
Solid-State Transformers 
Key Design Challenges, Applicability, 
and Future Concepts

Johann W. Kolar, Jonas E. Huber
Power Electronic Systems Laboratory

ETH Zurich, Switzerland

Professional Education Seminar 6



Agenda

19 12 79 Slides 68 Slides

Transformer History & Basics

SST Concept 
(Traction & Smart Grid)

SST Design Challenges #1-6 SST Design Challenges #7-13

19 
Slides

SST Demonstrator Systems

23

Future Concepts

8

Conclusions

Download Full Slide Deck Here ¤

www.pes.ee.ethz.ch

Contact Information
Prof. Dr. Johann W. Kolar kolar@lem.ee.ethz.ch

Jonas E. Huber huber@lem.ee.ethz.ch
ETH Zurich
Power Electronic Systems Lab
Physikstrasse3
8092 Zürich
Switzerland

References



History of Transformers
Low Frequency and
Solid-State Transformers



4/233

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

(!)
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Ʒ Classical Transformer (XFMR) 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


6/233

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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ƴIsolated Medium Frequency Link DC/AC Converter

Ʒ Valve-Controlled MF Transformer Link DC/AC Converter

1923!

[Hazeltine1923]
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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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[Schwarz1970]

1970 (!)
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Resonant Tank
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ƴInput / Output Isolation
ƴ"Fixed" Voltage Transfer Ratio (!)
ƴCurrent Limitation Feature
ƴfҒfres (ZCS) Series Res. Converter

1971

[McMurray1971]
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1971!

ƴInput / Output Isolation
ƴ"Fixed" Voltage Transfer Ratio (!)
ƴCurrent Limitation Feature
ƴfҒ fres (ZCS) Series Res. Converter

[McMurray1971]
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ƴSoft Switching in a Certain Load Range
ƴPower Flow Control by Phase Shift between Primary & Secondary Voltage

1991

[DeDoncker1989]



14/233

1969!
ƴCascading of Converter Cells
ƴMultilevel Output Voltage
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ƴNo Isolation (!)
ƴºTransformer» with Dyn. Adjustable Turns Ratio

Ʒ Terminology (1)

1980!

[Brooks1980]
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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.

Ʒ Terminology (2)

Comm.

Comm.



Transformer Basics

Img.: http:// www.hieco-electric.com
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Ʒ Classical Transformer ¹Basics (1)

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
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ƴScaling of Core Losses

ƴScaling of Winding Losses

ƴHigher Relative Volumes (Lower kVA/m3) Allow to Achieve Higher Efficiencies

Ʒ Classical Transformer ¹Basics (2)

Img.: http:// www.hieco-electric.com
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Ʒ Classical Transformer ¹Basics (3)

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

¤Construction Volume:
Pt µ Rated Power
kw µ Window Utilization Factor (Insulation)
Bmax µ Flux Density Amplitude
Jrms µ Winding Current Density (Cooling)
f µ Frequency

¤Low Frequency Large Weight / Volume
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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 ¹Basics (4)

Welding Transformer (Zimbabwe) Şource: http:// www.africancrisis.org



SST Concept 
Future Traction Applications
Future Smart Grid Applications

Yuyang/ 123RF Stock Photo
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Ʒ Classical Locomotives

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

ƴTransformer Efficiency 90...95 % (due to Restr. Vol., 99% typ. for Distr. Transf.)
Current Density 6 A/mm2 (2A/mm2 typ. Distribution Transformer)
Power Density 2µ4kg/kVA

Img.: www.elprocus.comImg.: www.abb.com
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Ʒ Development Vectors for Modern Traction Systems

ƴDistributed Propulsion  ᴼ Volume Constraints
ƴLow-Floor Vehicles ᴼ Weight Constraints (Roof Mounting)
ƴHigh-Speed Traction ᴼ Weight Constraints (Higher Power at Same Max. Axle Load Limit)

ƴDevelopment Potential of Conventional Technology 
is Exhausted
¤Materials
¤Cooling Technologies

¤LFT Limits:
Further Volume/Weight Reduction 

Lower Efficiency

1.74kg/kVA @ 16.6Hz

0.17kg/kVA @ 400Hz

[Victor2005]

Converter

Converter

Integration of:

- Circuits, Diodes

- Control

- Protection

- Sensors

- Comm. Bus 

Interface

- Auxiliary Sup.

- Capacitors 

(partially)

Integration of:

- Capacitors 

(supercaps)

Integrated 

Power Module 

(IPM):Integration of:

- Cooling

- Gate DriveFilters

Capacitors

[Kratz1998]

ƴDevelopment Vector: 
Higher Transformer Freq.

ƴDevelopment Vector: 
Integration

Factor 1/10 (!)
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Ʒ Next Generation Locomotives (1)

ƴTrends ¤ Distributed Propulsion System  Weight Reduction (pot. Decreases Eff.)
¤ Energy Efficient Rail Vehicles  Loss Reduction (would Req. Higher Vol.)
¤ Red. of Mech. Stress on Track  Mass Reduction (pot. Decreases Eff.)

ƴReplace Low Frequency Transformer by Medium Freq. (MF) Power Electronics Transformer (PET)
ƴMedium Freq. Provides Degree of Freedom  Allows Loss Reduction AND Volume Reduction
ƴEl. Syst. of Next Gen. Locom. (1ph. AC/3ph. AC) represents Part of a 3ph. AC/3ph. AC SST for Grid 

Appl.

ACLFĄ DC ACLFĄ ACMF ACMFĄ DC  

Img.: [Dujic2011]
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Ʒ Next Generation Locomotives (2)

ƴLoss Distribution of  Conventional  &  Next Generation Locomotives

ƴMedium Freq. Provides Degree of Freedom  Allows Loss Reduction AND Volume Reduction



SST Concept
Future Traction Applications
Future Smart Grid Applications

Img.: http://www4.in.tum.de/lehre/seminare/SS12/sesgs/
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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 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 Autonomous 
Cntrl.

IFM=  Intellig. Fault
Management

[Huang2009, Huang2011]
Figs.: [Falcones2010]
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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]



31/233

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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Ʒ Remark: AC/AC SST vs. Uninterruptible Power Supply

ƴSame Basic Functionality of SST and Double Conversion UPS
¤High Quality of Load Power Supply
¤Possible Ext. to Input Side Active Filtering
¤Possible Ext. to Input Reactive Power Comp.

ƴInput Side MV Voltage Connection of SST as Main Difference / Challenge
ƴNumerous Topological Options



13Key Challenges
of SST Design

1. Topology Selection
2. Power Semiconductors
3. Optimum Number of Levels
4. Reliability
5. MF Isolated Power Converters
6. Medium-Freq. Transformer
7. Isolation Coordination
8. EMI
9. Protection
10. Control & Communication
11. Competing Approaches
12. Construction of Modular Conv.
13. Testing



Challenge #1/13
Topology Selection

Partitioning of AC/AC Power Conv.
Partial or Full Phase Modularity
Partitioning of Medium Voltage
Classification of SST Topologies



36/233

Ʒ Basic SST Structures (1)

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

¤DC-Link Based Topologies
¤Direct/Indirect Matrix Converters
¤Hybrid Combinations
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Ʒ Basic SST Structures (1)

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 MV DC Link (Connection to HVDC System)
¤2-Stage with LV DC Link (Connection of Energy Storage)
¤3-Stage Power Conversion with MV and LV  DC Link
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Ʒ Basic SST Structures (1)

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

¤Mohan (2009)

ƴReduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / No PWM)
ƴLV Matrix Converter Demodulates MF Voltage to Desired Ampl. / Frequency

SWn

SWp

13.8kV 
Grid

Wind Turbine

Generator

Rotor

Gear Box

[Gupta2009]
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Ʒ Basic SST Structures (1)

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

¤Mohan (2009)

ƴReduced HV Switch Count (Only 2 HV Switches @ 50% Duty Cycle / No PWM)
ƴLV Matrix Converter Demodulates MF Voltage to Desired Ampl. / Frequency

SWn

SWp

13.8kV 
Grid

Wind Turbine

Generator

Rotor

Gear Box

[Gupta2009]
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Ʒ Basic SST Structures (1)

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

ƴIndirect Matrix-Type 1ph. AC/AC Converter
ƴLipo(2010): V-Input, I-Output

ƴAC/DC Input Stage (Bidir. Full-Wave Fundamental Frequ. GTO Rect. Bridge, No Output Capacitor) 
ƴSubsequent DC/DC Conversion & DC/AC Conversion (Demodulation, f1 = f2) 
ƴOutput Voltage Control by Phase Shift of Primary and  Secondary Side Switches (McMurray)
ƴLower Number of HF HV Switches  Comp. to Matrix Approach

!

AC Input Voltage
Rectifier Output Voltage

Transformer Input Voltage
Spectrum of Transformer Voltage

(b)

(a)

(c)

(b)

(a)

(c)

[Abedini2010]
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Ʒ Basic SST Structures (1)

Ayyannar

2010

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

ƴDC-link-Type (Indirect) 1ph. AC/AC Converter
ƴDual Act. Bridge-Based DC//DC Conv. (Phase Shift Contr. Relates Back to Thyr. Inv. / McMurray)

ƴAlternatives: AC// DC ¸ DC/AC Topologies
AC/DC ¸ DC// AC Topologies

[Falcones2010]
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Topology Selection

Partitioning of AC/AC Power Conv.
Partial or Full Phase Modularity
Partitioning of Medium Voltage
Classification of SST Topologies
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Ʒ Basic SST Structures (2)

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 Basic SST Structures (2)

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

ƴEnjeti(1997)

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

ƴExample of Partly Phase-Modular SST 

ƴSteimel(2002)[Kang1999] [Wrede2002]
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Partitioning of Medium Voltage
Classification of SST Topologies
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Ʒ Basic SST Structures (3)

ƴ3rd Degree of Freedom of Topology Selection
 Partitioning of Medium Voltage 

ƴMulti-Cell and Multi-Level Approaches:
¤Low Blocking Voltage Requirement
¤Low Input Voltage / Output Current Harmonics
¤Low Input/OutputFilter Requirement 

ISOP= Input Series / 
Output Parallel
Topologies

¡Single-Cell / Two-Level Topology
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Ʒ Basic SST Structures (3) 

ƴ3rd Degree of Freedom of Topology Selection
 Partitioning of Medium Voltage 

ƴMulti-Cell and Multi-Level Approaches

£Two-Level Topology 

Akagi 
(1981)

McMurray 
(1969)

Marquardt

Multi-Level/Multi-CellTopologies ¤

[McMurray1969][Nabae1981]

[Alesina1981]
[Marquardt2002]

[Lesnicar2003]
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Ʒ Basic SST Structures (3)

ƴ3rd Degree of Freedom of Topology Selection
 Partitioning of Medium Voltage 

ƴBhattacharya (2012)

ƴ13.8kV  480V
ƴ15kV SiC-IGBTs, 1200V SiC MOSFETs
ƴScaled Prototype

20kHz22kV 800V

DC-DC Converter

[Tripathi2012]
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Ʒ Basic SST Structures (3)

ƴ3rd Degree of Freedom of Topology Selection
 Partitioning of Medium Voltage 

ƴAkagi(2005)

ƴBack-to-Back Connection of MV 
Mains by MF Coupling of STATCOMs  

ƴCombination of Clustered Balancing 
Control with Individual Balancing Control

DC-DC Converter

[Inoue2007]
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Ʒ Basic SST Structures (3)

ƴ3rd Degree of Freedom of Topology Selection
 Partitioning of Medium Voltage 

ƴDas (2011)

ƴFully Phase Modular System
ƴIndirect Matrix Converter Modules (f1 = f2)
ƴMV ć-Connection (13.8kVl-l, 4 Modules in Series)
ƴLV  Y-Connection (465V/ą3,  Modules in Parallel)

ƴSiC-Enabled 20kHz/1MVA ºSolid State Power Substation»
ƴ97% Efficiency / 25% Weight / 50% Volume Reduction (Comp. to 60Hz)

[Das2011]
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ƴVery (!) Large Number of Possible Topologies 

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

Ʒ Classification of SST Topologies

¡Enjeti(2012)
[Krishnamoorthy2012]
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Ʒ Partitioning of AC/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,
Interesting Alternative
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Ʒ IBE and IFE in SST Applications (1)

ƴIsolated BackEnd ƴIsolated FrontEnd (1)

[Weiss1985], [Han2014]

¤Steiner, 1996ᴼ Traction Applications
¤Primary Side Active Rectification
¤ISOP System Structure

¤Soft-Switched Isolation Stage 
(HC-DCM Series Resonant Conv.)

!

|AC|-DC 
Boost Converter

400Hz Transf.

[Steiner1998], [Steiner2000]

¤Weiss,1985 (!)ᴼ Traction Applications
¤Secondary Side |AC|-DC Boost Converter for 

Sinusoidal Current Shaping and Volt. Reg.
¤Hard-SwitchedIsolation Stage

¤Han, 2014 O  Ext. to Resonant & Modular 
Concept

Resonant Cap.
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Ʒ IBE and IFE in SST Applications (2)

ƴIsolated BackEnd ƴIsolated FrontEnd (2)

ETH / [Kolar2016], [Huber2016a]

¤Developed Into Fully Functional Traction SST 
by ABB (Dujic, Zhao, et al.), ca. 2011-2014

¤Soft-Switched Isolation Stage 
(HC-DCM Series Resonant Conv.)

¤ETH, 2015, in the Scope of

¤All-SiC, Full ZVSRealization 
¤Simplified Input Stage

¤Further Configurations: 3-Ph., AC/AC, etc.

¤Soft-Switched Isolation Stage 
(HC-DCM Series Resonant Conv.)

 ¤ºSwiss SST» (S3T)

[Dujic2013] & [Zhao2014]



Challenge #2/12
Power Semiconductors

.

Img.: www.micromat.at
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Ʒ History of Silicon (Si) High-Power Devices

£Historical Development of Device 
Technologies

Development of Max. Switching Power ¤

(!) ᴼ Bi-Mode IGCT(BGCT)

(!) ᴼ Wide Band Gap SCs (SiC)
ᴼ Bi-Mode IGBT (BIGT)

Img.: Rahimo/ABB, 2014

[Rahimo2009]

[Vemulapati2012]
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Ʒ Available Si Power Semiconductors

ƴ1200V/1700V Si-IGBTs Most Frequently
Used in Industry Applications

ƴBlocking Capability Up to 6.5kV
ƴProven Heavy-Duty Module Techn. Up to 3.6kA
ƴRel. High Switching Losses 

AMSL

AMSL AMSL

AMSL

Source: H.-G. Eckel/Univ. Rostock

ƴDeratingRequirements Due to Cosmic Radiation
1700V Si-IGBTs O 1000V max. DC Voltage

Img.: YoleDéveloppement.
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Ʒ Si vs. WBG (SiC/ GaN) Semiconductors

ƴSiCMore Mature than GaNfor 
HV Applications

ƴOutlook: SiCIGBTsfor BV > 10kV

Img.: Chow, 2015.

(!)

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

(!) Diamond

Si

GaN SiC

ƴSpecific On-State Resistance vs. 
Critical Elec. Field Strength


