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Rockwell Automation – company introduction

Dr inż. Wojciech Jurczak

Power electronics architect

 Low voltage drives

Mgr inż. Dawid Stawiarski

Power electronics engineer

 Low voltage drives

Mgr inż. Kamil Zygmunt

Simulation engineer

 Low voltage drives

Katowice

Warsaw

Gdansk

2800+ employes in Poland

1. About us and Rockwell Automation
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Our strategy is to bring The Connected Enterprise to life.
We integrate control and information across the enterprise to help industrial companies 

and their people be more productive and sustainable.

ABOVE-MARKET GROWTH  |  PRODUCTIVITY  |  INTELLECTUAL CAPITAL            VALUE CREATION

A T   A   G L A N C E

EMPLOYEES

29,000
FISCAL 2023 SALES

$9.1B
COUNTRIES

100+
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Compact

Standard

Premium

PowerFlex 
            Low Voltage Drives Medium Voltage Drives Programming & communication

PowerFlex 755TS & 755TM
UL/IEC: 400/690 up to 4000A

PowerFlex 6000 & 7000
UL/IEC: 2.3kV - 11kV up to 680A

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

DeviceNet 

ControlNet

ProfiNet

ProfiBus

1. About us and Rockwell Automation



PUBLIC • Copyright ©2021 Rockwell Automation, Inc. 6

AC/DC DC/AC

Silnik
 Elektryczny

Sieć 
zasilająca

Przemiennik czestotliwości

Bateria
kondensatorów

DC capacitor bank requirements
• Capacitance vs VDC ripples

• 4uF/A
• 10uF/A
• 40uF/A

• 4uF/A

1. High VDC ripples 
2. Output voltage ripples 
3. Motor torque ripples 

2. Problem description

mF

$$$

V DC
VDC

VDC VUV

VUV



PUBLIC • Copyright ©2021 Rockwell Automation, Inc. 7

AC/DC DC/AC

Silnik
 Elektryczny

Sieć 
zasilająca

Przemiennik czestotliwości

Bateria
kondensatorów

DC capacitor bank requirements 
• Capacitance vs VDC ripples
• High DC voltage operation

For 400/480 VAC drives
• 564/677 VDC Normal operation
• Up to 800V during motor deceleration

For 600/690 VAC drives

• 846/973 VDC Normal operation
• Up to 1100V during motor deceleration

𝑉𝐷𝐶 = 2 ∙ 𝑉𝐿1−𝐿2

V DC

VL1-L2

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

Series connetion
needed

+DC

-DC

2. Problem description
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AC/DC DC/AC

Silnik
 Elektryczny

Sieć 
zasilająca

Przemiennik czestotliwości

Bateria
kondensatorów

IC

Iout

DC capacitor bank requirements 
• Capacitance vs VDC ripples
• High DC voltage operation
• Handle LF and HF currents  

300/360Hz

fout+ fsw + 2fsw...
+DC

-DC

IC ~0.6 Iout

2. Problem description
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Series connection:
Voltage balancing required:
- easy to maintain (balancing resistors).

Parallel connection:
Current sharing/power losses:
- hard to predict and measure,
▪ paracitic resistances & inductances,
▪ capacitor parameters,
▪ mechanical connections.

IC IC/m

VDC/n

VDC/n

VDC/n

2. Problem description

+DC

-DC

C11

C12

C1n

C21

C22

C2n

Cm1

Cm2

Cmn

+DC

-DC

C11

C12

C1n

C21

C22

C2n Cmn

Setup with n=2 and m=4 was analyzed 
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3. Equivalent DC link capacitor model (ESR & ESL)

ESR ESL
CDC

ESR – equivalent series resistance 
ESL – equivalent series inductance

ESR

ESL

CDC

t1 t2

E

T1

t2T2

iC

D L

uc

+DC

-DC

T2 + DT1

E & (ICR)

VGS-T1

VGS-T2

Capacitor 
charging

Capacitor 
Test

time

ESR ESL
CDC

CDC – Capacitor capacitance 

ESR

ESL

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

ESR

ESL

CDC

t1 t2

E

T1

t2T2

iC

D L

uc

+DC

-DC

ΔUESL

ΔUESR

ΔICΔt

t0 t1 t2tx

Scope waveforms for ESR and ESL masurement of C1

∆𝑈𝐸𝑆𝐿= 0.42 𝑉
∆𝐼𝐶= 9.58 𝐴
∆𝑡 = 1.5 𝑢𝑠

𝐸𝑆𝐿 =
∆𝑈𝐸𝑆𝐿

∆𝐼𝑐
∆𝑡

= 65.77 nH

𝐸𝑆𝑅 =
∆𝑈𝐸𝑆𝑅

𝐼𝑐 𝑡𝑥
= 17.66 m

∆𝑈𝐸𝑆𝑅= 1.47 𝑉
𝐼𝐶 = 83.2 𝐴
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t0 tx

ICR

3. Equivalent DC link capacitor model (CDC)

Scope waveforms for CDC capacitance measurement of C1
ESR

ESL

CDCICR
uCR

𝐶𝐷𝐶 =
𝐼𝐶𝑅

∆𝑈𝐶𝑅
∆𝑡

= 3.74 𝑚𝐹

𝐼𝐶𝑅 = 148.4 𝑚𝐴
∆𝑡 = 1.87𝑠
∆𝑈𝐶𝐸= 74.26𝑉
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3. Equivalent DC link capacitor model (CDC)

C [mF] ESL [nH] ESR [mΩ]

C1 3,74 65,77 17,66
C2 3,82 61,86 17,04
C3 3,90 55,56 17,35
C4 3,79 64,93 17,35
C5 3,91 57,02 16,72
C6 3,84 59,28 16,88
C7 3,98 56,99 16,72
C8 3,81 55,75 17,04

Test results for measured capacitors

Datasheet

C = 4.1mF (+/-20%)
ESRmax= 20 mΩ
ESLmax= 50 nH



PUBLIC • Copyright ©2021 Rockwell Automation, Inc. 14

Capacitor 
placement

IGBT 
placement

4. Laminated busbars ROM model
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Variant 1

4. Laminated busbars ROM model

Variant 2

Variant 3

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

ANSYS Q3D
Extraction of 

RLCG parasitic 
parameters. 

Gernot Schraberger

?

.cir file

Generation Simscape 
model from CiR file
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5. Multi-phisics circuit simulations – pulse test

1. Busbars Q3D model        
(ROM model)

2. Capacitors RLC models
3. IGBT + Inductor
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1. Busbars Q3D model        
(ROM model)

2. Capacitors RLC models
3. IGBT + Inductor

8 capacitors 
575 V/4.1 mF

Single capacitor model

5. Multi-phisics circuit simulations – pulse test
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1.2kV/1.2kA

25mm2

~6 turns
d ~35-50cm 

1. Busbars Q3D model        
(ROM model)

2. Capacitors RLC models
3. IGBT + Inductor

5. Multi-phisics circuit simulations – pulse test
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Variant 1 Variant 2 Variant 3

UC1 [mV] 764 797 810

UC2 [mV] 752 774 783

UC3 [mV] 761 788 791

UC4 [mV] 763 787 793

UC5 [mV] 777 796 800

UC6 [mV] 759 781 787

UC7 [mV] 759 770 790

UC8 [mV] 755 772 780

20us

C [mF] ESL [nH] ESR [mΩ]

C1 3,74 65,77 17,66

C2 3,82 61,86 17,04

C3 3,90 55,56 17,35

C4 3,79 64,93 17,35

C5 3,91 57,02 16,72

C6 3,84 59,28 16,88

C7 3,98 56,99 16,72

C8 3,81 55,75 17,04

Variant 1

Variant 2

Variant 3

5. Multi-phisics circuit simulations
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6. ROM Model validation – test setup

t1 t2

E

T1

t2T2

iC

D L

uc

C1 C2 C3 C4

C5 C6 C7 C8

VC1
VC2 VC3 VC4

VC5 VC6 VC7 VC8



PUBLIC • Copyright ©2021 Rockwell Automation, Inc. 22

UC1

0 20µs

Variant 1 Variant 2 Variant 3

UC1 [V] 0,717 0,750 0,758

UC2 [V] 0,701 0,696 0,715

UC3 [V] 0,702 0,715 0,730

UC4 [V] 0,699 0,727 0,728

UC5 [V] 0,700 0,751 0,748

UC6 [V] 0,707 0,713 0,709

UC7 [V] 0,706 0,698 0,712

UC8 [V] 0,685 0,695 0,705

t1 t2

E

T1

t2T2

iC

D L

uc

C1 C2 C3 C4

C5 C6 C7 C8

VC1
VC2 VC3 VC4

VC5 VC6 VC7 VC8

Ic

6. ROM Model validation – test results
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6. ROM Model validation - summary

Variant 1 Variant 2 Variant 3
IC1 [A] 32,45 33,65 34,44
IC2 [A] 33,14 33,93 34,54
IC3 [A] 33,68 34,69 35,00
IC4 [A] 32,96 33,75 34,23
IC5 [A] 36,11 36,77 37,19
IC6 [A] 34,76 35,53 36,09
IC7 [A] 34,52 35,24 35,93
IC8 [A] 34,57 35,23 35,70

11% higher current for C5 in compare to C1 20us

Variant 1
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DC+                 DC-

R L

PWM V/Hz 
control

7. DC/AC inverter simulations with busbar ROM model 

LOADDC supply
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7. DC/AC inverter simulations with busbar ROM model – Simscape model 



PUBLIC • Copyright ©2021 Rockwell Automation, Inc. 26

CAB1

INVERTER1

7. DC/AC inverter simulations with busbar ROM model – Simscape model 
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7. DC/AC inverter simulations with busbar ROM model – simulation results

Steady state, 1.9s to 2.0s
2h25m of simulation

~354 ARMS

100ms

10ms

Output currents 

Capacitors currents
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7. DC/AC inverter simulations with busbar ROM model – simulation results

Capacitors current
IC1 [A] 35,3
IC2 [A] 35,9
IC3 [A] 36,1
IC4 [A] 36,8
IC5 [A] 37,2
IC6 [A] 36,4
IC7 [A] 37,1
IC8 [A] 36,3
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7. DC/AC inverter simulations with busbar ROM model – simulation results

Variant 1 Variant 2 Variant 3 Mean1-3

IC1 [A] 32,45 33,65 34,44 33.5
IC2 [A] 33,14 33,93 34,54 33.9
IC3 [A] 33,68 34,69 35,00 34.5
IC4 [A] 32,96 33,75 34,23 33.6
IC5 [A] 36,11 36,77 37,19 36.7
IC6 [A] 34,76 35,53 36,09 35.5
IC7 [A] 34,52 35,24 35,93 35.2
IC8 [A] 34,57 35,23 35,70 35.2

Slaid 22

Capacitors current
IC1 [A] 35,3
IC2 [A] 35,9
IC3 [A] 36,1
IC4 [A] 36,8
IC5 [A] 37,2
IC6 [A] 36,4
IC7 [A] 37,1
IC8 [A] 36,3
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Presented methodology demonstrates significant potential to be used during capacitor bank design or optimization for extended product lifetime

• Busbar layout has big impact 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 

8. Summary & future research
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www.rockwellautomation.com

http://www.rockwellautomation.com/
https://www.facebook.com/ROKAutomation
https://www.instagram.com/rokautomation
http://www.linkedin.com/company/rockwell-automation
https://twitter.com/ROKAutomation
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