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I.

I NTRODUCTION AND R ELATED W ORK

TTRE systems are real-time and typically form networked
embedded systems that interact with the physical world using
the time-triggered architecture [16], [20]. Today, manufacturing TTRE system is experiencing a major paradigm shift
thanks to the innovations in the semiconductor and software
industries that make the manufacturing faster, more energy
efficient, and reliable [7], [8], [12]. Unfortunately, one of the
major problems with a TTRE system is that once it is deployed,
it becomes challenging to extend it. Once in the field, designers
may not have the freedom to influence the timing behavior
without reducing the Quality-of-Control (QoC)2 . For example,
adding extra software to a component in a TTRE system
may increase its execution time, therefore requiring a reevaluation of the whole scheduling policy. Extending a TTRE
system will, in most cases, involve a complete re-design of the
control system. To solve this problem, MBD [21], [22], [24] is
considered to be a very promising solution for the design and
verification of the TTRE systems because any modification
to the system may be rapidly addressed and verified in a
higher level of abstraction. Moreover, hardware/software may
be quickly and automatically generated from the model using
Electronic Design Automation (EDA) tools.
Traditional MBD for TTRE systems involves a sequential
and independent development of the physical plant, and then
the control system [5], [22] (see Figure 1 (a)). This is because
a control algorithm is typically highly tuned for a specific
dynamic behavior of the physical plant. Model-In-the-Loop
1 IEC 61131-3 specific Programmable Logical Controllers (PLC) are used
as the de-facto standard to build manufacturing TTRE systems [8].
2 QoC refers to the quantitative value expressing control performance in
control theory (e.g. the rise-time, the peak-overshoot and the settling-time etc.)

Simulation (MILS) is performed to verify the control algorithm
in the model level. Therefore, an accurate physical plant model
is constructed prior the development of the control algorithms.
The major problem of the sequential design process is that it
requires a longer design time–including both the design time
of the physical plant and the control system. Moreover, another
important drawback is that the whole system can only be tested
or verified after the integration of both the real physical plant
and the embedded control code, any unexpected change to the
physical plant or the control system requires re-execution of all
the simulation/testing-processes of the entire system. To solve
this problem, this paper proposes a novel SILS-integrated
MBD approach that allows the concurrent design and
verification of the physical plant and the control process
(see Figure 1 (b)) for digital manufacturing applications. The
proposed SILS process validates the embedded control code
without the need of a completed physical plant; as a result, it
reduces the number of design iterations and saves the design
time.
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Abstract— This paper presents a novel Model-Based Design
(MBD) approach and associated tool-chain for the Time-Triggered
Real-time Embedded (TTRE)1 systems. Our tool-chain automatically synthesizes software for manufacturing TTRE systems. A
Software-In-the-Loop Simulation (SILS) framework integrated into
our tool-chain helps to reduce the design iterations. Using a
manufacturing robot-arm use-case, we validate our tool-chain and
demonstrate a 39× improvement in the Quality-of-Control (QoC)
when compared to the state-of-the-art approach [4]. Our autogenerated scheduler meets all the hard real-time constraints (zero
deadline misses) for a given TTRE system when compared to the
scheduler (e.g., 145 deadline misses for a CPU utilization of 95%)
presented in [1], [26]. Moreover, compared to the traditional MBD
approach for the TTRE systems where many design iterations are
required [5], our approach and tool-chain can generate high quality
and accurate tasks with an associated scheduler in a single design
iteration.
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(b) Proposed SILS-integrated MBD methodology for industrial TTRE systems

Figure 1: Comparison of the traditional and proposed
design approach for the manufacturing TTRE systems
The manufacturing TTRE systems are typically implemented in Programmable Logical Controllers (PLCs) and
programmed with IEC 61131-3 languages [13], [19] (see
Section III). In [18], [25], MBD methods for PLC application development are discussed. Similarly, Simulink [3] is a
commercial MBD tool capable of modeling and simulating

TTRE systems according to a synchronous reactive Model
of Computation (MoC). The Simulink PLC Coder [4] can be
used to automatically generate IEC 61131-3 code for Simulink
subsystems. However, all the above mentioned academic and
commercial MBD methodologies share the following limitations: 1) the state-of-the-art Simulink PLC Coder [4] tool
can only generate non-executable Function Blocks (FBs)–
An FB is an IEC 61131-3 specific semantic (for details see
Section III) for PLCs; 2) minimum support for the designspace exploration of concepts and control strategies [10]; 3)
the lack of a tool-chain to perform rapid SILS or HardwareIn-the-Loop Simulation (HILS) (see details of SILS/HILS in
Section V) for the developed TTRE systems on a target SoftPLC3 . Although co-simulation solutions have been proposed
in [9], [14], [23], these tool-chains do not support simulation
in real-time.
To overcome these limitations, this paper proposes a complete tool-chain integrating off-the-shelf domain-specific tools
and our proposed interfaces and algorithms. Using our toolchain, designers may automatically generate, from a highlevel model, executable IEC 61131-3 programs with timing
(Worst Case Execution Time (WCET) [27]) and schedulability
analysis for a target Soft-PLC platform.
The rest of the paper is organized as follows. Section II
presents our novel contributions. Section III provides the key
concepts and definitions for PLCs. Section IV describes our
novel MBD approach for TTRE systems targeting Soft-PLCs.
Section V describes our proposed SILS framework. Section VI
provides our experimental evaluation. Section VII provides our
concluding remarks.
II.

O UR C ONTRIBUTIONS

(1) A novel MBD approach for the manufacturing TTRE
systems and a complete tool-chain consisting of off-the-shelf
domain-specific tools and newly developed interfaces and
algorithms for automatically generating executable Soft-PLC
programs.
- An algorithm for estimating and back annotating the timing
information of the control system in order to synthesize timeaccurate tasks and to reduce the design iterations.
- A tool for the automatic synthesis of Simulink-generated
FBs in IEC 61131-3 into the Soft-PLC-based TTRE systems
composed of tasks and a real-time scheduler.
(2) A novel SILS framework where the physical plant is
modeled in Simulink, the control program is executed in
a Soft-PLC [1], [26], and the two communicate using an
industrial communication protocol [6]. In this framework,
various configuration knobs can be tested for the design space
exploration of alternatives that meet the timing constraints and
improve the QoC.
III.

IEC-61131-3 BASED S OFT-PLC

PLCs are cyclic TTRE systems heavily used in the digital
manufacturing applications that satisfy various requirements
such as hard real-time, operations in harsh environments and
long life cycles [12]. Soft-PLCs, or PC-based controllers, are
soft real-time controllers that run on commercial off-the-shelf
3 Soft-PLCs or PC-based controllers are control programs running on
personal computers.

general purpose computers. Soft-PLCs provide a more flexible
alternative to the traditional hardware PLCs because they can
communicate with other applications running in a general
purpose PC. PLCs/Soft-PLCs are typically programmed using
the IEC 61131-3 [8] language standard. There are 2 graphical
languages (LD and FBD) 2 textual languages (ST and IL) and
1 additional Sequential function chart (SFC) supported in IEC
61131-3 language.
PROGRAM test_main
VAR
PLC_OUT : INT;
PLC_IN : INT;
END_VAR
PLC_OUT := ADD(1, PLC_IN);
END_PROGRAM

test_main
(a) FBD program example

(b) ST program example

CONFIGURATION conf
RESOURCE res ON PLC
TASK task0(INTERVAL := T#50ms,PRIORITY := 0);
PROGRAM prog0 WITH task0 : test_main;
END_RESOURCE
END_CONFIGURATION
(c) Configuration example

Figure 2: A simple example of the IEC 61131-3 languagebased program
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Figure 3: Our proposed MBD approach and the complete tool-chain (the highlighted parts are our contributions and rest of the parts are off-the-shelf
tools/processes/functionality)
Figure 2(a) and (b) show an example of IEC 61131-3based program in FBD and ST languages. An example of
configuration is shown in Figure 2(c). Details about PLC,
Soft-PLC, and the IEC 61131-3 language may be found in
[7], [8], [12]. In the scope of this paper, we target Soft-PLC
systems because they are becoming a popular choice in the
next-generation manufacturing TTRE systems (also known as
digital manufacturing systems) for applications like building

energy management, home automation, etc.
IV.

MBD OF TTRE FOR S OFT-PLC P LATFORMS

Figure 3 shows our proposed 6 steps MBD approach and
associated tools.
Step 1: The first step of the proposed design approach is to
automatically generate non-executable FBs written in the IEC
61131-3 ST language using the Simulink PLC Coder [4].
Step 2: Using an IEC 61131-3 compiler [26] to translate
the FBs into ANSI C-based Function Codes (FCs).
Step 3: Calculating the FCs WCET using C language as
the intermediate representation.
Step 4: Our TaskGenerator generates the executable tasks
with the timing information (see Section IV-A2) and synthesizes a real-time preemptive scheduler (see Section IV-B)
for the run-time system. Moreover, the timing and scheduling
information is fed back to the system designers. This will help
them to achieve reduced iterations and shorter design-time.
Step 5: When tasks are automatically generated, this step
implements the control program in a Soft-PLC.
Step 6: Soft-PLC programs are compiled for a target
Operating System (OS) and made executable together with the
provided Soft-PLC services.
A. Executable Task Generation
Our FBsToTasks (see Figure 3) tool generates a set of executable tasks from a set of non-executable FBs. The problem
formulation for the tool development is given as follows: A
resource R is defined as: R(P LM, CM, OS, CHC), where
R.P LM is the hardware platform, R.CM is the compiler,
R.OS is the OS of the Soft-PLC, and R.CHC is the communication channel capacity. A function block F B is defined
as: F B(e, s, p, i), where F B.e is the WCET on a particular
resource R, F B.s is the sampling period of the current F B
defined in the control algorithm4 , F B.p is the priority of the
F B, and F B.i is the total bits of I/Os of the F B. Moreover,
a set of F Bs is defined as Φ = {F B1 , F B2 , ..., F Bn }. A task
τ is defined as: τ (e, s, d, p, i), where τ.e is the WCET of the
task, τ.s is the Scan Cycle Time (SCT) [8] defined in the PLC
program, τ.d is the deadline, τ.p is the priority, and τ.i is the
total bits of I/Os of the task. In PLCs, the deadline of a task is
the time of beginning the next scan cycle, so we can simplify
the task as τ (e, s, p, i) by removing the deadline. Moreover, a
set of tasks T may be defined as {τ1 , τ2 , ..., τm }.
Therefore, FBsToTasks tool is to find a mapping Φ → T
defined by a function f (Φ, R), where m ≤ n. In this paper,
we are only considering a Soft-PLC having a single resource
R. Therefore, we divide Φ onto subsets ϕ1 , ϕ2 , ..., ϕm , such
that inside each subset, all F Bs ∈ ϕj (s, n, i) have the same
sampling rate. In a subset ϕj , ϕj .s is the sampling rate of any
F B ∈ ϕj . Now, we create a set T of m tasks τ1 , τ2 , ..., τm ,
map each task τj to ϕj by assigning τj .s to ϕj .s and instantiate
all F B j s inside τj .
4 In our case, this is the sampling rate configured and simulated in
Simulink.

1) Intermediate Representation of IEC FBs: In order to
generate executable tasks, the capability of WCET analysis
of the IEC 61131-3 based F Bs needs to be achieved. For
conventional PLCs, PLC vendors use proprietary hardware
platforms (R.P LM ) and compilers (R.CM ), therefore, the
existing WCET analyzers which need R as an input may not
be used. However, for a Soft-PLC, R can be easily obtained
since the hardware is a general purpose computer. In our
work, we have used the state-of-the-art WCET analyzer tool
AbsInt [17] which takes R and a sequentially executed code
segment as inputs, and generates the WCET information an
output. However, existing WCET analysis methods are limited
to inputs such as ANSI C or executable binary code. Therefore,
we translate the set of tasks T in the IEC 61131-3 language
onto ANSI C code using an IEC compiler [26].
2) Timing information Analysis of IEC FBs: After generating the WCET of all the F Bs in Φ, the total execution time
for a task τi may be calculated as:
ϕ
i .n
X
∀F B i ∈ ϕi : τi .e =
F B i .e
(1)
1

Besides the WCET, for any task τi , with τi .i running
on R.CHC, we estimate the communication delay as
(τi .i)/(R.CHC). Finally, for any task τi , the processor utilization Ui may be calculated as:
Ui = ((τi .e + (τi .i)/(R.CHC)))/(τi .s)
(2)
Based on the derived Ui of all the tasks, our FBsToTasks
tool reports the schedulability of these tasks on the targeted
resources. Therefore, the schedulability constraint will be:
m
X
Ui ≤ 100%
(3)
i=1

Here, m is the total number of generated tasks.
In summary, the FBsToTasks tool creates a report of the
WCETs, the communication delays, and the result of the
schedulability analysis of all the generated tasks and provides
them back to the model designers. The designers could apply
configuration knobs (such as: (1) reduce the I/O delay; (2)
reduce the WCET of each task; and (3) increase the SCT) to
reduce the processor utilization and increase the QoC of the
system. With the help of our tool-chain, these configuration
knobs may be applied concurrently for reducing the number
of design iterations.
B. Automatic Synthesis of Real-time Preemptive Scheduler for
the Executable Tasks
A real-time scheduler is a fundamental run-time mechanism used to guarantee hard real-time constraints for the
generated executable tasks. However, an IEC 61131-3 language
specific PLC-based TTRE system does not have the required
language semantics to support a scheduler for the generated tasks [8]. Typically, PLC vendors manage the scheduler
manually, it is highly implementation-specific, and requires
manual modification whenever there is a change in the system
specification. Moreover, Simulink PLC Coder [4] does not
support the generation of any real-time scheduler for its nonexecutable FBs. To solve this problem, a real-time scheduler
(see Algorithm 1) for the target Soft-PLC-based TTRE system
is automatically generated and the necessary code instrumentation (see Algorithm 2) is performed to support the scheduler.

Algorithm 1 Real-time preemptive scheduler for the executable tasks
Input:
Output:
Variables:

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

Original C code with a set of tasks
T {τ1 , τ2 , ..., τn }
Instrumented C code with a set of
scheduled threads T HR{thr1 , thr2 , ..., thrn }
mapped from T
scp: schedule cycle period
scn: schedule cycle number
T HRrdy : a list of threads ready to be executed

Set highest OS priority for current thread of scheduler;
T HR = thr1 , thr2 , ..., thrn ;T HRrdy = ∅;
for all thr ∈ T HR do
thr.POS = N ORM AL; thri .τi = τi ;
end for
// Initialize all threads
scp = GCD(τ1 .s, τ2 , s, ...τn .s);
while TRUE do
for all thrj ∈ ((scn × scp)%thrj .τ.s == 0) do
T HRrdy .add(thrj )
if τj .s is the maximum of all s in T then
scn = 0;
end if
end for
// Check and add new thread to be executed,
reset the scn if necessary
for all thrk ∈ T HRrdy do
thrk .POS = N ORM AL;
thrk .d = thrk .τ.s − (scn × scp)%thrk .τ.s;
end for
// Update all threads in the list
∃!thrl ∈ T HRrdy : thrl .d is the smallest in T HRrdy ;
thrl .POS = HIGH;
// Prompt the thread/task with earliest
deadline in list to HIGH priority
scn + +;
Wait(scp);
// Release the resource to run a cycle period
end while

Algorithm 2 Instrumentation of the Soft-PLC tasks
Input:
A set of tasks.
Output: A set of instrumented tasks.
1: Execution of the current task;
// Finish the running of task instructions
2: T HRrdy .remove(current thread);
// Remove the current thread from the T HRrdy
3: ∃!thrl ∈ T HRrdy : thrl .d is the smallest in T HRrdy ;
4: thrl .POS = HIGH;
// Pickup a new thread to execute

to a thread with the priority decided by its deadline. Algorithm
1 presents the pseudo-code of the automatically synthesized
EDFS scheduler. We define a thread as thr(POS , τ, d), where
POS is the current priority of the thread in the host OS, τ
is the task mapped to this thread, and d is the deadline of
the current thread. We define the value of POS , to be either
N ORM AL or HIGH. scp is the Greatest Common Divider
(GCD) of all the sampling period of tasks. Either at the end of
execution of a task (see Algorithm 2) or in every time stamp
of scp, the scheduler will preempt the current task, renew the
list of tasks ready to be executed, and choose the task with
the earliest deadline by setting a HIGH priority to it. The
complexity of our synthesized algorithm is O(n), where n is
the number of tasks.
V.

VALIDATION F RAMEWORK

A. Our Framework
Traditional MILS provides functional correctness but lacks
accurate timing information of the control system and the
physical plant. Therefore, industry has adopted HILS techniques where real controllers and communication hardware are
integrated in the control loop for accurate timing constraint
validation. However, HILS requires a longer design cycle and
is typically used during the final phase of the validation. Therefore, an emulation-based SILS approach where the softwarebased control can be executed in a real control environment by
keeping the plant and the communication as software models
has been widely adopted [15]. In this paper, we present a SILS
framework for our proposed MBD approach of the Soft-PLCbased TTRE systems (see Figure 4).
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In our current work, we automatically synthesize an Earliest Deadline First Scheduler (EDFS), which is a dynamic
priority scheduling algorithm for single core real-time systems. We consider the following assumptions to generate our
scheduler for the executable tasks : (1) ∀τi , τj ∈ T, τi , τj
are independent of each other; (2) ∀τi ∈ T , the deadline is
deterministic and equal to the sampling rate; (3) ∀τi ∈ T ,
priority p is assigned dynamically based on the earliestdeadline-first conventions; (4) ∀τi , τj ∈ T , if τi .p > τj .p, then
τi will be able to preempt τj immediately with a negligible
preemption overhead.
Soft-PLCs are capapble of utilizing the standard thread
services (which support preemption capability) provided by
the host OS (e.g. Linux, Windows) to implement the run-time
system. Therefore, during the synthesis of the scheduling algorithm, we have implemented the EDFS by assigning each task
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Real-time
domain

Figure 4: Our proposed SILS framework
In our SILS framework, the physical plant is modeled
using the physical modeling language (e.g. Simscape [2]).
Embedded control software (see Section IV) is executed on a
Soft-PLC platform. As indicated by the dotted line in Figure 4,
both the physical plant model and the embedded software are
executed in the real time domain connected through the TCP/IP
channel. The TCP/IP packets mimic the messages according to
the CANOpen [6], or PROFINET [11] protocols. The control
program in the Soft-PLC uses the real-time service from the
target Real-Time Operating System (RTOS) to guarantee the
real-time execution and the plant model (Simulink model in
current work) uses the real-time synchronization tool-box.

B. Communication and Synchronization
In our SILS framework, one CAN message (containing 64
bits of data) is encoded into one TCP/IP packet. From the plant
side, TCP/IP packets may be received every fixed period of
time defined in the TCP/IP blocks in the Simulink. Therefore,
the communication throughput of our SILS framework may be
calculated as:
CommT hroughput = Nmessage × 64bits/st

(4)

Here, Nmessage is the number of messages transferred per
sample time st of the TCP/IP channel.
R ESULTS AND E VALUATION

In our experiments, we study a real-world factory robotarm application to validate our approach. In this case study,
four “robot-arm joints” are controlled by the Soft-PLC. The
control tasks are shown in Figure 5. For our experimental
purposes, we implemented the “Soft-PLC” and “Robot-Arm
Model” in two separated PCs communicated through ethernet
to mimic the real scenario in manufacturing factory.
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2) is calculated to be 200% as shown in Table I. In order to
achieve processor utilization lower than 100% (Equation 3) we
explored alternative designs. Firstly, we decreased the block
sample time of the physical plant (see Section IV-A) to reduce
the I/O delay to 32ms. However, the processor utilization
remains at 178% and therefore we have further increased
the processor frequency to achieve a processor utilization of
110.55% (see Figure 8 (b)). Finally, we have slightly increase
the scan cycle time of Task 2 and Task 3 (Figure 8 (b)). The
result is shown in three steps; however our tool may use all
three configuration knobs in a single design iteration. The processor utilization is reduced to 95.00% indicating a schedulable
control program. Furthermore, Figure 8 (c) compares the result
of the wrist controller using the Beremiz scheduler [1], [26]
and our implemented EDFS scheduler. Figure 6 compares the
number of deadline misses (KPI for scheduler in real-time
system) using these two schedulers; our scheduler achieves
the real-time requirement of zero deadlines misses compared
to the Beremiz scheduler [26].
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Figure 5: The factory robot-arm use-case
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We have compared our experimental results with state-ofthe-art methods and tools using two Key Performance Indicators (KPIs). Table I shows various control/platform-related
parameters for the three tasks shown in Figure 5.

Table I: Timing information of robot-arm control system

WCET on initial processor
I/O delay on initial channel
Initial scan cycle time
I/O delay on faster channel
WCET on faster processor
Redesigned scan cycle time

Task 1

Task 2

Task 3

80ms
40ms
200ms
32ms
20ms
200ms

40ms
40ms
100ms
32ms
10ms
120ms

8ms
40ms
80ms
32ms
2ms
100ms

Processor
utilization
200.00%
178.00%
110.50%
95.00%

Figure 8 (a) shows the MILS/SILS simulation results for
the wrist controller without the proposed tool-chain. This graph
represents the approach supported by Simulink for a target
PLC. A significant angular difference (degree) is observed
between the MILS and the SILS results. Initially, the wrist
controller has been designed with a sampling rate (SCT) of
80ms. Using our tool-chain, the timing information of Task
3 is estimated to have a WCET of 8ms and I/O delay of
40ms. With these timings, the processor utilization (Equation

200.00%

178.00%
110.50%
CPU utilization

95%

Figure 6: Comparison of our scheduler to Beremiz scheduler
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To compare the improvements of QoC using our tool, we
use the Sum of Absolute Differences (SAD) between MILS and
SILS results as the KPI. Figure 7 shows that compared to the
Simulink PLC Coder, our tool decreases SAD exponentially
to 2.58%. This indicates a 39x improvement.
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Figure 7: QoC analysis for the robot arm application
VII.

C ONCLUSION

This paper presents a MBD approach and associated toolchain for the design of TTRE systems for digital manufac-

50

50

MILS response

40

SILS response (State-of-the method
from Simulink)

40

SILS response with doubled channel
capacity
SILS response with doubled channel
capacity and increased processor frequency

30
20
10
0
0

2

4

6

8

30

20
10
0
0

10
-10

-10

-20

-20

2

4

6

8

10

Absolute difference
between MILS and SILS

Time(Second)

MILS respons of redesigned Control
System
SILS response of redesigned control system
using default scheduler in "Beremiz"
SILS response of redesigned control system
using EDF scheduler

40

Angle(Degree)

MILS response

Angle(Degree)

Angle(Degree)

Wrist controller analysis
50

30
20
10
0
0

2

6

8

10

-20

Time(Second)

Time(Second)

(a) Comparison of MILS result and SILS
result without using our tool chain

4

-10

(b) Comparison of MILS and improved SILS
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configuration knobs are used
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Figure 8: Wrist controller analysis using our tool-chain
turing. Our system is integrated to a SILS framework for the
real-time validation of the generated control software using
a Soft-PLC. Experiments using our tool chain show a 39×
improvement of QoC (2.58% SAD compared to [4]) with
zero deadline misses that meets the hard real-time requirement
(compared to [1], [26]). Using our configuration knobs, we
have demonstrated that a real world manufacturing application
can be redesigned in a single iteration. Compared to traditional
approaches [3], our approach and tool chain compresses the
overall design time.
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