
Werner Thomas (Autor)
Integrated Automotive High-Power LED-Lighting

Systems in 3D-MID Technology

https://cuvillier.de/de/shop/publications/6606

Copyright:
Cuvillier Verlag, Inhaberin Annette Jentzsch-Cuvillier, Nonnenstieg 8, 37075 Göttingen,
Germany
Telefon: +49 (0)551 54724-0, E-Mail: info@cuvillier.de, Website: https://cuvillier.de



Table of content 
 

List of symbols ..................................................................................................................................... xiii 

1. Introduction ..................................................................................................................................... 1 

1.1. Background ............................................................................................................................. 1 

1.2. Applications of LED-lighting .................................................................................................. 2 

1.2.1. Automotive lighting......................................................................................................... 2 

1.2.2. General lighting and consumer electronics ..................................................................... 5 

1.3. Requirements on three-dimensional LED-lighting systems .................................................... 6 

1.4. Problem description ................................................................................................................. 8 

1.4.1. Derived objectives ........................................................................................................... 9 

1.5. Thesis layout ............................................................................................................................ 9 

2. Overview of three-dimensional LED-lighting systems ................................................................. 13 

2.1. Introduction ........................................................................................................................... 13 

2.2. LED-lighting systems: components and functions ................................................................ 13 

2.2.1. Light-Emitting-Diodes (LEDs) ..................................................................................... 14 

2.2.2. LED-driver .................................................................................................................... 16 

2.2.3. External thermal management components ................................................................... 19 

2.2.4. Circuit carrier technology .............................................................................................. 20 

2.3. Evolution towards three-dimensional LED-lighting ............................................................. 21 

2.3.1. Printed Circuit Board (PCB)-based assemblies ............................................................. 21 

2.3.2. Insulated Metal Substrate (IMS)-based assemblies ....................................................... 24 

2.3.3. Flexible Printed Circuit Board (Flex-PCB)-based assemblies ...................................... 26 

2.3.4. 3D-Moulded Interconnect Device (3D-MID)-based assemblies ................................... 27 

2.4. Requirements on future 3D LED-lighting systems ............................................................... 32 

2.4.1. Conclusions on evolution towards three-dimensional LED-lighting ............................ 32 

2.4.2. Requirements for future 3D LED-lighting systems ....................................................... 32 

2.5. Summary ............................................................................................................................... 33 

3. Enabling 3D-MID-based high-power LED-lighting systems ........................................................ 39 

3.1. Introduction ........................................................................................................................... 39 

3.2. 3D-MID-based high-power LED-lighting systems ............................................................... 39 

3.2.1. Concept idea .................................................................................................................. 40 

3.2.2. Concept challenges ........................................................................................................ 41 

3.3. Making 3D-MID-based high-power LED-lighting possible ................................................. 43 

3.3.1. LED-driver topologies ................................................................................................... 44 

3.3.2. Spatial- and electrical design ......................................................................................... 44 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



x Table of content 

3.3.3. Thermal management design ......................................................................................... 45 

3.3.4. Interrelation between domains ...................................................................................... 45 

3.3.5. Spatial configurations .................................................................................................... 46 

3.4. Summary ............................................................................................................................... 47 

4. Integration of LED-driver functions .............................................................................................. 51 

4.1. Introduction ........................................................................................................................... 51 

4.2. Survey of LED-drivers for application on 3D-MIDs ............................................................ 52 

4.2.1. Series LED-structures .................................................................................................... 52 

4.2.2. Multiple power converters and converter-cells ............................................................. 53 

4.2.3. Parallel LED-structures ................................................................................................. 54 

4.2.4. Summary ....................................................................................................................... 59 

4.3. Development of inductive current balancing technique for high-power LEDs ..................... 60 

4.3.1. Basic idea and operation principle................................................................................. 60 

4.3.2. Parallel input-structures ................................................................................................. 63 

4.3.3. Series input-structures ................................................................................................... 66 

4.3.4. Comparison of equal power and equal current LED operation ..................................... 69 

4.3.5. Experimental verification .............................................................................................. 72 

4.4. Compensation of increased LED-tolerances and of LED failures......................................... 75 

4.4.1. Basic idea ...................................................................................................................... 76 

4.4.2. Analysis of current balancing behaviour ....................................................................... 77 

4.4.3. Operation with LED failures ......................................................................................... 82 

4.4.4. Experimental verification .............................................................................................. 84 

4.5. Integration of external PWM dimming ................................................................................. 87 

4.5.1. Basic idea and operation principle................................................................................. 87 

4.5.2. Investigation of dimming related colour shift ............................................................... 88 

4.5.3. Converter design for modulated dimming ..................................................................... 90 

4.5.4. Experimental verification .............................................................................................. 95 

4.6. Overview of developed LED-drivers for 3D-MID application ............................................. 97 

4.7. Summary ............................................................................................................................... 98 

5. Integration of spatial and electrical functions.............................................................................. 105 

5.1. Introduction ......................................................................................................................... 105 

5.2. Comparison of 3D-MID and PCB construction .................................................................. 106 

5.2.1. Substrate technology ................................................................................................... 107 

5.2.2. Circuit artwork assembly ............................................................................................. 109 

5.2.3. Via interconnection technology ................................................................................... 112 

5.2.4. Summary on 3D-MID vs. PCB construction ............................................................... 115 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Table of content xi 

5.3. Contacting challenges of components ................................................................................. 117 

5.3.1. Current carrying capacity of 3D-MID circuit tracks ................................................... 117 

5.3.2. Integration potential of passive components with 3D-MIDs ....................................... 123 

5.3.3. Circuit trace parasitics ................................................................................................. 125 

5.4. Spatial- and electrical performance of 3D-MID-based power converters ........................... 133 

5.4.1. Case study introduction ............................................................................................... 133 

5.4.2. Spatial performance ..................................................................................................... 136 

5.4.3. Electrical performance ................................................................................................. 142 

5.4.4. Estimation of power limits of 3D-MID-based power electronics ............................... 150 

5.5. 3D-routing possibilities and concepts ................................................................................. 156 

5.5.1. Increasing the circuit- and the component-density ...................................................... 157 

5.5.2. Integration of additional functions .............................................................................. 158 

5.5.3. Summary on 3D-routing .............................................................................................. 159 

5.6. Summary ............................................................................................................................. 161 

6. Integration of thermal management functions ............................................................................. 167 

6.1. Introduction ......................................................................................................................... 167 

6.2. Identification of dominant heat transfer modes in LED-lighting systems ........................... 167 

6.2.1. LED-driver components .............................................................................................. 168 

6.2.2. High-power LEDs ....................................................................................................... 169 

6.2.3. 3D-MID challenges ..................................................................................................... 169 

6.3. Converter level thermal management .................................................................................. 170 

6.3.1. Perpendicular heat transport and heat spreading ......................................................... 170 

6.3.2. Layout and geometry optimisation .............................................................................. 177 

6.3.3. Integration of extra thermal pathways ......................................................................... 180 

6.3.4. Substrate material modification ................................................................................... 180 

6.3.5. External cooling structures: Heat sinks ....................................................................... 181 

6.3.6. Constraints for 3D-MID-based LED-lighting applications ......................................... 182 

6.4. Thermal management with the 3D-MID circuit carrier – a case study ............................... 183 

6.4.1. Design of circuit carrier based thermal management .................................................. 185 

6.4.2. Case study implementation .......................................................................................... 185 

6.4.3. Case study results ........................................................................................................ 191 

6.5. Integrated Reflector Heat Sink ............................................................................................ 194 

6.5.1. Basic idea .................................................................................................................... 195 

6.5.2. IRHS construction ....................................................................................................... 197 

6.5.3. IRHS design ................................................................................................................ 198 

6.5.4. Implementation – a case study .................................................................................... 200 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



xii Table of content 

6.6. Summary ............................................................................................................................. 205 

7. Case study: 3D-MID-based high-power LED-lighting system ................................................... 211 

7.1. Introduction ......................................................................................................................... 211 

7.2. System specification ............................................................................................................ 211 

7.3. System design ...................................................................................................................... 212 

7.3.1. LED-driver topology selection .................................................................................... 213 

7.3.2. Spatial design and routing ........................................................................................... 215 

7.3.3. Thermal management design ....................................................................................... 217 

7.4. Realisation of the case study prototype ............................................................................... 221 

7.5. Spatial evaluation ................................................................................................................ 224 

7.6. Electrical evaluation ............................................................................................................ 225 

7.6.1. Current-balancing ........................................................................................................ 225 

7.6.2. LED failures ................................................................................................................ 226 

7.6.3. Modulated dimming .................................................................................................... 227 

7.6.4. LED-driver efficiency ................................................................................................. 228 

7.7. Thermal evaluation .............................................................................................................. 229 

7.7.1. LED-driver .................................................................................................................. 229 

7.7.2. LED-section ................................................................................................................. 231 

7.8. Summary ............................................................................................................................. 231 

8. Conclusions and recommendations ............................................................................................. 235 

8.1. Summary ............................................................................................................................. 235 

8.2. Conclusions ......................................................................................................................... 236 

8.2.1. Present practice and evolution of (3D) LED-lighting system construction ................. 236 

8.2.2. 3D-MID technology application to enhance the 3D-design of high-power LED-lighting 
systems with LED-driver ............................................................................................................. 237 

8.2.3. Development of adapted LED-driver topologies for 3D-MID realisation .................. 238 

8.2.4. Influence of 3D-MID usage on electrical and spatial realisation of power electronics238 

8.2.5. Thermal management of 3D-MID-based LED-lighting systems ................................ 239 

8.2.6. Thesis contributions..................................................................................................... 240 

8.3. Recommendations for further research................................................................................ 241 

A. Appendix: Influence of inductor tolerances ................................................................................ 245 

B. Appendix: Loss analysis and -comparison .................................................................................. 251 

C. Appendix: Thermal-modelling and -simulation .......................................................................... 265 

SUMMARY ........................................................................................................................................ 273 

SAMENVATTING ............................................................................................................................. 277 

ZUSAMMENFASSUNG .................................................................................................................... 281 

CURRICULUM VITAE ..................................................................................................................... 287 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.


