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Nuvera Develops Hydrogen Fuel Cells That Reduce CO, Emissions

User Story

Challenge

Reduce the levels of air pollution caused by emissions from
commercial diesel engines at seaports

Solution

Design the control software for a hydrogen fuel cell engine and
model the engine with MATLAB and Simulink

Key Outcomes

= The fuel cell produces no exhaust other than heat and water
and provides long-range and quick refueling.

= One fuel cell-powered container handler reduces emissions by
128 metric tons of CO, annually.

= The system maintains an ideal level of battery charge to handle
peak load and manages capacity to reabsorb energy

Link to user story

“Fuel cells are better than bafteries
whenever long range is required, or when
battery charging takes too long—making
them good for boats, planes, trucks, buses,

and emergency response vehicles.”
- Gus Block, Nuvera Fuel Cells


https://www.mathworks.com/company/mathworks-stories/reducing-commercial-vehicle-emissions-using-hydrogen-fuel-cells.html
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Fuel Cell and Battery propulsion System

Motivations

Model simulation Design Space Exploration
Results analysis Trade Off Analysis

Ease of use
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Multi-stack fuel cells and battery propulsion system model
With Simulink

Conling Systam

Multi-stack fuel cells and battery propulsion system

MathWaorks - 2022
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Simscape Products for Physical Modeling

(
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Simscape Products

/

@

Electrical

§ ¢

Battery
§ ¢

Semiconductors
Electric Drives
Power Converters

Components in 10 domains
Physical modeling language
Core simulation technology
Logging and analysis tools
Model sharing options

§¢ §72

§2 S¢S

Sensors, Logic

Battery Pack Builder
Cooling Plates

Battery Management
Support for HIL Tests

Simscape J

<

Fluids
S 2

Fluid Power
Hydraulic Actuation
Heating and Cooling
Fluid Transportation

&

Driveline

§ ¢

3R

Multibody
§

@\ MathWorks

Gears, Belts
Tires, Engines
Clutches
Transmissions

= 3D Dynamics

Kinematics
Force Analysis
CAD Import

13
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MATLAB, Simulink, & Simscape
\
B

/
= Get more value from your model @ @ b.............

of the physica| System Electrical | Battery Fluids | Multibody | Driveline
5 £ I §°¢ § ¢ LY

- MATLAB SimSCCI pe
w. w.

— Automate any task (build, test, analyze)

— Streamline testing (parallel computing) \MATI_AB & SimUIink/

= Simulink _ i =
— Design and test algorithms Q Step%f‘ SISz [© Scope

Controller Plant
— Test embedded software

without hardware prototypes / \
I [==ul
14
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Design Activities Based On Simulation

Architecture Evaluation

- Explore Design Space

Architecture Evaluation
_ . 3 Battery Modules 2 Battery Modules
Example' 2 Fuel Cell Stacks VS 3 Fuel Cell Stacks Design Opﬂmizo’rion
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Design Activities Based On Simulation

Conftroller Calibration

= Compare Cooling Control Settings

_ . Cooling with Cooling with
Example' Baseline Hysteresis VS Reduced Hysteresis

——Battery (Hyst Baseline)

- - -Fuel Cell (Hyst Baseline)
——Total (Hyst Baseline)
——Battery (Reduced Hyst)
200 | |- - -Fuel Cell (Reduced Hyst)
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=
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= e
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Architecture Evaluation

Design Optimization

Component
Requirement

Component Validation
System Evaluation

Controller Calibration

16
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Fuel Cell Model

Composite component with Simscape Language

Fuel Cell Unit

Fuel Cell Rack

This component represents a fuel cell rack with a given number of parallel modules. It uses the Fuel Cell block (Simscape Electrical) and

scalable build (Simscape language).

‘ Source code =‘ :Chm
| —
Parameters
Open-circuit voltage: |FueJ_CeII.0C_VOItage | | vV v‘ |Compile-time = |
Tafel slope: |FueLCeII.TaFeLS\ope | | i V‘ | Compile-time  * |
Internal resistance: |FueJ_CeII.Re5\5taﬂoe | | Ohm v‘ |Compile-time = |
Nominal exchange current: |FueJ_CeII,Exchange_Current | | A v‘ | Compile-time  ~ |
collapse current: |FueJ_CeII.CoIIapse_Cunent | | A v‘ |compile-time ¥ |
Number of cells: |65 ‘ |Compile-time = |
Number of units: |]0 ‘ | Compile-time  * |
Nominal pressure (H2): |FueJ_CeII,pH2_nom | | Pa v‘ |Compile-time = |
Nominal pressure (02): |FueLCeII,pAiLnom | | Pa v‘ | Compile-time  ~ |
Fuel concentration: |99 ‘ |Compile-time ¥ |
Oxygen concentration: |2] ‘ iCompiIe»time i |
Humidity: [1 | |compile-time |
dyn: [int32(0) | |compile-tme  ~|
Tnom: [203.15 | [k | |compile-time |
Thermal Mass: [Fuel_cell.ThermalMass | [ ~| |compile-time  +|
Initial Temperature: |FueJ_CeII.ﬂ1em_lnit | | K v‘ | Compile-time  ~ |
Number of Parallel Modules: |Nconﬂg(2) ‘ Compile-time.  ~
ok || Cancel || Hep || apply

Block Parameters: Fuel Cell Unit

Simscape Language

_A MathWorks

:L[P \J H [iz) Compare = L‘,bﬁ : o s
New Open Save Zpjn = Gy, L CODE| ANALVZE |SECTION  Hun  Step Stop
= = = =] H Bookmark ~ - - o = =
i FILE N&VIGATE RUN a
42 for i=1:Nr i
43 components (ExternalAccess = cbserve)
44 Module(i) = se.sources.fuel_cell(model_fidelity = i
45 end
46 end
a7
48 components(ExternalAccess = observe)
49 PS_Gain = foundation.signal.functions.gain(gain = 3);
58 end
51
52 connections
53 connect(qH2,PS_Gain.I);
54 end
55
56 for i=1:Nr
57 connections
58 connect(dc_p,Module(i).p);
59 connect (de_m,Module(i).n);
G connect(Th,Module(i).H);
61 connect (PS_Gain.0,Module(i).qair)
62 connect(gqH2,Module(i).qfuel);
83 connect (pH2,Module(i).pfuel);
&84 connect(pAir,Module(i).pair);
65 end
66 end
67
&8 end
69 i
| Zoom: 130% UTF-2 LF | Simscage madel file Ln 1 Col 1
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Fuel Cell Model

Composite component with Simscape Language

E CA_MATLABY DI Webinar05 - Elecrified Propulcion - Fuel Celf, Librany, Fuel Cell Rackeoc
'—l[J:I = H [zl Compare = = -
New Open Swve 2pin = Galp oA CODE | AMALZE | SECTION  Fun  Step Swop
= . 2 = ﬂ Bockmark = =5 |
= FILE NAVIGATE i . RLUN = :
42 for i=1:Nr i
43 components(ExternalAccess = observe)
44 Module(i) = ee.sources.fuel_cell(model_fidelity = i
45 end
48 end
47
43 components (ExternalAccess = observe)
49 PS_Gain = foundation.signal.functions.gain(gain = 3);
5@ end
51
52 connections
53 connect(gH2,PS_Gain.I);
. 54 end
Fuel Cell Unit st .
56 for i=1:Nrj
57 connections
58 connect(dc_p,Module(i).p);
59 connect (de_m,Module(i).n);
60 connect(Th,Madule(i).H);
61 connect (PS_Gain.0,Module(i).qair)
62 connect (qH2,Module(i).qfuel);
&3 connect (pH2,Module(i).pfuel);
&d connect (pAir,Module(i).pair);
65 end
66 end
67
68 end il
69 |« 1 |
| Zoom: 150% T B | Simecape mads file i 1 Col 1

Based on Fuel Cell Block of Simscape Electrical

_A MathWorks

is chemical reaction defines the electrical conversion:
This chemical ion defi he el | i
H
° A H, +%02 — H,0 + heat
+o

D>pfuel H, HEO
B> pair T with these catalytic sub-reactions:

=3 Hy — 2H" + 2¢™

2

>qfuel 0 i 1

2 20,42 = O
> qair 72

Fuel Cell .
Documentation

Use « components » and « connections »
syntax to connect multiple (Nr) Fuel Cell blocks
in parallel

. * . .
H
L i i
Brhel H, [HO " bakel H, [HD bel H |[HD * Bkl 4
sz e P o
b oo B oo Bimk Soe Brak oo
- - —
kel - [ e [ = Eocfund s
[ b tr e [
Fuel Cot ) Fuml Gafln Fusi Get e Fim Gl 2
. . . .

20



Modeling Fuel Cell System

= Thermodynamics Oriented Methodology
— Electrochemistry & balance of plant
— Design and optimize FC system
— Higher fidelity, more details
— Physical modeling tools

=  System-Integration Oriented Methodology
— Input-output / lookup table / statistics based
— Integration and supervisory control
— Fast running, less details
— Statistical modeling tools

&\ MathWorks'

21



Fuel Cell System Model: Thermodynamics Oriented

Custom Fuel Cell Domain Membrane
:c\/'UIIi'ISpS’C'HeS Ig_jlagnetwork Exchange species and
Or N2,Us, My Hp generate elec. power & heat, N,
diffusion
M Electrical koad
Hydrogen - . Cxygen
Solrce Anode Anode Gas Membrane Electrode Cathode Gas Cathode Source
Recirculation  Humidifier Channels j:uernbly Channels Humidifier
O Hz2 A B P B A A Je A B B ‘A 02@
o
7] c Bdin fel ihia b e———b M G \
\ Controllers
b + — i Tin [l s T ——— (i xi a3
idecy + L i /
Gas Mixtur ‘ | | “
Properties Ara— # Pia sictl %{ Cathode Exhaust
- £
=L

Controllers
—> H U:}H
MEA
Cooling System Thermal Mass
R2022a:

Try it out in |+

—df =0

>> sscfluids fuel cell

4\ MathWorks
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Example: Characteristic Curves and Drive-Cycle Study

550
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_A MathWorks

Drive-Cycle Response Based on FTP75

power demand

Power Produced and Consumed (kW)

100 . .
Net Gain
80 - Electrical 7
Air Compressor
60 Coolant Pump =
40 7
0 i ; :
Fuel Tank Pressure & Hydrogen Consumption
70 T T T T 500
= =
s 68 - - 400 g
o @
= 66 - 1300 g
w0 =)
(7)) w0
L 64 / \— 200 &
o e &)
E 62 / 4100
5 %
60 . : 0
Temperature (degC)
80 F i '
B i
50 = . \f Ejﬁ !_
Stack
40 - Anode Inflow |
Cathode Inflow
Coolant at Stack
20 . ~—— Coolant at Radiator
0 500 1000 1500 2000 2500
Time (s)
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Choose the Appropriate Fidelity Level for Fuel Cell System Modeling

Computational Time

HHHHHHH

Model what you need ... O tad—d E
when you need it g *

Gas Mixture T

Properies  Anode Exnaust L

f

Lookup-table
statistical model
no dynamics
Voltage vs. g 2 H

current curve e ol B ' 4 il
_ D>pfuel H, | H,O

H: [HD *" > pair R
i - S ) | _
______ £ B> qfuel 0

A e B> qair

Detailed first principles
model without
gas dynamics

)
=

Detailed first principles
model with gas dynamics

Model Complexity and Detalils

24
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Fuel Cell System Model: System-Integration Oriented

=  Workflow to build lookup table (LUT),
statistics-based model
— From lab/experimental datasets
— Or from high-fidelity simulations

— Fast-running models suitable for integration
study and control development

= Model-Based Calibration Toolbox

— Apps and design tools for modeling and Data Modeling

calibrating complex nonlinear systems
Implementation

ot
> \/ : e
- Simscape - g
| MATLAB & Simulink | . B
e

25
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Example: Build Fuel Cell System Model from Lab Data

= Lab data collected from an instrumented fuel-cell vehicle

Argonne National Laboratory, “Technology Assessment of a Fuel Cell Vehicle: 2017 Toyota Mirai”, ANL/ESD-18/12
— MBC model generated and exported for further simulation & validation

— Fast-track from lab data to simulation model Pt "jﬁfﬁj““ kN
150 T T \oltage LUT model
o Mirai Data 7 -
g UDDS CyCIe LUT Model |npUtS Q f
2100} 1 = i ! Outputs
S Current & 18 v " |Tmen  Voltage
5 sl | Pressures (3 > — - Power
2 ﬁh hH ﬁ M M Temperature () >
T
: | |
0 500 1000 1500
Time (sec)
400 T T 50 T T
— — Mirai Data
s < 40 LUT Model | |
P X
:EJ g 30 4
(=]
> 0_ 20 |
S S
£ 100 - Mirai Data | | £ 40 J
@ LUT Model 2
0 — | | —— 0
0 500 1000 1500 0 500 1000 1500
Time (sec) Time (sec)
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https://publications.anl.gov/anlpubs/2018/06/144774.pdf
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Battery Model

Composite component with Simscape Language

= Based on Battery Block of Simscape Electrical
e = | ) Compare | W : =" |
New Open Seve (Zpiy = Galn) p CUDE | AMALZE SECTION  Fun  Step Siop
= - -, = ﬂ Bookmark = - i i =
FILE NAVIGATE RLIN -
38 7
39 v = {258, 'V'}; %Initial Voltage
49 charge = {258, 'hr*A'}; %Initizl charge
41 temperature = {293.15, 'K'}; %Initial temperature .'4' - _I +
42 Nr = {3, "1'}; ENumber of Parallel Modules
43 end
45 for i=1:Nr nH ( ::. ) ql>
46 components(ExternalAccess = observe) N /
47 Module(i) = ee.sources.battery_thermal_instrumented(Vr
48 end Battery
48  end
5@
51
Battery Unit 52 | for i=1:Nr I
53 connections
54 connect(p,Module(i).p); T
55 connect(n,Module(i).n); s e
56 connect(Th,Module(i).H);
57 end f = =
58 end
59 . — AN - . AWV . S @
68 connections + S Baes Raca Ry *
61 connect(Medule(l).q, Q); Batlery % Ren v,
62 end kil )
63 ' . 6D
&4 end
65 ,
. i Documentation - Equivalent Model
| Zoom: 150% UTF-8 LF | Simscage madal file Ln 1 Col 1
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Battery modeling

Directionality and aging

Model advanced battery fade through both Model the internal terminal resistance based on
temperature-independent and temperature- the direction of the current
dependent tabulated parameterization

Block Parameters: Battery!

1 Block Parameters: Batteryl
e Battery

This bleck models a battery. If you select Infinite for the Battery charge capadity parameter, the block models the battery as a series

internal resistance and a constant voltage source. If you select Finite for the Battery charge capacity parameter, the block modsis the

battery as a series internal resistance plus a charge-dependent voltage source defined by:

Battery

This block models a battery. If you select Infinite for the Battery charge capadty parameter, the block models the battery as a series
internal resistance and a constant voltage source. If you select Finite for the Battery charge capacity parameter, the block models the
battery as a series internal resistance plus a charge-dependent voltage source defined by:

V = Vnom*SOC/(1-beta*(1-50C)) V = Vnom*SOC/(1-beta™(1-50C))

where SOC is the state of charge and Vnom is the nominal voltage. Coefficient beta is calculated to satisfy a user-defined data point

where SOC is the state of charge and Vnom is the nominal voltage. Coefficient beta is calculated to satisfy a user-defined data point
[AH1,V1].

[AH1V1].

Settings Settings

Main = Dynamics Fade  Variables Main  Dynamics  Variables

-

Battery fade: | Enabled

Current directionality:

Number of discharge cycles, N: |100 | iCcrrlpiie—ﬁme’ -

Internal resistance during vl |Cu11ple-ume

discharging:
Internal resistance during <
charging: | |Compile~t!rne

Ampere-hour rating after N | P v| |compile-time ~

discharge cycles:
Average internal resistance after
N discharge cycles: |2.02 v| |Cnmpile—t!me

Voltage V1 at charge AH1 after N I
discharge cycles: 10.35 ~| | compile-time

Battery charge capacity: Infinite

Cancel Help Apply Cancel Help Apply
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Battery modeling

Predefined Parameterization

= Multiple available built-in
parameterizations for
the Battery (Table-
Based) block.

- The parameterizations of
these batteries match the
manufacturer data sheets.

Battery (Table-Based)

Select a predefined parameterization

Main  Dynamic Fade  Variables

Vector of state-of-chai\@g values,
SOC:

Temperature dependent tabd
Current directionality:

No-load voltage, VO{SOC):
Terminal resistance, RO(SOC):
Ampere-hour rating, AH:

Self-discharge:

Extrapolation method for all
tables:

o | I I |-iu

Battery
(Table-Based)

, 3.27, 3.31, 3.5]

Disabled

Block Parameterization Manager

lated characteristics as functions of state of charge (SOC) and optional temperature (T).

[0, .25, .75, 1] Compile-tme  ~
No - do net tabulate parameters over temperature >
Disabled v

A Compile-tme  ~
Ohm Compile-time
hra Compile-time  ~

_A MathWorks

Select part | Panasonic/NCATI3540

Attribute
Manufacturer

Part number

Part series

Web link

Part type
Parameterization date
Parameterization note
Part data file location

L]

Value
Panasonic
NCAT23540

hitps:ffactec.dk/media/documents/FF74F46BF 149 pdf

Lithium-ion, NMC, 1515 mAhr, Vnominal = 3.6 V, Weight= 247 g

29-Apr-2020

Predefined parameterizations of Simscape components use available data zo
Sources\Battery_ Table_Based_‘\Panasonic\NCAT93540.xml

| Update block with selected part |

| Difference block with selected part |
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Ramp
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Udc
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md
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Scopes Supervisory Logic
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Inlet Air _i_ E]
< =
Solver -8
Configuration
o B e
— 2
s —
¥ 1+ v
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Sensor {Bat)
Cbat -
DC-DC Converter {Battery) Three Drives
Cooling System
a5y Battery Unit
L
a 4
“duty e |- =
Load
Bzl Sensor (L)
B FC Cooling IB' '.AI ——
. ==rEmre— . .
a | L. | | Multi-Drive
i |
pH2 setpoint L
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( olie o]
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_A MathWorks

Drives e @ - @

o] o s ] o o o
: o E e E e E
Variant Subsystems | g o !

Q [®) (]

L=, o =) O © o

Three Drives
One Drive Two Drives Three Drives
Variant Subsystem
Multi-Drive The Vanant Subsystam contams ong or mors choices where each duwice i5 a Subsystem or Model biack. Af meost one choice can be active in
=imulation.
sk anirol modic: Hebel - The vanant control is a string and the specified active choice is > E J
- processed hefore propagabion of signal attributas. No attributes are .
propagated to the inactive cholces and the Inactive cholces are
@ " remaved prior to propagation of signal attributes. Q
*p 9 ¥
i e o
|| varlant choices (table of variant systems) — RS Demeom oy
B = Name (read-only) Variant control label =
= = : <&
]

e o 4 Variant Control |

~<FManage Variant manuallyz
parameter @
(API)

o : | L e
Label mode active choice: |option_3 (Three Drives) - 5 (< |

»
E
[&] &

[ Propagate conditions outside of variant subsystem )

Open block in Variant Manager

9 Cox [ comcal || nep | [ iimlt

=» Use variants to switch automatically between different variations of a component
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Configure the Model to Balance Model Fidelity and Simulation Speed

Detailed

o

£

- Models

:

= Abstract Y

Q. ~ ~

= Models " \\

8 ' \ \\\ he
> 1 ~ \\
U ‘\ \\\ \\\

,‘I Y4 Y _ ~ \\
P L4 r \\ \\
- - : ~
.~~~ Model gomplexity & Iietanl ~ .
’¢’ / \‘ \\\ \\\\

—_ -Gp

=% .k ea

\ al
'\‘ f Ri
=1 T =/ bl
= —\_u
o C

Switched Linear
Converter

— —

Switched Linear
Converter

Nonlinear
Converter

Average-Value
Converter

— ]

Nonlinear PMSM

i " + Thermal

Nonlinear PMSM

i . + Thermal

Nonlinear PMSM,

Average-Value DC-DC
Converter
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E
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A
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]
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Fuel Cell Virtual Vehicle (FCEV) Architecture

e )
4 )
Driver Fuel Cell
System
Stack Body
Powertrain Balance
Controller of Plant
. J
\_ J
" Fuel Cell Syst )
uel Lell system Balance of Plant (BoP)
 — —————— N
1| Air Handling Hydrogen I
I Handling I
1 System I
Fuel Cell | 1 J SRR,
Stack : Cooling / 1 ( Power ] : DC/DC
I Thermal Distribution |=y=p=— C t
: | Management ) | Unit ) : ONVETEET
. 4

Challenge: fuel cell system interacts with
the rest of the electrical powertrain

= Drive cycles and operation scenarios
= Motor, battery, DCDC converter, drivetrain
= Supervisory and local control algorithm

Fuel cell system operation in a FCEV
= Determine instantaneous power demand
= Convert power demand to current demand

= Distribute current demand between battery
and fuel cell

= Translate current command to H, / Air flow
commands

4\ MathWorks
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Use Case Video: Control Development for Fuel Cell EV

MODELING

Environment

» Visualization

>

FTP75 (2474 seconds)

Longitudinal Driver \

Controllers

P Passenger Car
&

Copyright 2015-2021 The MathWorks, Inc.
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Modeling Fuel Cell Virtual Vehicle

Enable delivery of fuel cell based systems, through vertical integration

model fuel cells, electrified
powertrain and virtual vehicle

Integrate fuel cell in
virtual vehicle models

4\ MathWorks

calibrate and analyze
fuel cell virtual vehicles

Environment

R§®pd

FTP75 (2474 seconds)

=
Longitudinal Driver

o Rire:

Controllers

Passenger Car

h

Visualization
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Modeling Fuel Cell Virtual Vehicle

Enable delivery of fuel cell based systems, through vertical integration

model fuel cells, electrified Integrate fuel cell in calibrate and analyze
powertrain and virtual vehicle virtual vehicle models fuel cell virtual vehicles
Environment M) FCCur
o MotTrgCrd
i A MotSpd (2 )— ._
Réibpd b : =S i ) MotTrq
FTP75 (2474 seconds) =

Longitudinal Driver

l
Fuel Cell s Motor
[Batt_Info]

1
[P + -

| >; .= =

===
|

Battery Electrical Thermal System
:3 @7
AmbTemp

Electric plant model

38



@\ MathWorks

Example: Fuel Cell Virtual Vehicle Simulation

Vehicle Speed (mph) FTP75 cycle

60
. ™ M
- Full vehicle fuel economy, performance | ]
. | L a
and thermal analysis rl‘ W\ i o / | [ ‘ﬂ‘
. 20 | ||.| I‘ | \'U i | ‘ ._
- Enables model-based control design | | \H I T 'l‘ ‘|' | | “ I
0o 500 1000 1500 2000 2500
150 Fuel Economy (MPGe) 16 Current (A)
N prre— I v I T
100—|F. lLf/ . =1 | | | ’ . ‘ M‘M L[]
50 —Iﬂ 1 " w ﬁgw nl il M 4 T! é‘ \ MW g
| | | |
0 | | 1 1 | _50 1 | 1 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
1656 | Telmperature (degIC) - IBattery soc (%|) |
Fuel Cell Stack
80 I Battery Pack — [IOR—— 62
Electric Motor ol St — £
60 - r{},n" T e 60 _\A'\RJ[ \;\r_q_wf,lf\f‘\l\\‘l[-.,_“, NP o i R »\J\,Jh"“’\\_q_
40 - / 58 -
fﬁ-,'__ il — i Load balancing algorithm maintains battery SOC ~60%
0 500 1000 1500 *0 500 1000 1500
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Agenda

Multi-stack fuel cells and battery
propulsion system

- Supervisory logic development,
verification and code generation

Real-time testing and prototyping

Component
Modeling

Control Design
and Validation

Real Time Testing

_A MathWorks
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Growing complexity of Software

Growing complexity of fuel cell application
systems:

= Modularity and reusability
= More (embedded) software

= Risk of long commissioning times due to
Insufficient software testing
— Expensive hydrogen waste

41
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Supervisory Logic Development, Verification and Code Generation

Motivations
" Pvid

Reuse algorithms through

Simulations to convey and analyze Ensure fully tested models, : : )
: : : : generation of high quality and
intent, not ambiguous written standards compliance and detect . :
A : optimized source code for various
specification design errors early on

systems

42



Control Algorithms
With Simulink and Stateflow

= Propulsion and Cooling
Controller

= Based on State Machine:
1. Propulsion Mode

2. Battery Cooling
Management

3. Fuel Cell Cooling
Management

/Supervisory

Battery_Off_Cooling
entry:

md1 =0; hc1 =25;
during:

cl=cl+1;

exit:

Battery_Only

[Qbat < Qlow]

(Dual_Mode \
entry:

Fuel_Cell_On =1;

Ramp =1;

entry:
Fuel_Cell_On =0;
Udc = Udc_lo;

[Qbat > Qreq && counter > Nc]

during:
counter = counter+1;
if TFC<90

Udc = Udc_hi;

[Tbat>35]

[c1>Nc && Tbat <32.5]

[c1>Nc && That<42.5]

Battery_Medium_Cooling
entry:

md1 =0.5; hc1 =100;
during:

cl=cl+1;

exit:

c1 =0;

Battery_High_Cooling
entry:

md1 =0.5; he1 =250;
during:

cl=cl+1;

exit:

c1 =0;

else
Udc = Udc_hi*0.9;
end
exit:
Ramp = -1;

[Load<0]

\counter =0; /
2

Dual_Mode_StandBy
entry:

during:

counter = counter+1;
exit:

counter =0;

)
FC_Off_Cooling
entry:
md2 =0; hc2 =2.5;
during:
c2 =c2+1;
exit:
c2 =0;

[ (counter > Nc*6 && Load>10) || (Qbat<Qlow)]

FC_Medium_Cooling
[TFC>75] entry:
| md2 =0.5; he2 =75;
[c2>Nc && TFC <72.5] | during:
1 €2 = c2+1;
exit:
c2 =0;

[c2>Nc && TFC<87.5]

FC_High_Cooling
entry:
md2 =2; hc2 =150;

_A MathWorks
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’i Dual_FC_Battery Mobile * - Simt

l
&

SIMULATION DEBUG MODELING FORMAT SUBSYSTEM BLOCK
fo] Dual_FC_Battery_Mobile s
[ —
® L’_ij Dual_FC_Battery_Mobile » w
A

B UES

r
i

Scopes

Poool

Sensor (Bat)

@ | —_—Jz
=
DC-DC Converter (Battery) é
M\ s
\'B .
A Qe - -
duty ¢ ST Three Drives
L4 toad - S Sensor (L) de_p
L |
‘ de_m
(@ FC_HT_unit — g =S T — &
s Multi-Drive
&_[ ogic  ut 1+ v
o @ n | Lo :':J.,
- - T v

»

>

Ready View 5 warnings 80% auto(daessc)



Supervisory Logic Development: Stateflow Onramp

= Free, short course on the basics of using
Stateflow in Simulink

= Short videos & hands-on exercises

.-l;
= N
Ll

=  Automated assessments & immediate
feedback

i

Visit https://www.mathworks.com/learn/tutorials/stateflow-onramp.html
for more detalils!

Y

Y Y Y

@\ MathWorks

Y Y Y

45


https://www.mathworks.com/learn/tutorials/stateflow-onramp.html

_A MathWorks

Model-Based Design Verification Workflow

Model Verification Code Verification

Discover design errors at design time Gain confidence in the code

Review and
Component static analysis Equivalence
and system i
t ' d PR it T testing i
esting N P N _— : il T
’ \ 12 \ »”  _==a_ EQuivalence S
\ 1 ,/ P \\ h Ki \\
. — ’ . checking \
Simulink Models V¥ \ !
: Modeljused for e T
Requirements -' 11 » produdtion code » "“““’ b, ]- T
gengration “‘ ARG

Generated code

Generation
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How do we know we meet the requirements? Do requirements
need to be updated?

Does the

design meet all
requirements?

—
- b X

;“‘=-~~ ~~~~‘\
', > i\
V \‘ Simulink Models \
Requirements PRSI pl\r/lggjclztlijsr?igzlre
Model

generation

PR za,;‘,‘;?_\mc\,

" timest » Syql
kirn SDr‘i?‘?ng%%‘?- er(gyy

C/ C+§E§ZﬁDj§%

r 4|

Substr(st, Q‘%A

Generated code

@\ MathWorks
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Track Implementation and Verification

Reguirements - crs_controller

View: Requirements - [&/O/® [E[E=] 4Rl @ €

4\ MathWorks

Index

ID

Summary

Implemented

vl crs_req_func_spec

v 5 1
=1.1
= 1.2
>[5 1.3
=14
=15
= 1.6

#1
#2
#3
#4
#7
#8
#9

Driver Switch Request Handling
Switch precedence

Avoid repeating commands
Long Switch recognition

Cancel Switch Detection

Set Switch Detection

Enable Switch Detection

Verified

Learn more about requirement management

in Simulink

Implementation Status

- Implemented
Justified

Missing

Verification Status

B Passed
Bl railed

Unexecuted

Missing
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@\ MathWorks

How do we test?

Is it functioning
correctly?

\' 2 ) Simulink Models Y
: Model used for TRy
Requirements pesign production code | [ e R I
Model ) C/C+su st:g[?; 2
generation -

Generated code
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MODELING FORMAT

SRESR | sl rc patery pike =
@ |[%a] Dual_FC_Battery_Mobile P -
A
@&
3 TUL
=
5
()
#
= Fuel_Cell_On
Qbat<Lo>
Ramp
Udc
-—> Tbat<Lo>
md
Scopes
TFC<Lo> h
c
f(x)=0 (%]
Supervisory Logic
Solver N
(i Configuration
h | p ® N v
P >

Ready 150% VariableStepAuto



How do we know we have enough test?

Requirements

Simulink Models \

Model used for
production code

generation

IS It
completely
tested?

C/C‘J‘r"‘“ iﬁi“t I

t(s

Generated code

@\ MathWorks
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ﬂ Dual_FC_Battery Mobile -

I SIMULATION

Simulink

MODELING

FORMAT

= 1, 3 Open ~ i - Stop Time | 3600*10 P
@ (pg> - B @ | b ] ¢ @ B Z
Project | New " s Library Model Property | Normal l Step Run Step Data Sequence Logic
- v @9 Print ~ Browser Settings Inspector B@ Fast Restart Back v - Forward Inspector Viewer Analyzer
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS Y
« Dual_FC_Battery Mobile D
® @Dual_FC_Battery_Mobile > v
~
Q Udc
€3
b Tbat<Lo>
LE| md
(=] E—
_ Sc
= TFC<L
<Lo>
- hc
—4 f(x)=0
SupervisorylLogic
Solver
Configuration
p &
Vref u P{u  Pcool
| S
+‘
n -
Vref 24 P
Sensor (Bat) —— " e
m —Y
» |¢ >
Ready 175% VariableStepAuto



Systematic Simulation Testing

Does the
design meet all
requirements?

Is it functioning
correctly?

——-____----_--~-
-

IS It
completely
tested?

-y
', \A‘ ~§
" \ Simulink Models %
: Model used for b <
Requirements Deesiieln roduction code | | e
q Model P : C/C
generation

=R

p.
e

+

e
+ Sy
%2%%1 2 9%“ 3¢y
#HDL:
r ]
substr(sy, o, 7;33

MATLAB and Simulink
For Verification, Validation and Test

Generated code

@\ MathWorks
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Algorithm model and deployment on

Reduced coding time & errors

Automatic code generation from models

Hardware independent source code

Know-how captured in single source (model)

All relevant PLCs supported

35 - Smart Software
Solutions

B&R Industrial

Automation

Bachmann Electronic

Beckhoff Automation

Bosch Rexroth

Mitsubishi Electric

Omron

Phoenix Contact

Rockwell Automation

Siemens

CODESYS

Automation Studio

SolutionCenter

TwinCAT

IndraWorks

CW Workbench

Sysmac Studio

PC WORX

RSLogix / Studio 5000

TIA Portal | STEP 7

Q48488 L84 4&s

4« L K48 4&s

LYy

real-time controller

~
Fuel_Cell_On > 1)
l<Lo>) P Qbat Fuel_Cell_On
oo &
Ramp
s
@"-0’) P Load Ude ";‘3:)
Load Udc
md1 p—
—{ D)
&) b | ma
md2
Toat
hect ———
» 5
6 <Lo>) > TFC | :I ?)
TFC ﬂcj
SupervisoryLogic

PLCs, ECU, custom hardware

4\ MathWorks
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Beyond Functional Testing — Scale with Continuous Integration

Can we automate this?

Requirements

Simulink Models

Design
Model

Model used for
production code

generation

4\ MathWorks

T

’ C/C+¢?Zl?‘~°§DL

Continuous Integration with MATLAB and Simulink

Generated code
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@\ MathWorks

Scalable to certification workflows ensuring highest quality & safety

= |EC 61508 - Safety-related systems
ISO 26262 - Automotive / Motorcycle
= 1SO 25119 - Agriculture and Forestry
EN 50128 - Raill

- |EC 62304 - Medical

IEC 61511 - Process Control

- DO-178 & DO-254

MATLAB and Simulink
For Verification, Validation and Test

IEC Certification Kit —
Model-Based Design for ISO 26262 Reportto the Certifioste. |,
710 067052 0018 Rev. 01
-
Poly IEC Certification Kit
Polyspace® Bug Finder™ and Polyspace
Bug Finder™ Server™ Conformance
Demonstration Template
-7 Integration testing Teeall
-7 Embedded software testing S~
- - - = B -~
- - ~
N
e ~ ~
#" _.-7" Module and integration ~~~_  ______ AN
Pt testing / traceability S~ =" AR
S
RPte 9 A _ -~ Back-to-back testing ~ NN
l, (O ~ /J \\\
,/r -7 Tl ~ P W
A \‘-\ ATTTTSON ,’f’ RN “'a
-
P S -7 Equivalence™\", 1+ Prevention of > .
I,: L i) ~. \ ’ testing R '” unintended ‘ Static code analysis \
\ ’ . 3 e e
uy” Requirements o=+ N 7 Review _--. 1 ! functionality ', and verification \
” ili \ ’ ~ \y ., N \ ! - ~
' traceability ; , , \ and static, \ l \ R 5, “
U i \d 1
4 ¥ \\ N 4 analysis \\ ! v I, v

System
requirements

Requirements
Authoring

Software textual
requirements

Software
architecture

-

Executable
specification

Developme

Architecture

nt

Modeling

~

>

Model used for

Generated

Integrated

production C/C++ code object code
code generation
Compilation
Code Generation and Linking
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Agenda

- Multi-stack fuel cells and battery
propulsion system

- Supervisory logic development,
verification and code generation

- Real-time testing and prototyping

‘ MathWorks

Component
Modeling

Control Design
and Validation

Real Time Testing
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E-mobility - From concept to product

Physical model ‘ Hardware emulator

Hardware-
in-the-Loop
Processor- (HIL)
in-the-Loop
(PIL)

Hardware Controller

—)

Final system

Productized
Solution

‘ MathWorks
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E-mobility / Real-Time Testing — Motivations

e Q =

Prove new concepts Test challenging conditions Perform safe tests (no risk for
(components, algorithms) (inject faults, harsh environments) equipment or operators)

60



|
E-mobility / Real-Time Testing — Integrated Software-Hardware

4

i
MathWorks ﬁ- Speedgoat

Simulink Real-Time Real-time Target Machines

RT - instrumentation
Code Gen (C/VHDL)

I/O protocol support

FPGA-based solutions

- Simscape Speedgoat driver library

- Simulink Test

Complete HIL-Rigs

4\ MathWorks
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E-mobility/Real-time Testing — Value of turnkey solution

Solver Target selection

Data Import/Export
Math and Data Types
» Diagnostics Language:
Hardware Implementation
Model Referencing .
S]mulaﬂon Tﬂ{gﬂ |s1drtert.tlc Simulink Desktop Real-Time
v Code Generation | |slrealtime.tlc Simulink Real-Time
Optimization systemverilog dpi ert.tlc SystemVerilog DPI Component

System target file:

System Target File: Description:
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E-mobility / Real time testing — General purpose vs. high end HIL

= General purpose (mechatronics, energy management)
— Relevant physical behaviour (Ts > 50 us)
— C-based processors are sufficient for HIL hardware
— Embedded code generation (C)

= High-end applications (focus on power electronics)
— Modulation, harmonics, faults (Ts < 5us)
— FPGA devices are needed to execute the physical equations in real-time

State-Space
Analyze/Convert | representation | HDL Co_de
to State-Space P— Generation

4\ MathWorks
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E-mobility/Real-time Testing — From desktop to HIL

sim ratio

=
&)
T

Slower than real-time

g | SOLVER PROFILER _
T - From: M States &
1
= 80

7 To: M si
Load Sawve © imsecap

] - - Buffer: 1200000 M Model J

Faster than real time

100

200

300

SIMULATION

,_l_-'

G

"] Open

400

-

New E Save «

w

== Print

&, o

500

600 700 800

200

ts[usec]
5] Stop Time |80
B [
library Accelerator hd I
Browser H@ Fast Restart

| STEP INFORMATION
Max step size N/A
| Min step size N/A
7 Average step size 1.00e-03
- Max step size usage(%) N/A
] Total steps 80000
Run time(s) 48.51
1000 Run/sim time ratio 0.61

Time step in HIL models
shall enable fast real-time performance
while ensuring robustness
and sufficient accuracy.
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E-mobility/Real-time testing — From desktop to HIL

’i Dual_FC_Battery Golden_Ref - Simulink

=
SIMULATION MODELING FORMAT A ©

Dual_FC_Battery_Golden_Ref
@ |[*alDual_Fc_Battery Golden Ref »
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E-mobility/Real-time testing — From desktop to HIL

uz2

TFC

TBAT

E-mobility System

Input Driver blocks

i

Output Driver blocks

. y > Data Network Device 5

A TR

Data Network Device 6

w2 TBATI—MData ook Device 7

E-mobility System

Configure the physical model
with the required I/O driver blocks
meeting your requirements.

and generate code
(slrealtime.tlc)

4\ MathWorks
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Hardware Setup

Development Computer

wsh ey

-
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e MATLAB

e Simulink

* Simscape ...

* Simulink Real-Time

* Code Generation Tools

4 ™
Target Computer
N
CAN Messages
(Sensor Signals)
CAN Messages
Controller
Commands
)
* Multicore CPU e NXP S32K142 Eval Board
* 0613
* (2 Channel CAN Bus)
* 10397
. ADCs, DIOs, PWMs
* 12C, SPI
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Nuvera: Hydrogen Fuel Cells Reduce CO, Emissions

One of Nuvera’s E-Series Fuel Cell Engines. Image credit: Nuvera
Fuel Cells.

... In simulation, Nuvera tests the system in low and high
ambient temperatures, and in low- and high-humidity
environments..

... In order to experiment with their algorithms in a more
realistic setting, Nuvera does hardware-in-the-loop
testing: They load their engine model onto a custom
computer made by Speedgoat that is tailored to have the
same inputs and outputs as the physical engine, and can
simulate its operation in real time. The same embedded
computer that runs the fuel cell engine is connected to the
Speedgoat box and is programmed from C code
generated from Simulink.

This setup adds rigor while enabling Nuvera's engineers
to iterate on their design quickly. It also allows for
experimentation without putting a real engine at risk...

~

J

@\ MathWorks
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|
Model-Based Design (Simulink) yields strong ROI

Model-Based Design ROI AMathWorks@

ABB: Four times more projects per same headcount User Stories

Airbus: Software testing time cut by two-thirds

BAE: One-and-a-half to two times more efficient than hand-coding
Continental: Six months of effort eliminated; verification time cut by 50%
Honeywell: A five-to-one improvement in productivity

Lear: Development time cut by 40%; Zero warranty issues reported

Lockheed Martin: Development efficiency doubled; Design updated in a day
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SEGULA Technologies Helps Fuel the Future of Transportation with
Model-Based Design

Challenge

Accurately validate hydrogen fuel cell design before testing with
hardware prototypes.

Solution

Use Model-Based Design with MATLAB, Simulink, and Simscape to
develop models that simulate the physics inside the fuel cell and
enable the team to iteratively evolve fuel cell system models.

Key Outcomes

= Reduce development time for each new design by four to six hydrogen fuel cell stack on & test rig in the SEGULA lab.
weeks by starting with a Simscape model (Image credit: SEGULA Technologies)

= Simulate the fuel cell operation in a typical week or up to its
30,000-hour lifetime with hardware-in-the-loop (HIL) testing
and Simulink Real-Time

“Starting with a Simscape model shaves four to six

weeks off of the initial development time.” — Dirk
= Reduce time to market and save money by using system-level Rensink, technical lead for fuel cell simulation,

simulation in Simulink to validate the design before testing with ~ SEGULA Technologies

Link o 1e O GRS Prototypes

4\ MathWorks
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https://www.mathworks.com/company/mathworks-stories/hydrogen-fuel-cell-development-brings-clean-power-to-transportation.html

4\ MathWorks

Plug Power Accelerates Fuel Cell Control Development

Challenge

Shorten time to market and reduce operational
costs in fuel cell control development

Solution

Use MathWorks tools to model systems and rapidly
test new algorithms through simulation

Results
= Shorter development time
= Increased process efficiency
= Reduced operating expenses

Link to user story

Plug Power fuel cell system.

“‘We don’t have time to investigate our algorithms with C or C++.
Fortunately, MATLAB lets us test our ideas with just a few lines
of code. It saves a lot of time, and moves us toward our goal of

creating a commercially viable onsite energy system.”
- Rebecca Dinan, Plug Power
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http://www.mathworks.com/company/user_stories/plug-power-accelerates-fuel-cell-control-development.html?by=company
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Simulating Fuel Cell Hybrid Bus Technology at the University of
Delaware

Challenge
Design a low-cost, zero-emission, fuel cell hybrid bus

Solution

Use MATLAB and Simulink to model, simulate, and
optimize the design

Results

= Multiple design ideas explored without using
hardware

= Simulation results accurate to within 5% of
measured data

=  Optimal combination of performance and
efficiency identified extraordinarily expensive to answer via trial-and-error hardware

The University of Delaware series-hybrid fuel cell
bus.

“Simulink enables us to answer design questions that would be

iterations.”
- Juha Inberg, Ponsse

Link to article 72



http://www.mathworks.com/company/newsletters/articles/simulating-fuel-cell-hybrid-bus-technology-at-the-university-of-delaware.html

University of Waterloo Develops
Award-Winning Fuel Cell Technology

Challenge

= Re-engineer a sport utility vehicle to optimize fuel
efficiency without compromising performance

Solution

= Use MathWorks products and Model-Based
Design to design and test a fuel cell vehicle
propulsion system

Results

= Ease of communication

= Substantial design time savings
= Innovative technology

Link to user story

University of Waterloo demonstrating at Challenge X.

“Without Simulink, | don’t believe there would
have been any way to develop executable
specifications to the same level of detail or
use Model-Based Design so extensively.”

Matthew Stevens
University of Waterloo

@\ MathWorks
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Summary

- Electrified propulsion system: fuel cells + battery
— multi-domain interactions (electric — thermal — mechanic)

— performance trade-offs (battery - fuel cell stack configuration)

= Supervisory logic development
— agile workflow from concept to certification

— embedded target support (code generation)
— systematic validation

) S &
~ Specifications -

Design

Continuous
‘ Test and
| Simulation Verification

with

- Real-time testing and prototyping
— model once — use twice (virtual testing)
— add realism without risk

\ g Automatic
/ Code Generation
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Learning paths: Electrified Propulsion Curriculum

Foundational Knowledge, Algorithm Modeling

Simulink Fundamentals ]

(2 days) J

Fuel Cell and Electrified
Propulsion Physical
Modeling

Hardware Integration &
Code Generation

( Stateflow for Logic Driven
> System Modeling
L (2 days)

i
L

Modeling Physical Systems

with Simscape
(1 day)

. . )
Modeling Fluid Systems with Fluids modeling

Simscape Cooling/heating circuits
(1 day)

A 4

Embedded Coder for

(2 days)

Production Code Generation

Power Electronics Control
Design with Simulink and Motor drive applications
Simscape (1 day) )

Real-Time Testing with

Simulink Real-Time and Rapid Control Prototyping

L Speedgoat Hardware (2 days) )
A

— MATLAB and Simulin
(2 days)

Control System Design with

k

Click on the blocks for more information
For full course schedule; mathworks.com/training

Modeling power electronics

@\ MathWorks

Hardware-in-the-Loop Testing
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https://ch.mathworks.com/training-schedule/simulink-for-system-and-algorithm-modeling.html
https://ch.mathworks.com/training-schedule/stateflow-for-logic-driven-system-modeling
https://ch.mathworks.com/training-schedule/modeling-fluid-systems-with-simscape.html
https://www.mathworks.com/training-schedule/control-system-design-with-matlab-and-simulink
https://www.mathworks.com/training-schedule/testing-generated-code-in-simulink
https://nl.mathworks.com/services/training.html#popular
https://www.mathworks.com/training-schedule/modeling-physical-systems-with-simscape
https://ch.mathworks.com/training-schedule/embedded-coder-for-production-code-generation-two-day
https://ch.mathworks.com/training-schedule/real-time-testing-with-simulink-real-time-and-speedgoat-hardware
https://ch.mathworks.com/training-schedule/power-electronics-control-design-with-simulink-and-simscape.html

|
Additional resources at www.mathworks.com

= Solutions
— https://www.mathworks.com/solutions/power-electronics-control
— https://www.mathworks.com/solutions/power-system-analysis-and-design
— https://www.mathworks.com/solutions/physical-modeling

= Training
— https://www.mathworks.com/learn/tutorials/simscape-onramp

— https://www.mathworks.com/learn/tutorials/circuit-simulation-onramp

= User Testimonies
— https://www.mathworks.com/company/mathworks-stories/moxie-converts-mars-co2-to-oxygen

— https://www.mathworks.com/company/user stories/search.html

4 MathWorks
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https://www.mathworks.com/solutions/physical-modeling
https://www.mathworks.com/learn/tutorials/simscape-onramp
https://www.mathworks.com/learn/tutorials/circuit-simulation-onramp
https://www.mathworks.com/company/mathworks-stories/moxie-converts-mars-co2-to-oxygen
https://www.mathworks.com/company/user_stories/search.html
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Thank you for your attention!

Any questions?

© 2023 The MathWorks, Inc.
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