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» Large power transformers (LPTs) — most
critical component of the electric grid

» Due to their large physical dimension and
custom design are neither interchangeable
nor stored as a spare inventory

» Failure of such LPTs is concern to maintain
grid resiliency and reliability since
replacement of such LPTs involve longer
lead times, special transportation
arrangement, man — power and capital
expenditure.

» To mitigate some of these concern a
modaular, scalable, efficient and rapid
recovery solution is proposed.

Transportation of a large power
transformer.

Future Renewable Electric Energy Delivery and Management Systems Center
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e A modular solution, where flexible voltage ratings will be achieved by
series/parallel connection of a basic building block (a power electronics based
medium frequency transformer to achieve required voltage isolation and variable
step-up and step-down voltage ratios)
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e A basic building block of consisting of the following stages to form Flexible Large
Power Solid State Transformers.

1. AC-DC Rectifier Stage

2. lIsolated DC-DC transformer converter stage, with medium-frequency
transformer with variable buck-boost voltage step-up and step down ratios.

3. DC-AC inverter stage
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Technical Approach

FLPSST realization using series and parallel connection of the basic building blocks.

Phase (c)-in

Phase (b)-in

Phase (a)-in

Basic building block

Series

connection

Basic building block

to achieve high
voltage

Basic building block

Basic building block

Neutral

T

Neutral

Basic building blocks in parallel to achieve desired power rating

Phase (c)-out
Phase (b)-out

Phase (a)-out

Series and
parallel
connection
to achieve
desired rating

10kV and 15kV MOSFETs/IGBTs open up possibility of using simple circuitry. Also they
reduce size and enable air cooled thermal management.
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preliminary assessment of 1, 2 and 5 MVA basic building blocks were carried out using
the latest medium voltage SiC devices.

1. 10 kV SiC-MOSFET and 15 kV JBS Diode.
2. 15 kV SiC-IGBT and 15 kV JBS Diode.
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I Rectifier Invertar

DC-DC stage
stage stage |
n:1
|
3ph 3-ph — |
I—’“’“— 3-level 3-level | Y
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L | 2
3-level FLPT-BB topology using 10kV SiC-MOSFET devices.
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evel FLPT-BB topology using 10kV SiC-MOSFET devices.

Future Renewable Electric Energy Delivery and Management Systems Center



SpLL
F R E E —/1V1  Ppossible Topologies for the Building Blocks

SYSTEMS CENTER

preliminary assessment of 1, 2 and 5 MVA basic building blocks were carried out using
the latest medium voltage SiC devices.

1. 10 kV SiC-MOSFET and 15 kV JBS Diode.
2. 15 kV SiC-IGBT and 15 kV JBS Diode.

— — — — — — I _—ee———_—-—————————— _——e_——_———_———— =
| Input Rectifier | DC-DC stage | | Output Inverter
Stage | - Stage
| g e 8KV| transformer I 3KV| e |
A | t L~
| 6.1KV H2--Ble.\:’el 1 | 2-level 2-level I iR | HZ-—BIe.\seI |

ridge = 3-ph 3-ph = ridge
| Phase to L I i I 1 Phase to
neutralinput | | | neutral
| L Er | | I -L-_l output
1 T
| 6.1KV Hz_;e_\;el | d | 2-level Z-level __| Hz_;e_\;a
ridge 3-ph 3-ph | ridge |
| 1 1
| WV " SKVl | SKVI . |
e o e o o — — e o o o

2-level Cascade H-Bridge (2L-CHB) FLPT-BB using 10kV SiC-MOSFETs.
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preliminary assessment of 1, 2 and 5 MVA basic building blocks were carried out using
the latest medium voltage SiC devices.

1. 10 kV SiC-MOSFET and 15 kV JBS Diode.
2. 15 kV SiC-IGBT and 15 kV JBS Diode.

Rectifier DC-DC stage Inverter
stage 25kV 25kV stage
o n:1
—_—rrr -T- =
—1 3ph 3-ph 3-ph 3pgh |—
— T 3ewel 3-level 3-level 3-level =200
P, o o o TN —_— - YL
J | | ]

3-level FLPT-BB topology using 15kV SiC-MOSFET devices.
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Summary

1. 10 kV SiC-MOSFET and 15 kV JBS Diode.
2. 15 kV SiC-IGBT and 15 kV JBS Diode.

Possible Topologies for the Building Blocks

Power rating: 1 —2 -5 MVA
Input voltage: 13.8kV
QOutput voltages: 4.16
Technology: 10kV 5iC MOSFET and JBS Diode

Device: CREE Inc. 10kV SiC DMOSFET/JBS Diode Half H-Bridge Module
Device current rating: 240A

10kV SiC-MOSFET three-phase FLPT Transformer building blocks (3ph-FLPTBBs)

10kV Half H-Bridge Module Capable of 240A When Fully Populated

o1

54 Sohotky

DC-DC Transformer

Topology Power DC-link Output # of | AC-DC DC-DC DC-AC Total Weight (Ib) Volume Losses Efficiency (%)
Rating Voltage Current AC rms | devices stage stage stage @ 20kHz (1.3x factor | (m?) (kw)
(MVA) (kV) (A) current @ @ @ included)? (2.5x factor
@ 10kHz 20kHz 10kHz - included)?
4.16kV Weight Volume
(1b) (m’)
S5-level 1 25 40 139 switch 48 72 24 144 120 0.5 757 1.54 13 98.7
diode 18 36 18 72
2 80 278 switch 48 96 48 192 240 1 1085 233 31.4 98.4
diode 18 54 36 108
5 200 695 switch 48 144 96 288 600 2.5 2496 5.45 144.3 97.1
diode 18 90 72 180
3-level 1 25 40 139 switch 24 36 12 72 120 0.5 397 0.92 8 99.2
diode 6 12 6 24
2 80 278 switch 24 48 24 96 240 1 724 1.71 18.8 99.06
dinde A 18 12 36
5 200 695 switch 24 72 48 144 600 2.5 1570 3.86 86.4 98.2
diode 6 30 24 60
2-level 1 -3 LD 153 TWITCH 59 9 Jo 108 12U u.o 337 Uz 13, Jo
CHB \ diode 0 0 0 0
2 130 2?\ switch 24 48 144 288 240 1 724 1.71 77.6 96
98t cteld taBolody 0
5 312.5 695 | switc 7z 72~ "~ a% 552 600 25 1570 3.86 355.7 | 94.8

10kV SiC-IGBT/JBS Diode three-phase FLPSST possible building blocks.
Future Renewable Electric Energy Delivery and Management Systems Center
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> System overview and key specifications

___________________________________ ‘. oo — y :
e T AT A
1 T S S
: I_ -pEE”nN _l I
(Phase
5K b | 1sskv
o {Phase B) | -
IF i > Key specification:
M ceil - = Power rating: 3 x 200 MVA
(Fhe==s) = H.V side voltage: 345 kV
| e P ) = L.Vside voltage: 138 kV
(Phase C| = Modular structure with ISOS
IE —1 : (input-series-output-series)
LS — configuration
(Phiase O = Basic building block comprising
N Lo et My of AC-DC, MF DC-DC, DC-AC
stage
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> Power semiconductor devices

> 6.5 kV SiC MOSFET > 10 kV SiC MOSFET
= Vp: 6.5 kV = Vps: 10 kV
= I,:30A = I:20 A
= specific Rpgon : 80 MQ = Specific Rpg,,): 350 mQ

8'4. mm x 8.4 mm . 81 mmx8.1Tmm
6.5 kV SiC MOSFET bare die 10 kV SiC MOSEET bare die

Future Renewable Electric Energy Delivery and Management Systems Center
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______ T 05 KV 2.5 MVA 3.17 kV

‘_E lJ - - =|lJ R

-
—'L' ] jim | i i g Power rating: 2.5 MVA
"EAlAs RA AR -
e 10 Wsic asisic  G5kVSIC
MOSFET MOSFET MOSFET MOSFET
Cell input side DC link voltage 7.05 kV
Cell input side AC rms voltage and current 4.31kV, 579.12 A
Cell input side peak current 818.99 A
Cell AC-DC stage switching frequency 10 kHz
Cell AC-DC stage devices 10 kV SiC MOSFETs
Number of devices per switch position 55 x 10 kV/20 A SiC MOSFETs

Future Renewable Electric Energy Delivery and Management Systems Center
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7.05 Ky o oe -

n A lf R = = Power rating: 2.5
| -‘- jT*‘LE MVA

-.jE]. E|' - :];] i " Nt 80

WRVSIC==""""¢ e B5kVSIiC

MOSFET MOSFET MOSFET

Cell DC-DC stage transformer specification nil =222, L,= 183 pH, VA = 2.5
MVA
Cell AC-DC stage switching frequency 10 kHz
Cell DC-DC stage primary side devices 10 kV SiC MOSFETs
Number of devices per switch position 55 x 10 kV/20 A SiC MOSFETs
Cell DC-DC stage secondary side devices 6.5 kV SiC MOSFETs
Number of devices per switch position 55 x 6.5 kV/30 A SiC MOSFETs
13

Future Renewable Electric Energy Delivery and Management Systems Center
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7.05 KV 2.5 MVA 3.17 KV
""""" \
(R R} =
1 - - .
e = Power rating: 2.5 MVA
:-.JEl JEl - - - 80
T R Neen
" [ H F ~ ——-—l
10 KV SiC 10 kVsic 65KVSIC GBS RVSC
MOSFET MOSFET MOSFET MOSFET

Parameter Value

Cell input side DC link voltage 3.17 kV
Cell input side AC rms voltage and current 1.72 kV, 1449.27 A
Cell input side peak current 2049.58 A
Cell DC-AC stage switching frequency 10 kHz
Cell DC-AC stage devices 6.5 kV SiC MOSFETs
Number of devices per switch position 91 x 10 kV/20 A SiC MOSFETs

Future Renewable Electric Energy Delivery and Management Systems Center
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p— 15.68 kv
R E:
: | iq= 5 MVA | 62BRV
34;:;&, fB i _Jc‘__,.ﬁ Jj Jj Jj ‘Iri = Power rating: 5 MVA
=t 1 -+ e .
E 1 ! 1 % n:l e - i Neenr: 40
_:_E .! _Is T : | j H _|:l J:I aj ce
a4 o o

v _ ¥
10 kvsic WKVSIC 30 kysic
MOSFET JBSdiode  pqosFeT

Cell input side DC link voltage 15.69 kV
Cell input side AC rms voltage and current 8.62 kV, 579.12 A
Cell input side peak current 818.99 A
Cell AC-DC stage switching frequency 10 kHz
Cell AC-DC stage devices 10 kV SiC MOSFETs & JBS diode
Number of devices per switch position 55 x 10 kV/20 A SiC MOSFETs & JBS
diode

Future Renewable Electric Energy Delivery and Management Systems Center
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g block topology: Type - B

1565 kY
B :
| L . = Power rating: 5
= i ¥ F % J:___ = MVA
E‘l = ,.ll_|E ¥ jjl_‘l,: " Nege 40
; T 3
T R

> . -
10kvsic KVSIC 10 kv sic
MOSFET JBSdiode  paospeT

Cell DC-DC stage transformer specification n:1 =125, L,= 115 pH, VA = 5 MVA

Cell AC-DC stage switching frequency 10 kHz

Cell DC-DC stage primary side devices 10 kV SiC MOSFETs & JBS diodes

Number of devices per switch position 57 x 10 kV/20 A SiC MOSFETs
Cell DC-DC stage secondary side devices 10 kV SiC MOSFETs

Number of devices per switch position 71 x 10 kV/20 A SiC MOSFETs

Future Renewable Electric Energy Delivery and Management Systems Center
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= Power rating: 5 MVA
N o 40

B.62kV

=
i. ¥ 8 = % _| N~
4 o
,JL_E F | F nljs, |
.- 1 j q:
- T N 10KV SiC
; ‘=,q =4 MOSFET

g : ¥
10 kvsic B KVSIC 10 kvsic
MOSFET JB3diode  posreT

Parameter Value

Cell input side DC link voltage 6.26 kV
Cell input side AC rms voltage and current 3.45 kV, 1449.27 A
Cell input side peak current 2049.58 A
Cell DC-AC stage switching frequency 10 kHz
Cell DC-AC stage devices 10 kV SiC MOSFETSs
Number of devices per switch position 137 x 10 kV/20 A SiC MOSFETs

Future Renewable Electric Energy Delivery and Management Systems Center
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e _1560kV
4 N
' = R Jﬁ
1 H .
1L . 3 MVA 6.26 kV = Power vrating: 5
IF_E i i 2 I % _Im MVA
' T n .. 40
5 5 %1 % _k p JE _ Jq cell
h, (== H I .
] 1 ' %+
. A} R i owsc  Dokvsc
o :____l:‘r__,v’ il' * MOSFET MOSFET
10 k".l'!i-ll 10kvEic 10KVEIC 10kVSIC

MOSEET JBS diode MOSFET JBS diode

Parameter Value

Cell input side DC link voltage 15.69 kV
Cell input side AC rms voltage and current 8.62 kV, 579.12 A
Cell input side peak current 818.99 A
Cell AC-DC stage switching frequency 10 kHz
Cell AC-DC stage devices 10 kV SiC MOSFETs & JBS diode
Number of devices per switch position 55 x 10 kV/20 A SiC MOSFETs & JBS
diode

Future Renewable Electric Energy Delivery and Management Systems Center
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:lE.I:':-EI'k;‘l‘.-r ________________
/JE \

Aﬁ * Ll b2 = Power rating: 5
34{ 1:_E 1 iu JE 1 i MVA
ki : 1 7 N o 40
o= I'—.?E 3 1 i:. _Ik :,: : E { ce

I.'_ I [= :.= l’ - : [ H
g, A |iHig  wd J s

v -
10 kv ErI: 10kvsic  10kVSIC 10 kVSIC
MOSFET JBS diode MOSFET JBS diode

Cell DC-DC stage transformer specification nil =25, L;=437 pH, VA = 5
MVA
Cell AC-DC stage switching frequency 10 kHz
Cell DC-DC stage primary side devices 10 kV SiC MOSFETs & JBS diodes
Number of devices per switch position 30 x 10 kV/20 A SiC MOSFETs
Cell DC-DC stage secondary side devices 10 kV SiC MOSFETs
Number of devices per switch position 75 x 10 kV/20 A SiC MOSFETs

Future Renewable Electric Energy Delivery and Management Systems Center
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15.69 kV
& - )
j% | j > MVA 6.26 ===, = Power rating: 5
34{ 5 3 2 I % _Im JlJ i JF‘E—J'E MVA
o =FI | 4 .
£ s 5 % ¥ JE S JE nlgs Jr_.l i i _r‘ : " N 40
] _n i % . 1
_é. Ia_ T d"' : J"' 10 kt SiC: 1'3"??'55--"
: i =4 1 -4 MOSFET MOSFET

> ¥ L
Woresic 10kvsic  10KVSIC 10k SiC
MOSFET JBS diode MOSFET JBS diode

Parameter Value

Cell input side DC link voltage 6.26 kV
Cell input side AC rms voltage and current 3.45 kV, 1449.27 A
Cell input side peak current 2049.58 A
Cell DC-AC stage switching frequency 10 kHz
Cell DC-AC stage devices 10 kV SiC MOSFETs
Number of devices per switch position 137 x 10 kV/20 A SiC MOSFETs

Future Renewable Electric Energy Delivery and Management Systems Center
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2001

Topology A

Topology B

1800 X neey = 40 X Negy = 40

5 - 1600 ;
8 E i |10 kvi20 A SiC MOSFET 10 kV/20 A SiC MOSFET
25 1400 :
S ¢
@ g
o T 1200
"E t i K
= : i
Q5 i i /|10 kvi20 A SiC MOSFET 10 kV/20 A SiC MOSFET
g g 1000 X Neey = 80 o
D
= .=
£ 2 800} I
2 g 6.5 kV/30 ASIC MOSFET| / /
o = 600r P
z S
a £ 6.5 KV/30 A SIC MOSFET|
o ¢ 400t /

c
g e
=z (]

Topology C

a Comparison of basic building block topologies
in terms of power semiconductor device

8.4 mm

E
DC - AC Stage .:Er
od
}w 6.5 kV/30 A SiC MOSFET bare die
. DC - DC Stage 8.1 mm
HV
£
£
- —
o
AC-DC Stage 10 kV/20 A SiC MOSFET bare die

Amongst three topologies Type — B configuration utilizes lowest number of
power semiconductor devices and number of series connected modules

pe

r phase stack.

Future Renewable Electric Energy Delivery and Management Systems Center
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= 25 MVAType-A = 5MVAType-B
8000 Conduction losses 600 Switching losses 000 Conduction losses o Switching losses
g g g 8000 % 800
§ o % o § 6000 § 800 I
= Power semiconductor losses expressed " SMVAType-C
onduction losses itching losses
as a percentage of rated power.
FLPSST Semiconductor losses
building block (% of rated power) g -
Type - A z 0'8 % % % 600
Type — B ~ 0.77 %
Type — C ~ 0.8 %

Future Renewable Electric Energy Delivery and Management Systems Center



FREEZWv,
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Verid+ -E -_‘ » Filter specifications
- Total impedance is 0.1 p.u. (X,_+X_ =0.1p.u.)
« Maximum reactive power of filter capacitor (C, ) is 10%
Fg'xl S gu— % i'Ti:n.- . 1
c « Resonance frequency (f,.): 7f 4 < fie < c fo,
) « Q is choosen to be 3 and the damping resistor is designed.
Verid- i

Based on the specifications, the calculated parameters for 13.8 KV LCL filter is
summarized as follow,

Parameters Designed Value

Converter side Inductance (L) 8.8 mH

Grid side Inductance (L) 1.3 mH
Capacitances (C;, Cy) 7 uF

Damping Resistance (R,) 4.17 Q

Future Renewable Electric Energy Delivery and Management Systems Center
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Key challenges:

High isolation voltage requirements

Isolation coordination — set by top most cell in a phase stack.
Mixed frequency medium voltage electric field stresses

Low isolation capacitance requirements

Thermal management

Magnetic core material

MV MF isolation transformer primary, secondary winding voltages and currents for basic
building block topologies.

Voltage [kV]
d & kb M o N B o ®

o

L
o

-

Max. diff. voltage stress: 7.05 kV
Max. rms and peak winding
| currents: = 1040 A, 944 A

(Two level voltage waveform)

— Power rating: 2.5 MVA

Current [4]

o

. L . L L L 1000
20 40 60 80 100 120 140 160 180 200

Time [1:s]

2.5 MVA Type - A

Future Renewable Electric Energy Delivery and Management Systems Center
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o

o ] T e Power rating: 5 MVA
s o [ Max. diff. voltage stress: = 7.89 kV
£ . Max. rms and peak winding currents:
~ 1105 A, 986 A
e — ;1222 (Two level voltage waveform)
5 MVA Type - B
Power rating: 5 MVA
- @ = Max. diff. voltage stress: = 15.69 kV
§ | Max. rms and peak winding currents: =
’ L 1445 A, 1041 A
I (Two level voltage waveform)

| | | | | | | | | 1000
0 20 40 60 80 100 120 140 160 180 200
Time [us]

5 MVA Type - C
Future Renewable Electric Energy Delivery and Management Systems Center
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» MV MF isolation transformer for FLPSST basic building blocks

Key challenges:
= High isolation voltage requirements
= Isolation coordination — set by top most cell in a phase stack.
= Mixed frequency medium voltage electric field stresses
= Low isolation capacitance requirements
= Thermal management
= Magnetic core material

Test set up for characterizing the magnetic core materials under trapezoidal excitation.

Future Renewable Electric Energy Delivery and Management Systems Center
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> Control loop structure of the basic building block
Y

Vac = Simulation results for 2.5 MVA AFEC
Notch J DC Bus voltage 10 . i . . , , . ; ;
Filter controller d-axi =
- K -'"d -axis Current Vi = / . ‘\ y: ., Vg u
V e+ —>| e g controller f ° \ / \
: @ ~ s .,
—O— Kl = N N NP
, is T ~ A0 ' : : : : : :
_ ia_, -l J o oy 0 5 10 15 20 25 30 35 40 45 50
! SR L] et , e” S 1000 : - - - - - - : :
abc B oot l > Ve < i
S K, +K; (T E 0 | e Vi
Va . % 8 5 \-/'
Y ap "1 S0GI | g I g-axis Current J: o 1000 ! ! ! ! ! y ! ! !
] abe™ [Ver|, | PLL g  controller & 0 5 10 15 20 25 30 35 40 45 50
< 7055 - - - - - - : : -
S Vi o 7.05[ '
:
. . . 7.045 : : : : : : :
= Schematic of an AFEC control loop implementation 0 5 10 15 20 25 30 35 40 45 50

Time [ms]

= DC bus voltage controller

= Notch filter for 120 Hz voltage ripple filtering (inherent power pulsation at twice the
grid frequency in single phase system)

= Active and reactive power control with synchronous reference frame dq current
control

= Controller bandwidth and tuning is performed following method presented in %

Future Renewable Electric Energy Delivery and Management Systems Center
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> Control loop structure of the basic building block

)
Ve . .
noteh| ] DC Bus voltage » Simulation results for 5 MVA
Eiter controller . deaxis C . 20 : : : . . . .
. e i -axis Curren Vi E . ‘A
VDC—D—Q —| e ?‘ controller l — o N - ng
1 o \, ‘
K, + K o OF “, ™, \ E
O "® s NS N NS
. iy = - =T I~
i »-wl A = 20 . . . . . . . .
. } r >V 5 -
i aB | | o & i 10 15 20 25 30 35 40 45 50
P -
abc B iy ol l Vg _ 2000 r r T T T T
, K, +K , % ——looewe
Via E? 17 ® 5 0 —_—i
v aP "l socl E I g-axis Current J .5 5
\ g Y, abc Ve | PLL iq controfler 99 o 2000 |
0 5 10 15 20 25 30 35 40 45 50
o Vs ;15.595 .
Vg - Ve
]
g 1560 \ 4
. . . =
Schematic of an AFEC control loop implementation > s 685 I I | [ |
0 5 10 15 20 25 30 35 40 45 50

Time [ms]

= DC bus voltage controller

= Notch filter for 120 Hz voltage ripple filtering (inherent power pulsation at twice the
grid frequency in single phase system)

= Active and reactive power control with synchronous reference frame dq current
control

= Controller bandwidth and tuning is performed following method presented in 3

Future Renewable Electric Energy Delivery and Management Systems Center
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> Control loop structure of the basic building block

-y
o

DG [

DC{sec)

=}

Voltage [kV]
(%]

o

o

Voltage [kV]
[=1

z -b
DC Bus voltage 5 b
CUHITU‘”E’]' S 0 005 01 015 02 025 03 035 04 045 05
=
O[], Phase ST T T =
e u | | | | | |
V oe 5 shift =11 | U T
E D|‘ I| |I ‘| I I‘ I I| | |
&} | | | | \

| | | | i

| | \ | | |

S N O N S N S B

0 5 10 15 20 25 30 35 40 45 50 o 005 041 015 02 025 03 035 04
Time [ms]

Time [ms]

Simulation results for 2.5 MVA DAB (Type - C)

Current [A]

-500

Ve
Schematic of an DAB control loop

implementation
= DC bus voltage controller controls the DC bus voltage at the secondary side of

the DAB.
Loading of the LV side inverter generates power pulsation at twice the grid

fundamental frequency,
The DAB LV capacitance size requirement is relatively higher to maintain the

voltage ripple within the acceptable limit and for proper functioning of thggPI

controller.
Future Renewable Electric Energy Delivery and Management Systems Center
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> Control loop structure of the basic building block

=]
(=]

Voltage [kV]
3
<
2
g

I — 1 VWUPﬁJ ]
DC Bus voltage 0 % ’ —
controller - g ’
FPhase = > o —_ |t —t —t i
- K+ H:I
—p-E | e TR . o
VDC ki Shfﬁ :% wo 005 01 015 02 025 03 035 04 045 05
> !
v - 50 1000 |ﬁ — — — —
[ T i
pe 1000 . \-jq‘ 500 ‘II y Ill |‘ |I‘ | oy
< = v b
t L o | | | II ‘| |‘ || \I {
2 0 S sm I o I' f - | \
: 3 . ' [ !
Schematic of an DAB control  © | | ———=, U L L L T L
. . 0 5 10 15 20 25 30 35 40 45 50 o 0.05 01 0.15 02 025 03 035 04 045 0.5
loop implementation Time (s} Time [ms]

Simulation results for 5SMVA DAB (Type B)

= DC bus voltage controller controls the DC bus voltage at the secondary side of
the DAB.
= Loading of the LV side inverter generates power pulsation at twice the grid

fundamental frequency,
= The DAB LV capacitance size requirement is relatively higher to maintain the
voltage ripple within the acceptable limit and for proper functioning of thg,PI

controller.
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> Control loop structure of the basic building block
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Simulation results for 5 MVA DAB

= DC bus voltage controller controls
the DAB.

the DC bus voltage at the secondary side of

= Loading of the LV side inverter generates power pulsation at twice the grid

fundamental frequency,

= The DAB LV capacitance size requirement is relatively higher to maintain the

voltage ripple within the acceptable limit and for proper functioning of the PI

controller.
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> Control loop structure of the basic building block

Schematic of an inverter control loop implementation

4
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ig Vo = / y S/
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] —
. .| L L L L L L L L L
, Id T
i (1) - 0 5 10 15 20 25 30 35 40 45 50
af — s /L/ g ) Va
i - . e -
abc 8 o [ l Vi 4000 - - - - -
() oK + K . T 20001 o |
Vga s C?_ % igrid
ap SOGI | 5| I q-axis Current v = )
abc Vas | PLL ig controller o 5
[ L J
| 2000
I Voo 4000 ' : ' ' ' ' ' : '
> — Vg 0 5 10 15 20 25 30 35 40 45 50

Time [ms]

Simulation results for 2.5 MVA Inverter

= Active and reactive power control with synchronous reference frame dq current
control

= Controller bandwidth and tuning is performed following method presented in [].
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> Control loop structure of the basic building block

= Schematic of an inverter control loop )
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Simulation results for 5 MVA Inverter

= Active and reactive power control with synchronous reference frame dq current
control

= Controller bandwidth and tuning is performed following method presented in [].
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Goal

To assess the feasibility of modular low frequency transformers and investigate impact
of transformer parameter mismatch on current and voltage sharing in low-frequency,
modular, large-power-transformers

Problem

e Current sharing — important to prevent transformers from caring too much current
causing them to overheat and degrade

* Voltage sharing —important to prevent transformers from exceeding rated

insulation. Also important to avoid magnetic core saturation, which causes output
voltage distortion and high magnetizing current
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Example transformer specs:

Example transformer specs:

e 5MVA, 100 kV:10 kV

e Leakage inductance: 10% (5% primary, 5% secondary)
* Magnetizing current: 1%

e Load:5MVA, PF0.5

e Transformer losses: none

e (Calculated:

Primary Secondary

Z,.se: 2 KOhmM Z,ce: 20 Ohm

Ljeakage: 1100 Ohm = 265 mH Lieakage: 11 Ohm = 2.65 mH
lpase: 50 A

I : 500 mA

magnetizing*

Lmagnetizing: j200 kOhm =530 H
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Parallel-Parallel Connection
e Parallel transformers provide redundancy and increase the power capacity

* The two transformers must have the same voltage ratings and turns ratios to avoid
circulating current.

L1’ L1"
—— —
11 5 ¢ Load 11 Load
Lmi
T ~) V.
69 V_ac rl Rload C‘) ac Rload
| Approx

L2' L2" —_— 2
_ Ly, . L .
I, = liptaq1———— (if magnetizing inductance is ignored)
Ly + Ly
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Current Ratio

Parallel-Parallel Connection

Power Sharing in Low Frequency Transformers

Effect of leakage and magnetizing inductances mismatches on the current sharing

Effects of Leakage Inductance Mismatch on Current Sharing

®  Parallel Parallel Linear (1:1)

o 1 2 3 4 5
Inductance Ratic

1.018
1.014
1.012

1.01
o
S1.008
m
oc
=1.006
B
S1.004

1.002

0.958

0.956

Effects of Magnetizing Inductance Mismatch on Current

Sharing
® Parallel Paraliel
®
[
[ ]
»®

® L

1 2 a3 4 5

Inductance Ratio
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Series-Series Connection

L 11"
3 § % Lioad

Lmt
Trl o

ﬂ ﬁl\ —_— (9 V_ac
—_—
= 2
L2

T2

Q‘\
N
=

ml

Vi = Viotal I (leakage inductance << magnetizing inductance)

ml + LmZ
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Series-Series Connection

Effect of leakage and magnetizing inductances mismatches on the current sharing

Voltage Ratio
=2 E = = g Ja Loy s
It =] =] [=] =] = [ = =
=} [ P ES (=33 oo 1] B FY =43

2
o
o

Effects of Leakage Inductance Mismatch on Voltage Sharing

L

® Series Series

Inductance Ratio

Effects of Magnetizing Inductance Mismatch on Voltage

Sharing
&
®  SeriesSeries ¢ Linear {1:1)
5 -
[

4 -
B .
=
s
o

3
2 @
=)
>

F4 L}

1 -

-t .
-
4]
W] 1 2 3 4 5

Inductance Ratio
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Series-Parallel Connection

Lmi 3 {
6 V_ac l Trl

L2Il

Lload

Rload
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Series-Parallel Connection

Effect of leakage and magnetizing inductances mismatches on the current sharing

Effects of Leakage Inductance Mismatch on Voltage Sharing Effects of Magnetizing Inductance Mismatch on Power
114 Sharing
” 1.016
114 |- g
1.014
1.12
1.012
§
1.1 .
® Series Parallel 1.01 ® Parallel Parallel
E 1.08 . ® Saries Serfes .g]..DDS = ® Series Parallel
U 1.06 =
i +1.006
= z
£ 1.04 3 £1.004 5
- 1.002
L ] & » [ ] [ ]
1 i = -
[ ] '“*
0.38 # 0.998 | & s
[ ] - . L] o
0.96 0.996
0 1 2 3 4 5 B 0 1 2 3 4 5
Inductance Ratio Inductance Ratio
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Summary

The following table summarizes the level of sensitivity of each type of mismatch on
the voltage and current sharing of the different types of transformer connections.

Leakage Inductance Largest Magnetizing Inductance Largest
Mismatch Ratio Mismatch Ratio
Voltage
. Perfect Shari 1 Perfect Sharin 1

Parallel- Sharing i B
Parallel Current

Sharing Near Proportional 4.95 Mear Perfect Sharing 1.01

g Good Sharin RO [
Series- Sharing - .
Series Current

Sharing Perfect Sharing 1 Perfect Sharing 1

Voltage :
Series. sharing Good Sharing 1.14 Very Mear Perfect Sharing 1.002
Parallel Current

sharing Perfect Sharing 1 Perfect Sharing 1
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> Possible applications: Back to back two terminal DC system

= The FLPSST basic building blocks can be utilized to form the two terminal
isolated high voltage DC network.

= R N 200 MVA single phase stack 200 MVA single phase stack e =
1 /=L M T - i T M IT N\
r - - Cell 1 Cell 1 c ” - -
front ent DC-DC stage o DC-DC stage front en
AC-DCstage  with MFisoIafion ___________ J,I _| |_ _l ___________ with MFisoIafion AC - DC stage
""""""""" i neen ; : ncelii

L L Ly M

Celln Celln
R o—mmm— —mm—e R
345kV S o—mmm — — mm-e S 345 kV
T o—mmm— Cell 1 Cell 1 ———e T
,J _| ,_ " I‘
I H Il

A L | L M
Celln Celln
Cell1 B T Cell 1

Neell | | Neell

Yy L Ly LY

Celln Celln
Nav j_ GND2 i GND3 Niv
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> Possible applications: Back to back two terminal DC system

= A muli-terminal HVDC system realization using the FLPSST basic building
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RTDS results at the steady states, (a) AC output voltages, (b) grid currents, and (c) upper and lower arm SM capacitor voltages:
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