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Develop and deploy a 1 MW medium voltage XFC station:
« Shared bi-directional Solid State Transformer (SST) connecting

directly to the medium voltage (MV) distribution system
« DC distribution network with solid-state DC protection
« Energy management platform

« DC Nodes for local isolation and DC/DC conversion
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13.2kV Feeder

 The SST connects to three-phase Hb
: : CFofol—  (aft) Controlier [ mm—
13.2kV|, input and delivers 750V DC EEEE,
em e — ____________________levell ___
: o -8 P
* Atotal of 18 modules are arranged in DM Fifter] [« 7 — _;,,» !
. . . e T T e e -
6 levels using input-series output- H [AFE Tocal | 0% 1Y [ DualActive Bridge | :
f' t ! Conirol ! Controllei : :
arallel configuration 1) om : 5
p g M ng} _é)++ Jﬁ} z:é Jﬁ} % | 7:% 750V
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* Each level is made up of three e[| SO T | ke E up IR R atiamnin
modules processing three-phase e on N, o Ao Roge ) 1
power on the input and delivering DC
power at the output Level 2
. . DCP
 Each module consists of an active "
front end (AFE) and dual-active- Z i
bridge (DAB) isolated DC-DC stage | = Level 6 i
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13.2kV
. . Feeder
» Each Dual active bridge (DAB) oo Central AFE Controller)
autonomously regulates its medium Ié}f}/l il LW M
e . — ) gr—
VOItage (MV) bus! mInImIZIng 4 z Coﬁll;:crnlzlnr x - R(t::rz"uflll
communication requirements - @('_I
* Centralized controller for all AFEs with o o
local protection and decoding —
* Interleaved modulation of AFEs and ’@gg”
low voltage (LV) side bridges of DABs  fulses 7 -
: : : L : <
* DABs designed for sinusoidal power JEI} L‘ig @g— 1 %J m%
flow, minimizing storage requirements .y TS ibin o e I M A
on MV DC Capacitors L | DAB with Fully Decentralized Controller yJ_/
* Solid-state protection on MV and LV &
7%”[ =g
v
H,¢f (s) and H, (s) are low-pass filters —— 7

PIR -- Proportional Resonant Integral Controller
BPSM with CVB -- Bidirectional phase-shift modulator with capacitor voltage balancing 6
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» A central controller is used for the active 122KV

Feeder

e ™
front-end converter stages R Phase = T i
Toop |V L *
 Based on the LVDC bus voltage feedback, /4 : Current 16 [ Curremt |5 5 2 e
Compensalor Rel. Gen. 4
grid power reference F; is generated ; —{pwm] oy (94
load current measurement of the LVDC o
e
bus is used as a feedforward R titDecoded
» A stationary frame current compensator is pate
used ’W‘ IEy) 31 v *
. . TE”S J ] Jﬁ} Loy, vr.v%
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13.2kV
Feeder e ~
. Phase Central AFE Controller
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. . . ) _ _ RC Snubber

* Drain-source side solution suffers high S":j;g’:r

power loss, bulky passive snubbers RCD Snubber
* Gate-side solution suffers complex Drain- | Active

voltage sensing and advanced gate i Sg:gge‘ C\I;Or‘lr:?)?neg

driver

. . Neutral-point clamping
 The proposed solution has small Mt 'e"e'{
_ Topology

passive snubbers and eliminated the Flying-capacitor

complex voltage sensing Voltage i}
Balancing - Gate Gate Delay Control
Techniques Side | Gate Magnetic Coupling
- dv/dt Control
Both

| Sides Hybrid Active and Passive clamping
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* For passive clamping

— One clamping circuit for four switches

— Power loss is around 1W for 10kW
output power (0.01% ) ! i Ciox

MOV
* For active gating

— Standard gate driver and DSP with

HRPWM
— Pre-defined modulation based on
Rectifier Effect of FC At At
: ¥y Koy
— No voltage/current sensing hoa o
— No voltage balancing control T ,' '|—H— -
1 Ll S
1 | T | —
- /. S
—
| Ll 11 | 1
He—l1 The——l|
A

Deadtime for S; & §';
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* Rectifier Effect of flying capacitor topology At /At\
— Predefined modulation scheme eliminates noa 2
I
4 switching states, while keeping the full 0 ﬁ 0 1 1 ; I 51
control capability of the switches in series 0 '6 0 '[ 1 : :: <
2
— Remained 5 switching states ensure ifc TI I  —
rectified from AC current during a very 3 0 Q 0 ” ' 52
short interval, which is independent of —rl I T <’
voltage, power factor, and current L :LL : D v &
= 5
‘ No. S S, S, | Sy io lfe Deadtime for Sq & S’l
1
2
3 ::C
4 P
5 ;
6 0 C' Veg ]MOV Enov
l 7]l olo] 1] o |+/-]o/- L.
| 9
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Deadtime for S; & §'4
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Deadtime for S; & S’ S 1S, 15,15, i P
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Deadtime for S; & S’
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Deadtime for S; & S’
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At At
¥
Q Simple law of rectifier effect . H . 1 - q oo g
> .20 as long as At>0 — I| ” 1
» Always turn on outer switches first o nod 1 T S,
and turn off inner switches first — Y R ——

O Atis the effective time interval to ) ° Q ° ” ' S
charge flying capacitor. The shorter At, 1_{ ol o ! ':_ S
the less power loss on clamper el el

Q If i, direction unchanged within one ™ 2l

switching period, two of four At will be
zero and the other two equal to load -
current within At

Ifc lo
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0 Clamping voltage is approximately half of nominal DCBUS voltage

Q Flying cap and clamper ESR act like low-pass filter for current
source i to suppress the current spike

4 Based on simulation, adjust C; to make the voltage ripple less than
1% of rated voltage at full power

Q Start-up resistors are less than resistance of Z, below breakdown
voltage and large enough to limit the leakage current

Parameters Value Parameters Value 1000 —
T GiF DCBUS voltage | 2kV Viead o4 o A
Viener 1060V Switching frequency | 20kHz L
R wiian 36k Deadtime 0.5us 4000
R1&Rs 1000 Al Ins @
SiC MOSFET | 1700V/45m0) Toad current S3A ly 0—\_/_\
-20
el VN
00 fi 2
—pe © ) (AR
S2_|w ESR o x le
; 4
Y & T io— X TC Ck I zener /\ f\g
Ve C) Z, G o ¥ f fc 3 % _
s
Vi 1072 N N
' 10704 >
lll R25 l_lﬁ 0.08 0.09 0.10
18
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0 Assumptions: |
» I, direction unchanged within one switching period R1 SlJ:
» Deadtime is negligible compared to switching period 3
O Start-up circuit leakage current
4 V. g SZJII:
Ltart—up & ‘chI— f ~ 0.1mA. -
10M Vdc Ct) IT'Z = Cf S —
U Average value of clamper current 1
_ ] S’2 |
Iclamper ~2-At- fs ' Io + Istart—up
Q When At=1ns, f=20kHz, 1,,,=7.5A (1,1,=8.3A), [{ R2S"1 |
lciamper=0-4mA, Py = 0.4W |
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(n-1) clamping circuits for 2n SiC MOSFET Pre-defined modulation scheme

(n-2)At At (n-2)At At (n-2)At
QKoK W
el | | bl e | 1 bl
|1l 1 ! T S
—_— | —_— 1
LI =t =
NN N (T Sy
T Tl I | .
L I §
(] 1 |1 I :
TR T
| 1] ]| |] 1] | Sn
1 T T
m TR TR T T
A [T L1l S
L, :
T T I A I TR T ;
N |
T [ T 5%
| o ; H
s I L p——
| T | | 11 S
=T T Te—il |
. Deadtime”
For 51&5’1
20
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0 Extension to DC-DC topologies
» |solated resonant dc-dc converters

> Isolated DAB converters
» Other multi-level isolated dc-dc converters

[? R1G; |w
=Coi[T* ingH =G
OV rcs B e
TCp2 s TC;
[5 R2S"1 i«
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Parameters Value Parameters Value
Cn 68nF DCBUS Voltage 2kVDC
Zener Voltage 1060V Load Voltage 1.2kVAC
Zener Resistance 36kQ Load Current 8.7A
Ry&Rj3 10MQ Deadtime 0.5us
SiC MOSFET 1700V/45mQ At Ins
Inductor 6mH Switching freq 20kHz

£

MOV
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O Validate the effectiveness of proposed hybrid clamping technique under
any current, voltage, power factor
O Negligible voltage spike for inner MOSFET due to minimized commutation

CH1: V4, 500V/div

CH2 VdSQ 500V/dlv S —— D B i

CH3: |, 10A/div

CH4: V, 1kV/div

CHt Vg S0Vl | [T e
CH: Vi, SOOIV |0 1 et T
CHE: |, 10Ay St o o o o G P
CH4: V., 1KV/div 2 b :
23
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O Power dissipation on zener diodes is around 0.5W
O Power dissipation on start-up resistors is around 0.1W

oot~ 38,4 12

Temperature of TVS under different leakage current

Vo'V imoy/MA Puov/W Temperature/°C
834 0.23 0.123 31
540 0.52 0.281 36

550 1.10 0.605 50 y
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+ 4 SlJ
« Dual active bridge topology ‘U, N
« Leakage inductance selected to allow soft o j
switching over entire operating range Cﬁ_: %J TSﬂE
« Transformer turn ratio of 3:1 T 5
. . . N
® A”-SIC SO|UtIOn Wlth 1700\/ mOdUIeS on Medium Voltage Side: Neutral Low Voltage Side:
MV and 1200V modules on LV side Point Clamped (NPC) Full-Bridge H-Bridge
« Switching frequency of 20kHz, with DAB Converter
module interleaving on the LV bus Input & Output 2150 V & 750 V/
voltage
Power level nominal 83.3 kW

., 20 kHz

25
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» A proportional-integral-resonant (PIR) compensator eliminates 2nd harmonic
oscillation on the MV DC bus

» Abidirectional phase-shift modulator (BPSM) with capacitor voltage balancing
(CVB) generates the gate pulses for the primary and secondary bridges of the DAB

p N
v, —XY_ v,
(l}‘“” PIR M T Hyor (5)
+ . i d2 +

Y

3 BPSM with CVB* K

Y

_L'I*)' %_ 3: 1 | +
T-= Jﬁ} ﬁ{} lﬁw%
T |2, - |E

S J
Dual Active Bridge (DAB) with Decentralized control

26
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—i<2|dp|T,

<—d, Ty,

2
5% JE’}
Dashed lines correspond to voltage balanced operation C"h"arging the upper capacitof"i_rrespective of direction of
(vy = v;) and solid lines show correspond to v, < v, transformer current

27



FREEE N NC STATE

—1vi Power Stage Design UNIVERSITY

SYSTEMS CENTER

» Target efficiency is 98.9% at the cost of lower power density and underutilized switching
capability of SiC devices; 20 kHz is selected based on loss analysis

fo O
S S So,_ {1 511
O RF A%
TodksidE s
DI S .
T2 s Cr NNy 1500
| IS N i .
< Vp=>lc= Vs\ |, Cs -T-
(7]
DESAAE S Sig 7 S & 1000
C,r 3 7 4535 2| §
SAAF S £ 500  DCHDEEf:: DC-DEE:  DC-DC Eff:
o o 98 98. 98.3%
ae® 0
, @
‘L"‘—*’ Rohm 1.2 kY 300 A 20 kHz 35 kHz 50 kHz
onm 1.

Si diode module SiC MOSFET
28
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* Innovative multi-layer implementation minimizes the parasitic inductance in this loop,
minimizing voltage overshoot and therefore device stress

Tek Run I 1 Trig'd
o
Around 120V overshoot
Lower-outér
3: %.C" M == < switch:[300V/div]
{13 | 5
/ \gpper outer ]
S, witch:[300V/div]
n Jaw o e T
F Valae Mean Min Max Std Dev 137:58

Outer switch turns off

Tek Prevu [ L

ity
e i ,

e - —
RN, S
Fgees [ ST R —

'//G‘pper diode;
/f [250V/div]

@ @

Mol 148

Aarda tuy r=oir,

_‘negligible
ringing :

A .
/Upper inner

) / g ' switch:[250V/diy]
= B e o B0 =
i r Value Viean Wi Wiax St Dev ] 21:41:25
Commutation loop in physical setup Inner switch turns on
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» Successfully tested DAB stage at 95 kW (115% of rated load)
« Efficiency is measured at 98.9%
* Hotspot below 70°C in steady-state (less than 50°C temperature rise)

* Low voltage overshoot on device drain-to-source voltage

| \/ Side Voitag;
i ¥_| n __J
‘,——.Q' -‘ﬂ . F:___—--_-__" A=can, ‘ ‘Hi——.‘__
/ \ \ urrent/ \ +

« B B - MV Side
i g pmnet . |
g DC Load Current
ol LV Side Voltage
i-' y H
;ri) 2.00kV &5 1 20.0p 2,5068/s (1 l
.‘n‘:_ A © ) (R 5M points 0.00V
= Vake Mean Min Max Std Dev Y Ej'_'":-‘t?:':‘-"‘
| I
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®* Highisolation voltage is achieved through loosely coupled transformer.

* The partial discharge inception voltage reaches 15 kV (target 40kV). Extinction voltage
above 10 kV.

* Small parasitic capacitance (1.2pF) provides superior common mode noise rejection.

* Developing potting procedure that allows for reliable and repeatable results.

Gan botwoon s terigl Charge goes beyond 15.6 kV at 10 pC

Isolated power supply Vdce

High-side
gate driver » I

= =1~ Noise coupling path high dv/dt

-
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Active front-end DAB MV side Transformer DAB LV side
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