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ƴ Introduction 
ƴ AC vs. DC
ƴ 1-ū vs. 3-ū Power Transmission
ƴ Power Transistors & Packaging
ƴ Efficiency & Multi-Objective Optimization
ƴ Future Technology Development
ƴ Conclusions  

Outline
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Introduction

A Leap Back in Time 
to the Beginnings of Electrical 
Engineering 



1st Industrial Revolution Ą Industry 1.0
ƴ1760 Ą 1840
ƴ Introduced by Numerous Key Inventions  
ƴNew Machines Facilitating Adv. Production & Transportation (Locomotives, Ships) 
ƴCoal Fired Steam Engine (J. Watt, 1776) as Main Power Source

ǒ Immense Growth in Coal Consumption / Massive Air Pollution Ą UK Public Health Act (1875)
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ƴ1840 Ą 1880
ƴNew Steel Mass Manufacturing Processes (H. Bessemer, 1856)
ƴElectrical Technology Developed / Main Source of Power & Used in Adv. Production 
ƴFirst Giant Industrial Corporations (e.g. GE, 1892)

2nd Industrial Revolution  Ą Industry 2.0

ǒSteam Turbine Driven DC Generator / Dynamo (ºLong-Legged Mary Ann») - T.A. Edison, 1880 
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Voltage Step-Up/Step-Down



Losses of DC Power Systems  

ǒ Quadratic (!) Dependency of Losses on Voltage Level   
ǒ Allows Massive Reduction of Conductor Cross Section with Increasing Voltage Level 

ƴ Increase of Transmission Line Resistance with Transmission Distance    
ƴ Red. of Resistance for Fixed Voltage only Through Larger Conductor Cross Section

Conductor Cross Sections 
for Same Losses

k
=

Ą Transmission Losses 
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Voltage Step-Up/Down  Ą AC Power System

ƴ Voltage Transformation Based on ºElectromagnetic Induction» (M. Faraday, 1831)
ƴ First Transformers Employing Toroidal Cores Starting 1878  
ƴ Initially Different Operating Frequencies (e.g. 133Hz)

F
= Ö

ǒ 1st Transformer Construction Allowing Easy Manufacturing (W. Stanley / G. Westinghouse) 
ǒ 2.2kV Ą 11kV for Long Distance 3-ūPower Transmission (Niagara Falls Ą Buffalo, 1896) 

F
Ö =

Ą Applied Voltage Determines Rate of Change of Magn. Flux
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ƴMain Advantages

¹ Inexpensive
¹ Purely Passive
¹ Highly Robust / Reliable
¹ Highly Efficient 
¹ Short Circuit Current Limitation

Source: www.faceofmalawi.com
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Classical Transformer Properties   

¹ Magnetic CoreMaterial * Silicon Steel
¹ Winding Material     * Copper or Aluminium
¹ Insulation/Cooling * Mineral Oil or Dry-Type
¹ Operating Frequency * 50/60Hz (El. Grid, Traction)  or 16.7Hz(Traction)                                           



Scalingof 1-ūTransformers (1) 

Pt  µ. Rated Power
kW µ. Window Utilization Factor  
Bmax...Flux Density Amplitude
Jrmsµ Winding Current Density  
f  .µ. Frequency

Ą

p=

ǒ Economic Advantage of Large Systems  ĄºThe Bigger the Better»

¹ Magnetic Core 
Cross Section

¹ Winding Window

ƴ Area Product 

ƴ Relation of Applied Voltage and Magnetic Flux 

w
F

= Ö= Ą w w
w
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p
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Scalingof 1-ūTransformers (2) 

¹ Area Product

¹ Scaling of Power   
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ƴ Rated Power of Transformers

¹ Scaling of Volume / Mass / Costs   

¹ Scaling of Core & Wdg Losses

ǒ Economic Advantage of Large Systems  Ą Lower Relative Costs   &  Higher Efficiency  (!) 
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ƴ Core Losses

ǒ Losses prop. to  Volume  /  Heat Transfer to Ambient prop. to Surface
ǒ Requires Adv. Cooling of Higher Power Systems for Avoiding Thermal Limitation
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ƴ Winding Losses 

¹ Hysteresis Losses (W/cm3)

¹ Eddy Curr. Losses (W/cm3) 
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Scalingof 1-ūTransformers (3) 



Scalingof 1-ūTransformers (4) 

ƴ Thermally Limited Designs  Ą Allowed Increase of LossesCoupled to Increase of Surface

ǒ Volume prop. to Rated Power  Ą Constant Power Density (!) 

¹ Scaling for Power Rating     
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¹ Surface Area 

¹ Winding Losses 

b
¹ Core Losses Ą

b
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¹ Winding Current 
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ƴ Comparison of  Skeleton / Metabolism  etc.  of Animals 
of Different Physical Sizes (e.g. Cat & Elephant)

ǒ First Systematic Studies by Galileo Galilei (1564-1642)  
ǒ Diameter of Bones Disproportional to Length 

Scaling Applied to Biology

Source: getdrawings.com/estuary-drawing

¹ Mass / Weight of an Animal    

s º

¹ Required Diameter of the Bones 

¹ Area-Related Strength of Bones 

s
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3-ū AC Power Transmission 

Lower Realization Effort
Constant Instantaneous Power Flow 
Generation of Constant Torque



Advantages of 3-ūPower Transfer (1)  
ƴ Comparison for 1-ūPower Transfer to  3 x 1-ū System  &  Direct 3-ū System

Ą
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ǒ 3-ūSystem  Ą Reduction of Losses and Conductor Material Effort by Factor of 2 (!)
ǒºInterleaving» of the Phases also Employed in Pulse-Width Modulated Converters 



Advantages of 3-ūPower Transfer (2)  
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ƴ Comparison of Instantaneous Power Flow of 1-ūand Direct 3-ū System

ǒ 3-ūSystem  ĄÇInterleavingº of the Phases Results in Const. Instantaneous  Overall Power Flow 
ǒ No Storage Required for 3-ū AC/DC Conversion  &  Const. Torque Generation of 3-ūMachines  

¹ Voltage & Current Zero Crossings Ą

Power Fluctuation of 1-ū System  
with 2x Supply Frequency   

[ ]w= = -

= + + =



Classical Locomotives

¹ Catenary Voltage 15kV  or 25kV
¹ Frequency 16.7Hz  or  50Hz
¹ Power Level 1µ10MW  typ.

ǒ Transformer Efficiency    90µ95%(due to Restr. Vol., 99% typ. for Distr. Transf.)
Current Density           6 A/mm2 (2A/mm2 typ. Distribution Transformer)
Power Density             2µ4 kg/kVA

!

Source: www.abb.com

ƴ 1-ūOverhead Line Supply Used for Simplicity / Rail for Current Return 
ƴ 16.7Hz Due to Supply Frequ. Related Commutation Problem of Early 1-ūAC CommutatorMotors
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Source: www.yacht-chartercroatia.com

AC vs. DC
Power Transmission 

T.A. Edison  vs. N. Tesla
DC Advantages for Very Long 
Distance Transmission



ÇThe War of Currentsº

¹ AC Electric Chair  

ƴ DC Current Favored by Edison (Safety) / AC TechnologyFavored by Westinghouse (Transmission)
ƴ Killing of Elephant ºTopsy» (1903) by Electrocution to Demonstrate the Deadly Impact of AC 
ƴ AC Dynamo Powered ºElectric Chair» as Alternative to Hanging ĄºWestinghoused» 
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¹ Documentary Film by Edison Film Company 

ǒ Finally Breakthrough of AC Technology Due to MissingDC-TransformerĄºEdisonsËMissing Link»



AC vs. DC Power Transmission (1) 
ƴ DC Voltage ĄMax. Utilization of Isol. Voltage Ą Lower Losses  & Less Conductor Material (!)

ǒ Transformation of DC Voltage Level Requires Power Electronics Interfaces (!)

Ö Ö= Ö Ö=

= =
= Ö =
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1944!
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AC vs. DC Power Transmission (2)

ǒ Low-Frequency AC (LFAC)as (Purely Passive) Solution for Medium Transmission Distances 

ƴ AC Cable ̧Thermal Limit Due to Cap. Current @ x = 0

ƴ HVDC TransmissioņAdvantageous for Long Distances  Costs

Losses

Cable

Terminal

Distance
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Transition to Modern 
Power Electronics 

Mercury Arc Valves / ThyratronsĄ
Power Semiconductors  

1958  



Electronic Transformer - History   
ƴ System Using Mech. SwitchesPatented Already in1913(!)
ƴ Mechanical Sw.Ą Tubes ĄMercury Arc Valves Ą Solid State Switches 

1913 Ƅ P.M.J. Boucherot 1928 Ƅ D.C.Prince  
1944 Ƅ E.F.W. Alexanderson  et al.                                   1968 ƄW. McMurray

ǒºTransformer of Cont. Current» / ºDC Transformer» /ºElectronic Transformer» 

Ʒ

Ʒ

ƷƷ
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1970!

20/93

ǒTransistor/Diode-Based ºElectronic Transformer»  
ǒAC or DC  Voltage Regulation  &  Current Regulation/Limitation/Interruption



Power Semiconductor Evolution
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ǒ Si-ThyristorĄ Si-Bipolar Transistor Ą Si-Power MOSFET Ą Si-IGBT Ą SiC/ GaN-Transistor Ą t.b.c.

ƴ First Commercial Si Thyristor(Silicon Controlled Rectifier ̧SCR) Introduced in 1958by 
ƴ Unipolarand BipolarPower Semiconductors 
ƴ Development Status in 1995 Ą

Spreading of Si 
Power Semiconductor 

Technology
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ƴ Power MOSFETs of Higher Blocking Capability  Ą Drift Layer Determines On-State Resistance 
ƴ Drift Layer Thickness Dependent on Blocking Capability  

Unipolar Si Power Semiconductors (1)

¹ Blocking Voltage Ö ­ =º

¹ Relation of Doping and E-Field Gradient e e= =

¹ On-State Resistance  
k m
==

¹ Spec. On-Resistance  
em
=

m
== ¹ ºSilicon Limit»



ǒElectrical Conductivity Provided by Majority Carriers  
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Unipolar Si Power Semiconductors (2)
ƴ Super-Junction Power MOSFETs (1997)  Ą Breaking the Silicon Limit  - RDS(on) Ć UDS,BR

1.0 (!)
ƴ Highly-Doped n-Region / p-Columns Compensating the Current Conducting n-Charge
ƴ Space Charge Layer along pn-Junction for UDS> 50V  / Depleted Voltage Sustaining Drift Zone 

Source: J. Lutz et al.  



Si - Power MOSFET Development 

600V  MOSFET Technology
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ǒCont. Further Improvement / Main Challenges also in Low L/Low Rth Packaging  

ƴ Super-Junction Technology Ą Disruptive Improvement / Decrease of RDS,(on)

Source:   

Ą



Si - IsolatedGate BipolarTransistor (IGBT)

25/93

ǒ IGBT:  pnp-Bipolar Junct. Transistor Driven by n-Channel MOSFET in Pseudo-Darlington Structure  

ƴ MOSFET Structure Extended with Drain-Side p+ Layer ĄMinority Carrier Injection into n- Layer 
ƴ Conductivity Modulation   Ą Lower On-State Voltage @ High Blocking Voltage Rating
ƴ Lifetime of Min. Carriers  Ą Stored in pnp-BJT Base & Resulting in ºTail Current»/Sw. Losses

Source: IRF



Si - IGBT Development (1)
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Source:   

ǒReverse Conducting (RC) IGBT Monolithically Integr. Free-Wheeling Diode (Spec. Anode Structure)   

ƴ 1988  Punch-Through (PT)           Ą High Costs  & Neg. Temp. Coefficient (TK) 
ƴ 1990  Non-Punch Through (NPT) Ą Rel. High On-State Voltage, pos. TK
ƴ 2000  Field Stop (FS) Layer         Ą Low Losses (Tail Current), pos. TK

Ą
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Si - IGBT Development (2)
ƴ Field Stop (FS) Layer   Ą Thinner Wafers  &  Improved Sw. Performance Comp. to NPT Structure
ƴ FS Layer & Trench Gate Ą Improved Saturation Voltage VCE,sat& Turn-Off Energy Eoff

Source:   

Ą

ǒReverse Conducting (RC) IGBT Monolithically Integr. Free-Wheeling Diode (Spec. Anode Structure)   



Modern Switch-Mode
Power Conversion  

Pulse-Width Modulation 
Time/Frequency Domain & Filtering

Parallel & Series Interleaving

Source: www.gograph.com



Ą

Ą

Pulse Width Modulated Converters
ƴBasic Concept  
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w =

ǒSwitch-Mode Voltage Formation and Subsequent Filtering 
ǒHigher Sw. Frequency   Ą Smaller Filter Components (Limited by Sw. Losses, Signal Processing etc.) 



Increasing Switching Frequency

ƴReduction of EMI Filter Volume for Increasing  Sw. Frequency

ǒ Sw. Frequ. Limit  Due to Sw. Losses (Heatsink Vol.), Inductor Losses, Signal ProcessingDelays etc.
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ƴLow Inductance /  Triang. Curr. Mode Ą Zero Voltage Turn-Off AND Zero Voltage Turn-On (ZVS) 
ƴ Increase of Conduction Losses  Especially @  Low Load  /  Residual ZVS Losses of Si-Devices

Soft-Switching Operation

ǒRequires Certain Voltage Headroom for Avoiding Very Low Sw. Frequencies
ǒWide Variation of Sw. Frequ. Ą Spreading of EMI Noise &  Red. Filter Effort / Fast Sign. Processing
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ƴ Multiplies Sw. Frequ.  /  Reduced Ripple @ Same (!) Switching Losses  &  Incr. Control Dynamics

Parallel Interleaving (1)
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ǒControl Implementation Benefitsfrom Improving Digital IC Technology   
ǒRedundancy Ą Allows Large Number of Units without Impairing Reliability
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Parallel Interleaving (2)

ƴ Multiplies Sw. Frequ.  /  Reduced Ripple @ Same (!) Switching Losses  &  Incr. Control Dynamics

D D
=

== Ö

D D
=

=

ǒControl Implementation Benefitsfrom Improving Digital IC Technology   
ǒRedundancy Ą Allows Large Number of Units without Impairing Reliability

N= 4



ǒ Massive Reduction of Filter Capacitance  C Ÿ C/64    ̧ OR ̧ Inductance  L Ÿ L/16

­
Multiplication of 

Switching Frequency @ Same
Switching Losses
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Parallel Interleaving (3)

ƴ Output Current Ripple Cancellation  

D
=
= D D

= =
=

Ą



Series Interleaving (1)
ƴ Example of  Flying Capacitor Converter ƄBreaks the Frequency Barrier 

ƄBreaks the Silicon Limit 1+1=2 NOT 22=4 (!)
ƄBreaks Cost Barrier - Standardization 
ƄExtends LV Technology to HV
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ǒ x 2.5 Dependency of  RDS,(on) on Blocking Voltage  Ą Adv. of Series Connection of LV MOSFETs

D D
=

=

pD
= ! !



ǒExcellent Concept for Building Extreme Efficiency Ultra-Compact Converters

ƴSeries Connection of LV MOSFETs (or LV Cells) Effectively  BREAKSthe Si-Limit (!)

Ʒ
Ʒ

¸Scaling of Specific 
On-State Resistance

Assumption: 

Chip Area of each LV Chip 
Equal to the Chip Area of 
the HV Chip
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Series Interleaving (2)

³ º ³



ƴDramatically Reduced Switching Losses (or Harmonics) for Equal ȹi/ I    and dv/ dt

ǒ Transistors Could Operate @ VERY Low Sw. Frequency (e.g. 20kHz) Ą Low Sw. Losses / High Eff. 
ǒ Alternative Operation with High Effective Sw. Frequency Ą Minimization of Filter Components 

=
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Series Interleaving (3)

N = 1 N = 4



Components & Packaging
Wide Bandgap Semiconductors

Packaging

Source: HITACHI
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ƴWide Band Gap / High Tj,max
ƴHigh Critical E-Field of SiC Ą Thinner Drift Layer 

ǒMassive Reduction of Relative On-Resistance (!) Ą High Blocking Voltage Unipolar Devices 

SiCPower Semiconductors

em
=

º

For 1kV:

Ą



Ą Advanced Packaging (!) Ą Moore's Law       

ƴ WBG Semiconductor Technology    Ą Higher Efficiency, Lower Complexity
ƴ Digital Signal Processing               Ą Fully Digital Control / Computing Power / Flexibility 

SiC& Digital Control  Ą Technology Push

+
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Source:  M. Bakran/ ECPE 2019

SiC-MOSFETs vs. Si-IGBTs

ǒ Extremely High  di/dt  & dv/dt  Ą Challenges in Packaging / Motor Isolation Stress / EMI etc.  

ƴ Si-IGBT          Ą Blocking Voltages up to 6.5kV / Rel. Low Switching Speed 
ƴ SiC-MOSFETs  Ą Blocking Voltages up to15kV (1st Samples) / Factor 10µ100 Higher Sw. Speed



ƴ Allowed Ls Directly Related to Switching Time ts Ą ¢ =
a

a

ǒParallel Interleaving Allows to Split-Up Large Currents Ą Increase of Z / Allows Faster Switching
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Effect of Commutation Loop Inductance 

Ą Ą


