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ABSTRACT 

Rapid control prototyping (RCP) is a widely used 
technique for verifying a controller’s functional behavior.  
Typically, RCP uses a target processor with ample 
processing power and memory, which makes the 
technique attractive for engineers exploring new 
concepts.  However, a large gap often exists between 
the RCP target and the production ECU in terms of the 
available code generation technology, the supporting 
tool chain, and I/O hardware.  Consequently, significant 
work is required when migrating a controller from RCP to 
production.  Furthermore, due to cost constraints, RCP 
systems are difficult to deploy in large numbers for fleet 
testing or preproduction trials.   

In response to the challenges associated with RCP, 
automotive engineers are moving towards a technique 
called on-target rapid prototyping (OTRP).  With OTRP, 
the code is generated, cross-compiled, and downloaded 
either to the ECU used in production or a development 
version of it with additional memory and instrumentation 
support. OTRP enables engineers to use the same code 
generator, supporting tool chain, and ECU hardware 
during development, simplifying the migration to 
production.  In addition, due to the relatively low cost of 
development ECUs, OTRP systems can be deployed in 
large quantities.   

This paper provides an introduction to Model-Based 
Design and OTRP, a step-by-step approach for getting 
started with OTRP using a new algorithm export 
technique, and considerations for moving from OTRP to 
production.  An application example is provided to 
illustrate how OTRP has been effectively used for a 

production-intent ECU program, which includes a novel 
external mode implementation on a resource 
constrained fixed-point embedded system. 

INTRODUCTION TO MODEL-BASED DESIGN 

A model represents a dynamic system whose response 
is a function of its inputs, state, and time. Historically, 
system engineers have used block diagrams as shown 
in Figure 1 to model plant environments and physical 
systems as well as to design ECU algorithms. 

In recent years, graphical modeling environments 
consisting of block diagrams and  
state machines have been used to analyze, simulate, 
prototype, specify, and deploy software algorithms in 
production ECUs. Model-Based Design refers to the use 
of models and modeling environments as the basis for 
ECU development.  

 

Figure 1: Feedback controller model.  

Automotive systems developed using Model-Based 
Design include: 
 Engine and transmission ECUs 
 Hybrid, battery, and green vehicle systems 
 ABS and chassis control systems  
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automatically generated using the Legacy Code Tool in 
Simulink. The S-functions need to be in-lined to optimize 
the generated code, which then calls the target-specific 
code without a code wrapper.  

Code replacement libraries are employed to create the 
processor-optimized code. Typically, developers use a 
code replacement library to map basic operators and 
math functions to more optimized versions. For example, 
with TFL it is easy to generate code with a pragma or 
hardware instruction that enables automatic saturation 
on overflow protection. Replacements can also be used 
to create a highly optimized trigonometry function.  

In addition to S-functions and code replacements, 
developers need to create a custom main file and 
automate the build process to invoke the cross-compiler 
tool chain. The compilation, download, and execution 
can be fully automated. These build customizations are 
done using source file templates, template make files, 
and hook APIs that help control the build process.  

Finally, a System Target File can be created to enable 
the fully customized build solution described above. A 
more detailed discussion of these topics is available in 
the Simulink Coder documentation [1].  

The key steps can be summarized as follows: 

1. Create a System Target File (STF) baseline 
target without drivers. 

2. Add device driver blocks using S-functions. 

3. Add code optimizations using Target Function 
Libraries. 

4. Select the STF to generate and compile code. 

5. Download and run the code on the target 
processor. 

6. Tune parameters using external mode or a third-
party calibration tool (optional). 

Tuning parameters using external mode requires a 
communication interface between the host and target. 
Once this is established, external mode APIs can be 
used to create a program for interactive communication. 
A basic example that uses TCP/IP is provided with 
Simulink, and other options are available.  

For example, to use CAN, developers would need host 
CAN support, perhaps using Vehicle Network Toolbox, 
which they would use to communicate with the target’s 
CAN support. A CAN Calibration Protocol (CCP) block 
could be developed from scratch or ported from an 
existing example. Then during code generation, 
developers can select the option for creating ASAP2 files 
to define the data and memory locations.  

See [2] for an example full executable OTRP approach 
using in-house real-time operating system integration. 

ALGORITHM EXPORT APPROACH - As with the full 
executable approach, developers should establish model 
guidelines [3] with code generation settings, and create 
the floating- or fixed-point design. However, device 
driver blocks are not going to be created since these are 
in the hand-coded framework software. The framework 
will also call the generated algorithm code. The key to a 
successful call, or integration, is to establish the 
appropriate call interface and reference but not redefine 
the interface data.  

Embedded Coder provides a number of options for 
controlling the function signature of the generated code.  
By default, it generates the initialize, step, and terminate 
functions as void-void functions with global data.  
Separate data structures are created for each category 
of data in a Simulink model.  Variables created for 
Simulink inports, outports, parameters, and states are 
each placed in separate data structures. Storage for 
each of the structures is allocated by the generated 
code. 

Developers can change this default behavior and pass 
pointers to each of the structures as arguments to the 
initialize, step, and terminate functions.  In this case, the 
generated code will no longer rely on global data and 
can be reused.  The developer is responsible for 
declaring storage for each of the data structures. 

Developers can also explicitly control the prototype of 
the initialize, step, and terminate functions.  In addition to 
the function name, developers can specify the argument 
names, passing mechanisms (by reference or by value), 
and qualifier.  The dialog box for controlling a function 
prototype is shown in Figure 8.  This example is for a 
Simulink model with four inports and one outport.  The 
default void-void prototype was changed to pass the 
inputs in several ways, while the Simulink outport is set 
to be a return value from the function.  



Figur
Code

The 
Obje
Class
asso
assig
acce
algor
item 
mode
mode

The k
syste

1

2

3

4

5

6

re 8. Functio
e. 

model data c
cts, MPT D
ses (CSCs). 
ciated with a

gn it a CSC,
ss method. A
rithm export s
(such as a ca
el in a separ
el and genera

key steps use
em deployme

1. Generate 

2. Establish 

3. Create f
integration

4. Use the e
process to

5. Download
processor

6. Tune para
tool (optio

on Prototype

can be contro
Data Objects

Once a mod
a data objec
 such as a 

An imported e
since it can r
alibration para
rate data dic
ated code with

ed to export a
nt are as follo

code with an

import and ex

iles and fu
n with the ext

existing sched
o invoke the g

d and run t
r. 

ameters usin
onal). 

e Control an

olled using S
s, and Cust
del signal or 
ct, it is straig
global variab
xtern CSC is 
reference an 
ameter define
tionary) and 
hout redefinin

an algorithm f
ows: 

n appropriate 

xport data int

nctions as 
ternal framew

duler and pro
generated alg

the code on

ng a third-par

d Generated

Simulink Data
tom Storage
parameter is

ghtforward to
ble or get/set
useful during
existing data

ed outside the
use it in the

ng it.  

for embedded

call interface.

erfaces. 

required for
work code. 

oduction build
gorithm code.

n the target

rty calibration

 

 

d 

a 
e 
s 
o 
t 
g 
a 
e 
e 

d 

. 

r 

d 

t 

n 

CON
PRO

With
step 
that 
code
com

Code
optio
code
costs
C co
targe
proc

Once
beha
verif
targe
test 
simu
inclu
crea

See 

AUT
repre
This 
Simu
elimi
inste
by E
envir
desc
integ

Anot
ECU
desc
2626

NSIDERATIO
ODUCTION C

h an OTRP fra
to consider 
may need to

e verificatio
pliance.  

e replaceme
onal for OTRP
e needs to b
s. This enabl
ode normally 
et-specific co

cessor.  

e the code is
avior. PIL test
fication mecha
et-optimized c

the target 
ulation. MathW
uding PIL AP
ate their own t

[4] for a desc

TOSAR (AUT
esents a spe
emerging au

ulink. When w
inate many 
ead select the
Embedded C
ronment (RT
cription produ
gration.  

ther emergin
Us is ISO 26
cribes the us
62 application

NS IN MOV
CODE GENER

amework esta
deploying in

o be refined 
on, certific

ent libraries, 
P but are cruc
be highly opt
es a direct m
output by th

ode supporte

s generated, 
ting, as descr
anism. PIL is
code is used
code on th

Works offers 
PIs that ena
target-based t

cription of TFL

Tomotive Op
ecial case of 
utomotive sta
working with A

of the step
e AUTOSAR 
oder. They w
TE) generat
uced during c

ng trend for 
6262 certifica
se of Simulin
ns. 

VING FROM
RATION 

ablished, it is 
 production. 
include code

cation, and

discussed p
cial for produ
timized to red

mapping betwe
he code gene
ed by a pa

it is importan
ribed earlier, 
 especially im

d since it is n
he host com

a variety of 
ble develope
test bench.  

L and PIL tes

pen System 
external fram

ndard is well
AUTOSAR, de
ps described
system targe
would then u
tor to impo
code generat

high integri
ation. Refer 
nk in IEC 61

 

M OTRP TO

a natural nex
The activities

e optimization
d standard

reviously, are
ction because
duce per un
een the ANSI
erator and the
articular ECU

nt to verify its
is an effective

mportant when
not possible to
mputer during
PIL solutions

ers to quickly

sting. 

ARchitecture
mework code
supported by

evelopers can
d above and
et file provided
use a runtime
ort the XML
tion for targe

ity production
to [5], which
058 and ISO

O 

xt 
s 

n, 
s 

e 
e 
it 
-
e 
U 

s 
e 
n 
o 
g 
s, 
y 

e) 
e. 
y 
n 
d 
d 
e 
L 
et 

n 
h 
O 



CAS

Auto
ventu
AG. 
produ
chart
deve
price
the 
comp
cluste
other
appli

BOD
INST

The 
Cont
Clust
these
appli
Math
Embe
deve
for th
the 
corre
Using
conv
testin
and 
reduc
were
the p
comp
Thes
code

MOD

The 
Fig. 
proce
value
direc

The m
other
using
subs
confi
gene
code

In th
to wo
place
achie
comp
durin
param
class

SE STUDY –

motive Infotro
ure between A

It designs,
ucts and serv
ter of this o

eloping ma
e/performance

market.  
ponents and 
er application
r control unit
cations [6].  

DY CONTR
TRUMENT CL

first two flag
trol Unit/Mul
ter (IC) for a
e products wa
cation softw

hWorks produ
edded Code

eloped with th
he BCU and w
IC.  The m

ectness throu
g the Simulin

verted to a f
ng was used 
test for ove

ce the poten
e written to fa
production co
pile the dev
se scripts are
e and flashing

DEL AND MO

BCU (see Fi
11) work toge
esses analog
es that will dr
ctly drive vehic

modules exch
r and view c
g Simulink 
ystems to mo
gured the co

erate code th
ed scheduler. 

is process, fo
ork, the calibr
ed in a prede
eved using 
piler. To au
ng the code g
meters that n
s (CSC).  Thi

– AIPL 

onics Private
Ashok Leylan

develops, 
vices for the t
organization 
rket OEMS
e point compa
The compa
software for 

ns, body cont
ts mostly for 

ROL UNIT
LUSTER DEV

gship produc
ltiplex (BCU

a major India
as completely
ware was 

ucts (MATLAB
er) and the 
he CodeWarri
with the SOFT
models were
gh model-in-

nk Fixed Poin
fixed-point m
to verify targ

erflow condit
ntial for build
acilitate auto

ode from the 
ice driver fil

e also respon
 it to the targe

DELING ARC

g. 9), MUX (
ether in an in

g, digital and f
rive the IC as
cle loads. 

hange their co
commands us

Subsystem
odel the entire
ode generato
at interfaced

or the CAN C
ration parame
etermined sec

#pragma d
tomate grou

generation, A
needed calibra
s caused the

e Limited (AIP
nd Limited an

and adapts
transportation

is to offer 
S meeting 
ared to existin
any develop

units such a
rol electronics
both comme

T/MULTIPLEX
VELOPMENT

cts of AIPL a
U/MUX) and
n OEM. The
y developed i

fully deve
B, Simulink, S

device drive
ior® IDE from
TUNE® IDE o
e verified fo
-the-loop (MIL
nt product, th
model represe

et word lengt
ions. To sav

d errors, MAT
matic code g
application m
les and app
sible for linki
et processor. 

CHITECTURE

see Fig. 10),
ntegrated mod
frequency inp
s well as digi

omputed resu
sing a modu
ms. Using 
e system app
or (Embedde
 smoothly w

Calibration Pr
eters must be 
ction of memo
directives for
uping of the
IPL engineer
ation as a cu
e code gener

PL) is a joint
d Continenta
s electronics
n sector.  The

products to
a better

ng products in
ps electronic
as instrument
s and various
ercial vehicle

XER AND
T 

are the body
d Instrument
 software for
n-house. The
eloped with
Stateflow, and
er layer was
m Freescale®
of Fujitsu® for
r algorithmic
L) simulation
e model was
entation, SIL
th restrictions
ve time and
TLAB scripts
generation of

models and to
plication files
ng the object

E 

, and IC (see
de. The BCU
puts to derive
ital signals to

ults with each
ular approach

non-virtua
plication, AIPL
ed Coder) to
ith the hand-

rotocol (CCP)
grouped and

ory. This was
r the target
e parameters
rs defined the
stom storage

rator to group

t 
l 

s 
e 
o 
r 
n 
c 
t 
s 
e 

D 

y 
t 
r 
e 
h 
d 
s 
® 
r 
c 
. 
s 
L 
s 
d 
s 
f 

o 
. 
t 

e 
U 
e 
o 

h 
h 
l 

L 
o 
-

) 
d 
s 
t 
s 
e 
e 
p 

all th
singl
depe

      

Figu

      

Figu

 

Figu

 

A ke
calib
Calib
Simu
For 
thres
toler
algo
for 
need

he paramete
le directive. 
endent. 

   

re 9. Body Co

             

re 10. Multipl

re 11. Instrum

ey feature of t
bration of the
bration Proto
ulink externa
the BCU, th

sholds, timin
rances. For t
rithms this on
the OEM a
ded to be tu

ers of this sto
The name 

ontrol Unit (B

lexer (MUX) 

ment Cluster (

his architectu
e target. Fo
ocol (CCP) 
l mode and 

he tunable pa
ngs, vehicle 
the IC runnin
n-line tuning 

as many veh
ned. AIPL p

orage class 
of the direc

CU) 

(IC) 

ure is that it e
or this purpo

is impleme
Vehicle Netw
arameters in
parameters,

ng critical, ve
proved partic

hicle specific
rovided a MA

type under a
ctive is targe

        

 

nables on-line
ose, the CAN
nted through
work Toolbox
clude module
 and senso
ehicle-specifi
cularly helpfu
c parameter
ATLAB-based

a 
et 

              

               

 

e 
N 
h 
x. 
e 

or 
c 

ul 
s 
d 



GUI 
calib

The a
to p
capa
imple
AIPL
in-the
gene
deve
a ru
requi
and i

 

Figur
via C

TEST

After 
exha
custo
produ

 

PRO

For t
deve
40%.
base
chan
AIPL
form 
imple
deve
mark

 

(see Figure 
ration.  

ability to cust
process user
abilities that 
ement. In sum
L with a singl
e-loop simula
eration, build 
elopment. Com
unning targe
ire several dif
ntegration iss

re 12. MATLA
CCP. 

TING AND VA

r developmen
austive testing
omer require
ucts underwe

OJECT RESUL

he BCU/MUX
elopment time
. Moreover, c

ed approach m
ges and res

L engineers s
of model, a

ementation. 
elopment time
ket was critica

12) to enab

tomize the Sim
r inputs has
would otherw

mmary, the M
e environmen
ation, verifica
and deploym

mbined with t
t, these ca
fferent tools, w
sues. 

AB-based GU

ALIDATION 

nt, the AIPL
g procedure 
ements. Foll
ent field trials 

LTS AND CO

X and IC, Mod
e of the appl
compared to 
made it easie
olve defects.
pecified the s

and relied on
This s

e on these pr
al. 

ble the on-lin

mulink model
s provided m
wise be ver
MathWorks to
nt for algorith

ation and val
ment, and ca
the ability to 
pabilities wo
with their ass

I for calibratin

L products u
for validation

lowing these
in the real ve

ONCLUSION 

del-Based De
ication softw
hand-coding

er to handle 
. Using Math
system requir

n code gener
significantly 
roducts, for w

ne parameter

l environment
many design
ry difficult to
ools provided
hm modeling,
idation, code

alibration GU
interface with

ould typically
sociated costs

ng the BCU 

nderwent an
n against the
e tests, the
hicle. 

esign reduced
ware by up to
g, the model-
requirements

hWorks tools
rement in the
ration for the

shortened
which time-to-

r 

t 
n 
o 
d 
, 
e 
I 

h 
y 
s 

n 
e 
e 

d 
o 
-
s 
, 

e 
e 
d 
-

CON

Auto
offer
adva
verify
pote
beca
impr
deve
lever
withi
such
proc
calib

The 
Desi
Instr
40%

REF

[1] D
Guid
www

[2] A
Less
Stud
SAE
www
9&fil

[3] 
MAT
Math
www

[4] F
with 
Cong

[5] Q
M. C
SÜD
Syst

[6] A
Pres
www
ul_1

NCLUSION

omatic code 
rs embedded
anced option
fying produc
ential applicat
ause simply a
rove produc
elopers must
rages code 
in well-estab
h as reducin
cedures for v
bration. 

case study d
ign to develo
rument Clust

%. 

FERENCES

Developing Cu
de, MathWork
w.mathworks.c

Automatic Co
sons Learne
dies, T. Erkkin
E Commerci
w.mathworks.c
eid=44540. 

Control Alg
TLAB, Simul
hWorks Auto
w.mathworks.c

Fixed-Point E
Model-Based

gress paper 2

Qualifying So
Conrad and 
D, Model-Ba
tems, 2010. 

Ashok Leyland
ss Release, J
w.siemens.co.
6_2007.htm

 

generation w
d system d
ns for prot
ction softwa
tions of code
applying the 
ction proces
t establish a 
generation t

lished softwa
ng complexity
verification a

described how
op a Body C
ter and redu

ustom Target
ks, 2011, 
com/access/h

ode Generatio
ed from Co
nen MathWor
al Vehicle 
com/mason/t

gorithm Mod
link, and S
motive Advis
com/automot

CU Code Op
d Design, T. 
2009-01-0269

oftware Tools
P. Munier M
ased Deve

d and Siemen
uly 2007. 
.in/en/news_p

with Model-B
developers a
totyping, de
are. Unders
e generation
technology is
ses. Embed
production 

technologies 
are engineeri
y and establ
and validation

w AIPL used 
Control Unit/
uce developm

s, Simulink C

helpdesk/help

on – Techno
ommercial V
rks, S. Breine

paper 08A
ag/proxy.htm

deling Guide
Stateflow -
sory Board (M
tive/standards

ptimization an
Erkkinen Mat
9, 2009.  

 According to
MathWorks, F

lopment of

ns VDO in Info

press/index/n

Based Design
a number o
eploying, and
standing the

is important
s not going to
dded system
workflow tha
and yet fits

ing principals
lishing prope
n as well a

Model-Based
/Multiplex and
ment time by

Coder User 

p/toolbox/rtw.

logy Adoption
Vehicle Case
er John Deere
AE-22, 2007
l?dataid=993

elines Using
Version 2.1

MAAB), 2009
s/maab.html.

nd Verification
thWorks, SAE

o ISO 26262
. Rauch TÜV
f Embedded

otronics JV, 

ews_archive/

n 
of 
d 
e 
t, 
o 

m 
at 
s 
s, 
er 
s 

d 
d 
y 

n 
e 
e, 
7, 

g 
, 

9, 

n 
E 

2, 
V 
d 

/j


