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romAl BE)

o i

SHRGHRE

#=FEsE. ROM - M55
loT RT simulator Control
Optimization

0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04

B C D E F
Xref_mm  Yref_mm X_mm X_dot
0 0.1478 2.29719 0.002035
0 0.14781 2.272156 0.001635
0 0.147817 2.256972 0.000992
0 0.14782 2.247762 0.000601
0 0.147823 2.242176 0.000365
0
0
0
0

Y_mm

0.147824 2.238788 0.000221
0.147825 2.236733 0.000134
0.147825 2.204182 6.809494
0.21592 2145939 1891092

5D o0 o oo ooco
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current
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.__.
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Tr3

romAl

NATIVE

fn

FUNCTIONAL
MOCK-UP
UNIT

G H | . current
Y_dot TX_ deg TY_deg = s
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current
o 10000 20000 30000 40000
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u(t)

A c D E F G H | current
Xref_mm  Yref_mm X_mm Y_mm X_dot Y_dot TX_ deg TY_deg 5
0 0 0 0.1478 2.29719 0.002035 -5.00691 -0.13154 -0.75129
0.005 0 0 0.14781 2.272156 0.001635 -4.02188 -0.1229 -0.64688 0 o000 Zot00 0500 m
0.01 0 0 0.147817 2.256972 0.000092 -2.43939 -0.11618 -0.66437 time
0.015 0 0 0.14782 2.247762 0.000601 -1.47957 -0.11099 -0.7383 Volt
0.02 0 0 0.147823 2.242176 0.000365 -0.8974 -0.107 -0.83284 3
0.025 0 0 0.147824 2.238788 0.000221 -0.5443 -0.10394 -0.92927 il
0.03 0 0 0.147825 2.236733 0.000134 -3.46057 -0.10162 -1.01857 Eij oit
0.035 0 0 0.147825 2.204182 6.809494 -9.0794 -0.09988 -0.74168 2. T80 o500 prvre e
0.04 0 0 __0.21592 2.145939 1801092 -2.3765 -0.08042 -0.34267 time

y(t)
fx(@®),u(t),0)

g(x(t),u(t),0)
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romAl: i}"gg (3"-;.’) Learning
romAl

>

romAl Director 2021.2 :
Preprocessor - Builder . Viewer = Time Sim ? Quit

TrainData File: C:\Users\mariano\Desktop\TRAINING_MATH\romANLinear.csv

Browse
Dataset size: 30001 Fl FZ

Data Labels Inputs: - X |>_>

time f

s1 startTme=0.5 ,I stariTime=150
vl

==

Physical constraints m=m1 m=m2
— —
c=c1 c=c2
d=d1 d=d2
sl,vl s2,v2
Input Qutput State - L - L ~ L - L - L - L ~
1 |time sl vl s2 v2 Fl F2
i 71 0.69 0.014317 0.146037 0.000141 0.002504 1 0
romAl Model Folder. —
72 0.7 0.015811 0.152854 0.000167 0.002839 1 0 D{EE :nJ‘_t
3 .
Pl Naing 73 | 0.71 0.017374 0.159567 0.000197  0.0032 1 0 -/ l)\l I
74 0.72 0.019002 0.166174 0.000231 0.003589 1 ]
Net Architecture: — |
75 | 0.73 0.020697 0.172672 0.000269 0.004005 1 0 o P
Model Type (fice A\ chaion funcion: Hidd i 0.74 0.022455 0.17906 0.000311 0.004451 1 0 H’ Im%ﬁy‘t%mﬁ]
tingar B2 non iner =l MENCINY 7 0.75 0.024278 0.185334 0.000358 0.004925 1 0
k 78 | 0.76 0.026162 0.191495 0.00041 0.00543 1 0
Training Parameters: 79 0.77 0.028107 0.197539 0.000467 0.005966 1 0 éz VAY
| & =XV
- 80 | 0.78 0.030112 0.203465 0.000529 0.006533 1 0
Ptk omakegion Early Stopping 81| 079 0.032176 0.209271 0.000598 0.007132 1 0
Epochs 10 Regularization Coeficient  1e-6 82 0.8 0.034297 0.214957 0.000672 0.007763 1 0 4 _
BRIz B
TestSplit Ratio: 02 Cross-validation Split Ratio: 0.25 83} 0.81 0.036475 0.220519 0.000753 0.008428 1 0 E:: IZ %
84 | 0.82 0.038707 0.225957 0.000841 0.009126 1 0
85 | 0.83 0.040994 0.23127 0.000936 0.009859 1 0

Save Session Load Session Reset Train A A LTA I R
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romAlI tools

romAIl Director

ramAl Diractor 2021 2

Proprosessor  Buider  Viewer  Time Sim

TrainData Fils:

Datasetsize

Data Labels Inputs: - X Owtputs: -

input Output State

romA Model Folder

romAl Name:

NetArchiecture

Modsl Type (Hicden) Activalion Funclion Hidden Layers
iinear  H non linear el - 2

Traiting Parameters:

B pupuNomaiization Early Stopping

Epochs: 10 Regularzation Coefficient o6

Test Split Ratio 02 Cross-vakidaton Spit Raso: 0z

Save Session. Load Session

TR E3RERRROM

Browse.

States X

Browse.

MNeurans x {Hidden) Layer:

20.20]

Reset Train
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romAl Director (*)

romAl block (*)

Compose

v
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Simulation Real system
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error
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AR A D ITIRE
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SHBA R IEERE

Parameterization and Simulation Control

Input values | Solencid . Mecharics | Hydraulics | Animation . Resuits

e Parameterization and Simulatien Control
Moot Input values | Solenoid . | Mechanics . Hydraulics . Animation | Resuits
BT 7 I Parameterization and Simulatien Control
T Solenoid model 4atien ont
ime step 02 s B.H

ol el 5 ‘ Input values | Solenoid . Mechanics . | Hydraulics | Animation
Min. curent 1 A i o Ln”;ﬁ:g;:‘“’" s Parameterization and Simulation Contral
Max_ cument g A sl Flux T 0 5 Input values . Solencid . Mechanics . Hydraulics . Animation . Results
Simulation time 3 s aol LUT filename Solenoid.oml Select file Show LUT ¢ Hydraulics settings

20 FMU filename Solenoid fmu Select fie Valve spring Inlet pressure 2 bar (valid range from 2 barto 4 bar)

204 if

o SieD 05 N/mm Model Look-up table

Preload length £ mm neuROM
0.0
) 0% ) S Flow LUT filename  [ValveFlow txt Select file
T = Force LUT filename |HydraulicForce txt Select file
Run Model Save Close
& o
Run Model Save Close
Yo, Z o Run Model Save Close
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Current
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ANIMATION_1 : TIME = 2.00956501365426
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* Look-up tables
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LUT Model — Flow and Force
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0
0 200000 400000 600000 800000
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70
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Z 50
L 40
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L 30 1
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10 -——3
0 ——4
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romAl — Best of Both Worlds

3D World 1D World

mmmmm

Accurate Fast
Focus on components, subsystems Focus on system performance
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romAl — Generation and Usage

Training data
[ ] Machine learning

3D analysis
x(t;)
v(t;)
. Ap (tl) vor o 230 I Erowae
Q(tl) ‘:‘:‘ i:::m S
F(t;)
l
Input | Outp. State
neUROM Name: neuR0M|
o am et Net Architectur
e o I e e
B nontneer |- emh ) 2 lsosoy
L] gt Normelizstion Early Stoupi ]

e

utpas Normelzsiicn
—_— Epuehs 100 Regussizuiicn Coslf 0.001
4 — o Tes! S0l Fetu 02 CrossvaL SpiRabe: 0.8
e N TSN RESET TRAIN

g“
- = ]
]

System simulation
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romAl — CFD |a)@ifmiA

SYSTEM

State
INPUTS: variables
Plunger £ %% x X
Plunger IEE v
Ejj% Ap Characteristic
parameters
STATE VARIABLE:
User choices
- iR 0 s Lo
Ap = Pin — Pout achine Learning
OUTPUTS: ' . R
N3]
e 0 Input: u;
RIEDF o o
x,: state variable _j
Q Ly
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SEUEBRIIRACFDEFMAEAFT AR TRIXE (- 170080ER)

pinlet 2 bar, 4 bar
Openingtime 10 ms, 100 ms

il

Example: results @ 2 bar inlet pressure and 100 ms opening time

Plunger Displacement

0.0030
0.0020+
£
0.0010
0.0000 T T T T T
000 005 010 0.15 0.20 025 030
time[s]
Plunger Velocity
0.06
o 0.027
E'U-U2_ \,
-0.06 T T T T T
0.00 0.05 0.10 _0.15 0.20 0.25 0.30
time[s]
Delta Pressure
1.100
— 1.0507
g‘I.UUG
0.950
0.900 T T T T T
0.00 0.05 010 015 0.20 0.25 0.30

time[s]
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Flow

o0
& 0.4 \
E 0.2—/

010 015 020 025 030
time[s]

Hydraulic Force

161
Z N /
il

010 015 020 025 030
time[s]
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romAl — CFD {FEZE vs romAl

Test dataset @ 3 bar inlet pressure and 50 ms opening time.

Swawn 11 11 588383555883555553855850535950688355R08083555383 590083000 (=) £ || Seapa L1 2 8383839383593353833353538383838389535353835383833383838 (=] &7
flow force
0.9 45
romi7 romi7
0.8 fulli7 — 407 fullr7
0.7 -
0.6
307
0.5
257
0.41
o) romAl result 201 romAl result
sl CFD result 15 CFED result
0.1 10
%5600 0.0375 0.0750 0.1125 0.1500 03600 0.0375 0.0750 0.1125 0.1500
time time
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LUT vs. romAl

Solenoid force

18
Time

Hydraulic force

Lowest fidelity model

Highest fidelity model

-

-

Rl

15
Time

romAl \REUEEBE RIRE SR GESTA, WOITEERINT R,

Oscillation in hydraulic force is caused by missing CFD data for closed valve and simplification in transition to small

openings.
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Spool stroke  mm

0.5

Spool stroke

T T
L % strokefin(1}
HighFidelity_SolenoidValve/Animation/Spool strokeAn(1)

Time
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STEADY STATE

TRANSIENT

EBRSHESRESTEMF:

07 »
»
506
2
< 05
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e 1
@ 03 2
=02 =3
01 ——d
0
0 200000 400000 600000

Delta P/ Pa

look-up table

co-simulation
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FRIFRIEE

valve opening

800000

Flow rate [kg/s] Force on plunger [N]

0.9 40

] —LuT
0.8 — 35

romAl
0.77 co-simulation
0.6 307
0.5 . 25 .
0.4 Transient Steady state Transient  Steady state
4 201
0.3 ]
0o LuT 131
: romAl 101 =
0.17 co-simulation _
83600 0.0295 0.0590 0.0885 0.1180 0.0000 0.0295 0.0590 0.0885 0.1180
time [s] time [s]
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T (Real-time) RYPEBITREY
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Vector Plot
Force(X+Y+Z)

Force (kN)

Force (kN)

8558383838

Actuator Forces
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20 30 a0
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Tire Vertical Forces

60 70
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Wheel loader: {RiFHEERIBIIR FRIZMAERIE
FUELERK

ISEIRERE (csvXfF)

ROM 4Rk & J@E

EEAER (HEEEROM)

30 min I

R

Results: hydraulic forces
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X bucket displacement

——Scenario 1
— Scenario 2
7 -- - Scenario 3
——Scenario 4
= Scenaria 5
E =
&
M
10| M-____ﬁ___,__
4y
0 05 0 5 20 25 E 35 20 25
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Z bucket displacement
ER
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30| — —Scenario 2|
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£ Scenario 5
£os
%
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<
0.4/
02!

20 25 30 35 a0 25
Time (s)

0.32
0.34

0.38

0.4
0.42
0.4
0.46
0.48

0.52
0.54

X

o
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
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0.26
0.28

-6.273
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-6.9156
-7.0026
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coccococococococoo0S

8.0284
0

0
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0 ]

0 0
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0 23986
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HEER (HERKROM

romAl Director 2021.2 : B X | Python Window

Preprocessor | Buider  Viewer  Time Sim 2 Quit i -
In

TrainData File: Browse.

Dataset size:

Data Labels: Inputs: - X Outputs: - X States: - X

Input Output State

romAl Madel Folder Browse.

romAl Name:

Net Architecture:

Model Type: (Hidden) Activation Function: Hidden Layers: Neurons x (Hidden) Layer:

linear non linear relu v 2 : [20.20]

Training Parameters.

Output Normalization Early Stopping
Tip:>9
Epochs: 10 Regularization Coefficient 1e6
Test Split Ratio: 0.2 Cross-validation Split Ratio: 025
Save Session. Load Session Reset Train
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1RBISIIE
1st Simulation

Fx [N]
2 2E+057

romal

1.8E+05+ EDEM

1 4E+05+
1.0E+05-
6.0+
20E+M

R Y7

15 30
time [s]

Fz [N]

—romAl
EDEM

o 15 30 45
time [s]

Ty [Nm]

190004

-320007 —romAl
EDEM
oo 15 30 45

time [s] )

mass [kg]

00 1 ] 45

2nd Simulation

~FxIN]

——romal
EDEM

22E+05+

1.BE+057

1.4E+057
1.0E+05¢
G.OE+04
Z0E+04-

2084047

15 30
time [s]
Fz [N]

romAl
EDEM

25000~
~10000-

-45000H

time [5]

Ty [Nm]

romaAl
—EDEM

15 30
time [s]

mass [kg]

romAl
EDEM

15 30 45
time [s]

3rd Simulation

22E+057
1.8E4057
1.4E+054
1.0E+057
6.0E+041
20E+D44

Fx[N]

romaAl
EDEM

208080

5 3
time [s]

Fz [N]

.%
i
w

romaAl
EDEM

00 15 30 45
time [s]
Ty [Nm]
20000
7000+
5000
19000~
320004 romAl
—EDEM
oo 15 30 45
time [s]
mass [kg]
25007
woo-|
5004 ——romAl
| EDEM
00 15 30 45
time [s]
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4th Simulation

- Fx[N]

® —romAl

1.8E051 ——EDEM

14E+05

1.0E+054

B.OE+04

2.0E+04-

208 %.o 15 30 45
time [s]

_ Fz [N]

o —romAl

250001 ——EDEM

%

oo 5 30 45
time [s]
» Ty [Nm]
T000-
-£000-

%

romal
——EDEM

5 70
time 5]

mass [kg]

—romAl
——EDEM

g 8 8 8

oo 0 45

5 3
time [s]

5t Simulation

22E+057
1.8E+05
14E+05
1.0E+05
6.0E+04
Z0E+Da4

Fx[N]

romal
EDEM

2OE+04T

o

250007

100004

45000+

15 30
time [s]
Fz [N]

romal
EDEM

o

15 30 45
time [s]

Ty [Nm]

= romal

—EDEM

ry T

5 30 45
time [s]

mass [ka]

15 10
time [s]

45



Results: hydraulic forces

romAI
Force(N)
5.17E+05
4.60E+05
4.02E+05
3 3.45E+05
g 2.87E+05
2.30E+05
1.72E+05

1.15E+05

Time = 0.000000

Actuator Forces

Force(N)

5.24E+05
4.66E+05
4.08E+05
3.49E+05
2.91E+05
2.33E+05
1.75E+05
1.16E+05
5.82E+04
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Time = 0.000000

Actuator Forces

600 600
Boom Left Boom Left
— —Boom Right — —Boom Right
0 Bucket Left e Bucket Left
400 = = Bucket Right 400 — — Bucket Right Dlﬁe rence On
=z z
€ =0 < 200 max force
o =
—_ —
2= g = <1.4%
100 100
0 —— N 0 L |
-10Q -10Q
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

Time (s)

Time (s) " A ALTA' R
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Results: joint forces

romAI Time = 0.000000 Force(N) Time = 0.000000
Force(N) 5.17E+05
4.79E+05 ———— [ 4.59E+05 =
4.26E+05 a 4.02E+05
3.72E+05 L. — 3.45E+05
3.19E+05 2.87E+05
2.66E+05 2.30E+05
2.13E+05 1.73E+05
1.60E+05 1.16E+05
1.07E+05

73t

Boom Joint Forces (FM) Boom Joint Forces (FM)
600 600
——Boom to Frame L ——Boom to Frame L
o — —Boom to Frame R o — —Boom to Frame R
——Boom to Bucket L ——Boom to Bucket L H
— —Boom to Bucket R — —Boom Bucket R Dlﬂerence on
400 Boom to Bellcranck L 400 Boom to Bellcrank L

— —Boom to Bellcranck R — —Boom to Bellcrank R

max force
<7.4%

Force (kN)
w
8
Force (kN)
w
8

. [{/\—\_/,;\_Qm_'_
0 - — Ve e R e N e — =

0 ——
0 1 2 3 4 5 6 0 1 2 3i 4 5 6

Time (s) Time (s)
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Results: XHEEB(ZAY VonMises R =

romAI Force (N) I Time = 2.500000 Stress (vonMises) at critical element E104411
St MP. 1.29E+05| | 100
rgess;( a) [ e’ T ——MS_romAIl
[ 846 1.00E+05 - ——MS_EDEM
" — B8.61E+04
74.0 | %0
80
70
E 60
2
2
[
& =0
" Difference on
max stress
30
<1.3%
20
1% 1 2 3 4 5 6 7

Time (s) J\ ALTAIR



Results: run time

romAI Force (N)
Stress (MPa) 1296405
95.2 [ 1.15E+05
) 1.00E+05
84.6 8.61E+04
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20s
Motion - romAl

Vs

680s
Motion - EDEM
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BATTERY CELL MODEL

J\ ALTAIR
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Battery Cell: dynamical system Input: f output: v,

— ) — )
i V,So0C
SCARENE .‘

IIERER

K ) _ x: state variables
. soc
U g% - o

) NE3%s

E40 20BN 4 0= 1E48
tmels] — training
LS 0 C t 1 ——- validation
L 0.4
0.3
=
S
2
£
o2
0.1
0.0
0 20 40 60 80 100

Iterations

o/"\o

25023

\./

romAl

=YY= J\ ALTAIR
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Results: dynamic and quasi-static tests

Dynamic

Cell Voltage [V]

10 T T T
100.00 929475 18489.50 2768425 36879.00
time [s]

00 9219.75 18439.50 27659.25 36679.00
time [s]

Difference mostly less than 2.5%

Quasi-Static

volt_1 R b mu 4
Cell Voltage

4.0

35T N

3.0q
= 25

2.0

1.5 — Test

——romAl
E.UE]'EUUEWZ 2.6567|3E+U4 SI%BSAS[EHM 7.81U1IEE+04 1.03B69E+05
ime (S

% diff

———— N

"o
L . R L

!

2 00000E+02 2 G173E-04 5.20345E+04 779513E+04 1.03869E+05
time [s]
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Cell Voltage [V]
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Results: Hysteresis

T=+25degC T=-25degC
36 36
3.4 3.4
3.2 3 9-
3.04 _3.0
=
2.8 $2.8
£
o
267 z 2 &
(]
Q
2.4 2 4-
2.2 5 o
2.01 — test 2.0 — test
romAl — romAl
. : : ! ! ! ! ! T : 1_0 : : : ! ! ! ] T
! 0. 0.1 0.2 03 04 05 06 07 08 09 1.0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1.0
soC s0C

Very good modeling of the hysteretic behavior
J\ ALTAIR
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Results: romAl vs ESC battery model

Cell Voltage Scope

4.00

Battery Cell Test Data vs. ESC Model - Voltage

375

3.50-
S 325
=300
= 2751

2.30) Battery Cell - ESC Model
225 romAl

Test Data

2.0 ; ;
?00 4090 8080

model_error - Voltage

20.00

12070

20050
time [s]

16060 24040 28030 32020 40000

e T =+25 degC

——ESC model
16.25
——romAl

12504
8.75

Yo diff
o
=)
=}

00 4090 8080

romAl performs better than ESC battery model

12070

16060

20050
time [s]

24040 28030 32020 36010 40000
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BALL AND BALANCING TABLE

J\ ALTAIR
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BBT: FIHA L &&= HzE

2\ ALTAIR



© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

Control of the Ball Balancing Table (BBT) from Acrome
R

BRERE (csvL)

ROAWHA & 4RIt

! A
Yesonly 110s] SALTS System Identification: romAl generation

4.5h

g5

Test 1: 8-shaped reference

‘3 -

-

imm} ATAR
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HRERY (.csvXi¥)

Randomly playing for 110s

Yes, only 110s!

|~ oW N =

w

A

time
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B

C

D

Xref_mm Yref_mm X_mm

0000000000000 OO0 OCOoOO0O0D0OoooCOo

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.1478
0.14781
0.147817
0.14782
0.147823
0.147824
0.147825
0.147825
0.21592
0.336935
0.286489
0.379737
0.436295
0.470599
0.491405
0.504025
0.511679
0.41896
0.436122
0.470494
0.559436
0.595733
0.567303
0.550059

E
Y_mm

2.29719
2.272156
2.256972
2.247762
2.242176
2.238788
2.236733
2.204182
2.145939
2.180417
2.092879
2.0188
1.97387
1.946618
1.930088
1.920063
1.913982
1.910294
1.908057
1.9067
1.905877
1.905378
1.905075
1.904892

F G H I
X_dot Y_dot TX_deg TY_deg
0.002035 -5.00691 -0.13154 -0.75129
0.001635 -4.02188 -0.1229 -0.64688
0.000992 -2.43939 -0.11618 -0.66437
0.000601 -1.47957 -0.11099 -0.7383
0.000365 -0.8974 -0.107 -0.83284
0.000221 -0.5443 -0.10394 -0.92927
0.000134 -3.46057 -0.10162 -1.01857
6.809494  -9.0794 -0.09988 -0.74168
18.91092 -2.3765 -0.98042 -0.34267
7.056906 -5.306 -2.24316 -0.92738
4,280232 -16.1617 -1.14808 -0.10704
14.98058 -11.9009 -2.05039 0.374543
9.086187 -7.21829 -2.32564 0.459276
5.511053 -4.37812 -2.28084 0.348852
3.342624 -2.65546 -2.08883 0.155527
2.027405 -1.61062 -1.8441 -0.06046
-8.50653 -0.97683 -1.59585 -0.26867
-7.55573 -0.59251 -0.13833 -0.45542
5.153426 -0.35938 -0.41061 -0.6161
12.33139 -0.21797 -0.79145 -0.75081
12.52391 -0.13221 -1.81248 -0.86185
0.786723 -0.08019 -1.85986 -0.95238
-4.56737 -0.04864 -1.18880 -1.02565
-2.77025 -0.0295 -0.79696 -1.08473
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- System Identification: romAl generation

o @ X | Python Window
? -

* romAl Manager v2.0

PreProcesser - Builder - Viewer - Time Sim

1 TrainData File: Browse

Data Labels: Inputs: X Outputs % States X

Physical constraints

Input Qutput State
romAl Model Folder: Browse
romAl Name:
Net Architecture
Model Type (Hidden) Activation Fun Hidden Layers Neurons x (Hidden) Layer
linear non linear tanh ~ |2 z (50,50,)

Training Params

Output Normalization Early Stopping
Epochs: 10 Regularization Coeff: le6
Test Split Ratio: 02 CrossVal. Split Ratio: 0.25

RESET TRAIN

| Cursor position: { X=- .¥=-} M A ALTAI R
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arization: automatic A,B,C,D matrices generation

ctivate Business

Line

21.1.1 - a

File Edit View Tools Spice Impot ROM

7y o S o o P
& & E W Tl I
s - g L 9 ¢A»y ol T Be
Files Model  Diagram Simulate SuperBlock  Mask Orient Align  Center
Home Block
Variable Browser X 4+ E Linearize »
Name Value Type

o) [

IT] 1T
-

Jeq
J\ ALTAIR
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Optimal Control design: automatic gain matrix generation

L [

LS AP TS R WS S P T % I AW T S I W
1 &y 0 W

P = [T Y
oD W L [ [ Y v T i SR B, Y =

load ("ABCD.mat ") ;
Anew=C*A*C"™ (-1):
Bnew=C*B;
Cnew=eye (4,4) ;
Dnew=D;

%0Optimal Controller

Q(1,1)=1;% X
Q(2,2)=1; %Y
Q(3,3)=0.1; %Xdot
Q(4,4)=0.1; %Ydot
R(1,1)=10;
R(2,2)=10;

K=1qgr (Anew, Bnew,Q,R) ;

{EFFActivate® I EEFR I ERAY Iqr BRER
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. 125 50
Test 1: 8-shaped reference « /A\ m
751 /A\ | 30 - ]
X_Actual_romAl 201 | —Y_Actual_romAl |
50q Xref Yref

. 10

o

A0

201

301

401

10 15 20 % 5 10 15 20
time [s] time [s]
120 Y(X) => Ref (RED) Actual (BLUE)

o0+
601
301
o
301
80
90
120

20 90 60 30 0 30 60 90 120

[mm] )\ ALTAIR



Test 2: Step-wise reference 1

© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

50 A0
407 (\"‘""‘"1 (\vav 304
30 201
204
_ 10
101 —— X_Actual_romAl | o —Y_Aciual_romAl
™ Xref | Yref
-104
104
920 -204
-30 -304
. . . -40 T T T
40 5 10 15 20 0 5 10 15 20
time [s] time [s]

Ref (RED) Actual (BLUE)

%0 30 20 10 0 10 20 30 40 50
[mm]
2\ ALTAIR
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Test 3. Step-wise reference 2 o e =

Y_Actual_romAl
30 1 Xref [ 304 { Yref f
20H 204

10 15 20 0 5 10 15 20
time time

Ref (RED) Actual (BLUE)

0-30 20 -10 0 10 20 30 40
[mm]
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SIS ERFRE

HF:H ROM mu

loT RT simulator Control
Optimization
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—O—
romAIl =<,
==
AT E&E

SERRE/M

AZHEEEERE
SR APREIEIE
PEREBIANZ R
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Simulation Real system

current

Reduced-Order Model System ldentification

18h => 1s with romAl 680s => 20s with romAl Higher accuracy than Advanced control design:

std ESC battery model * No measurements
 No Math calculations

Few simulations/tests needed 2\ ALTAIR
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