,

V
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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 Diode Bridge Combined with DC/DC Boost Converter

U= 3 X 400 Vi = 50 Hz)

Pout = 10 KW
o= 0.952
THD= 32 %

t11?

‘u K

Ug

10
t (ms)

15

N
<O

Y
o

s
Current (A)

o

29/179

]
o

N
(=]

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}
6 6

X

(J-ia L -

uab‘lr@ >
uacl 2 .
c

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

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

GiaL—P

Controlled Output Voltage (L&S U) ) N

Low Complexity (e.g. Single Curr. Sensor) ”l “bcl@ — G
Low Conduction Losses sy S—

, Block Shaped Mains Current JK;} J’S} %

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

®

++ +

‘U




=IC I~ Power Electronic Systems 31179 —

I'— Laboratory

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 5; off on 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
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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 (°)

Cotl ™
-
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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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems
Laboratory

35/179

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




=IC I~ Power Electronic Systems 36/179
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 % ! A
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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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




“1C I Power Electronic Systems

I'— Laboratory

3 PhaseModular Rectifier Topologies

Y Y-Rectifier

Yy g Rectifier

0 Individual DC Output Voltages of the Phase Units
0

DC
DC
D
DC .L
e C—lllup“DR
n
DC
DC
DC
DC
R P
DC £
i c ﬂupnlj R

%‘ a ia
AC L
| /' bc CT‘~UO’a
b
e AC ._l_.
C Uo.b
O e
C
_O AC C$ v
L DC —l_'v '
e~ ia
@ " AC L
C Uo,a
DC T'\
b
s, AC ._l_.
c Uo,b
R
Lo +
AC C% on,c
|| DC -

Isolated DC/DC Converter Stages Required for Forming Single DC Output

ETH
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3 Y-Redctifier

'U()

C

LE
€

g | B L -
ACSide Equivalent Circuit

u iy
a I —_—
(%)
tpmb)| (%) N
] e O)

ol NI

Q
LE
<_

tpme | | B

|
b b o
CThp R e i e
BN
=
069

()3

0 Basic AGide Behavior Analogous to Direct ThRkese Threkevel Rectifier Systems

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




=IC I~ Power Electronic Systems 40/179 —
I"— . Laboratory

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 Upbo Uca

-}-_— mu e j mu o] ;r;l\éfacrcs(eagc?géerning Charginggf
: IR S
| 1 |
ot X Ll . #1
[ LT TLLT
(111) (110) (101) (100)
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3 Y-Redctifier

y" Equivalent Circuit and Voltage Formation

”E = HE + Hﬁ_.%

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

iy :é(ﬂﬁ +H3 +H(—,)

—
Hy =U 4 -H'IO

44

— — q'—
Hy . =U'g gy

(shown at the Example of Phase a)
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3 Y-Redctifier

y" Equivalent Circuit and Voltage Formation

u, +uy +u, =0

Us- u, = L%-FH'E—FHIE_,L 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

0 Voltage of the Star Poirtl Befined byug (CMVoltage)

ETH
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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
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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 @nime 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

&

&
o—o— o~

PAN VAN
\/ |
N N N
<—'_‘—>|Ts=1/f RN 2Tg R 3Tg
— . mp
’ N /' N ’
s T S / A Mn —
s N N N
’ N/ N/ \,
(011) , (100), , (011)
[ 10)u L(010)
(000) (000)

o0 o .
+ —+ (011)
010 010
gooogJ éooog
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3 Y-Rectifier

y" Control Structure / 2out-of-3 Output Voltage Balancing

Vibe /o AVpe . E(s)

v Ly
/ DCm _TZ / DCi

/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).

ETH

TN
' + Vi
»_ | Triangular L L
Carrier “g”("':\;a‘}
§ Y
°) iy,
i Comp. [ r
1G9 ()] [ 15 Logic [\ AC
Pre-Control p; [
i I”;x.'_p . Ve J__
5 Jeg-toca |2
YAt =
DCu N
H) £ [“qfVoos | |
: ]
= g < N
Voen | 2 | Vm’fl—|__ be
Average 1
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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

Uy=3x230V (50 Hz)
P,=3x1kW
U,=400V

fs=58 kHz

L=2.8 mH (on AGide)
C= 660 pF

Input Phase Currents, Control Sign@lutput Voltages %Ci:.Nii:oloé//?(;K/

Voer v,
/ . - - DCT H I i
= e ER R 72 s e i R
14 R0% . ol S DC,S
qu——v Voc.r
i
- /i /<1/\ W

2 ms/div

Eidgendssische Technische Hochschule Ziirich we -
L
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3 mRedctifier

omsme
N - ﬂj . lupnb[] R N 0—(:)—0—b = —
% 2 _@_ﬁ

“* ;% ’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

Def.. wu'gy+u'y +u'z,=0

0 Mains Phase Current Formeddy, u'; . o'

and ug, Up, Uc
0 Circulating Curren Formed byl

1
HO = E("Eb == HE(, == H(Ta)

Uy, = Uy tug

'@ a aia -LA a .”ab
N b Ny = Upc 1y, = u'y .+
@ )
"z, =
L - ca
@_g 1 -A ¢y tea
=/

N ¢

48/179

Uy

— =y
—ur
OH bc : 0

0 up and/orig, which does not Appear ig, ip andic, can be

Maximized by Proper Synchron. of Module PWM Carrier Signals;

Accordingly, Switching Frequency Componenisgf «'; -,

are Minimized

ETH

u

—QO—>————()—
b LA — —
N¢—()r— (%) bcl
) .

L —u

a "o
| ®—

LA — —_—

b 4o
- - ®—

u'gnd [ N—

= = ()
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3 mRectifier

Yy Y-Equivalent Circuit Describing Mains Current Formation

49/179

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

o gy gy—
Hap = U'gp = g — U,

LA _ I s
Uy = Uy, = Uy, —Ug om — & () uabl
ZI’A b LA - — -
0 Equiv. YVoltage Syst. should not Contain Zero Sequ. Comp.=> - —— () bcl
_ _I 0 1 °_'+ c LA — /-—.\'ui
Ug + Uy + Uz = |:> u'y .= uy —(—ug —ug,) L)
. u'y . =2uy, +ug __.a é a’ \_@'Ha'
g = _(”'Eb_ﬁlt_’ﬁ' ) .
3 _l’y b L Er _'uB;
1 r~— = A
uy, = —(Il'b_(, —H'Eb) °_4|
Y e
Hz'= —(u'a, —H'Bc)
3
0 Equiv. Concerning Input Impedance between any Terminals
Ly /Ly =i0, =L+ Ly Ly =1 1
Zin=Z;, sy =5ty =Ly t Ly Ly =5 Ly Ly _ELA

Institute of Technology Zurich
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3 mRedctifier

Yy Circulating Current Max. / Minimization of Mains Current Ripple

D7y,
Diy 1
/0
U,.=3x480V (50 Hz)
P, =5 kW .
U,= 800V Diyp,
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. | | | |

ETH
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3 mRectifier

Yy Experimental Results

U,.=3x480V (50 Hz) i |
P,=5 kW Ica
U,=800V =
fs = 25 kHZ ab
L=2.1 mH (on AGide)
I Y T
|
1
S B omia |

Iy lap i 5 AV, igigq, g 2 AVdiv

a 'ab 'ca

- Formation of Input Phase Currerit =i, - iz,
- Circulating Zero Sequence Curre¢nt

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




=IC I~ Power Electronic Systems 54/179
I'— Laboratory

3 SingleSwitch + Boostype DCM Converter Topology

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

20

+ No Current Measurement U.L=3x400V (50Hz)
Po=2.5 kW
. High Peak Current Stress R Up =800 V
, Low Frequ. Distortion of Mains Currents / Deplgd U THR=13.7 %
. High EMI Filtering Effort
p 400
—o o
o * % % 200
D i S
. > o
JK r C == upnl:]R E
-200

-10

-20

£4 %

39

t (ms)

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

20
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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

ETH
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3 TweSwitch BoosfType DCM Converter Topology
p
Ja X% &
¢ e Y Kr
b . ULL=3x 400V
- C =2 [um] | R P, = 2.5 kW
¢ T Up = 700 V
- KE THP=9 %
2yl == == -+ L L
l—I_W“_—I_ IN m_ o 400 20

+ Slightly LoweHPfor sameUyy/ Uy Component
as SingleSwitch DCM Converter

Large Switching Frequency CM Output Voltage Cc

: High Input Capacitor Current Stress

Artificial Capacitive Neutral PoiN

Decoupling of the Phases

Pros and Cons. as for Sing@evitch Converter
T+ andT. Could also be Gated Simultaneously

O« O« O¢ O«

ETH

Eidgendssische Technische Hochschule Ziirich

~ Voltage (V)

Current (A)

pwinT
PV pnnnaas

T

popponam

0

5 10 1

t (ms)

Swiss Federal Institute of Technology Zurich

ey
(=]

o

[
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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 ccMm 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

Eidgendssische Technische Hochschule Ziirich ——

Swiss Federal Institute of Technology Zurich
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3 Y-Switch Rectifier

- % i %
! J J J Ot |u []x
t n
I
;
and/or

0 Proper Control of Power Transistors Allows Formation of PWM Voltages at
Impression of Sinusoidal Mains Current

ETH

Eidgendssische Technische Hochschule Ziirich
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3 G-Switch Rectifier

Q=

* % % b'lh qhél
ol
|

% = ]

111 :

[wu
||

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
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o
i
I+

“—

| e |
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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
= N
1L Hj
sector L:‘
detection
" ;‘ clampy;
[ u; . " pwmy;
L ~ B m: m;:
: N NCPN P N N
& A K{s) =EC/ ¥ A | 'i\;“ _.F ]
T o, T
carrier signal A =DD P !
* pué?ﬁ —
NN H_/
clamping
- 1
F(s) \ < J, [” l
u

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

0 Voltage Formation &, b, cis Determined by Switching State 8f;- §
Current Direction/Magnitude

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

and AND Input

bcp Scac

ETH

Eidgendssische Technische Hochschule Ziirich
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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

62/179

T
e \ e /)\
L~ ~—_ ~1
Vie Va3 V31
I o - ) e
< <
NATOMAMAALALYL AL LAANAANACA — ] . v
I.I.l.uﬂ.ll.lm; [ I I | :mummmunuu
DDA N1 MWNE M{NS
b ,>< A M. vy ><.
AN 1
a o N ™
] WWM N_, WM N_ﬁ ]
0 0.2 04 0.6 0.8 1 1.2
t (ms)
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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

EMI filter
-

Boost inductors

Semiconductors
Controller board

THD= 2.3%

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

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

Output DC-link

capacitors

1ms/Div

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

o Derivation of Circuit Topologies

ETH

Eidgendssische Technische Hochschule Ziirich ——
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3 Derivation of Thred.evel Rectifier Topologies (1)

: ] i Ik
k][R BT
A S
L i

0 Sinusoidal Mains Current Shaping Requires Independent Controllability of the Voltage
Formation of the Phases

ETH

Eidgendssische Technische Hochschule Ziirich ——
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3 Derivation of Threé.evel Rectifier Topologies (2)

'y ry i P u A 2 & L
1 = T ala L g —+ r
] ] Tk b A T
— — M up..[]R L 3 pM (tpn []R
] | B[ L o Py
i 'y i T " A 2 1 N
I -RU 2104

&% =~
&

(-

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

ETH

Eidgendssische Technische Hochschule Ziirich ——
Swiss Federal Institute of Technology Zurich
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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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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boratory

3 Input Voltage Formation

—_—

DNa+ J J . [
] ] )
SR S
c -%U
N
0 Voltage Formation
HaMm = (1- Sa )Sign(in )?
is Determined by Phase Switching State
AND Direction of Phase Current
ETH

Eidgendssische Technische Hochschule Ziirich

P
wu
ia WU
a n
$%=0
Ta+ Ta-: OFF
Ugym = 45U
p
WU
— N
a M
Ia v U
a 13
Ta+ Ta-: OFF
gy =-1U

P
v U
— v
a M
ia W%
L v
a n
Sa=1
Ta+ Ta-: ON
Ugp =0
P
v U
— v
a M
‘a %U
L v
a n
Ta+ Ta-: ON
Hﬁ_,w = O
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3 Semiconductor Blocking Voltage Stress

y Blocking Voltage Definition

o o
P o
— |

Limited toU; via Parasitic Diode O3+

Not Dir. Def. by Circuit Structure
Not Dir. Def. by Circuit Structure

Limited toU. via Paras. Diode a.
Limited toU4+ via De+
Limited to U. viaDr

D
wU
‘a %U
L v
a n
Sa=1
Ta+ Ta-: ON
Uagpr =0
P
wU
— v
a M
‘a %U
L v
a n
Sa=1
Ta+ Ta-: ON
HEM = O

Swiss Federal Institute of Technology Zurich
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3 Impression of Input Current Fund. (Ohmic Fund. Mains Behavior)

+%U N’
! r————¢%-—-—-—

DNa+ J J Z_w ]R
Dy, | J’H} “"“[
ial ¥ ¥ o
¢ -%U
c UL,
v
1 Uk
1
1
0=0,141 0A(56/60 Hz) 5
u=1A1 B (360 Hz p 800 Hz)
: : A
0 Difference of Mains Voltage (e.gy) and A . —
Mains Frequency Comp. of Voltage Formed |, ,'
at Rectifier Bridge Input (e.g#"; ) ! 4
Impresses Mains Current (eig) I 4
ETH
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3 PWM / Formation af, u,, U./ AGSide Equiv. Circuit (1)

. v a A my
a Def. of Modulation Index:
U- 2
Jf[:—a 0...— 04—-2-—4 N AN t
1 U [ \/5 _/'_T5=1/f\ A EL 2T o, 3Ts
2 //’l \‘\\ // . - \\ ,Ill "’i{:\—
Sa (l}l

o ZeroSequence Signal to Achieve Ext. Mod. Ran@é

01y , (100), . (011

r
Ugo =Uzg+U 010)’ L0010
a0 = "a 770 ugz +uy +uz =0 (000) (000)
— — 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
NG 0 = HgTHUy
. Switching Frequency CM Voltage Fluctuation

of the OutputA Resulting in CM Current and/or
CM Filtering Requirement

ETH

Eidgendssische Technische Hochschule Ziirich ——

Swiss Federal Institute of Technology Zurich
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3 Time Behavior of the Components of Voltagges:; ,u-

i
o
o

200

Voltage (V)

Voltage (V)

Voltage (V)

Voltage (V)

Voltage (V)

t (ms)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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=IC I~ Power Electronic Systems 74/179

=

ETH

Eidgendssische Technische Hochschule Ziirich

Laboratory

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

Swiss Federal Institute of Technology Zurich
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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 A A i A A 5 A A A
ata = al = 2y = 1, ==
b i - ' b iy - tm b iy l "m b by Iy
g_L- = g_f._- ] = g_”(_- = E_L- =
A A A A A A A A A A A A
(000), i\, = 0 (001), iy, =i, (010), iy=-i, (011), iy =i,
« . i A A A ‘ ; A A A ‘ i A A A ; A A A ;
0 Corresponding — -mm e s S o Slem o
Switching States Y L | b w | pe
and Resulting & mm I L 5 L S L
Currents Paths A 4 A A A A A A A A A A
(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

ETH

Eidgendssische Technische Hochschule Ziirich ——

Swiss Federal Institute of Technology Zurich
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3 Control Structure

!

Third

harmonic

Ky(s)

hv.d

1

s s g
Uu +Uh +UC

Output Voltage Control

O« O¢ O«

(Balancing ofUs, U.)

ETH

Mains Phase Current Control _
Control of Output Center Point Potential

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

Eidgendssische Technische Hochschule Ziirich
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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)
g i t
% [T =
(100), ¢, (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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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)

O«

Output Voltage Unbalance Results in Increasingldme ofTz+and Decreasing Offimes oflp- and

Tc- so that the Voltagew'; #'; #';  are Formed as in the Symmetric§lasel) and/or the
Mains Phase Currents Remain at Sinusoidal Shape

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

ETH
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3 Admissible Unbalance of LoadingwfandU.

K 1
. [l] 0.75——
Dy J J T 0.5 S~
. 0.25 ~__
Dy, | ﬁ M . ~—
+ dy
. T = [ []= "oas —
a 3 2 / 0.5
la A & - & — -O 75 '-‘/
é __R.-R 06 507 08 RO 115,312
" R,+R_

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

Eidgendssische Technische Hochschule Ziirich ——

Swiss Federal Institute of Technology Zurich
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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 =7 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
. SN v
Ai . :7—3{[1—}”
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

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

Aig. pp.max —

U

f 5 L_ar\r ,

_11'_'[ -

IDFAm'g = TI

| 2 M - \
IDFArms *

1 -
IDN.m'g p IIV

IDN.rms = EIN

V3 w[ 1—mY

83/179

2 M)\
IT.m'g :[;_T]I}V

I1 4M -
IT.rm.s- \‘E_g N

1 M\
ID_-U.m'g :[;_T}IJ’V

/ ID_M_rms =il 7 }I’V

‘\III [ 4 37z

M-

4
n

IC'.rms

la\ 3 oMm* .

\4::

16

6 Output Voltage &3 Umax(typ. 1.2 &3 Umay; Umnax Ampl. of Max. Mains Phase Voltage
0

Required Blocking Capability of All Semiconductéts)

ETH
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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~
8 ——
0 Large TurOff Delay for Low Currents (e.g. Dela & ,,/'/ﬁ""’"““g%/"r IRFP27N60
of CooIMOS IPP60R099 (@ IDS = 1.3 A): 11% F 7 <=1 "
Switching Cycle @ fs = 500 kHz : MDY =129 In{Achip) - 2:57 — o
® Results in PWM Volt. and/or Input Curr. Distortic | T HVOSTE PP ype
20 30 40 50 60 70 80 90
Achip (mm?)

ETH
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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«

p
o o —_o .
D Ul 1
Fat . 100V/Div| 7
DN + U I W \
a — ; I
M INT |
Th Dpre M lOA/DlV-l i e RPN R . 4...,.; PR RO,
Va Rpre + ; 4 \
- " : VI |
Dy, _ \A DSPStates; \ i \ \
- - o n,o 15 3‘ 88 A 2 5s|liegv 5= ZBBm\J 1.5 s 180my \
L
Stop Precharge\ Soft Start Run
a b c Offset Comp.

Eidgendssische Technische Hochschule Ziirich ——
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EMI Filtering

a DM Filtering
o CM Filtering

ETH

Eidgendssische Technische Hochschule Ziirich ——
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3 EMI Filtering Concept

0 DM and CM Filter Stages

Connection of Output Voltage Midpolvit
to Artificial Mains StarPointN %2

A No HighFrequency CMoltage atV/
A Capacitance dizgNot Limited by
Safety Standards

O«

0 Parasitic Capacitances have to be Considered
for CMFilter Design

87/179

=—CBp
\ 2 O
°=. Vyo/
Ik [
i
I_f‘7 D i
j} % l
=|V,/2
& Rl
T CBn
_________ - L

MZ_LM
50 O Loy Ly e
o _— 0 _
S0Q M EMC input filter

N - o : : :
N 500 ® N1 N2 , IN3

I +— ° a ¢

LISN === L v =C, T ‘LC . 2y 11 VNzl VN3l
g e P s ;
N CrB *heat—smk =N
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3 DM Filter Design

u's _
§ . . 00 4 L. =
0 DM Equivalent Circuit C 1 s T
500 b b
I 1 L )N
N|| 00| . .
— _— Ty
LISN
o Required DM Attenuation, e.g. for 2% 170 dBpV
fs = 1 MHz (VR1000) o | |
éﬂso ;DM Att,m{ ‘ L
‘:100 K;I;tw et L L M“x,‘f"x" A A B MUW'JMWM
3 jL DM | CISPR Class A
S 50
0
0.15 T (MH2) 10 30

Ryrsn.pm
50¢)

Com Cpan Come

| 660 nF | 660 nF T66nF

O DM Filter Structure

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




89/179

“1C I Power Electronic Systems
I'— Laboratory

3 CM Filter Design

6 CM Equivalent Circuit

200
2150
an]
= ‘{ j
g 100 : A W ‘vflﬂf W\Lhmh]'h(m
2 CISPR Class A
a
g 50
)
0 Required CM Attenuation 0
0.15 3 2

ETH
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3 EMI Filter Structure for VR1000 Rectifier System

0 3 Stage DM Filter
0 2 Filter Stages for CM Filter
Lems Levz Ipmz Lpmi Lemn Lpoost
VAC 500F W409 VAC 500F W409  Micrometals T90-8 Micrometals T90-8 3 x VAC 500F W380 Micrometals E137-8
a 3x 1 turns 3 x 4 turns 16 turns 16 turns 3 x 5turns 20 puH A
o— I S I e 77—
2 = . o W= B
gc I - I HE—E - §
= 1 +- =— - P

T :

- T C CM1.1

o TITTIT TIT TITw o
= CM2 =

Cpm2 Comi 660 nk 250V
Y2250V X 250V X 250V [| 220 nF é\d
4.7 nF 66 nF 660 nk Il

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

5

5

ETH
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EMI Filter Design

o Analytical Approximation
o Volume / Efficiency Optimization

ETH
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Considered System

B |

a
EMI Filter
b = R
: e [ T T =% O
Vmains
Y
—O
| Gate Driver |
Control
Goal A Meet Conducted EMI Standards (e.g. CISPR 11, Class A or Class B)
Tasks 1) Find Needed Filter Attenuation

2) Design Filter Accordingly

ETH
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Calculate Required Filter Attenuation

. LISN Vows.
- |V
0 EMI Filter Q) Veu,
- (including Boost @ 0 ;
c Inductors) ::f:
- S 1
, V,
Vmalns LIISN{ w . .
L Without Filter With Filter
Test receiver = " o i

%
5
s s
5 5
g 100 3
E E
§ & 6o
e
s
60 \;,—
w©
“© 5 " o o
i)

DM Attenuation A Determine Filter Attenuation such that Test Receiver
Output is Below EMI Limits at all Frequencies

Challenges A Determine Spectrum of VDM and VCM
A Computationally Intensive Test Receiver Modeling

ETH
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CM and DM Voltage Formation / Time Behavior

LISN
a
b EMI Filter
- (including Boost
c Inductors)
-
V. ains Viisn *w

325 v il 326V 4

f

] ‘H ‘ I

L il
-
HH ‘ ‘ ‘ H H |\|\H!||m uu!!”\ I H‘

325V

-325 V

VCIVI HF

325V

-325 V-

3 Voltagel/ splitted into LF and High Frequency Components
ETH

o
Eidgendssische Technische Hochschule Ziirich b d —
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Simplified Calculation of Required Filter Attenuation

3 Shown for DN

Attenuation
LISN
a
b EMI Filter
- (including Boost
c Inductors)
i 5 i
Vmains VLISN {w
DM, rms VDM,rms
/ | \ t i A \
f I/(l),rms Vh — i I/(l),rms I/h rms
[ ’ﬁ |
5 ‘m‘ J\L ‘L > % —
f mains er 2f p 3J; f fr‘nains fr‘! 2 p 3‘]; f

A Model of Test Receiver is Omitted
A Harmonic Power Concentrated only @ Switching Frequency
A VDM,rms can be Calculated in Time Domain
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Simplified Calculation of Required Filter Attenuation

3 Shown for DM
Attenuation

LISN
a L
b EMI Filter
- (including Boost
c Inductors)
S A B
Vmains Vien {ﬁ__[{_u

For Space Vector Modulation:

V2 _ 1 V3(3n - 4V3M)
CM,rms 12

I

7/
7
4

_ 2 72 _y2
VDM,h,rms - JVin,rms V(l),rms VCM,rms

(4

1 vEM(8V3—3mMm)
ﬁ T

A Model of Test Receiver is Omitted

27 !

-fr‘nains -fr‘)

A Harmonic Power Concentrated only @ Switching Freqdgncy

A VoumsCan be Calculated in Time Domain
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Simplified Calculation of Required Filter Attenuation

3 Shown for DM

Attenuation
LISN
a
L a
0 EMI Filter
- (including Boost
c Inductors)
- L ===
Vmains VLISN {w
DM.,rms [
y A
( Required
(1) s attenuation | ¥, ( fD):20'10g(%)
Filter
attenuation EMI limit
Margin
1 T T > T gg I g
-f mains f 2 P 3‘fP" f f mf f
150kHz

Afitter (fp)[dBuV] = Vest (fp) [dBpV] — Limit(fp ) [dBuV] + Margin (fp) [dBuV]
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EMI Filter Optimization

3 Shown for DM Filter

(’\/>_O__-_' o’ e

o

S
TIT

Y Key Parameters

LISN EMI Filter .
k = ]l,HF/Il,LF
| fp
CLC-Filter

3 Optimal Selection of Current Ripple R&kitf, = consi)

A High Ripple Current ifz,.; (A high k) requires Large CHtlter; in Return thel, IS Small
A Small Ripple Current ify,,;(A smallk) requires Largée, .., in Return the CLEi@lter is Small
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EMI Filter Optimization

3 Shown for DM Filter

a
. .
b
- .
(6]
. 4 o—
Vmains _— == —L _— == —L prmd
TIT LIT \
) . Key Parameters
T 20dBidec LISN EMI Filter N
k = II,HF/II,LF
Ip
CLC-Filter
gg T T ! T >
£ L Jor oo !
3 Optimal Selection of Switching Frequeg{k = consi)
A High Switching Frequency requires Largef@e€ in Return thely,,is Small
A Low Switching Frequency requires Latgg ., in Return the CLiter is Small
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EMI Filter Optimization

Optimum
(k=0.05/f=144 kHz)

V [dm?] )

3 Optimization Result for DM Filter of a Single
Phase BoosType PFC Rectifier
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EMI Filter Optimization

0.8 11 -
07 | VFiIter T
09}
06
08+
0.5t
07}
3
V[dm?] 04l V [dm?] 06l
03l 05
04+
0.2 VFiIter
03}
0.1F
02+
k=0.075 fp =158 kHz
0 1 1 1 1 1 1 1 1 1 01 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
f, [kHz] k

3 Optimization Result for DM Filter of a Single
Phase BoosType PFC Rectifier
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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
Compromise Concerning Power Density / Weight per
Unit Power, Efficiency and Input Current Quality THD

98

97 VR-72 5 250
VR-25 250 ;Without Cooler

96 | i ~
o5 L vR-500 'sa0 Watelr Cooled ] 500
[ 500
Forced Air Cooled

94
! ‘ * 51000
93 1000 1000

VR-1000

1 (%)

92

91

90

4 6 8 10 12 14 16
p (kW/dm?)

fS =72 kHz

} = 4.6kw/dm?

fs = 250 kHz

} = 10kW/dn

(164 W/in?)

Weight = 3.4 kg

fs=1 MHz

} = 14.1kw/dm3
Weight = 1.1 kg
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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

Swiss Federal Institute of Technology Zurich
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