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Digital twinning

Why do we need it¢

C-HIL

Power stage

. Minimize hazards of LEC/CES usage _“3 @

. Maximize profit and minimize financial losses ?
. Facilitate the development of new features
. Explore new business models and revenue streams / \RTS
. Enable grassroots incentives ] L\

|amP|[ LsH | |AmP|| LsH |
\ \ f { 1B

To put it simply:

We want to know what is going to happen with CES! \ [ ]

(as much as possible) \ COMM. /

We do not want to assume and just hope for the best! = %
Controller board
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Digital twinning

C-HIL
What is 11¢ Power stage
. Digital replica of a mult-r-domain systems (electrical, _“i}
mechanical, chemical, thermal, etc.) ?
. To be executed slower, taster or in real-time
/ \rs

¢/ /f \ \\
|amP|[ LsH | |AmP|| LsH |
\ \ f 4 IB
\ | ]

\ o /

Controller board

ADC
INMC
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Digital twinning

C-HIL
What is 11¢ Power stage
. Digital replica of a mult-r-domain systems (electrical, _“i}
mechanical, chemical, thermal, etc.) ?
. To be executed slower, taster or in real-time
/ \rs

¢/ /f \ \\
|amP|[ LsH | |AmP|| LsH |
\ \ f 4 IB
\ | ]
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Controller board
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INMC
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Digital twinning
MIL PIL
Power stage Coontrol scheme MOdel iﬂ The |OOp Power stage
» PC-based simulators
_|G W » Detailed modeling _“i}
»  Safe & Slow IM
D W » Developed community and libraries _
» Crude idea of how the end product JAN
, , will behave
Offline simulator .
Offline
simulator
SIL
Power stage Control scheme Software in the loop v
e » PC-based simulators COMM.
—":} - . » Safe & Slow
e » Dedicated compiler necessary e =
T | e »  Convenient way of checking the code - =
] or.gcnlzohon qnd syntax ot b
. » Still, crude I1dea of how the end
Offline simulator

product will behave
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Traditional

Digital twinning

MIL

Power stage

3

Control scheme

T
— TR

Offline simulator

SIL

Power stage

3

Control scheme

Ts=1/10000;
Ti=Ts;

3| Kuk=l/rs;
lambda=1000;

Kpi_d=Ls/ (2*Z_b*
< Kii_d=Rs/(2*Z_b*Ti)*Ti;
Kpi_g=Ls/ (2*Z_b*

Offline simulator

Processor in the loop

PC-based simulators

Detailed modeling

Safe & Slow

Specific toolchain necessary
Controller’'s resources utilization known

(«
(«
(«
(«
(«

PIL

e
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Power stage

LSIT

A
Offline

simulator

ADC

COMM.

INMC

Controller board
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Digital twinning
C-HIL P-HIL
Power stage Power stage

Controller hardware in the loop

_“i} » Dedicated hardware(emulators)-based —||i}
» Real-time execution (or faster than thatl) i@

» Real confroller and control code tested
» Safe & Fast
» It (also) enables test automation !
/ \RTS »  Simple emulator-controller interface RTS
/ /f \ \\ DAC ADC
amp|| s | |Amp|| LsH | !
‘\ \ /’ /* e Power hardware in the loop ANP B SEN
Dedicated hardware(emulators)-based «
\ COMM / Real-fime execution «
Tests on real pieces of hardware «
2 = Nof so Safe & Fast  « s
= 2 Test automation difficult «
ol Moot Complex interfaces necessary «

Power hardware
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Co-simulation

Digital twinning

Co-simulation vl

Power stage C-HILs + P-HILs
1 » Real-time execution
_|G » Several (different) emulators used
IM » Real confroller, control code and
] hardware equipment tested
7 »  Complex
, »  Expensive
/ \RTSS »  Complex systems can be emulated
/ \ and ftested
Avp] [LsH ﬂ J AMP| [LsH ﬂ

I AMP SEN

001:41\4. _"i} @ 001:41\/1.

Controller board Controller board
Power hardware

ADC

ADC
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Co-simulation

Digital twinning

Co-simulation v1

Power stage

/ \RTSS

Y

ADC
M

||||||||
Controller board

[pac|  |apc|
[ AmP| |SEN|IB

A

\ 4

\

{%@
Tt

Power hardware

Co-simulation v2.1

Power stage

3

Control scheme

Ts=1/10000;
Ti=Ts;
Kuk=1/rs;
lambda=1000;

ADC

||||||||
Controller board

ADC

) g
ﬁg
=

Controller board

ADC

)

Controller board

>
Kpi_d=Ls/ (2*Z_b*Ti) ;
Kii_d=Rs/ (2*Z b*Ti) *Ti;
Kpi_qg=Ls/(2*Z b*Ti) ;
Kii_g=Rs/(2*Z b*Ti)*Ti;
A A
Y Y
I AMP| | LSH IBI I AMP| | LSH IBI
COMM. COMM.

'-U

=
=

e
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C-HILs

N
N
N
N
N

Real-time execution

Several (different) emulators used

Real confroller and control code tested
Safe & Fast

Complex systems can be emulated and
tested
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Co-simulation

Digital twinning

Co-simulation v1 Co-simulation v2.1 Co-simulation v2.2

Power stage

Power stage Power stage

_| Control scheme Control scheme
I M * T?=1/10000; 4 T§=1/10000;
Eay Sty

lambda=1000; lambda=1000;

Kpi_d=Ls/(2%Z_b*Ti) ; Kpi_d=Ls/ (2%Z_b*Ti);
- Kii d=Rs/(2%Z_b*Ti)*Ti; - Kii d=Rs/(2%Z b*Ti)*Ti;
Kpi_q=Ls/ (2%Z_b*Ti) ; Giil_erile)/ (2% [55nd)
L J L J
) )

Kii_qg=Rs/(2*Z_b*Ti) *Ti; Kii_g=Rs/(2*Z_b*Ti) *Ti;

/ A \ . \ B C \
RT'Ss
/ [oac] ; |ADc|J \ RT'Ss RT'Ss

[amp| | sEN| X Y Y v v
‘\ D Q D Q
o o) [ s Sl [
Y Y
_“:} COML oML
||||||||||||
= — = @ = — - -“ J-|-|--J-|-|- I I
e 1 = il 213 1 = O = g O I — g o g o -
<[ 3 E (& ﬁ <[ 3 S E= o | = A3 | = A = a =
|||||||||||||||| < = = < 3 — = < = < =
Controller board Controller board - ST
Power hardware Controller board Controller board Controller board Controller board

CREATORS

HILS

Some emulators can run both the emulated hardware and control «
schemes in real fime (no external controller necessary) «

Faster than real-time execution (¢2) «

Complex systems can be emulated and tested «
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Co-simulation

Digital twinning

Co-simulation v3

Power stage

AMP| | LSH

DAC ADC

AMP SEN

1B

COMM.

ADC

; 9
%é
=

Controller board

4@@

Power hardware

Power stage

DAC

ADC AMP| | LSH

AMP

3

)

COMM.

=
=

ADC

2

Controller board

Power hardware

C-HILs + P-

Several (dif
Problem of

»
»
»
»
»
»
N
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HILs (geographically dispersed)

ferent) emulators used

latency

Solves “problem™ of privacy and data security
Resources sharing

Complex

Ditficult to manage
Complex systems can be emulated and tested
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New frends

Digital twinning (relevant for CES)

Co-simulation v2.1 Co-simulation v2.2

Power stage Power stage
Control scheme Control scheme
Ts=1/10000; Ts=1/10000;
Ti=Ts; Ti=Ts;
4 Kuk=1/rs; { Kuk=1/rs;
lambda=1000; lambda=1000;
<—>>] <>
Kpi_d=Ls/ (2*Z_b*Ti) g Kpi_d=Ls/ (Z*Z_b*Ti) 2
Kii_d=Rs/ (2*Z_b*'.[‘i) *Ti; Kii_d=Rs/ (2*Z_b*Ti) *Ti
Kpi_g=Ls/ (2*Z_b*Ti) ; Kpi_g=Ls/ (2*Z_b*Ti) ;

Kii_q=Rs/(2*Z_b*Ti) *Ti; Kii_g=Rs/(2*Z b*Ti) *Ti;

\ RT'Ss RT'Ss

l ,,

\
|AMP| LSH | 5 |AMP| LSH | 1 [avp| [ LsH |IB [avp] | LsH | .

i I i ii

®) = = T ®) = = =
S S : a3 S :
TTTTTTTT TTTTTTTT
Controller board Controller board Controller board Controller board

CREATORS
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New frends

Digital twinning (relevant for CES)

Cloud emulation/simulation

Power stage

Control scheme

CO_SimUIation V2 . 1 CO_SimUIation V2 . 2 _| G Ts=1/10000;
Power stage Power stage 'A_@ 1:.@:1000 »

Control scheme

Control scheme

RTSs

5
i
.q
£
oono

»
>

RTSS RTSS |AI\IP| | LSH |IB |A1\IP| | LSH | .

} A
[Gily [Sily EEL e 1
A

ADC
(o |
(o0 ]

NMd

Controller board Controller board

Controller board Controller board Controller board

CREATORS

C-HILs or HIL behind the cloud

»  Several (different) emulators can be used
» Real-fime execution or slightly faster than real-time execution
» Enable activation of third-party services
(Mmodels become part of a cloud ecosystem)
» Models creation and parametrization can be done via APIs
(no ‘expert’ knowledge necessary)0
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New frends

Digital twinning (relevant for CES)

Co-simulation v2.1

Co-simulation v2.2

Power stage

Control scheme

Ts=1/10000;

»

RT'Ss

Power stage

Control scheme

Ts=1/10000;
Ti=Ts;

RT'Ss

\ Y
||||||||||||
3 — o] 3 = 2o}
213 - 3 =
<t = = <t = =2
................
Controller board Controller board

Controller board

Controller board

Offline simulator behind the clouad

Enable activation of third-party services
Models creation and parametrization can be done via APIs
Significantly faster than real-time execution possible

Price — smaller precision (no transient phenomena modeled
Models ‘back/forward’ compatible
Change in resolution possible (simple)

(«
(«
(«
(«
(«
(«

Cloud emulation /simulation

Power stage

Control scheme

Ts=1/10000;

A
Y

RT'Ss

[ LsH | lBI

Cloud emulation/simulation

Power stage

3

Control scheme

Ti=Ts;

Kuk=1/rs;
lambda=1000
—>
Kpi_d=Ls/ (2 Ti) ;
Kii_d=Rs/ (2 Ti) *T
Kpi_g=Ls/( Ti);
_g=Rs/( Ti) *T

Offline simulators
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New frends o

Digital twinning (relevant for CES) Power stage

Control scheme

Co-simulation v2.1 Co-simulation v2.2 —“i};_@ e,

e Kpi_d=Ls/ (2*Z_b*Ti) ;
Td=Rs/ (2*Z_b*Ti) *Ti;
Power stage Power stage s B s
Control scheme Control scheme
_| @ Ts=1/10000; _| @ Ts=1/10000; A A
Ti=Ts; Ti=Ts;
Kuk=1/zs; Ruk=1/z8; = ]
_ _ lambda=1000; _ _ lambda=1000; -
W@ R Kpi_d=Ls/(2*Z_b*Ti) ; 'r@ <> e, RO ECELESEs RTSS o
Kii_d=Rs/(2*Z_p'Ti)'Ti; Kii_d=Rs/(2*Z_b'Ti)’Ti;
Kpi_q=Ls/ (2%Z_b*Ti) ; LA, G/ (B H D) £
L v Kii_g=Rs/(2*Z_b*Ti)*Ti; L ' Kii_g=Rs/(2*Z_b*Ti)*Ti;
\ \ 4
I [Avp] | LsH | lBI I [avp] | LsH | lBI
A A
A A A A \ Y
RTSs RTSs
Y Y A \ 4
B B I [anvp] [ LsH] ml I [avp] [ LsH ]| ml Controller board Controller board
A A
A y
pl ol Cloud emulation/simulation
213 - 213 =
<[ 3 = = <[ 3 = = a
TTTTTTTT TTTITTTTT ]F) 13 II
Controller board Controller board Controller board Controller board oOwer S age o

CREATORS

Control scheme

Ts=1/10000;

Ti=Ts;

Kuk=1/rs;

lambda=1000;

Kpi_d=Ls/ (2*Z_b*Ti) ;

Kii_d=Rs/(2*Z_b*Ti) *Ti;

Kpi_g=Ls/ (2*Z_b*Ti) ;
)*TL;

- F ‘ = Kii_g=Rs/(2*Z_b*Ti

A
Y

Offline simulators
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l \ I . eXO I I l p | e Cloud emulation/simulation

Power stage

@

Control scheme

The model

RTSs

P Poseet Plart (Goneric)t

J

comm 11

<HW =

777
|

£

g

- ° !
’ ‘ t 13 ‘ > t/, P Pawat Plant (Gonand) L
Ged LAY

Controller board

1 PV Powes Pt |Genena | 521

Co-simulation v2.2

Bartery £S5 (Gromnc)! v v |—h&
s

Power stage

i1
[ 6 |
.
:
s 141
28
zmrrs
y
|

Control scheme

- 3
> = S ™ -
. - 3
: 1
l ‘ ‘ 5 t %y | PV Rower Pt iGecsrio) Uit
;‘ LS
ESS5 AU

P . -
O "N
: —
o L
Barery €55 (Gonate) 581
f 1 ~ »
| | | Core Coupinng 1 “ ! - RTSS
L d

Wartie Load |Geeonch

j —Q —Q :
D = s
Controller board

owianie Losd (Generic) 591

= = -1 | B : :
Ly .
Varobee Load |Gerenc| Uit 1 I T
- . . 4
. # ‘)
t ‘ Vertesie Lo (e Ut

Varebe Load | Gacenic |2 - Moviadio Lo (0eneni) 82

|
\ T | =
. 4 § 2 z
Varatee Load |Gerond| UL W Lo {enena) UR

Approach 1 Approach 2
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3 PV systems

Controller board

3 Battery systems
6 Passive loads nodes

Controller board

n v
e B
[0 e s% ol | P Poset PLart iGenenic)t
1 LA S Cloud emulation/simulation
: [ Y l Et/,: T N— Power stage E
T h d | Control scheme
e mode e 3
Grid UM Geid EP1 'ﬂ :!E i SR
-l i U
;‘ .Et i Retteey E55 (Genace) U1 RTSS =
—
WK ", 'ﬁ" e EIB EIB
Controller board Controller board
=] - ,
| | T RG]
,QE, * 'j ha Co-simulation v2.2
Gz | ’ J ]’ ] Power stage
[er —anrme W ' 1 ] i Control scheme
e p 4 z -|
[ o an g o 5 % 'i}
T Mair Bus 571
u
G
- EF Varabie Load |Gacenic |2
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l \ I . e X O I I I p e Cloud emulation/simulation
Power stage

° Control scheme

Runtime data TH@ | =
R ] oo
RTSs

Models can be executed:

» On emulators
» Onlocal PC (offline simulation)
» In/through the cloud (servers) Co-simulation v2.2

Power stage

o6 eme
72=1/10000;
Ti=Ts;
Kuk=1/zs;
Lambda=1000;
| <—>]
Kpi_d=Ls/(2+2_b*Ti) ;
.+‘7 Kii_d=Rs/(24Z_b*Ti) *Ti;
Kpi_qels/ (242 b*Ti) ;
F ‘ Kii geRs/(2%2_b¥Ti)+Ti;

On emulators, models can:

» Run inreal-time (approach 1)

» Run slightly faster than in real-time (approach 1)
» Run much faster than real-time (approach 2)

RTSs

On local PC, models can be:

» ~Slower than real-time (approach 1)
» Faster than real-tfime (approach 2)
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X Cloud emulation /simulation
Power stage
| Control scheme
sonime doid TH@ | =
A= [ sz
ﬁ arne/ (ane
RTSs

Models can be executed:

» On emulators
» Onlocal PC (offline simulation)

» In/through the cloud (servers) Co-simulation v2.2
- . 1517)|SE.
Execution on emulators (HIL 602+): T =

t=1e-6 RT
t=5e-6 RT RT
t=20e-6 unstable unstable

t=1e-6 25/100  23/100
t=5e-6 5/100 3/100
t=20e-6  1/100 1/100

Time
step
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I . e X O I I I p e Cloud emulation /simulation
Power stage

° Control scheme
Runtime data TH@ | =
ﬁ ¥ 2

RTSs

Models can be executed:

» On emulators
» Onlocal PC (offline simulation)

» In/through the cloud (servers) Co-simulation v2.2
Power stage
. <o)
Execution on local PCs: ﬁ@ IE!
RTSs

| Config.1 | Config.2

t=1e-6  122/100 120/100 Intel(R) Intel(R)

:ig(e)-e66 92/8 ﬁgle 922 tca)lgle MY I-IE{o] g i5-8250U CPU @ i7-4790K CPU @
= u u 1.60GHz 4.00GHz

Video Card St
_ t=1e-6 42/100 41/100 Graphics 620 Display Adapter

t=5e-6  11.5/100 10/100 . RAM ENEE 8.0GB

B R B BN \indows 10 Windows 10

Time
step
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I . e X O I I I p e Cloud emulation /simulation
Power stage
° Control scheme
Runfime dato TH@ | =

L= [ s
ﬁ ¥ 6

RTSs

Models can be executed:
»  On emulators

» Onlocal PC (offline simulation)
» In/through the cloud (servers) Co-simulation v2.2

Power stage

o6 eme

72=1/10000;

Ti=Ts;

Kuk=1/zs;

Lambda=1000;

| <—>]

Kpi_d=Ls/(2+2_b*Ti) ;
,+‘7 Kii_d=Rs/(24Z_b*Ti) *Ti;

Kpi_qels/ (242 b*Ti) ;
F ‘ Kii geRs/(2%2_b¥Ti)+Ti;

Execution in/through the cloud:

RTSs

Results are coming in, but if emulators are used behind the cloud,
the execution speed will be the same.

If the servers are used, even faster execution Is expected (in
comparison to the local PC usage).
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Conclusions

N
N
N

»

Digital twinning has a relatively long and rich history

Different twinning approaches are possible

We are capable of emulating large and complex systems in real-fime
and even faster than real-time

Integration with many cloud, and generally third-party, services now
possible

Co-simulation v3

Power stage

Controller board

Co-simulation v2.2

Power stage

Cloud emulation /simulation

Power stage

-~
©

Control scheme

Ts=1/10000;

>

Control scheme
L ¥
Ts=1/10000;
Ti=Ts;
Kuk=1/rs;
lambda=1000;
<>
<>
d=Ls/ (2%2_b*Ti) ; A
=Rs/ (2*Z_b*Ti) *Ti;
/(2%Z_b*Ti) ;
2%Z_b*Ti) *Ti;

RTSs

RT'Ss

Controller board

Controller board
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Power stage

Controller board
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