WEBINAR AND DEMO:
Real-time Simulation of
Aircraft Electrical Systems
with the RTDS Simulator
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About RTDS Technologies

Technologies

Headquarters in Winnipeg, Canada
Pioneered real-time power system
simulation in the 1980s

The RTDS Simulator is the industry standard
for real-time simulation and closed-loop
testing, used by utilities, manufacturers,
research and educational institutions, and
consultants worldwide

Learn more at www.rtds.com or the large
library of videos on the RTDS Technologies
YouTube channel
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http://www.rtds.com/

More Electric Aircraft (MEA)
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Figure 1- Increasing onboard electrical equipment demand in commercial aviation.

Source: CleanTechnica via United Technologies
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MEAs feature bleedless engines,
specialized design for generation
and distribution systems, and
more electric loads

(braking, A/C, anti-icing)

Power electronics are a key enabling
technology for MEA

Reducing risk and anticipating
vulnerabilities (power quality issues,
control misoperation) before
deployment is critical

RTDS.COM




EMT Simulation for Aircraft Electrical Systems

» Allows for a greater depth of analysis than phasor domain (RMS) representations
« Varying timesteps allow for representation of faster and slower dynamics throughout the AES

« Detailed power electronics models are key - representation of harmonics and switching transients at
high frequencies, potential instabilities in complex fast-acting controls

Wind farm fault ride through Synchronous generator fault ride through
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HIL Testing for Aircraft Electrical Systems

User’'s workstation

« Real-time simulators allow for
hardware-in-the-loop testing of control
and protection equipment

: Ethernet link | Hardware-in-the-loop interface
« Connect AES controls to the simulated P

network in a closed loop
i APU ContrOI 777777777777777777777777777777777 2 Analogue & Digital 1/0
° ECS COﬂtFOl RTDS Simulator
« Engine control

. Ethernet-based 1/0

X

Device(s) under test

Protective relays
Automation controllers

« Options for analogue, digital, and
communication protocol-based I/0

Power hardware
SCADA and visualization tools

Amplification
for secondary-level signals
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Modelling Library

« Flexible environment for configuring
AES model - no limitation on
architecture

« Sherry’s presentation will go into more

detail on modelling the generators,
TRUs, converters, batteries, loads, etc.
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Power Electronics Modelling

» Consider the switching topology, P VA
@%ﬁ @C %@ switching characteristics of the | pc ;
M M " converter, characteristic acl
1 N harmonics N Ve
v » Allows for low level control testing
) (firing pulses)
AT S S _—
- May be modelled with resistive

switching or L/C switching

- May or may not be
decoupled/interfaced

- Higher computational burden

Technologies

Replaces detailed models with
controlled voltage and current
sources

Modulation waveforms from the
same current controller can be
used to strategically control the
sources such as to reproduce an
averaged version of the high
frequency switching transients

May or may not be
decoupled/interfaced

Lower computational burden
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Universal Converter Model (UCM)

Motivation
- Demand for converter modelling and simulation with higher switching frequency (>30 kHz)
« Research found that average modelling may be used to achieve high resolution of firing

« Other average model implementation is decoupled on the DC bus - can cause instability

Solution: Universal Converter Model

. Available for 2-level, NPC (ANPC), T-type, | ; —r— x —r— i 5 —
boost and buck B S O SR E R S

« Multiple input (control) types T N B

« Can be used in Mainstep OR Substep o SRR o

« Improving performance and reducing v\,g} | ﬂﬂﬂ'ﬁ} |0 mﬁg} |
computational burden

* No decoupling / interface lines 2-level UCM

Technologies
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UCM

Substep Environment (<10 us)

 Full Firing Pulse Input
 Similar to existing resistive-switching Substep models

« Modulation Wave Input

« Similar to average model, but with improved performance
« Proper transition between blocked and de-blocked states

» Improved Firing Input

« Accurately represents converter performance with PWM firing >150 kHz

Mainstep Environment (30-50 us)

« Modulation Wave Input

« Improved Firing Input
« Accurately represents converter performance in the 3 kHz range
« 10 load units per converter

RTDS.COM
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UCM Performance

Grid voltage (kV)

Converter voltage
after filter (kV)

Converter current
after filter (kA)

Converter voltage
before filter (kV)

Converter current
before filter (kA)

DC voltage (kV)
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Thank you!
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» AES Modelling in RTDS

> Simulation Demonstration

» Conclusion and Future Development
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Introduction

Simulation Capabilities
> IBM’s state of the art POWERS8™ processor

New generation product: NovaCor

i 5
» 10 powerful cores running at 3.5 GHz I
= Precise 'l
> Higher precision simulations with timesteps reduced by up to 50% -'l -
i
= Scalable :
» Scalable access through the licensing of 1~10 cores per chassis =
» Overall system expansion and full connectivity up to 144 chassis i
= RTDS provides three simulation modes to set different simulation timesteps.
) T ,
Superstep
« AT N
Mainstep
Sub step
s

RTDS provides various models for converters, transformers, machines, cables etc. to meet different application needs.

Technologies
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Introduction

Generator Generator
APU
Key components: TRU (ATRU), AC-DC converters, DC-AC converters, 115VAC, 9 ,
DC-DC converters, transformers, machines, batteries, etc. ﬁ I % L % L ﬁ
AC load
GcU lecu hydr;)l?lic - mhin

pumps etc. -‘—‘— —‘—,- 28 Vbe

---------- | Avionics, cabin electronics,

- batteries
Shve gen Sees
Vivact ( HvACt 230V [~ Vivace [ HVAC2 230V [ Conventional Architecture [ ]
| ] |
Satru1 | Swirs | Sess SacL SaTrUZ
[ AcEss230v
! iatRU1 [ | Viaraee
e WIES Semai Semaz ® APU SGR
ATRU1 "-.“ 100 Vosan Other ac loads ‘:‘ ATRUZ @
:F_@ __1: :F_@ __1: 360-800 Hz AC ]
Vhvpci | HVDC1 540V ! ro ! HVDC2 540V [ Vhvpcz AC/DC
T T 11 | B8 LR | | LTl 270V DC _ =
Secs [ f I SpeL : —— : —— l lacEma Secsz f I I T T zrovoe
. I 1 1t 1t
lscEcs1 : =1 ! = lidceese ‘
—————— Other dc loads | @ : | Q]' : s Other dc loads Win Wi
g DCIAC DC/DC DC/DC DC/DC Ing
55 | ! o : 5k | antiicing : | | | DEIAC] | anticing
2l CHEIRE] o
! | BCST L bl ; : ) ECS2 EMAs, ECS and | |AVionics | [Battery]  [Avionics EMAs, ECS and
| @ | EMA1 EMAZ i I inverter driven loads inverter driven loads
I 1
S — 1 e e — — 1
MOET Architecture [ MEA Architecture [
(More-Open Electrical Technologies) (More-Electronic Aircraft)

[1] Frede Blaabjerg, “Control of Power Electronic Converters and Systems”, UK, Academic Press, 2018.
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Various Converter Types in RTDS

Universal Converter Models (UCMs)

» Various topologies, such as Buck, Boost, 2L-VSC, 3L-NPC, 3L-T-type, 3L Flying Capacitor, etc.
» Resistive switching models

» Various control input, such as improved firing pulse, modulation waveform / duty cycle

» Switching frequency up to 221.5 kHz for 2 us Sub-timestep
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1 P | 1 | | |
| T | T \ T
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_____________________________ | I | 1
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I INPUT K N1 ouTRUT | ! - ! ! ! | 4 |
Y + I I | i 1 1 1
I = I CUOCMRIEVEL - uemr T o : -/ : : -/ ' ! _-— !
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VALVE 1 | P | | | | 1
: VALVE : ! : : VALVE 2 : : : : :
|
| p— _"_n”_ A ! \ . | N | | VALVES VALVE 2 | ! - !
| X I I I I I -|K I H i H
| | 1 ~ 1 1 N1 1 1 1 1 1
X A I I I T I | 1 H \
| | : VALVE 1 pm— : Al VALVE 3 : al | : Al | |
——————————————————————————————— N1 i
Al ! ! I I I ' T !
o] I W | 1 1 [} | | | I |
Buck i N I I — I i ) |
I | | | | 1 ] 1
| I I I | 1 1 1
g , I | | | | 1 1 1
" TBosst! UCM BODST | I I I I I I | i
\ ALVE 1 P | I I l | I o 1 | a 1
et | I I I | 1 1 —
X N1 X 1 1 1 1 1 1 | |
| | r-=——=—7 1 I | | | 1 1 ]
Lo ) ! | I I I I I VALVES WALVE 3 I i VALVE 3 i
1 1 ! 1 1 1 1 1 1 o 1
! | VALVE 2 ! | 1 | [ A ) I I - 1 i i
! o HALYE < j— ! 1 1 1 | I 1 1 1 1 1 1 1 1
o o ! | I | | DEBLOCK | _-— | | _-— | | rm— |
| o | ! ! VALVE 2 N ! ! | VALVE 4 ! bo----- y ! ! !
: : R I i I I | I i |
———————————————————————— : I N : : I VALVE 4 ! | 4 VALVE 4 |
| |
1 } 1 ~ 1 1 1
Boost Two-level VSC L | : ! I"” | : ! ! !
: 1 M : : M :
| ! 1 1 1

Three-level T-type IS Y S o
Three-level Diode Three-level

Clamped NPC Flying Capacitor
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Various Machine Models

= Various machine types, such as DC machine, induction machine, synchronous machine, PMSM, etc.
= Various synchronous machines including transformer or internal faults
= Single-phase and multi-phase machines

 |+F1- +r2- )
W
| 0
* T Lur
!
[
- ‘
1M
F
DCM1
h. -

DC Machine

Phase-Phase Faults in All Windings
FJ1 F-1 F+t CJ |

~

SUBSTEP MODE SM
INPUT
PU SPEED Shin1 PU TMECH
INPUT:  ———\ &—— INPUT:
SMs1 SMT1
Al
Bl

SUBSTER MODE PMSNVA)
INPUT
PUSPEED PMSMMT by nEcH
INPUT: ——— INPUT.
PMSMS1 PMSMT1

| &

MNORM EF

™

M1 INPUT: PMSMA1
SMEF1
S S ~
Synchronous Machine PMSM
BJ | AJ | \|’ l l
A EF 1P VMPU  1yya = 100.0 MVA A
I M1 13.8 2300 I
: Q= A
E A Y
LAGS

c —Lﬁ

WM )

T

1 T
Synchronous Machine

with Internal Faults
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with Transformer

Synchronous Machine

((sussTEP MODE B
INPUT
puspEeD , INDM! PU TMECH

INPUT: —— INPUT:
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A P &
EBj |B
c e

([XE STATOR
SIDE

k.
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Induction Machine

Induction Machine with
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|=

| =

sM
INPUT.
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INPUT: o INPUT
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C
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E
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.
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Multi-Phase

Synchronous Machine Synchronous Machine

( MODE

s
INPUT:
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Various Transformer Models

= Various transformer models, such as YYD type, single-phase, three-phase, multi-phase, etc. -ﬁ_
= Some models include the saturation settings 3 =00
=  Some models consider the internal fault 200 E =
7300|
-
SUBSTEP E
i S z00]
i B = = = o e
I Y —_T g 10.0% g T@a=100.0 r.w.h E B
L i moe — % A T Trwa = 300 MVA | A - 1230 ) A A MName=Ti A 4 SUBSTEP R . e
| &2 —_— &1 Linear g —— MWA =100.0 MVA — =
T T N E B ol SRR N g 1 L B
] ARE— e B A‘ AT e ERE =00
. P | A & : : .
I a0 _5 = — = © Cm — Clz300 o 1150 c WVA = 1.0 MVE E E
N : Y s 230 | A A -
! :
1 -
[ | = |
L N
1 l 2300
1
T1 TMVA = 100.0 MVA - -—
s SUBSTEP ™ A| B| C| 2300|
T1PH1 Mame = Trf . .
— . e - VL2 =10
p — N SUBSTEF — m_"‘";_; E j-'% TRANS_FSFI?‘MERS: TRANSTFR%?MERS: 110.0A " E 1
T51 L A | VA= 1.0 MVA TERMINAL NAME: TERMINAL NAME: :
i AT L al__ TERML || 1 TERM2 |, A Leads A P
§ | P X1 . | - . e - | Tmwa=100 MVA I Tm‘-‘az?l{_’m-ﬂ VA '
1 . 230.0 2] 2 W2 = —
I i ., X R = M e :l #1\( \\ﬁz =?\( w/#z 1B B w_?\lf/ vis |2 L
o 0.0 Eii:— MV = 1.0 MVA #1 # ==
B _ . s | _C 10. 10. X—RRack TransEfQLmer 1€ c 2300 ' 1150 c |
= _ e eceiving En 2300
S T™UA = 000 mvA 0 B TRES o 10 | > | |
MVATZ = 100.0 MVA P o T 12 WINDINGS
\. J T
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Various Cable Models

= Various cable models, including Pl section and Tline, for example,
o Pl section, double Pl section, and frequency dependent Pl section
o Bergeron Tline, and frequency dependent Tline

/7~ SMALLDT Y\ r VSC N\
SE PITL3 RE SE PITL3 RE SUBSTEP SUBSTEP
T— T 1T —0T T 1 —_— 1 1 —
1 T-LINE NAME: T-LINE NAME:
GROUND MODE PI TLINE TLINET
T —r — TT —t —_— 2 —
51 FOR EACH o1 SECTION SENDING END RECEIVING END
AERIAL MODE TERMINAL NAME: TERMINAL NAME:
-T— — - - — 3 LINE1SE LINE1SE R N—
( SEE SMALL_DT CH. 7))
\_FREQ DEPENDENT / . /
1 1 1 1
/7~ LARGE DT N\
SE PITL1 RE
il 1
|Ena#1 End#2[1 [ vsc 2 - SERIES |SERIES e . e 2
SE PITL1 RE / MATRIX| [MATRIX
2 12 +— R 2 &
s Pl SECTION SHUNT (| SHUNT SHUNT | SHUNT
3 3 \_FREQ. DEPENDENT / NET || NET NET || NET
Name = PI3 1 N I 1 I
= = \_ NUMPI = 1 J
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Battery Models

= Li-ion battery is modeled in RTDS for two types:
(i) ‘Min/Rincon-Mora’ model: considering state of charge (SOC) influence on

- +
the parameters in the equivalent circuit; Li-ion Battery
(ii) ‘Huria/Ceraolo/Gazzarri/Jackey’ model: taking account of the temperature DefaultName
effect on the model dynamics. Battery Model in RTDS
Rseries Rtransient_S Rtransient_L _rtds_libat.def
_/.V\N\/\ j\/\/\/\/\ o PARAMETERS: Min/Lincon-Mora type |/ MOMNITORING
vV VY + COMNFIGURATION |/ CORE ASSIGNMENT
Mame Description Yalue Linit Min M ax
+ \ I ‘ I Mame Component name Defaulthlame
() ' J I J Vbatt Me Mumber of cellsin series in a stack 1 EA 1 1000000
| voe(soc) Ctransient_S Ctransient_L Mp Mumber of stacks in parallel 1 EA 1 1000000
Cf Capacity fading factor 0.0 percent 0.0 99.0
Ibatt tds Temp. depress S0C Off |- 0 1
5 cntyp Battery type Min/Rincon-Mora | » 0 1
Equivalent Circuit used in the Battery Model uria/Ceraolo/Gazza
Update All
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AES Modelling in RTDS
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AES Example Modelled in RTDS

= Split the large system to several parts and develop the parts step by step

= Combine the parts together to build a large case

Taking the following architecture as example

Note RTDS can develop various architectures of aircraft electrical systems, not limited to this example one.

@400Hz
115V(phase)/200V(LL) 270VDC 28VDC
0.056 O
. TRU DAB { Resistor | 14 kW

@]_ Z# ,)lgs—/— 39.675Q  S0kW 2.057Q 560 W
i | [Resor] 1w 3544 LW b

70kVA  3gdiode 20-VSC

Machine -
rectifier | 12 kW
wiin | [Ewy] [
achine

|| o)

3gdiode 21-vsCc 2 KW
rectifier

Architecture Analysis for the AES Example

* Three buses: 115V/400Hz AC bus, 270V DC bus and 28V DC bus.

+ SG with VSCF: synchronous generator with variable-speed constant-frequency to
generate the 115V AC bus fixed at 400 Hz

* 12-Pulse TRU: to convert 115V AC bus to 270V DC bus

+ DAB: dual-active bridge converter to converter 270V DC bus to 28V DC bus

* Loads: linear (e.g., resistive loads) and nonlinear loads (e.g., motor loads)

Battery: 270V battery and 28V battery

Technologies

@400Hz

115V AC BUS

Contactor

115V AC BUS

28V DC BUS

b
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SG with VSCF Operation

DC Link Converter
SG Parameters: 2L-VSI Parameters: _—— — Tisvac
) 400 Hz
» Rated RMS line-to-line voltage: 200V » Switching frequency: 15kHz Spoed | Generator
= Base angular frequency: 400Hz = DC-link voltage: 320V CFVSCF (DC Link)
» Rated MVA of the machine: 70kVA = AC-side filter (RLC): 28uH, 50uF and 0.25Q
Controller: Controller:
= Adjusts the field voltage for SG to = Controls the inverter’s output voltage magnitude
control the dc-link voltage
- STiERET T Uk HEvELD (TR o
DFEER D RN i WO I
Erkis J [ i [l - = = N J s = I = II\‘ _— .
I I - 4 | I F F i M
ﬁJ‘lLl_L' ALVE 2 5}.-4_54 H}ALEE N M .-«L'qu;:ﬁ "“-E‘:{E ALEZEE J_“—I.I-L

115V/400Hz AC Bus € 2L-VSC + Diode Rectifier € SG

RTDS.COM 25
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SG Wit h VSC F 0 pe rat i O n Add resistive load (0.571 Q) to test the SG + 2L-VSC Operation

Startu Steady state -_————— T v=m
Waveforms for'e, . __,__r'_, _znerator T O Waveformsi____ y itor Tl O DC and AC Voltag Startup 5G | O
2 [ETTWEtEtAR | ST1WstatBC  ST1Stat CA 83 [(ETTWSEatAR | ST1vetatBC ST1vetatCA [ETTHCP T | $T1W4ePUReft
i : 101083 —
z n.ﬁ - z Dﬁ 08236 |-
Ak . . 04 . . : : : . 07388 [
08 0 05054 |
= [ETTHIESE | T g7 [ETTHHEEE | 0 33604
R - s 016247 |-
E 1+ / E 1.6 o ] I I ]
o5k 155
= i} | 1 | 1 1 1 = 15 1 1 1 1 1 ] W
— - 7.19051
oA 0222 1m2542 |
2 oaf z WVV\/\;\/\W\/V\A“VW\/W 1 034
o1l 0.3l 1.09525 -
i} I 1 ! ! ! ! 03128 L 0707 |-
[FTTWETAR | STIWE1BE STIVEICA [ETTETAF] STIvE 180 STIWETCA 036503 [~
. Hjﬁ%ﬁ - L o a . . ! ! ! |
< gt ﬁﬁﬁ [STTVREPUREFT | T veoP ik
oiazEal 01545 15
‘0zEha 07343
FacH 5T10acBus B ST1 DacBus
o0er [ETTFzcBus | §T1 Gacbus — _7 ik
gt 7 ooa| os|
s .
0.0z | 1 | 1 1 ] ] 4 4 4 = 4
ST Lmis Fit ST14%LLmsFitt 1] L L 1 . . !
A [ETTLms | STl Filt . [T | STt WlmsFit
g o2f 2 P08 ottt e dinp S bt s ot oo e 12
o / 0.195 1
i} 1 | 1 1 1 0.1a 1 1 1 1 1 1 DE
15,001 ELELN 15,001 - L 0.6
15,0005 - 15,0005 0.4
E 15000 E 15,000 0.z
B 400050 B 40008 ! ! 1 I 1 I
14399 | 1 | 1 1 1 14.999 1 1 1 1 1 1 I:l
o 033333 [66EGT 1 133337 1EGEGT 2 176180 175368 17H536  1.TEGDS  1.7A8R4 176033 1.76E03 o LRcc N 1 133333 166667 2

» The field voltage for SG is adjusted to regulate the dc-link voltage to 320V.
» The output ac voltage magnitude is controlled to be 115V (phase) or 200V (LL) at 400 Hz.
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12-Pulse TRU Operation

Transformer (Y-Y-A) Parameters: ] Zg
» Rated RMS line-to-line voltage Y: Y : A O—,-—— Phase

— 200V : 210V : 210V == e |-
» Base angular frequency: 400Hz 07—V ] zg

= Rated MVA of 3-phase transformer: 50 kVA
» Transformer leakage: 0.168 pu

Converter Parameters: 115V/400Hz AC Bus - TRU (Output in Parallel) - 270V DC Bus
= DC bus capacitor: 3000uF
= Firing pulses for 2L-VSC are zero to operate SE— e e T
as diode rectifiers -}FE s G é}“ L
R '[ '[ gi_m, - :
s ( . i
. [ A
e 3533 J*E Er“_“‘i 44} 44} 44}
¥ ] I Yo, Vo, T +|
I T T _i_rwj‘u_us 1 j\uﬁ 3 T\«L\ 5 f—
& o
| -l A —
L L 4’: r_ ! 443 44}
[ | [ i [T " .
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1 2- P L] I 5@ T RU 0 pe rat i on Add resistive load (1.458 Q) to test the TRU Operation

Startup Steady state
Waveforms at TRU Side | O Waveforms at TRU Side g O
. @STH‘HBE STIWEICA P mSTH@HBE ETiWE1CA
01942 0.1906:2
i 0.0970% i 0.0952
-0.00014 -0.00022
-0.0873H -0.09576 -
-0, 19447 019123
-0.29164 -0.28671
[STTWETINBUS | STIWEYDbus Filt @ ET1W270Nbus Filk
027681 - 027126
0.23063 027112
2 018454 - 3 0.27097
01384 [ 027083
0.09227 [~ 0.27069
0.04614 0.27054
TRAETET : | 02704
018986 — 018605
015821 [ 0.18595
T 012657 - - 018525
= 009483 = 018575
0.06329 0.18565
0.03164 0.18556
-10E12 : ! 018546
0.050%2 0.05032
0.0419% 0.05032
0.03355 - 0.05032
% 0.02516 % 0.05032
0.01677 [ 0.05032
0.00839 0.05032
-10E13 . ! 0.05032 L L . !
1} 033322 D.6EEET 1.33322 1 GEGEGET 2 1.68318 1 68487 1.GE655 1628232 162991 16916 1.69328
| ]

= With proper main circuit parameter design, the output voltage of TRU stays at 270V in steady state.
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DAB Operation

DAB provides galvanic isolation, high-power density, fast power reversal, and buck-boost operation with possibility
of high step ratio. It is commonly used in aircraft electrical system for DC-DC conversion.

DAB Parameters: Controller:
» Rated transformer’s wing voltages = 270V : 28V = Controls the output voltage by adjusting @E @g al
= Base angular frequency: 10kHz the phase shift between the left and oo, o .
= Rated MVA of transformer: 14 kVA right-side square waves L WMF i J ™
= Transformer leakage: 0. 294 pu @ﬁ n' @E‘ @E'
= 28V DC bus capacitor: 12000uF —
= Converter switching frequency: 10kHz
270V DC Bus - DAB - 28V DC Bus

(TTTTTTTTTTT T STiUGM3 ~ UCH 2LEVeL] CUGMZIEVEL  sTiucwd T T

! P ! : P : 28Vdc Bus

: DD I C o

: — VALVE 3 WVALVE 1 : rd SUBSTEP ™ : VALVE 1 VALVE 3 — ve1 :

: - :A ST‘TR;“»_ . AI S : E

I M1 ] vz I M1 i

I 1B ot E&P Bl e : 3

: N2 : \ MVA = SSPITRZmva MVA : M2 : m -:;QE

I : I : 8

I b » i i i i 4 4 i

i N VALVE 4{(\1 VALVEA?ZEH | rrlﬂr[ i i 'l-lrll'h | H}VﬁL\-’EZ H}\mwm N i
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DAB O pe rat i O n Add DC source (270 V) as input to test the DAB operation

Wavefor Startup e DAB Oper: Startup | e pasog Steady state e
[ETTIB%E | ol
iy D
0.0z . Lo
- = D |-
= -
0.0 0al
o . 0.4 I 1 1 1 1 ]
0.1 L L L L L | 004 0.04-
"B i
o [STTWREEPIIREFT | ST1fso Ui _ omf , oof
i
[IE e S = o ol
_ Dessgd| 0.0z 0.0z
S 040006 |- 004 L L L ! 1 I 004 L L L L L I
033328 [TTTsLef ] [STTRee |
0.2 01
016G [
.0.00007 ! ! L L | nir PRLLS
| 2 =
60 - o
a1k 0.0%
- 0.3 1 1 1 ] 1 1 0.1 ! 1 1 1 1 1
2
< ml 3 1
o 2 05k
1+ oL
1 1 ] 1 ] 1 i}
o 0.5
r
o016 - ) 1 1 1 1 1 1 R 1 1 1 1 1 1
001 0.03- 0.02%
L 0.02
g oo 0.0z
. x b0 3 00|
o 0.02%
-0.005 L L 1 I 1 | o 1 1 1 ] 1 1 0.0%% ] 1 1 1 1 1
i 033333 0BBEGT 1 133333 1 BEGGT z 0 033333 0.GGEET 1 133333 166667 2 197168 197178 147188 197198 197208 107218 1.07%%%
[} o

= With improved firing pulse for UCMs, DAB operation can be precisely controlled by the phase shift between the
left- and right-side converter’s firing pulses.

|RTDS RTDS.COM
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PMSM Load Operation

Diode Rectifier Parameters: 2L-VSI Parameters: PMSM Parameters:

» Rectifier inductance: 546.8uH =  Switching frequency: 4kHz = Rated stator voltage: 150V

= DC bus voltage: 260V Controller: = Base frequency: 60Hz

= DC bus capacitance: 3000uF = Controls PMSM speed to generate iq* = Rated MVA of machine: 2kVA

= DC chopper resistor: 8Q = Controls id* = 0 to minimize the line current » Machine inertial constant (H):
0.5MWs/MVA

» Mode: speed mode

£
WTILCKSPOR

o
| WTILOCKFR

Machine is in Free mode, ie.,
mechanical torque input is in effect.

1 Mechanical torque typically proportional to rotor
! 115Vac Bus Load In PU system, the scale parameter is +/-1
- 2kW Brushless Motor (PMSM) If scale factor is -1, Motor Mode
H T If scale factor is +1, Generator Mode.
! s, Driving ballscrew actuator :
I =]
1
H [ucMm ZLEVEL | wrioems T T T T T TR T T T T T T T T T T T T T T T T T T T WTIBRGE T UCM ZLEVEL
i | P | ! P ! W 1Busd
| | | | | 8 L 0a
1 | | | | AT Ve T SUBSTER  MODE FMSMY
[} | | | | G- —- HPUT: ---4a
| H 4 H 4 | | . F F | WTITmesnPU | o oo WTILDCKFR oy myson|  WT1SPDRU
! ! 1+ ! ! i ! weuT. S 1 WAlT
i I VALVE 1 VALVE 3 VALVES T — W1 | i _-— VALVE 5 VALVE 3 VALVE 1 i wTiLckzsney WTiTmechol
1 ] - ] ] ]
ST1E2A 1 & ! ! ' . . Al
A e NP NN .Y 1)

T i Ni | | Hi i [ ’ 3

e - . | " . 2 =
L = - = 5

o L [ 2 ! iYE ! 2 ] R [ . i
1 i J— 1 [ 1 v |
T T R i el i e} T —
: :- _____ : ';.' : -TT=- -: WTiMachine
1 1 ! 1 : 1 ! 1
1 | | | | | |
1 1 | 1 | | |
1 : e 4 - : : [ [ Fa r‘rhjh :
: : : VALVE 2 ALVE 4 ALVE & M : | N VALVE 8 VALVE 4 VALVE 2 : : ] 1 _
I I

i
1
1
1
1
1
i

115V AC Bus - Diode Rectifier + 2L-VSI > PMSM
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PMSM Load Operation

—
' Startup - Steady state Change Speed from 1.0 pu 2> 09 pu
Wavefort. . | © WaV €\ wemrmemrea s | ©
T T A Ph
. T Fhd T2 P 0263 RS
Jirrs.
D2f =
z z =
DAk
i} 1 1 1 | 1 | 0.7506 L 1 1 1 1 ] 0258 . I I . . !
: T F]WT1 IstatB T Istar s
— [MTTistat AT IstatB T IstatC - [TTTotat e | T Istat B WTH Istat & 00z [PTTI=tarA [Tl sttt Wistats
.0t} {
K o Z =
oo
- | | | ) | | 0.0z 1 | | 1 1 1
WITSPOPD TSR] B WTTSPOPD
1.05
151 1.00001
1+ 1 !
=
2 .sl 2 1 [ = opesf-
o 1 Dok
1
0& 1 1 1 I 1 ] 1 | | | | ] | 0.25 I : I I I :
_ [WTTTeGenrFT | i1 TmechPU
'l.Ill"I'1TmechFU [T TTe Gen PO | T Tmech P LI 07 LLLGEETN
DA — 04
0 095 nEr
nrs
2 R = R 2
-
Ak -105
1.8 . . ! L : | 11 1 1 1 1 1 1 1.1 . I : L L !
o 0 123333 266667 4 533333 6 EABET 8
0 133333 266667 4 533333 6.66GET 8 D663 033613 D.AD4ET  D.42447 04441 D4EITE 043341 !
i L i

= PMSM starts up smoothly and the controller can track the speed reference very well.
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Induction Machine Load

Induction Machine Parameters:

» Rated LL RMS stator voltage: 200V

= Base frequency: 400Hz

» Rated MVA of machine: 12kVA

= Turns ratio (roto to stator) 2.6377

= Machine inertial constant (H): 0.658MWs/MVA

__________________________________________________________________________

WT25usd
19 ! ag
WT 2Vl 2slais

&—-—- NPUT: S| --=8
WTZTmecnPy — WT25P0PU

ST1ErK3A

I

I

I

I

I

I
Al

115Vac Bus Load — i [) f

12kVA Induction Machine | sTiEmE : 5
I
I
I
I
I
I
I
|

Driving hydraulic pump

STATORWTaMachine
SIDE

WTALOCKFR WTZLCKSFOPU

Machine is in Free mode, i.e.,
mechanical torque input is in effect.

RTDS.COM 33
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Induction Machine Load

Startup Steady state
Induction Machine Waveforms || O Induction Machine Waveforms g O
TV 510 WTEvetatE 5 1) WTZetatt. [STTWTIVERIA | 51) WT2 stat B $1) T2 tat C
. [FUWTEEA] 0.16514
011061 0.1100%
> 005482 = 0.05503
= 000092 = .0.00003
-0.D567T -0.05505
-0.11256 -0.11014
-0.16835 -0.16518
Dan 'l.I'll'TEIstatB VT2 lstat o 'LlllTEIstatB WT? Istat c
q 0ZF o 005
-2 = 1]
0z -0.045
0 | 1 1 1 1 ] 0.1 1 1 1 | ] ]
[ TZIREA | WTZIrct B W2 et C [WTZIGtA | T2 ot B WT2Irot C
D beasa |- E'H‘T‘EEE
DE4za |- |
O 00314f T 0. EIEIﬁﬁS
= .0.00006 L Lt T A = IIBEG(y
-003227 000667
-0 DB447 001336 K
-0.00BET ; . . . ! 00200z
(=1
0.01199 -
001}
g ooosp
0.006 |-
000 -
0.00%2 |-
o | 1 1 1 1 ]
1.00011 0.0067
03254} 0.0067
066497 [- 0.0067
04074} 0.0067
0.32083 - 0.0067
0. 16226 |- 0.0067
-0.00521 L . - - ] 0 006G
Sesal L 505
DETDIT | 0.0933
- DADZ6| o 09933
& pa3soil- B o093
016745 - 0.9933
-0.00011 L L L . | 08933 L L !
1] 2 4 i g 10 12 o 0.1BBET 033323 0.5 DBEEET 083333 1
L i [} ad

RTDS.COM
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270V DC Bus Load

= Resistive load: on-board lamp

u Nonlinear |Oad1 battery B400Hz Contactor
115V AC BUS s & 115V AC BUS
In RTDS, 270V DC bus load ! |
> 36kW resistive load: 2.057Q - n -
» 270V battery: - _______ -
\
= 60 cells in series in a stack Il - |
= 20 stacks in parallel 2057 ] I
= (0.85AH P 270Vdc Bus ’ 5T127;\\/J\L\/)\'ad$T1lR2>70v : E?WEC B e o !
o Resistive Load | .
= |nitial SOC = 100% R = VA2/P : 1
! I
I
ST12;DVIbatl1x
) ST1BrkTy
270Vdc ST12/0VIbattly STAV270batP  + E o
Battery % S 28V DC BUS

RTDS.COM 35
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28V DC Bus Load

DC Motor Waveforms || ©
= Resistive load < oo —
» Nonlinear load: battery, dc motor driving a 4001z contactor || L / L
fuel pump and so on T _ i Fr
® o | /\
In RTDS, 28V DC bus load = o
> 14kW resistive load: 0.056Q e il f_‘ L
> 28V battery: :
= 7 cells in series in a stack Batiery TR P : Dfl
= 10 stacks in parallel S a D_D;D:_ | (e | |
= 0.85AH 3 omoi| f“
» |nitial SOC = 100% L .
> 560W DC Motor _ ” :
= Rated speed: 2000rpm —_ |
= Rated armature voltage: 28V Hiotor 1 E |I !
= Rated armature current: 20A 1 oo : :
= Rated field current: 0.37A | smoom | P I
=  Motor inertial constant (H): 0.01MWs/MVA ‘_ __________ _!

& o
ST1SPOPUmMeal ST1TmechPU1

RTDS.COM
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Simulation Demonstration
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AES Model in RTDS

0 SG is online when its speed is in the range of
10000~20000 rpm.
O If SG is offline, battery will be connected to
power the load.
Q Battery’s initial SOC is 100%. When the

battery’s SOC decreases to 60%, the SG will be

online (if applicable) to charge the battery

Osal

70kVA  3gdiode 21-VSC

Technologies

@400Hz
115V(phase)/200V(LL)

&

]

rectifier

L/

39.675 Q

@400Hz

115V AC BUS

28VDC
0.056 Q2

270VDC
TRU DAB
50 kW 20570

1 kW 35.44 kW

12 kW

L/ Induction
Machine

2| sy

34diode 2L-VSC

rectifier

2 kW

[

System Developed in RTDS

560 W
(),
Machine

(e

I Resistor |l4 kW

Contactor

115V AC BUS
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Draft of AES in RTDS

Starup Timing

for Whale System

Aircraft Electrical System

Jun. 1, 2021

1

1

1

1

1

:

1

1

1

I

]

1 AC Bu=s 115 W, 400 Hz .
: TRU Rated Power 50 kvA : Snubber Settings
1 TRU Topology: 12-Pulse Dicde Rectifier [oontrol Wde and Vachag) for UCMs

: TRU Transformuer: ¥-¥-0r (200W @ 2000 - 210 V)
i TRU Output: 270 Wdc

! DAE Rated Power: 14 KW

] DAEB Transfomer: 270V : 28 W

: DARB Output: 25 Wdc, 500 A

1

1

[ST1) 270V DC Bus DAB Control PMSM Motor Load [WT1)

D€ Chopper Logics [Ctrl Output Vaoltage) [Ctrl Speed and Id or Q=t)

O Sub-timestep: 50us/6 = 8.333 us

= 8 UCMs Switching frequency for power electronic converters:
= 5 three-phase breakers o DAB: 10 kHz

= 7 single-phase breakers o 2L-VSI for SG side: 15 kHz

» 7 single-phase transformers o 2L-VSI for PMSM side: 4 kHz

1 PMSM, 1 induction machine, and 1 DC motor

RTDS.COM 39
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RunTime of AES in RTDS

Aircraft Electrical System Simulation STIPhSTL.
Pl Settings Snub. Setting TRU+DAB 510 4345 |deg
o Y S Sys. Para. ST1PBrk1... ST1POUtZ ] STAVZT0.. STAPIND... @ ST1Pout2.] STIV28V
e A 5184 Jkw 4972 Jkw [ 2704 |v y[ 1424 Jkw 1484 Jkw [ 2800 v — e
& [PV S es. res2._|
S . | [N - 2 T - > Svoc | > I | oad | 1297 Juw
Conol Wi 2002 |V V115Brk1 \V28Brk1
= Control STIVSGL.] [STVdcB.| [STAMind.] [STIVLLr.| [STiPacBug SMGERE T SC e Bamme Sﬁpmec“'w
& % | Plots 2522 |v[ 2199 |v [00957 | [2000 Jv[ 6680 Jkw e I |y gum| Res. |ErPe. v oL
Mesers 115VAC +-_ Load wTiD Load 3551 |kKW & 5 STI1DCM...
TR sG _>_-_ V115Brkd o V2708Brk1 V28Brk2 20010 ] rpm
& 2% |weters @400Hz MainBrk ST1PBIKZ ] 7 [WTiPmed — S
ST1Psgif... 5G Pammeers | 5TID 2015 |kwW eusvemmees] [ qog |y
e T 5807 kW [ox STIVack_. TG o : Battery| 1500 |soc Battery| 500 |soc
_ _ L3 0.9999 |pu 1 060 PMS & . |[ATIRTrpm
O HIS § s . V115Brk2 | [4795.0 Jrpm STy ST
4.0 [|fs-0 1670 |Norm geﬂéonv. ST1PBIK3.] T ' '
\ i s Para. uction Machin..| |
T T e Field Cur. Y 11 93 lg“x TR 5T12mw.EA ST‘IQSVID...A
# of poles : - — __ 8.581E-4 1.434F.-§
s |V rpm [ ip
V115Brk3 5560.0 Jrom D.006BT1
Stant and Sop (o] Eneaier Contol (o] 5G Contol o] DAS Conrol (o] PRISA Comr (o]
Load Breaker Control For SG Control For DAB Control For PMSM Control
- — SGDCBus Vac Cirl ) ,
= e For 115Vbus For 270Vbus For 28Vbus SC1HrsCT STIveEE STIvmERe ST1vEmERE DAEmote STiPnSa0eg) [WT1HsCT wrispseuRsf| | wr1gseuser | | ([ wrigsics fi?:tggxif
311-:0 STV 11580 STV 11580 STV115Er STV 11580 STIVITOE STIVZEER STIVZEEA 7 15 15 15 @' 12 @ 20 12 @
0 . @ @ ‘@ @ @ @ ‘@9 - - 12 108 ST1PhsSf.. = 12 05 1. Config con
L I I I | | | I 09 szl | 0o 04 0z e
Start =) 0 i . = 1 ol L4345 1 e o 0 2. Set control
] e e —— e & —— 2 d 03 . s{| PhSfi(deg) - Az a8 ‘
= A 1 1 1 1 1 1 1 3rd Harmonic i o 20 || DAB mode -m||(from closed loop] ||[3rd Harmonic 20 4o|| 07 1d5T=0 1 p of
= j i Dy - i i pu pu . — . Press "Stay
750000 || ||| V115Brk1 V115Brka V115Brk2 V115Brks V270Brk1  vogBrk1 vsBrk2 Injection 2 o T 0: open-ioop === | Injection T | TastE0  ress st
0 (270vbus) (Rload) (PMSM)  (IndM) (Rload) (Rload) (DC motor) 1.0 | 10 | - 1: closed-loop |[*°- : : - FEsEa
: SG Speed VdabRef(pu) Phsfi(deg) SPDRef QsiRef
VdcRef(pu) VacRef(pu
Stop 10k~20k rpm (pu) (Pu) (for open loop) [pu] [pu]
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Si m u Iatio n Res u Its System startup to the SG speed 15000 rpm

Waveforms for Synchronous Generator fﬁ@ ] Waveforms at TRU Side fﬁ@ o Waveforms at DAB Side fﬁ@ ]
[FTTVEEAR | STi4statB e ST1WeatCA  ss6ts [FTTETAR | ST14ws 180 STIW1CA . [ETTVEEbus |
= Bl f.1anad ooz
-0 13056 :
-D.1a0gs 0 06T .
-0.3590% 0.00104 = p0if
3 v [STTSE | 2 09450 D
™ 104193 -0.19037
E Hggagﬂ r 078607 Ll il il il il il .0.01 1 1 1 1 1 |
< Dimdal ! ! ! ! ! | [BTTVETIWEUE | 5T1WE70 busFit 5T1'dab PLfilk
. 027076 — 1.000%25 - =
_ 022663 |- 053354 |
Diadadr
z 03l - 0.18051 |- _ De6Gs -
0.1032% - = 01353 = psoniE -
005444 - , , , , , | i i
1.7E-10 009025 032342
mSTﬂu‘ﬂBC STiVEICA op4a51a - 016671 |-
H?E%J& F I I ] ] I | | I I I I |
> DpaHd 11140366 o
0 [ETTowZn | [ETTPRSTDEg |
ﬁ@géﬁg 0.13307 - 50—
0. 28607 0.15256 - al
5T1 QacBus 0 13208 |-
fha%air ' g
% HH%E?@_ 009154 =
007Ea7 |- 0610z ar
000843 I I 1 I 1 N 0
inE13 003051
@I ST1%LLmi=File 0 | | ] ] | | 0 | | | | | |
Rrca e AR
= ﬁiﬁ%ﬁé - 004744 0015 -
hhasEa [ 003953 -
11E1D L : : : : . 0oxEz oo
10011 g oozl
c EHHHF’EEEE - 00181 0005 -
E 14,000 BERET |- 000791 |-
14'999'&?333 L I I I ] I ] o | 1 1 ] ] o ] ] ] ] |
1] 0A 1 15 z 25 2 1 04 1 15 2 25 3 1] 05 1 15 : 25 3
L i i i

SG Operation TRU Operation DAB Operation

Technologies RTDS.COM




Si m u Iatio n Resu Its Change SG speed from 15000 rpm to 19000 rpm

Waveforms for Synchronous Generator M| O Waveforms at TRU Side itlhy| O Waveforms at DAB Side iTik| O
[GTTWERAD | 5Ti%statBC STiVtatCA

[FTTETA ST 16 STREICA [TV

. 04315 028863 g 00281 -
z ﬁﬁgggg 0.19234 o 0205
L Dsae0 0.09615 N
-0.3801 -0.00009 = 0023
3 LS EULCE 0.peesE 0.02795
T 216290
;_E- H}‘gﬁ -0 2o PR Ll Ll i Dl 0.037a 1 1 1 1 1 |
: [BTTVETTEE | ST1WE70busFil [ETTVHREPORETT | 571 dab P Uit
128707 — 027311 T 1.00169 - ———
ELNCCLTEN 0.27198 1.00107
= gg%g% ., 027085 _ 10004
- i (=9
031943 | . . . . . 0. 26971 000034
031302 0. 26365 099927
[ETTVETAR |STivE1BC STIVs1CA 0.26744 0.9986 |-
= ﬁigg%g 0.26631 009708 !
-f-fes
010266 018727
0.5 . 018611
ac Hus ac Hus
— 0124094
e -
g jugr '
onigsa - 018261
d.noG4] - | | | | | |
000576 0.15144
5T LLm=Filt 012027 ] ] ] ] ] ]
i
Z 005007 001403 -
| | | 0.04993 Sovaat |
0104959 '
STTEGmpm 0 0403
) i TRIETeITY v 00144 - _
}§§é§§§§E / 3 0.04071 o
E 17 000 001480 -
B 16,233722 0040962
14 556 BAT , , , , , | . | ! ! ! ! I |
14000 004953 001428

o 0.4 1 1.5 z 15 3 ] 0.4 1 1.4 2 5 3 1] 0.4 1 1.5 2 18 3

SG Operation TRU Operation DAB Operation
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Simulation Resullts

Change SG speed from 19000 rpm to 11000 rpm

@]

Waveforms at TRU Side

i)

@]

Waveforms at DAB Side

Waveforms for Synchronous Generator ‘ﬁ@
STivEatBC  STIvEtatCa
L o
=
z
=
E
=
z
Z
FTTFEBE 5T10acBus
sl
% 00303 -
BT F
£ G -
-0 0se1 L L L L L
[ETT%I0ms | ST1LLmsFitt
z
|
17 R Ra
16,333 33
E 15 fo0 |-
£ 1366667
13335
11,000 L L L L
1] 0.8 1 14 2 18 3

kS

-0.09653
019286
-0.22919

0.25879
0.19246
0.09613
-0.000%

027497
027267
027217
027076
0.26936
026796
026656

m STIWE1BC STIWEICA

[STTWEF MOz | 5T1 %270 WbuzFitt

0187
I:I.13l359
018538
01547
015295
015174
012052

005022
0.05011

1M1}
0.04929
0.04972
004966

0.04955
1]

>
=

pu

00282

0.0x31

0.0xe

0.027a

1.00294
1.00212

1.001%
1.00042
099966
0.993:34
0.99302

474

a7

0.0149:3
0.01492
0.01491

0.0149
0.01429
0.01438

TR

[ 5TTWilabFIORefT | 5T1 idab P Uik

SG Operation

Technologies

TRU Operation

DAB Operation
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Simulation Results

Change SG speed from 15000 rpm to 9000 rpm

SG Operation

Waveforms for Synchronous Generator % o 270V DC Bus Battery 'ﬁ@ ] | 28Y DC Bus Battery 'ﬁ@ o
0385 [STTEGEA | STIvEatBC STIVEtatCA . .
= _n;11439
:ﬁ_ﬁggggg I ! ! L 008 —L[\ 0l
1 —_— ot
E I!lég%g 015 ! ! ] ! ! ] 03 ! ! ! ! ! ]
=1 055459
= 1.1?”2’2??;% . L L 1 098 002
IZII.]E E o 017 0025
= n.34409E o026 |-
| S
: 04l 00E |-
msn‘v‘swc ET1nWE10A
- fa287 023 . . L . . I 0.01 L L L L L I
= E%@%. o0 (ST o0 (T
-0 28481 L L L L 1
Hggggi_ ST1DacBus an sl ) oo |-
% 004775 -
ROEERE s -
-HHHE‘E‘? s == I I _I qa.4 1 1 1 1 1 | q7 1 1 1 1 1 |
. H%ggs} r ‘ @M . 0 0.5 1 1.4 2 145 3 1] 0.5 1 1.4 2 145 3
I DEmiI-
) 270V Battery 28V Battery
1388 : = SGis allowed to be online when its speed is in the range of 10000~2000 rpm.
E ﬁﬁﬁﬁ y » When SG speed is decreased to 9000 rpm, SG is offline and the 270V and
ﬂiﬂﬂﬂn . 1 1; 2 275 . 28V batteries are online to supply power to the load.
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Simulation Results

Change SG speed from 9000 rpm to 15000 rpm

Waveforms for Synchronous Generator | O 270V DC Bus Battery Tyl O | 28V DC Bus Battery Tyl O
[STTERAR | STivstat BT STIVEEtCA o5 B 205
> S | |
A or .
‘0anazg |-
03355 s
- [ETTHE | 05|
E a:gsgﬁﬁz 015 ! ! ! ! ] ] A ! ! ! ! ] ]
gt [ e eI o
b o o2l
:
0.1a81 - , , . . . | 0.3 '
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Simulation Results

Steady state operating waveforms under SG speed 15000 rpm
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. Simulation Results

Steady state operating waveforms under SG speed 15000 rpm
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Hardware Interface to Peripherals
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GTIO Cards Aurora Link

To Aurora Link

From Aurora Link

Variables = 1 Variables = 2

Sank? Dank o
Ve 393735 33
[\ 55535150 v 47454341 Controls Proc 1

Port 5

GTAI v2: 12 channels/card GTDO v2: 64 ChannGISI(:ard +5V ~ +30V range The Aurora protoco] is a ||ghtwe|ght

+/- 10V range serial protocol developed by Xilinx

suitable for high speed point to point
communication links. This component
provides a way to digitally communicate
with the RTDS simulator using the
Aurora Protocol.

GTAO v2: 16 channels/card GTDI v2: 64 channels/card, +3V ~ +50V range
+/- 10V range
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Example for Control-Hardware-In-Loop (CHIP) Test

Contactor’s status
signal, etc.

External Controller
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Power Circuit Model inside RTDS Simulator

@400Hz
115V(phase)/200V(LL) 270VDC 28VDC

| | 0.056 O
=t TRU DAB
@l Z# .)'gs — 396750 S0KW

—/ 1 kW Resistor | 35 44 kW

Resistor |14 kW
70kVA  3gdiode 21 -VSC

560 W
() &
Machine
rectifier 12kW
. Induction Batte
{@M

3¢ diade ILVSC 2kW
rectifier

Sampling signals (e.g., ﬁ
voltages, currents, etc.) .
from the power circuit .

— >
15]22232333123333 3330

33022030132323332]5903 33

2333333333030

Firing pulse, _ - | :
Control signals for contactors, -
etc.
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Conclusion and Future

Development
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Conclusion

0 One example of aircraft electrical system (the architecture including 115V/400Hz AC bus, 270V
DC bus and 28V DC bus) was successfully simulated with good performance.

U Thanks to UCMs, the simulation with high switching frequency can be done under relatively
large timestep (e.g., 15 kHz with 8.333 us in this example, i.e., only 8 calculations for one
switching period).

0 RTDS provides various machine models to emulate the nonlinear motor load in aircraft
electrical system.

Future Developments

U More aircraft electrical systems will be modelled in RTDS as sample cases.
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