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Introduction

Traditional Power System Modern Power System Replacing 60 Hz Transformer

• Complex - large no. of variables

• Limited scope for control

• Non-linear loads 

• Harmonics 

• Lagging reactive power

• Penetration of renewables 

• Power electronic converters 

• dc-ac 

• ac-ac

• Increased controllability

• Energy Control Center

• Solid State Transformer

• Power Electronic 

Transformer

• Intelligent Transformer
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Medium Voltage DC Microgrids

• DC Micro-grid Application

Ring type DC micro-grid

DC micro-grid interface with DABs
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Solid State Transformer Technology

• Conventional Distribution Transformers 
• Bulky in size and weight
• Unidirectional power flow 
• No solution for improving power quality
• Improper voltage regulation
• Lesser flexibility in control 
• Cannot connect asynchronous networks
• Complex integration of renewables and DESD

60 Hz Distribution Transformer

• Solid State Transformers (SST)

• Smaller in size and light in weight

• Bidirectional power flow

• Improves power quality 

• UPF operation 

• Harmonic elimination

• Better voltage regulation 

• Reactive power compensation

• Flexibility in control 

• Renewable integration 

• ac and dc links

• SiC devices 

• Improving efficiency 

• Lesser cooling requirements

Work done at FREEDM Systems Center on 

Single Phase SSTs using HV SiC MOSFETs

FREEDM SST
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Transformer Core Physical Dimensions

1MVA, 15kV:480Y/277V

Frequency Mass lb (kg) Volume f3 (m3)

60 Hz 8,160  (3,700) 169  (4.8)

400 Hz 992  (450) 125  (3.54)

1 kHz 790  (358) 101  (2.86)

20 kHz 120  (54.4) 0.5  (0.14)

50 kHz 100 (45.4) 0.5  (0.14)

1MVA Transformer 

1MVA Transformer 

Conventional Distribution Transformers 
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Solid State Transformer Technology

60 Hz

Conventional 

Transformer

Gen-1 SST 

600 Hz 3 kHz

ufac

outin
cap

KKJfB

PP
AWA






410)(

High frequency 

response

12kV Oil free Dry-type

High Voltage 

insulation 

20 kHz

Gen-2 SST  

?

Loss and thermal 

management
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Basic SST Topology
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Solid State Transformer: Gen-I and Gen-II
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Low Voltage 
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+
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400V 
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High Frequency 

Transformer

AC/DC Rectifier DC/DC Converter DC/AC Inverter

High Voltage 

H-Bridge
High voltage 

H-Bridge

3.8kV

DC

7.2 kV 

AC

120V / 240V 

AC

L
Ls

Cs

Cs
Ls

Port 1

Port 2

High Voltage Side Low Voltage Side

DC-bus 3800 V 400 V

Current at maximal load 2.66 A 25.27A

Power 7 kW

Turns ratio 9.5:1

Switching frequency 3kHz, 20kHz

Phase Shift pi/ 6 ~ pi/ 4  

High Voltage Side Low Voltage Side

DC-bus 3*3800 V 400 V

Current at maximal load 3*2.66 A 25.27A

Power 3*7 kW

Turns ratio 9.5:1

Switching frequency 3kHz, 20kHz

Phase Shift pi/ 6 ~ pi/ 4  

High voltage stage

Low voltage stage

High Freq. Trans

DC-DC

HV 3-Level H-Bridge

LV H-Bridge LV H-Bridge

DC-AC

AC-DC

120V ac

5
.5

 k
V

4
0
0
 V

5
.5
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V

HV 3-Level H-Bridge

7.2 kV ac

L

Gen-1 SST Gen-2 SST 
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Transformerless Intelligent Power Substation (TIPS) 

• 3-Phase SST - 13.8 kV to 480 V

• SiC based solid-state alternative to 60 Hz transformer

• Advantages – Controllability, Bi-directional Power

Flow, VAR Compensation, Small Size and Light

Weight, Lower Cooling Requirement, and Integration of

Renewable Energy Sources/Storage Elements

TIPS Power Flow Diagram
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Solid State Transformers (SST) for Mobile Utility Support Equipment (MUSE)

► 3-phase SST structure

► Connects 4.16 kV, 60 Hz grid to 480 V, 60 Hz grid with currently at 8 kV high voltage DC link and 800 V 

low voltage DC link

► High Voltage side converters are 3-Φ 2-level converters, Low voltage side converter is 2-level converter

► High frequency transformer forms Y-Δ connections for near sinusoidal current.
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Non-Synchronous MV Microgrid Interconnection

Standard 6MVA  AC-DC-AC module

Package size of a shipping container

Energy flow from multiple sources without requiring 

utility permits

Modular approach allows new energy to be added in 

future

[1] Pareto Energy, Microgrids for data centers, Available online 2018

http://www.paretoenergy.com/whitepaperfiles/PresentationParetoEnergyMicrogridsForDataCentersWebPageVersion.pdf

• Nonsynchronous interconnection approach reduces the cost and time 

• Always in islanding mode due to the DC link, mitigates the AC fault propagation

• Galvanic isolation by step-down transformer rated at 5MVA 27/3.3kV, 60Hz [2]

• High voltage silicon IGBTs in power stages

http://www.paretoenergy.com/whitepaperfiles/PresentationParetoEnergyMicrogridsForDataCentersWebPageVersion.pdf
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Medium Voltage Asynchronous Microgrid Connector

• 13.8 kV asynchronous grid, 50Hz or 60Hz; 100kVA bidirectional power flow

• 3L NPC pole realized by series connected Gen3 10kV, 15A SiC MOSFETs

• Intrinsic body diode as freewheeling diode, and 10kV, 15A SiC JBS diode as the clamping diodes

• 24kV DC link, 10kHz switching frequency in FEC and DAB

[3] A. Kumar, S. Parashar, N. Kolli and S. Bhattacharya, "Asynchronous Microgrid Power Conditioning System Enabled by Series Connection of Gen-3 
SiC 10 kV MOSFETs," 2018 IEEE 6th Workshop on Wide Bandgap Power Devices and Applications (WiPDA), Atlanta, GA, 2018, pp. 60-67.
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Design challenges of SSTs
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Design Challenges in SSTs

 Medium voltage AFE: Gate Driver Design for MV SiC-Devices

► No standard gate drivers are available to drive these devices.

► Need for isolated power supplies with low coupling capacitances.

► Severe dv/dt stresses reduces the lifetime of the insulation materials over time.

► High dv/dt, di/dt induces high common mode currents.

General Schematic representation of a gate driver architecture. 
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Design Challenges in SSTs

 Isolated DC-DC stage with MV-HFT

► Need for medium frequency transformers at medium voltage.

► Challenging to design the magnetics at this ratings.

► Parasitcs need to be controlled to limit the effects of high dv/dt.

9: 3

C
p,HV

L
HV

C
iso

R
m

L
m

C
p,LV

L
LV

Equivalent single phase high frequency transformer model 

with system parasitics.
MV side Transformer currents: Oscillations due to 

system parasitics
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Design Challenges in SSTs

 Thermal issues in general

► Need to extract waste heat from the SiC-Devices and magnetics.

► Available surface area: very low to extract heat from the SiC dies.

► New thermal solutions are needed.

► Heat dissipation challenging from the transformer core.

• 15 kV/40 A SiC IGBT Thermal Layers (Two 20 A Chips in Parallel)

Thickness and Thermal Conductivity Cauer Model
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Design Challenges in SSTs

 Control systems: Stability of cascaded converter systems
► Cased converter structures: AC/DC->DC/DC->DC/AC.

► Intermediate Common MV DC link.

 Major Issues in MV DC bus Design:

► Limited availability of High MV Capacitors.

► DC Bus Structure: Low inductance Bus-bar with MV Caps.

► Capacitors: low ESL, polypropylene film capacitors.

► Lower energy density.

► Capacitor volume: proportional to square of the DC voltage.

► Can cause stability issues due to interaction between two converter stages.

DC BusBar with two Film Capacitors (5 kV rated) in 

series (50 µF capacitance)

Film Capacitor Volume as a function of operating 

voltage for various commercially available capacitors.
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Design Challenges in SSTs

 Control systems: Stability of cascaded converter systems
► Cascaded system interaction.

► Need to design control system to maintain Middlebrook criteria.

► For DC bus system stability:

Simplified representation of two cascaded 

converter systems with common DC link.
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Thermal Issues of Medium Voltage 

High Frequency Transformer
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Medium voltage high frequency transformer

Parameter Value

Input dc voltage 11 kV

Output dc voltage 800 V

Input side duty cycle 41% nominal (36% - 50%)

Effective leakage inductance 42 uH

Real power transfer 100kW

Switching frequency 10 kHz

 MV primary fed with 3-level NPC poles

 Increased BIL rating over single Y:Y/Δ unit

 Silicon oil for cooling and isolation

 Dual star and delta secondary of 11kV/22kV

 Optimized in terms of parasitic, size and Lm

 Rated at 35kVA, 10kHz, 9600V to 625V/625V/360V/360V

 65 kg when dry, 95 kg when oil filled
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MV HF Transformer Equivalent Circuit

• DAB per phase equivalent circuit with parasitic parameters

• Parasitic measured from experimental results
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MV HFT: Heat Run Test

• MV HF transformer shorted secondary switching test result

• Excitation: 10kHz square wave voltage from primary MV side and all the secondary windings shorted

• Test duration: 350 mins

• Mainly gives rated conduction loss: 50W

• Measured efficiency: 99.6%
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MV – Medium Frequency Transformer
• Specifications

Parameter Values

Power 35 kVA,11 kV/22 kV dual mode

Primary
9.6 kV RMS, 16.6 kV peak,8 A  RMS, 

12A peak

Secondary – Y winding 1 ,2
360 V  RMS , 605 V peak,52 A  RMS, 

83 A peak

Secondary – Delta winding 1 ,2
625 V  RMS , 1050 V peak,31 A  

RMS, 46 A peak

Frequency 10 kHz

Leakage inductance 80 µH (from secondary side)

Magnetization inductance

280 mH (from primary side), Max. 

magnetizing current 15% of full load 

current

Parasitic capacitance

(inter turn from primary)
<500 pF

Isolation primary to secondary 100 kV RMS

Cooling Oil cooling

Efficiency >99%

• Turns ratio, switching frequency, leakage inductance are selected for optimum operation of DAB
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Gen-I SST: Topology and Prototype

Specifications:
• Input: 7.2kV

• Output: 240Vac/120Vac; 400Vdc

• Power rating: 20kVA

+
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-
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-
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Magnetic materials

Material Compositi

on

Loss(w/kg)   

(10kHz, 

0.2T)

Saturation 

Bmax[mT]

Permeability 

(50Hz)

Max working 

Tem[oC]

Grain oriented 

silicon steel

Fe97Si3 >1000 2000 2k-35k 120

Fe-amorphous 

alloy

Fe76(Si.B)24 18 1560 6.5K-8K 150

High 

performance 

ferrite

MnZn 17 500 1.5K-15K 100/120

Nanocrystalline

alloys

FeCuNbSiB 4.0 1230 20K-200K 120/180

• Critical parameters are high saturation flux density and low losses
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Electric field distribution (Winding voltage is 

evenly  distributed to each wire in order)

C1

3.8kV

C2

400V
WP

AC

to

DC
WS

CP CS

Neutral

Polypropylene Material: 0.5mm~1mm

Dielectric strength: ~40kVp/mm, @2mm

PP DC

to

AC

Specifications and design parameters:

• Frequency: 3 kHz

• High voltage DC-link: 3.8kV

• Low voltage DC-link: 400V

• Power rating: 20/3=6.7kVA

• Turns ratio: 9.5

• Insulation: 15kV

• Number of primary turns:190

• Number of secondary turns:20

• Magnetizing Inductance: 235mH

• Leakage Inductance: 36mH 

0V

3.8kV

Challenges: HV-HF Magnetics -Transformer Design
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28

3.9KW 7.0KW

CORE LOSS (W) 80.6 80.6

HV WINDING LOSS 

(W)

16.4 62.1

WINDING LOSS (W) 28.7 85.4

TOTAL (W) 126 228

EFFICIENCY 96.9% 96.8%

Ch1=Vac_low side;

Ch2=Vac_high side;

Ch3= Iac_low side;

Ch4=Iac_High side,

Test Waveforms

Efficiency

VOLTAGE 

(KV)

LEAKAGE 

CURRENT (nA)

10 3.6

15 5.8

20 10.5

25 16

Insulation Capability

Challenges: HV-HF Magnetics -Transformer Test
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prototype-1 (Top), prototype-2 (middle), prototype-3  (bottom)

prototype-1 prototype-2 prototype-3

Core material 
Metglas 

SA2605SA1

Metglas 

SA2605SA1

Metglas 

SA2605SA1

Operating freq. 3 kHz

Pin 7 kW

kVA 10 kVA

Pri. Volt. 3800 V

Sec. Volt. 400 V

Pri. Amp 2.6 A

Sec. Amp 25 A

Turns ratio [n:1] 9.5 : 1

Bac 0.25 T 0.26 T 0.35 T

Ac [cm^2] 69 60 40

Window area [cm^2] 42 56.25 56.25

Core volume [cm^3] 3472 2706 1804

Core mass [kg] 24.9 19.4 13.0

# of pri. turns 190 207 228

# of sec. turns 20 22 24

Airgap [mm]
0.5 (each 

side)

Mag. Ind. [mH] 235 468.9 341.2

Leak. Ind. [mH] 36 30.3 29.7

Excitation current on 

pri. side

0.85 A 0.44 A 0.59 A

Core loss 80 W 100 W 118 W

Winding loss 147 W 94 W 81 W

Total loss 227 W 194 W 199 W

Efficiency  96.76 % 97.3 % 97.16

Hot spot temp. 

on the surface with 

natural convection
43.1 ºC 43.5 ºC 46.5 ºC

Specification of Transformers: SST Gen-1

LV-side voltage 

(purple,200V/div), HV-side 

Voltage (orange, 1kV/div) 

and current (green, 

20A/div), Time (100us/div) 

of Prototype. 3 10kVA 

HV-HF Transformer
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Gen-II SST: Topology

Specifications:
• Input: 7.2kVac

• Output: 240Vac/120Vac; 400Vdc

• Power rating: 20kVA

Tested:
• Input: 3.6kVac

• Output: 240Vac; 400Vdc

• Power rating: 10kVA
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Gen-II SST High – Frequency Co-Axial Winding (CWT) 

Transformer - Design & Test at 20kHz, 30kW

30cm*17cm*9cm

DC-DC converter of the SST; 30kVA, 20 kHz CWT test - Yellow (Vo) 5kV/div, pink (Vi) 200V/div, green (Imag) 
20A/div; Heat distribution after 90 min operation
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Magnetic field intensity in 2D

(the same amount of current on each winding on the 

opposite direction)

Leakage inductance 𝐵𝑙𝑒𝑎𝑘 𝜙 is

only on the inner winding

Mutual flux 𝐵𝑚𝜙 is located

outside outer winding

Inner winding (HV)

Outer winding (LV)

Magnetic cores

Equivalent Circuit Modeling
Magnetic field distribution and inductance calculation

𝐵𝑚𝜙 =
𝜇𝑜𝜇𝑟 𝑜 ( 𝑁𝑖 𝑖𝑖− 𝑁𝑜 𝑖𝑜)

2𝜋𝑟

𝐵𝑙𝑒𝑎𝑘 𝜙 =
𝜇𝑜𝜇𝑟 𝑖 𝑁𝑖 𝑖𝑖

2𝜋𝑟

n  :  1
 
A

B

LV

 

C

D

HV

Loc

Lsc

vHV vLV

iHV iLV

𝑟𝑜𝑐 𝑖

𝑟𝑜𝑐 𝑜

𝐿𝑜𝑐 = 𝐿𝑚 = න𝐵𝑚𝜙 𝑑𝑟 [ Τ𝐻 𝑚]

𝐿𝑠𝑐 = 𝐿𝑙𝑒𝑎𝑘 = න𝐵𝑙𝑒𝑎𝑘 𝜙 𝑑𝑟𝑑𝑟 [ Τ𝐻 𝑚]
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Co-Axial Winding Transformer (CWT) prototype
- Switching response -

n  :  1
 
A

B

LV

 

C

D

HV

Loc

Lsc

Ca

Cb

Cc

vHV vLV

iHV iLV

vCM

𝐿𝑠𝑐 𝐿𝑜𝑐
Calculation in 2D 113nH/m 1.38mH/m

2D FEM Exact geometry Simplified 

geometry

658uH(1.37mH/m)

108nH/m 117nH/m

3D FEM 271nH 658uH

Measurements 715nH 519uH

Common-

mode

Ca Cb Cc

Calculation in 2D 125pF 13pF 79pF 47pF

2D FEM 128pF 2pF 89pF 39F

3D FEM 137pF 15pf 97pF 40pF

Measurements 138pF 16pF 93pF 45pF

Measurement

Ckt. Simulation on the basis of Eq. circuit model

𝑣𝐿𝑉, 5V/Div.

𝑖𝐿𝑉, 1A/Div.

𝑣𝐿𝑉, 5V/Div.

𝑖𝐿𝑉, 1A/Div.

𝑣𝐻𝑉, 100V/Div.

𝑖𝐻𝑉, 100mA/Div.

Excitation on LV winding Excitation on HV winding
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Integrated CWT based SST

13kV SiC MOSFET based SST with Inductor (4mH) integrated coaxial winding transformer 

 

MV diffV

MV-HF link 

transformer

CMV

Inductance

Half-Bridge

n : 1

Half-Bridge

LV diffV LV 

DC

Freq. VA n MVDC LVDC Ip Is
20 kHz 10kVA 15:1 6kV 400V 3.3Arms 50Arms
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ICWT operation with 6kVdc-400Vdc dc/dc stage of SST 
- Waveforms and temperature rise at 6.5kVA-

Heat distribution at 6.5kVA power transfer without an active cooling 

method after 70 minute operation

Hot spot temperature :170 ℃ after 70 minutes operation with 6.5kVA  without active cooling method in dry-type 

-The upper temperature limit of wire insulation material, PFA (Perfluoroalkoxy), is 260℃

2kV/div

200V/div

50A/div

5A/div

Waveforms of 6kVdc-400Vdc dc-dc 

conversion operation at 20kHz.  

∆𝑖 ≅ 1.0𝐴

10𝑘𝑉/𝑢𝑠
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Thermal Issues of SST Converters
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Power Loss Analysis of MV Grid Connected 3-Phase 

Converters Based on HV SiC Devices

• 15 kV/40 A SiC IGBT Thermal Layers (Two 20 A Chips in Parallel)

• Power Loss Analysis of Grid Connected Converter

• Experimental Device Loss Measurement

• Device and Three-Level Pole Heat-Run Tests

• PLECS Converter Simulation for Loss Distribution

• COMSOL Thermal Simulation for Temperature 

• Comparison with Analytical Calculations

Thickness and Thermal Conductivity Cauer Model

Thermal Resistance Value (oC/W)

Rjc (Junction-Case) 0.39

Rtg(Thermal Grease) 0.05

Rhs (Heat Sink) 0.16
• Each 20 A chip – 8.4 mm X 10 mm

• Drift – 140 µm, Buffer – 5 µm

• Active area – 0.38 cm2

• 6.2 kHz  - liquid cooling* 

• 5.1 kHz  - forced air cooling*

• at 10 kV blocking voltage and 5 A current*

*A. Kadavelugu, S. Bhattacharya, S. Ryu, E. V. Brunt, D. Grider, and S. Leslie, Experimental 

switching frequency limits of 15 kV SiC N-IGBT module," in proc.2014 IEEE International 

Power Electronics Conference, Hiroshima, pp. 3726-3733,May 2014.

@ Copyright 2016 by Sachin Madhusoodhanan
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3L-NPC Pole Heat Run Tests at 10 kV DC Bus, 7.2 kW, 

5 kHz, 30 mins
Single Phase Test Schematic

3-Level Pole • Two similar heat sinks – for sufficient spacing due to isolation requirements

• One cooling fan set each at inlet and outlet – one set: two 115 CFM fans 

coupled together on same axis

• sp1 - near inlet fan set, sp2 - center of pole, sp3 - near outlet fan set

• Max. temp. near sp3 – 34.3oC 

• 3-phase converter – atleast 21.6 kW

@ Copyright 2016 by Sachin Madhusoodhanan
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4.16 kV Grid Connected Operation at 5 kHz Switching 

Frequency and UPF
• Based on JBS Diode rating of 10 A, 30 

kW attainable at 4.16 kV

• Extrapolation to 100 kW with scaling up 

of JBS Diode conduction loss – IGBT is 

40 A rated

9.6 kW, 8 kV dc – Lab 

demo

100 kW, 8 kV 

dc

Ploss vs 

Load

Ploss=71.76 

W

η=99.25%

Ploss=1.54 

kW

η=98.46%

R2 = 

0.9999

@ Copyright 2016 by Sachin Madhusoodhanan
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4.16 kV Grid Connected Operation at 5 kHz Switching Frequency

Ploss vs Power Factor

• Highest loss for UPF operation, then for 

STATCOM operation

• Minimum loss power factor at 30 kVA – 0.72

R2 = 0.9993

30 kVA, 8 kV dc

Ploss=188.58 W
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4.16 kV Grid Connected Operation at 5 kHz Switching Frequency

Ploss vs Total kVA (S)

• Total loss from PLECS simulation – 1134 W

• From extrapolation curve – 1183.15 W

• Error  – only 0.05 times

• Similar for all extrapolation curves

R2 = 0.9999

100 kVar, 8 kV dc

Ploss=1183.15 W

• Thermal distribution more uniform compared 

to UPF operation
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3L-NPC Pole: Heat Run Test
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Insulation Issues of SST HFT
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1 MVA 20kHz – 50kHz MV HF Transformer

HV cable  on primary 

side (29turns)

2 copper foil in parallel 

for each turn

(2 turns)

1MVA

20kHz64cm 25cm

64cm
25cm

54cm
39cm

1MVA

50kHz

- The absence of HV cable for low current rating

makes the transformer bulky.

- The size of transformer can be compact by

customizing HV cable for proper current rating.



45/50

MV HFT: Insulation strategy 

45

HV

LV

Air (Dielectric strength : 3MV/m)
- Epoxy resin (Dielectric strength : 15MV/m) can 

be used to improve dielectric strength

15AWG Litz wire PFA insulation
Melting point : 300 C

Dielectric strength : 240MV/m

Teflon-PFA (Perfluoroalkoxy )
Melting point : 300 C

Dielectric strength : 240MV/m

Teflon-PTFE
Melting point : 327 C

Dielectric strength : 60MV/m

Thermal conductivity :0.25 W/(m·K)

FR-4 (Epoxy-resin)
Dielectric strength : 20MV/m
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30kVA MV HFT: Insulation strategy 

Teflon pipe

Copper pipe

Mid point

15AWG Litz

wire PFA 

insulation
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FEM 2D Electrostatic solution

6kV

12kV 400V

? V

6kV is evenly distributed on each

turn on the top of 6kVDC

6kV12kV
0V
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30kVA SST: Insulation Strategy
Oil free dry type E-field distribution

6kV

0kV

0kV

0V 0V6kV
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Conclusion
Magnetics is the most important component of SST !!!!!

Rich sandbox for research and contributions

Important to get students educated in magnetics

Magnetics has become more important now with the advent 

of WBG devices enabled power conversion systems

Requires renewed funding and industry participation and 

support

Need to solve practical issues – hence industry participation / 

collaboration is key
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