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Introductlon o Texas A&I\/I Engmeermg

Founded 1876
*Total 65,000 Students

*Engineering Students
~ 20,000

*14 Departments

*21 Degrees

*Top 10

Growth Plan 25,000
engineering students
by 2025



College of Engineering

Largest college at Texas A&M

More than 20,000 students in 14
departments

Nationally Recognized Programs

Undergraduate Program 8th

Departments Ranked 7
in Top 10

Research Expenditures 3rd

SOURCES

Student enrollment includes undergraduate and graduate students from TAMU College
Station, Galveston and Qatar campuses, and Engineering Academies

2017 U.S. News & World Report Rankings of Public Universities

American Society for Engineering Education (2016 report)

ENGINEER'NG @tamuengineering | #TAMUengr

TEXAS A&M UNIVERSITY engineering.tamu.edu/easa
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Texas A&M

Research Areas

Analog and Mixed Signals
 Active and Passive Filter Design
- Biomedical Applications
= Broadband Communications
= Data Converters
» High-Speed Electronic Systems
» Integrated Circuit Design
 Low-Noise Front-End Electronics
» Low-Voltage Low-Power Electronics
» Milimeter-Wave Integrated System Design
» Power Management
« RF IC and System Design
Biomedical Imaging and Genomic Signal
Processing
= Bioinformatics and Computational Biology
» BioMEMs and Lab-on-a Chip
- Biosensing and Bioanalysis Systems
» Dynamic Imaging, Thermal Imaging
and Magnetic Resonance Microscopy
= Genomic Signal Processing
- Image Analysis Techniques and Algorithms
- Magnetic Resonance Imaging and
Spectroscopy
= Morphological Analysis
» Optical Tomographic Imaging Techniques
= Sensor Arrays in Medical Imaging
» Ultrasound and Elasticity Imaging

Computer Engineering

» Computer Networks and Internet
» Computer Systems

= Digital VLS| Design and Test

» Electronic Design Automation

Electrical & Computer Engineering

» Fault Tolerance, Securty and Reliability » Guided-Wave Structures

» Mobile Wireless Networking » Microstrip Antennas

= Multimedia Infrastructure * Microwave Solid-state Circuits and Devices

» Network Coding * Microwave Systems

 Network Security and Reliability » Milimeter-Wave Circuits

- Storage Systems » Sensing and Imaging

Control Systems » Surface Penetrating Radar

» Homomorphic Digital Filtering Solid-state Electronics Photonics and Nano-
» Linear Multivariable Control Systems Engineering

» Nonlinear Control Systems - Fiber Optics Devices

_-II LR T = I ol [l EL LTI

» Functional Thin Film Processing
Electric Power and Power Electronics * Integrated Optics
- Alternative Energy Systems » Micro Electromechanical System (MEMS)
« Condition Monitoring and Fault Diagnostics of » Nanolithography
Electnic Machines = Nanotechnology
- DSP-Based Power Electronc Systems » Noise in Electronic Systems
» Dynamic Analysis » Optical Communication
= Electnc Ship Power and Power Electronics Systems |+ Optical Filters
= Electromechanical Energy Storage Systems » Quantum Optics
= Monitoring, Control and Protection Telecommunications and Signal Processing
» Novel Electric Motors and Generators for Special » Advanced Channel Coding Techniques
Applications » Data Compression

» Power Converters for Windmills and Hybnd Vehicles |- Digital Communications Systems
« Power Electronics and Motor Drives » Digital Signal Processing

» Rehability Evaluation = Estimation and Detection Theory
= Substation Automation * Information Security

 Switching Power Supplies * Information Theory
Electromagnetics and Microwaves * Multirate Signal Processing

- Antennas » Sensor Networks _

- CMOS RFIC and Systems » Time-frequency Analysis

- Electromagnetic Theory * Wireless Networks

» Electromagnetic Wave Propagation * Wireless Systems



Integrated Solid State
Transformer (I-SST)

Technology for the Grid of the Future

1) Brief overview of SST / Smart Transformer approaches
2) Smart Transformers in smart-grid — advantages

3) Smart Transformers for Interconnected Microgrids

4) |I-SST for EV Charging Stations

5) I-SST for ASDs / Compact MV-ASDs / MV Power Distribution’ |+ |
6) I-SST for Grid Interconnected Renewables: PV /Wind / Battery = .

/) Conclusion

Power Electronics & Power Quality Laboratory, Texas A&M University, enjeti@tamu.edu




Today we have a radial power distribution

system with 3 major objectives:

1. Improve reliability i.e. faults are isolated
rapidly

2. Minimize the delivery losses (not paid by the
customer)

% 3.Deliver high quality electricity - especially

voltage magnitude

nl Sl el

 These objectives are typically achieved via distribution management systems
(DMS). One of the function of DMS is FISR, fault isolation and service
restoration. FISR controls the opening and closing of circuit breaker to

Increase reliability.

 The other function of DMS is VVC, volt var control. VVC controls voltage
control devices, such as load tap changer, voltage regulators and capacitors
bank to minimize the delivery losses while maintaining a good voltage profile

along feeders.

Power Flectronice & Power Orialitv | aboratorv Texas ALM LInivers<ity enietitamii edii



Renewables on the Rise

Solar PV generation is one of the fastest ¢ 30% renewable energy penetration is possible
growing sources of renewables with minimal changes*

o SO~ sozm 56 GW. B Vioving toward Ultra-
<. $BO 9
g Solar Installs - ~ N
5 8 5
S $60 Solar Costs 40 = ‘ . Operating Power System
é £50 té ie Ta'u * Part of a larger synchronous AC power system
E $40 30 ; Island ** Contains 3 synchronous AC power systems
4 o
R 3 1 1
5 9 0 = DOE 2050 Projections
B e - . 13 _ 35% Wind (404 Gw)
2 310 o -g _|St.Paul :l:id 19% PV (632 GW)
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NREL: Integrating High Levels of Variable Renewable g ™ 5 —
Energy into Electric Power Systems - g e 0 M h
- - L] L] : uc
» Majority of new solar installations are § : Raglan @ - e
. . . . - Mine : piai oy -
being done at distribution level ® . El Hierro Germany*
Grid-tied Solar Rooftop nt , |
4 4 Relatively
Ireland =u= o
FINREL California* L
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e e R o S sl System Size (GW)
What is needed for higher levels of penetration?

Berkeley Lab: Installed Cost of Solar Photovoltaic Systems
N the U.S. Declined Significantly in 2010 and 2011 Southern light solar

* NREL Power Systems Engineering Center

Dynamic Impact of Power Electronics Intelligence at the grid edge ¢ Jorge Ramos



orrow - Increased Renewable Energy Integration




Solid State Transformer Market
Forecast 2017 to 2022

RESEARCH AND MARKETS ) 1-800-526-8630  +353-1-416-8900

5. (TOLL FREE)
THE WORLD'S LARGEST MARKET RESEARCH STORE |

/> Solid State Transformer Market is projected to witness a \
compound annual growth rate of 32.09% to reach to total market
value of US $487.474 million by 2022

» With an increase in the use of distributed energy sources, SSTs
are expected to offer better control / Enable Energy Saving /

/

Smart Grid Functionalities




Transformer Basics

Advantages

Relatively Inexpensive
Highly Robust / Reliable =)
Highly Efficient (98.5%...99.5% Dep. on Power Rating) |

Weaknesses

Voltage Drop Under Load e - P— - -! L @ -

Sensitivity to Harmonics —t :
f

Sensitivity to DC Offset Load Imbalances
Provides No Overload Protection
SST Concepts in Traction & Smart Grid Applications - J.W. Kolar etal, ECCE Europe 2012

Possible Fire Hazard
Environmental Concerns

> Construction Volume AL A = A2 <

Fig
k.,J B f
P, .... Rated Power W* rms ™ max

Ky --.. Window Utilization Factor (Insulation)
B...,-- Flux Density Amplitude

J.e--- Winding Current Density (Cooling)
) . Frequency

* Low Mains Frequency Results in Large Weight / Volume




Smart Transformer - 60Hz
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Power Electronics
on LV Side

High voltage
Power transmission lines
substation - o

WZ .o el P
i | | 60Hz smart
transformer is a
low hanging fruit

 Smart Transformer can respond to fluctuations within the power
grid instantly acting as voltage regulators and thereby reducing
energy consumption by providing optimized voltage at the point of
common coupling (PCC)

» At PCC, they can control the active power exchange between the
microgrid and utility

 Enhance power quality and reduce grid losses




Smart Transformer - 6OHz m

|AC Filter PWM ac-ac

Converter AC Filter |

LV
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= + D = Duty Cycle
V, =V, +V, D = Dury
V, =V, +DV

 The output voltage (V,) is regulated by adjusting the duty ratio (D) of the AC-AC Converter

* \oltage sag & voltage swell can be compensated



Smart Transformer - 60Hz

(... Utility Voltage ... O

| Converter Voltage
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Smart Transformer - 60Hz

Can Correct
V! 10% THD, for Steady

State
V,: 3.5% THD, Voltage

Distortions




Smart Transformer - 60Hz

* \oltage Regulation

VAR Compensation

« Power Monitoring

» Energy Budgeting [RJrimemrupsinryiy

N

t Technology for the Grid of the Future - as smart at the internet



Smart Transformer - High Frequency

Standard dry-type SRR —

e i Power EIE{ tronics Modulé
Distribution Transformer

)

o MF;"HF Trans furmer

bnressurssawversaewrsssewseswsssul V

Power flow of
Sﬂg Compensation V.,

g Swell Compensation -




’ Smart Transformer - High Frequency

1 Vin
DSP Controller I
- B

.----'-'-------------'-'--------------------------------.
0 Power Electronic Module 9
‘ 0
: LF Folding HF PWM MF/HF HF Folding LF Unfolding Output  Bypass :
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Smart Transformers in Microgrids

| Microgrid | Fractionally | AC-AC Converter (fractional | Medium |
| Distribution | Rated | rated)with bi-directional |  Voltage |
|  Voltage | Transformer | switches | Transformer |

I I

O
J : * 1din;Vag
e N3 ‘43 )
: n; Vc’
‘ : #3 - /| AC-AC Full Bridge with bi-

o M2 - directional switches
:E ‘* t dZnZV'BC' —1Y\
o N1 {'j'} ‘ T ""c' $ Liy A
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Smart Transformers in Microgrids

Load
85 kW

Utility grid

Micro grid 1
Total capacity=100 kW
Renewable capacity=40 kW

Micro grid 3 Fossil Fuel capacity=60kW
Total capacity=200 kW

Renewable capacity=80 kW
Fossil fuel capacity=120 kW

25 kw

Micro grid 2 Micro grid 4

Micro grid 5 P
Total capacity=200 kW Total .ﬁ 00 KW Total capacity=300 kW
Renewable capacity=150 kW otal capacity= Renewable capacity=120 kW
Renewable capacity=490 kW Fossil Fuel capacity=180 kW

Fossil Fuel capacity= 50 kW Fossil Fuel capacity=10 kW



Utility grid

Micro grid 3
Total capacity=200 kW
Renewable capacity=80 kW
Fossil fuel capacity=120 kW

Micro grid 2
Total capacity=200 kW
Renewable capacity=150 kW
Fossil Fuel capacity= 50 kW

Micro grid 5
Total capacity=500 kW
Renewable capacity=490 kW
Fossil Fuel capacity=10 kW

Proposed five microgrid configuration with
Modified Angle Droop Control

| Transformer

Micro grid 1
Total capacity=100 kW
Renewable capacity=40 kW
Fossil Fuel capacity=60kW

Micro grid 4
Total capacity=300 kW
Renewable capacity=120 kW
Fossil Fuel capacity=180 kW

AC-AC Converter (fractional
rated) with bi-directional

Smart Transformers in Microgrids

| Microgrid | Fractionally
| Distribution |
| Voltage

|  Medium | Medium Voltage
| Voltage IMicrogrid Interface

switches | Transformer | Point of Common
|

| Coupling
V'
1din1Vag
\"/

-/ AC-AC Full Bridge with )

| bi-directional switches
(e PYIPATSYS ~

A
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Utility grid

"T“ VA'=VA' L&

i

Micro grid 1
Total capacity=100 kW
Renewable capacity=40 kW
Fossil Fuel capacity=60kW

Micro grid 3
Total capacity=200 kW
Renewable capacity=80 kW
Fossil fuel capacity=120 kW

Micro grid 4
Total capacity=300 kW
Renewable capacity=120 kW
Fossil Fuel capacity=180 kW

Micro grid 2
Total capacity=200 kW
Renewable capacity=150 kW
Fossil Fuel capacity= 50 kW

Micro grid 5
Total capacity=500 kW
Renewable capacity=490 kW
Fossil Fuel capacity=10 kW

Smart Transformers in Microgrids

P* 05§ —O—
s |6

a) Pi—)—{PI

p { 6i,modify
i.desired
Pigenerated  P,generated P; generated P4 generated Ps generated
0 R— S U —
e e
00K
1 = e
w000 f ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
100k ----------------------------
l‘ o T o
(1] T d | | :
Qi generated  Qogenerated  Qsgenerated  Qagenerated Qs generated
250k § § §
200k j j f
) | — AU S S—
00K T T
50k 3 SO SO St
[ — / ; e
i) =

0 0.05 0.1 015 Time(s) 0.2 0.25 03

At t=0.1sec, the system load changes from 25% to 85%, after t=0.2 sec, nGg prdvides 25kW, 12.1 kVAR to pG;

and 30 kW, 14.5 kVAR to pG,.



' Electronic Transformer
Medium Frequency / High Freqguency



Transformer Size 1s a Concern

» Volume and weight of the
transformer are Important
In  high density urban
settings with low available
space.

» Size Is also a concern In
underground installations,
moving power systems such
as ships, factories, etc.




Electronic Transformer - McMurray 1968

m Matrix-Type f,=f,

US Patent 3,517,300 June 23, 1970
4?.2\ 33\‘
LOW FREQUNCY AGordC. /4, HIGH FREQUENCY TO
7O Hi6H FREQUENCY

LOW FREQUEHCY AC or DE.
o SOLID STATE | HOH FREQUCREY L

. SOLID STATE
WPUT \ symciponous swircwes| | TRANSFORMER | | sywespanous swircses| %7707

2
SOLID STATE
LLECTRONKE
CONTROLS
—l-—-/.i /4
i LV /ds
/, - j P
g ”g
/5 ‘ Inventor:
~o Witlram McMurray:
| by iz h’;:ﬂ i
2y 'L[m'uﬂﬂj‘ yHr;s AtCorrey:

e Electronic Transformer = HF Transf. Link & Input and Output Sold State Switching Circuits
e ACor DC Voltage Regulation / Current Regulation/Limitation/Interruption

SST Concepts in Traction & Smart Grid Applications - J.W. Kolar etal, ECCE Europe 2012



’Electronic Transformer - McMurray 1968

»Fully bidirectional power flow
»Output voltage regulation

Z » & %g i ,’/ \\\
?%J[« {}&% F %e Bl o™ N
I e T > i 1 Neadd -l\lhv
HRullipEaaame
US Patent 3,517,300 June 23, 1970 a3
b e
Wi
3 |
| B

L]
ANy

SST Concepts in Traction & Smart Grid Applications - J.W. Kolar etal, ECCE Europe 2012
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Transformer Cores - Price Comparison

Grain Oriented Silicon Steel Sheets
Price ~= USD 850 per Metric Ton

Type: Criented Silicon Steel

Thickness: 0.23-0.30 mm

Standard: AISLASTM, GB JIS AISI ASTM, BS, DIM

Grade: md 270130 2300120,300130 200120 300130

Special Use: Silicon Steel

Amorphous Core Material
Price ~= USD 2000 per Metric Ton

Capacity(KVA) Dimensian Net Weight (kg) Core Loss (Wikg) Exciting power

(AxBxCxD=E)mm) (VA)
- 220x70x41.5x146 26 § 26
220%120%41 5= 146 30 § 30

Ferrite Core Material

Price ~= USD 4000 per Metric Ton

Nanocrystalline Core Material

Price ~= USD 10000 per Metric Ton




Medium Frequency Transformer

Transformer M19 Core M19 Core Metglass
Design 60 Hz 600 Hz 600 Hz
Operating Frequency (Hz) 60 600 600

Max. Flux Density (T) 1.25 0.55 1.1

Use the Cost

Savings 0.66

pu to Pay for
Power

Core Dimensions (cm) 62X 4X7.5 54 X5X 2.5 60 X 4.5X 2.5

Number of turns (#) 250 140 180
Core Volume (L) 1.9 0.67 0.62
Core Weight (kg) 14.8 5.3 5.0
Core Loss/Mass (W/kg) 1.7 7.5 1.8 COntr()lS /
Net Core Loss (W) 25 40 9 Protection
Winding Loss (W) 20 6 8

Total Transformer Loss (W) 45 46 17

Efficiency at 1.6 kVA (%) 97.3 97.2 99.0
Cost of Core (p.u.) 1.0 0.35 .0
Cost of Winding (p.u.) 0.4 0.13 0.2
Total Cost (p.u.) 1.4 (1pu) 0.48 (0.34) 1.2 (0.86)

Converter /

\

|



Medium Frequency Transformer

1000 HZpORM 60 HZ

PARAMETER DESIGN DESIGN|UNIT
KVA RATING 142 .2 1422 | KVA
FLUX DENSITY 3700.0 15000.0 | GAUSS
CORE LOSS/LB 2.0 1.0 |W/LB
CORE LOSS 480.0 086.4 | W
WIRE LOSS 632.4 2018.7 |w

| CORE WEIGHT 240.0 086.4 | LB
WIRE WEIGHT 65.8 270.5|LB
INORMALIZED SIZE 1.00 4.11
EFFICIENCY 0.99 0.98

CORE COST $316.80| $1,301.99

WIRE COST $128.55 $528.32

| CORE + WIRE COST $445.35| $1.830.31

- 1 kHz transformer is about ¥ the size of its 60Hz counterpart
e The difference in cost can possiblv fund power electronics



Medium Frequency Transformer

Add Enjeti / Kang / Pitel paper - from conference - 1997?7?

¢~ 1-phase AC-AC Full ™ /" 1-phase AC-AC Full
Bridge with SiC IGBTs

Bridge with SiC IGBTs

High Frequency
Transformer

VTfmr VTimr
(Pri) (Sec)

Tranzformer Voltage

 Modulated with a MF square wave (switching frequency f,,)

 AC-AC converter modulates the line frequency (f,) sine wave into ‘f,, = f.* Hz and
higher frequency components

* No line frequency components in the transformer voltage



Medium Frequency Transformer

RIGBTs

T T T T T 7T 771 TAC-ACFull Bridge /~ 1-phase bi-directional (~ 1-phase uni-directional
| ' 1 AC-AC Converter AC-AC Converter
I
gl‘(&]ﬁ QJKEI* | g, 3 3] 43 43 7% Z'E“-’* ey e
I T T3 S1 83 S1 S3
S Vv o ‘:'~ 0 Vv o -I:L ]
- C,u — :?J I vprl.ph Cﬂ = =?'n"d.: I"JI;:rri.pnln
] 0 i )
T4 T2 4 52 2 S2
k3| 43 NI 3
- ' J N J

e For unidirectional
power flow -
Replace 4 IGBTs
with 4 diodes - as
shown

GG

Z\V/S with
phase-shift
Modulation

[ ]Leading leg
|_lLagging leg components

* No energy storage



Modular Concept with
WBG Devices

*On the primary side several low
voltage converters are staked

«All primary converter outputs are
coupled to common core

\/oltage sharing on series
connected converters is
guaranteed

*No bulky energy storage
components

«ZVS contributes to high efficiency

High Voltage
4 kV to 15 kV

Medium/High Frequency Transformer

S ng
[ e

[ ]Leading leg
|_lLagging leg

Q

uency ac link _‘

Secondary
converter

== Load

120V / 240V
60 Hz



'Industrial Applications that can

benefit from

Integrated - Solid State Transformer
(I-SST)



6 Pulse
ACACM +
Va i, i3] Vo
—> [
_®_ g |
i - prish
4
Vi iy 3 ACACH +
SRR
3 -
m -
= i = lori_c
V - ] —>
< I°—> § ACACM +
= -Ell} Vpri ¢

ntegrated Solid State Transformer (1-SST)

20 kHz Input current quality is poor
Operation

EET’EEI

[ ]Leading leg
[ ]Lagging leg
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ntegrated Solid State Transformer (I1-SST)

Input current quality is high
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Open Delta 20 kHz
Operation

Va

P

Vb

-Ia
Three-Phase Input Filter

[ ]Leading leg

[ 11 againa lea

ntegrated Solid State Transformer (1-SST)

P T <
o
o

'
I £
= o
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[T Rt L - I £ I £ I
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< o [ <] 1< [ -
o o o
3 @ @
w w

70m 80m 90m 0.1 0.11 0.12 0.13

Time (s)

Input current quality is poor

0.14



Open Delta

20 kHz
Operation

=

v

Three-Phase Input Filter

@
hiCy

oo [

&
&

=

Three-Phase Input Filter

[E

G (G

&

B

&

[ ]Leading leg

[ 11 againa lea

ntegrated Solid State Transformer (1-SST)

Series Cascade
for higher voltage

|

L
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gri

_®_\_

HV grid

_@_

_@fStep-down

Transformer

 AC bus architecture with
step-down line frequency

transformer [1],[2].

ST

.

~,
_@-[Step-down

Transformer

Vs

line frequency
transformer [2],[3].

e DC bus architecture with

OIEV Charging Application - with [-SST

Level-3 Chargers are rated >
50kW

Both approaches use line
frequency transformer which
compromise the size of the
Level-3 charging station

How can we
iImprove the power
density of the
system?




Utility Grid

12 Pulse

| |
Three-Phase Input Filter

>

Iprl bc

Vprl bc

|

J :

Ipr| ca
—

Vprl_ca }
k¥ =

=

EV Charging Application - with I-SST

w

AC-AC Converter and High-
Frequency Transformer (20 kHz)

|
! 12 Pulse Rectifier
|
: I-1out
: . I_FVW\_V
o . lout
| + +
'by L o
i (: _ Vrec1
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EV Charging Application — with I-SST

Operation Principle | . High

voltage regulation.

: : Weak DC- Frequency
» 50% duty cycle — ReeHfeRtON Trime | modulation meﬂlh D =05
. . ? N | |
provides maximum  PiP:] :'FJ Y
- |
AC link voltage. | o |
| =V, Vori D =023
. Changeof Duty T n P MM
|
Cycle allows output p.[p:] ! A i
|
|
|
|

8 " .

Vab Vp Vpri_ab

0o o
1 1
Sqw = Z = [sin(anD) — sin <2nk (E + D)) sin(kwt) + - 1Ir

k
ot L (1 — cos(2mkD) + cos <k2n <% + D)) — COS(kﬂ)> cos(kwgt) 11 )

40 of 19



Ipri_ab

—>
+
Vpri_ab “
- Vsec1 <-15°

Ipri_bc

Output

—>
+
Vpri_bc “

Ipri_ca

+
Vpri_ca

™ Vout

Vrec1 = Ssw " Ssw * ViL

oltage Analysis

sg(wt) = i (%cos(n?n))-sin(nwt)

n=1,3,5,7...

SdHF = Sd(wt) " Ssw

s
Vg1 = \/EVLL sin (a)t — E) * Sow

Vyec1(Wst) = Va1Sanr + Vp1Sanr + Ve1Sanr

3v2 o2
1 B z 36n2 — 1
3en? — 1 cos(6nwt)]

n=1

T

41 of 19



Input Current Analysis

i ri_a
AC-AC p__>b
+ . . . . .
Vo - VaTb JE;} lyri_ab = Nsl(ldal + ldaz) — N, (ldbz + ldcz) .
2 la 1 - Vsec1 <-15 -
Q — E a' IdCl Cl
Sl 5 e a
b i = AC-AC _
I E _,‘Vkl JE;} v Sai = Z ( £ cos (?)> sin(nwt)
O 8 L n=1,3,5,7..
V. i o
N\ £ _,_C[ o oo
AC-A . .
L 7] 1 i n la = Ssw * lpri_ab
Vci _IE;}L pri_cg
f ! 11 - 13
| 43I, sin(wt) + Hsm( wt) + 1—351n( a)t)
la = Ssw * Ssw T 1 1 '
+ —sin(23wt) + =—=sin(25wt) + -
23 Sin(Z30n) + o5 sin(Z5wt) )

Harmonics generated by S,, do not affect input current

quality because they are at high frequencies!



Design Example

Operating conditions used for

simulation in PLECS Utility Grid AC-AC Converter and High-

Frequency Transformer (20 kHz)

12 Pulse Rectifier

Grid voltage | 480 V rms o =
(line-to-line rms) s on ' Jﬂwv'
Grid frequency | 60Hz @Va e LA JE}:;“ Vo < “
Output dc | 500 V 2 e d e | 1 el
voltage ECS s |
Rated power 50 kW v i |5 _{ e

Switching 20kHz —O— e ‘,
Frequency | Lo 3“ e |
Input Inductor | 25 puH .

Output Inductor |1 mH Transformer’s Gain

Output Capacitor | 200 uF TV

Transformer K, |0.44 K, = —2¢




Three-Phase Input Filter

Vout

Ipri_ab
AC-AC L—>

Simulation Results

. Vpri ab '
Vgo%_eﬂ_; “ 0800
1 1 : |
0-1-500 I

Vpri_ab

Vpri_bc

v A

1| Modulation

0.03

0.08 0.10

Algorithm

ia :lb |c

Frequency #.02 0.03 0.04 0.05 0.06 44 of 19



Experimental Prototype

e 2 kW experimental layout.
« 208 VLL RMS
e« 500V DC output

o 20 kHz switching frequency
Outputfilter‘ o

s by \/oltage and current
Ih~ e Sensors

.f_,-"" N = - =
y LAy WS
"/ i .‘.\'_-A- J’:‘b_ e
ﬁ - ., 0

o

» \ i f l - .
12 Pulse rectifier éﬁggggc | ‘ i e i': : — = AC-AC
A ‘3‘ SLIRLY Converter

.

[ — __ i _:_.i:__"&_';.— i E%-f,_

e 20 kHz, 10 kW Ferrite core
transformer.

N |

]
2

5 "
- | -
3 5
’ .
b= =
i : r : fl ; ol = - = - " ” - -
A . | Al l
L B

I y P
| R e i

i -
| 2t

.

S o8 i
-f-"_::-_ffd—:_f_ :

(1‘; .

Transformer

 3independent cores. 14 x5 x 3 cm.

ter
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TekPrevu [ ]

. . . . . 1 . 9 0,000000 Hz -1. 02 dl\-' ) =
c A T BE0.0000 Hz |2.00 A

(O AGB0.0000H:  AS5.63mé ‘; v Ia

: : : . : 1 : Cursors Linked -
SR I ...... T : : : : g
. s . a . T = . . L]

c Ipri ca

B e ., o
) ) ) ) . T . ) . ) : _®_ —] AC-AC | —>
I S 8 ] 1 +

S o | IEF 3]

Three-Phase Input Filter

%[4.00ms 25.0MS/¢ 5 1

1M points 400md

2,004 500 Hz
TTek Frevu M 4.00ms

- -
- o ;____;____;____;__Svom(299.4v>

Zo_omF_acForE:QQOQX_ . ZoomP05|t|onl—698us_ - E) (2 063 A) I
: : VprI ab : T : : : : ;

TekPrevu [ """

OUt

5.00 4 ]10.0ms 10.0MS/s I S
@ coow 10.0ms ) 1M points 0.00% :

Yalue Mean Min Max Std Dev : :
S OMETs O : : @ s 2094V 2994 299.4 299.4 0,000
; 7004 ] S @ rMs 617.5W 617.5 617.5 617.5 0,000

1M points RMS 2.063 & 2.063 2.063 2.063 0.000
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|da1

uW“M"'"HlH |

VL5 L |'|'|'|'|”}\ “['.'fl'l'l‘l'" '\H\n\'

. . . . . 2.00ms 50.0MS/s Line W )
€ 5004 E.00 & 1M points 0.00 %
Yalue Mean Min M Std Dev
BRMS 2654 2.65 2.65 265 0.00
[ 4 LS 2788 278 278 278 0.00
Tek Pretu [ ]
Tekprevull . : { } | 4

Vrec2

[Vor

& =ov ][2.00ms 250MS/s ® ]
: l[zooms 50.0MS/s Line ~ W: : 500 ¥ 5M points 0,00 :

-0 500 ' ' 1M points 0.00 Y : - Walue Mean Min Max Std Dey : _
Yalue Mean Min Mas Std Dey & s 245 245 245 245 0.00
RS 185 ¥ 185 185 185 0.00
1 RMS 520 ¥ 520 520 520 0.00 47 of 19




EV Charging Application - with [-SST

Open Delta 12 pulse

Three phase AC-AC Converter and High-Frequency : 12 Pulse Rectifier
input Transformer (20 kHz) |
Vy ipri_ab +15°

lla
Three-Phase Input Filter




Open Delta 12 pulse 2

' EV Charging Application - with [-SST

hree phase

AC-AC Converter and High-Frequency : 12 Pulse Rectifier
mput '

Transformer (20 kHz)

: Llout

Va

I Three-Phase Input Filter

IanJt Current quality iS high 0.125 0.1375 0.15 0.1625 0.175 0.1875

Time (s)



EV Cha

SiC Bidirectional AC/AC
Converter with a weak DC link

3

.||—]

Medium
Voltage

rging Application - with I-SST

in series at the primary side

PWM Converter

| —
| —g |
: r_ -|$ VAPlT ggg 5’_|_“ LegA IQl
N Y ° : E E TVAS | i
Out =\ |
[20kHz| | — -|§|} = |
S TR I N 1 P S
| 1 3 5
| - L A HY
_J : r_ -|5} VBPlT §=§ | Iﬁ’ '- '- '-
) >t \
(| i = e :
e | L | ) —=2 \ B
ey [ ﬁ} [Vern T 655 L
- : -r | M 7\
s | :
_}_/ _|E|‘} ng : Qs Qs Q2
= fuc I ! N
LC - | : ; TVes| | - - -
Input | L | f—— : H H
Filter : -lEl} Veen 1 gég | p
' |
— I\ = | IQ2
~ o /
I
| High Frequency Integrated Solid State : |
: Transformer (SST) 20 kHz (N,/N;) =1 ] :
I For high voltage level, series stack of : "
IFn'IIOtUt : AC to AC converter can be connected ) Three phase Selective Harmonic : EV Charging System
ilter I
[} . '

» HF Isolation ; ZVS operation of I-SST ; Scale to high power with WBG technology




Utility Grid

L

/___________________\

High Frequency Integrated Solid State
Transformer (SST) 20 kHz (No/N;) = 1
For high voltage level, series stack of
AC to AC converter can be connected
in series at the primary side

\ | |
Three phase Selective Harmonic : EV Charging System :
PWM Converter '
g1 Ly I py
- Y2

Veal §

L

Ves 1 §

VI'SC _— +

IQZ

» HF Isolation ; ZVS operation of I-SST ; Scale to high power
with WBG technology

1

§ VDC for the rectification Mode
: "LW'\ w,,--"'l.*"""‘ oy ‘_"‘r'“'-.-._‘ ""7'|*..-..*'|' 7‘5.‘ — _""l"""‘m"‘“u'u"‘h i “ A_ : T _. b} :h_' il —'T"""' |I"L"‘" ll"f

EV Charging Appllcatlon W|th I ST

V L|ne frequency (60 Hz) = Hz) o

i e

Frequency spectrum for the transformer voltage Vgp, The dominant
frequency is around (20 kHz)






MV Adjustable Speed Drive - with I-SST

Medium Voltage ﬁ E Input Reclifier DC-Link Inverter Dutput Sine
Supply Bus = g E Transformer Filter

=] =3

A E T

:f ° A

= fff.-- --H‘K‘x
ZIS S MV \
1 . Induction |

J{ 25 . Motor J

Typical ACS 1000§ diagram \

Large 60Hz input transformer

 MV-ASD system (ABB) with 24-pulse diode bridge rectifier configuration and 3-level,
3-phase NPC inverter



Texas A&M University - Power Electronics & Power Quality Laboratory

@ Major Factors Influencing Power Density:

Incoming Main Copdactor
Trmcioals Transhormer Coodisg Alr D

Mun Fussi

|,:'l_
n r

-

:

Large 60H:z
input
transformer

lnpw Trassfommer 3i-Puls Inpst Surgu Arnealees t]-l-:tlr-r

MTX ADJUSTABLE SPEED DRIVE 200.1000, & 1500 HP at 4160 H' o

e EMI Filter (~ 2.5 L); DC-Link Capacitors (~ 0.5 L); Heat Sink (~ 0.5 L)

Transformer (~ 14 L) > 70%
enjeti@tamu.edu m




Texas A&M University - Power 4

Proposed Medium Frequency Transformer for 0s!
ASDs

A

oratory

400!
3-Phase Medium / High Frequency SST 0.40
(2- winding primary & 2 secondary windings)

0.45

-
- JM‘-.-
0.50

Three phase Diode Rectifier

(AC-AC

/" 3-Level NPC Inverter with MV IGBTs

‘. V/
;

sec,A

LYY Y
NI |
D1 f\D3 f\D5
sec_ l
f Ve rect =

|
o

Cacm

™

SB‘I_I

sc1_|
scz_l

Vo \ D4 /\ps 7\p2 l SA2
&, 8 *
) ¢ "o

Ia Vb g Three phase Diode Rectifier "c')'
aCatiy o AR oxy

V. % / \ , - y I L Cam

N . — | SA4
Lvd 2|SD42|SDG$D2 l 'I

Medium Voltage,
3-Phase 60Hz AC

30
20
10

-10
-20
-30

0.26

0.28

0.3

Time (s)

032ny.edu

3

43

>

Mediu

—Voutap ™

A C
3-Phase

m Voltage Motor

055 Time[s)




m Experimental Results

(Th Diods Rectfier )
res phase Digds Rechfier

(Simple, NPC)

Bank of 1-Phase Medium Frequency Transforme
phase transformer) for 12-Pulse

enjeti@tamu.edu

(open primary and zig-zag-star secondary windinygs)

r a single 3-

¥ or Cascaded
\i"slec1,<+‘|5n sec_A #‘ﬁm : I Inverter
_ Vocrem T35 Cacrn
|
\ u#uz !
: i Rk
i ol |
3 Thre phass Dioda Rachiar )
g Vsec2.<'15° H ocz &' ] I
— 11 A s
l'— Voerwet | |
| EL L e
(T Phase unidrecTonal )
AC-AC Converter
-~ J

Texas A&M University - Power Electronics & Power Quality Laboratory

Vauas

(o
3-Phase Motor

L



MV Adjustable Speed Drive - with [-SST

* Modular inverter cells

Typical Power Cell

e Multi phase input transformer

cell

gl 1],

Laocal Contrals
Cell Fiber Optics P

VFD Control

* High quality input/output
waveforms

. Large size & weight

at Constant Xolta

and Freguency, g
T Bulky Line frequency

Magnetic Components




MV Adjustable Speed Drive - with [-SST

i+ Medium Front-end Power ' Medium Frequency: MedmumVoltage
i Voltage Converters ; Link ; Adjustable Speed Drive
] -‘-A C L] ] L]

i

*1B1 Typical Power Cell

J[Cell
=] E 3 3 LJ |

es" ry t 7| %]
i \ : :

Local Controls
JCell
B3
Jcell Fiber Optics P

3
&

p i ic 9 oy
ﬁ

VFD Control

040 045 050 055 Time(s) * T

0.45 0.50 055 Time (s)



MV Adjustable Speed Drive - with |-SST

i Medium i Front-end Power i+ Medium Frequency MedmumVoltage
i+ Voltage Converters : Link i Adjustable Speed Drive
[ ] -‘-A— (:1 ] [ ] L

a

V,

T




MV Adjustable Speed Drive - with [-SST

SiC Bidirectional AC/AC S
Converter with a weak DC link I u ||_|'

HF (20kHz)
Transformer

0 NPC
('20 ) Inverter

m £‘|E|} :TEN ST — T

ny - : = 0
—TC_O _EI} ETE Npg (0) 6-Pulse| L )
GND e N | | -
Ven iue SWac-ac iac szél\\l # TC -IE
o

N I 2 | ] _ || —
i i - @: E}ffE Et - D i

1c o)

Utility | AC/AC Converter and Integrated Hight

18-Pulse Diode NPC
Supply 1 Frequency Solid State Transformer

Rectifier : Inverter

» HF Isolation ; ZVS operation of I-SST ; Scale to high power with WBG technology






Large Scale PV Plant — Centralized Inverter

PV modules wired in series/parallel to 1500V DC .
Central Inverter DC Collection

DC coupling of PV panels
Large size medium voltage transformer interfaces PV plant with the utility grid.

ﬂmwn

.

— ) 4.55M1&-11..
“ | ~—_ EPM@-H
. e
i
- E— e
;f T-\ : Source: SMA Solar Technology

Utility Grid Transtormer Compact Station SC 760CF-10




PV Interface - with I—SST

Cell A, e DC-AC
} Isolation Transformer }
Chs N
o 3 o e £ H} K3
Series stacked inverter modules. g”ﬁi L sgoVacrﬂﬂllmm

. . . K3k £F 14

* High quality multi-level PWM § L IT | |
C C Cell B; Cell C;

output. | o Cig J _ u
* Line frequency transformer is \ Cell A, | cells,| |cenc,|
eliminated. ‘ g

 Employs standards 690 V inverters '
with 1700 V IGBTs .

e Suitable for MW scale applications.

a
Medium

Voltage Utility b

Bus — 13 kV C




PV Interface - with I-SST

VnZ 0n°

\ VaoZ 6 °

’/3 V= I X/ 270°

Vzléz
ViZ 8 ° \
e i ¥
£ 180° -
Vo=V, +V, + ---+V

DC-DC converter &
Medium Frequency
| Isolation Transformer |
1 1

DC-AC
Inverter

P

AY|
J1
o
8
| <_
8

Cell By,

CellB,| |cellc,
Cell B, Cell C,
%/—I

Cell Cy;

Medium

Voltage Utility
Bus - 13 kV

(@]




PV power

PV modules

Inverters

PV surface

Total surface

Sectors

MV description

Connection point

Plant design and construction
Commissioning

Figure 1. Main data of PV power plant in Eggebek

2.1 Location of the plant

The 83.932 kWp PV plant is located at
the former NATO airfield in Eggebelk,
Germany, latitude 54.63, longitude
9.35.

AC - Collection Grid for Large Scale PV

2. Eggebek Plant System Overview

83,932 kWp

371,089 modules (5 models from 185 Wp to 240 Wp)

5061 TLX Pro+ 15k and 257 TLX Pro+ 10k: 78,485 kVA

585,472.5 m? of modules

1,288,802 m? ground area

35, each with its own transformer station: 79,800 kVA (total AC power)
5 rings connected to a 20 kV/110kV sub-station

7 km from the plant sub-station

Mohring Energie GmbH

December 2011

Several hundred
3-phase
transformerless
Inverters are
employed

- o 1

Figure 2. Aerial view of Eggebek solar plant. Courtesy of Mdéhring Energie
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Pl+ &=— O
|
P+ s——-y0
_—
Wi+ a—F—
|
Fl-
.—-"'-P-
Pz O
|-

Insulation survedlance |

PY parali=|
mode jumper

Three phase transformerless inverter

range from 6-15 kW

Functional Safety and
Grid suresillancs

L]

4

MPP
Tracker

1 level inverter bridge

{Redudant circuitrygl

o1 o o
o o o
o1 o o1
f/fn—c-’”"#

LT 17

—s |3
Residi
Current —= L2
Monitor
Unit | g LI
—a M

Commiunication Commuricaticn Irradiation Temperaturs Extended Grid
riterface imterface S0 mieter SEnsof SEnsof faultride through
Ethernet RE485 Inpast interface nput capabilitiss
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e Danfoss 3-phase 480V AC

AC - Collection Grid for Large Scale PV

ector 1

A

Inverters are grouped together
e Droop control is employed for

power sharing

e 3-phase, 480V, 50Hz AC cables

are laid in the field

-
-
-

e A 480V/20kV utility high turns
ratio transformer is employed

@ Transformer

480V/20kV

AC Protection

| -

 Cable size/length/cost are an

issue

-
-
-

* No DC-circuit protection

-
-

cy

J

AC Protection
480V rms

60 Hz Frequen

.-
-

AC Protection

-
-

| —

AC Protection

-
-

AC Protection

Layout of Eggebek Solar Park



PV Interface - with |-SST

 Medium frequency

:'E'pﬁirié"i i'éﬁﬁa'se' ME?rérTs?o'rr%Er'i :’ 3 Phase t0 3 Phase ! Vi transformer isolates pv
Jookw |l 1 [ 1| 1 Cyeloconverter | P99 and distribution grid
Inverter mwvwf j(_j J_:: g § § g:r i Cﬂj ! A_C power collection at
! ITT! i ! i higher voltage /
b - " i N | : | frequency
:_____5 ____________ i i i Il?educed cable ohmic
__________ |====f--=--F----T : _::j_ | 0SS€es
: X ! | ' Employs 400Hz to 60Hz
100 KW Hoom H : = ! | | ploy _
o LLLy § e '__)_Cg]_ | commutated
S CLT; i : e || —:—} —11 cycloconverter.
e i (1] 1 Increased overall
| ' i | efficiency by 2%
| | e | Eliminates bulky line
R A I Bt [ : : frequency transformer;
1000v | 100 KW o ‘ ': r - ! i ——"C;r]— i reduces site preparatior
Inverter JJYW: N 7 J J_:: g § \\ § %i : : & allows for more room
!.---.y._ii i i . i for pv arrays.
== 1 Ll | eoce
|




PV / Battery Interface - with I-SST

| Van Line frequency (60 Hz) |

P R,

’ \ I I

| Utility Grid |  High Frequency Integrated Solid State | Three phase Selective Harmonic ' PV Farm !
| Transformer (SST) 20 kHz (N/N) =1 PWM Converter ! !
: For high voltage level, series stack of : lo1 Lg I'py
i AC to AC converter can be connected - vYY\L 2
: in series at the primary side : +
| |
[
| -I Veal 85 ' PV PI . . .
| El} 15 %,ﬁ | Qs Qs WA 2 4 iy
v 1 1 HEHE, _ _

| | [ H Inversion Mode Operation
i o O
[ | g
T _I . — B >°=—’ Vey

— |
L VesTEB B Ve |1 15 piEgi
[ | 0L C Bk

I | Lo
| | y y ST | .
! | Qs Qs Q2 L5KV
' ' 120 KW
i '|E|} Vect gEg T Vsc : -I -I -I
I -g i I —
[
\ _— /I A

S | Q2

» HF Isolation ; ZVS operation of I-SST ; Scale to high power e
with WBG technology — p—

frequency is around (20 kHz)



Wind Energy Interface - with |-SST

Transformer

Source:

westas

“ Ol corerlisr ﬂ Soervice Crane E Abechiamical dlisc Drake E- ety oxlinaler
€ waler cooler lor generalor a Chplispoecd® sencrator €D Machine loumdation €D Hub controller
€ tigh voliage ranslonmer © Composite disc coupling €8 Llade bearing

B Llirasonic wind sen=sors ﬂ Yaw gears ﬁ Eilaneler Duualy

B VAMII=Top conlroller @ e Taors E ilancle
willh converlbor




' Wind Energy Interface - with [-SST

AC / DC DC / AC LV / MV
J J e _f MV
_ s L grid
S E DC Link step-up
= hnr transformer
— L
H— Asynchronous

T Generator

e Transformer size / weight / cost is an issue

o Utility transformer is sometimes located on
the top of the tower. Large size adds to the
cost of the structure



Smaller size
MF Transformer

Wind Energy Interface - with |-SST

1-Phase Medium

Va I

Vi
N
r-

rul

i

43314 3ndu) aseyd-¢

FACAC |

Frequency Transformers

3-phase PWM Inverter )

Utility
Grid

X,
o}

0.40

045 0.50

0.55

0]
050 |
00

50
400!
040

f 3- -phase PWM Rectifier

mw

Wind Turbine
Generator (WTG)

Existing
hardware

055 Time s)



MV (13.8 KV) - Power Distribution Systems for
Data Centers with transformative performance

¢~ 1-phase uni-directional I
AC-AC Converter sec_A

=- Boost B
JAY jg 1 = -!3 i@z%'ﬁ DC Distribution for

Servers (48V high

L - )
Vv i
"o Ve TVF...-,ph B:;ét T Vaes = current)
: il \

ZSZE -| 4-i;z

A vEBD.phI'\
Vpri,ph.ﬁd
AC-AC —[AC-AC 1-Phase Boost PFC I
[ ijll Lerc E I
Iin_a‘n A.$: * E K
[ Vdc;;
N 3-Phase
Medium
3-Phase Input Filter Frequenc ZS ZS
3-Phase, 60Hz AC quency
Medium Voltage | in_a_fittered Transformer |

‘Ja, Ub?. Vc?




Thank you!!

Current Ongoing
Research

e Micro-grids - PINE - Grid
Edge

e HF Converters - GaN / SIC

* |Integrated Solid State
Transformers

e Cybersecurity of Grid
Connected Power
Electronics Hardware
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