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Application background
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Fuel cell electric drive system from Bosch Mobility Solutions 

Anode Recirculation Circuit

Δ𝑋𝑋𝐻𝐻2 = 𝑋𝑋𝐻𝐻2,set − 𝑋𝑋𝐻𝐻2
𝑋𝑋𝐻𝐻2 = ?

Jet PumpBosch FCCU*

*Fuel Cell Control Unit

H2

𝐼𝐼𝐻𝐻𝐺𝐺𝐺𝐺 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Δ𝑋𝑋𝐻𝐻2

𝐼𝐼𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠 Jet Pump Model:
𝑋𝑋𝐻𝐻2 = 𝑓𝑓𝐽𝐽𝐽𝐽(𝑝𝑝1,2,3,𝑇𝑇1,2,3,𝑋𝑋𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
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≡ 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑝𝑝𝑖𝑖 ,𝑇𝑇𝑖𝑖 , 𝐼𝐼𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠)



Application background
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Jet pump in the anode recirculation path of a fuel cell electric drive system
MODPROD Workshop, Linköping, Feb. 6/7, 2024

Blower
Electric Air Charger

mixing chamber diffusor

HGI*

*Hydrogen Gas Injector

nozzle



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.

• Jet pump model requirements:
• No iterative solvers  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
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𝑝𝑝0,𝑇𝑇0, �̇�𝑚,𝑋𝑋𝑖𝑖 𝑑𝑑𝑖𝑖𝑠𝑠

𝑝𝑝0,𝑇𝑇0, �̇�𝑚,𝑋𝑋𝑖𝑖 𝑚𝑚𝑚𝑚𝑐𝑐

𝑝𝑝0,𝑇𝑇0, �̇�𝑚,𝑋𝑋𝑖𝑖 𝑠𝑠𝑠𝑠𝑐𝑐

grey: unknown variable

Causality applicable for model validation against CFD results

HGI 
Hydrogen
Gas Injector

suction

i Jet Pump

discharge

motivePure 
Hydrogen

Recirculated 
Anode Mix Gas

Anode 
Mix Gas
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State-of-the-art jet pump model
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𝑝𝑝0,𝑇𝑇0, �̇�𝑚,𝑋𝑋𝑖𝑖 𝑑𝑑𝑖𝑖𝑠𝑠

𝑝𝑝0,𝑇𝑇0, �̇�𝑚,𝑋𝑋𝑖𝑖 𝑚𝑚𝑚𝑚𝑐𝑐

𝑝𝑝0,𝑇𝑇0, �̇�𝑚,𝑋𝑋𝑖𝑖 𝑠𝑠𝑠𝑠𝑐𝑐

grey: unknown variable

Causality applicable for model validation against CFD results

Not suitable for embedded control function!



Replacing Non-Linear Systems
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0 = 𝑓𝑓(𝑥𝑥, �̇�𝑥,𝑤𝑤, 𝑢𝑢, 𝑝𝑝, 𝑡𝑡)𝑢𝑢 𝑦𝑦

ODE Solver

𝑧𝑧𝑧𝑧𝑥𝑥 �̇�𝑥𝑡𝑡
𝑡𝑡 Time
𝑝𝑝 Parameters
𝑢𝑢(𝑡𝑡) Inputs
𝑥𝑥(𝑡𝑡) Continuous states
�̇�𝑥(𝑡𝑡) State derivative
𝑤𝑤(𝑡𝑡) Local variables
𝑦𝑦(𝑡𝑡) Outputs
𝑧𝑧𝑧𝑧(𝑡𝑡) Event indicators
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Replacing Non-Linear Systems
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𝑓𝑓1 𝑧𝑧3, 𝑧𝑧4 = 0
𝑓𝑓2 𝑧𝑧2 = 0

𝑓𝑓3 𝑧𝑧2, 𝑧𝑧3, 𝑧𝑧5 = 0
𝑓𝑓4 𝑧𝑧1, 𝑧𝑧2 = 0

𝑓𝑓5 𝑧𝑧1, 𝑧𝑧3, 𝑧𝑧5 = 0

𝑧𝑧1 𝑧𝑧2 𝑧𝑧3 𝑧𝑧4 𝑧𝑧5
𝑓𝑓1
𝑓𝑓2
𝑓𝑓3
𝑓𝑓4
𝑓𝑓5

0 0 1 1 0
0 1 0 0 0
0 1 1 0 1
1 1 0 0 0
1 0 1 0 1

𝑓𝑓2 𝑧𝑧2 = 0
𝑓𝑓4 𝑧𝑧1, 𝑧𝑧2 = 0
𝑓𝑓𝑆𝑆 𝑧𝑧1, 𝑧𝑧2 = 𝑧𝑧3, 𝑧𝑧5
𝑓𝑓1 𝑧𝑧3, 𝑧𝑧4 = 0

𝑧𝑧2 𝑧𝑧1 𝑧𝑧3, 𝑧𝑧5 𝑧𝑧4
𝑓𝑓2
𝑓𝑓4
𝑓𝑓𝑆𝑆
𝑓𝑓1

1 0 0 0
1 1 0 0
1 1 1 0
0 0 1 1

Machine learning
surrogate 𝑓𝑓𝑆𝑆

𝑧𝑧 𝑡𝑡 ≔
�̇�𝑥(𝑡𝑡)
𝑤𝑤(𝑡𝑡) system unknowns

𝑧𝑧2 𝑧𝑧1 𝑧𝑧3 𝑧𝑧5 𝑧𝑧4
𝑓𝑓2
𝑓𝑓4
𝑓𝑓3
𝑓𝑓5
𝑓𝑓1

1 0 0 0 0
1 1 0 0 0
1 0 1 1 0
0 1 1 1 0
0 0 1 0 1

𝑓𝑓2 𝑧𝑧2 = 0
𝑓𝑓4 𝑧𝑧1, 𝑧𝑧2 = 0

𝑓𝑓𝑁𝑁𝑁𝑁𝑆𝑆 𝑧𝑧1, 𝑧𝑧2, 𝑧𝑧3, 𝑧𝑧5 = 0
𝑓𝑓1 𝑧𝑧3, 𝑧𝑧4 = 0
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Replacing Non-Linear Systems
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0 = 𝑓𝑓1 𝑥𝑥, �̇�𝑥,𝑤𝑤,𝑢𝑢,𝑝𝑝, 𝑡𝑡
[…]

0 = 𝑓𝑓𝑆𝑆 𝑥𝑥, �̇�𝑥,𝑤𝑤,𝑢𝑢,𝑝𝑝, 𝑡𝑡
[…]

0 = 𝑓𝑓𝑛𝑛 𝑥𝑥, �̇�𝑥,𝑤𝑤,𝑢𝑢,𝑝𝑝, 𝑡𝑡

𝑢𝑢 𝑦𝑦

ODE Solver

𝑧𝑧𝑧𝑧𝑥𝑥 �̇�𝑥𝑡𝑡
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Only the NLS is approximated 
by the surrogate

𝑡𝑡 Time
𝑝𝑝 Parameters
𝑢𝑢(𝑡𝑡) Inputs
𝑥𝑥(𝑡𝑡) Continuous states
�̇�𝑥(𝑡𝑡) State derivative
𝑤𝑤(𝑡𝑡) Local variables
𝑦𝑦(𝑡𝑡) Outputs
𝑧𝑧𝑧𝑧(𝑡𝑡) Event indicators



The “Loop Replacement” method

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

Workflow
1. Identify and extract NLS
2. Generate training data
3. Train surrogate model
4. Replace NLS with surrogate manual

Verification
• 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
1. Identify and extract NLS

NLS occurs in the 
SuctionFlow model

𝑝𝑝 = 𝑓𝑓(𝑀𝑀𝑀𝑀)
𝑇𝑇 = 𝑓𝑓 𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀 = 𝑓𝑓(𝑝𝑝,𝑇𝑇)

©Robert Bosch GmbH. All rights reserved. 13MODPROD Workshop, Linköping, Feb. 6/7, 2024



Application to the Jet Pump Model
2.Generate training data

• Derive value ranges of the 
loop inputs from scenario

• Evaluate FMU to solve:
𝑝𝑝 = 𝑓𝑓(𝑀𝑀𝑀𝑀)
𝑇𝑇 = 𝑓𝑓 𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀 = 𝑓𝑓(𝑝𝑝,𝑇𝑇)

• Sample the input ranges
• Record as training data set

©Robert Bosch GmbH. All rights reserved. 14

𝑝𝑝0,𝑇𝑇0, �̇�𝑚 𝑝𝑝,𝑇𝑇

2)

p0,T0,md,p,T
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Application to the Jet Pump Model
3. Train surrogate model

• Define accepted operators:
• +, -, *, /, sqrt, …

• Run symbolic regression on 
subset of training data

• Determine RMSE on 
validation data

• Output the found 
symbolic expressions

©Robert Bosch GmbH. All rights reserved. 15

p0,T0,mflow,p,T

3)

Surrogate.mo
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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

©Robert Bosch GmbH. All rights reserved. 16

4)

Surrogate.mo
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SuctionFlow_surr.mo

⋮



Application to the Jet 
Pump Model
Verification against original 
model

suctionFlow vs. suctionFlow_surr

• Max abs. error:
• p = 0.04bar (3.3%)
• T = 5K (6.3%)
• I = 0.06N (1.8%)

• Mean abs. error
• p = 0.008bar (0.66%)
• T = 1.1K (1.4%)
• I = 0.007N (0.22%)

©Robert Bosch GmbH. All rights reserved. 17MODPROD Workshop, Linköping, Feb. 6/7, 2024

1) with respect to size of value range
2) Euler solver, PC



Application to the Jet Pump Model

©Robert Bosch GmbH. All rights reserved. 18

• Integration of the surrogate into 
Jet Pump Model:

• Make suctionFlow component 
replaceable in JetPump class.

replaceable suctionFlow
component

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



Application to the Jet Pump Model
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• Integration of the surrogate into 
Jet Pump Model:

• Make suctionFlow component 
replaceable in JetPump class.

• Redeclare suctionFlow component 
as SuctionFlow_surr within 
jetPump.
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Application to the Jet 
Pump Model
Validation against original 
model

jetPump vs. jetPump_surr
• Max error abs. (rel.):

• p_0_dis = 0.028bar (2.1%)1)

• T_0_dis = 1.8K (2.6%)1)

• Mean error abs. (rel.)
• p_0_dis = 0.006bar (0.46%)1)

• T_0_dis = 0.97K (1.4%)1)

©Robert Bosch GmbH. All rights reserved. 20

Discharge Pressure

Discharge Temperature

1) with respect to size of value range
2) Euler solver, PC

size NLS CPU time2) speed-up

jetPump {2,1] 12ms -

jetPump_surr {0,1} 6ms 2x
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Error Discharge Temperature

Error of Discharge Pressure



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.

• Jet pump model requirements
• No iterative solvers  No NLS  No non-linear algebraic loops.
• No high dimensional look-up tables.
• No overfitting, no outliers.
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Executable with Euler

Results not dependent on step size

2x speed-up, only few constants added

Basic math only

Training data from dense sampling

replaced with surrogate

Not needed

No higher order polynomials, successful validation



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.

©Robert Bosch GmbH. All rights reserved. 22MODPROD Workshop, Linköping, Feb. 6/7, 2024



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

©Robert Bosch GmbH. All rights reserved. 23MODPROD Workshop, Linköping, Feb. 6/7, 2024



Thanks for your attention.Thanks for your attention.
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