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Overview

Timeline

e Start - Sep 2007
e Finish — Sep 2010
e 75% Complete

Budget

® Total project funding
— DOE - $1,587,448
— Contractor - $1,126,358
® Funding received in FY09
— $454,460
® Funding received in FY10
— $482,722

Barriers

Barriers addressed
— Inverter Cost
— Inverter Weight and Volume
— Inverter Thermal Management

Target

— Achieve efficiency >99% to allow
the use of silicon devices at 105°
coolant operating condition

Partners

National Institute of Standards and
Technology — Modeling and
Simulation

Powerex — Soft switch module
packaging

Azure Dynamics — Dynamometer
and vehicle testing



Objectives &

e Overall Objective: To develop advanced soft
switching inverter for traction motor drives to
support the following DOE targets

— 105°C coolant temperature — by designing the junction
temperature <125°C

— 94% traction drive system efficiency — by designing the
inverter efficiency >98%

e Year 3 Objectives

— Demonstrate the integrated soft-switching inverter for in-
vehicle testing

— Develop the third generation soft-switching module for
cost and integration considerations



Milestones

Year 1 Year 2 Year 3
System level modeling simulation : :

Develop variable-timing control
Develop gen-1 soft-switch module
Perform failure mode effect analysis
Characterize gen-1 module

Test inverter with dyno and calorimeter
Develop gen-2 soft-switch modules
Evaluate EMI performance

Design controller and gate drive circuits
Integrate inverter for in-vehicle testing
Develop gen-3 soft-switch modules

Perform in-vehicle testing

Volume production cost analysis

Current status
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Approach — Separate Auxiliary Switching Circuits

to Avoid Magnetizing Current Circulation

Circuit diagram of a three- E@xﬁnﬁ-switi‘: hing module

ar

phase soft-switching module
based inverter

Yiater manifold

Liquid-cooled

TCZ soft-switching

modules




Approach

e Develop a variable timing controlled coupled-
magnetic based soft-switching inverter for loss
reduction.

e Develop a hybrid switch based soft-switching circuit to
reduce the conduction voltage drop at light load.

e Develop low thermal impedance module with
integrated heat sink for high temperature operation.

e Develop a highly integrated soft-switch module for low
cost inverter packaging.

e Modeling and simulation for design optimization.

e Test the soft-switching inverter with existing EV platform
and dynamometer for EMI and efficiency performance
verification.



Approach — Calorimeter Setup for
Precision Efficiency Test

The high temperature heat exchanger
and pump hooked into the back of
the calorimeter,

Calorimeter with reference
chamber in foreground and
inverter chamber in back
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Accomplishment — Variable Timing Soft
Switching over a Wide Load Current Range
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Accomplishment — Gen-2 Soft-Switching
Module with Standard Low-Profile Design

(a) Before wirebond (b) After wirebond

« Same electrical design as the Gen-1 module

« Low profile with power pins next to the chips — significant parasitic
reduction

« Standard baseplate — flexible with air- or liquid-cooled system
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Accomplishment — Significant Cost
Reduction with Gen-2 Module

Gen 1 Gen 2
Direct Liquid Direct Liquid
Cooled Standard Cooled
Low Volume (Low Volume|High Volume| High Volume
Materials $545.87 $236.31 $98.25 $114.25
Labor $360.00 $90.00 $35.00 $35.00
Total $1,222.92 $440.52 $179.89 $201.49

Gen 2 Cost Advantages
Less expensive terminals
« Standard flat copper baseplate
« Use high volume parts
« Easier to assemble - automate
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Accomplishment — Parasitic Inductance
Reduction with Gen-2 Module

Severe parasitic ringings v...(100V/div) 1, (100A/div)

L——% ~ o B L/ e e

[

Vap(5V/diy) 1,(100A/div) Ve (5V/div)

Time (2us/div)
Gen-1 Gen-2

« Gen-2 module reduces total loop parasitic inductance from 91nH to 19nH.

 During turn-on, Gen-1 resonant current /,,and device voltage V. present
high frequency parasitic ringing, but not Gen-2.

 During turn-off, Gen-1 device voltage V- has an overshoot voltage of
75V, as compared to Gen-2’s 50V. In addition to the test setup induced
high frequency ringing, Gen-1 also presents a sub-harmonic oscillation.
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Accomplishment — Complete Gen-2
Inverter with Significant Volume Reduction

Gen 1 Soft-Switching Inverter

Direct cooled module — no
heat sink is required, but a
custom-made water manifold
Is needed

Large resonant inductor for
initial conservative design

Gen-2 Soft-Switching Inverter

Air- or liquid-cooled heat sink
= ease of mounting
Reduced-size resonant
inductor and integrated
design

Significant volume reduction
to fit Azure inverter chassis.

13



Accomplishment — Common Mode EMI
Reduction with Soft-Switching

G SWIERING oo
e T i s

Soft-Switching

0 5 10 15 20 25 30 35 40 45 50
Frequency (MHz)
* FFT results show measured common mode (CM) EMI at the inverter output

« Soft-switching shows about 10 dB reduction across the entire frequency range,
up to 50 MHz and more than 20 dB reduction between 3 and 6 MHz range 14



Accomplishment — Calorimeter Tested
Efficiency Plots over a Long Period of Time

Efficiency
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Time (minutes) Time (minutes)
(a) Test results at 12.5 kW (b) Test results at 18 kW

Using integrated module with light-weight water manifold for the full-
version soft-switching inverter.

Calorimeter chamber inlet and outlet temperatures stabilized after 6-
hour testing. Chamber temperature differential was 1.6 °C under 0.3
GPM flow rate.

Efficiency exceeded 99% at full speed, 33% load torque condition.
15



Accomplishment — Soft Switched Inverter
Efficiency Measurement using Calorimeter

GEN-1 SOFT
SWITCHED
INVERTER
CALORIMETER
TEST RESULTS

HARD
SWITCHED
INVERTER
CALORIMETER
TEST RESULTS

Inverter Input (DC | Inverter Heat | Inverter Speed

Link) Power Level Loss Efficiency Dyno Torque
2750rpm

17.5kW 192W 98.90% |Azure AC55| 50Nm
2650rpm

12.5kwW 208W 98.30% |Azure AC55| 33Nm
1600rpm

27kW 311W 98.80% |Azure AC90| 140Nm
-3800rpm

-11.6kW (regen) 202W 98.30% |Azure AC90| 30Nm

Inverter Input (DC | Inverter Heat | Inverter Speed

Link) Power Level Loss Efficiency Dyno Torque
1300rpm

15.4kW 950W 93.80% Siemens 107Nm
2400rpm

19.7kwW 709W 96.40% Siemens 75Nm
3400rpm

23.7kW 626W 97.40% Siemens 62Nm
-3000rpm

-15.6kW (regen) 643W 96.00% Siemens 44Nm
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Accomplishment — Temperature Rise of Main
Device Q1/M1 under Different Coolant Flow Rates
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Future Work

o Efficiency and EMI Testing with Gen-2 Soft-
Switching Inverter

o Perform In-Vehicle Testing with Soft-Switching
Inverter

e Complete More Efficient and Lower Cost Gen-3
Modules

o Manufacturability and Cost Analyses

Preparation for In-Vehicle
Testing




Summary

e Variable timing control is successfully developed for high
efficiency over a wide load range. The Gen-1 soft-switching
inverter successfully demonstrates 99% efficiency, which
was verified with calorimeter measurement.

e \Worst-case junction temperature rise is less than 4°C even
with just 1-GPM coolant flow rate.

e Soft switching shows 10dB EMI reduction across entire
frequency range and >20dB reduction between 3 and 6MHz

e (Gen-2 soft-switching module can be cooled by either air or
liquid. As compared to Gen-1 module, the Gen-2 soft-
switching module demonstrates

— Parasitic inductance reduction by 79%
— Cost reduction by 84%
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Overview





		Start – Sep 2007 

		Finish – Sep 2010 

		75% Complete



		Barriers addressed

		Inverter Cost

		Inverter Weight and Volume

		Inverter Thermal Management

		Target 

		Achieve efficiency >99% to allow the use of silicon devices at 105° coolant operating condition  



Timeline

Budget

Barriers

		National Institute of Standards and Technology – Modeling and Simulation

		Powerex – Soft switch module packaging 

		Azure Dynamics – Dynamometer and vehicle testing



Partners

		Total project funding

		DOE - $1,587,448

		Contractor - $1,126,358 

		Funding received in FY09

		$454,460

		Funding received in FY10

		$482,722









Objectives

		Overall Objective: To develop advanced soft switching inverter for traction motor drives to support the following DOE targets

		105°C coolant temperature – by designing the junction temperature <125°C

		94% traction drive system efficiency – by designing the inverter efficiency >98%

		Year 3 Objectives

		Demonstrate the integrated soft-switching inverter for in-vehicle testing

		Develop the third generation soft-switching module for cost and integration considerations















Milestones















Year 1	Year 2		Year 3

System level modeling simulation

Develop variable-timing control

Develop gen-1 soft-switch module

Perform failure mode effect analysis 

Characterize gen-1 module

Test inverter with dyno and calorimeter 

Develop gen-2 soft-switch modules 

Evaluate EMI performance

Design controller and gate drive circuits

Integrate inverter for in-vehicle testing

Develop gen-3 soft-switch modules 

Perform in-vehicle testing

Volume production cost analysis

Current status

























Approach – Separate Auxiliary Switching Circuits to Avoid Magnetizing Current Circulation 

Circuit diagram of a three-phase soft-switching module based inverter 

Liquid-cooled 

soft-switching modules 













Approach

		Develop a variable timing controlled coupled-magnetic based soft-switching inverter for loss reduction. 

		Develop a hybrid switch based soft-switching circuit to reduce the conduction voltage drop at light load.

		Develop low thermal impedance module with integrated heat sink for high temperature operation.

		Develop a highly integrated soft-switch module for low cost inverter packaging.

		Modeling and simulation for design optimization. 

		Test the soft-switching inverter with existing EV platform and dynamometer for EMI and efficiency performance verification.  















Approach – Calorimeter Setup for Precision Efficiency Test

Calorimeter with reference 

chamber in foreground and 

inverter chamber in back 

The high temperature heat exchanger 

and pump hooked into the back of 

the calorimeter 









Accomplishment – Variable Timing Soft Switching over a Wide Load Current Range





		During turn-on, VGE turns on after VCE drops to zero  zero turn-on loss

		During turn-off, VCE slowly rises after current drops to zero  turn-off loss reduction

		Variable timing delay td  achieve soft-switching at all current conditions

		Bonus – slow dv/dt that will result in low EMI emission 

		Turn-on dv/dt = 600V/s

		At 100A Turn-off dv/dt = 500V/s 

		At 200A Turn-off dv/dt = 1kV/s 



at 400A

at 300A

ILr
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Accomplishment – Gen-2 Soft-Switching Module with Standard Low-Profile Design





		Same electrical design as the Gen-1 module  

		Low profile with power pins next to the chips – significant parasitic reduction  

		Standard baseplate – flexible with air- or liquid-cooled system 



(a) Before wirebond

(b) After wirebond







Accomplishment – Significant Cost Reduction with Gen-2 Module





Gen 2 Cost Advantages

		Less expensive terminals

		Standard flat copper baseplate

		Use high volume parts

		Easier to assemble - automate









Accomplishment – Parasitic Inductance Reduction with Gen-2 Module





ILr(100A/div)

VCE(100V/div)

Severe parasitic ringings

		Gen-2 module reduces total loop parasitic inductance from 91nH to 19nH. 

		During turn-on, Gen-1 resonant current ILr and device voltage VCE present high frequency parasitic ringing, but not Gen-2.

		During turn-off, Gen-1 device voltage VCE has an overshoot voltage of 75V, as compared to Gen-2’s 50V.  In addition to the test setup induced high frequency ringing, Gen-1 also presents a sub-harmonic oscillation.   
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Accomplishment – Complete Gen-2 Inverter with Significant Volume Reduction





Gen-1 Soft-Switching Inverter

		Direct cooled module – no heat sink is required, but a custom-made water manifold is needed    

		Large resonant inductor for initial conservative design 



Gen-2 Soft-Switching Inverter

		Air- or liquid-cooled heat sink  ease of mounting    

		Reduced-size resonant inductor and integrated design 

		Significant volume reduction to fit Azure inverter chassis.  









Accomplishment – Common Mode EMI Reduction with Soft-Switching





Hard Switching

Soft Switching
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		FFT results show measured common mode (CM) EMI at the inverter output  

		Soft-switching shows about 10 dB reduction across the entire frequency range, up to 50 MHz and more than 20 dB reduction between 3 and 6 MHz range  















Accomplishment – Calorimeter Tested Efficiency Plots over a Long Period of Time





    Motor speed: 2750 rpm

    Motor torque: 50 Nm  

		Using integrated module with light-weight water manifold for the full-version soft-switching inverter.

		Calorimeter chamber inlet and outlet temperatures stabilized after 6-hour testing. Chamber temperature differential was 1.6 C  under 0.3 GPM flow rate.

		Efficiency exceeded 99% at full speed, 33% load torque condition.



(a) Test results at 12.5 kW

    Motor speed: 2650 rpm

    Motor torque: 33 Nm  

(b) Test results at 18 kW













Accomplishment – Soft Switched Inverter Efficiency Measurement using Calorimeter

GEN-1 SOFT SWITCHED INVERTER CALORIMETER TEST RESULTS

HARD SWITCHED INVERTER CALORIMETER TEST RESULTS

		Inverter Input (DC Link) Power Level		Inverter Heat Loss		Inverter Efficiency		Dyno		Speed
Torque

		17.5kW		192W		98.90%		Azure AC55		2750rpm
50Nm

		12.5kW		208W		98.30%		Azure AC55		2650rpm
33Nm

		27kW		311W		98.80%		Azure AC90		1600rpm
140Nm

		-11.6kW (regen)		202W		98.30%		Azure AC90		-3800rpm
30Nm



		Inverter Input  (DC Link) Power Level		Inverter Heat Loss		Inverter Efficiency		Dyno		Speed
Torque

		15.4kW		950W		93.80%		Siemens		1300rpm
107Nm

		19.7kW		709W		96.40%		Siemens		2400rpm
75Nm

		23.7kW		626W		97.40%		Siemens		3400rpm
62Nm

		-15.6kW (regen)		643W		96.00%		Siemens		-3000rpm
44Nm































































Accomplishment – Temperature Rise of Main Device Q1/M1 under Different Coolant Flow Rates





Current (A)

Power loss (W)

T (ºC)

GPM = 0.2

GPM = 0.3

GPM = 0.8

GPM = 1.0

GPM = 0.5

Worst case device temperature rise at 200-A continuous conducting condition is 4ºC 

With 1GPM flow rate 

1.1psi pressure drop 

20psi inlet pressure







Future Work 	

		Efficiency and EMI Testing with Gen-2 Soft-Switching Inverter

		Perform In-Vehicle Testing with Soft-Switching Inverter

		Complete More Efficient and Lower Cost Gen-3 Modules  

		Manufacturability and Cost Analyses



Preparation for In-Vehicle Testing













Summary

		Variable timing control is successfully developed for high efficiency over a wide load range. The Gen-1 soft-switching inverter successfully demonstrates 99% efficiency, which was verified with calorimeter measurement.

		Worst-case junction temperature rise is less than 4ºC even with just 1-GPM coolant flow rate. 

		Soft switching shows 10dB EMI reduction across entire frequency range and >20dB reduction between 3 and 6MHz

		Gen-2 soft-switching module can be cooled by either air or liquid. As compared to Gen-1 module, the Gen-2 soft-switching module demonstrates 

		Parasitic inductance reduction by 79%  

		Cost reduction by 84%   















Address Previous (May 2009) Reviewer Comment

		Comment 1: Sharply focused on demonstrating the lower losses and EMI improvements. 

		Response 1: Yes, we have shown the results with significant improvement over the conventional hard switching inverter. 

		Comment 2: Very good progress to date.  

		Response 2: Yes, thank you for the comment.  

		Comment 3: Very focused project with intent to verify on electric vehicle to show lower losses and no EMI issues. Look forward to understanding the integration of the additional gate circuitry and the manufacturability and cost analysis.

		Response 3: Yes, these are valid comments and requests. We have included the results in this presentation. 

		Comment 4: The Principle Investigator is addressing both modeling and hardware development.  He has broken down the milestones to independently address prioritized technical barriers.  The project team demonstrates clear understanding of the relevant technical barriers and milestones.  Furthermore, they clearly understand the state of the art equipment and potential/attainable improvements.

		Response 4: Yes, thank you for the comment. 

		Comment 5: The project appears to be on-schedule and substantially meeting the presented technical milestones. The work/results are very thorough and well presented.  The results appear to be well researched and validated.  They are directly related to the project goals.  It is noteworthy that these results are not limited to simulation.   

		Response 5: Yes, we agree with reviewer that all the claims from simulation need to be verified with experimental results. 









Address Previous (May 2009) Reviewer Comment – cont’d





		Comment 6: The soft-switching topology was not included in the slides.  However, based on pictures on Page 12, the power stage is bulky (with 6 inductors). 

		Response 6: The circuit is shown in this presentation, and the Gen-2 inverter is significantly smaller. The Gen-1 inverter design was very conservative to ensure successful demonstration. 

		Comment 7: The proposed future work is a logical extension of the previous efforts.  The proposed tasks represent full understanding of the existing results.  The proposed tasks seem to offer a logical technical roadmap to realizing the greatest technical output for the program resources.  

		Response 7: Yes, thank you for the comment.  

		Comment 8: Suppliers need to be engaged

		Response 8: Once the design is finalized, and the performance is consistent, we will have suppliers engaged. 

		Comment 9: On slide #9, it only show the temperature difference between the junction and the baseplate.  The temperature difference between the baseplate and coolant was not covered.  Since the coolant temperature is 105 degree C, the junction temperature will exceed 120 degree C.

		Response 9: We have new measurement results that show temperature rise is less 4 degree C, significantly better than the early finite element analysis. 

		Comment 10: The cold plate performance and temperature should be verified through actual measurement..   

		Response 10: Yes, see the response above.  









Address Previous (May 2009) Reviewer Comment – cont’d





		Comment 11: The extent and close co-ordination of the technical partners is clear from the presentation materials.  The accomplishments and experimental results demonstrate well coordinated effort. 

		Response 11: Yes, thank you for the comment. 

		Comment 12: Suggestion, Verify temp rise on the module using an IR camera. In one slide you show a Cu base plate pin fin for your low thermal resistance module, while in the next slide you show an AlSiC pin fin base plate. Is there a preference? What is the projected thermal resistance at the end of life on the Cu vs. AlSiC base plate?.  

		Response 12: Yes, we have purchased the IR camera, and the results are even better than the projection.     

		Comment 13: Can you provide a relative cost comparison for your soft switching approach vs a hard switch approach? What is reduced or eliminated in one approach vs the other?

		Response 13: We show the module cost in this presentation. The soft-switching module costs more than the conventional hard-switching module, but we need to see the final cost when one cooling loop is eliminated.  

		Comment 14: Limited number of partners, but all seem to be working together.

		Response 14: Yes, thank you for the comment. 

		Comment 15: Well defined project with limited scope, seems very manageable..   

		Response 15: Yes, thank you for the comment.









Publications and Presentations

		Jih-Sheng Lai, “Soft switching of high temperature inverter,” invited keynote presentation at IEEE Vehicle Power and Propulsion Conference, Dearborn, Michigan, Sep. 2009. 

		Pengwei Sun, Jih-Sheng Lai, Hao Qian,Wensong Yu, Chris Smith, John Bates, “High Efficiency Three-Phase Soft-Switching Inverter for Electric Vehicle Drives, in Proc. of IEEE Vehicle Power and Propulsion Conference, Dearborn, Michigan, Sep. 2009.

		Pengwei Sun, Jih-Sheng Lai, Hao Qian, Wensong Yu, Chris Smith, John Bates, Beat Arnet, Alexander Litvinov, and Scott Leslie, “Efficiency Evaluation of A 55kW Soft-Switching Module Based Inverter for High Temperature Hybrid Electric Vehicle Drives Application,” in Proc. of IEEE Applied Power Electronics Conference, Palm Spring, CA. Feb. 2010.  

		Sung-Yeul Park, Pengwei Sun, Wensong Yu, and Jih-Sheng Lai, “Performance Evaluation of High-Voltage Super-Junction Power MOSFETs for Zero-Voltage Soft-Switching Inverter Applications, in Proc. of IEEE Applied Power Electronics Conference, Palm Spring, CA. Feb. 2010. 

		Wensong Yu, Jih-Sheng Lai, and Sung-Yeul Park, “An Improved Zero-Voltage-Switching Inverter Using Two Coupled Magnetics in One Resonant Pole,” to appear in IEEE Trans. on Power Electronics, 2010.

		Three provisional patents filed: 

		VTIP08-075: Soft-switching inverter module

		VTIP08-080: A hybrid switch for soft-switching inverter efficiency improvement 

		VTIP09-009: Soft-switching with variable timing 















Critical Assumptions and Issues

		Critical Assumption 1: Other electronic components need to operate at high temperature condition. This will require high-cost components. 

		Potential Solution 1: Find a low-temperature location in the engine compartment to lower the ambient temperature of the chassis. According to the system level finite element analysis, if the ambient is below 60°C, then most electronic components can survive.  

		Critical Assumption 2: The DC bus capacitor ties to the power bus bar, which has the same temperature level as that of the device junction. Cost and size of high temperature capacitor can prevent this high temperature inverter from practical. 

		Potential Solution 2: The other DOE programs will solve this capacitor issue. 

		Critical Assumption 3: The resonant capacitor has similar problem. 

		Potential Solution 3: Design the module with a separate set of terminals for resonant capacitor connection to avoid power terminal temperature affecting the resonant capacitor.  
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