
SIMONA Flight Simulator Implementation of a Fault Tolerant

Sliding Mode Scheme with On–line Control Allocation

H. Alwi, C. Edwards, O. Stroosma and J.A. Mulder

Abstract— This paper considers a sliding mode based alloca-
tion scheme for fault tolerant control. The scheme allows re-
distribution of the control signals to the remaining functioning
actuators when a fault or failure occurs. It is shown that faults
and even certain total actuator failures can be handled directly
without reconfiguring the controller. The results obtained from
implementing the controller on the SIMONA flight motion
simulator show good performance in both nominal and failure
scenarios even in wind and gust conditions.

I. INTRODUCTION

Incidents such as the DHL flight, Baghdad, Nov. 2003

(which was hit by a missile on its left wing and lost all

hydraulics, but still landed safely without any casualties)

represent examples of successful landings using clever ma-

nipulation of the throttle levers, that has motivated research

into fault tolerant control (FTC). Control allocation (CA)

has emerged as one potential technique for dealing with

systems with redundancy such as large transport aircraft.

Researchers like [6], [2] have shown the capabilities of CA

for systems with faults and failures. One of the benefits

of CA is that the controller structure does not have to be

reconfigured in the case of faults and it can deal directly

with total actuator failures without requiring reconfiguration

of the controller, because the CA scheme ‘automatically’

redistributes the control signal.

The insensitivity and robustness properties of sliding mode

control to certain types of disturbances and uncertainty

[7], especially to actuator faults, make it attractive for

FTC especially in the area of flight control. Sliding modes

cannot deal directly with actuator failures. However control

allocation provides a solution to this problem by providing

access to the ‘redundant’ actuators. Therefore, a combi-

nation of sliding mode and control allocation provides a

powerful tool for the development of simple, robust fault

tolerant flight controllers that work for a wide range of

faults and failures. The work in [14], [18] provides practi-

cal examples of the combination of sliding mode control

(SMC) and CA for FTC. The work by Shin et al.[13]

uses control allocation ideas, but formulates the problem

from an adaptive controller point of view. However none of

these papers provide a detailed stability analysis and discuss

sliding mode controller design issues when using control

allocation. More recently in [1], a sliding mode control
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allocation scheme was proposed for a more general class of

uncertain linear systems. A set of easily testable conditions

was developed to guarantee the stability of the closed–loop

system subject to a class of actuator faults. The scheme in

[1] uses a control law which depends on (an estimate of)

the ‘efficiency/effectiveness’ of the actuators. This paper

presents the ‘piloted’ results obtained from implementing

the ideas from [1] tested on an advanced 6 degree of

freedom (6–DOF) research flight simulator called SIMONA

(SImulation, MOtion and NAvigation).

II. THE SIMONA RESEARCH SIMULATOR

The SIMONA (SImulation, MOtion and NAvigation) Re-

search Simulator (SRS) in Figure 1 is a research project

of the Delft University of Technology. The SRS provides

researchers with a powerful tool that can be adapted to

various uses [16]. In the years since it has been operational,

the SRS has been used for research into human (motion)

perception [11], aircraft handling qualities [9],fly-by-wire

control algorithms and flight deck displays [12] and flight

procedures [8]. The flexible software architecture and high-

fidelity cueing environment allows the integration of the

B747 model from [15], complete with failures and the as-

sessment of the controller in a realistic aircraft environment.

(a) Outside view (b) Flight deck

Fig. 1. SIMONA research simulator

The flight deck of the SRS (Figure1(b)) provides the pilots

with simulated instruments that match the aircraft under

investigation. The pilots interface with the aircraft by a

conventional control column or a sidestick controller, rudder

pedals with engine controls and a Mode Control Panel

(MCP) for the autopilot. The windows give a wide view

on a virtual environment and a motion system moves the

entire cabin to simulate aircraft motion cues.

A modular network of personal computers (PCs) provides

the processing power to run the simulator. Each PC has

a specific task, e.g. driving the pilot controls, generating

the instrument display graphics, running the aircraft model

or logging data. A high-speed fibre-optic network provides

synchronization and communication services for all the
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computers. The modular approach makes it easy to ex-

change for example the aircraft model for another, without

affecting the rest of the simulation software. In particular,

the software is able to interface with MATLAB SIMULINK

models.

The FTLAB747 software running under MATLAB has

been developed for the study of fault tolerant control and

FDI schemes. It represents a ‘real world’ model of a B747-

100/200 aircraft. More recently this software has been

upgraded to V6.5/7.1/2006b by Smaili et al.[15] as part

of the GARTEUR AG16, to allow all the control surfaces

to be controlled independently offering more degrees of

control flexibility especially during faults or failures. This

‘modified’ aircraft is essentially a fly by wire aircraft [3]

where all the control surfaces are controlled electronically

compared to the ‘classical’ B747 aircraft. To be able to

fly with a pilot in the loop in SRS, the benchmark B747

model [15] was slightly adapted from the offline model. The

aircraft model was isolated from peripheral utility functions

such as the autopilot, to follow the reference scenario and

MATLAB logging functions. Its inputs and outputs were

standardized to fit in the SRS software environment and

the SIMULINK model was converted to C code using the

Real-Time Workshop. Finally the model was integrated with

the pilot controls, aircraft instruments and cueing devices

of the SRS.

III. A SLIDING MODE CONTROL ALLOCATION SCHEME

It will be assumed that the system subject to actuator faults

or failures, can be written as

ẋ(t) = Ax(t) + Bu(t) − BK(t)u(t) (1)

where A ∈ IRn×n and B ∈ IRn×m. The effectiveness gain

K(t) = diag(k1(t), . . . , km(t)) where the ki(t) are scalars

satisfying 0 ≤ ki(t) ≤ 1. These scalars model a decrease in

effectiveness of a particular actuator. If ki(t) = 0, the ith

actuator is working perfectly whereas if ki(t) > 0, a fault is

present, and if ki(t) = 1 the actuator has failed completely.

For most systems with actuator redundancy, the assumption

that rank(B) = l < m, often employed in the literature, is

not valid. However, the system states can be reordered, and

the matrix B from (1) can be partitioned as:

B =

[

B1

B2

]

(2)

where B1 ∈ IR(n−l)×m and B2 ∈ IRl×m has rank l. In air-

craft systems, B2 is associated with the equations of angular

acceleration in roll, pitch and yaw [10]. Here it is assumed

that the matrix B2 represents the dominant contribution of

the control action on the system, while B1 generally will

have elements of small magnitude compared with ‖B2‖.

Compared to the work in [13] where it is assumed that

B1 = 0, here B1 6= 0 will be considered explicitly in the

controller design and in the stability analysis. It will be

assumed without loss of generality that the states of the

system in (1) have been transformed so that B2B
T
2 = Il

and therefore ‖B2‖ = 1. As in [1], let the ‘virtual control’

ν(t) be defined as ν(t) := B2u(t) so that u(t) = B
†
2ν(t)

where the pseudo inverse is chosen as

B
†
2 := WBT

2 (B2WBT
2 )−1 (3)

and W ∈ IRm×m is a symmetric positive definite (s.p.d)

diagonal weighting matrix. As in [1], in this paper, a

novel choice of weighting matrix W will be considered.

Specifically, the weight W has been chosen as

W := I − K (4)

and so W = diag{w1, . . . , wm} where wi = 1 − ki. As

argued in [1], as ki → 1, the signal ui sent to the ith

actuator tends to zero.

In [1], sliding mode control (SMC) techniques [7], have

been used to synthesize the ‘virtual control’ ν(t). Define a

switching function σ(t) : IRn → IRl to be

σ(t) = Sx(t)

where S ∈ IRl×n and det(SBν) 6= 0. Let S be the

hyperplane defined by S = {x(t) ∈ IRn : Sx(t) = 0}. If a

control law can be developed which forces the closed–loop

trajectories onto the surface S in finite time and constrains

the states to remain there, then an ideal sliding motion is

said to have been attained [7]. Define

ν̂(t) := (B2W
2BT

2 )(B2WBT
2 )−1ν(t) (5)

then as argued in [1], after an appropriate coordinate trans-
formation, x 7→ Trx = x̂, equation (1) becomes:
»

˙̂x1(t)
˙̂x2(t)

–

=

»
Â11 Â12

Â21 Â22

–

| {z }

Â

»
x̂1(t)
x̂2(t)

–

+

»
0
I

–

|{z}

B̂

ν̂(t)+

»

B1B
N

2 B
+

2

0

–

ν̂(t) (6)

where

B+
2 := W 2BT

2 (B2W
2BT

2 )−1 (7)

and

BN
2 := (I − BT

2B2) (8)

then there is an upper bound on the norm of the pseudo-

inverse B+
2 in (7) which is independent of W . Specifically:

Proposition 1: There exists a scalar γ0 which is finite and

independent of W such that

‖B+
2 ‖ = ‖W 2BT

2 (B2W
2BT

2 )−1‖ < γ0 (9)

for all W = diag(w1 . . . wm) such that 0 < wi ≤ 1.

Proof: see [1].

The virtual control law ν̂(t) will now be designed based on

the fault-free system in which the last term in (6) is zero

since B1B
N
2 B+

2 |W=I = 0. In the x̂(t) coordinates in (6), a

choice for the sliding surface is

Ŝ := ST−1
r =

[

M Il

]

(10)

where M ∈ IRl×(n−l) represents design freedom. Define

γ1 := ‖MB1B
N
2 ‖ (11)
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If (Â, B̂) is controllable, then (Â11, Â12) is controllable [7]

and a matrix M can always be found to make the matrix

Ã11 = Â11 − Â12M stable. Define

G̃(s) := Ã21(sI − Ã11)
−1B1B

N
2 (12)

where s represents the Laplace variable and the matrix

Ã21 := MÃ11 + Â21− Â22M . By construction the transfer

function G̃(s) is stable. If

‖G̃(s)‖∞ = γ2 (13)

then the following is true:

Proposition 2: During a fault or failure condition, for any

combinations of 0 < wi ≤ 1, the closed–loop system will

be stable if

0 <
γ2γ0

1 − γ1γ0
< 1 (14)

Proof: see [1].

The proposed control law from [1] has a structure given by

ν̂(t) = ν̂l(t) + ν̂n(t) where

ν̂l(t) := −Ã21x̂1(t) − Ã22σ(t) (15)

where Ã22 := MÂ12 + Â22 and the nonlinear component

is defined to be

ν̂n(t) := −ρ(t, x) σ(t)
‖σ(t)‖ for σ(t) 6= 0 (16)

where σ(t) = Ŝx̂(t).
Proposition 3: Suppose the hyperplane matrix M has been

chosen so that Ã11 = Â11 − Â12M is stable and condition

(14) from Proposition 2 holds, then choosing

ρ(t, x) :=
γ1γ0‖ν̂l(t)‖ + η

1 − γ1γ0
(17)

ensures a sliding motion takes place on S in finite time.

Proof: see [1].

The control law is finally given as

u(t) = WBT
2 (B2W

2BT
2 )−1ν̂(t) (18)

IV. CONTROLLER DESIGN

In this paper both lateral and longitudinal control is con-

sidered. One of the controller design objectives considered

here is to bring a faulty aircraft to a near landing condition.

This can be achieved by a change of direction through

a ‘banking turn’ manoeuvre [4], followed by a decrease

in altitude and speed. This can be achieved by tracking

appropriate roll angle (φ) and sideslip angle (β) commands

using the lateral controller, and tracking flight path angle

(FPA) and airspeed (Vtas) commands using the longitudinal

controller. A linearization has been obtained around an

operating condition of 263,000 Kg, 92.6 m/s true airspeed,

and an altitude of 600m at 25.6% of maximum thrust and

at a 20deg flap position. The lateral control surfaces are
δlat = [δair δail δaor δaol δsp1−4 δsp5 δ8 δsp9−12 elat1−4]

T

which represent aileron deflection (right & left - inner &

outer)(rad), spoiler deflections (left: 1-4 & 5 & right: 7 &

9-12) (rad), rudder deflection (rad) and lateral engine (1-

4) pressure ratios (EPR). The longitudinal control surfaces

are δlong = [δe δs elong1−4]
T which represent elevator

deflection (rad), horizontal stabilizer deflection (rad), and

longitudinal (engine 1-4) EPR. To include a tracking fa-

cility, integral action [7], [1] has been included for both

longitudinal and lateral control.

A. Lateral Controller Design

It can be verified from a numerical search that γ0lat
from (9)

is γ0lat
= 8.1314. The matrix which defines the hyperplane

must now be synthesized so that the conditions of (14)

are satisfied. A quadratic optimal design has been used to

obtain the sliding surface Salat
which depends on the matrix

Mlat in equation (10) (see for example [17], [7]) where the

symmetric positive definite state weighting matrix has been

chosen as Qlat = diag(0.005, 0.1, 6, 6, 1, 1). The first two

terms of Qlat are associated with the integral action and

are less heavily weighted. The third and fourth term of Qlat

are associated with the equations of the angular acceleration

in roll and yaw (i.e. Blat,2 term partition in (2)) and thus

weight the virtual control term. Thus by analogy to a more

typical LQR framework, they affect the speed of response

of the closed–loop system. Here, the third and fourth terms

of Qlat have been heavily weighted compared to the last

two terms to reflect a reasonably fast closed–loop system re-

sponse. The poles associated with the reduced order sliding

motion are {−0.0707,−0.3867,−0.3405±0.1484i}. Based

on this value of Mlat, simple calculations from (11) show

that γ1lat
= 0.0145, therefore γ0lat

γ1lat
= 0.1180 < 1

and so the requirements of (14) are satisfied. Also for this

choice of sliding surface, ‖G̃lat(s)‖∞ = γ2lat
= 0.0764

from (13). Therefore from (14),

γ2lat
γ0lat

1 − γ1lat
γ0lat

= 0.7043 < 1

which shows that the system is stable for all choices of

0 < wi ≤ 1. The nonlinear gain ρlat = 1 from (16) have

been chosen. For implementation, the discontinuity in the

nonlinear control term in (16) has been smoothed by using a

sigmoidal approximation where the scalar δlat = 0.05 (see

for example §3.7 in [7]).

To emulate a real aircraft flight control capability, an outer

loop heading control was designed based on a proportional

controller plus washout filter, to provide a roll command

to the inner loop sliding mode controller. In the SIMONA

implementation, this outer loop heading control can be

activated by a switch in the cockpit. The proportional gain

was set as Kplat
= 0.5 and the washout filter s

s+5 was

assigned a gain Kwflat
= 0.1.

B. Longitudinal Controller Design

It can be verified from a numerical search that γ0long
=

8.2913 from (9). As in the lateral controller, a quadratic

optimal design has been used to obtain the sliding

surface matrix (and therefore the matrix Mlong). The

s.p.d weighting matrix has been chosen as Qlong =
diag(0.1, 0.1, 10, 50, 1, 1). The third and fourth terms of

Qlong are associated with the Blong,2 term partition in (2)

(i.e. states q and Vtas) which weight the virtual control term,
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and have been heavily weighted compared to the last two

terms. The poles associated with the reduced order sliding

motion are {−0.7066,−0.2393±0.1706i,−0.0447}. Based

on this value of Mlong , simple calculations from (11) show

that γ1long
= 1.9513 × 10−4: therefore γ0long

γ1long
=

0.0016 < 1 and so the requirements of equation (14) are

satisfied. For this choice of sliding surface, ‖G̃long(s)‖∞ =
γ2long

= 0.0112 from (13). Therefore from (14),

γ2long
γ0long

1 − γ1long
γ0long

= 0.0931 < 1

which shows that the system is stable for all choices of 0 <

wi ≤ 1. The nonlinear gain ρlong = 1 from (16) have been

chosen. The discontinuity in the nonlinear control term in

(16) has been smoothed by using a sigmoidal approximation

where the scalar δlong = 0.05.

An outer loop altitude control scheme was designed based

on a proportional controller plus washout filter to provide

a FPA command to the inner loop sliding mode controller.

In the SIMONA implementation, this outer loop altitude

control can be activated by a switch in the cockpit. The

proportional gain was set as Kplong
= 0.001 and the

washout filter s
s+5 with the gain Kwflong

= 0.05.

Note that both the lateral and longitudinal controller ma-

nipulate the engine EPRs. In the trials, ‘control mixing’

was employed, where the individual EPR signals from both

the lateral controller and longitudinal controller were added

together before being applied into each of the engines.

This is similar to the control strategy used for the NASA

propulsion control aircraft described in [5].

V. SIMONA IMPLEMENTATIONS

The controller was implemented as a MATLAB SIMULINK

(version 2006b) model with appropriate inputs and outputs

to connect it with the aircraft model and the SIMONA

hardware, as described in Figure 2. All data is time stamped,

ensuring consistency across different modules within the

simulation, even when they are on physically different

processors. The controller was set up to work with an Ode2

Actuators

MCP inputs

Pilot inputs

and switches

SMC controller

FDI

Aircraft model

Actuator 

command

Sensor data

Data logging

SIMONA simulator

Fig. 2. SIMONA interconnections

(Heun) solver with a fixed time step of 0.01 s (100 Hz).

Using the Real-Time Workshop, the SIMULINK controller

block diagram was converted to C-code and integrated into

the SRS, where it runs on a dual Pentium III 1 GHz

processor, together with the aircraft model and motion

control software. A connection with the Mode Control Panel

on the flight deck enables the selection of ‘control modes’

e.g. altitude hold, heading select and reference values. The

simulator trials were performed with the speed, altitude

and heading select modes active. The pilot commands

new headings, speeds or altitudes by adjusting the controls

on the MCP. In this paper, it will be assumed that a

measurement of the actual actuator deflection is available.

This is not an unrealistic assumption in aircraft systems [3].

Information provided by the actual actuator deflection can

be compared with the signals from the controller to indicate

the effectiveness of the actuator.

VI. RESULTS

The results presented in this paper are all from the 6–

DOF SIMONA research simulator trials. It was assumed

that the aircraft has recently taken off and reached an

altitude of 600m. After a few seconds of straight and

level flight, failures occur on the actuators. The immediate

action requested by the pilot is to change the heading to

180deg and to head back to the runway. The altitude is then

changed from 600m (1967.2ft) to 30.5m (100ft) before the

Vtas is reduced from 92.8m/s(180kn) to 82.3m/s(160kn), to

approximate a landing manoeuvre.

Five different control surface failures have been tested

on the simulator: all elevators jam with a 3deg offset;

all ailerons jam with a 3deg offset; a stabilizer runaway;

all rudders runaway and finally both rudders detach from

the vertical fin [15]. All the trials have been done with

and without wind and turbulence. However due to space

limitations, only the most significant results are shown.

Figure 3 shows the fault–free responses. The heading is

changed by means of two 90deg step inputs followed by a

change in altitude from 600m to 30m in 3 steps: 600m to

366m to 183m and finally to 30m above the runway.

Figures 4-6 show a stabilizer runaway failure. Figure 5

shows that the stabilizer has moved at its maximum de-

flection rate to its maximum deflection of 3deg. This is

quite a catastrophic failure as this deflection causes the

aircraft to pitch down, if not corrected. Figure 4 shows

no visible degradation in performance. Figure 6 shows that

the effectiveness of the stabilizer has been successfully

estimated and this information has been used to provide

on–line control allocation.

Figures 7 -9 show the system responses when the upper and

lower rudder detaches from the vertical fin in the presence

of wind and gusts. This is shown clearly in figure 8 where

at the start of the simulation, the rudder moves due to

wind and gust, and when the rudders are detached, there

is no longer any deflection detected by the sensor. Figure

7 shows that without the rudders, the aircraft manages to

maintain a slightly degraded level of performance even

in more challenging wind and gust conditions. There is

visually no difference in the sideslip performance compared

to the nominal situation in figure 3. Figure 8 shows that

the differential EPR has been successfully used to maintain

sideslip tracking during the heading change.

Figures 10-12 show the responses for a rudder runaway.

Figure 11 shows that the upper and lower rudders runaway
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to the 5deg position. This is the hardest situation to control.

Not only does the rudder runaway cause a tendency to

turn to one side (and therefore affecting lateral control

performance), it also creates difficulties in the longitudinal

axis and results in a tendency to pitch up. Figure 10

shows that the controller is tested on a slightly different

manoeuvre. The sideslip command is kept at 0deg and has

only small degradation in its performance. The heading is

changed by 180deg by banking to the right and at the same

time the speed is increased to 113.18m/s (220kn) adding

further difficulties to the banking manoeuvre. Then a bank

left is tested by changing the demanded heading back to

135deg, followed by a reduction in speed to 92.6m/s. The

altitude is also decreased to 30m, before a small increase

in altitude to 182m above the runway. In these tests, only

a small degradation in performance is visible. Figure 12

shows that the switching function just exceeds the threshold

at high speed indicating that at higher speed, the effect of

the rudder runaway is harder to control. However, using

the rudder effectiveness information in figure 12 the control

signal sent to the rudder is shut–off and the control signals

are sent to the remaining functioning actuators causing a

visible split in the control surface deflections seen in figure

11. Figure 11 shows the 4 engine pressure ratios (EPR)

have split to counteract the effect of the banking turn to

the left. Engine 3 (red line) and 4 (green line) on the right

wing show less EPR compared to Engine 1 (red line) and

2 (green line) on the left wing to counteract the tendency

to turn to the left. The spoilers and ailerons also show a

visible split in terms of the deflections to counteract the

rudder runaway.

VII. CONCLUSIONS

This paper has presented a sliding mode control allocation

scheme for fault tolerant control. The control allocation

aspect is used to allow the sliding mode controller to

redistribute the control signals to the remaining functioning

actuators when a fault or failure occurs, without reconfig-

uring or switching to another controller. The scheme has

been implemented on the SIMONA research flight simulator

and has shown good performance not only in nominal

conditions, but also in the case of total actuator failures,

even in wind and gust conditions.
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O. Stroosma. Optimization of the simona research simulator’s motion
filter settings for handling qualities experiments. In AIAA Modeling
and Simulation Technologies Conference and Exhibit, 2003.
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Fig. 3. no fault condition: controlled states
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Fig. 4. stabilizer runaway, FDI on: controlled states
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Fig. 5. stabilizer runaway, FDI on: actuator positions
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(a) actuator effectiveness
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Fig. 6. stabilizer runaway, FDI on
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Fig. 7. rudder missing with wind & gust, FDI on: controlled states
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Fig. 8. rudder missing with wind & gust, FDI on: actuator positions
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Fig. 9. rudder missing, FDI on
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Fig. 10. rudder runaway, FDI on: controlled states
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Fig. 11. rudder runaway, FDI on: actuator positions
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Fig. 12. rudder runaway, FDI on
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