S
ETH IECON' 2010

Eidgendssische Technische Hochschule Ziirich 7-10 November - Glendale, AZ, USA
L
Swiss Federal Institute of Technology Zurich

Comprehensive Evaluation of Thésase
ACAC PWM Converter Systems

J. W. Kolar and T. Friedli

Swiss Federal Institute of Technology (ETH) Zurich
Power Electronic Systems Laboratory
www.pes.ee.ethz.ch




=IC I Power Electronic Systems 2/135 —
I'— Laboratory

Outline
t 3 Review of ADCGAC Converters
GOlMin 3 Derivation of Basic MC Topologies
15 TMin 3 Coffee(:tg.@reak
S0 Min 3 MC Dimensioning
l 3 Extended MC Topologies
15{/”” 3 Coffee(:g.preak
45 Min 3 Methodology for Converter Comparisons
1 3 Comparative Evaluation of AC Converters
15TMin 3 Coffee(:g.preak
40 Min 3 Multi-Domain Simulator Demonstration (GECK{AfmkﬂmmuITS
} 3 Conclusions / Questions / Discussion

ETH
Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -

Swiss Federal Institute of Technology Zurich




=IC I Power Electronic Systems 3/135 —
==l Laboratory

Classification of ThrePhase AGC Converters
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DClink ACAC Converter Topologies
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Symmetric ThrePhase Mains
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All-SiC JFETBBC Prototype
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Basic Matrix Converter Topologies
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VSI Space Vector Modulation (2)
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VSI Space Vector Modulation (3)
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VSI Space Vector Modulation (4)
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VSI Space Vector Modulation (5)

Local Ddink Current Shape
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VSI Functional Equivalent Circuit
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CSR Commutation & Equivalent Circuit
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CSR Space Vector Modulation
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CSR Space Vector Modulation (2)
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CSR Space Vector Modulation (3)
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CSR Functional Equivalent Circuit
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Classification of ThrePhase AGC Converters
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Classification of ThrePhase AGC Converters
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IMC Properties
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IMC Space Vector Modulation (1)
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IMC Zero Dlihk Current
Commutation (3)

12040f
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PN Period
| \H‘\(T‘_ucbi
e
DClink Voltage u=y I I g Y |
DClink Current i =0 3 /6 : /6 +n/3
DC link
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IMC Zero Dlihk Current
Commutation (4)

DClink Voltage u=y
DClink Current i =0

(ab | (111)
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IMC Zero Dlthk Current
Commutation (5)
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IMC Zero Dlihk Current
Commutation (6)
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IMC Zero Dlthk Current
Commutation (7)

N Mains
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| te |
/3 /6 0 +/3
Summary DC link
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< . . urren
A Simple and Robustlodulation Scheme
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IMC Space Vector Modulation (3)

Output Voltage Ref. Value iy = Uel¥is = [gelWat
- *
Input Current Ref. Angle=, 7_;’1 — ej i1 @% =g, P
1 1
Mains Voltage iy = UyelPin — [7,eJwit
Load Behavior iy = Iye!¥is = [yed (va; — P2)
Assumptions
Im,bc = @,
T T qo 4T
(pﬂjl S |:0 g:| // - > 6
/// //A\/ ﬁ’]
T ~ //// 11
ei; < 03] S Uy
- €55 e
L= s \\\ 1]
LA RCAN .

PWM Pattern is Specific for each Combination of Input Current and Output Voltage Sectors
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Freewheeling Limited to Output Stage

Input Current Formation

Desired Input Current

Resulting Rectifier Stage
Relative OflTimes

Absolute OfTimes

ETH

y = _d(a.b) ?
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i, = I, cos o
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1, = I, cos (cpé — %)
(3l
_ - 2
i. = I, cos (tpé - %)
11
sin (% — 5 )
7
diat) = cos (X 1
Y=
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Tp
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Mains Voltage g = Uy cos (99@1)

. Switch Conducting
uy = Uy cos (%‘1 - 3) the Largest Current is Clamped
(overa/3-wide Interval)

u, = Uy cos (Lpﬁl + %ﬁ) 5
. . u, ! : , t
Available DC Link Voltage Values W iA! ! !
- - L -IC :
u(ac)Zuac:“a_“c:‘/5'01603(9961_%) | 3 BEEE ! kL
AN S T S S U S S 14
~ Sapa — 0
Uy = = g —wp = V3 Urcos (o +2) el
Sene A S N 8 T 0 U NS
Saza
Select Identical Duty Cycles of Inverter . f i
Switching States (100), (110) i .andU,, . S
for Maximum Modulation Range :2 1 | [ |
5 _ Tae)enn) _ s _ Tab)omn) _ s S
(ac)(pnn) — — Y{ab)(pnn) — — Y(pnn) PR RS O PR N
Tac) T{ab) £iEIEiSg s
_ Tlee)prm) _ _ Tlab)ppn) _ ClElE CEEL W
O(ac)(ppn) = O(ab)(ppn) = = O(ppn) 0 i T
T(ac) T(ab)
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Voltage Space Vectors Related to . 9
Active Inverter Switching States Uz, (pnn) = ZU
. 2
U2, (ppn) = gueﬁ’ /3

Output Voltage Formation

i 23 (5 +0
Uy = T(ae)U Ttab) U
2 TP/2 (ac)(pnn) ! (ac) Yae (ab)(pnn) ! (ab) Lab
+ 8(ae) (ppm) T(ae) Uace”™* + 5(ab)<ppn>T(ab)“abejm)
2 T(ac) T(ab) 2 T(ac) T(ab) i/
4 nn) o ac ab 0 n) o ac a gm/3
()3 (Tp/zu"+ Tzt ) T 0wz \ g thee T gt | €
Sy (d d Sy (d d /3
(pnn)g ( (ac)Uac + (ab)uab) + (ppn)g ( (ac)Uac + (ab)uab) €
Local Daink Voltage Average Value U = dge)Uac + A(ab)Uab

= 2 2 . _
liy = O(pnn) =T + O(ppmy = 7™ Uy = il

3 3

Calculation of the Inverter Active Switching State Omes can be
directly based om !
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DClink Voltage Local Average Value

Minimum of Ddink Voltage
Local Average Value

Resulting IMC Output Voltage Limit

47/135

3.
Upin = §U1 cos P}
V3

Tk g *
Usmax < — - Urcos®j

Simulation of Ddink Voltage

and Current Time Behavior 0

ETH

Eidgendssische Technische Hochschule Ziirich

Sms 10ms 15ms 20ms

Swiss Federal Institute of Technology Zurich

IECON' 2010 —



“1C I Power Electronic Systems

I'— Laboratory

Resulting Inverter Stage
Relative OfTimes

Resulting Inverter Stage
Absolute OfiTimes
1
T(ac)(pnn) — §TPd(ac)6(pnn) =

1
T(ac)(ppn) = §TPd(ac)5(ppn) =
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Oppn) = —5
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O(pn'n,) - 7
1. 2 U

U5 T
- ——COS (991?2* + —)
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U

/2 6

—Tp——
27" /3 U, cos P}

1. 2 U;

(st ) oo+
Sl | — 0= COS | L —x —
6 77 Yy

-
=T = sin | — 4+ % | sin ( H*)
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DClink Voltage Local Average Value

- r . , : .
Mooy = 7> (40(mm) Ttae) = 100(pm) T(ae)) = 1a0(pnn) = icOpm)
- . . : :
b = 7 (Ea0mm Ty = 1cOpm) i) = T4 = 1cOpm)
Equal Ddink Current Local _ _ . Uz cos @,
Average Values for Inverter & = i(ge) = #(ap) = fo—=———=-COS 5
Active Switching States U, cos P (o
Local Average Value of g =1 = I, cosgs
Input Current ina (3]
Resulting Input Phase I = I Uék cos Py
Current Amplitude U, cos D]
Power Balance of Input 3. 3. .
and Output Side p=P=mui= §U1]1 cosP] = §U2*IQ cos Py
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IMC Simulation Results
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RBIGBT IMC Experimental Results (1)

Output connectors

Control boards

Input filter

Fans
Heatsink

2.9 kW/dnt

48 WI/ir?
Input RMS voltage 400V
Output Power 6.8 kVA

- Rectifier Switching Frequency 12.5 kHz
Efficiency 95% Inverter Switching Frequency 25 kHz
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RBIGBT IMC Experimental Results (2)

U, = 400V
P..=15kw
f...= 120 Hz

fa= 12.5 kHz / 25kHz
DC Link Voltage

i A 1K i I U
3 ; %\ I / ;3
Input Current Output Current
100 VAdiv
5A/div
ETH
Eidgendssische Technische Hochschule Ziirich IECONl 201 0 -

Swiss Federal Institute of Technology Zurich



“1C I Power Electronic Systems

I'— Laboratory

Alternative Modulation Schemes (1)

3 Conventional Modulation (HV)

1
f“ = Q ZFP/TP

fiab

Uc
= L
T e T Yea
-1t/3 -1t/6 0 +1/6 +m/3

DClink Voltage: Largest and Medium Line
to-Line Mains Voltage

s :gtﬁo 0.860F, |
ETH

Eidgendssische Technische Hochschule Ziirich

53/135 —

3 Low Output Voltage Modulation (LV)

/3 -m/6 0 +7/6 +1/3
DClink Voltage: Medium and Smallest

Lineto-Line Mains Voltage

19

1 g =
@Z,max’” ZELE]_:O.SCﬁl !
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Alternative Modulation Schemes (2)

3 Low Output Voltage Modulation

—
.

Im 11,m

[ [he

11 J(aa)(xxx) 11 I
ll(bb)(xxx) 11(xx)(000) - A

1y nn) i(pnn) =ia
11 L(co)(xxx) . .
. ) I(ppn) = -1C

pn . .
I(pnp) =~ -1B

Iy ,(ac)(pnn)

i1,(ab)(npp/) Pad
LN

I ~ ~
i (ab)(nnp)f'.‘ (ba) _

: 11 (ab)(npn)"’

—

(ac) | 1L(ao)ppn)

e | po

~ ll(ac)(“p“)“* i1, (ab)pnp)
11 (ac)(nnp) ca) /o
|./ > \( ) 11,(bg)(npn) 1,(ab)(ppn)
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11 (ac)(npp) ~ \E )// 1,(ab)(pnn)

i(npn) =1p 11,(bc)(nnp) -
-~
Loy = ~o
(unp) i1 (be)npp)
i(npp) = -ia
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Alternative Modulation Schemes (3)
3 LV vs. HV Modulation

Uy ’
Output Voltage T
Generation ~ - Fa
| w Il i, mm\h\w
\/\/
0 Sms 10ms 15ms 20ms 0 Sms 10ms 15ms 20ms

Input Current
Generation
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Alternative Modulation Schemes (4)

3 LV vs. HV Modulation

Switching Losses

0.8 \ HV \ \

0.7
P —

Sw, "o $2=0
05 LV

0.4 Al h—h—a—y j’f “n/4
0.3 -

0.2
0.1

Reduction of Switching Losses
to approx. 58%

1
Mj2

300

250
Uo,RMS

[V] 200

150
100

50
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Output Common Mode Voltage

[ [
s 20 HV o
2= n/4A\A\& LV‘B\& m
o
0 0.2 0.4 0.6 0.8 M]2 1

Output Common Mode Voltage reduced

to approx. 75%
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Alternative Modulation Schemes (5)
3 LV vs. HV Modulation

Input Voltage Ripple Output Current Ripple

1.6 ‘ | | | 0.6 \

AUl a,RMS, b h02=0 | 05
GEVT 2 L\ﬁ', b> = /4 ~ AR2ARMSr
1 | 0.4 |
0.8 HV;—SE 03 |
0.6 I, ¢2=m/4 7 02 |
0.4 . '
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—8-
¢2:TIZ/4\E
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0 0.2 0.4 0.6 08 pgynl 0 02 04 0.6 0.8

Current Stresses

1
Mj2

iSpd, 1|

ol | Yy Input Voltage Ripple Doubles
y" Output Current Ripple Slightly Reduced
5 y' For giverlJ, (M,,) the Component

- Current Stress are Increasing (Conduction
Losses)

1
M2
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Alternative Modulation Schemes (6)

3 ThreelLevel Medium Voltage Modulation

High Output Voltage Modulation (HVM)

E 3

=0...— @
=02,

Low Output Voltage Modulation (LVM)

= 1 .
LF—Z—O...ELO)l

ThreeLevel Modulation

= 1 3 .
LEZ—E...7L(D1

Weighted Combination of HVM and LVM

o 1 ! \
Q1= -1/3 -fi6 0 +/6 +n/3
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Sparse Matrix Converte6EMC

Topology Derivation
—— Bidirectional / Unidirectional Converter——
Experimental Results
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Classification of ThrePhase AGC Converters

AC/AC Converter
I I I
Converter with Hybrid q
DC-link Matrix Converter Matrix Converter
|
AC/DC-DC/AC AC(:;DC-DCIAC
Converter onverter Py : " . .
" 5 Hybrid Direct Hybrid Indirect Direct Indirect
with Voltage with Cl.!rrenl Matrix Converter Matrix Converter Matrix Converter Matrix Converter
DC-link DC-link (HIMC)
(U-BBC) (I-BBC) i
’_I_‘ I
. AC/DC- Sparse
Conventional Fu]{{ll E:;'izge DC/AC Indirect Matrix Three-level
Matrix (‘on:e rter Converter Matrix Converter l\TIe;t-rie;e
Converter (Oi)en Motor- w1th9ut Converter (SMC) Converter
(CMC) windings) DC-link (IMC) (VSMC)
s Capacitor (USMC)

Yy Sparse Matrix Converter
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SIGJFET
SIC Sparse _ SEMOSFET
Matrix Converter

[ECroy VGS
v 20 V/div
Switching Frequency 150kHz s —F
Output Power 2.5kW@10kWRIm
hyhy - - 100 Vidiv 2
-

ISZ

INRRNEIREANE: b b Wwwg

20 rs/div
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SIGJFET
SIC Sparse - SIMOSFET
Matrix Converter
Switching Frequency 150kHz
Output Power 2.5kW@10kWRIm
Ay Ay Ay e e e
-
-
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Ultra Sparse L ] KI Hi
Matrix Converter ol I Ve W@
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Ultra Sparse
Matrix Converter 200V/div

5ms/div

lecroy

Y, =3-0 400V/50Hz
U,=300pnu340V / Op200HZ |
P =5.5kVA i

f, = 25kHz (Rect.) / 50kHz (Inv.) ANCAAA A
l

I JCE s

Power
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Unidirectional 9Switch AGAC Converters with PFC Input

VIENNA Rectifier with VS| (XFSI)

P P! x l L
F £ (% £ < R y
m o B
EldE | dE B o c
. JE 3K IS «KIJKIJSK
2 2 by .

P

a

With Intermediate Energy Storage

Impressed Currents at Input Terminals (a,b,c)

3
3 3-Level Input Stage
3
3

Additional D€Link Chopper Required
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Topologies with LElement in DL.Ink

Z-Source@nverter ZSC
T-Sourcenverter TSC
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Z-Source Converter

FETopology with SourceElement (L&Element) in DE.ink
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l
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T-Source Converters

D D
| I i B 1 ¥4 &
3 : Vi i Iw Vi S
Yy Suggested 2.evel TSource Inverter C‘DIV'" ” § O oo |4 ‘ T8
Topologies bgtrzelecki et al. [46] ‘T K il =11 4
2009, and Tran&-Source Inverter by -[ { 1 1 3L 1 1
Quian et al. [48] 2010. | ' _

T-Source ©°29Spar se-AV&dnveritex Rel at ec

p
NG W Ve I
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ao 0 A

y IMGBased Modulation Scheme
y" Output Voltage Boost Capability 5o I&“;ﬁ:;‘;ﬂff o B
y' Low Input Stage Switching Losses
Yy High Blocking Voltage Require

ments of Output Side Switches __/J _1 _i i
Need for Low Leakage Transformer .
y g Y S;Jnlg I & I

Double ISource with HF Autotransformer
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IMC- Extensions

- ThreelLevel
- Hybrid

ETH
Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -

Swiss Federal Institute of Technology Zurich




=IC I Power Electronic Systems 71135 —
==l Laboratory

Classification of ThrePhase AGC Converters

AC/AC Converter
I I
Converter with Hybrid .
DC-link Matrix Converter B e ST
|
AC/DC-DC/AC AC(:;DC-DCIAC
Converter onverter Py . . . .
" 5 Hybrid Direct Hybrid Indirect Direct Indirect
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ThreeLevel Matrix
Converter

3 Bidirectional Converter

3 Unidirectional Converter
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