
Sandia National Laboratories is a multimission 
laboratory managed and operated by National 
Technology & Engineering Solutions of Sandia, 
LLC, a wholly owned subsidiary of Honeywell 
International Inc., for the U.S. Department of 

Energy’s National Nuclear Security 
Administration under contract DE-NA0003525.

RESILIENT ENERGY SYSTEMS

Jack  Fl icker ,  Andrew B inder ,  J acob  Mue l l e r ,  Todd  Monson,  Andy  
Dow,  Luc iano  Garc i a -Rodr iguez ,  R icha rd  F loyd ,  Fe l ipe  Pa l ac io s

S ta r t  Da te :  10/01/2023

End Date :  09/30/2026

AC to AC So l id  State Transformer w i th  B id i rec t iona l  Swi tches

1

This work was supported by the Laboratory Directed Research and Development program at Sandia 
National Laboratories, a multimission laboratory managed and operated by National Technology and 
Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell International Inc. for the 
U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.

Presenter Notes
Presentation Notes
Hi everyone.  My name is Jack Flicker and I am going to talk about an LDRD project that stated at the beginning of this FY and is focused on fabricating a high-power density, modular, single-stage AC:AC Solid State Transformer that utilizes custom designed Silicon Carbide Bidirectional switches and passive materials.



Type 1 SST with Bidirectional Switches2

AC-AC Dual Active Bridge converter (AADAB) 

 Smaller size/weight compared to Xformers

 Switching control allow for adaptive protection and power 
quality enhancement

 No DC link capacitor 
 Reliability increase
 simpler cascading of modules at higher voltages

 Bidirectional switches reduce component count (20 to 12)
 Reduction in physical topology size and complexity
 Single stage increases efficiency

☓ Formidable control complexity

AC/DC-DC/DC (DAB)-DC/AC

Fundamental materials and control challenges have limited 
SST implementation…. 

Require materials-level improvements

Insert Advanced Materials into operational circuit for 
comparison to baseline commercial devices

1. AC:AC DAB Circuit Evaluation and Design

2. SiC Bidirecational Switch Design

3. Soft Magnetic Materials

Presenter Notes
Presentation Notes
SSTs can come in many types.  But the most predominant is what I am calling the “conventional design” that I’ve shown here.  This “conventional design” is a three stage design.  If we take a look at this design moving left to right we first have an AC filter.  This is followed by a three-phase rectifier that converts the AC to DC.  The DC is then converted to high frequency AC, sent through a high frequency transformer to get a voltage gain, and then converted back to DC.  Finally, that DC is then inverted back into 3 phase AC and passes through a final filter before interconnection to the power system.These types of three stage SSTs have been shown to work, are smaller in size and weight compared to conventional Transformers and have demonstrated dynamic control of power quality. However, there are numerous drawbacks to this type of design.  The first is the fact that there are two DC-buses in the system that utilize high voltage DC link capacitors.  The use of these capacitors is a well-known reliability issue as well as significantly reducing the power density that can be achieved and significantly complicating the ability to cascade these systems to higher voltages.  Secondly, there is a very high switch count which increases cost and system losses.  And finally, cascading of these types of SSTs can be difficult both due to the HV capacitors, but also because of the switching schemes.  As you cascade, you significantly increase the volume of control signals.  Additionally, since this is a multi-stage system that is DC-linked, you have stability criteria between the stages that requires a variety of different hierarchical control schemes. (CLICK)We are investigating a three-phase single stage SST system that is an AC-to-AC Dual Active Bridge Converter.  This single-stage SST design is enabled by 4-quadrant switches, known as bidirectional switches or BiDFETs. The use of these BiDFETs significantly reduces the switch count.   Additionally, since its an AC-to-AC topology, there is no need for DC-link capacitors which increases system reliability.  This single stage topology enables higher efficiency and higher power density This project is devoted to fabricating a modular, three phase, single stage SST and demonstrate scaling in both current as well as voltage. The project is split into three major tasks. (Click)The first task is focused on simulation, design, fabrication, and test of the SST circuit. (Click)The second task is devoted to designing and fabricating state of the art BiDFET switches (Click)And the third task is devoted to passive materials.  Specifically, we’re developing high frequency Iron Nitride core materials for the high frequency transformer as well as evaluate dielectric materials for filter and snubber capacitors in the circuit.



* In partnership with SUNY Poly
Conventional Deep p-well

SiC BiDFET Fabrication 3

• 4 quadrant operation enables new circuit topologies (CSI, AC:AC SST, etc)
• Conventional semiconductor unidirectional due to asymmetric layout

• Up to 5 discrete components to enable 4 quadrant
• High switching losses/on-state voltage drop (~3.5 V)

• Monolithic Bidirectional Field Effect Transistor (BiDFET)
 Reduce COSS & CRSS by 2x  increase switching frequency
 Low on-state voltage drop (0.5 V)

❌Not commercially available
❌Needs better short circuit robustness (SCWT)
❌Monolithic BiDFET die area is large so yield is low

1. Convert established MOSFET design* to BiDFET design
• Sandia design of devices
• Fabless process flow for SiC devices

2. Improve short circuit performance using deep p-well structure*

3. Reduce die size by 2x (improve yield, switching frequency) via channel 
diode enabled by deep p-well*

Presenter Notes
Presentation Notes
4-quandrant switches enable a new class of power converter devices that are impossible or intractable with conventional unidirectional topologies.  Historically, 4 quadrant operation has been emulated through the combination of up to 5 conventional semiconductor devices, but they have suffered from poor performance due both to interconnection parasitic losses as well as intrinsic voltage drop across all these devices.  Monolithically integrated BiDFET devices have been demonstrated in limited R&D samples and have shown improved performance compared to the discrete solution, as you might expect.  They have significantly lower on-state loses and can operate at significantly faster switching speeds.  However, there are no commercially available devices and the R&D versions have both yield and robustness issues. As part of this project, we will develop a 1.2kV, 25 A SiC BiDFET where Sandia serves as a fabless design house, leveraging a commercial foundry for fabrication, SiCamore Semi. We will partner with university collaborators to convert a pre-existing unidirectional SiC MOSFET design to a bidirectional design. This design will utilize several improvements demonstrated by our university partners in conventional MOSFETs and transition them to BiDFEts.  The first is utilization of a deep p-well structure that will improve short circuit robustness of the devices.  The second is incorporation of a monolithically integrated JBS to reduce die size and improve switching time. 
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Net-shaped toroid
(no machining required)

Magnetic Material Js (T) ρ(µΩ⋅m) Cost

VITROPERM (Vacuumschmelze) 1.20 1.15 High

Metglas 2605SC 1.60 1.37 High

Ferrite (Ferroxcube) 0.52 5x106 Low

Si steel 1.87 0.05 Low

γ’-Fe4N 1.89 > 200 Low

High-frequency magnetic transformers
• High power density is required 
• Compacted ferrite powders 
• Low saturation (Js< 0.5 T) 
• Severely limits power density

Soft magnetic phase of iron nitride (γ’-Fe4N) 
• Js ~ 1.89 T 
• Exceeds ferrites by >3x
• Spark Plasma Sintering into arbitrary shapes
• No heavy or rare metals

Phase Purification  Ball milling  Core Sintering

Soft Magnetic Materials for Transformer Core

Presenter Notes
Presentation Notes
This project will also focus on developing novel magnetic materials for the high frequency transformer core.  SST magnetic cores will be constructed using a soft magnetic phase of iron nitride.Conventional transformer cores are composed of Silicon steel, which, due to their low resistivity, are very lossy as high frequencies and thus limit system power density. Iron Nitride has several benefits which include a high saturation magnetic polarization, Js, of 1.89, that exceeds current state of the art transformer core materials,  reducing the size and mass of our transformer core.   Iron nitride also has an electrical resistivity (ρ) several orders of magnitude greater than conventional core materials, which will minimize eddy current losses and maximize electrical efficiency.  To date, Sandia and collaborators are the only researchers to produce Iron Nitride as a bulk material.   We will use a Sandia patented process to consolidate iron nitride powders into magnetic cores using spark plasma sintering (SPS).  This will enable fabrication of cores with no machining required.
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Circuit Simulation, Design, and Fab BiDFET Fab Passive Materials
Magnetics/Capacitors

• Process simulation and design
• Transfer process to SiC foundry
• Gen 1 BiDFET to Foundry

• Gen 1 devices evaluated in Prototype A
• Gen 2 to Foundry

• Ball milling/powder purification Fe4N powder at scale
• Production of  Fe4N Transformer Core 

• 1.2kV, 50 mΩ (25 A) SiC BiDFETs 
demonstrated 

• Gen 2 devices evaluated in Prototype C 

Prototype A
208:480V, 3φ, 3kW
Single SST Module

Prototype B
208:480V, 3φ, 15kW
Paralleled Prototype A

Prototype C
3φ, 30 kW
Cascaded Prototype B

• Fe4N magnetic core in Prototype A 

COTS devices with individual 
drain connected switches

• Fe4N magnetic core in Prototype C 

Parallel/Cascaded multi-module system 
with BiDFETs, custom passives

Solid state transformer project roadmap

Presenter Notes
Presentation Notes
So the overall goal of the project is to utilize BiDFETs and novel passives to fabricate a high power density, modular, single-stage SST prototype and then demonstrate that in both parallel and cascaded operation to show how it can be tailored to any available power system. As I’ve mentioned we have three main thrusts in the project that I’ve listed at the top and these thrusts run for the three years of the project, which I have over on the left side. (Click)Year 1 at for the circuit task we’re focusing on design and fabrication of a prototype we are calling prototype A.  This prototype is a single module of a 3-phase, SST and will utilize COTS devices to provide a baseline of operation.  The BiDFET task is focusing on designing the BiDFET fabrication process and carrying out process design.  By the end of the first year, the first Generation 1 lot will be sent to the foundry for fabrication.  In the passives task, magnetics will demonstrate purification of the iron nitride powder at scale and form the first transformer core material. Finally, in dielectrics, the voltage, temperature, and current stresses on the capacitors will be measured in Prototype A (CLICK)In year 2 the circuit task will focus on Prototype B, which will be paralleled prototypes A units that are built into a 15kW demonstration.  The BiDFET task  Will package and characterize the Generation 1 devices, which will then be inserted into a Prototype A, single module demonstration.  The 2nd generation of BiDFET will be sent to the foundry by the end of the year 2.    In the passives task a reliability and performance evaluation of available dielectrics will be completed based on the measured prototype A stress profiles measured in year 1.  A dielectric materials system to focus on moving forward will then be chosen to maximize both reliability and performance.  Also in year 2 an iron nitride core will be fabricated and then inserted into Prototype A, so that be the end of year 2, we’ll have a prototype A that is operational with both BiDFET devices and magnetics. (CLICK)In year 3, the circuit task will develop prototype C, which is a parallel and cascaded system of SST modules that utilize both the BiDFETs and custom magnetic materials.  The BiDFET task will package and characterize the Gen 2 devices and will send out a final Gen 3 to the foundry to demonstrate a 1.2kV, 25A BiDFET switch.  The Passives task will focus on fabrication of the iron nitride core for the prototype C as well as the co-packaging of the BiDFETs with dielectric snubbers to improve switching performance.
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AC:AC DAB

Isolated Indirect Matrix Converter Dyna-C (GaTech) 

• 12 bidirectional switches
• Unidirectional power flow (circuit structure asymmetric)
• HF transformer acts as a pseudo DC link 
• Load-side bridge operates at 2fswitch line-side bridge

• 12 reverse-blocking switches (not 4-quadrant)
• Symmetric around the high-frequency transformer
• Magnetizing Inductance for stored energy
• Unipolar magnetizing current 

AC:AC DAB Circuit Development

• 12 bidirectional switches 
• Bipolar magnetizing current 
• Symmetric around the HF transformer
• 2fTransformer = fswitching
• Leakage Inductance for stored energy
• Time varying phase shift for energy transfer
• L-L Filter Capacitors act as pseudo DC-link

Prasai A, Chen H, Divan D. Dyna-C: A topology for a bi-directional 
solid-state transformer. In APEC 2014 (pp. 1219-1226).Basu K, Shahani A, Sahoo AK, Mohan N. A single-stage solid-state transformer for PWM AC drive with 

source-based commutation of leakage energy. IEEE Transactions on Power Electronics. 30(3):1734-46.
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Derived Analytical Solution to Space Vector Modulation Approach
• Each bridge applies 2 switching states and a ∅-vector state to local winding
• Polarity of switching vectors alternates each switching period
 Produces bipolar 2-level transformer waveform at 1

2
𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ

Furthermore, the switching frequency must be the same on 
primary and secondary side

However, besides these key parameters, which link primary and secondary operation, nearly 
all other parameters are independent. 

SST Modeling and Simulation
AC:AC DAB Circuit Development

Of  particular interest to the capabilities of  the SST:
• Primary grid voltage magnitude: ◊(𝑉𝑉𝐿𝐿𝐿𝐿,𝑃𝑃 ≠ 𝑉𝑉𝐿𝐿𝐿𝐿,𝑆𝑆)

• Primary grid phase: ◊(𝜙𝜙𝑃𝑃≠𝜙𝜙𝑆𝑆)

• As a consequence the item above, 
primary grid frequency: ◊(𝜔𝜔𝑃𝑃≠𝜔𝜔𝑆𝑆)

• As a consequence of  all of  the above, 
reactive power exchange: ◊(𝑄𝑄𝑃𝑃≠𝑄𝑄𝑆𝑆) NB: Vector durations vary with the SVM reference angle  subinterval sequence of 

switching constantly changing requires piecewise linear calculation of power transfer

Q1A

Q1B

Q2A

Q2B

Q3A

Q3B

Q4A

Q4B

Q5A

Q5B

Q6A

Q6B

VAP

VBP

VCP



• Adaptive Dead Time for Safe Commutation
• Risk of shoot-through faults exists due to line-line filter capacitor at switching node

• Highly inductive transformer current contains significant energy; requires continuous 
conduction path to avoid destroying BIDFETs

• 4-stage commutation known issue in Matrix converters

• Sequence of switching actions is shown below for a simplified circuit

• Appropriate delay generation depends on polarity of transformer current; 
• transformer current polarity detection must accurate to prevent erroneous delay insertion

8

Q1A

Q1B

Q2A

Q2B

Q3A

Q3B

Q4A

Q4B

Q5A

Q5B

Q6A

Q6B

VAP

VBP

VCP

If 𝐼𝐼𝑃𝑃 > 0:
• QxA turn-off is delayed by 𝑇𝑇𝑑𝑑
• QxB turn-off is not delayed
• QxA turn-on is delayed by 𝑇𝑇𝑑𝑑
• QxB turn-on is delayed by 2𝑇𝑇𝑑𝑑

If 𝐼𝐼𝑃𝑃 < 0:
• QxA turn-off is not delayed
• QxB turn-off is delayed by 𝑇𝑇𝑑𝑑
• QxA turn-on is delayed by 2𝑇𝑇𝑑𝑑
• QxB turn-on is delayed by 𝑇𝑇𝑑𝑑

For delay time Td and primary current IP:

SST Modeling and Simulation
AC:AC DAB Circuit Development
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Gate Driver 
Boards 
(optical 
drive)

CLC 
Input/Output 
Filter ΦA,B,C

Xformer
Interconnect

Snubber 
Caps

Commercial 
”BiDFETs”
(bottom side)

ΦA,B,C Current 
Measure

12V Aux 
Power

Circuit Build
AC:AC DAB Circuit Development



• Controller Board
• Simulink control via Imperix FPGA
• Faster validation of gate drive and power stage
• PLECS simulation converted to HDL Code
• Control system alteration without re-compile
• fswitch = 50 kHz

OFFICIAL USE ONLY
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HDL Coder 
to FPGA

Optical PWMImperix System Gate Driver Boards Power Stage

Analog Sensor Signals

Rapid Controls Prototyping
AC:AC DAB Circuit Development
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• Currently undergoing LV hardware testing
• So far, circuit works as expected
• Expected final current = 6.25 A

• LV testing up to 1/3 final current levels

Imperix

½ SST

Aux Voltage

Scope (Switches)

Scope (System)

PWM

50V

Q1A

Q1B

Q2A

Q2B

Q3A

Q3B

Q4A

Q4B

Q5A

Q5B

Q6A

Q6B

S1A

S1B

S2A

S2B

S3A

S3B

S4A

S4B

S5A

S5B

S6A

S6B

VAP

VBP

VCP
VP VS

VAS

VBS

VCS

+

_

+

_

Circuit Test
AC:AC DAB Circuit Development



Circuit Test
AC:AC DAB Circuit Development
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PWM

50V

Scope (Switches)

Closed Loop Testing (06/02/23)
Low Voltage Testing (50V)

Q1A

Q1B

Q2A

Q2B

Q3A

Q3B

Q4A

Q4B

Q5A

Q5B

Q6A

Q6B

S1A

S1B

S2A

S2B

S3A

S3B

S4A

S4B

S5A

S5B

S6A

S6B

VAP

VBP

VCP
VP VS

VAS

VBS

VCS

+

_

+

_

Circuit Test
AC:AC DAB Circuit Development

Power Transfer: 750W (40%)

Closed loop P: ✔
Closed loop Q: ✔

Open Loop: ✔
Average Efficiency: 95%



Future Work
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Power Transfer: 750W (40%)

Closed loop P: ✔
Closed loop Q: ✔

Closed loop V (Grid Forming) 

Open Loop: ✔

𝑓𝑓𝑠𝑠𝑖𝑖 ≠ 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠
𝑄𝑄𝑠𝑠𝑖𝑖 ≠ 𝑄𝑄𝑜𝑜𝑜𝑜𝑠𝑠
𝑉𝑉𝑠𝑠𝑖𝑖 ≠ 𝑉𝑉𝑜𝑜𝑜𝑜𝑠𝑠
𝜙𝜙𝑠𝑠𝑖𝑖 ≠ 𝜙𝜙𝑜𝑜𝑜𝑜𝑠𝑠

Average Efficiency: 95%
Insertion of ”Commercial” 
Four Quadrant GaN Switches

High Power and Grid Forming Mode Testing
1st As-designed SiC BiDFET 
lot September 2023

1st SPS Fe4N Transformer 
Core Sept. 2023

🕐🕐

🕐🕐
🕐🕐

🕐🕐
🕐🕐

OD 4.18cm, ID 2.62cm, and HT 1.25 cm
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Thank you

Jack Flicker

Power Electronics and Energy Conversion Systems

Sandia National Laboratories

jdflick@sandia.gov
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