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Ʒ Classical Transformer ¹History (1)

ƴ1830 Henry / Faraday ᴼ Property of Induction
ƴ1878 Ganz Company (Hungary) ᴼ Toroidal Transformer (AC Incandescent Syst.)
ƴ1880 Ferranti ᴼ Early Transformer
ƴ1882 Gaulard& Gibs ᴼ Linear Shape XFMR (1884, 2kV, 40km)
ƴ1884 Blathy/ Zipernowski/ Deri ᴼ Toroidal XFMR (Inverse Type)

ƴ1885 Stanley (& Westinghouse) ᴼ Easy Manufact. XFMR (1st Full AC Distr. Syst.)

[Stanley1886]

http://commons.wikimedia.org/wiki/File:William-Stanley_jr.jpg
http://commons.wikimedia.org/wiki/File:William-Stanley_jr.jpg
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ƴ1889 Dobrovolsky  3-Phase Transformer
ƴ1891 1st Complete AC System (Gen. + XFMR + Transm. + El. Motor + Lamps, 40Hz, 25kV, 175km)

Ʒ Classical Transformer ¹History (2)

[Dobrovolski1890]

http://commons.wikimedia.org/wiki/File:Doliwo-Dobrowolsky.jpg
http://commons.wikimedia.org/wiki/File:Doliwo-Dobrowolsky.jpg
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Ʒ Classical Transformer ¹Basics

ƴMagnetic Core Material ¤ Silicon Steel / Nanocrystalline / Amorphous / Ferrite
ƴWinding Material ¤ Copper or Aluminum
ƴInsulation / Cooling ¤ Mineral Oil or Dry-type

ƴOperating Frequency ¤ 50/60Hz (El. Grid, Traction) or 162/ 3Hz (Traction)
ƴOperating Voltage ¤ 10kV or 20kV (6µ35kV)

¤ 15kV or 20kV (Traction)
¤ 400V

ƴVoltage Transfer Ratio ¤ Fixed
ƴCurrent Transfer Ratio ¤ Fixed
ƴActive Power Transfer ¤ Fixed (P1Ć P2)
ƴReactive Power Transfer ¤ Fixed (Q1Ć Q2)
ƴFrequency Ratio ¤ Fixed (f1 = f2)

ƴMagnetic Core 
Cross Section

ƴWinding Window

ὃ
ρ

ς“

Ὗ

ὄ Ὢ

ρ

ὔ

ὃ
ςὍ

Ὧ ὐ
ὔ



7/198

Ʒ Transformer Scaling Laws (1)

ƴArea Product:ὃ ὃ
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ƴVolume:

ƴCaution: Too Optimistic!
¤Constant Isolation Material Thickness
¤Lower Fill Factor (kW) because of LitzWires
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ƴScaling of Core Losses

Ʒ Transformer Scaling Laws (2)
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ƴHigher Relative Volumes (Lower kVA/m3) 
Allow to Achieve Higher Efficiencies

ƴScaling of Winding Losses
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Ʒ Classical Transformer ¹Summary (1)

ƴAdvantages

¤Relatively Inexpensive
¤Highly Robust / Reliable
¤Highly Efficient (98.5%...99.5% Dep. on Power Rating)
¤Short Circuit Current Limitation

ƴWeaknesses

¤Voltage Drop Under Load
¤Losses at No Load
¤Sensitivity to Harmonics
¤Sensitivity to DC Offset Load Imbalances
¤Provides No Overload Protection
¤Possible Fire Hazard
¤Environmental Concerns
¤Low Frequency  Large Weight / Volume Img.: http:// www.hieco-electric.com
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ƴAdvantages

¤Relatively Inexpensive
¤Highly Robust / Reliable
¤Highly Efficient (98.5%...99.5% Dep. on Power Rating)
¤Short Circuit Current Limitation

Ʒ Classical Transformer ¹Summary (2)

Source: http:// www.africancrisis.org
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ƴElectronic Transformer (f1 = f2)
ƴAC or DC Voltage Regulation & Current Regulation / Limitation / Interruption

1968!

[McMurray1968]
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Ʒ Electronic Transformer

ƴInverse-Paralleled Pairs of Turn-off Switches
ƴ50% Duty Cycle of Input and Output Stage

ƴf1 = f2 Not Controllable (!)
ƴVoltage Adjustment by Phase Shift Control (!)

[McMurray1968]
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ƷWhat is a Solid-State Transformer (SST)?

McMurray Electronic Transformer (1968)
Brooks Solid-State Transformer (SST, 1980)
EPRI Intelligent Universal Transformer (IUT)
ABB Power Electronics Transformer (PET)
Borojevic Energy Control Center (ECC)
Wang Energy Router
etc.

ƴPower Electronics Interface
ƴMedium Voltage Connection
ƴMedium Frequency Isolation Stage
ƴCommunication Link

ƴI/O Quantities

¤DC/DC
¤AC/DC
¤ACf1/ACf1
¤ACf1/ACf2

¤1ph, 3ph, var. f, etc.

¤MV/LV, MV/MV

ƴTerminology

[Brooks1980]
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ƴSpecifications

¤1 MVA
¤10 kV AC to 800 V DC and 400 V AC
¤1700V IGBTs on MV Side

Ʒ Example SST System: ETH MEGAlinkSST Concept

ƴCommonly Envisioned Features

¤Voltage Scaling & Galvanic Isol.
¤Power Flow Control
¤Reactive Power Compensation
¤Fault Current Limiting
¤DC Interface
¤µ

MV Connection

MF Isolation
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Ʒ The Solid-State Transformer Hype

ƴEvolution of # of SST Publications Per Year:

ƴHow To Keep An Overview?

¤Identify Origin and Evolution of Key Concepts
¤Narrow Down Feasible Solutions by Identifying Core Requirements, e.g., Modularity

Google Scholar Hits for Query: ("solid-state transformer") OR ("electronic transformer") OR ("Intelligent Universal Transformer") OR ("Power Electronic 
Transformer") OR ("Power Electronics Transformer") 

(!)
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Ʒ Classical Locomotives (1)

ƴCatenary Voltage 15kV or 25kV
ƴFrequency 162/ 3 or 50Hz
ƴPower Level 1µ10MW typ.

ƴIsolated AC/DCConversion (!)
ƴVolume & Weight Constraints

Img.: www.elprocus.com
Img.: www.abb.com

¡Main Transformer 
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Ʒ Classical Locomotives (2)

 Volume/Weight Reduction By Increasing Jrms
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ƴTraction Transformer

Efficiency 90...95% (99% Typ. for Distr. Transf.)
Current Density 6 A/mm2 (2A/mm2 Typ. for Distr. Transf.)
Power Density 2µ4 kg/kVA

Img.: www.abb.com

ƴCatenary Voltage 15kV or 25kV
ƴFrequency 162/ 3 or 50Hz
ƴPower Level 1µ10MW typ.

ƴIsolated AC/DCConversion (!)
ƴVolume & Weight Constraints
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1.74kg/kVA @ 16.6Hz

0.17kg/kVA @ 400Hz

[Victor2005]

Factor 1/10 (!)

Ʒ Next Generation Traction Systems

ƴIt½s Getting Tougher!

¤Distributed Propulsion  ᴼ Volume Constraints (Space for Add. Seats)
¤Low-Floor Vehicles ᴼ Weight Constraints (Roof Mounting)
¤High-Speed Trains ᴼ Weight Constraints (Higher Power at Same Max. Axle Load Limit)
¤Impr. Energy Efficiency ᴼ Loss Constraints (No Further Increase of Jrms, etc.)     

ƴWhat Degrees of Freedom Are Left?

ὃ ὃ
ς

“

ὖ

Ὧ ὐ ὄ █

╥ᶿ ὃ ὃ ᶿ
█

 Frequency as DOF to Reduce Weight & Volume!
[Hazeltine1923]
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Ʒ Next Generation Locomotives

ƴLoss Distribution of  Conventional  &  Next Generation Locomotives

ƴMedium Freq. Provides Degree of Freedom  Allows Loss Reduction AND Volume Reduction
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Ʒ Advanced (High Power Quality) Grid Concept

ƴHeinemann (2001)

ƴMV AC Distribution with DC Subsystems (LV and MV) and Large Number of Distributed Resources 
ƴMF AC/AC Conv. with  DC Link Coupled to Energy Storage provide High Power Qual. for Spec. 

Customers

Ʒ

Ʒ Ʒ

Ʒ

Ʒ

Ʒ

[Heinemann2001]
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Ʒ Smart Grid Concept

ƴBoroyevich(2010)

ƴHierarchically Interconnected Hybrid Mix of 
AC and DC Sub-Grids

¤Distr. Syst. of Contr. Conv. Interfaces
¤Source / Load / Power Distrib. Conv.
¤Picogrid-Nanogid-Microgrid-Grid Structure
¤SubgridSeen as Single Electr. Load/Source
¤ECCs provide Dyn. Decoupling
¤SubgridDispatchableby Grid Utility Operator
¤Integr. of Ren. Energy Sources

ƴECC = Energy Control Center  

¤Energy Routers
¤Continuous Bidir. Power Flow Control 
¤Enable Hierarchical Distr. Grid Control
¤Load / Source / Data Aggregation 
¤Up- and Downstream Communic.
¤Intentional / Unintentional Islanding

for Up- or Downstream Protection
¤etc.

[Boroyevich2010]
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Ʒ Future Ren. Electric Energy Delivery & Management (FREEDM) System

ƴHuang et al. (2008)

ƴSST as Enabling Technology for the ºEnergy Internet»

¤Integr. of DER (Distr. Energy Res.) 
¤Integr. of DES (Distr. E-Storage) + Intellig. Loads
¤Enables Distrib. Intellig. through COMM
¤Ensure Stability & Opt. Operation

¤Bidirectional Flow of Power & Information / High Bandw. Comm.  Distrib. / Local Autonom. Ctrl.

IFM=  Intellig. Fault
Management

[Huang2009, Huang2011], Figs.: [Falcones2010]
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Ʒ SST Functionalities

ƴProtects Load from Power System Disturbance

¤Voltage Harmonics / Sag Compensation
¤Outage Compensation
¤Load Voltage Regulation (Load Transients, Harmonics) 

ƴProtects Power System from Load Disturbance

¤Unity Inp. Power Factor  Under Reactive Load
¤Sinus. Inp. Curr. for Distorted / Non-Lin. Load
¤Symmetrizes Load to the Mains
¤Protection against Overload & Output Short Circ.

ƴFurther Characteristics

¤Operates on Distribution Voltage Level (MV-LV)
¤Integrates Energy Storage (Energy Buffer)
¤DC Port for DER Connection 
¤Medium Frequency Isolation  Low Weight / Volume
¤Definable Output Frequency (1-ph. AC, 3-ph. AC, DC)
¤High Efficiency
¤No Fire Hazard / Contamination
¤Supervisory Control / Status Monitoring Interface

Comm.

Comm.
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ƷºEfficiency Challenge» (Qualitative)

ƴSSTs in Grid Applications A̧ Skeptic½s View

¤Efficiencyof LFT for AC/AC Very Hard To Attain
¤Weight/Volume Typically Not an Issue In 

Stationary Grid Applications
¤Robustness, Reliability?
¤Cost?
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Ʒ Isolated DC-DC Applications

ƴDC Systems With Galvanic Separation Requirements ᴼ Isolated DC-DC Conversion = SST!
ƴNot Limited to MV Connection (Overlap With PSUs)

ƴTransformer Operating Frequency 
Can Be Freely Chosen!

MVDC LVDC

ƴExamples

¤In-Building DC Microgrids
¤DC Collection Grids(Wind, PV)
¤Future DC Gridsin General[Stieneker2014]

LVDC

HVDCMVDC



11Key Challenges
of SST Design

1. Handling of Medium Voltage
2. Topology Selection
3. Reliability
4. MF Isolated Power Converters
5. MF Transformer Design
6. Isolation Coordination
7. EMI
8. Protection
9. Control 
10. Construction of Modular Conv.
11. Testing of MV Converters
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Ʒ Interfacing Medium Voltage With Power Electronics

ƴLimited Blocking Voltages of Available Semiconductors

¤6.5kV for Si IGBTs
¤10-15kV for SiCFETs (PrototypeDevices Only)

ƴFeasible Blocking Voltage Utilization: Only 50-70% (Cosmic Ray Induced Failures)

0
1
2
3
4
5
6
7
8
9

10

0 5 10 15 20 25
S

er
ie

s 
D

ev
ic

es
Grid Voltage (kV)

Mod. Index.: 0.8
Blocking Voltage Utilization: 0.66

ƴA Single Device Is Often 
Not Sufficient!
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1969 !

ƴCascading of Converter Cells
ƴMultilevel Output Voltage

[McMurray1969]
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ƴDirect Series Connection is Suboptimal

¤Voltage Sharing (Static and Dynamic)
¤Switching Synchronization
¤No Add. Benefit of Multiple Switches

Ʒ Cascaded Converter Cells Instead of Direct Series Connection

(!)

ƴAdded Value: Multiple Converter Cells

¤Modularity, Redundancy
¤Multilevel Output Voltage Waveform

fSᶿ1/NCell
2 for Same Filter Inductor
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ƴMore Cells, More Series Voltage Drops (IGBTs):

Ʒ Basic Trade-Offs: Conduction Losses

Pcondᶿ n

Real

Img.: wikipedia.org

Drift Region

ƴReality: Voltage Drop Increases with Blocking Voltage Due to Larger Drift Region     
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Ʒ Basic Trade-Offs: Switching Losses

ƴFor Equal Current Ripple in Equal Filter Inductors

¤Switching Frequency (per Cell): fS ᶿ 1/n2

¤Cell DC Voltage: VDCᶿ 1/ n
¤But: Number of Cells: ᶿ n

Pswᶿ 1/n2

¤Assumed ¤Reality

¢Normalized IGBT Turn-Off Energies 

Pswᶿ 1/n2µ3

(!)

ƴSwitching Loss Modeling (Qualitative)
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Ʒ Loss-Optimal Blocking Voltage Choice

Psw ~ 1/n 2

Pcond~ n

1700V

1700V

ƴFor Equal Current Ripple in Equal Filter Inductors 

ƴOptimum Blocking Voltage

ƴOptimum Number of Cascaded Cells

¤10kVGrid Voltage

¤OtherGrid Voltages

¤There Is an Optimum Blocking Voltage

1200V
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Ʒ Optimal (Efficiency & Power Density!) Blocking Voltage (1)

vs.

ƴVolume as 2nd Dimension: Varying Also the Filter Inductance!

ƴModeling of Component Losses and Volumes (Inductor, Heatsinks, Capacitors, IGBTs, etc.)
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ƴCaution:Minimum Filter Inductance Might be Defined By 
Application-Dependent Protection Considerations

Ʒ Optimal (Efficiency & Power Density!) Blocking Voltage (2)

Further Reading: ETH / [Huber2013b]

ƴComponent Losses and Volumes (Inductor, Heatsinks, 
Capacitors, IGBTs, etc.)

ƴVolume as 2nd Dimension: Varying Also the Filter Inductance!
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Ʒ Enter Silicon Carbide: Si vs. WBG (SiC/ GaN) Semiconductors

Img.: Chow, 2015.

Img.: http://www.evincetechnology.com/whydiamond.html

Diamond

Si

GaN SiC

ƴSpecific On-State Resistance

Blocking Voltage

Critical Electric Field

ƴECin SiCca. 9x Larger Than in Si
ƴLower Ron,spFor Given Blocking Voltage

Unipolar 4H-SiC Limit

Unipolar Si Limit

Bipolar Si (!) Limit
But: Bipolar O Sw. Losses!

300mɱcm2

0.6mɱcm2
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Ʒ Example: All-SiCTraction Inverter

ƴMitsubishi All-SiCTraction Inverter (2014)

¤3.3kV/1.5kASiCModules in All-SiCTraction 
Inverter

¤65%Reduction of Size and Weight
¤55% Loss Reduction

Img: M. Furuhashi/Mitsubishi, 2015

¡Mitsubishi,      2014
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ƴCaution:Minimum Filter Inductance Might be Defined By 
Application-Dependent Protection Considerations

Ʒ Optimal (Efficiency & Power Density!) Blocking Voltage with SiC

Further Reading: ETH / [Huber2013b]

ƴ1200V and1700V SiCFETPower Modules for Comparison

ƴSi IGBT SiCTransition Yields Significant Benefits!

Wolfspeed 1200V/5mɱ¢
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Ʒ Enter HV SiCPower Semiconductors

Img.: Chow, 2015.
3000 V300 V

ƴECin SiCca. 9x Larger Than in Si
ƴLower Ron,spFor Given Blocking Voltage

ƴOr: Higher Blocking Voltage for Given Ron,sp

10kV SiCMOSFET ¤
(Wolfspeed)

ƴ10µ15kV PrototypeDevices Are Available ƴChallenging HV Packaging

15kV/80A Package¤
(Wolfspeed)
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Ʒ Single-Cell Approach: The Positive Aspects

22kV DC Bus 800VDC-DC Isolation Stage
[Tripathi2012]

ƴStandard Inverter Topologies Can Be Employed 
(Two-Level, Three-Level)

ƴComparably Low System Complexity

ƴThree-PhaseInverter Stage 
ConstantPower Flow In Isolation Stage (!)

ƴMax. Feasible Grid Voltages Limited By 
Blocking Voltages

15kV SiC

13.8kV Grid
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Ʒ Single-Cell Approach: The Challenging Aspects

ƴImplementation of Redundancy?

ƴLow Number of Levels ᴼRemember: fSᶿ1/n2

ƴHigh Switching Frequency and/or Large Filter Inductor

ƴºVirtual» Devices By Adapting tS

(and thus di/ dt and dv/ dt)

ƴPareto Optimization for Two-
Level, Single-Phase (!) System

ƴVery Fast Switching Transitions 
Required

¤High dv/ dt ᴼ CM Disturbances
¤High di/ dt ᴼ Overvoltages

Further Reading: ETH / [Huber2013b]
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Ʒ Outlook: Single-Cell vs. Multi-Cell

ƴStrategies for Handling Medium Voltage Connection

¤Multi-Cell Approach + LV Devices, MultilevelWaveforms, Redundancy, ºDivide et Impera»
- Complexity, Phase-Modular Topologies

¤Single-Cell Approach + Simplification of Converter Structure, Three-Phase Topologies
- Max. Grid Volt. Limited, 2L/3Lw. Fast Switching Trans.

ƴThe Best of Both Worlds?

¤FEWER-Cells Approach Higher DC Voltage per Cell 
Less Cells,Lower Complexity
Multilevel Waveforms
Redundancy

Img: [Passmore2015]

ƴSuitable Choice Depends on Application Voltage and 
Power Levels

ƴCareful Choice/Optimization of Blocking Voltage for 
Multi-Cell Systems
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Ʒ Partitioning of the AC/AC Power Conversion

ƴ1st Degree of Freedom of Topology Selection
 Partitioning of the AC/AC Power Conversion

¤DC-Link Based Topologies
¤Direct/Indirect Matrix Converters
¤Hybrid Combinations

¤1-Stage Matrix-Type Topologies 

¤2-Stage with LV DC Link (Connection of Energy Storage)

¤2-Stage with MV DC Link (Connection to HVDC System)

¤3-Stage Power Conversion with MV and LV  DC Link
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Ʒ Partitioning of the AC/AC Power Conversion

ƴ1st Degree of Freedom of Topology Selection
 Partitioning of the AC/AC Power Conversion

¤DC-Link Based Topologies
¤Direct/Indirect Matrix Converters
¤Hybrid Combinations

¤1-Stage Matrix-Type Topologies 

¤2-Stage with LV DC Link (Connection of Energy Storage)

¤3-Stage Power Conversion with MV and LV  DC Link
ᴼ Requires HV Devices (!)
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Ʒ Partial or Full Phase Modularity

ƴ2nd Degree of Freedom of Topology Selection
 Partial or Full Phase Modularity

¤Phase-Modularity of ElectricCircuit
¤Phase-Modularity of MagneticCircuit 

¢Phase-Integrated SST
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Ʒ Partial or Full Phase Modularity: Examples

ƴ2nd Degree of Freedom of Topology Selection
 Partial or Full Phase Modularity

ƴSteimel(2002)

[Kang1999]

[Wrede2002]

¤Example of Three-Phase Integrated (Matrix)
Converter  &  Magn. Phase-Modular Transf.

ƴEnjeti(1997)

¤Example of Partly Phase-Modular SST 



56/198

Ʒ Partitioning of Single-PhaseAC/DC PFC Functionality

ƴRequired Functionality 

¤F: Folding of the AC Voltage Into a |AC| Voltage
¤CS: Input Current Shaping
¤I: Galvanic Isolation & Voltage Scaling
¤VR: Output Voltage Regulation

ƴIsolated PFC Task Partitioning Variants

Isolated Front End (IFE) ¤

Fully Integrated ¤

Isolated Back End (IBE) ¤
ᴼ Broadly Analyzed and

Employed in SSTs

ᴼ Less Common Alternative

One Phase of Phase-Modular 3ph-SST 
ᴼSingle-Phase System!
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Ʒ Examples of Multi-Cell AC/DC SST Topologies

ƴIsolated BackEnd (IBE)

ƴIsolated FrontEnd (IFE)

[Steiner1998], [Steiner2000]
[Dujic2013],  [Zhao2014]

[Weiss1985], [Han2014],
[Kolar2016],  [Huber2016a]

Paper @ ECCE Asia: J. E. Huber, D. Rothmund, 
and J. W. Kolar, ºComparative Evaluation of 
Isolated Front End and Isolated Back End 
Multi-Cell SSTs». 
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ƴVery (!) Large Number of Possible Topologies 

ƴPartitioning of Power Conversion ᴼMatrix & DC-Link Topologies
ƴSplitting of 3ph. System into Individual Phases ᴼPhase Modularity
ƴSplitting of Medium Voltage into Lower Partial Voltages ᴼMulti-Level/Cell Approaches

Ʒ Classification of SST Topologies

¡Enjeti(2012)
[Krishnamoorthy2012]


