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Principle of Solid State Transformer

B Fundamental Principle of Solid State Transformer(SST)

Power Electronics Conversion + High Frequency Isolation

T T O o o —0
b 0y o3[ I |3
l v o— | —0
» Line frequency transformer » Solid State Transformer
Cons: Pros:
@ Fixed voltage/current ratio @ Capable of AC/AC, AC/DC, DC/DC, DC/AC
(@ Equal input and output active/reactive ]
(@ Flexible control of voltage/power
power
(@ Fixed frequency Cons:
Pros: @ Extra loss in power electronics with 1%
@ High efficiency — 99.5% reduction of efficiency
(@ Low price (@ Cost increases by about 5 ~ 10 times
(3 High reliability (3 High control complexity and failure rate
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Application Scenarios of Solid State Transformer

B Traction Power Supply

» Line-Frequency Traction Transformer (16.7Hz in Europe)
@ Weight 12% ~ 18% of the locomotive — 0.25-0.35 kVA/kg

DC
AC @ Volume constraint leads to high transformer current density thus
low efficiency — 89%~92%

> SST Solution

[T Pentegraph
< @ Weight reduction of 50%— 0.5-0.75 kVA/kg
I 11°</F oc (@ Efficiency improvement of 2% ~ 4%
DC T DC T AC Ag}~‘ b
f>>16.7Hz R b driygy, 5 1
\‘ o

ABB 1.2MW prototype for Swiss Federal Railways with >96% peak efficiency
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Application Scenarios of Solid State Transformer

m EV Charging

LFT

-
(3 High current of LV AC/DC converter increases the loss leads
pies oy to low G2V efficiency — <95%

Chargers

{111 e

(@ Modular structure with scalable capacity
LFT based DC charging station ‘ @) 50% reduction in footprint by eliminating LFT and LV

» Existing DC Fast-charging Station

@ LFT+ LV interface cabinet + Charging pile - Large footprint
AC

€+ i

DC

(@ Fixed capacity of LFT without scalability

interface cabinets
() High efficiency in AC/DC stage, with around 2%

AC DC DC \ . . . .
e | ~ improvement in overall efficiency
DC DC :

15kW Power module

[
[

A I

5

(AT

[

SST based DC charging station Source: Hao Tu (NCS) Delta 400kW DC Fast Charging Station with 97.5% Peak Efficiency
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Application Scenarios of Solid State Transformer

B Data Center Power Supply
» LV AC/DC Power Supply Solution

~ill | @ High no-load loss of LFT
AC pc /| -
# E g— (@ High number of decentralized power supplies, with power
DC distribution area accounting for more than 50% of the total area

(3 LV AC/DC stage limits overall efficiency — 95%~95.5%

34 power supply devices

4 Manufacturers

36 Communication interface
297m? Distribution area

» SST Solution

@ Modular structure with easier deployment and maintenance
(@ High integration, significantly reducing the number of power
supplies and reducing the power distribution area by 63%

(@) Overall efficiency improvement of 2% ~ 3%

“AC & HVDC power supply”
IT device area vs. Power
distribution area

ac /] [bc < i[bC
—H— —H#— IT
DC DC \— DC Load

=

XD Power Electronics Corporation 2.4MW data center SST with 98% peak efficiency
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Application Scenarios of Solid State Transformer

B MVAC-Connected PV System
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» String PV Inverter

@ No-load loss of LFT at night

(@ PV inverter (98.5%) X LFT (98%) — Only 96.5% overall efficiency

(3 Transient instability with parallel connection of extensive

inverters

» SST Solution

@ Lower no-load loss

(@ High level of integration and
high power density

(3® 1% improvement in overall
efficiency

3# cabi 4# cabin

TBEA's 1MW SiC based MVAC-Connected

PV SST with 98% Peak Efficiency
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Application Scenarios of Solid State Transformer

B Renewable Energy MVDC Collection

DC

MEN

DC

AC
DC

DC

(6)—

AC

AC
DC

Q)

-~ MVVAC

-

—# MVVDC

@,”_

AC

DC

» Conventional Collection Solution (AC Collection)
@ Low efficiency due to multiple power conversion stages and
high current
(@ High collection loss in MVAC cables
() AC is vulnerable to harmonic, resonance, and other power
guality issues

» SST Solution (DC collection)
(@ Loss reduction through integrated power conversion stages
and soft switching technique
(@ MVDC cable features low loss, thus high collection efficiency

IEECAS £30kV/1MW PV DC Step-up Converter

|pE ED ©heISansamism

hRFS5RNfEH

Power Electronics & Electrical Drives



Application Scenarios of Solid State Transformer

m Hybrid AC/DC Distribution Grid

T BT
O O
S, 8 DC
E E LV DC DC
2| B3 Distribution Intelligent Building
al o Grid
ol o DC . ﬁ
21 < bc[~ o=o
> > v w
=1 =2 MV | LV charging post
[)C DC: o 2
MV | LV b¢ o
B DC
A | ac EEER
PV
i
ac/l1[oc] e
bc| | /Ac ‘L
LV AC -
Distribution Wind Power
Grid > AC loads

Schematic diagram of AC/DC hybrid distribution grid

> Features of Hybrid AC/DC Power Distribution Grid

(@ Compatible with the existing AC system, flexible access to
various types of new energy and new type of loads

@ Numerous AC/DC and DC/DC conversion stages

» Functionality of SST Solution (Multiport)
@ Integrated MVAC/MVDC and LVAC/LVDC ports
@ Flexible regulation and energy exchange of each port

(3 Reduction of power conversion stages = Increased efficiency

LT M. s

T

Suzhou Tongli 3MW multiport SST Dongguan AC/DC multiport SST
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Application Scenarios of Solid State Transformer

B DC Distribution Grid

LV DC
Distribution Grid

MV DC D
Distribution Grid - @
DC
Intelligent Building
N | DC — o AR .
DC e —°)

w w

charging post
— bc] o
PV
DC

bel— LE=
B Energy storage system
pc ]
AC

Motor Drive

Schematic diagram of DC distribution grid

> Features of DC Distribution Grid

(@D Low cable cost, high transmission efficiency

(@ Provide high efficient interface to renewable energy and energy storage

> Functionality of SST Solution (DC Transformer)

@ The only way to realize MVDC and LVDC voltage conversion and
energy exchange

Woujiang MVDC/LVDC Power Distribution Hangzhou Dajiangdong DC Distribution
System Demonstration Project Network Demonstration Project
+10kV/750V 2MW SST +10kV/£375V/500kW SST
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Outline

Key Technologies and Issues in Solid State Transformer

* Efficiency
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Solid State Transformer—Efficiency
m SST Efficiency Analysis

» SST’s efficiency is 1%~2% lower than line frequency transformer

» Loss Breakdown
@ AC/DC: Hard switching, high number of devices

(@ DC/DC: losses caused DC/AC+ MFT + AC/DC Line frequency
(3 DC/AC: Hard switching, high output current, high frequency ACIACSST  ACIDCSST transformer

100

Efficiency [%]

—— filter
= Acnc 3T DOAC mmy
[ DC/DC T

99.3% 98.7% 98%

Source: J. W. Kolar (ETH Zurich)
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Solid State Transformer—Efficiency

m Efficiency Optimization of SST

» AC/DC Stage (MV side)

(@ Switching loss: Interleaving of the cascaded AC/DC modules =
low switching frequency thus low switching loss

(@ Conduction loss: Fixed IGBT on-state voltage limits further
optimization

Non-interleaved

I Ll
QU T
A
! Uy

-

Source: J. W. Kolar (ETH Zurich)

High number of voltage steps
High equivalent frequency
Uf
g t >
Switching frequency reduced

by N? times

o

» DC/AC Stage (LV side)
(@ Centralized design with high output current

(@ High switching frequency is needed to ensure output current
waveform quality which causes loss increase

..........................................
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Solid State Transformer—Efficiency

semcccccccccccccccc b GB-GD G- - ~cccccae, g

> DC/DC Stage -
(@ DAB: ZVS of all switches but turn-off at peak current, IGBT trailing |

[] Effic iency Optimization Of SST A

AC !
. , ' L DC/}—o
current still causes high turn-off loss i _Acg 1 y! _._;.L 2
: 7"_1 —0
@ SRC: Efficiency increases by 0.5%~1% because of ZVS and QZCS T . i T
resonance increases current peak which intensifies the conduction loss - HAc ' D i
(® IGBT is turned off under ZCS, there are still charge inside, and it takes a L . A
. . . . . ! )
long time to be recombined, and the switching loss will be large when e N a e
the complementary device is turned on
A A 90 150
Vgsl VgsZ R Vgsl Vgsz o -
> t > t - ‘O‘O-E) OO”éQIQS(t) o0
=1
\ \ o o) Q125 ()
Vs /_ > Vs /_ g £ m ‘Qé
Turn-off S - Yli 50
& current ’_\ Turn-off 25(1) 10
iL 0\ / > I ¥ current -y | &MO:Q
- / \/ 0 0 20 0 0 5 1‘60 ’

Waveform of DAB Waveform of SRC Source: J. W. Kolar (ETH Zurich) IGBT current is 0 while charge inside is not 0
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Solid State Transformer—Efficiency

m Efficiency Optimization of SST: Employing Wide Band Gap device

> Advantages of SiC: > Limitations:
(D Critical breakdown field strength x10 (D SiC MOS costs 8 times more than Si IGBT
- low on-resistance (@ 1700V SiC on-state voltage is higher than Si IGBT with

. : |
(@ Unipolar device = No trailing process Low no improvement of conduction loss:

(3 Saturated electron drift velocity x2 switching

() Existing material and technology limit the current

carrying capacity, resulting in low capacity of SiC-
@ Low junction capacitance loss based SST

-
(=3
o

10

©Si MOSFET
ASIIGBT
®SiC MOSFET
SiC SJ-MOSFET
ASIiCIGBT

Specific On-Resistance [mQ-cm?]

0.1

NARI 500 our-P ETH SiC AC-DC power module with k efficien 01000 17'00'\/' 10000
- t
| kW Four-Port SiC SST with 98.5% peak efficiency : o r i Ith peak efricie C;/UP Breakdown Voltage [V]
t099.1% and power der|S|ty up to 3300kW/m Source: Gua yi L i(F 3 y rsity)
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Solid State Transformer—Efficiency

o o ° ° ° 99.9
° 27 ' ' '
m Efficiency Optimization of SST: MFT " _OTE1 Contradiction between
11351 & X UTI™ L affici ity |
o 3318 % 16] \@ efficiency and powerﬁde.nS|ty
. Pol_w.lfer %: 99.5 1271 145] ¢ 1401 <>[1 S5 [48] £ | Cooling
1Z& O
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wd = 'S R | S o|Oil
S Y ¢ B J I £ 9911 = N bl s
.._vl_l; Fwﬂ—l" il _ m [38] i e ) .l 1 ®/O|Water
Isolation Materials TRerMal Frequency 98.9 D ¢/¢|Natural
[34] * /¥¢|Forced air
98'70 5 72{10 15 20 25 30
> High frequency -> High power density -> High loss Gravimetric Power Density (kW/kg)  Source: J. W. Kolar(ETH)
» Skin effect > Proximity effect » Hysteresis loss > Eddy current loss > Dielectric loss
Leakage Flux . : - -
Bs l l l Eddy Current I | o) o Equivalent
— R || BR|| ==c
Main flux U H model of
" Bq - . .
— — insulating
materials
Nanocrystalline - |
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| * Staggered winding '+ Design of flux density
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Outline

Key Technologies and Issues in Solid State Transformer

* Voltage regulation
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Solid State Transformer—Voltage regulation

m Voltage Regulation Requirement

» Application scenarios such as EV charging and PV energy collection require a wide-range DC output voltage
regulation capability

(@ AC/DC voltage regulation (@ Additional DC/DC stage
% Reduced modulation index and increased x Extra power devices and conversion loss
module count
AN A
\\‘ (T - - -~ \' (T - -~ \l 'n
O AC /71| DC :'
\‘ : | : : L '.'
N e e i ol IS
\ ' 1y | | (
\L | [ D |
A IVAR RN
; DC : DC : —~—J—' DC —O:
[ [
l . I ___ ___ |
—AC —:—: DC T:
: l : : I v’ The ability to regulate voltage is
O ' DC = ! DC u.————""”"') desired for DC/DC stage
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Solid State Transformer—Voltage regulation

B Voltage Regulation of DAB - Single Phase Shift (SPS)

» Backflow Power: inductor current is in the opposite phase to primary
voltage, the transmitted power flows back into the input side

» Backflow power increases with higher voltage gain, causing higher
conduction loss of semiconductors, MFT, and inductor

Vi

\Z

o <

» Voltage difference on inductor increases with higher voltage gain,
imposing higher current stress on the semiconductors

Backflow

Power ™

Backflow power increases
with higher gain

~
~
>
e ~
~
So
|

A

A

Vi

\ 4

Up

-V,

Us

-
-
-

-
-

Backflow /VI/

Power

14

12t
10t
Current 8

stress

T_’;,+‘_'r
5
H
L
s
O «

Current stress increases
with higher gain
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Solid State Transformer—Voltage regulation
m Voltage Regulation of DAB — Dual PS/Extended PS/ Triple PS

(o,

O
» Adding "internal phase shift angle" as an additional control 4@ 4 1 q
. L
degree to optimize backflow power _ U
V| == lm I || \: — |V,
» Limited current stress reduction under high voltage gain n:1
4 4 4 4 v
v
(o, O
A
Vi
3 : : : : : Up v > t 14
. Significant reduction / —.‘t rn, | - 12}  Limited current SPS
' in backflow power pm;l:e Sﬁ ift VA Lol stress reduction
5 u > t
2 SPS S Va

Backflow 1 5}
Power

> Current [
K\ ‘‘‘‘‘ stress gl

-7
-

1.

0.5f

S~
~
Ss
~

Backflow f 1 2 3 4 5 6 71
Power Vi/ nV,
Extended Phase Shift Modulation (EPS)

V1/ nVv,
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Solid State Transformer—Voltage regulation

B Voltage Regulation of SRC - Pulse Frequency Modulation(PFM)

» Decrease magnetic inductance—> Steepens the gain curve:
increases reactive circulating current, increases current stress

and device loss

» Wide-range voltage regulation—> Wide switching frequency

range: Increases transformer volume

2
18}
16}
14}
12}

Gain 4
0.8 |
0.6 |
04}
0.2}

0602 0206 08 I T2 14 16 18 2
Bt

Wide switching

i frequency range

L

O
v, o e VA
o O

Ip
. i Turn-off current ; /

Reactive circulating current 9 ! l

Turn-off c
A

Reactive circulating
current

urrentp

{ Turn-off current

/ L - ? ;
" Reactive circulating
current
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Solid State Transformer—Voltage regulation
m Voltage Regulation of SRC - Phase Shift/PWM

O
» Adjust the zero voltage duration to change the primary-side
equivalent voltage - regulation of the voltage gain an L,
Vl -1 =T 2
» The turn-off current becomes higher, increasing turn-off loss l l
o 0]
A
.h it — Phase shift control A Up
phase shift ' —
Vi angle 0 G - 1+ cos(0) G v phase shift
Up 7 > t shift — 2 PFM 1 / angle 0
«—> -V, . / > {
) T i ) -V
A ‘ T '5
P Increased g
Vi PWM control Ip A\ tu rn-off current
Up < , -V, >t GPWM - Sln(dﬂ')GpFM i_,_____.- i I ' __/}
dTs I :
o Im
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Outline

Key Technologies and Issues in Solid State Transformer

* Power density
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Solid State Transformer—Power density

B Power density analysis of SST

» The power density of existing industrial SST pilot
projects are still 3 to 10 times lower than line

frequency transformers

S A A A S
3.0bem T‘/ L:ine f:reque:ncy tr:ansfc?rmer. b ;
25| f e DopEsST R
> ;i 1, DC/DCSST e 1
) A SRR B
= A
g ORI SO S ‘ ‘ SR SRS
5 L5 fii e acibessT T
a o S
IR . .
O e T S S S
ob—i ¢ v

0O 10 20 30 40 50 60 70 80 90

Volume/m?

Power density study domestic SST pilot projects

» Example of SST overall volume breakdown

High-voltage
Fans & Ducts inte"fa‘:ﬁcabi"et * HV and LV interface cabinet,

= control cabinet, and heat
Power dissipation limit the power

/cabinet density

Control cabinet

N

Low-voltage . =*

interface cabinet

» Example of power module volume breakdown

e Passive components
Transformer (capacitors, transformers)
account for more than 50% of
the power module volume

Insulation

Bypass switch
Ancillary

power supply * |nsulation accounts for 36%

of the power module volume

Capacitor

Heat sink
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Solid State Transformer—Power density

Source: Yikun Zhao(IEECAS)

B Power density constraint—Transformer

» To reduce the size of the transformer, increasing the transformer operating frequency is usually considered

» The breakdown voltage of insulation material is inversely proportional to the frequency

» Insulation distance increases at high frequency, which limits reduction of the transformer volume

125 —m— Nomex paper
' —e— Modified DMD paper
—a— PET film

—w— PI polyimide film

10.0 ' .
As frequency increases, the

characteristic breakdown voltage

7.5 " “'\\ """""" P A

characteristic breakdown voltage/kV

50— ........... ..... *“;QH ........... ........... ...........
A e e
. . . Lo Tk
i I i | i I i | i
0 5 10 15 20 25
Frequency/kHz

Volume [L]

oy
T

0

T T T T T T

I>< Isoldtion volunﬁc
\/ Leakage volume
As frequency increases, the volume
occupied by insulation increases,
limiting the size of the transformer

Insulation occupied volume/ transformer vqlume
s

a0

4 6 ] 10 12 14 16
Frequency [kHz]

110

Isolation volume/Actual volume [%)]

Source: Jiirgen Biela (ETH Zurich)
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Solid State Transformer—Power density

B Power density constraint—Capacitor

» Secondary harmonic current exists in single-phase AC/DC
—>increases the current stress by 100%

» Tens of mF capacitor is required to absorb the second
harmonic current = significantly reduces the power density!

. / A Current of switches
lac () :

of - 1/(2/) 1/fy

-LS F.pri
. 2= With
DC-Link 100% SHC
Source: Jinxiao Wei (CQU) Current of switch
2.4
— . . 22 SHC decreases with the |
ldc/de i Z =} . £ DC-link
icap .dC/dC — C & 5t Increase O -lin
. + Ldc bose ZetZim 4 capacitance
lac/dc C g 1.8
- R - v
—‘7 g e« S 1.6]
@
S 1.4f
) (@]
Impedance shunt of DC-link 1.2

"0 5 10 15 20 25 30 35 40 45 50
DC-link capacitance/mF

capacitor and SRC

» Active power decoupling

, @® Reducing the DC-link capacitance by actively
absorbing the SHC

@ Large voltage fluctuation is allowed for decoupling
capacitor-> low decoupling capacitance with high
switching frequency

(@ Adding additional devices and loss, the efficiency is
reduced by about 1%!

Ia\c/dc(z fo) idc/dc
A

I

I

I

I

I

I

I

I

I

I

I

I

] >
I

I

I

I

I

I

I

I

I

I

! Buck-type Power Decoupling Circuit
I
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Solid State Transformer—Power density

B Power density constraint—Module Count

» Due to the limitation of insulation distance between power
modules, the power density of overall SST is reduced by an
order of magnitude compared to power module!

» Increase voltage rating of each module: reducing the power
module count

(@ Multilevel structure > Complex module design and
control, Increased transformer capacity

T13

S T1-2I T;‘IG
Dy,

S1sd

\ |
71

\ |

Three-Level Power Module

Power Density (kW/dm3)

Device Current/kA

10

-
o

100 -

10

50
40
30
20
10

0

4

N
T

-2

Semicond. Pack. Power Module

N
N

|

I

Stacks
Source: J. W. Kolar (ETH Zurich)

(@ High-voltage SiC devices (10kV+)—> Low
current-carrying capability and limited capacity

System

0

- sy, JEHE .. ™
- /ll::E’i/ - ,_\i\ R A -
phy - T 1 BIT, ~[
5 10 15 20 25
Device voltage/kV

SiC device Types and Voltage and Current Ratings

Source: Shiqi Ji(THU)
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Outline

Key Technologies and Issues in Solid State Transformer

* Transformer
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Solid State Transformer—MFT

B Technical Challenges of Transformer

e Solid State Transformer ~ -------- st i
i | High power High power density
| | |
[} 1 1
i | High voltage High efficiency |
[} 1 1
i . High frequency i Challenge | High reliability ;
} 1 1
| . Technical requirements Technical targets
T
§ 2 144 —=— Nomex
: - | > 12- -~ Modified DMD !
1 ! O o 1
: 5 B 104 —— PET Polyester !
i &S -+~ PI Polyimide i
I ; 9 g 81 T e :
e / B 1Y e
: oue N —— T !
! ; M a1t tm . g e e !
! Total Power Density: 635 W/in® ; o ) | ) | ) | ) | !
: EPFL ETH VT | 0 5 10 15 20 !
| 300kW, 2kHz 166kW, 20kHz 15kW, 500kHz | frequency /kHz |
A : f S ! !
. | Challengel { Frequency ©* -> Rated power | | i Challenge2 | Frequency 1 -> Voltage | |
L Loss Insulation |

_________________________________________________________________________________________________________________________________________________________________________

Wang W, Liu Y, He J F, et al. Research status and development trend of high-frequency transformers in high-voltage and large-capacity power electronic transformers[J]. High VVoltage Technology, 2020, 46(10): 3362-3373.
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Solid State Transformer—MFT

B Design of Transformer

e d " Yo

i Silicon steel sheet Nanocrystalline Ferrite !

~ Core
material

High power High power density

High voltage

> High efficiency

High reliability

Technical targets

High frequency

Technical requirements »

Structure
design ~

_________________________________________________________________

o
°
°

1
o O |
1

_________________________________________________________________

Sun K, Lu S H, YiZY,etal. A review of high-capacity high-frequency transformer technologies for power electronic transformer applications[J]. Chinese Journal of Electrical Engineering, 2021, 41(24): 8531-8546.
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Solid State Transformer—MFT

B Core Material

» Development trend: large capacity (10kW~1MW), ultra-high frequency (1kHz~1MHz) - high power density

e Large-capacity cores = high saturation flux density of the core material to reduce volume

* High frequency = low coercivity, high permeability, high resistivity of the core material to reduce core loss

06

0.40

Characteristic curve:

“thin and long"

Alloy Flake Amorphous alloy strip Ferrite  os - T o 10 //
Magnetic material g 04 )4 05 // / 0 VA
Permalloy | Amorphous | Nanocrystal Mn-Zn ~ °° 7/ 020 77 06
steel sheet 02 / 015 / 0a yi
______________________________ 0.10
B /T 1.7 1.55 156 1250 |05 oo [T oos /] 02 //
L 1 0.0 m 0.00 @ 0.0
- | ra e , ! ! 008 / ./
Coercion/(A/m) | 40 12 | <4 <2 8 -n\/ o // 02 ///
s : N : o /] iy
Resistivity/(uQ-cm) | 1 50 __| 300 | 1180 | 90 ! 5x107 ool N\ >N 0% ] ol
Cost w Very hlgh ngh Very hlgh Low 100 50 3 o o -100 -50 Ho 50 100 1250 %o 40 20 g 20 40 60 80
/ \ Silicon steel sheet Ferrite Nanocrystal
B-H curve B-H curve B-H curve

% Low resistivity causes high eddy v Amorphous, nanocrystalline have high saturation flux v Saturation flux density of ferrite is much lower than
current loss, low coercivity and

low permeability result in high

hysteresis loss at high frequencies

density, and almost eliminate hysteresis loss, suitable for

high-power, medium and high frequency transformers

other materials, with larger volume, but it is still
widely used due to cost advantage and high

switching frequency
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Solid State Transformer—MFT

B Structural Design

> Core structure

» Winding type

Structure

Structure
Feature Shell (E-type) Core (U-type)
Capacity Small Large
Insulation distance Large Small
Leakage flux Small Large
Dissipation area Large Small

* Shell type: small window area limits the winding current under

Shell (E-type)

Core (U-type)

rated current density, suitable for small and medium power

* Core type: larger window area achieves higher winding current

under rated current density, suitable for high power

Feature Litz wire Copper foil
Under high frequency Good Bad
Space utilization Low High
Current General High
Process difficulty High current High frequency

Litz wire

Copper foil

* Litz wire: perfect high-frequency characteristics, low space

utilization, more strands under high current

* Copper foil: compact structure, high current, significant skin
effect under high frequency
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Solid State Transformer—MFT

B Magnetic Integration

SRC - magnetic inductance design

|
I
S

* Small L (several mH) to achieve ZVS

| Y
'+ Cut air gap: main flux at the air \ / J
| gap is directly coupled into the 3 5?
| winding, causing high winding
| % eddy current! ‘*~~f~ K
[ & } |
i i e /

77777 @150kW, 10kHz
External paralleled inductor

to avoid cutting air gap Challenge: difficulty of transformer design

withasmall L,

DAB - leakage inductance design

° o
1 4 4
L
i u
Vi| == up I “ \: — |V
n:1
v . 1 . . v
o 0

* Large L (several hundreds pH): integrated in transformer
in form of a leakage inductance

| leakage B;

! l l l eddy current | . L .

i L e ' * Adjust winding distance: leakage
| : —mainflux :  flux enters the core surface area,
‘ — By causing high eddy loss on the core!

AT 1K07, 15um !

Nanocrystalline strip

Challenge: difficulty of integration for large leakage
inductance
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Solid State Transformer—MFT

] Thel‘ma| DES'g n Several heat dissipation techniques

L : - Lp0.04 Highly efficient cooling

i » Challenge of SST-MFT thermal natural cooling 0.08 max '
160W/cm? max

§° Eor:pact deiig:_oftrj::forﬂﬂter Z . Forced air cooling N mx E):ced liquid cooling

i ea concgn ration, difficult to dissipate - rect liquid cooling | / / r |~
i ¢ Good cooling performance -> large-scale heat sink ! J ————————————

i . . . o evaporative [ |

; High power density vs. High reliability | 0 0.8 1.6Wem2 ./

. , 5
________________________________________________________________________ Conventional cooling heat flow density (heat per unit area)  (800W/cm? max)

S oo

| ETH: 166kW/20kHz ) . . 500kW Oil-immersed transformers
i Top Cover LV Terminals MYV Terminals Air Outlet > ForCEd alr COOIIng i

x Wind speed over 8~10m/s will significantly increase —-
the back pressure and noise

» Direct liquid cooling

x Heatsink + fan takes up " :
about 25% or more of the | . -
total volume 3 W.l '

% High thermal time constant | “)

x Large volume weight of fuel tank,
oil pillow, shell, accounting for more
than 40% of the total weight

x Higher thermal time constant (>30s)

] LV Side Ferrite Isolation
120mm Fans Litz Wire Cores  Bobbin

V
o (>500s) g_ | H l,

» Conventional cooling: limited cooling capability, bulky, low power density, large thermal time constant

|pEE D ©BFSENEHmo 6.
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Solid State Transformer—MFT

B Thermal Design

Power density 44kW/L

‘Water
Inlet

‘Water

» Forced liquid cooling

Outlet
Winding

Power density 8.21kW/L

=" ETH: 166kW/20kHz
ETH: 166kW/20kHz

(Forced air-cooling)

e (Forced liquid cooling)

LV Side Ferrite Isolation
120mm Fans Litz Wire Cores Bobbin T~

Whole machine
heat sink

v" Small space for heat sinks: 5 times the power Winding

heat sink

density of forced air cooling Core

v" Excellent cooling performance: heat flow density

2 Water
up to 160W/cm inlet/outlet
%  Time constant still large (>30s) Core heat
Winding sink

M. Leibl, G. Ortiz and J. W. Kolar, "Design and Experimental Analysis of a Medium-Frequency Transformer for Solid-State Transformer Applications,” in
IEEE Journal of Emerging and Selected Topics in Power Electronics, 2017, 5(1): 110-123,
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Solid State Transformer—MFT

B Insulation Design

» Challenge: High dv/dt of square wave contains extensive high-frequency harmonics, causing insulation dielectric loss

(@ The higher the dv/dt amplitude, the higher the number of high ag 40 u
. . ”’/
amplitude harmonics E 36 /o
> 1200F > 1200 — = =
< 1 B |deal S Ideal > n
% 1000 F Bl practice %’ 1000 20 Practice 5 32 9/
S 800} S 800 M S Hal
S 600 2 eo0f 19 o 28
S 400f ‘ g 400 % 8 o4l j
s 200F o 200 0 8 90 95 _ 100
< i I I [ III"ll.llllu ................ \...( s '§ 20 /
\ T (&) —
0 harmonic number 20 0 20 40 ) 60 80 00 o @ @Square wave electric
/dt 0 5kV/ harmonic number 'g 16 field strength of 1kV/mm
du = L] us — B 1 1 1 | 1 1 1 1 1 1
du/dt=10kV/ps 0 1 2 3 4 5 6 7 8 9 10 11
(@ Compact transformer leads to smaller insulation distances and dv/de/(kV/ps)

higher square-wave electric field strength ] ] ]
Insulation dielectric loss accounts for about 17% of the

8fs In fc re c"|E2 transformer loss, leading to local temperature rise and
T 0 = degradation of the insulation

Insulation dielectric loss density: p =

S
Square-wave electric field strength

Wang W W, Li R Z, He J F, et al. Characteristics of dielectric loss and impact energy accumulation in high-frequency transformer insulation under fast steep-pulse repetitive electric field[J]. Journal of Electrotechnology, 2023, 38(05): 1206-1216.
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Solid State Transformer—MFT

B Insulation Design

» Challenge: High frequency and high dv/dt make the insulation materials suffer electrical stress shocks, and

partial discharge is extremely serious

Material energy impact density Tergggrature-frequency characteristics of partial discharges
20 polarity reversal 40us . . —a—25C
18+ Risine ed /o , Rising edge “ —o— 50°8
Ising eage / O —~250F —&=— 757
16 (- 5 °%e I 20ps > v = —— 100C
20ps d 1N S E
oy 141 ! '\ £ o 200 The loss induced thermal effect leads
g 12 | | g— %’ to an increase in dielectric constant
3 10k | | © 5 and conductivity, which enhances the
E 2 ' I | g %) 150 partial discharge effect
< or R E 5 °
6k RillE = 8 100
4k \ | Eg
a1 J1 © 50
OF \ Y
0 0.010.020.030.040.050.06 0.07 0.08 0.09 0.10 010 15 20 25 30 35 40 45 50
Time (ms) Frequency (kHz)

» Displacement currents at high dv/dt lead to high energy, which reduce the life of materials

* Repeated charging and discharging of materials under high-frequency causes relaxation of materials and failure of insulation
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Outline

Key Technologies and Issues in Solid State Transformer

* Cost

|pEE D ©NBEFSENAEMIRR

swrsanam Power Electronics & Electrical Drives

_40-



Solid State Transformer—Cost

B Cost Analysis of SST

» Semiconductors and transformers accounts

for a large percentage

/

semiconductors cabinets/frames

!

transformers

oy

L
electronics
/ ‘ \ filters

heat sinks
Source: J. W. Kolar (ETH Zurich)

dc caps.

Cost breakdown of AC/AC SST

» Reducing the number of devices
- Integrating power conversion stages

— Coupling between each power conversion stage,
increasing the control complexity

BB L T
] | - |
LEE; I i

AC/DC with integrated DC/AC

T,

DC/DC with integrated voltage balancer
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Solid State Transformer—Cost

B Transformer Cost Optimization

e Partial discharge intensity o f 15 a0 25

1 1 1
35 40 45 50

power
si7e ) o voltage
—_— P mndﬂgtmnﬁ E} —
AdeAmre = 1K B T f N =
HE,. _m ! o Ka §E Acore :{ —
isolate material radiator frequency WEEFOIHI material size requency
Optimization
(@ Material: high flux density B, < | | » (2 Frequency: high frequency f

v ; o 0w
i Amorphous nanocrystal ferrite i 1moTTToTTToooooes ﬁ ----- ' 250
! | | ! - (94 |
: saturation flux : | P:: - ]9( Bm : 200}
. . 1.56 1.25 0.5 ! ! . :
! density/T : ; | (AT1K07, 0=1.82) | z
! cost high very high low T &
E : | 100 F
. »  Amorphous, nanocrystalline material volume is | .« Core loss o< f182 ol
: reduced by 2.5~3 times, and the cost is about 10 i i

times of ferrite

______________________________________________________________________________________________________________________________________________________

» Using ferrite materials and sacrificing efficiency and power density can optimize cost
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Outline

Key Technologies and Issues in Solid State Transformer

* Fault protection
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Solid State Transformer—Fault protection

B Requirements of Fault Protection

> Fault protection on AC (grid) side = Technically mature
— Nearby grid faults: Contributing sufficient fault current to trigger grid protection
— Remote grid faults: Performing fault ride-through or providing support to the grid

» Fault protection DC side - Challenging
— Fault clearance : Limiting the rise of fault current and realizing fault blocking

— Selective protection : Disconnecting the faulty parts and maintaining normal operation of the remaining parts

MV DC LV DC
Distribution Grid . Distribution Grid

— AN

Intelligent Buildings

Charging post
AC grid anap

> —H DC loads

Remote PI‘OXi mal

|pEE D ©BFSENEHmo a4
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Solid State Transformer—Fault protection

B DC Fault Protection Technology

» DC circuit breaker: Expensive!

> Fault current limiting technique based on SST’s controllability: @) Configure half-bridge on the MV side (2 Configure solid-state

switch on the LV side

@ For MV side short circuit, half-bridge module can prevent the capacitor discharging to the fault point, realizing fault isolation

@ For LV side short-circuit, solid-state switch can inject controllable short-circuit current into the fault point, realizing fault location

and selective protection
» Drawbacks:

1. Under normal operation, half-bridge module/solid-state switch is still present, resulting in additional conduction loss

2. To handle kA-level current, solid-state switch requires multiple semiconductors or circuitry in parallel, which is costly

g frapilizc il
el i} .
t L ALt ]3980
| =i o
................. 5 3
o + DCAC .}lé:ACDC +

e
/

De-energize Isolate faulted
system segment
3

Voltage |

Current

Short circuit fault protection procedures
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Summary

SST is aimed to replace LFT based AC/DC and DC/AC converters, and fill the gap of MV DC/DC

conversion. High power density, high efficiency, low cost are the further pursuit

Power density and efficiency are constrained by high power module count and multiple power
conversion stages. Further breakthrough is expected with improvement of current capability

and cost reduction of wide-band gap devices

The high loss and complex insulation design of MFT reveal the contradiction among power,
voltage, and frequency. Simultaneously satisfying high power density, high efficiency, high

reliability, and low cost is still challenging

Wide-range voltage regulation and fault protection are key capabilities of SST. Existing technical

solutions come at the expense of lower efficiency and higher hardware expenditure
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