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1. About us and Rockwell Automation

PowerFlex®
Low Voltage Drives Medium Voltage Drives Programming & communication

=N g
= DeviceNet
ControlNet
ProfiNet
‘ ProfiBus
PowerFlex 6000 & 7000
UL/IEC: 2.3kV - 11kV up to 680A

UL/IEC: 2.3kV - 6.6kV up to 720A

PowerFlex 755TS & 755TM

UL/IEC: 400/690 up to 4000A
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2. Problem description

Przemiennik czestotliwosci 27 ACDC_current.raw =R [E=E =
Bateria
AC/DC kondensatoréow DC/AC
Sie¢ — V / Silnik AR WY JSR W AION WY SN W U W SN [N W O WY JSCTR AN WY SN W SO

zasilajgca DC \ Elektryczny S S S e T S S

T~ T & f:‘:ﬁﬁUEZA:::::::::::::::::Y@?ﬁ::::::.::::

..... .’]Q UF/A

Viw  fod- 40uF/A ........... _

DC capacitor bank requirements o 4uF/A

 Capacitance vs V. ripples o (=]

V(ND14,N015)

1. High V. ripples
2. Output voltageripples
3. Motortorqueripples

Cost-Benefits Analysis \

Rockwell

PUBLIC « Copyright ©2021 Rockwell Automation, Inc. 6 ! A Aul'omul'ion



2. Problem description

Przemiennik czestotliwosci For 400/480 VAC drives
Bateria e 564/677 V. Normal operation
AC/DC kondensatoréw DC/AC \/

* Up to 800V during motor deceleration

For 600/690 V,. drives

* 846/373 V. Normal operation
* Up to 1100V during motor deceleration

Siec — V / Silnik
zasilajaca DC \ Elektryczny

Vpe = \/E Vii-12

DC capacitor bank requirements
 Capacitance vs V. ripples

b ngh DC voltage operation Comparisation of the parameters of the different aluminum electrolytic capacitors types
Capacitance Rated Typic?l Typical rip1ple Leakage cL_.lrrent 1
e range V::a . 100E:+T ;:o C mt::uukrur: ::;c afteraf Elr;utes
. . ge , 20° - “
+DC Se IS GOl et O Non-solid borax or erganic | 0.1 pF-2.7 F | 4630V 800 mQ 130 mA <10 pA
nee d € d Non-solid water-based 1-18000 yF | 4100 V 360 mQ 240 mA 10 pA
Solid manganese dioxide | 0.1-1500 pF | 6.3-40 VIEl | 400 mQ 620 mA 12 pA
Solid conducting polymer | 22-2700 pF | 2-125 VIl | 25 mO 25A 240 pA
solid and non-solid 6.8—1000 pF | 6.3-125 V1" | 40 mO 15A 100 pA

hybrid electrolyte

*source: https://en.wikipedia.org/wiki/Aluminum_electrolytic_capacitor

HH-H
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2. Problem description

Przemiennik czestotliwosci N

V)
AC/DC ko nl row DC/AC ot 5 ==

Sied \ S Silnik

zasilajaca \ Elektryczny
} l
N ¢ N

DC capacitor bank requirements
 Capacitance vs V. ripples

* High DC voltage operation | ~0.61
* Handle LF and HF currents

1(R18)

+DC

............

-DC
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2. Problem description

lc/m

Series connection:
a Voltage balancing required:
- easy to maintain(balancing resistors).
Vpe/n

Coo—— Co—— Parallel connection:
, E E Current sharing/power losses:
Cin e C2n—§— Cn _ i 4 - hard to p.r.edict.and measure,
S — ——| Vpe/n - paraC|.t|c resistances & inductances,
' ; = capacitor parameters,
-DC T = mechanical connections.

Setup with n=2 and m=4 was analyzed

PUBLIC « Copyright ©2021 Rockwell Automation, Inc. 9 IL@ Eafggg{_!on



3. Equivalent DC link capacitor model (ESR & ESL)

Coc C
ESR | | ESL ESR D|C ESL
NY\_. ] YL,
ESL - equivalent series inductance \1
ESR - equivalent series resistance Cyc - Capacitor capacitance
t; _t
N ,
R c ‘
T1 N JX
D L 3 | LA
3 ESR | % [lz | U ESR |
Q) E Ue % Coc % @ICR Ucr i __ Cnc %
| ESL T2 (/‘\tz i ESL

Capacitor Capacitor
charging Test

VGS-Tl

VGS-TZ
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3. Equivalent DC link capacitor model (ESR & ESL)

Scope waveforms for ESR and ESL masurement of C,

AN

AP AT

C XX R N N R

;

>
3

bé

Ch2 E

G ' ,| i

" J.‘V\”

b AUgs,= 0.42V

: l Al.=9.58 A

,E At = 1.5 us

I
...... Jecbess B SR TER AR AT, .

ESL = 23E5L = 65,77 nH

At

AUESRz 14‘7 V
I =83.2 A

~
o

~
[
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Scope waveforms for C,. capacitance measurement of C,

PUBLIC « Copyright ©2021 Rockwell Automation, Inc.
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3. Equivalent DC link capacitor model (Cy)

ICR = 148.4 mA
At = 1.87s

Rockwell
Aulfomaltion



3. Equivalent DC link capacitor model (Cy.)

Test results for measured capacitors

C1 3,74 65,77 17,66

C2 3,82 61,86 17,04 C=4.1mF (+/-20%)
C3 3,90 55,56 17,35 ESR.__.=20mQ

C4 3,79 64,93 17,35 ESL,..=50nH

C5 3,91 57,02 16,72

C6 3,84 69,28 16,88

C7 3,98 56,99 16,72

C8 3,81 65,75 17,04

PUBLIC « Copyright ©2021 Rockwell Automation, Inc.
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4. Laminated busbars ROM model

"‘-e,;l
IGBT - Wariant 1 f'
- +
L]
= o &
=]
.—'-& —
- +
IGBT - Wariant 2
1°
=

® &

IGBT - Wariant 3

ﬁ IGBT
placement

/Ansys

Q3D EXTRACTOR

Capacitor
placement

Rockwell
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JAC
[A/m]
Max: 10 000

10.000
. 7.943
6.310

5.012
3.981

3.162
- 2512

1.995
1.585
1.259
1.000

Min: 1.000

i.

4 _ p—z
®

JAC
[A/m]

Max: 10.000

10.000
. 7.943
6.310

5.012
2.981

3.162
- 2.512

1.995
1.585
1.2589
1.000

Min: 1.000

4. Laminated busbars ROM model

Ansys
2073 R1

e e Variant 1

JAC
[A/m]
Max 10000

10.000
. 7.943
5.310

5.012
3.981

3.162
- 2512

1.895
1.585
1.259
1.000

100 200 (mrm)

Min: 1.000
~ : Ansys
L { 2073 R1 X
Y = f.
d:l—-—z
’ 53
Z i
& —T :
o~ oo Variant 2
:{{\?ﬁi\\\}\ ) 4 z
1 R

100 200 (mm)

PUBLIC « Copyright ©2021 Rockwell Automation, Inc.
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Ansys
2073 R1

Variant 3

Big impact of laminated busbars
design for current flow distribution
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5. Multi-phisics simulations - model export |
MATLAB 4

\n SYS .cir file SIMULINK'

. o
. A| A Generation S
Extraction of M L B enera |On Imscape Ao
e . . node
RLCG parasitic model from CiR file dnode 2
parameters. - .
e n A node 3
.SUDCKE Varlant_1 half 123456 7 8 9 18 11 12 13 14 15 16 17 1 -
rI . S + 23 24 25 26 27 28 29 38 31 32 33 34 o nisde 4
( : V1135 dc 0.0 -
V2 2 36 dc 6.0 Arode 5
V3 3 37 dc 0.0 -
V4 4 38 dc 0.0 qnode G
V5 5 39 dc 0.0
V6 6 40 dc 9.0 o node 7
V7 7 41 dc 0.0
V8 8 42 dc 0.0 8 node 8
V9 9 43 dc 0.0
Vie 10 44 dc 0.8 Aricde_9 Simscape
Vi1 11 45 de 2.0
V12 12 46 dc 0.8 4 node_110
V13 13 47 dc 0.0
V14 14 48 dc 0.0 A node_11 variant 1
V15 15 49 dc 2.8 P -
V16 16 58 dc 0.8 node_12
V17 17 51 dc 2.8 A node 13
R1 35 52 2.54973164823e-85 -
R2 36 53 4.30041411191e-05 Anode 14
R3 37 54 1.93964291272e-85 -
R4 38 55 2.39165563367e-85 Anocde 15
RS 39 56 2.24001356377e-B6 -
RE 46 57 2.56144775532e-05 % node_ 16
R7 41 58 8.296614593038-86 -
R§ 42 59 3.29168773371e-05 qnode 17
RS 43 60 4.58835254491e-85
R1Q 44 61 1.95571916746¢-05 o rlerE_1 B
R11 45 62 2.887732393542-05
R12 46 63 1.84887419661e-85 4 node_18
R13 47 64 8.31371925309-05 "
M R14 48 65 7.88022466381e-05 qnode_20
R15 49 66 6.43035043551e-05
R16 50 67 9.40503083212e-05
—_— FOR YOUR —_— R17 51 88 1.27581083746e-06
F1.2 52 35 V2 0.508074
Sl PPOR I F1_3 52 35 V3 0.550486
F1.4 52 35 V4 0.452973
F1.5 52 35 V5 -B.80631487
F1.6 52 35 V6 0.407966
F17 52 35 V7 0.0778246
) F1.8 52 35 V8 0.312353
Oprogrg mowanie F19 52 35 V9 0.0477824
. F110 52 35 V10 0.@821684
1ni8 Nauvkowo-Techniczne

5p. 7 0.0.

4 . . Rockwell
PUBLIC « Copyright ©®2021 Rockwell Automation, Inc. 16 ] -
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I\/I&JSATLAB 4\
IMULINK®

for—

Latats fff et 4
o )
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5. Multi-phisics circuit simulations - pulse test

1. Busbars 030 model
(ROM model)

@

@ N
@ SN o @ ieeT-wariant1
o+ —b &+ ® @ F

Rockwell

Aulomation

IGBT - Wariant 3 ,



TLAR 4 e - . _
IMULINK: 5. Multi-phisics circuit simulations - pulse test

—y Y, S

T 1. Busbars 03D model

it o s

o . (ROM model)
T-l?_,—’lﬂ—’l T___L T S 2. Capacitors RLC models

Y S

POy S

Labets o s
Y Single capacitor model

I >
) | 1
' +DC {2
[ A i cDet ESL1 ESR1 oo

8 capacitors
575 V/4.1mF

Rockwell
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MATLAB 4\
SSIMULINK

5. Multi-phisics circuit simulations - pulse test

rodu_1

Ta'aat

N

frsdu_ 18

rodu 20

PUBLIC « Copyright ©®2021 Rockwell Automation, Inc. 19

1. Busbars Q3D model
(ROM model)

2. Capacitors RLC models

3. IGBT + Inductor

1.2kV/1.2KA

25mm?
~B turns
d ~35-50cm

Aulomation

(, Rockwell



Variant 1

t[s]

02 ; T Variant 2

t[s]

Variant 3

0.5 1 15 2

5. Multi-phisics circuit simulations

PUBLIC

JAC
[A/m]

Max: 10.000

10.000
. 7.943
6.210
5.012
3981

3.162
- 2512

1.995

1.685
1259
1.000

Min: 1.000

Variant1 | Variant 2 Variant 3
Ug [mV] 764 797 810
Ug, [mV] 752 774 783
Ugs [mV] 761 788 791
Ug, [mV] 763 787 793
Ugs[mV] 777 796 800
Ugs[mV] 759 781 787
Ug, [mV] 759 770 790
Ugg[mV] 755 772 780
C[mF] | ESL[nH] | ESR[mA]
c1 3,74 65,77 17,66
c2 3,82 61,86 17,04
c3 3,90 55,56 17,35
Ch 3,79 64,93 17,35
c5 3,91 57,02 16,72
cé 3,84 59,28 16,88
c7 3,98 56,99 16,72
cs 3,81 55,75 17,04
. Copyright ®2021 Rockwell Automation, Inc. 20 @ ‘R\afgggﬂon
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6. ROM Model validation - test setup

= G . Bateria
g ereraner kondensatorow

keyjny

) D
-- ‘:\‘o Z
" ~ ~re # ks

\O ee .; :

IO tars WA W
S\ LTV
@ WUVUUVEUVDUVAUR VROV
~ NUVRUUUVLALUR VLUV
. AL T T

Cewka
rogowskiego
Pomiar ic

Pasywne sondy
napieciowe

Pomiar u¢.s );f
y
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6. ROM Model validation - test results

3
¥ — - T1
*f 4 ot
. ‘y////’ L Ch3 (De

Variant 1 Variant 2 Variant 3
' . Uy [V] 0,717 0,750 0,758
; | U, [V] 0,701 0,696 0,715
.
g f V' Ug[V] 0,702 0,715 0,730
.
; & U, [V] 0,699 0,727 0,728
' Ugs[V] 0,700 0,751 0,748
' Uge[V] 0,707 0,713 0,709
; , U, [V] 0,706 0,698 0,712
' Ug[V] 0,685 0,695 0,705
.
E
[

o 20us

PUBLIC - Copyright ©2021 Rockwell Automation, Inc. 22 IL@ Eafggg{_!on



6. ROM Model validation - summary

Variant 1
1 e Test e Symulacja 1
0 08,
2.
> 06 o 06
= 0.4 0.4
0.2 0.2
0 0
1 2 3 4 5 6 7 8 1

Numer kondensatora

Variant1 | Variant2 | Variant 3
I,[A] | (32,45 33,665 34,44
e, [A] 33,14 33,93 34,54
l.s[A] 33,68 34,69 35,00
e, [A] 32,96 33,75 34,23
ls [A] C 36,11 36,77 37,19
I.g [A] 34,76 35,53 36,09
I, [A] 34,52 35,24 35,93
l.g [A] 34,57 35,23 35,70

11% higher current for C; in compare to C,

PUBLIC « Copyright ©2021 Roc

Variant 2

e Test e Symulacja

] ° ° ° 0.8 °
°
> 0.6
9

:S) 0.4

0.2

0
5 4 5 6 7 8 1

Numer kondensatora

Variant 1

40 - —

2

Variant 3

e Test o Symulacja

S 4 5 6

Numer kondensatora

0.5 1 15

kwell Automation, Inc. 23 @ Eafggg{_!on




7. DC/AC inverter simulations with busbar ROM model

IGBT - Wariant 1
o @
- +

- |
a = &

=

. Rockwell
PUBLIC « Copyright ©2021 Rockwell Automation, Inc. ‘ =
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7. DC/AC inverter simulations with busbar ROM model - Simscape model

|-
<[H 4\
< ATLAB 4
e | SIMULINK
N 1 -+ Gates L )8 (.3 ]
Vdc
Reference spaed DC holtagedC boltageBC foltage?
1500 rpm at 0.1 s Control
=
aut *DC_U +0C_U = u out
W ~ YTy, - DC"‘_'N ) oc U l | | | | oo U -
1 - = U
. 11 iofojiopoy a2l | | [ | e )
+ - +
DC voltage C] 1 l [ ] = - : : out
oy ' oCcwv
: | | I
flx) =0 DC-_IN +0C_w +DC_W
out
L DC W l OC_W -
= W
CAB1 Invertari
. Rockwell
PUBLIC « Copyright ©2021 Rockwell Automation, Inc. = -
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7. DC/AC inverter simulations with busbar ROM model - Simscape model
CAB1

T_: o— INVERTERT
j—i P

= ] & ;
L L o— g W e B
U— = ] 'PHx.sa—dt:) | -Hu.sa—. Husa—@
e s 3 g BT v 2 = w
* node 1 MID:C2 -t ""‘"-‘-‘:‘“' Low] - H{FemLLOwW nm_l.m'-\-
* node 2 MID:C3 — — g & z
* node 3 MID:CS = et ot 8 8 8
* node 4 MID:CE ot
* node 5 MID:C18 — _ oc U oc v OG_W
Lo ] * node & MID:E11 — o T B (B>
& * node 7 MID:E13 - s
i’ S = * node 8 MID:C16 > )
o s — * node 9 MINUS:Cd ’
L = * node 18 MINUS:CB s
— b * node 11 MIMUS:C12
- r * node 12  MINUS:C14 & =
-t J = * node 13 MINUS:INPUT MINUS —————— s
Fmy—f —l * node 14  MINUS:T1 Output
-y * node 15  MINUS:T2 Output -
A - PR * node 16  MINUS:T3_Output o s
* node 17 PLUS:C1
* node 18  PLUS:C? — = G
* node 19  PLUS:C9 rT P EE N N
* node 28 PLUS:C15 L >
* node 21 PLUS:INPUT_PLUS AT e >
* node 22 PLUS:T1_Input Ay — |
* node 23 PLUS:T2 Input
* mode 24  PLUS:T3_Input L
* node 25 MID:S5inkMid + Ul
= |_lo
* node 26  MIMUS:SinkMinus T (T @: [ﬂ
* node 27 PLUS:SinkPlus -
D
DC- IN
i — 5
e cpei ESL1 Jrepe
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7. DC/AC inverter simulations with busbar ROM model -

Capamtors currents

= Pasr_simtstion CAB' roni_Sansr| lPa.cev_;rm;:mr CAB1 €2 Curreni_Sansor! m Pos
W Fower_simuiaton CAB1.C8 Curent_Sansoril W Power_smulsbon CAB1.CE ESLE.| M P

€AB1 €3 G n-._ orl W Power_simuiason CAB1 C4 Currend_Sensor! m Power
ar_smulstion CAB1.C8 Curent_Ser

_simulation CAB1 C5 Curant_Sensor |

simulation results

Steady state, 1.9sto 2.0s
2h25m of simulation

Output currents

W Power_simulation.IU.Current_Sensor.| M Power_simulation.IV.Current_Sensor.| W Power_simulation.IW.Current_Sensor|

|, T M il “”"l AR ‘-!.‘"""“I"‘a i”“

1 1/ | M f I i Al I | IH
= I]|'w'| h"lll‘ll‘llf‘l‘l" "“‘I‘-“; "wl""“: I‘i‘-‘w I \ ”‘\'l L! !l] il ! ‘I‘” “‘.*‘; | ““‘I IEIE lll!
- | . ! | ' -
o (-
-
|
300 | |I

TR

L \ |
MR ATANAN

‘.g‘,‘ |‘, | V ‘ h“‘.‘"gl.

o

-300

500

‘ i N "“I'.“ ' *I‘ i \ I N !
‘\ f ]. E’H. "“‘.I‘.wl ik I“‘-\|'w """"‘w'" ‘iif ’lf”w h‘-‘l“l ‘ :‘.w'-‘l "“(" " I‘.“".“I" 5”‘.‘\"“‘ H‘

D) = ET T w = wn T} ET) 2] =) [ED] = BT T w D)

A

It | 1\l
“"II)‘H'“ L gl I H‘I)"“P &J “)”

10ms
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7. DC/AC inverter simulations with busbar ROM model - simulation results

LLLLLLLLL

el

Capacitors current OL T
I, [A] 35,3
e, [A] 35,9 -
lcs [A] 36,1 OL . T
e, [A] 36,8
lcs [A] 37,2 “
lcs [A] 36,4
lc; [A] 37,1
lcs [A] 36,3

-

lsl
\ (N |

\ W

.l
ANL
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7. DC/AC inverter simulations with busbar ROM model - simulation results

Capacitors current

lcg 36,4
I, [A] 37,1
les [A] 36,3
Variant 1| Variant 2 | Variant 3 Mean
| I [A] | 32,45 33,65 34,44
| I, [A]| 3314 33,93 34,54 .
| lcs[A] | 33,68 34,69 35,00 34.5
|1, [A]]| 32,96 33,75 34,23 2
| ls[A]]| 36,11 36,77 37,19
| 1g[A] | 34,76 35,53 36,09 .
|1, [A] | 34,52 35,24 35,93 35.
| Ig[A]| 34,57 35,23 35,70 35.2
Slaid 22
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Label9

Label1s

cz

K
i

Labeld

C3

Labelé

cs

Label16
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Label13
Label10
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8. Summary & future research

Presented methodology demonstrates significant potential to be used during capacitor bank design or optimization for extended product lifetime
* Busbarlayout has bigimpact on current sharing
* Detailed capacitors parameters should be considered

* Possibility to determine currents flowing through each capacitor

Methodology improvement needed:
 Temperature impact on current sharing

» Comparison of different available measurement method for capacitor parameters

Simulation tools
« MATLAB/Simulink environment allows for simple and transparent way of importing .cir model from Ansys environement,
* Busbar ROM models can be used to build more advanced multiphisics simulation models

* Model optimization required to speed-up simulation time

PUBLIC « Copyright ©2021 Rockwell Automation, Inc. 30 ! A Eafggg{_!on
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