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4 Application background

Bosch FCCU”™

Jet Pump
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4 Application background

- Fuel-Cell Stack

nozzle mixing chamber diffusor

Jet pump in the anode recirculation path of a fuel cell electric drive system
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¥ Realtime requirements on the model

* Realtime capable model of the jet pump:

* Guaranteed worst case execution time.

Robust at a fixed sample rate.

Low computational cost and low memory footprint.

Mathematical operators available in embedded software service library.

Reliable results over the entire operation range.

e Jet pump model requirements:

* No iterative solvers 2 No NLS = No non-linear algebraic loops.
* No high dimensional look-up tables.

* No overfitting, no outliers.
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[\[] State-of-the-art jet pump model

(D) Translated Model | =» Not suitable for embedded control function!
l(::rc ___ — == . TR
pa equations: {3, 4, 1, 1} b
T ] MMX_H20_mot mux
ai 1€ nonlinear systems{{2)1, 0, 0} N TS .
N (00, To, 10, X M2 ot grey: unknown variable
s, ans: 0 Do, Lo, M, X

Sizes after manipulation of the linear syst

Sizes of nonlinear systemns of equations: {3, 4, 1,

Sizes after manipulation of the nonlinear systems: {2, 1, 0, 0}
Murmber of numerical Jacobians: 0

{po; TOr Tfl, Xi}dis }

® Yariables appearing in the nonlinear systems of equations

hd @ Systermn simulation.nonlinear(1]:

@ The equation systern depends on the following timevarying variables:
jetPump. mflow suc
jetPump. p 0 suc
jetPump. T 0 suc

@ [teration variables: !
JetPump.suctionFlow.p(start = 100000) |
JetPump.suctionFlow. T(start = 288.15) D@

X_H2_dis
: X N2_dis

e ':D System simulation.nonlinear MM}\'}

@ The EqUEti inA tiFmearsina wariaklec perind=g, mutiSum XﬁHZOidiS
JetPump. 1] " " . + b
tbumpr !teratlun va rla.l:}les. =

e jetPump.suctionFlow.plstart = 100000]

Eration v,

jetP .| I I = . . . . .
P JetF'l..lrrlp.su ctionFlow. T(start = 288.13) Causality applicable for model validation against CFD results
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.‘} Replacing Non-Linear Systems

u — 0=f(x,x,wu,np,t) —

t

p
u(t)
x(t)
x(t)
w(t)
y(t)
zc(t)
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Time
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State derivative
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Outputs
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z(t) == (;C/((?)) system unknowns

fi(z3,2,) =0
f2(2) =0
f3(22,23,75) =0
fa(z1,23) =0

f5(21,73,25) =0

Z1 Zp Z3z Zy Zs

fi 0O 0 1 1 0
f2 {0 1 0 0 0
s o 1 1 o 1
fa 1 1 0 0 0
fe 1 0 1 0 1

before sorting and matching
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f2(2,) =0
fa(z1,2,) =0

\Machme learning

fais(21, 22,75, 75) = 0 surrogate f:
f1(Z3»Z4) =0 & S
Zy Z1 Z3z Zs Zy
f2 1 0 0 0 0 £
fa 1 1 0 0 0 f,
f 1 0 [1 1] o0 f
f« Lo 1|1 1]o0 fS
fi \0 0 1 0 1 !
implicit

Hochschule Bielefeld - University of Applied Sciences and Arts

fz(Zz) =0
fa(z1,2,) =0
fs(z1,23) = 73,75
fi(z3,2,) =0
Zy Z1 Z3,Z5 Zy
1 0 0 0
1 1 0 0
1 1 1 0
0 0 1 1
explicit

10



Only the NLS is approximated
by the surrogate

t Time

p Parameters

u(t) Inputs

x(t) Continuous states
x(t) State derivative
w(t) Local variables
y(t) Outputs

zc(t) Event indicators
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L.

The “Loop Replacement”™ method

Pre-requisite
* Create simulation scenario covering the required operation range.

Workflow

1. Identify and extract NLS OM

2. Generate training data o ge® *
3. Train surrogate model JUIla
4. Replace NLS with surrogate D manual

Verification
e Compare results of simulation scenario.

* https://github.com/AnHeuermann/NonLinearSystemNeuralNetworkFMU.jl
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https://github.com/AnHeuermann/NonLinearSystemNeuralNetworkFMU.jl

Application to the Jet Pump Model

ldentify and extract NLS

partial model EQS SuctionFlow "Suction flow equation 85 to 90"

NLS occurs in the
. input Modelica.Units.SI.AbsolutePressure p 0 "total pressure at inlet™;
S u Ct I 0 n F I OW m Od e I input Modelica.Units.SI.Temperature T 0 "total temperature at inlet”;

input Modelica.Units.SI.AbsolutePressure p "static pressure at outlet™;

| : : . output Modelica.Units.SI.Temperature T = 338 "static temperature at outlet”™;
lteration variables: Output Modelica.Units.ol.MasshlowRate MIlow = U 'mass Llow raten;
: : _ Modelica.Units.SI.MachNumber Ma "Mach number at outlet”™:
JEtpump.EUEtIDﬂFIDW.piFtErt - -Hm] Modelica.Units.5I.VelocityOfSound ¢ "velocity of sound at outlet™;
: s - Modelica.Units.5I.Velocity v "fluid velocity at outlet";
JEtpump.SUEtlﬂ'ﬂFlﬂw.TEFtErt - EEE'-IS:I output Modelica.Units.SI.ImpulseFlowRate I = 0 "impulse at outlet";

parameter Modelica.Units.SI.Area A=7.5775215E-05 "area of outlet”;
parameter Real k=1.4 "specific isentropic exponent";
parameter Modelica.Units.SI.SpecificHeatCapacity R s5=716.41 "specific gas constant“'

equation
1»1’ p O/p (1+(k-1)/2 * Ma~2)~(k/(k-1)) "eq. 85":
Cl T O0/T (1+(k-1)/2 * Ma~2) "eqg. 86";

v =R 5 * mflow/A * T/p "eq. 87";

f(Ma) c = sﬁrt(k*R_s*T) "eq. 83";

Ma = v/c "eqg. 89";

Ma, — f(p’ T) I =v * mflow "eq. 91";

d
end EQS SuctionFlow;
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ﬁ Application to the Jet Pump Model

2.Generate training data

e Derive value ranges of the
loop inputs from scenario

{po, To, m} {p,T}

e Evaluate FMU to solve:

p=f(Ma)
T =f(Ma)
Ma = f(p,T)
* Sample the input ranges pOTomde
e Record as training data set »
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Application to the Jet Pump Model

3. Train surrogate model

. 0,T0,mflow,p,T
¢ Deflne accepted operators: p, o \,Np,

* +1 W, *1 /1 Sqrt;

e Run symbolic regression on
subset of training data «

* Determine RMSE on 4
validation data Surrogate.mo

P= ({(p_0 - (sgqrc{T_0O)))
° OUtpUt the fou nd » * [0.5483443 + (1.7069604 * agrt(sqrt{mflow)))))
symbolic expressions

- {1 % {-0.0043350%2 + mflow) * (5.246307=6 + T_0})
"eqg. 85 surrogate™;

T=T.0 % {1.0472907 - (mflow * (15.945435
- (0.20818402 * sgro(mflow * (p 0 - (2.307301 * T_Oj)ihih)
"eqg. 86 surrogate”™;

o S —

MODPROD Workshop, Linképing, Feb. 6/7, 2024 ©Robert Bosch GmbH. All rights reserved. 15
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Application to the Jet Pump Model

4. Replace NLS with surrogate

* Duplicate SuctionFlow class

* Replace equations with
symbolic expressions

* Integration into validation
scenario

* Make suctionFlow
component replaceable
within validation scenario

 Redeclare suctionFlow
component as
SuctionFlow_surr within
validation scenario

MODPROD Workshop, Linképing, Feb. 6/7, 2024

)

Surrogate.mo

p= ({p_0 - (sqre(I_0)})
& (0.5483443 + (1.706%c04 ¥ sgro{sgroi{mflow)))))
- {1 % {-0.00433905%2 + mflow) * (5.248307=6 + T _0))
"eqg. 85 surrogate";

T=7T.0 * {1.0472907 - (mflow * (15.949435
- {0.20818402 * sgrt{mflow * {p 0 - (2.307301 * T_0)))))))

"eg. 86 surrogate™; /

SuctionFlow_surr.mo

partial model EQS5_SuctionFlow_surr
"Suction flow egquation 85 to 90 replaced with surrogate egs™

equation

= ({{p_0 - {(sgqrc(T_0))) * (0.5433443 + (1.70659604 * sgro{sgro(mflow)))))
- (1 * {-0.004339092 + mflow) * (5.246307=6 + T_0}) "eg. 35 surrogate";

IT=7T_0 % (1.0472907 - (mflow * (15.949435
- (0.208158402 * sgqro(mflow * (p_0 - (2.307301 * T_0)))h)h)))"eg. 26 surrog

v =FR 3 ¥ mflow/R * T/p "eqg. 287";

c = sqrt(k*BE_s*T) "eqg. 887;

Ma = v/c "eg. 3977

I =v % mflow "eqg. S91";

d
end EQ53 SuctionFlow_surr;
\
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° ) : suctionFlow.p // Sim_SuctionFlow_p0_T0_mflow: suctionFlow.p // Sim_SuctionFlow_p0_T
Application to the Jet
Pump Model o
Verification against original ,...f— £
model -
SuctionFIow vs. SuctionFIow—Surr 120 suctionrlow. Im_suctonriow_pu_1TU_milow sucuonriow. Im_suctonriow_puU_
* Max abs. error: 80-
e p=0.04bar (3.3%) g
e T=5K (6.3%) "
* |=0.06N (1.8%) 8 A A N A N
0 25 50 75 100
b Mean abS. error \ suctionFlow.| // Sim_SuctionFlow_p0_T0_mflow suctionFlow.| /f Sim_SuctionFlow_p0_Ti
* p=0.008bar (0.66%)
. T=1.1K (1.4%) il
« 1=0.007N (0.22%) £ 7
1) with respect to size of value range R N T

2) Euler solver, PC )
P
e . . Qi
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ﬁ Application to the Jet Pump Model &

* Integration of the surrogate into
Jet Pump Model:

.
* Make suctionFlow component iy wor ]
replaceable in JetPump class. o8 e —
=f(flow_m... P ! ) =f(p_O,T... f < ( J) S
— T ]| o
(@S [ —
( . Ty

replaceable suctionFlow

(o I \
component
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* Integration of the surrogate into
Jet Pump Model: bk

* Make suctionFlow component
replaceable in JetPump class.

* Redeclare suctionFlow component o
as SuctionFlow_surr within .
jetPump.

19
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Application to the Jet
Pump Model

—— jetPump._p_0_dis // Sim_JetPumpCFDValidationScenario

jetPump._p_0_dis &/ Sim_JetPumpCFDValidationScenario_surr

Validation against original ..~ |i# WNUWMM Discharge Pressure
model o I VUUV WY UL
jetPump VS. jetPump surr 1 1] I 1IIZI- I ZII} I BIEI- I 4IIZI- I SII} I BIIZI- I ?IIZI- I EII} I EIIIIZI- 100
- ———— jetPump._p_0_dis & Sim_JetPumpCFDValidationScenario_surr - jetPump._p_0_dis & Sim_JetPumpCFDValidationScenario
0.04
 Max error abs. (rel.): B DDDQWWWW Error of Discharge Pressure\/
* p_0 dis=0.028bar (2.1%)Y & % VAN AtV L
¢ T_O_dls = 1°8K (2°6%)1) _D.MD I 1II} I ZII} I BII} I 4II} I SII} I BII} I ?II} I EII} I EIIID 100
° Mean error abS (rel ) —— jetPump._T_dis /f Sim_JetPumpCFDValidationScenario jetPump._T_dis & Sim_JetPumpCFDValidationScenario_surr
. . 400
* p_0_dis =0.006bar (0.46%)Y - Sﬁﬂ'mm/\mmscharge Temperature
. . - Ve L RV AV B
« T 0 _dis=0.97K (1.4%)Y
=0 0 I 1II} I ZII} I BII} I 4II} I SII} I BII} I ?II} I EII} I EIIID 100
_- 2) ——— jetPump._T_dis // Sim_JetPumpCFDValidationScenario_surr - jetPump._T_dis /f Sim_JetPumpCFDWalidationScenario
size NLS | CPU time 2
e Error Discharge Temperature
jetPump {2,1] 12ms = u:vJJ Lﬁ\ﬂ e
JetPu mp_su re {OI 1} 6ms 2X ! 0 I 1II} I ZII} I BII} I 4II} I SII} I BII} I ?II} I EII} I EIIID I 100
1) with respect to size of value range
2) Euler solver, PC o
MODPROD Workshop, Linképing, Feb. 6/7, 2024 ©Robert Bosch GmbH. All rights reserved. zg ﬂyﬁ@)‘ 20



' ime. Executable with Euler
* Robust at a fixed sample rate. / Results not dependent on step size
* Low computational cost and low memory footprint. ( 2x speed-up, only few constants added

 Mathematical operators available in embedded software service Iibrary.( Basic math only

* Reliable results over the entire operation range. / Training data from dense sampling

* Jet pump model requirements

* No iterative solvers = No NLS = No non-linear algebraic Ioops.f replaced with surrogate
* No high dimensional look-up tables. /

* No overfitting, no outliers. / No higher order polynomials, successful validation
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@ Conclusions

* Loop Replacement with Symbolic Surrogate:
» Applicable to jet pump model (good performance).
* Satisfaction of realtime requirements.
* Applicable to embedded software.
* Tunable Trade-off between complexity and accuracy.
 Straight forward integration of symbolic surrogate into model.
* No special treatment in the further processing (embedded code generation).

* Training data generated from exact solution at low computation cost.
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o Outlook

* Validation of the jet pump behavior in system context.

* Evaluate performance on embedded target.

* Application to higher dimensional problems (inverse jet pump {8}).
* Evaluate other symbolic regression packages:

* E.g., preserve physical dimensions.
* Try out other base operations.
* Export surrogate as Base Modelica:

e Automated integration of symbolic surrogate.
* Convert to other languages, e.g. SYQ.
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