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» 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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» Classification of Unidirectional Rectifier Systems

m Definitions and Characteristics

e Passive Rectifier Systems

e Hybrid Rectifier Systems

e Active Rectifier Systems

m Phase-Modular Systems

m Direct Three-Phase Syst.

ETH

Line Commutated Diode Bridge/Thyristor Bridge - FulléHalf 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

Low Frequency and Switching Frequency Passive Components and/or
Mains Commutation (Diode/Thyristor Bridge - Full/Half Controlled)
and/or Forced Commutation

Partly Only Current Shaping/Control and/or Only Output Voltage Control
Partly Featuring Purely Sinusoidal Mains Current

Controlled Output Voltage
Controlled (Sinusoidal) Input Current
Only Forced Commutations / Switching Frequ. Passive Components

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

Only One Common Output Voltage for All Phases
Symmetrical Structure of the Phase Legs
Phase (and/or Bridge-)Legs Connected either in Star or Delta
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» 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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» Diode Bridge Rectifier with Capacitive Smoothing
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» Diode Bridge Rectifier / DC-Side Inductor and Output Capacitor
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» Diode Bridge Rectifier / AC-Side Inductor and Output Capacitor
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» Passive 3" Harmonic Injection
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» Passive 3" Harmonic Injection

e Minimum THD of Phase Current for 4,=1/2 I
® THDin =5 %
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» 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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» Auto-Transformer-Based-12-Pulse Rectifier Systems

m AC-Side Interphase Transf. (Impr. DC Voltage)
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Ordinal number of harmonics

Normalized input current

DC-Side Interphase Transformer can
be omitted in Case of Full Transformer
Isolation of Both Diode Bridges
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» 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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» Diode Bridge and DC-Side Electronic Inductor (EI)

~ UAC
l > P
e 'y
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* t t . N 00150 __use T v
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0
Electronic Inductor

+

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

Not OQutput Voltage Control
EMI Filtering Required

+
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» Diode Bridge and DC-Side Electronic Inductor (EI)

m Control Structure

R

Y.

<
=
2

X

e Current Control could Theoretically Emulate Infinite Inductance Value but Damping
(Parallel Ohmic Component) has to be Provided for Preventing Oscillations
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» Diode Bridge and DC-Side Electronic Inductor (EI)

m Experimental Results

U,=3x400V

P, =5 kW

f,=70 kHz
C=4x 330 pF /100 V

Input current (A)
E=y

n=98.3 %
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» Diode Bridge and DC-Side EI or Electronic Capacitor
m MERS Concept (Magnetic Energy Recovery Switch)
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» 12-Pulse Rectifier Employing Electr. Interphase Transformer (EIT)

oS

CE+ UC

lJ:‘Js

*

(JDT§
0Q
v

e Switching Frequency DC-Side Inductors
e Proper Control of the EIT Allows to Achieve Purely Sinusoidal Mains Current !
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» 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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» Active 3 Harmonic Injection into All Phases

o

a ia y b
b ty +
= ° < 1 C == |Upn I:IR
§ 3 i
T LL

Active Resistance Emulation

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

pl—o—o—
Ua Cl. eg.. ip=I+3/2i
>— T ip=1-3/21,
b
c upn[]R CCL:  3iy =11 — 12
Cl+
S Minnesota Rectifier

e Controlled Output Voltage
e Purely Sinusoidal Shape of Mains Current

ETH
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» Active 3" Harmonic Injection into All Phases

F_ug
i, =1cos(ar) iy +ip+i,=0
. a 2 ir:_ib . . . . . .
Ip :Icos[ax‘——ﬁ] _J o I —iy =iy +iy+i.+i, =
3, iy =g +iy,
. ’ 2 . s . :—fb +ZIJ,:3fy
i :Icos[ar‘JrT] 15 ——l_r(,+zy) /

e Current Control Implemention with Boost-Type DC/DC Converter (Minnesota Rectifier) or
with Buck-Type Topology
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» Active 3" Harmonic Inj. Only into One Phase (I)

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

- No Output Voltage Control

e T, T_ Could be Replaced by Passive Network

ETH
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m Proof of Sinusoidal Mains Current Shape for or < [0,%}

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

- Local Avg. Ind. Voltage / Bridge

Leg (7+, T_) Output Voltage: uy =0 and/or Wy =uy
- Bridge Leg Voltage Formation: lyy = tpg =k-ugg+(1-kugg
pg =k -u,. +u.g
k= "b(‘
"ﬂ(‘
K o R n . "b(‘
- Bridge Leg Current Formation: iy =k-i, =—k-G upg=—G-up
"(!(‘
. P u, .-, +uy. i
- Constant Power Load Current:  j=—=—@¢ @ " “bc b
Jqﬁ"(' ’th“
u,-u,.+uy- ( "
_ a "ac b *be _ G 10 + g be
", \ e

m Sinusoidal Mains Current: i+iy, =G u,g=i

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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» Active 3" Harmonic Inj. Only into One Phase (II)

m Boost-Type Topology

u

< , i
+ Controlled Output Voltage =
+ Purely Sinusoidal Mains Current

e Rup)

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

m Proof of Sinusoidal Mains Current Shape for ar < [o,ﬂ (1)

e 4 Different Switching States: T, on, T_ off } ky
T, off, T_on
ky
T, off, T_off
T.on, Ton } k3y=(1-k k)

3 Different States Regarding the Current Paths
with Relative On-Times &, &k, , and k3
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m Proof of Sinusoidal Mains Current Shape for ar = [0,%} (2)

- Current to be Injected into b: ,-; = —iy ,-: =G -1,
* * L
- Inductor Voltages: ity 1 ~0 Hy ;=0 iy =G up
' ij =G u,
- Bridge Leg (74, T.): Voltage Form.:  kyu,; +k, (”ab - Upn)+ (1—ky —ky)uyp =0
u
k2 _ Yab
U pn
!
Iy (”bc —Upn)+k2”bc +(1—k1 —kz)ub(, =0
124
kl — he
Upn
- Constant Power, Load Current: 7oL tapla " Upcle —kyi, + kyi,
Upn Upn
- Current Formationin T,: ipy =kyiy +(1-ky —ky)i, Condition: i: +r'; +z': =0
m Sinusoidal Mains Current: i, +i =i,

a /
Eidgendssische Technische Hochschule Ziirich ——
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» Active 3" Harmonic Inj. Only into One Phase (III)

m Buck-Type Topology — L P
+ Controlled Output Voltage g 5 b
+ Purely Sinusoidal Mains Current o ' .
Y 0+-Q-% LADA 1Y c=F i []
+ Low Current Stress on the c o -
Inj. Current Distribution _L l:}-&:;— i
Power Transistors / High Eff. TIT%x % & L
+ Low Control Complexity t1 x — >
- Higher Number of Active 30 — — -
Power Semiconductors than Iq L | lc
Active Buck-Type PWM Rect. 20 -
(but Only T, T. Operated with < 10 ly
Switching Frequency) 3
% 0
-10
UN L= 400Vrms ~ 220
Upn= DC
P=10kW 230
0 5 10 15 20 25 30 35 40
t (ms)

e Patent Pending
e Switches Distributing the Injected Current could be Replaced by Passive Network
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m Proof of Sinusoidal Mains Current Shape for arc [0,%}

- Current to be Inj. into Phase b:

- Current Formation:

- Local Avg. Ind. Voltage :

- Voltage Formation:

ETH
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i, =-i Duty Cycles: T, } K
T } bk

k=i, k=i,

iy =—(1—k)I+(1—ky)I =i, fa =G g

t / ';b =G- Hpo

ig tip+i, =0 i. =G-ugy

uy; =0

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

kit —katiey = 1y, kI =i,

gUap Ticlep = Uy, T kol =—i,

Iglgp +icllep = P = const. I =const. — u,,= const.

v
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» 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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» Diode Bridge Combined with DC/DC Boost Converter

Ur=3x400V (,fN=50 HZ) DD
Pout = 10 kW e~~~ T~~~ -
A= 0.952 S 400 i 40 %
THD= 32 % % 200 L 20
E 0 \ ia / 0 5
200 -20
0% 5 10 15 2070
p t (ms)
eeah i -
(ﬁ a ia 20
R 35
b u JK C = upn[]R <:§ 1ol
c
1T 1 1 5
i \ J_ Il am | an ..
n 0 5 10 15 20 25

m 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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» Half-Controlled Rectifier Bridge Boost Converter

Sector:: A @ B

VU 1 Ub e
' |

i

SectorA: w7 < [_E__E}
66

(J.i L -
> -
uab‘lr@ )
uacl .
c

e Sinusoidal Current Control Only in Sectors -'] K:} %

X

with 2 Positive Phase Voltages, e.g. in Sector B y

e In other Sectors, Only One Phase Current Sector B: wre F,E} ’
could be Shaped, e.g. in Sector A 6 2 * %

GiaL—P

+ Controlled Output Voltage (U > V6 0) . 1 N

+ Low Complexity (e.g. Single Curr. Sensor) a"l ““’Cl@ i G
+ Low Conduction Losses ———

- Block Shaped Mains Current JK;} J)S} %

ETH
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» Half-Controlled Rectifier Bridge Boost-Type Converter

m Current Control Concepts

Option 1: All Switches Simultaneously Controlled with Same Duty-Cycle (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 N 0 i
611 2 3 4 56
AN 3\ 0 0.1 0.2 0.3 0.4 0.5
IE"Ire'Jr.'jl.'n:r u,\_-m,\',l', uﬂ"iﬁ: BU f i 4 T 4
) /> # - 20 |

O &

u (V)
=

i (A)

V)

[~ 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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» Boost-Type Auto-Transf.-Based 12-Pulse Hybrid Rectifier

m Impressed Diode Bridge Output Voltages

F1f 1
K

% x?f% oK O | B

oS

=0

+ QOutput Voltage Controlled
+ Sinusoidal Mains Current Shaping Possible

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

ETH
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» Boost-Type Auto-Transf.-Based 12-Pulse Hybrid Rectifier

m Experimental Results (Impressed Diode Bridge Output Voltages)

lecroy | i
g= %)I((‘}v15V(400HZ) -~ 20A/Div . _ 4
U°=520V '\/\/ i
f, =60 kHz e
THD, = 3.1% ff\w \ 1

I 0.5ms/div

Input Currents

| | N ]

Rl B A ; ~ |
o N 7 ™

0.7 =
0.6

05
dl dZ
04

N N

Duty cycle

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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» Boost-Type Auto-Transf.-Based 12-Pulse Hybrid Rectifier

m Impressed Diode Bridge Output Currents

<&ai
s K

_@

o
—

+ QOutput Voltage Controlled —i<
+ Sinusoidal Mains Current Shaping Possible

0

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

» Wide Varity of Further Topologies for Pulse Multiplication (e.g. 12p = 36p) which
Process Only Part of Output Power but don’t Provide Output Voltage Control

ETH
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» 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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» Half-Controlled Rectifier Bridge Buck-Type Converter

T > ?->——o—

Ty Ty T :

+ Controlled Output Voltage ‘. [N N
+ Low Complexity N o i l .

+ Low Conduction Losses by X c= upn[]R

1

— Block Shaped Mains Current g + l
T x 7 % ! A

Sector: 1 2

wlt

e Topology Limits Input Current Shaping to
Intervals with Positive Phase Voltage ! ! :

Sector 1: Only 75 could be Controlled
Sector 2: i; and ip could be Controlled

e Low Complexity Control: Only Current of

Phase with most Positive Voltage Controlled; : wt
Switch of Phase with most Neg. Voltage Turned b e — -
On Cont. for Providing a Free-Wheeling Path sc [N [ | IO

ETH
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» 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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» Phase-Modular Rectifier Topologies

< g
m Y-Rectifier O——>—ic L, e
| el V™ Soe |
h@ . -+ ‘+P
AC C "l_‘ Uo,b be C-Llupnljﬂ'
O e IR DC 1Y
- AC C$ o | Pe
| |/ bC T~ e ||
m A-Rectifier T ac L e
pc| V™ /el
O £
49 RO C'_l_'luanR
pc| ¥ /e Y
o AC C# lU DC
| /pc| [V /el ]

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

ETH
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» Y-Rectifier

'U()

C

tpnal | B

LE
€

AC-Side Equivalent Circuit

Ha

upnb[

ol NI

Q
LE
<_

tpme | | B

)

b b o
CThp R e i e
=
P90l
111

® @ O

()3

e Basic AC-Side Behavior Analogous to Direct Three-Phase Three-Level Rectifier Systems

ETH
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» Y-Rectifier

m Cond. States for 7,>0, i,<0, i.<0 in Dep. on Transistor Switching States (S, Sp S)

0T 1T

Switching States (011) and (100)

(000) (001) (010) (011) e Redundant Concerning Formation

of uzh, Ube, Ues

e Inverse Concerning Charging of C;
and C¢ (and Cp)

i

!
ok
]

i
i

i
=
—
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» Y-Rectifier

m Equivalent Circuit and Voltage Formation

”E = HE + Hﬁ_.%

Uy = Uy +Uy _

Uz =g + L

1
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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» Y-Rectifier

m Equivalent Circuit and Voltage Formation

u, +uy +u, =0

Ug . . . u' ﬁ: U, = L{i;—: + H‘E —H'llﬁ_x +h'ir\rn.£v
dy Uy diy  _,
N, : b 5 ~: l . —". v Hy = L? +u'y+u'y iy Ny
o

rr df'(, i '
N UN'N u. =L i +u'ztu'z g

e S 0=0 + 0 + 0 +3uyy

e Voltage of the Star Point N’ Defined by ug (CM-Voltage)

ETH
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» Y-Rectifier

m Modulation and Voltage Formation

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

180 270 360

0 90 180 270 360 o 90 180 270 360

e Addition of mg Increases Modulation Range from U, = U to U, = 2/\3U
e Potential of Star Point N’ Changes with LF ( #%,) and Switching Frequency (ug,~)

ETH
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» Y-Rectifier

m Balancing of Phase-Module DC-Output v Al Ky
Voltages by DC Component of u, (7,) \/
0 7 ral N
_ <—'—'—>|TS=1/}r RN 2Tg R 3Tg !
mo =0 /s V\\ VAR RS / mb‘\
s N T N 7 G
/ \./ N7 Y
% M _m M ;
s} : : .
e ) | [ m o,
(O1) . (100),_, (O11)
(010)- L(010)
(000) (000)

my# 0

e m, Only Changes the On-Time of Redundant
Switching Stages, e.g. (100) and (011)

n:,'C
mo ----\:--

T H H » Ed
Fypmmmmmmmmm s P L e L Lk Ry
| I N/ [

e No Influence on the AC-Side Current
Formation- Allows Balancing of the Module
Output Voltages Independent of Input ‘ :
Current Shaping 011)

010 010
gOOO;J LEOOO;

Eidgendssische Technische Hochschule Ziirich o - —
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» Y-Rectifier

m Control Structure / 2-out-of-3 Output Voltage Balancing Iy
7‘%"5‘? gldl::lllgulal sigl'l(i-‘l,\.’a-} L;
; 3' i
I ’{:@ Albe, | (s) 3G(s) ‘3’_“2.@_>_: [“*z Logic ——f\ AC
- ip Pre-Control p;
I”IX.'.;; o
2 el ) D
Alpe = ]
H(s) ; " Vm‘“l—l__
) , ) I",l'x_'_" E + Vmgl{ DCc
Voem=52Voe, Average %-

E.g.: ME[O.—} max(u, ,up,,u.)= U,
min(u, ,uy,u.)=u,

e Qutput Voltage Balancing Considers
Only Output Cap. Voltage of Phase with
Max. Voltage (e.g. Phase a) and Phase
with Min. Voltage (e.q. Phase b).

ETH
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» Y-Rectifier

m Experimental Verification of Output Voltage Balancing

e Symm. Loading P,=P, =P ,=1000W
e Asymm. Loadng P,=730W, P,=P.=1000 W

Symm. Loading Asymm. Loading

Uy=3x 230V (50 Hz)
P,=3x1kW
Uyp=4

. . iy 1 A/div
Input Phase Currents, Control Signal i,, Output Voltages Ve - 100 V/div
B . S G (0 I W 1 B .. o R | N )
Ve o ock | T[]
«&L___v Voc.r
vz 3 e T g ——/“<)/\VW‘
2 ms/div
Eidgendssische Technische Hochschule Ziirich me —
L

Swiss Federal Institute of Technology Zurich
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» A-Rectifier

Y] o=
N.—@—cb — &j jlu““b[]R N"—@—é— L _E_ubc
2w HT T

“* ;% ’T J > E+p 0
| = |
) I |

e Connection of Each Module to All Phases / Rated Power also Available for Phase Loss !

ETH
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» A-Rectifier

m Derivation of Equivalent Circuit / Circulating Current Component iy

Ug . L Ug . L —_— —
a la A5 Uzb a la A 5 T~ Ub !
@ 3 i . | Hagp = H'zp+1 @ >—— . ) ®_|
b Ln > Up up . =u'y +u, b La b Upe o~ Ho

N ¢ e ; @ be 'bc 0 Nu—(:)—o—u—- O, B

-, = u'=, +u
T ca ca 0 T ,

3 l—-A ¢ ()< ¢ A ¢ Uty 7~ o

O ® —(—— (D—()

Uy 7

Ql

Def.: a'gp+u'y +u'za=0

B~
>
\

e Mains Phase Current Formed by 'z, , u'; .+ u'z,
and uy, up, Uc

t~
>

—@—o—)—4 @
N . () b > _®bul;_)c
Om O}

e Circulating Current ig Formed by ug - @ ~
1
e P — _ L —
HU_S("ﬂb +Hbc+”(‘a) _-A a @ ugl
® ug and/or ig, which does not Appear in i3, i, and i¢, can be L 5 o~uy Yi
Maximized by Proper Synchron. of Module PWM Carrier Signals; — - N
Accordingly, Switching Frequency Components of «'z, , »';.-and «'z, T
are Minimized ¢ - ()0
—— ()

ETH
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» A-Rectifier
m Y-Equivalent Circuit Describing Mains Current Formation

e Equiv. Conc. No-Load Voltage at Terminals a, b, ¢ (No Circ. Current i, i.e. No Voltage Drop across L

Hap = Wagp = Ug — U T
A - Tl
Upe = Uy, = Up, — g om— & () uabl
ZI’A b LA - — -
e Equiv. Y-Voltage Syst. should not Contain Zero Sequ. Comp. => - - @ bcl
o— 4
| | L — !
ug +ug +ug =0 |:> u'y .=y, —(—ug —ug,) L& >—-A < @ -
{ u'y .= 2uy, +ug __a é a 7&\'”5'
_ W
g = 3(” ap U 'zq) iy ) ;
] i Ui
uy, = g(n‘b—{, —H‘Eb) o 4| / .
: -
Hz'= —(u'a, —u'y, )
3
e Equiv. Concerning Input Impedance between any Terminals
1 3 1
Zin=Z;, |:> Ly/Ly=5Ly =Ly +Ly// Ly =Ly Ly =3I,

ETH
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» A-Rectifier

m Circulating Current Max. / Minimization of Mains Current Ripple

Uy =3 x 480V (50 Hz)

P, =5 kW _

U,=800V AV

fs =25 kHz

L =2.1 mH (on AC-Side) ..
AT T

e For Proper Phase Shift of Module PWM Carrier o
Signals a Share of the Line-to-Line Current Ripple
can be Confined into the Delta Connection. , |

ETH L
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» A-Rectifier

m Experimental Results

51/179

UL =3x480V (50 Hz) i,

Po =5 kW iaa
U,=800V g

f. =25 kHz "ab

L =2.1 mH (on AC-Side)

| 2 m%/div_

i Tapr et 5 A/dIV; 34, ), Tt 2 A/div
- Formation of Input Phase Current i,=1i;, -7,
- Circulating Zero Sequence Current i,

ETH
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Coffee Break !
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Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems
Laboratory

53/179

» 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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» Single-Switch + Boost-Type DCM Converter Topology

+ Low Complexity / Single Switch

+ No PWM, Constant Duty Cycle Operation
+ No Current Measurement UL =3 x 400V (50Hz)
P, = 2.5 kW
- High Peak Current Stress ) Upo=800V
= Low Frequ. Distortion of Mains Currents / Dep. on U,,/U THD; =13.7 %
- High EMI Filtering Effort
400 20
° o »'_0 p°
Ug . * % % 200f 110
< l

b

K™ ¢

||ﬂ+

Voltage (V)
o
Current (A)

Upn []R
-200

£4 %

-10

-20
20

39

t (ms)

e Improvement of Mains Current Shape by 6" Harmonic t
Duty Cycle Modulation or Boundary Mode Operation i -
c
e Reduction of EMI Filtering Effort by Interleaving of | [,
tu=0 tu=Tp

ETH
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» Two Interleaved Single-Switch Boost-Type DCM Converter Stages

Voltage (V)

-200

-400
0

400

200r

+ Interleaving Reduces Switching Frequency Input Current Ripple

+

- Low Frequency Mains Current Distortion Still Remaining
Relatively High Implementation Effort

ETH

Eidgendssische Technische Hochschule Ziirich

For Low Power Only One Unit Could be Operated — Higher Efficiency

Swiss Federal Institute of Technology Zurich
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» Two-Switch Boost-Type DCM Converter Topology

— o - N_‘._o_p
o . K% or
> .t -
b + U|_|_ = 3 X 400 V
— C== upn[]R P, = 2.5 kW
. ; Uy =700V
- KT THD; = 9 %
Rl o= == Y O O
TIT it L, )
< 200 10
<, ;
g
52000 10
+ Slightly Lower THD; for same Upn/Uy Component % 5 10 5 270

as Single-Switch DCM Converter

— Large Switching Frequency CM Output Voltage Comp.
- High Input Capacitor Current Stress

Current (A)
__O S

|
—_

o Artificial Capacitive Neutral Point N
e Decoupling of the Phases 20,
e Pros and Cons. as for Single-Switch Converter . ‘
e T, and 7. Could also be Gated Simultaneously PYMT-fygprpoedionoenaioooenndognnong
0 5 10 15 20
t (ms)

ETH
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» 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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Two-Level CCM Boost-Type PFC Rectifier Systems

 Y-Switch Rectifier
* A-Switch Rectifier

ETH

Eidgendssische Technische Hochschule Ziirich ——
Swiss Federal Institute of Technology Zurich
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» Y-Switch Rectifier

IS
1 P
_ ] ] | (Eélu []R
—f n
I

e Proper Control of Power Transistors Allows Formation of PWM Voltages at @, », ¢ and/or
Impression of Sinusoidal Mains Current

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» A-Switch Rectifier

Q=

e A-Switch Rectifier Features Lower Conduction
Losses Compared to Y-Switch System

e Active Switch Could be Implemented with

Six-Switch Power Module
b | i

Q

[+]]

ETH

60/179

@}
In
I
—
—

Eidgendssische Technische Hochschule Ziirich
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» A-Switch Rectifier

B Equivalent Circuit / Mains Current Control

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

A-Quantities
Q

u;

ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal

sector L:‘
detection
w clampy;
! v iw; pwm;
b+ AN ) ¢ B £ * i
I ~ +‘!\ mi )\ ny; . \ R
& F=O= K0 2O 2A O by =
Y %
m;
. . Jt
carrier signal =DD P !
LS
ji
clamping
-1
F(s) \ < J, [” l
u

e Mains Currents Controlled in Phase with Mains Voltages u,, up, uc

e Voltage Formation at a, b, c is Determined by Switching State of S5, S;_;, Seae and AND Input
Current Direction/Magnitude

e Always Only Switches Corresponding to Highest and Lowest Line-to-Line Voltage are Pulsed
e Switch of Middle Phase Turned Off Continuously

Institute of Technology Zurich
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» A-Switch Rectifier

m Modulation

U|_|_ =115V (400HZ)

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

Power Density: 2.35 kW/dm?3

Boost inductors

Output DC-link
capacitors

Semiconductors

Controller board

ETH

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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» A-Switch Rectifier

m Experimental Analysis

U|_|_ =115V (400HZ)
P, =5 kW

U, =400V

fs =72 kHz

Power Density: 2.35 kW/dm?3

THD, = 2.3%

100 V /Div »/

10 A /Div >/

L) I

Boost inductors

Semiconductors
Controller board

Output DC-link

capacitors CH1 100V CH3 10A .
CH2 10A CH4 10A 1mS/D'IV

Eidgendssische Technische Hochschule Ziirich ke -
Swiss Federal Institute of Technology Zurich
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Three-Level Boost-Type CCM PFC Rectifier System

 Derivation of Circuit Topologies

ETH

Eidgendssische Technische Hochschule Ziirich ——
Swiss Federal Institute of Technology Zurich
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» Derivation of Three-Level Rectifier Topologies (1)

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

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

ETH
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» Derivation of Three-Level Rectifier Topologies (2)

P
+

!
Ble B
L o ]

e [
Bl e Bl
L St

)]
= W
—
—
L]

Ll Ll
-
S L
—=
£
—_—
—1
=
I l
L L
| —
} IFL
iyt
il |
;Ilkl
Ll Ll
 —
IFL
=2
P
i
LJJL]
Lad Lad
| —
IFL
Do
o
Ladl Ladl
=
—
E
—
—3
=

+

e Three-Level 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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Three-Level PFC Rectifier Analysis

 Input Voltage Formation

e Modulation / Sinusoidal Input Current Shaping
 Qutput Center Point Formation

* Control

* Design Considerations

» EMI Filtering

* Digital Control

o Experimental Analysis

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Input Voltage Formation

—_—

R +4U
IL P
P J I
by, ] Fania
& & [,
b c -%U
b c
N
e Voltage Formation
HaMm = (1- Sa )Sign(in )?
is Determined by Phase Switching State
AND Direction of Phase Current
ETH

Eidgendssische Technische Hochschule Ziirich

p
nU
— Y
a M
fa 2x 8
L ,
a n
Sa <
To+, Ta-t OFF
gy = +14HU
P
B
— A
a M
Ia v U
L v
a n
s3=0

Ty+, T5-: OFF
gy = -15U

68/179
P
v U
ia W%
L v
a n
S3 =
Ta+, T5-: ON
gy =0
P
YU
‘a %U
L v
a n
Sa =
Ta+, T5-: ON
gy =0
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» Semiconductor Blocking Voltage Stress

m Blocking Voltage Definition

o DF+:

o DN+:
* DN-:

* Df.:

L4 Ta+:

° T3t

ETH

Limited to U, via Parasitic Diode of T3+

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

Limited to U. via Paras. Diode of T,
Limited to U+ via Df+
Limited to U. via Df.

p
wu
_ b
a M
" WU
L v

D
W%
— A
a M
‘a YU
L v

Y
=

fa wmu
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N'

r———"¢%-—--=

» Impression of Input Current Fund. (Ohmic Fund. Mains Behavior)

+%_U

4
Ql

Sal

ia A

&

6=0,1°... 0,3° (50/60 Hz)
0=1°..3° (360 Hz... 800 Hz) :
Al

o Difference of Mains Voltage (e.g. u3) and
Mains Frequency Comp. of Voltage Formed

at Rectifier Bridge Input (e.g. #'; )
Impresses Mains Current (e.g. 7;) |

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» PWM / Formation of u,, u,, u. / AC-Side Equiv. Circuit (1)

* Def. of Modulation Index:

0.

 Zero-Sequence Signal to Achieve Ext. Mod. Range

ey >

‘al -

D |

Ugq :H;T—{'HO
— — g

ot

* Generation of u,, i.e. 3" Harmonic Signal

ugz +uy +uz =0

1
Uy = E(HEO + HED +HE{],)

»
P
»
Lt}

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

u
i Amay
O ~N ~N N t
"> VAN 2T, 7N 3T,
T=1Uf RS S, S
E— . my
// \\ // \\ [, \\
7 \ 7 Mg =—
4 N 7/ AN 4 AY
’ N N .,
8q 1
agl M O M t

Sh 1

o —O

(0(11) x (100), H (01)1)
010 010
(000)J L(000)
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» PWM / Formation of u,, u,, u_ / AC-Side Equiv. Circuit (2)

—F

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

in Combination with u,, u,, u, ' —y
Hb - ub"p\r' — Mb +"b"-'

ey =13 _
Uz = ugny _uc+ucw

u, ,uy_,u,_  Causing the Switching Frequ.
Ripple of the Mains Currents and/or Note: 0
DM Filtering Requirement : Unn' =
Ugoy = ”;T + Uy
Ugo = Up +Ho
u Low Frequency Zero Sequence Component
for Extending the Modulation Range from 2
M =0...1 (Sinusoidal Modulation) to M =0...—— Hy =uy+uy_
V3
U Switching Frequency CM Voltage Fluctuation

of the Output - Resulting in CM Current and/or
CM Filtering Requirement

ETH

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




“1C I Power Electronic Systems
I'— Laboratory

» Time Behavior of the Components of Voltages u; ,u; ,u;

i
o
o

Voltage (V)

, A
Lo - nE8 8o

Voltage (V)

73/179 —

Ip =11,
400 m 40
a —
& 200 M- 0%
QO Ly
& . =
S 0 la ¢ 5
3 200 -20 §
= 400 T~ 3
0 5 10 15 2670
400
M%M

Voltage (V)
Ao o
888

500 W a

Voltage (V)

Voltage (V)

t (ms)
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» Local Average Value of Center Point Current

e Derivation of Low-Frequency Component j,, of Center Point Current Assuming a 3™ Harmonic
Component of u,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}L M; -cos(3amt) M, = 1'; M;= fﬂ
5 El_..r 2 U
m,=m,+my=M,; -cos((or +T}+ M3 -cos(3amt)
a,=1-m, (relative on-time of T,,) iy =a, i, tay i, +a,-i,
a, =1-m, (relative on-time of T,,) :(1_ma).,'a +(1_mb).,'b+(1_mc).,-c
a,=1-m, (relative on-time of T_,)
- . M; 1
RMS of 7y minimal for E ”Z

e my, i.e. PWM incl. 3" Harm., Reduces i), and Extends the Modulation Range

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Cond. States within a Pulse Period / Center Point Current Formation

u VAN VAN
e Considere.g. i, >0,i,<0,i, <0 \/
0<—T%T>| PN 2Tg AN 3Tg !
8= 7/ N 4 m
e Switching States (100), (011) are Forming N B B N N N
Identical Voltages ug, uy, uz but Inverse /s
Centre Point Currents ;,, .| M N M t
] iy
- L . . . 0 H H t
° Cgl;troll(())f i .,I,_,f by Chfan%%g thedPaor:Tomng s ) e [ m
n-Tim n ©O1) . 100), , (O11)
of Tota es of (100) and (011) it
(000) (000)
i # A A A f A A wi * A A b A X A
b i — i b iy — if’ b iy iff b ii"
5—1-‘—- o 5—1—- l L 5—’-(—- L E—L- =
L A & A K A R S Y A A i
(000),iy=0 (001), iy =1, (010), iy =-i, (011), iy =1,
. i A 4 ) ‘ ; A A 2 i A A A ; A 4 A
e Corresponding  ¢-mm ST Sl R S ‘s =
Switching States  *mm Wl Y w | ad »
and Resulting CRG R SO L O - L 6 i

ETH
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System Control

* Control Structure
* Balancing of the Partial Output Voltages

ETH
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» Control Structure

I
Third

harmonic

Ky(s)

AC

M
1 P¥
U0+, Up o—["—O—["—uun
Q30 —>0
u, 0 u-

e Output Voltage Control L

e Mains Phase Current Control e Controlof 7, ip, ic Relies on uz, wuy, n;
e Control of Output Center Point Potential e Control of um Relies on 7, (DC Component)

(Balancing of U4, U.) e No Cross Coupling of both Control Loops

ETH
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» Control of Potential uym of Qutput Voltage Center Point

® Assumption: i,>0,i,<0,i.<0

0
= -m ;
sa(l) ;
1 H
Sb? .
%, I'-'I [
(100), ', (011)

010)] 010
gooogJ I—gooo;

e Control via DC Component of uy, i.e. by Adding m, to the Phase Modulation Signals
i.e. by Inversely Changing the Rel. On-Times of (100) and (011), d(100) and J(011), without
taking Influence on the Total On-Time 6100y + 9(011)-

ETH

Eidgendssische Technische Hochschule Ziirich ——

Swiss Federal Institute of Technology Zurich
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» Control of Output Voltage Center Point Potential um

e Assumption: U, = LY I o
2
U_= 1 U-AU
2
M=1
Sq (1)
%
% (l> — . t
10} u (100), _o11)
-100 -50 0 50 —> (010) (010)
Um V] (000)— L(000)

Output Voltage Unbalance Results in Increasing On-Time of T+ and Decreasing Off-Times of T, and

Tc- so that the Voltages #'; ,u'; , w'; are Formed as in the Symmetric Case (AU = 0) and/or the
Mains Phase Currents Remain at Sinusoidal Shape

Resulting ;,, Reduces AU, i.e. Self Stability Guaranteed/

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Admissible Unbalance of Loading of U: and U.

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

DNa+ Tor J J - I 0.5
0.25 —~—
DNa_ T, J ﬁs M 0 T —
+ dy
. T = |* H B 025 ____.;—/
. v
ta 4 } ? — (_)07?5 —-‘/
L - .
R.-R_ 06 507 08 RO 115,312
s “"TRAR
+ —

e System Tolerates Load Unbalance Dependent on the Voltage Transfer Ratio (Us + U.)/U and/or
the Value of The Modulation Index M

ETH
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Design Guidelines

* Current Stress on the Components
* Transistor Selection
* Qutput Pre-Charging at Start-up

ETH
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» Current Stress on Power Semiconductors
m 6-Switch Circuit Topology

IDFﬂ\;g = TIN

[2M -
IpF rms = '\III— p \
3” 1 11'{ -
ITm'o:[__ }IN
L e 4
IDN.m'g =—Iy / R
z 7 |'|1 2M -
1- T.rms =4 N
IDN.rms EIN ‘\' 4 3n
D
N
;. _|5V3M o,
. 5 ) ’5 C.rins ‘\I' . 16 N
. SN v
Ai . :7—3{[1—11{
L.pp.max fiLy 4 \ 2 } L

e Output Voltage > V3 Umax (typ. 1.2 V3 Umax); Umax: Ampl. of Max. Mains Phase Voltage
e Required Blocking Capability of All Semiconductors: %2 U

ETH
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» Current Stress on Power Semiconductors
m 3-Switch Circuit Topology

M - 2 M)
IpF.ave ZTI It avg :[__T]IN
.zv \ 1 4.
IDFArms | * IT.rm.s- NE-gI}\
Ipn ave =—1In
DN.avg — p N 1 M)
- ID_-U.m'g = [ ;_T }II\T
IpN yms = EIN J T ' i
i i% a (1 2M
D / ID_.u_rms = ‘\Illl I 3z }I N
N- v
+ 2
N > == e e '5\ SJI oM I-‘V
. U 3 V3 + - s "\ "4g 16
A’L.ppmlax = fT— M{1-M—| L A DF—
s=N \
[ 0
n

e Output Voltage > V3 Umax (typ. 1.2 V3 Umax); Umax: Ampl. of Max. Mains Phase Voltage
e Required Blocking Capability of All Semiconductors: %2 U

ETH
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» Nonlin. C of Superjunct. MOSFETs Causes Input Curr. Distortion

1000
[ —v— IPP60R0IICP
Is=1.3A —&— IRFP27N60
D & —=— FCA22N60
g 100 STWAINGSMS &
Cop | ’ %
/DS —j L & %
2 == -
G o—1 (ps 8 0= C* oss=Coss/Achip =
== fd=180ns = |fr—80ns e S~ — 1 —
| Gs A i | S
1
Lgnu e L 1 |
GS E 5 0 50 100 150 200 250 300
S Vps (V)

CH1 10vY  CH2 100V M 50ns

ULL =3 x 400V (50 Hz), fs =1 MHz, Py =10 kW

5 T T T
e Nonlinear Output Capacitance C,., of MOSFET . s s l(Acmp)W
(CoolMOS) has to be Charged at Turn-off —
3 3 __—"1 " IPP6OR075CP — . ——A~
e Large Turn-Off Delay for Low Currents (e.g. Delay & ,/;’ PGORO%W IRFP27N60
of CoolMOS IPP60R099 (@ IDS=1.3A): 11% of & 2 <= | — "o
Switching Cycle @ fs = 500 kHz THD| =129 In(Acyp) - 2.57 ‘
1 —e— CoolMOS CP-series
e Resultsin PWM Volt. and/or Input Curr. Distortion ORI e
20 30 40 50 60 70 80 90
Achip (mm?)

ETH
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» Pre-Charging of Output Capacitors / Start-Up Sequence

Lower Mains Diode Dy.- is Replaced by Thyristor
Inrush Current is Limited by Rpye

Switches are not Gated During Start-Up
Start-up Sequence is Required

D
\ ? * ° U | I
D | I
Fa+ .—l—ﬁ 100V/Div + v
U A
Dy = | i \
J In1 | ) —
Dpre M 10A/D_iv —_— L s ! _quuu._ -uﬁmmd'm'# o
Th ‘ 0” T
Va Rpre + ; 4 T \
U- T - =
- : \[ o #] \
DFa_ 4  DSP-States T \
° 2

Stop Precharge |\ Soft Start Run
a b c Offset Comp.

- - T on 15 3‘ 88 A 2 5s|liegv 5= ZBBm\J 1.5 s 180my \
u
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EMI Filtering

* DM Filtering
» CM Filtering

ETH

Eidgendssische Technische Hochschule Ziirich ——
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» EMI Filtering Concept

Lcpyp

e DM and CM Filter Stages c, lvo ;
e Connection of Output Voltage Midpoint M | T T_E"I,

to Artificial Mains Star-Point N’ I_f‘-“n -~
- No High-Frequency CM-Voltage at M Jgﬂs cl.
—> Capacitance of Gz Not Limited by El‘/o/z

Safety Standards L3I }T'DH o
e Parasitic Capacitances have to be Considered =T CBn
for CM-Filter Design T o =
:. o LoMm Io Io |
1 —
——
"

50 Q Ley Li M, CrB
1 L 0 _

500 b M EMC input filter

-I{—I: . % . . .
N 50 Q) ® INI IN2 , IN3
1 +— - — a ¢
1 L L. e 4. L. L C é (,é
LISN Cpm =FCpTCnTCn g le VNQl le
11 I T I b

. Il
N CrB *heat—smk
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» DM Filter Design

u'y
. N S0Q | g L N
e DM Equivalent Circuit — = U
| 50 Q b b
If 1 L )N
N|| 00| . -
L} L A
LISN
e Required DM Attenuation, e.g. for 200 170 dBpV
fs =1 MHz (VR1000) ~ | |
2150 vpM || |4t py ‘
E - IH-\'\M-W\,‘, h e i) h 't
- 100 K;I;J" - T VJ A “x,“f b \“_.f ‘b 3 "".M’\LJ\”.UW'JMWM
3 jL DM | CISPR Class A
£ 50
4
0
0.15 1 (MH2) 10 30

Ryrsn.pm
50¢)

Com Cpan Come

| 660 nF | 660 nF T66nF

e DM Filter Structure

ETH
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» CM Filter Design

e CM Equivalent Circuit

Crg = 220 nF

200 1
_ 160 dBpV
2150 | e
@ p CM | At op j
TT0Ye) i il I B Py S R e s e w\wmm
lee)
3 , CISPR Class A
2
g 50
=%}
e Required CM Attenuation 0
0.15 T (MH2) 10 30

ETH
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ITET erntor o Systems /
» EMI Filter Structure for VR1000 Rectifier System
e 3 Stage DM Filter
e 2 Filter Stages for CM Filter
Lems Lema Lome Lomi Lemi Fboost
VAC 500F W409 VAC 500F W409  Micrometals T90-8 Micrometals T90-8 3 x VAC 500F W380 Micrometals E137-8
a 3 x | turns 3 x4 turns 16 turns 16 turns 3x 5 tumns 20 uH A
o—m ‘EEE . L] ‘HEN CEEECEEE o
= = P 65
S o—* L ey i S
prar=— . = +— - o oo - S
PE = = _L -T- T —L -T- T _L =|= T % CDM YCMIL1
1 Cw@z T EUCDW CEUDW 560 nF ik
- Y2250V X 250V X 250V [| 220 nF g\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
ETH
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EMI Filter Design

* Analytical Approximation
» Volume / Efficiency Optimization

ETH

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




Power Electronic Systems 92/179 —
|-I E 5 Laboratory ’ /

Considered System

B |

a
EMI Filter
b
(including Boost O ® —y
C e == (O
N O ®
Vmains
(& K& K&~/
—O
| Gate Driver |
Control
Goal —> 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

93/179

.....
.....

With Filter

a LISN
A - EMI Filter )
- (including Boost @
c Inductors)
- ‘i’
, V,
Vmalns LIISN{ w
L Without Filter
Test receiver ‘““*--.,.. T
o~ —
DM Attenuation - Determine Filter Attenuation such that Test Receiver
Output is Below EMI Limits at all Frequencies
Challenges —> Determine Spectrum of VDM and VCM

ETH

- Computationally Intensive Test Receiver Modeling
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CM and DM Voltage Formation / Time Behavior

LISN

a
- .

b EMI Filter
- (including Boost

c Inductors)
-

V. ains Viisn *w

a2s vl VA -

~

325 V4
-325 V

325V 4 VCM HF

325V

-325 V-

» Voltage I, splitted into LF and High Frequency Components
ETH
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Simplified Calculation of Required Filter Attenuation

» Shown for DM

Attenuation
LISN
a
b EMI Filter
- (including Boost
c Inductors)
i 8
Vmains VLISN {w
DM, rms VDM,rms
/ | \ t [ . \
f I/(l),rms Vh,nns i I/(l),rms Vh,rms
f . 1
5 JIL J\L ‘L - G
f mains f p 2f p 3er f fr‘nains fr‘! 2 p 3‘]; f

- Model of Test Receiver is Omitted
—> Harmonic Power Concentrated only @ Switching Frequency
- VDM, rms can be Calculated in Time Domain

ETH
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Simplified Calculation of Required Filter Attenuation

» Shown for DM
Attenuation

LISN
a
L .
b EMI Filter
- (including Boost
c Inductors)
- l::::
Vmains VLISN {w
: Vom
For Space Vector Modulation: . o
1 V3.(3n — 4V3M) % \
9 _ DC o
VCM,rms = E T (1),rms I/h,rms

VDM,h,rmS = JViﬁ,rms - V(%),rms - VCZM,rmS
J 1VZM(8V3—3Mn) .
24 T
-fr‘nains -fr‘) 2 p 3-]; f

- Model of Test Receiver is Omitted
—> Harmonic Power Concentrated only @ Switching Frequency f;
= Vpu,ms €an be Calculated in Time Domain

ETH
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Simplified Calculation of Required Filter Attenuation

» 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) ms 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
ISOkHz

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

ETH
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EMI Filter Optimization

» Shown for DM Filter

(’\/>_O__-_' o’ e

o

S
TIT

»  Key Parameters

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

» Optimal Selection of Current Ripple Ratio k (f, = const.)

—> High Ripple Currentin L; ., (= high k) requires Large CLC-filter; in Return the L, is Small
—> Small Ripple Currentin L (= small k) requires Large L, in Return the CLC-filter is Small

ETH
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EMI Filter Optimization

» Shown for DM Filter

a
b
(6]
Vmains
/ -20 dB/dec

99/179 —

LBoost

LT

1T L

EMI Filter

\
. Key Parameters

-

Tt faks

CLC-Filter

» Optimal Selection of Switching Frequency f, (k = const.)

k = fl,HF/il,LF
fP

—> High Switching Frequency requires Large CLC-filter; in Return the L, is Small

—> Low Switching Frequency requires Large L,

ETH

in Return the CLC-filter is Small
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EMI Filter Optimization

Optimum
(k=0.05/f=144 kHz)

V [dm?] )

» Optimization Result for DM Filter of a Single-
Phase Boost-Type PFC Rectifier

ETH
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EMI Filter Optimization

0.8 11 -
07 | VFiIter T
09}
06
08+
0.5t
07}
V[dm? 3
[ 10_4, CLYINYNE
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

» Optimization Result for DM Filter of a Single-
Phase Boost-Type PFC Rectifier

ETH
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Experimental Analysis

» Power Density / Efficiency Pareto Limit
» Experimental Analysis — VR250

ETH
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» Experimental Analysis
m Generation 1 - 4 of VIENNA Rectifier Systems
e Switching Frequency of f5 = 250 kHz Offers 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

04 Forced Air Cooled

s
= !‘ * 51000
93 1000 1000
VR-1000
92
91
904 6 8 10 12 14 16

p (kW/dm?)

ETH
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fs=172 kHz
p = 4.6 kW/dm3

fs =250 kHz
p =10 kW/dm3
(164 W/in3)
Weight = 3.4 kg

fs =1 MHz
p=14.1 kW/dm3
Weight = 1.1 kg

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Demonstrator - VR250 (1)

e Specifications

U|_|_ =3x400V
fn= 50Hz... 60 Hz or 360 Hz ... 800 Hz
P, =10 kW
U,=2x400V
fs =250 kHz

e Characteristics

7=96.8 %

THD; = 1.6 % @ 800 Hz
10 kW/dm3

3.3 kg (=3 kW/kg)

Dimensions: 195 x 120 x 42.7 mm3

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Demonstrator - VR250 (2)

e Specifications

U|_|_ =3x400V
fn= 50Hz... 60 Hz or 360 Hz ... 800 Hz
P, =10 kW
U,=2x400V
fs =250 kHz

e Characteristics

n=96.8%

THD; = 1.6 % @ 800 Hz
10 kW/dm3

3.3 kg (=3 kW/kg)

Dimensions: 195 x 120 x 42.7 mm3

Eidgendssische Technische Hochschule Ziirich m -
Swiss Federal Institute of Technology Zurich
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» Mains Behavior @ f, = 50 Hz

5A/Div
200V/Div
5ms/Div

P, = 4kW
U, = 230V
fn = 50Hz
U, =800V

THD, = 1.1%

Pan

P

AR

NI

Sl

M Sms260 Y 1 5ms 1D.AmY

ETH
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Swiss Federal Institute of Technology Zurich
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» Mains Behavior @ f, = 400Hz / 800Hz

P, =10kW

U, =230V

fy = 400Hz

U, =800V 200V/Div

THD; = 1.4% 1ms/Div

~ A~ ~ ~

VSRR SR SR S0 W SN

[AAN AN AN /AN

ANV ANV AV

[\ ] [\ [
VARV IR VARV

ETH
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P, = 10kW

U, = 230V

f, = 800Hz

U, =800V 200V/Div

THD; = 1.6% 0.5ms/Div

7\ 7™\ ™\ ™\

AN AN AN AN
[IAN /PN /AN /AN

VANV ANV [\
[\ Vi \
/ \/ J N/

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Demonstrator Performance (VR250)

e Input Current Quality @ fy = 800 Hz 10 o
8
S N\
= 6
=
T 4
2 00—
+
: *ﬁ—o— 0—?—0-

\O
o3

o Efficiency @ fiy = 800 Hz

|
i
|

\

N

Efficiency 7 (%)
O 3 O o]

o]
w

O
N
—

ETH
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» Demonstrator (VR250) Control Behavior

e Mains Phase Loss

U 0 T
I e e T

250 V/div i /\ﬁ v
A A

mennernanaes E VUL
In gAMLY A T T T
A N

5 A/div YN
MR
V" 20 ms/iv

20 ms 10.AmY 4 20 ms 1.08 Y

<
=

e Mains Phase Return

Uo
250 V/div

AT ALY YATANATAT, O
ARAMRANIRING TR
sAfdiv 11 A AL I S NI
LT e

Eidgendssische Technische Hochschule Ziirich ws -
Swiss Federal Institute of Technology Zurich O



110/179 —

“1C I Power Electronic Systems
I'— Laboratory

» Demonstrator (VR250) EMI Analysis

e Total Emissions e DM Emissions e CM Emissions

pJ

==
=

ETH
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Evaluation of Boost-Type Systems

3 Harmonic Inj. Rectifier
A-Switch Rectifier
Vienna-Rectifier
Six-Switch Rectifier

ETH

Eidgendssische Technische Hochschule Ziirich ——
Swiss Federal Institute of Technology Zurich
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Boost-Type PFC Rectifiers

m 3" Harmonic Inj. Type
m Diode Bridge Conduction Modulation

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Boost-Type PFC Rectifiers

m 3" Harmonic Inj. Type
—> Limited Operating Range

ETH

113/179
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Boost-Type PFC Rectifiers

m A-Switch Rectifier
—> System Complexity

A
e

D
L_

o

ETH
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Vienna Rectifier vs. Six-Switch Rectifier

— Six-Switch Boost-
Type Rectifier (mm?)
-- A-Switch Hs Hp
Rectifier ) It )
— ViIEnNA Rectifier | -

(- als L g
-L _
D o ®
L -
o
£ 10° 510
(-) (-) *
pc’ 4 o "]
(dBRV) (em¥kW) b .
—ill C= upn
B - — _
5 2 2
u p -l
(dBuV) 1 (cm?/kW) ol o-| J
_’7 —0
n

Eidgendssische Technische Hochschule Ziirich Jhe -
S

Swiss Federal Institute of Technology Zurich
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» 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 | CcvM '

* 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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Buck-Type CVM PFC Rectifier System

 Derivation of Circuit Topologies

ETH
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» Derivation of the Circuit Topology (1)

m Insertion of Switches in Series to the Diodes

i p A
. - > S
: o O ]]n [> b | [CE T

+ DC Current Distribution to Phases a, b, ¢

can be Controlled 3. - Pulsating Input Currents / EMI Filtering Requ.
+ Control of Output Voltage 0 <u < 2 U - Relatively High Conduction Losses

ETH
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» Derivation of the Circuit Topology (2)

BN
{(Hf {rﬂf b ‘l ek
@) Fle e | n'
1T bT CT p
S & & F
() ae
TS

e Insertion of 4Q-Switches on the AC-Side in Order to
Enable Control of the DC Current Distribution to Phases a, b, ¢

ETH
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» Derivation of the Circuit Topology (3)

m Circuit Extensions ‘ R e

e Internal Filtering of CM Qutput
Voltage Component

- n
Lle [1L0 [1
. T |T T
e Integration of Boost-Type =y ) .
Output Stage @l © @ B )
e Wide Output Voltage ; , S
Range, i.e.also U > EU
e Sinusoidal Mains . [ { ok el 1]
Current also in Case of [ [ K l“v“[]*f 5
Phase Loss t —
A A A
Lle 1 L 1 1 L
T |T T T AT T
a b ¢ fa a b ¢
S e_Q G

B Circuit Extensions Shown for 3-Switch Topology, but is also Applicable to 6-Switch Topology
ETH
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Buck-Type PFC Rectifier Analysis

e Modulation

e Input Current Formation
 Qutput Voltage Formation
» Experimental Analysis

ETH
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Swiss Federal Institute of Technology Zurich
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» Modulation Scheme

e Consider 60°-Wide Segment of the
Mains Period; Suitable Switching
States Denominated by (s, s, S.)

e Clamping to Phase with Highest
Absolute Voltage Value, i.e.

- Phase a for (ofe(—%,+%),

- Phase c for mte{+£,+%) etc.

)

- Assumption: wre (0,+

o N

\ 4

] O

20 \ 7
(100) (110) (111) (110) (100)

] [o%
(S ql:

122/179

- wi

a

Ua, : : Ub Ue
N
If":’a s ll"'b Z ll"‘30
(111) (110) (100)
bl a bbb a b I
(101) (011) also: (010)
- ‘ (011)
lb lc a lbl lc

e Clamping and “Staircase-Shaped” Link Voltage in Order to Minimize the Switching Losses

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



Power Electronic Systems 123/179 —
|-I E 5 Laboratory ’ /

» Input Current and Output Voltage Formation (1)

- Assumption: ore [0,+%}

®~

)
=]

ul@bl __________ L, lu

=
I I _,_‘_._._,_1

<~

o

¢ ke ol u
- ¢ t“ = 0 TP
\
---------- .- la I I ++I
- Ohmic Mains Behavior:  j =G'u, =(a, +a,) I 0 T : >,
= s ay, :
’b:G ub:_abl 0 T [ ’ >tu
i.=Gu,=—a,-1 ¢ : POt :
0 - . - > 1,
= W~ é -I_;_I' E T I
Gu, GU : S :
- Example: a,+a,.= a -cos(at)= M -cos( wt 4 : L E
ple: apra =Tl oo arcos(o) 8
Ilb w . ' . ' N
a, =— =M -cos| ot —— 7,1 |—| !
’ ( 3 ) o—I 1+« [ ] >,
- G e |
Me(0..1),1>1 ac:_G "c:j{.cos[a,t+2_ﬂ] 0 : : : -
1 3 (100) (110) (111) (110) (100) u

ETH
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» Input Current and Output Voltage Formation (2)

- Assumption: ore [0,+%}

®~

U A u
L‘fab\l, o : :
uac:l@ - .? .......... 3 Otb lu ' :
¢ .lf : o i ! : !
o-- P { LU : . Ty . . &
tu =0 P TP
i A . . ! . .
.......... o i, | i I ++I
. 0 . — , >,
- Output Voltage Formation:  w=u,, -a,+u,. -a, ; ; Lo :
b : CLb . : .
Bink = Pinput 0 . [ ' > t|u
u-I=—U-1 0 ; i ' >l
. | i I : o
2 A . ! . . T-1
e 3 i I - 3o V4 A A :
2 I 2 T, 1 S -
0 T >l
e Output Voltage is Formed by Segments of the 7,1 | | ¢ [ ] _
Input Line-to-Line Voltages v T : >,
e Qutput Voltage Shows Const. Local Average Value 0 ' : : >,
(100) (110) (111) (110) (100) "

ETH
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» Experimental Results

m Ultra-Efficient Demonstrator System

UL =3 x400V (50 Hz)
Uo =400V

fs=18 kHz
L=2x0.65mH

n = 98.8% (Calorimetric Measurement)

ETH

Input Phase Currents (5 A/Div)

125/179 —

g 2 ms/Div

Eidgendssische Technische Hochschule Ziirich
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» Experimental Results

m Ultra-Efficient Demonstrator System

UL =3 x400V (50 Hz)
o =5 kW
Up =400V

fs=18 kHz
L=2x0.65mH

n = 98.8% (Calorimetric Measurement)

ETH

Losses (W)

Efficiency (%)

126/179

Freewheeling Diodes

__- Series Diodes

99.0

98.0

97.0

96.0

_ MOSFETs t
. | ,

Conduction Turn-on Capacitive
Losses Losses Losses
1 1 I
r' S
L 3
/ A

—=207V |
—|-230V
A-253V

|
1

1000

2000 3000 4000
Output Power (W)

Eidgendssische Technische Hochschule Ziirich
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Comparison of Buck-Type Systems

Six-Switch Rectifier
SWISS-Rectifier

ETH

Eidgendssische Technische Hochschule Ziirich ——
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ETH

Eidgendssische Technische Hochschule Ziirich

Buck-Type PFC Rectifiers

m Diode Bridge Cond. Modulation

128/179

i . L P
r r AU CE%lupn g
b
£ ¢
n
e 3o [Fo
iu
a L.Y5)
g b a
b b
. E
m 3 Harmonic Inj. Type ___l i

STTT
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Buck-Type PFC Rectifiers

T T?j?u k|-

\

o~ o

o0

m Three-Switch Rectifier .
= Conduction Losses '

ETH
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SWISS Rectifier vs. Six-Switch Rectifier

— Six-Switch A
Buck-Type | (mmg) |:|
Rectifier Hs ! !
— Swiss Rectifier () ‘ ) : °|H l)|,_. °.|

oy

Eidgendssische Technische Hochschule Ziirich Jhe -
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Summary of Unidirectional
PFC Rectifier Systems

» Block Shaped Input Current Systems
 Sinusoidal Input Current Systems

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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+ Controlled Output Voltage
+ Low Complexity

+ High Semicond. Utilization
+

» Block Shaped Input Current Rectifier Systems

Total Power Factor A = 0.95

THD, = 30%
L
. -~ ¢
ua=U cos(wt). g X la * %
Boost-Type el Y Glagly |
U>‘\/§ U ~ b JK C"EEJr ‘upn[]R ~ 4 . CE; “pn[]R
| E— - Z
0 Upn D >
fad LeTere
n R o— 1
LTi n
L » -
1 1 I == _— T, T T T, |
a A X A NN !
Buck-Type < < :
0sU<3/2 U oW vy CE%‘upn[]R by A c==_‘upn[]R
(> = i
0 Upn S 1 1 1 D i
T T A B 1 I
1 s X % %
n
L
. , -1
RS- . Pt Tag Ty T,
Ja A 212 "
Buck+Boost-Type D N o a A )
s ~ b i K C= ‘upn[] R L~ b K c== upn[]R
—— & —s
0 an —_ L <X =%z ]i —— ==__ 4 %
2 . X 1

ETH
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+ Controlled Output Voltage

+

+ Tolerates Mains Phase Loss

— 2-Level Characteristic
- Power Semiconductors Stressed with Full

Laboratory

» Sinusoidal Input Current Rectifier Systems (1)

u,=U cos(wt)

Boost-Type — 4 ia L

133/179

Relatively Low Control Complexity U3 O

S Ql

0 Upn

ol

Output Voltage

Controlled Output Voltage

3-Level Characteristic

Tolerates Mains Phase Loss

Power Semicond. Stressed with Half
Output Voltage

- Higher Control Complexity

+ + + +

+ Low Current Stress on Power Semicond.
+ In Principal No DC-Link Cap. Required
+ Control Shows Low Complexity

- Sinusoidal Mains Current Only for Const.

Power Load

- Power Semicond. Stressed with Full
Output Voltage

- Does Not Tolerate Loss of a Mains Phase

ETH

Boost-Type

U>~N3 U

0 Upn

Unregulated
Output

N3 U
0 820U

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Sinusoidal Input Current Rectifier Systems (2)

Buck-T 0sU<3/2 U
UCK- e e
yp h Yipn

+ Allows to Generate Low Output Voltages
+ Short Circuit Current Limiting Capability

- Power Semicond. Stressed with LL-Voltages
- AC-Side Filter Capacitors / Fundamental =
Reactive Power Consumption

U=0 L .
Buck+Boost-Type T ? é _—r—
pn

+ See Buck-Type Converter < , i
+ Wide Output Voltage Range = l c
+ Tolerates Mains Phase Loss, i.e. Sinusoidal S i K E*lu 1E

Mains Current also for 2-Phase Operation

- See Buck-Type Converter (6-Switch Version L1
of Buck Stage Enables Compensation of AC- 1T
Side Filter Cap. Reactive Power)

'_
=
e
= ]
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Bidirectional PFC
Rectifier Systems

* Boost-Type Topologies
* Buck-Type Topologies
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Boost-Type Topologies
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» Classification of Bidirectional Boost-Type Rectifier Systems

Active Direct Three-Phase Boost-Type PFC Rectifier Systems

Two-Level Three-Level

| Unidirectional ' | Bidirectional ' | Unidirectional ' | Bidirectional .

* Six-Switch Converter ¢ Neutral Point Clamped (NPC) Converter
» Z-Source Converter * Flying Capacitor (FC) Converter

* T-Type Converter

e Active NPC (ANPC) Converter

* Bridge-Leg Inductor (BLI) Converter
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» Derivation of Two-Level Boost-Type Topologies

e Output Operating Range

u pn pn
A AU
U S -
|, | L,
+I -1 +

S0
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» Derivation of Three-Level Boost-Type Topologies

139/179

Y.

x| x| y WE
¢ |4

-‘/zUA

b ¢
Upp
A

e Output Operating Range | > i l ] > i
+1 -1 +
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» Comparison of Two-Level/Three-Level NPC Boost-Type Rectifier Systems

. 2 :
l i J Kz o
I Weg ¥ ! Coca
a Ls a Lg d JLA XX T
o— O—mm
b Che b
Oo—ia = O—I N
C c
O—im Oo—is CDCZ
o J J =%
NG W W@
n o J J n
O O
e Two-Level Converter Systems e Two-Level > Three-Level Converter Systems

Reduction of Device Blocking Voltage Stress
Lower Switching Losses
Reduction of Passive Component Volume

+

+ State-of-the-Art Topology for LV Appl.

+ Simple, Robust, and Well-Known

+ Power Modules and Auxiliary Components
Available from Several Manufacturers

+ +

Higher Conduction Losses

Limited Maximum Switching Frequency
Increased Complexity and Implementation Effort

Large Volume of Input Inductors
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» Active Neutral Point Clamped (ANPC) Three-Level Boost-Type System
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+ Active Distribution of the Switching Losses Possible
+ Better Utilization of the Installed Switching Power Devices

- Higher Implementation Effort Compared to NPC Topology
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» T-Type Three-Level Boost-Type Rectifier System

p
. 5
,JKIJKILJKl
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b 3 &
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c 3 &
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: O

+ Semiconductor Losses for Low Switching Frequencies
Lower than for NPC Topologies
+ Can be Implemented with Standard Six-Pack Module

- Requires Switches for 2 Different Blocking Voltage Levels
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» Three-Level Flying Capacitor (FC) Boost-Type Rectifier System

P
1 Tt 7o e}
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c
O I
‘,Jlfﬁ x| J
o o o
SEE<SIE< .

+ Lower Number of Components (per Voltage Level)
+ For Three-Level Topology only Two Output Terminals

- Volume of Flying Capacitors
- No Standard Industrial Topology
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» Three-Level Bridge-Leg Inductor (BLI) Boost-Type Rectifier System

p
O

iﬁiugﬂ
S|

+ Lower Number of Components (per Voltage Level)
+ For Three-Level Topology only Two Output Terminals

03

- Additional Volume due to Coupled Inductors
- Semiconductor Blocking Voltage Equal to DC Link Voltage
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» Pros and Cons of Three-Level vs. Two-Level Boost-Type Rectifier Systems

+ Losses are Distributed over Many Semicond. W 3-lvVINPC W 3-lvl T-type M 2-level
Devices; More Even Loading of the Chips >
Potential for Chip Area Optimization for Pure 100.0
Rectifier Operation 99.5
+ High Efficiency at High Switching Frequency — 990 S
+ Lower Volume of Passive Components s ~
~ 985 ==
, 2 98.0
- More Semiconductors -5 975
- More Gate Drive Units hE '
- Increased Complexity = 97.0
- Capacitor Voltage Balancing Required 96.5 —
- Increased Cost 96.0 : . : :
0 10 20 30 40 50
Switching frequency [kHz]
e Moderate Increase of the Component Count Consideration for 10kVA/400V,. Rectifier
with the T-Type Topology Operation; Min. Chip Area, T, ,,.,= 125°C

» Multi-Level Topologies are Commonly Used for Medium Voltage Applications but Gain
Steadily in Importance also for Low-Voltage Renewable Energy Applications
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Buck-Type Topologies
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» Derivation of Unipolar Qutput Bidirectional Buck-Type Topologies

Upp,
A
e Output Operating Range | ] >i
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e System also Features Boost-Type Operation | -
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» Derivation of Unipolar Output Bidirectional Buck-Type Topologies
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e Output Operating Range >i | ] >i
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Final Remarks

Performance Trends
Multi-Objective Optimization
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Power Electronics
Performance Trends

m Performance Indices

Power Density [kW/dm?3]
Power per Unit Weight [kW/kg]
Relative Costs [kW/$]

Relative Losses [%]

Failure Rate [h-1]

ETH

State-of-the-art
Weight

Losses Volume

Costs Failure Rate

Future
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Abstraction of Power
Converter Design

Performance Space

Performance Space

Design Space

Efficiency
Power Density

Costs
Reliability
etc.

System

Phase-Shift DC/DC Conv.,
Resonant DC/DC Conv.

DC Link AC/AC Conv.
Matrix AC/AC Conv.
etc.,

Components

» Mapping of Design
Space into System
Performance Space

ETH

Power Semiconductor
Interconnections
Inductors, Transf.
Capacitors

Control Circuit [

elc.

Materials

Semiconductor Mat .
Conductor Mat.
Magnetic Mat .
Dielectric Mat .

ete,

e Evaluation Formulas
o Lifetime Models
e Cost Models

s glc.

Specifications
Operation Limits
Converter Topology
Modulation Scheme
Control Concept
Operation Mode
Operating Frequ.

® ¢glc.

Doping Profiles
Geometric Properties
Winding Arrangements
Magnetic Core Geometries
e etc.
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Mathematical Modeling
and Optimization of
Converter Design
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Specifications
V;, V(), P(), AV(), CISPR 1 ]/22 A,B

l

Converter Topology
Modulation Scheme

!

Electric Power Circuit Model

Component Values, f»

152/179

Tcrms I 0y s l L e ii(6) [ vi(£)
3 [ 4 )
Capacitor Transformer / Inductor Semiconductor CM Noise DM Noise
Type « Windings Geom. Type Model Model
. \CN'H'E gype lA:u lA;M
* Core Geom,
* Core Type Off-line Optimized DM/CM
| l Loss Model Filter Topology
CD,U l C(‘M ﬁ l LD\T/L("H
Loss Model Reluctance Model T, Filter Filter Inductor
Capacitor * Geometry
l @/ Pons Thermal Model Type * Material
Min. Loss Model i l
Losses « Windings R,T,
B<B + Core Loss Model Loss Model
=05
T2 Ty TT(J Ty l Off-line o I e
V= Vigax Optimized . el
Thermal Model Heat Sink %'“1 Model
ol.
| Transformer / Heat Semic
Capacitor | Capacitor Inductor Sink Losses. EMI Filter | EMI Filter EMI Filter
1 Volume 1 Losses Volume Volume \ "Cap. Vol [Cap. Losses | Ind. Losses |

Minimum Losses or Volume

EMI Filter
Ind. Vol.

Summation of Component Volumes and Losses

l

Total Converter Volume / Losses
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Technology Sensitivity Analysis
Based on n-p-Pareto Front

» Sensitivity to Technology Advancements
» Trade-off Analysis

i
A
_____ P
EIL\ ------
L= on !

> p

Design Space Performance Space
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Converter Performance Evaluation
Based on n-p-o-Pareto Surface

> o: kW/$
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n
100% -

99%
98% A
97% 1

96%

n
r100%

r99%

- 98%

r97%

- 96%
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Converter Performance Evaluation

Based on n-p-o-Pareto Surface

» " Technology Node’

n
~100%
no-Opt. | o0v,
> 2 n-p-c-Pareto
/4 Surface
L3
\:Nail
N.o Troee np-Opt.
s
ap-Opt.
0
10
o 20 p
40 4
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> fp

I
Technology Node: (¢*, n*, p*, fp )
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Thank You!
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Passive Rectifier Systems
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Hybrid Rectifier Systems (Electronic Reactance Based)
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Hybrid Rectifier Systems (Active 34 Harmonic Injection) (1)
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Hybrid Rectifier Systems (Combination of Diode Bridge and DC/DC Converter)
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Hybrid Rectifier Systems (Multi-Pulse / Half Controlled Rectifier Systems)
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