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Abstract—During embedded software development of
complex control system, the calibration is an important
approach to obtain optimal parameters of embedded
software. Currently, typical calibration systems are with
poor adaptability for various controllers which have
different communication interfaces and calibration
protocols. In order to solve the problem, an improved
architecture for embedded controller calibration system is
proposed to support more communication buses and
protocols. In this architecture, by introducing OPC (OLE
for Process Control) technology, the host software of
calibration system is separated into OPC server and client.
The OPC server masks the difference of various calibration
protocols and detail of communication devices, and provides
a unified access interface for controller parameters. The
OPC client calibrates and acquires the parameters though
calling the interface provided by the OPC server. By the
method, when communication device or calibration protocol
is varied, only the corresponding OPC server is required to
be replaced. Then the details of communication devices and
calibration protocols are no longer considered while
developing a calibration system, and the generality and
openness of the calibration system are enhanced greatly.
The calibration system corresponding to the architecture
was applied to an engine controller to verify the
effectiveness of the method presented.
Index
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Embedded
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vehicles and pure electric vehicles, the number of ECUs
is increasing greatly.
Nowadays, electronics makes 90% of the innovations
in automotive industry, and 80% out of that is from
software [3]. Because of increasing complexity and
functionality of the systems, the size of software in
modern automotive raised continuously, and almost 5070% of the development costs of the ECUs are software
costs [4]. For example, some cars contain more than 50
controllers, more than 600,000 lines of code, three
different bus systems and approximately 150 messages
and 600 signals [5]. On the other hand, due to the high
pressure of time and cost, the productivity of the software
development is of great importance for automotive
manufacturers. It is similar in other industrial control
fields also.
To reduce the increasing software development costs
and time-to-market, and enhance the reliability, a series
of approaches are applied to improve the efficiency of the
software development and the quality. One of the
solutions is to increase reuse of development results,
including requirements, models, functions, and software
components. For example, AUTOSAR (AUTomotive
Open System ARchitecture) provides a group of
embedded software architecture and interfaces
standardization to facilitate the reuse of software

I. INTRODUCTION

components between different vehicle platforms,
OEMs and suppliers [6]. The other is to manage the

The wide application of embedded system in nearly all
of industrial control fields, such as automotive, aerospace,
military and other manufacturing, was grown extremely.
For example, the safety, comfort and efficiency of
modern automotive mainly depend on various embedded
electronic control systems, so modern automotives are
equipped with more and more parts involving embedded
controllers called electronic control units (ECU),
including powertrain, chassis and body control, etc [1, 2].
In new energy vehicles especially, such as hybrid electric

© 2012 ACADEMY PUBLISHER
doi:10.4304/jsw.7.12.2866-2873

software development and maintenance processes,
including requirements engineering, design, coding,
software and systems integration, quality assurance and
maintenance. The international standard, IEC 61508 and
ISO 26262, provide an automotive safety lifecycle to
develop a safety-related system [7, 8].
Other than ordinary embedded software, because of the
complexity of automotive or other industrial control
systems, the performance of embedded software highly
dependents on the working parameters, including that of
controlled objects and controllers. The working
parameters of embedded controllers must be determined
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and optimized by calibration and matching experiment
from trial to finalizing of the products. So calibration is
one of the key technologies in the development of
embedded controllers. The calibration system with high
efficiency and adaptability can improve the development
efficiency and the quality of the embedded controllers
greatly [9].
Currently, calibration systems mostly follow the
ASAM standard architecture. ASAM [10, 11] is a
standard system defined by Association for
Standardization of Automation and Measuring Systems
(ASAM). It provides a standard interface for
measurement, calibration and fault diagnosis of
automotive ECUs and embedded controllers of other
industrial field. In this architecture, the communication
interfaces, such as serial, CAN, USB and Ethernet, and
the calibration protocols, including CCP (CAN
Calibration Protocol), XCP (eXtended Calibration
Protocol) and KWP2000 are supported. Many calibration
systems were introduced. For example, the calibration
system based on serial communication had been used to
calibrate the parameters of the vehicular battery
management system [12]. The hybrid electric vehicle
ECU calibration system based on CCP was developed
with Labview, and implemented the calibration and
measurement of ECU parameters by calling the driver
library of CAN communication adapter [13]. The gas
engine controller calibration system based on CCP was
developed with Borland C++ builder, and the connector
of the host and the ECU was USB-CAN adapter [14].
There were other applications of CCP protocol in
automotive controller also [15]. The KWP2000 protocol
was used for diesel engine calibration system, and the
serial port was as the connector of calibration system and
high-pressure common rail diesel engine [16]. To support
different types of ECUs with different parameters, a
calibration system architecture supporting user interface
customizing and reconstruction is provided [17].
However, the calibration systems in above solutions
are strongly coupled with a specifically communication
device or calibration protocol. Once the communication
device or calibration protocol changed, the calibration
system must be updated correspondingly. Therefore, the
solutions are insufficient to suit different calibration
protocols and hardware interfaces, and the generality and
openness of the calibration system are restricted greatly.
An improved architecture of calibration system is
presented to solve the problem, in which the different
calibration protocols and communication devices are
encapsulated with OPC technology to provide unified
data access interface of ECUs. The development of OPC
server and client of calibration system are discussed and
verified also.
II. ARCHITECTURE OF CALIBRATION SYSTEM BASED ON
MIDDLEWARE

A. ASAM architecture of Calibration System
ASAM working Group defines the conception of MCD
(Measurement, calibration and Diagnostics) model, and
© 2012 ACADEMY PUBLISHER
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provides a corresponding standard architecture to direct
the development of calibration system. The typical
calibration system accorded with the ASAM standard
architecture is shown in Figure 1.
Automation system
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Measurement, Calibration
and Diagnostic system

Adapter

ASAM
data base

ASAM MCD_2

ASAM 1a
driver

ASAM 1a
driver
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*.map
ASAP
editor

Figure 1. ASAM standard architecture of calibration system

In this architecture, there are three interfaces or
protocols called ASAM MCD-1, ASAM MCD-2 and
ASAM MCD-3. The calibration and measurement
parameters of the ECU are originated from map file
(*.map), which generated by the compiler of the micro
controller firstly. The map file is transformed to ASAM
MCD-2 data base file (*.a2l) by the ASAP editor.
According to ASAM MCD-2 data base, the host of MCD
system can upload or download parameters to the ECU
by ASAM MCD-1 interface to implement calibration and
measurement.
In the architecture, the host software user interface of
calibration system is strong coupled with calibration
protocol and bottom hardware layer generally. For
example, a calibration system supporting serial port can
not be used for the calibration of the ECUs which have
CAN interface only. The host calibration software based
on USB-CAN adapter can not support PCI-CAN adapter
also. Furthermore, when the calibration protocol is
changed to XCP, the original calibration system based on
CCP would be failure. Once the calibration protocol or
hardware interface layer is changed, the calibration
system should be updated accordingly. So the calibration
system can not meet the requirement of customizing and
reconstruction according to the changing of ECUs.
The calibration system which supports host software
interface customizing and automatically generating can
provide the reconstruction of user interface, and the
adaptability for different parameters or ECUs is improved
[17]. For lack of the standard of abstract communication
interface to encapsulate the different bottom hardware
and calibration protocols, the host software is coupled
with bottom hardware or calibration protocol layer yet.
So it is very necessary to introduce a mechanism to shield
the difference of communication hardware layer and
protocol layer, and provides a unified data access
interface to improve the generality and adaptability of
calibration system.
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B. Architecture of Middleware based Calibration System
There are mainly two approaches to mask different
bottom hardware and calibration protocols, namely
standard API and middleware technology. standard APIs
can encapsulate the detail of communication hardware
and calibration protocol, and provide unified access
interface for calibration host software. The scheme of
calibration system based on API is shown in Figure 2.
But in fact, for lack of API specification, the API
interface is varied for differnt communication device. If
the driver interface or device are changed, the calibration
system is required to be updated also.
Calibration system

API functions

Device
driver 1

Device
driver 2

Device
driver3

…

Device 1

Device 2

Device 3

…

Figure 2. Scheme of calibration system based on API

Middleware technology [18] can provide unified
interface to shield the detail of bottom communication
devices and calibration protocols also. Once the device
driver or communication protocol changed, only the
middleware is required to be updated, and the calibration
host software keeps the same. Then the development time
and cost of calibration system are both reduced, and the
development efficiency is improved to raise the
development of embedded software. The architecture of
calibration system based on middleware is shown in
Figure 3.
Calibration system
Middleware interfaces
Communication middleware

USB

CAN

Ethernet

LIN

Embedded controller
Figure 3. Architecture of calibration system based on middleware

The middleware of calibration system can provide a
unified standard interface to shield the difference of
network communication interfaces such as USB, Ethernet,
CAN, LIN, etc, as well as the difference of calibration
protocols such as CCP, XCP, and KWP2000 and so on.
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So the adaptability and generality of calibration system
would be improved greatly.
III. CALIBRATION SYSTEM BASED ON OPC TECHNOLOGY
A. Selection of Calibration System Middleware
There are two basic middleware resolutions. The one is
COM/DCOM (Component Object Model/Distributed
COM) standard proposed by Microsoft Corporation [19,
20], and the other is CORBA (Common Object Request
Broker Architecture) standard proposed by OMG
(Object Management Group) [21]. The OPC is a
COM/DCOM based industrial standard which specifies
the communication of real-time plant data between
control devices from different manufacturers. By OPC
technology, the problem of heterogeneity for bottom
device driver design is solved effectively, and the
development costs and incompatibilities between
different devices are reduced. Meanwhile, the unified
interface shielded the difference of bottom devices and
improved the performance of industrial control systems.
But this resolution can only be used in windows
platform. CORBA is an open industry standard
developed by OMG. The resolution provides the
capability of platform independence, program language
independence and transparent message passing, but it is
too huge or too complicated.
Currently, the hosts of calibration system are largely
PC and industrial computer, and they are based on
Windows platform mostly. Considering that the scale of
calibration system is small generally, the OPC approach
is more suitable for proposed method than that of
CORBA.
B. Architecture of OPC based General Calibration
System
The calibration of embedded control system is a
process that adjusts the control parameters of embedded
controller to optimize the system working state. A typical
calibration system should have the functions of data
acquisition, display, modification and storage, etc.
Beyond the basic features, the presented calibration
system is required to satisfy different calibration
parameters of embedded controllers, HMI (humanmachine interface), calibration protocols and detail of
bottom devices based on various communication buses.
To achieve the goals above, the calibration host software
must be with sufficient generality and adapbility.
The configuration technique based approach introduces
a XML (eXtensible Markup Language) file as interface to
describe the configuration of HMI and parameters, and
separates the calibration software as editing environment
and running environment. The editing environment
provides a visualized development interface to customize
the manifestation of calibration parameters as XML
configuration file, and the running environment parses
the XML file to generate the HMI of calibration host
software automatically. Once the parameters or
embedded controller are updated, only the customizing of
HMI in the editing environment is necessary, any new
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update is not required. Then adaptability for different
calibration parameters and HMI is obtained.
Ulteriorly, by integrating the configuration and OPC
approaches, a new solution with more generality and
adapbility can be introduced to adapt various calibration
protocols, bottom devices and communication buses.
Then the generality of calibration system is further
improved. The architecture of the corresponding
calibration system is shown in Figure 4.
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*.map
Embedded
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editor

ASAM
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ASAM MCD_2
Figure 4. Architecture of OPC based general calibration system

In the architecture, the calibration system running
environment is separated into OPC server and client. The
OPC server encapsulates calibration protocols and the
driver of communication device, and provides a unified
data access interface of embedded controller for the OPC
client. Then the OPC client would be unrelated to the
details of calibration protocol and communication device,
and acquires and modifies the parameters of embedded
controller through the OPC interface. The structure of
running environment based on OPC is shown in Figure 5.
OPC Client
Monitor HMI

Calibration HMI

Data acquisition

XML
configuration
file

OPC Sever
OPC interface layer
Data management layer

ASAM
Data
Base

Communication layer
Hardware driver interface layer

Embedded controller
Figure 5. Structure of calibration system based on OPC
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In the structure, like the user interface layer of the
conventional calibration system, the OPC client provides
HMI to implement measurement and calibration.
Corresponding to measurement and calibration function
respectively, there are two types of HMI that is the
monitor interface and the calibration interface. The
monitor interface is used for displaying the running state
of the embedded controller in various forms, and the
calibration interface are used for manipulating calibration
parameters generally. Similarly, like the communication
layer of the conventional calibration system, the OPC
server accesses the parameters of the embedded controller
by CCP or XCP protocol, but it provides the unified
communication interface to upper OPC client. The OPC
server consists of communication hardware driver,
calibration protocol, data buffer and OPC interface. With
the standard OPC interface, the detail of hardware driver
and calibration protocol is concealed.
Furthermore, because an OPC client can access
multiple servers simultaneously, the client and server of
OPC based calibration system can be deployed at
different network nodes to support distribute calibration.
The OPC client can access data from different embedded
controllers with different protocol and hardware
concurrently. So repeated development of calibration
system for different embedded controller is reduced, and
the universality of the calibration system is improved to
enhance the development efficiency of the embedded
software.
C. Design of OPC Server
As the same in the field of industrial control, the OPC
server of calibration system is designed to shield the
difference of bottom devices. Standard OPC server is a
COM component according with OPC specification, an
industrial standard established by OPC foundation. As the
most foundational OPC specification, data access
specification defines a mechanism for real-time data
communication [20]. According to the functions, the OPC
server can be divided into four layers, communication
interface layer, communication layer or calibration
protocol stack, data management and OPC interface layer.
The OPC server structure of calibration system is shown
in Figure 6.
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OPC interface, the calibration data from client can be sent
to the controller, and the measurement data from the
controller can be acquired also. Then the detail of
communication devices and calibration protocols are
concealed completely.

OPC interface layer

Data management layer

Communication layer
DAQ processor

Command processor

Communication interface layer

FlexRay

Ethernet

CAN

...
Embedded
controller

Embedded
controller

Embedded
controller

Figure 6. Structure of calibration system OPC server

The communication interface layer is the lowest layer
of the OPC server, which includes different driving
interfaces provided by different physical layer devices
and different communication interfaces provided by
various buses. Because the OPC client accesses data of
embedded controller by OPC interface rather than driver
of bottom device, even if the device or driver changed,
only the corresponding OPC server is required to be
replaced, and it is not necessary to update the calibration
system to adapt to new hardware. Then the calibration
system can support various devices and buses, such as
CAN, LIN, Ethernet, FlexRay and so on.
The communication layer encapsulates calibration
protocols. There are two typical calibration protocols
supporting different buses, CCP and XCP. Similarly, the
OPC client does not access calibration protocol stack
directly, so only the corresponding OPC server is
required to be replaced when calibration protocol is
varied. Then the generality of calibration system is
improved correspondingly.
The data management layer provides the management
for two kinds of data, one is metadata from ASAM
database, and the other is measurement and calibration
data from embedded controller. According to the ASAM
architecture, the metadata from ASAM database
describes the information of the parameters of embedded
controller, such as variable name, data type, address and
so on. The OPC server configures the DAQ-ODT (Data
AcQuisition - Object Descriptor Table) tables of
embedded controller with the metadata, and then the
controller can send specified data to the calibration host
automatically according to DAQ-ODT configuration. The
latter provides a data buffer to temporarily store the real
time measurement data from the controller as well as the
calibration data from the OPC client. Essentially, the data
buffer is equivalent to a map of the embedded controller
memory.
The OPC interface layer provides standard interfaces
according with OPC data access specification. By the
© 2012 ACADEMY PUBLISHER

D. Design of OPC Client
The goal of calibration system client is to provide a
friendly HMI and effective communication capability.
The former can be implemented by user interface
customizing and configuration, and the latter can be
implemented by accessing embedded controller through
OPC Server.
The OPC client of calibration system consists of three
layers, HMI, data management and OPC interface layer.
The OPC client model is shown in Figure 7.
The OPC interface layer of the client provides an
access mechanism to OPC server. By the interfaces, the
callback mechanism is implemented to achieve
bidirectional communication between client and server.
Then the OPC client can send calibration data to the
controller, and acquire the measurement data of the
controller from OPC server asynchronously by polling or
publish/subscribe mode.
Human-machine interface layer
Monitor HMI

Calibration HMI

Data management layer
Data storage

ASAM data base
parsing

Data conversion

OPC interface layer
Figure 7. Model of calibration system client

The client side data management layer parses ASAM
database to obtain calibration metadata, and provides a
data buffer to store the real time measurement data of
embedded controller from OPC server and the calibration
data. Similarly, the data buffer is corresponding to the
memory of embedded controller, but the data is converted
according to calibration metadata.
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Figure 8. Sequence diagram of OPC based calibration system

The human-machine interface layer includes
calibration and monitor interfaces to display calibration
and measurement parameters respectively. Calibration
users can modify and calibration parameters through
calibration interfaces, then the modified parameters
should be sent to the server through OPC interface timely.
Then OPC server sends the data to embedded controller
after some data conversion. The monitor interfaces
update the display of measurement data periodically by
various styles, such as scopes, meters or grids.
The OPC client and server described above are
integrated to realize the host software of calibration
system. The sequence diagram of interaction process
between OPC server and client is shown in Figure 8.
During the calibration process, the OPC server connects
to the embedded controller firstly, and configures the
DAQ-ODT tables of the controller according to parsed
calibration metadata, then starts the DAQ command to
obtain the controller parameters continuously. Secondly,
the OPC client connects to the server, and begins to
perform measurement and calibration.

The OPC server is corresponding to the USB-CAN
adaptor, and CCP is used as calibration protocol. Both the
OPC server and client of calibration host software are
installed at the industrial PC.
In calibration experiment, the OPC server runs firstly,
and a series of initialization and configuration operations
are executed, such as importing the ASAM database to
obtain meta data of calibration parameters, connecting to
the engine ECU and configurating DAQ-ODT tables.
Then measurement data of the ECU running state is sent
to the OPC server continuously.
Subsequently, the OPC client starts and connects to the
OPC server. Then the ASAM data base and XML
configuration file are imported to generate the calibration
and monitor interfaces automatically, and the
measurement data are acquired and displayed
continuously. At the same time, the control parameters of
engine ECU can be updated at HMI, sent to OPC server
by OPC interface, and send to ECU afterwards to achieve
the calibration. The corresponding host software HMI of
engine ECU calibration system is shown in Figure 10.
By means of the calibration bench and corresponding
measurement instruments and equipments, the engine
ECU is calibrated to obtain a group of optimal control
parameters. The main parameters include fuel injection
pulse width, ignition advance angle and so on. Because
the fuel injection pulse width influences the air-fuel ratio
directly, the calibration of the parameter is one of the
most important parts for engine ECU. Figure 11 shows
the calibration results of fuel injection pulse width as map
graph, where blue-axis denotes the engine speed and the
red-axis denotes intake manifold pressure. Figure 12 is
the corresponding fuel injection pulse width table.

IV. TEST AND APPLICATION
To verify the effectiveness of the method presented,
the calibration system according with the method is
developed, and used for the calibration of an engine ECU.
In the calibration bench shown in Figure 9, an industrial
PC with USB interface is as host computer, and an USBCAN adapter is used to connect the host and the ECU.
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Figure 10. The client interface of ECU
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hardware and calibration protocol with the rest. The OPC
server masks the difference of various calibration
protocols and detail of communication devices, and
provides a unified data access interface. Once the
hardware or calibration protocol changed or updated,
only the OPC server is required to be updated
correspondingly, and the rest of calibration system keeps
the same. So the adaptability and openness of the
calibration system is enhanced to improve the
development efficiency of embedded software in
industrial control fields.
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