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Abstract— Flight control system development typically in-
volves phases that are often chronological, yet are extensively
interrelated and interconnected, where design, validation and
verification (DV&V) play a central role. This paper proposes
an integrated (DV&V) process aiming at reducing devel-
opment cycles. A two-way integration approach suggests
improvement than the traditional one-way integration ap-
proach, in integrating multiparadigm models, heterogeneous
simulations, and in including mutual design and validation
interactions. The necessity of such an integrated approach
is illustrated by a flight control example.

I. INTRODUCTION

Due to the systems complexity, modern aircraft devel-
opment adopts a systematic engineering process (SEP).
The SEP is a generic problem-solving process that applies
throughout the system life cycle to all activities associated
with design, verification/test, manufacturing, training, op-
eration, support, distribution, disposal, and human systems
engineering. As part of aircraft SEP, flight control system
(FCS) development is also broken into several phases
including design, implementation, and testing, among other
critical stages. Such a process typically has a waterfall
view as if the development was performed chronologi-
cally and independent to each other, when in reality they
are extensively interrelated and interconnected [1]. As a
result, the FCS development is a process of iterations
involving repetitive design modifications until the final
design “converges”. Unfortunately, this also makes the
design process time-consuming and fragile: a slight change
may require a completely new cycle of redesign. A much
more integrated design process may be a natural choice
of solution, where interactions among subsystems and
components, interactions at different levels of systems
complexity, and interactions across different phases can be
accounted for, to reduce design iterations and become more
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robust and reliable. With rapid development of modeling
and simulation technologies, such integrated process seems
promising more than ever, but still with many challenges.
One of those challenges is the multiparadigm modeling
[2].

Modeling and simulation is an inseparable part of
control technology, that plays critical roles in almost all
stages of control system development process. Due to
the heterogeneous and complex nature of many embedded
systems, including the FCS, and aforementioned manifold
interactions, models are often developed for different spe-
cific purposes, requiring distinct domain expertise, and
using different modeling paradigms and domain-specific
languages. Computer simulations are also developed and
performed under different platforms. In order to enjoy the
promising features that modeling and simulation brings,
one must find proper approaches to integrate those multi-
paradigm models and heterogeneous simulations. Moster-
man et al advocate the computer automated multiparadigm
modeling, especially in control systems development [3].
Liu et al proposes an actor oriented control system design
approach [4]. For systems integration, Müller-Glaser et al
address several integration strategies [5].

With these recent research work in mind, this paper ad-
dresses one specific topic: how to integrate multiparadigm
models and heterogeneous simulations in flight control
systems development. Performance evaluation and design
validation at early design phase can additionally reduce
late-detected (at integration testing phase) problems, and
therefore reduce design iterations. With increasing number
of system behaviors and characteristics being captured
in computer models, design correctness, compliance, and
completeness can be validated and verified (V&V) through
extensive simulations. Multiparadigm modeling will fur-
ther give such simulation validation more credibility for it
accounts for various interactions. An integrated model and
simulation structure will improve the interactions between
design and validation, and will bring mutual benefits to
each other.

As a result, this paper proposes an integration ap-
proach for flight control systems design, validation and
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verification (DV&V) by simulation. Specifically, we will
bring both multiparadigm models of FCS design and
heterogeneous flight simulation platforms together, and
illustrate its benefit to both design and validation process.
The rest of this paper is organized as follows. Section
II covers the FCS development process, focus is placed
upon design, validation and verification by simulation.
In Section III, details of the proposed integrated DV&V
process are addressed. Afterwards, a flight control example
is given to demonstrate the necessity of such integrated
process. Finally, Section V offers concluding remarks.

II. FCS DEVELOPMENT: DESIGN, VALIDATION &
VERIFICATION

Modern aircraft include a variety of automatic control
systems that aid the flight in navigation, flight man-
agement, and augmenting the stability characteristics of
the airplane [6]. The aim of flight control systems de-
velopment is to find a solution, given the inputs and
desired outputs or tolerable errors, and to integrate design
into a functional system that perform its assigned tasks
satisfactorily. The development process leading to this end,
according to the SEP, is typically broken into several
phases that are often chronological, yet are extensively
interrelated and interconnected [1].

1) Establishment of System Purpose and Overall Sys-
tem Requirements. The mission purpose, vehicle
operating profile, and guidance possibilities are iden-
tified such that the quantities required to define
flight control activities are determined. At this phase,
“mission-centered” requirements are constituted, and
M&S tools are often used for requirement definition
and analysis.

2) Detailed Component Design and Selection. Once
the overall system requirements are identified, one
must consider the requirements imposed on the flight
control equipment by various types of controlled
element characteristics, flight control system com-
mand inputs, and external disturbances; and con-
versely, requirements implied on the controlled ele-
ment by various possible flight control equipments.
These “component-centered” implied specifications
are used for detailed control channel design. Most
control M&S tools that are familiar to the flight
control engineers will be applied at this phase, to
perform desktop design and computer simulation.

3) Integration, Testing, and Validation. Final flight con-
trol system design should be assembled or integrated
and run through a series of systems simulations for
“system interaction” considerations which ultimate
in flight simulation and flight tests to validate the

design for the original “mission-centered” require-
ments. Apparently the integrated simulation and the
full flight simulation play an important role at this
phase.

Design, validation and verification (DV&V) is appar-
ently at the center of the process. In flight control system,
the controller is designed to meet performance require-
ments. Validation is the process of ensuring the require-
ments are correct and complete, and ensuring compliance
with system and airplane level requirements. On the other
hand, verification is the process of ensuring that an item
complies with all of its design requirements. In other
words, verification is concerned with whether the system
is well-engineered, and the validation is concerned with
checking that the system will meet the customer’s actual
needs.

DV&V depends on the development environment that
the systems engineer chooses. There are several well-
known process models in the systems engineering process
[7], [8].
• Waterfall model is probably the most commonly

applied development model. The model gets its name
because of the analogy of water falling from one step
to the next.

• Design driven model varies the waterfall model to
recognize the feedback from later phases necessitates
changes in some predecessor phase.

• Spiral model illustrates the growth of information
about the system from the beginning, expressed in the
customer need statement, to the delivery by virtue of
the expanding diameter of the spiral in time.

• V model describes the development process in terms
of a downstroke of requirement to design and an
upstroke of implementation to test. There are other
variations to these fundamental models, such as N
model [7].

• 3D space diagram model attempts to identify ev-
ery conceivable development environment through a
three-dimensional Venn diagram showing combina-
tions of different sequences, different phasing possi-
bilities, and development attitudes.

• Rapid prototyping model abandons the single, mono-
lithic system development strategy and instead pre-
scribes multiple, incrementally delivered develop-
ments.

• Operational model uses processing abstractions to
develop a problem-oriented specification of system’s
requirements rather than structural abstractions to
specify their decomposition.

• Knowledge based model integrates an operational
specification and transformation based (software) de-
velopment process with expert knowledge.
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• Two-leg model views the (software) process as a
series of representation transformations from user
needs to implemented system.

Major validation methods include: test, analysis, demon-
stration, and inspection. Major verification methods in-
clude: test, analysis, examination, and demonstration. Sim-
ulation has also been generally accepted as one V&V
method. Simulation can detect design errors in the dynamic
behavior in the early design phase. Another reason for
selecting simulation for the requirements validation is the
increasing importance of automatic target code generation
from modeling and simulation tools [9].

As mentioned before, the purpose of modeling and
simulation and the functions that they serve are different
by nature at each control system development phase. On
the one hand, the design of different control channels are
independent activities, with customized flight equations
that capture the characteristic dynamic behavior associated
with that specific channel, and with simplified interacting
component models to minimize the coupling effects in
control. On the other hand, the final designed controllers
need to be implemented and evaluated under a realistic
simulation environment, consisting of high-fidelity nonlin-
ear aircraft systems models. The design is often tested by
a series of systems simulations, including those performed
on a flight simulator. Since the M&S efforts share the
common “target”, i.e., the designed control system, it is
beneficial to bring the models and simulations developed
under such heterogeneous environment together.

III. INTEGRATED FSC DV&V PROCESS

It is obvious that there exist multiparadigm models and
heterogeneous simulations across the flight control system
development, together with different supporting tools. For
example, Matlab/Simulink is a well accepted modeling
language and simulation platform for controller design,
and specification verification. At implementation stage,
real-time considerations require the modeling and simu-
lation in real-time environment (such as RTW, RT Lab),
or even hardware-in-the-loop. When accounting for actual
surrounding environment, rapid prototyping, or flight sim-
ulation is applied to validate the controller design.

The integrated DV&V process in FCS development
is illustrated in Figure 1. “Controller Design” refers to
iterations of design and design modifications, including
multiparadigm models. “Systems simulation” part implies
various levels of simulations as verification and validation
methods, including heterogeneous platforms.

Requirements of multiparadigm models include [3]
model translations, model abstraction and view changes.
From simulation perspective, the level of automation, and
code generation also motivate the research in the control

Fig. 1. Integrated FCS DV&V Process

design process [10]. In this paper, we adopt an integration
approach similar to code encapsulation in concept [5].
As shown in Figure 2(a), the controller is designed and
validated in isolation by desktop off-line simulation. The
controller algorithm codes are generated (in C code as one
example). Then, encapsulated as a monolithic submodel,
it is integrated into the model of enclosing system for
systems validation and verification. Such process presents
from “Controller Design” to “Systems Simulation” part of
the integrated DV&V process in Figure 1.

For FCS development, this paper further suggests a
two-way integration approach, as shown in Figure 2(b).
This approach differs from the one-way code encapsulation
approach (Figure 2(a)) in the following three directions:

• First of all, in order to accommodate multiparadigm
models of the designed controllers, the two-way inte-
gration approach includes the hardware-in-the-loop,
i.e., the actual loaded controller (control computer)
may be integrated into the systems simulation, instead
of generated software codes of the control algorithms.

• Secondly, heterogeneous simulations are also re-
flected in this approach. For example, off-line simula-
tion can be performed at the design block (left box) at
initial design stage. Real-time simulation, hardware-
in-the-loop, can be performed at the simulation block
(right box). Furthermore, the designed controller can
also be put in testing under actual environment (rapid
prototyping).

• Thirdly, perhaps more importantly, simulation en-
vironment can be modeled to affect the controller
design. This capability completes the “Systems Sim-
ulation”→ “Controller Design” part of the integrated
DV&V process in Figure 1. For example, a con-
troller is designed based on certain simplification
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(a) one way code encapsulation

(b) two way code encapsulation

Fig. 2. Proposed Integration Approach

assumptions. During simulation, however, if one finds
out that some assumptions are over simplified, or
have significant impact on control system behavior,
the controller designer may need to re-model the
plant that the design is based upon. A more realistic
controller will come out of this cycle of exercise.

The proposed integration approach for FCS DV&V
results in a multiparadigm control block diagram.

It represents a standard flight control system block
diagram with some special features.
• The shaded blocks represent “swap” features. The

guidance/command block represents the flight path

Fig. 3. Multiparadigm FCS Block Diagram

generation (guidance) or command inputs (for con-
troller design). The actuation and sensor blocks can
be replaced by software modules with different levels
of fidelity, or even hardware equipments. The vehicle
dynamics module can also be replaced by different
software modules for different simulation purposes. A
simplified linearized dynamics model is used for con-
trol system design, while a full-scale nonlinear flight
equations will be used for high-fidelity simulations,
such as flight simulations.

• The blocks inside HITL can be replaced by hardware
equipments for hardware-in-the-loop (HITL) experi-
mentation.

• The whole flight control system structure, when in-
teracting with other flight systems, can be integrated
into a flight simulator for flight simulation, or pilot-
in-the-loop (PITL) simulation, to validate the design.

• In order to emulate the reality that different flight
systems components are physically installed in dif-
ferent locations and their interactions are communi-
cated through mechanical links or electrical bus, the
proposed framework allows for distributed modeling
structure. Each block can be individually modeled,
as software module in different processors. There-
fore, it is possible to distribute different parts of a
computing task across individual processors operating
at the same time, or “in parallel”, and thus reduce
the overall time to complete the task. Further, the
distributed modeling structure makes it feasible to
“swap” different modules of the same block, includ-
ing the hardware-in-the-loop simulation.

• Due to the distributed modeling and “swap” feature,
it is possible to replace block modules developed
under different platforms, and even possible to run
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simulations on machines from different manufac-
turers. Therefore, the proposed framework supports
heterogeneous simulations.

• Not only the framework allows for distributed mod-
eling, but also it enables real-time simulation, where
interactions and synchronizations among subsystems
or components act and react in clock time, as happens
in real flight environment.

In order to support the proposed FCS framework, an
experimental test bed is set up, at the Flight Systems and
Control Laboratory of the University of Toronto Institute
for Aerospace Studies (UTIAS). A real-time systems simu-
lator and a flight training device (RTSS-FTD) are equipped
to provide a suitable proof-of-concept facility for proposed
distributed modeling and heterogeneous simulation activi-
ties.

The real-time systems simulator (RTSS) facility is a
networked cluster of high-end commercial off the shelf
(COTS) computers, provided by the Opal-RT Technol-
ogy Inc. Its core computing features include: three (3)
host computers each has dual-Pentium-processors running
Windows 2000 OS; four (4) real-time computers each has
dual-Pentium-processors running QNX real-time operating
system; the real-time nodes are directly connected by
400Mbit/sec FireWire and communicate with hosts over
a dedicated 100 Mbit/s Ethernet network. Further, the
system consists of 108 multiple channels IO system for
hardware-in-the-loop simulation. The RTSS is also con-
nected through a 1.25Gb/sec Giganet to a similar facility
to share data and sources, and it is connected to a 56-alpha-
processor high power computer for off-line computing and
simulation, as well as data storage. This configuration
provides the following key capabilities to support our
proposed FCS framework [11]:
• Flexibility. The models are distributed and executed

over a network of high-end computers interconnected
with a fast real-time communication system; the data
is real-time acquired, logged, and stored; the model
parameter values are allowed to modify at a run-
time from a graphical interface; the interconnection
with the commercial I/O board is located inside
one host computer, allowing for hardware-in-the-loop
simulation.

• Development. Matlab/Simulink or Ma-
trixX/SystemBuild provides a full integration with
visual simulation and C code generations; the model
separation is automatic in several interconnected
subsystems; the automatic code generation and
object code loading takes all necessary processor
and I/O synchronization into consideration; a library
of Simulink or SystemBuild icons can easily connect
commercial I/O boards with the dynamic models; an

application programming interface (API) provides
a user-friendly interface to allow the control of the
simulator, the on-line parameter control and results
display; it also generates the source codes and typical
I/O drivers and real-time modules allowing the user’s
addition, specialization, and customization.

• Scalability. The system takes advantage of COTS
hardware and components to fit the application re-
quirements, and to expand the computing power if
necessary.

• Performance. Fire Wire 400-Mbits/second real-time
serial bus offers a very low latency for models with
loop time as low as 200 ms. The scheduler overhead
is less than 10 ms on a Pentium 233MHz processor.
The minimum loop time on a distributed CPU system
is about 80 ms to account for data synchronization
and TCP/IP communication with the host computer.
The use of QNX proves a 2 ms interrupt respond time
and a 6 ms context switching time.

A separate flight training device (FTD) is also set
up for flight simulation. This FTD facility is provided
by CMC Electronics Inc. The fixed-base flight simulator
serves the function of pilot and flight crew-in-the-loop
simulation and evaluation. The focus is placed upon the
impact on the overall performance of systems design and
integration. The FTD consists of an array of networked
computers along with hardware for pilot interaction. The
system consists of: a FLSIM computer that contains the
FLSIM software to customize the flight model, as well
as host the simulation; an EXP STATION computer that
is used for the experimenter to provide a user friendly
graphical front end to change simulation parameters in
real time, as well as the sound effects for all simulations;
two VAPS1 and VAPS2 computers run the VAPS software
which operates the pilot touch screen instrument panels;
an INTERGRAPH IG computer is the image generator of
the FTD. In addition, three touch screen monitors are used
to generate the instrument panels. The Pilot/Co-Pilot Stick
and Rudder Pedal is a joystick and rudder pedal set, on
which the hat switch also acts as the aileron and pitch trim
controls. The throttle quadrant contains throttle controls
including prop pitch and mixture settings. There are also
flap controls, a landing gear switch, and a yaw trim knob.

In summary, the RTSS-FTD experimental testbed is
suitable to investigate the multiparadigm modeling and
heterogeneous simulation technologies for flight control
system development.

IV. EXAMPLE

A flight control design example is developed at the
Flight Systems and Control Laboratory, the University of
Toronto Institute for Aerospace Studies. It addresses the
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design of an autopilot for the final approach of a transport
airplane. This example has been developed for our investi-
gation in distributed and real-time simulations [12], [13],
[14], [15]. The work presents our effort in “Controller De-
sign” → ”Systems Simulation” in the proposed integrated
design, validation, and verification process, as shown in
Figure 1. During this investigation, we also realized that
the presence of time delays in the feedback system makes
the task of controller design significantly more difficult
than that without delays. In an fly-by-wire FCS, time
delays typically can occur between the controller and the
actuators, between the sensors and controller, and in the
control law execution. Large time delay not only accounts
for flight performance degradation, but also may lead to
instability. It necessitates “Systems Simulation” → “Con-
troller Design” direction. To demonstrate this particular
requirement, we started with modeling of the flight control
systems with time delay. We use the Matlab/Simulink
platform for the system modeling development. The re-
quirement is documented in a table using LaTex, and can
be automatically generated by the Matlab script codes.
We followed the V model for the modeling, design,
implementation, and testing. The simulation and hardware-
in-the-loop testing was performed on a real-time platform,
namely the RT Lab, provided by Opal-RT Technologies
Inc. The interactive flight simulation is performed under
a different flight training device, using the VPI software
platform. Further, an algorithm for compensating a delay
within a control loop was presented by Luck and Ray.
The authors proposed an observer to estimate the plant
state variables first and used a multi–step predictor scheme
to compensate for the time delay. Details of this work is
presented in [16].

V. CONCLUSIONS

In this paper, we propose an integrated process to
address the design, validation, and verification in flight
control systems development. The proposed two-way inte-
gration approach in Figure 2(b) integrates multiparadigm
models of the controllers, and heterogeneous simulation
platforms. It also differs from traditional one-way ap-
proach, in its capability of addressing the simulation to
design direction, to close the loop of development. It brings
benefits to both design, and validation by simulation. The
flight control example also shows the necessity of such
two-way directions in design and validation cycle. In order
to fully enjoy the multiparadigm modeling technologies,
multiparadigm modeling languages and their integration
may be introduced for further improvement. It certainly is
one work of future under consideration.
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