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DC Transformer

® Power electronic transformer (PET)

® Isolation for input and output sides

DAB 1

® Bidirectional power flow if using fully-controllable

DAB 2

switching devices

® High switching frequency 2> Reducing
transformer’s cost, volume and weight

DAE 3

® DC Transformer in series/parallel > Large system

Applications:
. °
AUto m Otlve Active Dual-Active:Bridge converter Inverter
. Rectifier S8 et R S
® DCgrids MVDC: | LVDC
. *—AC J. DC AC /1 .L DC /e
® Renewable energy conversion systems MAC o T; -élgc :T e AC
® Integrating battery energy storage systems o DCI—--/ AC| be+| i

® Medium-voltage or -power systems

Technologies
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Power Electronics Simulation Capability in RTDS

SubStep Simulation Environment

* Only available on NovaCor hardware platform

¥

* No limit on the number of resistive switching elements*

* No fictitious losses*

» Full decomposition allows accurate calculations

GPES Simulation Environment
* A generic PE solver platform on GTFPGA

» Uses powerful parallel processing power of FPGA

« Can model power circuits with arbitrary circuit configurations

« Larger network (128 nodes and 256 branches) and smaller time step

(400* ns), e.g., dc breaker needs 110+ nodes and 200+ switches

RTDS.COM 5
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Operation and Control

of DC Transformer
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Dual-Active Bridge (DAB) Converter

It

. YN
Operation: + Lpag +
» Considering square-wave operation at both transformer’s sides Vi Ny Ve
—>- O
JF Iml 101 Zloadl + VmA éi —
Ztl Z(‘,01 Vout .
> * ,., ; >t
Vel vt2 Vout - ?_ - Vi
_f}um _____ - Vu
A : : TS, I
—\ —H —>1
Ny —m
V Vut Ny ( |(,0|\ / : H 2
Ppap1 = 'QO'L ——J A b o
2 7+ fowLpag 7T
0< @ <, Ppag; > 0: power delivered from v,, side to v,, side /\I V\I V\] — Iz’ii‘f
-< @ <0, Pppg; < 0: power delivered from v,, side to v,, side Phase shift angle: ¢ =27 A
] ] ) ) . . @ >0 =2 vy, leading v
—> Overall, the power is delivered from leading phase side to lagging phase side. P<0>> vﬁ lagging vi

Iml_a\-'g = Io l_avg/”tr

RTDS.COM
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Leakage Inductance of Transformer

Design consideration of leakage inductance:

» Considering all the inductance provided by transformer’s leakage inductance
* DAB real power < transformer’s MVA to avoid overload for transformer

* Vin = K"V, and Vo = K"V,

DAB real power: |Ppsp; =

V. eV _ .o
m out nt’r.(p.(l |()0|

_—)<Str A
2 ﬂ-'fsw°le ™

Vin'V,
>~ m out. 1 -(p-(]_—l(pl]"{l

|74 thr?z Xm.nt"“ T
. trl
TR’s turns ratio: V—= Ty _ _ _
tr2 * Typically, in rated operation, V,, = V,,,, and
X ‘Vt 12 Vout = Vtr2’ l.€., kl - 1’ k2 - 1’ ntr - Vin/Vout
tr T
TR’s leakage inductance: | Xy, =2 7« fq,*Ly,= S 2]
tr # Xtr>(p.(1_£)
7T
Input and output voltage: | Vin=ki*Viy1  Vou=ka+ Vo J
If Psel := 25 deg Psel ® (1 _M) =0.376
X+ transformer’s leakage inductance in p.u. “
X,,>0.376 pu
RTDS.COM 8
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Application: AC Grid > MMC -> DAB - Load

Vs SCR

Ys SCR ;
l S
L
ZS Lac |_ |_
Full- [ ] Full- [
: DAB : DAB ) DAB
Lo o . Full-bridge + DAB [ bridge | [ bridge | |: bridge | | | Load
+ + + - | - | . |
Phase A [V, | Phase B |V, | PhaseC |V, — Full- ™5 Full- 775 A8 Full- DAB
_ _ _ 1 bridge | r bridge || L | ] bridge | | L |
O 0 0 i Pl Clo |
1 ] 1 ] 1 1
L - H — L N — L N —
F.ull DAB Fpll DAB F1.111 DAB
|— bridge | | |— bridge | X |— bridge || | L]
L [
L r
Full-bridge R - DAB
It Y hrg Tt | faat 1
Is {‘;l T I; i i3 S Yicol
Cl _vCl Vel vtli i *3 . ’vt2i_ Col .~ Vout
/|
Tﬁfﬁ‘ 7, m(;% Sng?s S, )
o) o o
H-bridge AC-DC stage:
« Similar to control requirements of conventional MMC DAB power/voltage control:
» Real power or capacitor voltage controls * It adjusts phase shift between v,; and v,,
» Capacitor voltage balancing control
. 9
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Capacitor Voltage Balancing Control

Method I: System Control Method II:
» Switching frequency for Switches is varying, U, » Switching frequency for Switches
maximum at equivalent PWM frequency _ ) is fixed at carrier frequency
3-phase Modulating Signal _
» No needs of Pl parameters U' > It needs to design Pl parameters
L Method | Method Il
05 NLC Nearest-Level Control (NLC)

Individual Capacitor Voltage ooip

00 OR i 0.00s |-
03 Multicarrier-Based PWM Control using PI Controller D/\N\/J\N\W
-1.0 0005
0 A T2 STE L ' ‘ Y L P
: Individual Modulation Signal
Number of inserted SMs for Each Submodule

Voltage [pu]

Level-shift PWM [ModaveaT | TiavEL A

1.0
2 05
gﬂ 00 Vo 1Vre mulficarrier: _
= L L OE
-10 ; Carrier-Based PWM for Each SM #0
R 3 W1 0 1 O

Sorting Method

=, [ L IO [ [0 |

t
Phase-shift PWM

1.0 oo _
- Firing pulse Firing pulse G A
& 0.5 0 P i darad 0395 040222 040544 041667 042339 043111 043833
ED 0.0 U Vret, \
E -0.5
“ o NLC: mainly used for a large number of submodules
0 I/4 I/2 3144 T, Multicarrier-nased PWM: can be used for either a large or small number of submodules

RTDS.COM 10
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NEW Control Component Development for Capacitor
Voltage Balancing - (SORTING METHOD)

» Multicarrier-based PWM
» Firing Pulse Generator with Sorting

* It supports up to 32 submodules in series
* |t supports Level- or Phase-shift PWM

 Firing pulse arrangement in a word supports
customer-specified

CARRIER-BASED PWM
FOR MMC

MULTICARRA

LEVEL-SHIFT CARRIER
NO.OF CARRs: 20

TWAVE FREQ: CARR1
1.0

PAYAYAYAVAVAN
PAVAVAVAVAVAN
ST

MODULATION WAVE
#1: MODWAVE1A
#2: MODWAVEI1B
#3: MODWAVEI1IC

NO. OF SM INSERTION

CARRIER-BASED PWM
FOR MMC

MULTICARR1

PHASE-SHIFT CARRIER
NO.OF CARRs: 20
TWAVE FRECQ: CARFH

0l ’#o’o’ KR
*u’uu‘#u’o

-1.0

MODULATION WAVE
#1: MODWAVE1A
#2: MODWAVE1B
#3: MODWAVEI1C

MNO. OF SM INSERTION

FIRING PULSE GEMERATOR WITH SORTING

NUMBER OF

G
MIMST1A

G

MODULES ORDER
FOR MMC LEG

DBELK

0-BLOCK/M1-DEBLOCK

VALVE CURRENT DIR

G
IdirA

MNINST1A

* It supports firing pulses for Half- or Full-bridge [#1  NINSTIA ||
. #2: NINSTIB #2:  NINSTIB
submodule switches and CHAINV5 MMC Model #3 NINSTIC #3 NINSTIC
For Half-bridge with switches
Mame Description Value Lnit Min M ax
poslevihb FP Value for Positive Voltage Level Qutput: 1 0 Pso 0
zerolevihb FP Value for Zero Voltage Level Output: 2 0 Zero 1
For Full-bridge with switches
Mame Description Value Unit Min M ax
poslevifo FP Value for Positive Voltage Level Qutput: 2 15 IZSO (])' (])- 2
neglevib FP Value for Megative Voltage Level Output: G 15 €9
zerolevifb FP Value for Zero Voltage Level Qutput: 5 15 Zero 0 . 0
1 0 1

Edge

| Detector
[

0-CURRENT=0
1-CURRENT=0

1
0

1

o+~ O

1
2

EMABLE SORTING
0-DIS, 1-EN

FOS.LEVL= 9
MEG.LEVL= &

ZEROLEVL= 5

(FULL-BRIDGE SWITCHES)

EACH FB FF SETTING:

MMCFIRW1

AVERAGE OF CAP
VOLTAGES

| & BRIDGES / FPWD
| === brge2 brgel
I[--- [4a-bit FP[ 4-bit FP]
31 7 43 0Bt

RTDS.COM
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NEW Control Component Development for Capacitor
Voltage Balancing - (PI CONTROL METHOD) T

FIRING PULSE GEN.
INDIVIDUAL MOD. WV
PHSFTFP1
TWAVE FREQ: TANGLE
PHSFTANGLE:  30.0

> Multiple Pl Controller > Flexible Phase-Shift PWM Firing Pulse Generator For/\clact. Broes
* It supports up to 32 PI control loops * It supports various PWM pattern: iy
| NO, OF BRIDGES._ 32 |
 PI controller configuration supports RESET, o ONE modulation signal with multiple carriers FOR EACH BRIDGE:
NO.OF CARRS: 2
FROZEN, and LIMITS o Individual modulation signal with each carrier PHSFT ANGLE: 180.0
« It outputs individual modulation signal for : S . MoDAVIA
P 9 o One or Two carriers for each modulation signal A _Momei o
each submodule DEBLK INPUT: DBLK
 Firing pulse arrangement in a word supports customer-specified EACH FBFP:_4-bit
max /™ IF MODWV = CARRT:
PI BALANCE CONTROLLER FOR HALF-or FULL-BRIDGE ___ PIBANCTRL1 « It supports firing pulses for Half- or Full-bridge submodule BACHFP=" 1
_ — ELSE 2
0% woase= 10w fomorRItoors: 4 switches and CHAINV5 MMC Model IF MODWY > CARR2
_Mtice! ivbase Rvaln max #1LOOP | EACHFP= 8
ICCI errar 1 . modwvi — vavg ELSE 4
|Va\f_g DELK g ﬁ_x[t_}dt | -.-  brge2 brgei
—rsT| = Frr L' =nec| - : [--- [4-bitFP[4-bit FP]
1-En | VCAPT oy gy LT min- MODWVA | 31 7 43 0Bt
Frr | If Plout exceeds limits I 8 BRIDGES / FPWD
] 1-En : MOD WAVE INPUT:  MODWWA SIGMN(I) INPUT: SIGNIA DEBLK: DBLK: N D - Val Unit Mi "
dme escrpton dlue ni vn vl aX
—Jrual -/ min Narme PHASE-SHIFT PWM FP GENERATOR NAME: PHSFTFP1v2
brgetype Firing Pulze to Drive Half or Full Bridge? Full |v 0 1
numbrge Mo, of Bridges: 32 0 32
maodeltype Bridge Model: Separate Switches or CHAINWS? Separate Switches |v 0 1
modwtype Mo. of Modulation Waves to All Bridges: One | 0 1
nurmcarr Mo. of Carriers for Each Bridge: One 1 2
Individual
ndeblk Owerall De-block Signal (0-blk, 1-deblk) Mame: DBLK |

Technologies RTDS.COM




DC Transformer Simulation in

SubStep
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System Parameters

# of modules 6 Full-bridge SMs in series 6 DABs in parallel
AC grid 10 kV (LL, rms),50 Hz, Z,=3.5Q + jo,*0.1 mH N/A
DC output 1.5 kV, 4700 uF / Full-bridge 1.5kV, 50 uF / DAB
PWM modulation Unipolar dual-frequency SPWM Phase-shift PWM with duty = 0.5 (square-wave)
Carrier frequency 200 Hz 1.0 kHz
Transformer N/A 1.5 kV:1.5KV, 0.125 MW, 1.0 kHz, 36.7% leakage
Cap Voltage Balancing Pl control balancing method N/A
Real power 2.25 MW
Full-bridge

+o

Ih1 _ Im1 + iml Io1 lloadl
T3 Ieq l
4 ltl col
Cimmve Vel i ’vtz Vout

H|RTDS "
Technologies
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DABs:

» Output voltage control: generate
Phase Shift for two sides of one DAB

» Parallel operation: use phase-shift

System Control

Vout Control > PhSft

1
|
|
|
|
|
|
|
|
! PWM to increase harmonic frequency Yot 5] |~ 51 [ 5 ]PRST
VsABC ‘ I * Square-wave operation: duty =0.5 . g
SCR IsaBC I
L ; Carrier Phase-Shift PWM NN: # of DABs in parallel
- Firing pulse for Pri. side of DABs duty = 0.5
I + >
" . ™\~ Firing pulses
! fM . ﬁa{ﬂ’l_ Phase-shift | Gkarp1-v [ Triangular |[Carte;y | COmparator = Pﬁﬂm
., - _gr < _sL <« _i | / 1 (7/N) ! Wave Gen. 8 side of DABs
CAI~N VeBI-N VeCl-N I
Firing Phase A V_‘"‘t Firing Phase B IE"“ Firing Phase € IE’“‘ , Phase-shift | Gansi-v [ Triangular |farrsix_ >
L o = L o L O + (7 /N) © |WaveGen.lJ] T |, Firing pulses
PUIS? pulse pulse=> : PhSft Eomparator for Secondary
! Carrier Phase-Shift PWM duty =0.5 side of DABs
I = Firing pulse for Sec. side of DABs
|
AC-DC stage: iu!abfigge Vcap Control gecgléfged fcontrol PIT Lo PLL - vsdgq, isdq Vcap balancing control
- Vcap control + current decoupled are VABETE l S | % i = Firing pulse
control: generate 3-phase ” Vsape| | [abo/IES Mgy iapc [abe /s
IcABCef_ I PI dq 5q_ - dq  Leg y
references g X
5 - vC. rf ]
« Vap balancing _ ; Veave UV, ABCI-VY  Bisanc
« PWM method: Unipolar dual- v_A}._V, YA Mag NIARUR 5 Ry e PI coggoller R
cBl~V 7 >
frequency SPWM ——>avg(") % O Lo+l 5 /abe Sorting Method | Eiring pulses
VeCLoN T a g for Full-bridge

RTDS.COM 15
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Phase-Shift PWM for DABs in Parallel Operation

—

Subsystem #1|Substep|DAB1 Tl O Subsystem #1 T © Subsy stem #1 T ©
[T Jlout? loutd loutd louts . (Mo RefPUT | Wb PUfil . [“RRefFOT | WP Liil
02 - - - — - :
T D1 fsas, el ] i et 2o P 0 A AP L 115 1.1
D il W it 1
.01 ! I ! | 105 /
1 ar
- }gg: 0.a5 1 1 1 1 1 ] 0.& 1 1 1 1 1 ]
Z 14 [E7&FT] [EFFTT]
1'ﬁ— 0015 - 0.00% -
’ 1 1 1 1 1 |
f .01 0 -
[ALTR] 0.005 -
ir 0.005 |-
Us 0.0
?: 0 o015k
. h | T 1 | 0005 1 1 1 1 1 I 00z 1 1 1 1 1 I
[FRSFET ] Phstt [PREFET] Ph st
-
Z 28
26 [
24}
i
22l
1 1 1 1 1 ]
Q 20
[ETroutT |
13
1.7
16
AT > 3 16
a 0.04 1.4
ER 13
0051
0.1 1 1 1 1 | 1.2 1 1 1 1 1 |
018z 011993 02060 0A421ZE D19 DAZESE 01231 0 003333 006667 0.1 013333 0.16667 0.2 0 00333 0OGGET o 01333 DU1G6ET 0.2

The paralleled output voltage and current harmonic frequency is significantly increased,
which potentially permits the decrease of output capacitance.

Technologies RTDS.COM




SUBSTEP Simulation (AC-DC + DAB)

Resistive switching model
Main time step: 45 us
Sub-timestep: 45 us/5 =9 us

# of modules per phase: N =6 (18 H-bridges
+ 6 Transformers)/phase

« Substep box: 112 models, 53 nodes
- ygz_pyeej,_pl EaEaD-@t?r_s ___________________ “out of DAB Mal n TI me Step
] StartPl, ResetPl Control loop For DABs
|
i PhSﬁEngTe ______ PhSft :angle ______ PhSft :angle
| | |
| | | 1
: (" ' SS Box2 '
. SS Box1 DOX SS Box3 Sub-Step
Sysiemparamers | _VSABC, Rload, fswi, fsw2 | _ - Three-phase
and Pl settings MainBrk, AuxBrk, DBIK i i
Main Time Step . TR parameters power circuit
° I Individual Individual Individual
SyStem param eters : Modulatién waves | Modulatibn waves | Modulatién waves
« Pl parameters . !
|
- Startup sequence r !
:_ S y91_p9|33_f,_|31 Ea?l"ietfr_s_ | Decoupedcontrol | ] :p_hElSE o PI Control to Mal n TI me Step
StartPl, ResetPI {control Vo and Iq=0) modulation waves Balance Cap Voltages For AC-DC st age
\_

H|RTDS 17
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Circuitin

mc supsTR
: pees TLRERAE:
s [ b LINE_Pr

il L]

gl = = RO ERD
T DD —
3 i LRET

~

£

¢

pon
ok 000
n

Unipolar double-frequency SPWM

PHASE-SHIFT FWM
FIRING FULSE GEN.
INDIVIDUAL MOD. WV
FHSFTFFI
TWAVE ANGLETANGLE
PHSFT ANGLE: -30.0

For Adjact. Brges
_io %

ELD
NO. OF BRIDGES: &

FOR EACH BRIDGE:
NO. OF CARRS: 2
PHSFT ANGLE: 180.0

Mo. OF MOD WV3S: &
#1: MedWaveAl ---
DEBLK INFUT: DBk
EACH FB FP: 4-bit

IF MODWY = CARR1:

EACHFP = 1
ELSE 2
IF MODWY = CARRZ:
EACHFFP= &8
ELSE 4
---  brge2 brgel
[--- [4%i FP{a it FA

M7 43 OB
8 BRIDGES ! FPWD

for AC-DC stage

Technologies

Zt

X
A joon

sunm
L
[T ]

7

SERERGERD
TR b M
e

TR
ABE et

ERCRGERD
TR

U

Firing pulse generator

Step Box and Firing

1
SERONG BT
TER MR AL AN
re=4

TR
TR N
LIWE_CuttR

E..

Firing pulse generator
for DAB stage

AT

TLRE N
1 LI curtPy
RO EhE
TER AL ol

LhETE

e N N N

RTDS.COM

E E ALYEA R E
L : ! il A !
] SUETEP A1 1 pr— 1
'a . A IHI- * A' :
" En i m Eﬁ: ni " E 1=]
(%] [ ke 5 i [ i B
! ,J' ! ! ST SUEETER
! ! ! ] TARERAE: TG A
: : : 2’ 1 LIhE_Ourii 1 LIE_Curid
W ez | — W ! Soees Somes
L ; | | N i [P raee
. 1 | . |
1
1
I . i S
[ I Phase-shift PWM for DABs 1
| PHASE-SHIFT PWM PHASESHIFT Pum || |
I FIRING PULSE GEN. FIRING PULSE GEN. || |
ONE MOD. WAVE ONE MOD. WAVE
T amw
== 1 PHSFTFP2 PHSFTFP2 1
e I TWAVE ANGLE: AngLia || | TWAVE ANGLE: AngR1A|l |
TR Em PHSFT ANGLE: -30.0 PHSFT ANGLE: -30.0
ok Lkl 1 For Adjact. Brges For Adjact. Brges |
1.0 1.0
1 5 a < a1
1 0.0 0.0 |
| |MOGFBRIDGES: € | ||MO OF BRIDGES: € |
FOR EACH BRIDGE: FOR EACH BRIDGE: )
1 1 NO. OF CARRS: 1 NO. OF CARRS: 1
1 |
Wo. OF MOD WVS: 1 Wo. OF MOD WVS: 1 I
I'_____________________I #1: Duty #1: Duty
I DEBLK INPUT: DBk DEBLK INPUT: DBk 1
SUBSTEP FREE RUNNING —————— ——————
I ANGLE WAVE EACH FB FP: 4-bit EACH Fa FP: a4t || |
GENERATOR IF MODWY = CARRIT: IF MODWYV = CARRT: 1
| DELAYED EACHFP= @ EACHFP= §
1| 2e 0.0 - ELSE 6 ELSE 6 I
I RADIANS AngLiA I
I £} £ I
FREQUENCY T PhSfirad AngRi1A
Slaw2 ---  bege?  brgel ---  bege?  brgel 1
I HERTZ [ --- Jaat FP[a-5it FA| [ --- Ja-t FF{4-&it FA| I
1 3 T 43 OB 3 T 43 OB
1 OF 3 WAVES 8 BRIDGES | FPWD 8 BRIDGES / FFWD 1




Phase-A Capacitor Voltage Balancing Pl Control Implementation

startPl Kooan
L
G% o)
Erm/o1APU

= 2
WotAny Mexf¥ams,

Banhax BanMax
lax,

(oo %% em- 1 (o0 P9 /—@ W

&
M1
B \\‘—‘ %J Xty dt

&
LT = v eal waith Fact

ot e 1 (=4 dVrefAl
Spia =
o— o— T Min
FrzPl D resettt  RST | T gantin Banhin
A fAs=B Y

=1 Tivban
L

T L

M ® Ay fA»=B [ Y
Banhax 1

e

- Else

naith Pt A [ ] Y= 0

LS

Pl BALAMCE CONTROLLER FOR HALF- or FULL-BRIDGE PIBANCTRLA Syl
o— T
Ko\ban KDCC: vbase= 15 KV Total#of PI LOOPS: &
| |
e Rual;—, 4 max : vavg o m?n'_‘
Tivban | ; _ﬁJ’xm dt | Vouthavg -y
I Ti=TiCC I i, {7 -
ResetP| ! RSTIJ I'I'lil'l'-‘f min | oAUl waith Pl rafiay ‘* Mo aradd
| |
| If Plout exceeds limits | 1st .
[ i y del o
FrzPl J:En | MOD WAVE INPUT:  ModWaveA SIGM{i) INPUT: Signla DEBLK: DBl | mod. dvrefad
Cag >R olme il
Bantin
! Mol
"
"fﬁ G L] L] L]
U si n n e I d eve I o ed waith Pl drafiad /*’ [ U SI ng exl stl ng
g newly P

components in
RSCAD Lib

(L= IS

control component

L

waith P detradas [ EEN ]

Sepia

P 1

= @
WotAny Mexf¥ams,

NN

& =
ot - v e waith Fact Mt

[

RTDS.COM
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Phase-Shift PWM Firing Pulse Generation

For AC-DC stage

For 6 modules/phase

For DAB stage

Micte: Initial phase 15 O deg (=07 120012
Generate Nsm camiers with phase shifts sharing 180 deg T TREE RURRIG
MNCLE WA
TRIANGLE WAVE TRIANGLE WAVE e v
GENERATOR: GENERATOR: a
THGENIA THGENEA = RGNS
TRIANGLE WiAVE TRIANGLE WiAVE
PELT M LT AL
TanGLE TanGLE
TRIANGLE WAVE TRIANGLE WAVE R
e cuEge
LT NANE PELT NAME
TRUKGLEWHE TRUKGLE WA
TomzaA1 TouEGA1 AATOR. CONGRATCR
TWELatA TwCENLaaA
TRIANGLE WAVE TRIANGLE WAVE
QUTEUT NAMER CUTEUT AMER TRINGLEWHG TRMGLEWHE
sing existin s || T
== TwAvEZS =z TmRvEss
. . ArgieLatiA gL stiA
= ThAvER B TwRvEEr TRMCLEWHE TRKCLEWAE
BAThAE RATHAE:
ToagG Toag
EAnGRLIE FAnGFLLIE EAnaELE Eana s EAn s FEna s - -
GENERATOR: GENERATOR: GENERATOR: GENERATOR: GENERATOR: GENERATOR: e P
FeaEn Feosnz seamra FeaEn FRoEns FmoEnE TILah
I n I Tt
MODULATION WAVE MODULATION WiIAVE MODULATION WIAVE MODULATION WAVE MODULATION WAVE MODULATION WAVE T
RELUT NAMES: REUT NAMES: RELT NAMEE: LT NAMES AELTNAMED AELTNAMED
1 =1 =1 =1 = s #t TRALKCLEWAE
: CONGRATCR
= = = = = = TR
TRMGLE W
ot
TRIANGLE WAVE TRIANGLE WAVE TRANGLE WAVE TRANGLE WAVE TRANGLE WAVE TRIANGLE WAVE TR
AT M nELT REUT RAME LT HAME MEUT WAME T AN Rt
THAVE 1A AR THAVELS TWAVESA THisvESS TUAVESA L
comsaRATIR ¥ comussmaToR ¥ couRsmsTOR ¥ CouRARATOR ¥ coumsRATOR ¥ coumsRaToR ¥ i
P conTRELTIONT £ conTRELTIOND > conTRELTIONG P CONTRELT: P cONTREUTIOND P CONTREUTIOND
= TR = TR = THAY: = THAY: = TR = THIA: TRUKGLEWHE TRMNGLEWAE
#1= 1 ELIE 2 #1= 1EL3Z 2 #1- 1 ELIE 2 £1= 1 ELIE 2 2. | ELIE 2 2. 1 ELIE 2 CUTAIT bl CUTRIT s
#2- 2 EL2Z 4 #2- FEL2E 4 #2- 8 EL2E 4 %2- 2208 4 #- 8 EL2E 4 #- 3 E2E 4 T —
THHASRIGHA
I ! I I I I TR
R k3 + 4 + 4
p=aLock oeaLocK peaLocK pesLock oeaLonk oeaLosk
AT MANE LT NAME nEUT NEUT MANE P NAME T
cawwo awwo cakwD cakWD cakWD e
womisvozon V| |[sosenveron ¥ || [sommavoron ¥ | [[ommvoran ¥ | | romiavoran ¥ || [ wosmiereman ¥
MMECE YV NMECE Y nuECE ¥ NMECE e ¥ MuECE ¥
conmmanED = conmanED == conmanED == conmmonED B CoNDTIONED P conmTonED B
Frouia FRouzs FRouas Rt o R
ETETT Phase-shift PWM for DABs
s PHASESHIFT PUN PHASE.SHIFT PWM
e FIRING PULSE GEN FIRING PULSE GEN
TWAVE ANGLETANGLE! PHSFTFP2 PHSFTFP3

Using newly
developed
component

Technologies

PHSFT ANGLE 300
£ -

|no. oF BRIDGES: o
FOR EACH BRIDGE
NO. OF CARRS. 2
PHSFT ANGLE: 1800

ACH 78 FP. 400

IF MODWY » GARR !

EACHFP =
ELSE 2

IF MODWY > CARR2
EACHFP= &

ELSE 4

[SUBSTEF  FREE RUNNING
NGLE WAYE
GENERATCR

DELAYED

P RADIANS

FREQUENCY T
a2
HERTZ

1 OF 3 WAVES|

AngL1A

o
PhSHrad

TWAVE ANGLE: AngL1A || || TWAVE ANGLE: AngR1A|

PHSFT ANGLE: -30.0 || || PHSFT ANGLE: -30.0
. For

5 5
No_oF sRiDGEs: o | |[No. OF BRIDGES: &
For eacH sRI0GE: || || For £Ach saibee
Wo.oF carrs. 1 | || Ho.oF cars.

No. OF MOD WVS: 1 No. OF MOD WVS: 1
21 Duty e Duty

DEBLK INPUT: DB DEBLK INPUT: DB

EAGH FB FP. 45 EACH F8 FF. 41
IF MODWY > CARR1 IF MODWY > CARR1
EACH FP = EACH FP =
BSE o BSE o
bige? _brget brge2 _brget
[ FF 4ot Fi [-51 FF{be

3 7 43 ome| |31 7 43 oma
8 BRIDGES [ FPWD & BRIDGES | FPND
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SUBSTEP Simulation Results Blocking 2 Deblocking

Subsystem #1 ) O | Subsystem #1|CTLs Tl O | Subsystem #1 | ©
Ti'l'l'i’l'l‘x’lll‘l’llll’l’l'l'n'ﬂt'f|'1'i'|';'i’a'1't'f;'('i’fl’i'ﬁ'i'a'l'i'i'ft'i’n'l’i"i'i’«'l'i’i'ﬂ'ﬁ'l’uﬁ'i’«'l'i'l'ﬂ'ﬁ'l L . ; :—v, L

AC-DC stage Vcap control loop DAB output voltage control loop

AC-DC stage operating waveform
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S U BSTE P Si m u Iation Resu Its Steady-state operation: Vout = 1.0 pu 2 Po = 2.25 MW

Subsy stem #1 ] O Subsystem #1|Substep (g © Subsystem #1|Substep | O
" [WRUTA | Wbut2 s Woutdd Lbutdd Lbutsa, BUETA | loutZa Joutdi loutddy loutss,
o [STTWEGeR] 511 vhecl 51) Wheet . [eata] 02 L
; 154 0.1
s o 182 2
= s ’é’ 0
1.4 o
1.46
1.44 ! ! 0.3
T \-’hutSEl WoutdB butsE
a 1541 - 0.2
= 151 \w l'-"f D[
140 fﬁ! g
= ! \t%’ i
148 ‘Q%F!
el o
1.44 02
. mwmzc WOUTEC Moutdl oSt -
E 1.52 ; 1 éﬁ éﬁ% i) wck‘ R % A ]
) 15 , 1
[FRREETY | it Bag bt Cag 2 - ; K‘w 3 ?? o 0
1541 =, %
152 1.46 \ o
15 1.44 1 | 1 1 1 ] i) | 1 1 1 1 1
148 DB D4 024242 02627 026208 DITHI6 039365 028940 028892 028935 029073 029011 029064 029107
1.46 1 1 1 1 1 | ! - ] a4
) Cap voltages in AC-DC stage DAB output waveforms
2 = = . .
- - Pouthid__ AC-DC + Dual Active Bridge Converter
= . 2284 006791 2 IR
AU.‘(BFK
4 L L L L ! — . . . Pout_33filt
DAFId 044272 D46I01 DAE13 D.AFOSY D.4TUSE D.48016 r H-bridge H-bridge + TR + H-bridge 2 250
AC-DC stage operating waveform ~— ... BN
MainBrk Lac 1.501 |%
wLpu I— . . .
H-bridge H-bridge + TR + H-bridge] S1)VoA__
g Vo1 -
Generally 10% Zsys Vo2
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SUBSTEP Simulation Results

Subsystem #1

Ty O

Dynamic operation: Vout =1.0 pu =2 0.9 pu

Subsystem #1|CTLs

Subsystem #1

of
[

17 vpeeB 517 vpeeC

Qi

03 [FrA]iehe lh
1 0.1 Iﬁ"m

i ti’|'l’t’u'ﬁ't'ﬁ't’*’l'i’b’i'r'i'i’lwi'|'t'i'l'l*b’i'|W|Wi'IWl't't'i’l'i’b’fﬁ'ﬁWi'IWI't'i'a'l'ﬁ’fﬂ'

;

'x-'bu:-nE1 “zonCl

"jﬂ|'|'ﬂ|||'|'|7|‘ﬂ"|';‘4'|’|'¢‘+’|'ﬂ'|’|'|"'ﬁ'i‘l’q'ﬂ"fq'l‘i'i'ﬂ'l’l';'lw"i'WI'f"i'lll‘l'fﬂ‘1i'fl'|'|'i‘i’l'ﬂ'|'

-10
- [ty | voutBavg WoutCavg
1 54 il
"o TR R ,Illlllll""llll"'II|"‘"|II'-'||||'-*|I||""||I|"|II|'-'I'|I|*-'|II|' Al A
Ol 1 e .
1.6 1 | | 1 |

i

4

DDDDDD

|"ﬁ:ﬁ_'F'|:|_|"u'h1 FURef 1P

DDDDDD

DDDDDD

@WEPUfih WP LI

AC-DC stage operating waveform

AC-DC stage Vcap control loop

DAB output voltage control loop
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DC Transformer Simulation in
GPES
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GPES Simulation in Small-dt Box (AC-DC + DAB)

Main time step: 45 us
Small timestep: 2.8125 us

GPES box: 102 branches, and 47 nodes

Vo2PURef, Pl parameters
StartPI, ResetPI

GPE timestep: 0.9375 us (3 sub-small timesteps)
# of modules per phase: N = 6 (18 H-bridges + 6 Transformers)/phase

Vout of DAB Main Time Step
Control loop For DABs

1 1 1
PhSftangle PhSftangle PhSftangle

Systemn parameters
and Pl settings

VsABC, Rload, fsw1, fsw2

MainBrk, AuxBrk, DBIk
TR parameters

Main Time Step

* System parameters |

ACDC_DAB_PhA ACDC_DAB_PhB ACDC_DAB_PhC

EZ AN - EZ AN - == EZ AN

* Pl parameters

Individual Individual Individual
Modulatibn waves Modulatibn waves Modulatibn waves

_________________________________

- Startup sequence |

Vo1PURef, Pl parameters

StartPl, ResetPI

Decoupled control S-phase Pl Control to

(control Vo and |g=0) modulation waves Balance Cap Voltages

Technologies

Sub-Step

Three-phase
power circuit

Main Time Step
For AC-DC stage
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Circuit in One Small-dt Box

_________ Sop TUINE NAME: — Sop TLINE NAME: q 1
[ VsC ™~ z2clocks, m T TLA1 m T TLA2 ———— =t T-LINENAME: ————  g=—t T-LINENAME:
1 — L T T TLA3 T T TLAS
! PP ' >< SENDING END >< TS G
Y v lpha L RESISTIVE BREAKER TER'\;gﬁé‘AﬂAME' TERMINAL NAME: >< SENDING END >< SENDING END
veA 35 0.0001 Vpsca risc” T @clocks| VSG vae SENDAZ2 TERMINAL NAME: TERMINAL NAME:
o IphB | - | 1 SENDA SENDA4
| E—a U O - L L o TUNE NAME: 1 VSC VSC
vsB VpccB Mangrks n T TLB1 — =g T-LINE NAME:
IphG pe | RESISTIVE BREAKER | = 1 1
7:+ A A LRl VE BREARER >< " T TLB2 —_— 3 ¢ T-LINE MAME: —_— 3 ¢ T-LINE MAME:
VsC VpeeG Ivsc a2clocks, Té’gs‘mﬁf Nir:"i_ T T TLB3 T T TLBS
— >< SENDING END
L L - SENDB1
Th P h G . d ! MainBrkC ' vsc TERMINAL NAME: SENDING END SENDING END
ree- ase Il | RESISTIVE BREAKER 1 SENDE2 TERMINAL NAME: TERMINAL NAME:
T-LINE NAME: WSC SENDB3 SENDB4
m T TLC1 1 VS vsC
N — S TUNE NAME: 4 1
moioers! SENDING END oy m T TLG2 ——— = T-LINENAME ——— = T-LINENAME
R = 100.0 Ohms [} TERMINAL NAME: TLC3 TLC4
VAR ! SEMDCA T T ' '
! vsc >< SENDING END
RESISTIVE BREAKER | TERMINAL NAME: >< SENDING END >< SENDING END
feo—— o= - vse SENDC2 TERMINAL NAME: TERMINAL NAME:
R =100.0 Ohms 1 VSC  42CLOCKS, SENDC3 SENDC4
MA L — I VSC VSC
: AuxBrkB : T t
| RESISTIVE BREAKER | O converters
| VSC  22CLOCKS,
R = 100.0 Ohms [ ! Load lioad 5
W e AW DAB’s Load
! AuxBrkC ! SRioad

Phase A (AC-DC + DAB Converters)

T & T-LINE MAME: — T-LINE NAME:
Vach TLAT TLAZ
TL2 RECEMNING END RECEIVING END
SOLVERT_A TERMINAL NAME TERMINAL NAME:
| o vsc ~ REENDA1 vsg  PEENDA2
b | ‘ L4 .
# Vneutrald
1
| o T-LINE MAME: —\ T=LIME MAME;
GPE: VoulPa TLAZ TLAA
RECEIVING END RECEIVING END
TERMIMAL MAME: TERMINAL NAME:
VEC REEMDAZ VEC REENDA4
P
L
Wouthld

RTDS.COM
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GPES Simulation Results

Blocking = Deblocking

Subsystem #1 | O I Subsystem #1|CTLs Tyl O Subsystem #1 | O -

0 -EP_ wpeeC . [WTPO 41 PURef Wb 1P Ref . ['mmjx,?zpwm 4biPLU Ret
uu’ i u t’u” W |— — |8
N oo [EFTPT] . izl
(il —/
! 'l‘l l’ IIM T " n t‘lnv.tm!m!,l n “wu il |'u’t’m D S
e K - el /

— I | | | AC-DC stage Vcap confrol Ioép DAB outﬁutvol.taqe.contrc.)l Ioop.
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| GPES SimUIation ReSUItS Steady-state operation: Vout = 1.0 pu 2 Po = 2.25 MW

Subsystem #1|BRIDGE Ty O Subsystem #1|BRIDGE|SOLVER1_A e
Y EE§1EVC deia W Cacdeds b Cacdeds W Cacdeds
o },_-E.;.;B wpoe | = audi o audi ac I EL c

k'
. =T
% ;
ks
& o B

e
thE ocoo
[T R R LX)

%% T
kh
h
P2

el

j I
[r]
o
<
o
[}
[v]
=

?{_{ &
=4
@
<
o
w
(vl
[=8
o
L)
L= =]
<
o
[}
[v]
=
=
B
o
<
o
w
[rl
[=9
o
ih
L= =]

1
[FEorAT |\ onBl Vel L asl ‘{w)

i
1 A

._
] 146 bt w

o E_Eacgcig W CacdeX W Caede3C W CacdodC W Cacdeil
N A 4y

%t'k
W %\"1

024003 024691 024374 0. 2606 02674 027445 028133

none

A0 1 1 ]

wint Bawy bt Cawg

ki
i

Cap voltages in AC-DC stage

2
z .l Pin_GPE.| [Qin_GPE._ AC-DC + Dual Active Bridge Converter
Af 2309 | LO.06721
3 : : : : AuxBrk L
DEES01 020581 DDSTI 031562 D3ISSR 0364E  D.34EW —_— H-bridge H-bridge + TR + H-bridge Pout _GP...
i I_ 2.250
AC-DC stage operating waveform il | /. _l — .. PlossOPIn
MainBrk Lac |_ 2577 |%
wipu H-bridge H-bridge + TR + H-bridge] Vioadhlt
el ll I 1500
Generally 10% Zsys Vol Vo2
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GPES SimU|ati0n ReSUItS Dynamic operation: Vout = 1.0 pu =2 0.9 pu

§ L Yl SEAN— g S
:_: T, o lEatalaty o [ET6IFT]
. ;';’N|'|'('a'M’|'|’)’|'|W{'t'i’ft'i‘4'l'a'|'ﬁ'i'ﬂ'i';Wﬁ')’l't*i'ﬁ't'fﬂ'h’fi')’a'n'i'ﬁ't'i';'i'b‘ﬁ'b'a'r*i'i'ﬁ'l'ﬁ' | | /. S —_kw” |
03 ' - : : : : . [AFUTRET | 14PURet . [FRST] Phsttt
R || - o 'V e —
iE’g i!i!i|IIr|IIl||||IlII-1|IIl|||lIII.II|l|||l|l|I-I.II||l|lIIII''IllllllllIII1IIIIllll'I'I‘I'I|l|lIIII-1'IIl|l|lIIlI-IlII|||I||I-1-I||||||II'I-I|IIl|l|lII-rnIIlIl|lIIII-IIIIl|lIlIIu1uI||||I|I||I-I|||||||||I-.-Illllllllll-I|IIl|lIl|In:IIlIl|lIIII:IIIl|l|lIIl.-IIlllllllll-lllllllllllll-Illllllllll-.lI 'D'ED |:|_|:|E:333 n_mlss? n_lzﬁ D.3;333 n.41lsﬁ? Dfﬁ i iggEE%: nnslaaa DAGGET 025 D333 0.46ET 0.5
- | | | | e AC-DC stage Vcap control loop | DAB output voltage control loop ]

4
2
> D
=
-2
-4 I 1 I I I 1
o 005333 0L 1GGET (L] 033333 041667 0.4
1 iz

AC-DC stage operating waveform
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Conclusions & Future Plan
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Conclusion

® DC Transformer simulation
® Implemented in SUBSTEP and GPES
® Operation with good performance
® Easily modify to different numbers of modules

® Per-unitization control and draft variables usage

Future Plan

® Release the developed control components to significantly simply the implementation of DC
Transformer Simulation

® Release simulation examples of DC Transformer in SUBSTEP and GPES simulation environment

Technologies
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Simulation in SUBSTEP

Power circuit connection with interfaces

Stray cap. =0.011uF 7,=171./2 SS Box3
SS-to-SS Phase C
ol [&)
Vs I—c:»—/—l - Ly=L,/2 SS Box2
e
.'l_@-zg N, 5S-t0-SS Phase B
0] @
L..=0.015H Ly =L,/2
nmm Phase A SS-t0-SS |—
1 F—— I— 55-t0-SS
S5-to-SS | | SS-to-Ss | | S5-to-ss | | sstoss | ;=7
@! @ ®) '®
Stra =0.8uF Ly=0.1mH Ly=0.1mH SS Box1
y cap. = 0. q=0.11 q4=0.1m

RTDS.COM 33
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Simulation in GPES in Small-dt Box

Power circuit connection with interfaces

_________________________________________________________

:Lac =0015H Ltl - Lac"‘ ; JEtl = Lac"’4 GPES Box3 Ltl - Lac""q' i :rLr_l = Jr—21:-":4

| i GPES

Ly=L,/4

i Stray cap. =3.3 nF

I I
Ly=0.1mH |d‘r—to—:GPES| |dt—t0—.GPES| Ly=0.1mH

i | dt-todt | | dt-to-dt |
i ‘Bridge Box3 | @

Ly=L./4 GPESBOX2 [, 7,/ Lu=La/4

Vs )
' —L3{aroa}—(favoores}{ Pheee 7% | {aroepe}t—{ood H
Ry —— L woa e [ooa]

| |
Ly=0.1mH |dt-to-GPES| [dt-to-GPES | L, = 0.1mH

| |
i . . ;
Ly=0.1mH i | dt-to-dt | | dt-to-dt | !
] I
I I
| i

Bridge Box2 @ | [©)

| Stray cap. = 0.12 uF
e Li=L/4 | Li=LJ4 GPESBOXT 7 7 s | Ly=L./4

- GPES
Stl‘ay cap. = !dm_m_dt (Phase A)

i | |
: Ly=0.1mH |dt-to-GPES| |dt-to-GPES| Ly = 0.1mIH

Stray cap. =0.08UF 1 _ o 1mi1 [Getodr| [dttodt] I,—0.1mH
Bridge Box1 | 9
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One Phase Circuit in GPES Box

Each module: 17 branches, and 8 nodes Things to note:
« Transformer: base frequency equal to
Module 1.0 0 e WA YCIC [ switching frequency
| L '“ e | L - Valve parameter for switches: vswit, iswit
n _ H _ | - (recommended to be equal to RMS/peak
voltage and current in the valve)
e e e BEve: S A = * Interface: use the interface inductance as
= — = Kj‘“ = Rj"’f ( ﬂ large as possible
; P  Simulation time step: as small as possible
||
7 ol HE gt ol ' :
i D L CERL ¢ LGN Y GPES environment:
""" « LC switching = artificial losses
To reduce artificial losses:
Module 6 :
el R L el BNt 1) Use small time ste
HL& - L& - L& - L& = @ (1) P

(2) Accurate vswit and iswit
(3) Low switching frequency

RTDS.COM 35

Technologies




DAB Simulation Notes

rtds_ss_TRFS1PH.def
SIGNAL MONITORING IN RT AND CC |/ SIGNAL NAMES r CORE ASSIGNMENT

CONFIGURATION r SINGLE-PHASE TRANSFORMER PARAMETERS |_
.-"F SUBSTEF 5\. MName - Description Value Unit Min Max
vwlt Rated Winding 1 RMS Voltage: BV 1ir1 kW 0.001
TRT T £ B E . w2t Rated Winding 2 RMS Voltage: 5V1r2 kv 0.001
1 TRF #1 W1 n W2 B ranstormer _ase_ req Uency. MW A Rated 1-Phase Transfarmer MVA: BSir MW A 0.001
i i 2 same as the SWItChIng frequency nfrqt Transformer Base Frequency: Tfw? Hz 0.01 I
MWA = E5ir MVA rput Total Winding Resistances: 0.0 pu 0.0
-F’ll X put Total Winding Reactances: BAIrPU pu 0.01
mgls1 Winding 1 magnetizing losses: 0.00001 pu 0.00001
mgls2 Winding 2 magnetizing losses: 0.00001 pu 0.00001
Update || Cancel || CancelAll |
|77 HomdgelL  SUBSTEF 2 LEVEL,
F rids_ss_LEV2_V3.def
ENABLE MONITORING IN RUNTIME AND CC rSIGNAL NAMES r CORE ASSIGNMENT
VALVE 3 VALVE T VALVE PARAMETERS I DC CAPACITOR PARAMETERS
ZE;“_ ZE;“_ VALVE FIRING PULSES INPUT NAMES r AC REACTOR PARAMETERS
— WSC 2-LEVEL EMBEDDED BRIDGE CONFIGURATION

r T Mame Description Value Unit Min M ax
rvlon Valve OM Resistance: 0.005 Ohms 0.0001
— - T l rvlof Valve OFF Resistance: 1.0e5 Ohms 1.0
Nz snbc Snubber Series Capacitance: $Csnb1 MicroF 0.001
snbr Snubber Series Resistance: BRsnb1 Ohms 1.0
WALVE 4 WVALVE 2 VA LVE PA RA M ETE RS

rvlon, rvlof: used to simulate system losses
snbc, snbr: used to suppress numerical oscillations - should be properly selected

L I@L

__________________________________ Recommendatoins: snbc*snbr = 2*SubtimeStep, and snbr = 500 Q to 2000 Q
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DAB Simulation Notes

Substep to Substep Interface: Recommendations:

 Introduce 1 sub-timestep delay  Dividing large system through the branch with large inductance
« Stray capacitance: C = sub-timestep”2/Ltl » Put the interface inductance as large as possible

 Ltl: Interface inductance » Use simulation time step as small as possible

If_rtds_sharc_sid_TL16CAL
PARAMETERS OF LINE WITH 1 SUBSTEP TRAVEL TIME
CONFIGURATION r CORE ASSIGNMENT r DEBUG
Mame Diescription Yalue LInit Min Il ax
SUBSTEP TLINE -
suBSTER CALCULATION BLOCK local_nmcond Mumber of conductors for 1 substep Tline 1 1 12
— T-LINE MAME: T_|I_-|Ir:JE FFJ.-?;'IE: Lgrd Inductance of Ground Mode ofthe line: hlLac? Henries 1.0e-7
‘ LINE_Fng LINE CONSTANTS: Rard Resistance ofthe Ground Mode ofthe line: 0.0 Ohms 0.0
SENDING END LOCAL, Travel Time: 1 SUBSTEP
TERMINAL NAME:
LINE3SE
Update Cancel Cancel All
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