
InternatIonal Journal of fluId Power, 2016
Vol. 17, no. 1, 49–64
http://dx.doi.org/10.1080/14399776.2015.1127724

ABSTRACT
This contribution covers a new way to provide motion feedback in a full flight simulator. Seven 
pneumatic cylinders are utilized to actuate our 6 degrees-of-freedom motion platform. The 
motion platform being investigated is a parallel manipulator configured similarly to a Stewart 
platform with additional one redundant cylinder in the middle. The models of the pneumatic 
cylinder and the parallel manipulator are used to derive a dual control method. The dual control 
follows two different trajectories which are generated by a modified motion cueing algorithm 
and a force trajectory generator. The measurements are conducted on a full size build. The 
experiment results show that the platform performs well with a low total transport delay, 
therefore the platform is suitable to be used in a full flight simulator.
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manufacturing processes, but in the case of heavy-
load motion platforms they are still not widely applied. 
Pneumatic actuators use pressurized air as their working 
medium, which makes their stiffness significantly lower 
and the effects of disturbances more present, empha-
sizing the importance of a precise and high-dynamic 
control arises (Hildebrandt et al. 2010).

Research on pneumatically actuated motion plat-
forms, especially for a large motion platform is not 
broadly found as the research on the control design of 
pneumatic actuators itself. Most pneumatically driven 
parallel manipulators are used for direct human inter-
action, due to the compliant nature of pneumatic actua-
tors (Gattringer et al. 2009). For instance, pneumatically 
actuated Stewart platform as a rehabilitation device can 
be found in Takaiwa (2010) and Girone et al. (2001). 
On the other hand, the compliant nature of pneumatic 
actuators is not a desirable characteristic for the motion 
platform of a simulator application. However, with a 
good control strategy this challenge can be dealt with. To 
overcome the problem, Pradipta et al. (2013) proposed a 
novel configuration for a six degrees-of-freedom (DoF) 
manipulator. The authors used seven pneumatic cylinder 
to increase the Stewart platform stiffness and its dynamic 
reserve in lifting heavy payloads.

The application of pneumatic cylinders in a driving 
simulator can be found in Andrievsky et al. (2014). 
They proposed a sliding-mode controller to control 
the Stewart platform. Although the controller is only 
tested in simulation so far, the method promises a good 
result with the real platform. Another attempt to control 
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1. Introduction

A flight simulator is a safe environment to familiarize a 
trainee into piloting before one steps into a real aircraft. 
They are broadly used in various applications from civil-
ian airliners to military fighter planes. There are many 
benefits to train pilots in a flight simulator such as finan-
cial, time and most importantly safety (Allerton 2009).

The purpose of a flight simulator is to train pilot in 
procedure, system knowledge, radio communications 
and navigation skills. To support the purpose, the flight 
simulation has to be as close as possible to a real aircraft 
and the flying experience. At the same time, a high-fi-
delity flight simulator that facilitates such trainings can 
be very expensive. To address the cost problem, a new 
approach to provide a high fidelity flight simulator with 
affordable cost has to be investigated.

One of the major expenses in a full flight simulator 
(FFS) is the motion platform. The most common motion 
platforms for air or land vehicle simulators are paral-
lel manipulators in hexapod configuration, commonly 
known as the Stewart platform. As the actuator in the 
manipulator, usually six hydraulic stamps or electro 
mechanics linear motors are used. The hydraulic/elec-
tro-mechanics hexapods are widely deployed at the pilot 
Type-Rating training facilities worldwide such as Airbus 
(2015), CAE (2015), Lufthansa Flight Training (2015) 
and Thales (2015).

As a new less expensive approach, the use of pneu-
matic actuators can be the solution (Wang et al. 1999). 
Pneumatic actuators are broadly used in automated 
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and achieved decent stability performance by using the cyl-
inder acceleration as a feedback.

Pneumatic actuators can be set to follow force tra-
jectories as well. An exact input/output linearization 
method for force control was proposed by Rapp et al. 
(2012b), proving that pneumatic cylinders can follow a 
force trajectory very well. Ilchmann et al. (2006) derived 
a model of a pneumatic cylinder and designed a feed-
back force-controller using a practical proportional 
controller with saturation. They argued that the control 
strategy is effective, which is helped by the boundedness 
of the pneumatic actuator dynamics. Jang (2005) tried 
to control a pneumatic cylinder to follow position and 
force trajectories simultaneously using a non-interact-
ing controller and a disturbance observer based on a 
nonlinear system model, he achieved good performance 
in both position and force tracking. Shen and Goldfarb 
(2007) designed a pneumatic actuator system that was 
simultaneously force and stiffness controlled by using 
two proportional valves. They designed a sliding model 
controller to achieve both objectives.

In this paper the pneumatically actuated FFS will be pre-
sented along with a detailed description of each component 
that makes the whole system. This contribution is based 
on the previous publications of the authors Pradipta et al. 
(2013) and Pradipta et al. (2015) with additions to the over-
all flight simulator performance analysis. The supporting 
measurement data will be presented as well.

2. Pneumatically actuated motion platform

In this section, the models of the platform and the 
pneumatic cylinder will be derived. The models derived 
will be used later for the control design and trajectory 
planning.

2.1. Overall system architecture

The FFS system begins with a flight simulation server, 
as described by Figure 1, which computes the dynamics 
of the simulated aircraft. It includes the aerodynamic 
model, engine model, gear model, and the environment 
where the aircraft is situated. Simultaneously, the corre-
sponding graphics are generated and projected onto a 
200° surround screen. A Diamond Simulation D-SIM-42 
(Diamond Simulation 2015) is used for the flight sim-
ulator and is classified by the FAA as a flight training 
device (FAA 2008). The D-SIM-42 is only a FTD because 
it lacks of motion feedback. By adding a motion plat-
form to provide a motion feedback, the system can be 
upgraded into a FFS. The Diamond D-SIM-42 specifi-
cally simulates the DA42 from Diamond Aircraft.

Next to the simulation computer is the motion cueing 
algorithm (MCA) which acts as a bridge between the 
simulated aircraft dynamics and the platform dynamics. 

pneumatic cylinders in a Stewart platform was carried 
out in Grewal et al. (2011) on miniature scale. They suc-
cessfully designed a Linear Quadratic Gaussian control 
to control the parallel manipulator, and showed that the 
controller is robust against disturbances.

The use of nonlinear control for a pneumatic actuator is 
proven to be a better solution as supported by Brun et al. 
(1999). They tried several methods of linear and nonlinear 
control and concluded that the nonlinear control performs 
significantly better for the pneumatic control. Bone and 
Ning (2007) compared two position-control schemes of 
sliding mode control (SMC); the first one was based on a 
linearized plant model and the second one was based on 
the non-linear system description. They achieved a slight 
improvement by using the more complicated non-linear 
model. Hildebrandt et al. (2010) utilized an input/output 
linearization method and applied nonlinear state feedback 
control for a pneumatic drive to follow a position trajectory. 
They emphasize the importance of the correct pneumatic 
drive sizing for the desired positioning task. Feedback lin-
earization with regard to valve restriction was researched 
by Bigras et al. (2002). They used linear matrix inequities 
to calculate the controller gain and achieved a good control 
performance. SMC is a frequently used controller design 
method. Ning and Bone (2005) compared the SMC to a 
velocity/acceleration feedback plus feed-forward controller 
and prefer the SMC’s slightly better performance. (Chen 
et al. (2009) utilized an integral sliding mode controller 
with multi-variable parameters and achieved improve-
ment over a standard PID controller. An approach using 
nonlinear state dependent Riccati equation (SDRE) was 
done by Weickgenannt et al. (2010). They proposed a two 
DoF controller with a SDRE combined with a feedforward 
loop. A nonlinear control design approach for a pneumatic 
cylinder using Immersion and Invariance (I&I) method 
was done by Rapp et al. (2012a). They applied the I&I to 
design a robust controller with adaptive and robust tracking 
against unknown parameters. In the robust control front, 
Wang et al. (2001) carried out a study to model the pneu-
matic cylinder as a nonlinear system and design a robust 
controller based on the nonlinear system description. Meng 
et al. (2013) proposed an integrated direct/indirect adaptive 
robust control combining a robust control law and recur-
sive least squares estimator to overcome the time variant 
parameter uncertainties in the pneumatic cylinder. Novel 
control design approaches, such as neural networks, are 
also found. Gross and Rattan (1997) trained multilayer 
neural networks to model the nonlinearity of the pneu-
matic cylinder and utilized it in a feed-forward loop to help 
a linear feedback controller; they obtained an acceptable 
performance result. Carniero and de Almeida (2011) used 
a neural-network based model combined with a nonlinear 
state feedback controller and achieve an improvement over 
a linear PID controller. A pragmatic approach was taken by 
Wang et al. (1999). They applied a modified PID controller 
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The MCA is necessary because an aircraft can fly lim-
itlessly in the air while the platform is tethered to the 
ground. The MCA translates the simulator output into 
a motion that can stimulate the pilot’s senses within 
feasible motion boundaries of the platform. The effect 
of motion feedback, if it is done correctly, can improve 
the simulator’s performance by giving extra information 
during the simulated flights (Telban and Cardullo 2005).

The signals generated by the MCA are transformed 
into the actuator coordinate system and fed to the con-
troller as a reference trajectory. Pneumatic cylinders 
are used as the actuators and a joint-space controller 
scheme is used to control the actuators in the parallel 
manipulator configuration (Siciliano et al. 2009). With 
this scheme there are seven decentralised controllers for 
each cylinder in the platform. The computer drawing of 
the motion platform can be seen in Figure 2.

The FFS system ends with a pilot as he receives the 
motion feedback provided by the platform and audio–
visual information generated by the D-SIM-42. The pilot 
can then react properly according to the information, 
thus completing the loop of the simulator system.

2.2. The ServoFlight platform

The pneumatically-actuated seven-cylinder motion 
platform at the Institute for System Dynamic, University 
of Stuttgart (ServoFlight platform) was previously intro-
duced in Pradipta et al. (2013). The pneumatic cylinders 

Figure 1. full flight simulator system overview.

Figure 2. Cad rendering of the pneumatically actuated motion 
platform.

were chosen to make the motion platform more cost 
efficient compared to hydraulic or electro-mechanic 
actuators in the same configuration. The seven-cylin-
der construction was proposed to overcome the limited 
power output of the pneumatic cylinders.

The pneumatic cylinders in the platform are supplied 
with pressurized air at 8 bar. At the given pressure the 
six outer cylinders can exert force up to 2441 N and the 
middle cylinder can exert up to 9817 N (FESTO, 2015). 
The cylinders are equipped with an incremental position 
encoder with 0.01 mm resolution, and pressure sensors 
on every chamber. The motion envelope of the platform 
is presented in Table 1 (Figure 3).

The empty payload of the platform, in form of the 
simulator cockpit and the surround screen, is estimated 
at about 400 kg. With the known capability of the cylin-
ders, the platform should have enough dynamic reserve 
to lift two average size pilots and perform the motion 
needed in a flight simulation (Pradipta et al. 2015).

2.3. Kinematics of the platform

The ServoFlight platform studied in this paper is config-
ured similarly to a 3–3 Stewart platform. The top plate and 
the floor are connected by seven prismatic joints in paral-
lel through three common mounting positions on the top 
plate and on the floor. On every top and bottom end of the 
cylinders is a spherical joint. The main difference to a nor-
mal Stewart platform is on the additional middle cylinder.

The platform has six DoF and is driven by seven pris-
matic actuators, this makes the manipulator fall into the 
domain of redundant actuation parallel manipulators 
(Merlet 2006). The middle cylinder becomes the redun-
dant actuator in this manipulator. The advantage of a 
redundant configuration is an increase in manipulator 
end-effector stiffness with a trade-off to increased system 
complexity.

For kinematic modelling purposes, the middle cylin-
der will be omitted from the equation, because it tracks 
a force trajectory and is going to follow the motion of 
the platform along.

2.3.1. Inverse kinematic
The inverse kinematic transformation defines the rela-
tionship between the manipulator end-effector’s posi-
tion and the actuator position. The manipulator’s six 
DoF are three translational motions pB =

[
xp yp zp

]

, and three rotational motions around three axes, known 
as roll, pitch and yaw, � =

[
Φ Θ Ψ

]
. The plat-

form’s position vector
 

can be transformed into the cylinder lengths
 

(1)x =

[
xp yp zp Φ Θ Ψ

]T

(2)q =

[
q
1
, … , q

6

]T
,
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the manipulator position from the many possible solu-
tions there is an elimination method, however it would 
be computationally demanding and unsuitable for a real 
time application (Tsai 1999).

Another way to solve the direct kinematic problem 
in a real-time environment is by solving it numerically 
(Merlet 2006). The Newton-Raphson iteration is used 
to solve the direct kinematic solution. The iteration can 
be written as

 

with a stopping criterion of ||qk(xk) − qmeans|| < 𝜖, 
where � is a chosen tolerance threshold. Jx ∈ ℝ

6×6 is the 
Jacobian matrix, which defines the relationship between 
the actuator velocities and the manipulator end-effector 
velocity
 

Equation (6) can be written for the entire manipulator 
as q̇ = Jxẋ, where
 

with ni as the unit vector of the ith cylinder. It can be 
found by normalization of the cylinder defined by the 
following equation
 

To guarantee the numerical solution synthesised by 
Equation (5) converges the Jacobian matrix Jx has to 
be of full rank. This is made possible by restricting the 
actuators’ lengths to keep the platform within a safe 
workspace, thus avoiding singular configurations.

2.4. Dynamic model of the platform

The dynamic model of the platform is derived using 
the principle of virtual work (Tsai 1999). The dynam-
ics of the manipulator are modelled through a virtual 
displacement of the general coordinate, in this case it 

(5)xk+1 = xk − J−1x
(
qk
(
xk
)
− qmeas

)
,

(6)q̇i = ni ⋅ ṗ
B
+ (RBCc

C
i × ni) ⋅ �̇ .

(7)Jx =

⎡⎢⎢⎢⎣

nT
1

[RBCc
c
1
× n

1
]T

⋮ ⋮

nT
6

[RBCc
c
6
× n

6
]T

⎤⎥⎥⎥⎦
,

(8)ni =
pB + RBCc

C
i − bBi

‖li‖
.

by using the inverse kinematic calculation into the cyl-
inder lengths.

The transformation can be derived analytically by 
solving the geometric chain between the cylinder bot-
tom end vector bBi  and top end vector cCi . A simplified 
drawing of the ServoFlight platform is depicted in Figure 
4. The relation between the cylinder vector li and plat-
form pose x can be written as

 

where pB is the platform translational motion. RBC is 
the combined rotation matrix between the rigid body 
coordinate system on the top plate C and the inertial 
coordinate system on the base B. The desired cylinder 
length can be found by returning the Euclidean distance 
of the cylinder vector ‖li‖.

 

2.3.2. Direct kinematic
The direct kinematic function is useful to translate the 
measured cylinder lengths q into the actual platform 
position x. While the direct kinematic can be analytically 
solved, for every actuator length combination there are 
40 possible solutions (Nielsen and Roth 1999). To obtain 

(3)li = pB + RBCc
C
i − bBi ,

(4)RBC(�) = R
Φ
R
Θ
R
Ψ
=

⎡⎢⎢⎢⎣

c
Θ
c
Ψ

s
Φ
s
Θ
c
Ψ
− c

Φ
s
Ψ

c
Φ
s
Θ
c
Ψ
+ s

Φ
s
Ψ

c
Θ
s
Ψ

s
Φ
s
Θ
s
Ψ
+ c

Φ
c
Ψ

c
Φ
s
Θ
s
Ψ
− s

Φ
c
Ψ

−s
Θ

s
Φ
c
Θ

c
Φ
c
Θ

⎤⎥⎥⎥⎦
.

Table 1. Platform translation and rotation limits.

Trans. p [m] ṗ [m/s] p̈ [m/s2] rot. � [°] �̇ [°/s] �̈  [°/s2]
x −0.87, 1.15 ±0.4 ±2.9 Φ ±26 ±28.6 ±212
y −0.97, 0.97 ±0.3 ±2.5 Θ −15, 25 ±25.7 ±200
z 1.2, 1.85 ±0.3 ±2.5 Ψ ±20 ±38.4 ±441

Figure 3.  Pneumatically actuated motion platform for a full 
flight simulator, “Project Servoflight” at the Institute for System 
dynamics, university of Stuttgart.
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2.5. Pneumatic cylinder model

The pneumatic cylinder model has to be derived as the 
base of the controller design. A pneumatic cylinder sys-
tem consists of the pneumatic cylinder itself and a con-
trol valve. The control valve regulates the amount of air 
entering the cylinder with pressure pv and the amount of 
air exhausted to the environment at atmospheric pres-
sure p0. The modelled pneumatic cylinder is a single 
rod pneumatic cylinder with effective area of A1 and A2 
for the top and bottom chambers, respectively. The top 
chamber effective area A1 is smaller due to the piston 
rod. For the model, the transport effect of the pneumatic 
tubing is neglected (Figure 5).

2.5.1. Cylinder dynamic
The cylinder equation of motion can be derived using 
Newton’s second law, written as
 

To simplify the model a new variable K is introduced as
 

2.5.2. Chamber pressure dynamics
The model of the chamber pressure dynamics is based 
on the first law of thermodynamics. The pneumatic cyl-
inder cambers are modelled as open systems and the 
process is assumed to be adiabatic with air as an ideal 
gas. The pressure dynamics in each chamber is
 

(13)Mq̈ = A
2
p
2
− A

1
p
1
− p

0

(
A

2
− A

1

)
− Fg − FR,

(14)K = −p
0

(
A

2
− A

1

)
− Fg .

(15)ṗjVj + 𝜅pjV̇j = 𝜅RTṁj, j = 1, 2.

is the platform pose x ∈ ℝ
6 in relation to the inertial 

coordinate B. To simplify the model, the dynamics of 
the actuators will be neglected. The equation of motion 
of the moving platform can be written as
 

where M(x) ∈ ℝ
6×6 is a positive-definite generalized 

inertia matrix, C(x, ẋ) ∈ ℝ
6 is the centrifugal and 

Coriolis term, G is the gravity vector, Jx is the Jacobian 
matrix of Equation (7), and � ∈ ℝ

6 are the forces gen-
erated by the six outer cylinders in the direction of the 
cylinder stroke. Note that the model is defined at first 
without the redundant middle cylinder. The matrices in 
Equation (9) are given by

 

 

 

(9)M(x)ẍ + C(x, ẋ) + G = JTx (x)� ,

(10)M(x) =

[
mp 0

0 IBP

]
,

(11)C(x, ẋ) =

⎡
⎢⎢⎢⎢⎣

0

0

0

� × (IBP�)

⎤
⎥⎥⎥⎥⎦
,

(12)G =

[
0 0 mpg 0 0 0

]
.

Figure 4. Simplified drawing of the Servoflight platform with coordinate systems and vectors.



54  J. PradiPTa and O. SawOdny

and 

where the variable φ is defined by
 

The term ũ is the transformed input necessary to model 
the system into an input-affine formulation, where
 

Cmn is the identified valve conductance value between 
port m and n. Additionally, �is defined by 

to model the transition between subcritical and super-
critical flows.

2.5.4. State space representation
The model of the pneumatic cylinder is summarized in 
a state space representation by defining the state vector
 

The system dynamics are written in an input affine 
formulation
 

(19)ṁ
2
= ũ𝜑

(
p
2

)
,

(20)𝜑(pj) =

⎧
⎪⎪⎨⎪⎪⎩

−�C𝜌
0
pv𝜓

�
pj

pv
, b
�

for u < 0,

−�C𝜌
0
pj𝜓

�
p
0

pj
, b
�

for u > 0,

0 for u = 0.

(21)ũ =

⎧
⎪⎨⎪⎩

−C
12
(u) = −C

45
(u) for u < 0,

C
23
(u) = C

45
(u) for u > 0,

0 for u = 0.

(22)�

�
pb
pa
, b

�
=

⎧⎪⎨⎪⎩

1,
pb

pa
≤ b,�

1 −

�
pb

pa
−b

�2

(1−b)2
pb

pa
≤ b.

(23)x̌ = [ q q̇ p
1

p
2
]T .

(24)̇̌x = f (x̌) + g(x̌)ǔ, x̌(0) = x̌
0
,

Solving Equation (15) for p yields
 

and
 

2.5.3. Valve model
One proportional directional control valve is used to 
regulate the air flow, thus supplying one cylinder cham-
ber means exhausting the other chamber. The amount of 
mass flow through the valve opening is dictated by the 
valve spool input u. The mass flow equation is based on 
the work of (Rapp et al. 2012b). They identified the valve 
constant Cmn of the same valve used in the ServoFlight 
platform. The mass flow equation is written as
 

(16)ṗ
1
=

𝜅RTṁ
1
+ 𝜅p

1
A

1
q̇

A
1

(
Lo + L − q

) ,

(17)ṗ
2
=

𝜅RTṁ
2
+ 𝜅p

2
A

2
q̇

A
2

(
Lo + q

) .

(18)ṁ
1
= ũ𝜑

(
p
1

)
,

Figure 5.  Pneumatic cylinder with a proportional directional 
control valve.

Figure 6. Servoflight platform control strategy diagram.
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model presented in Equation (29) will be used later in 
the outer cylinder position control design.

3. ServoFlight platform control

The ServoFlight platform is a redundant manipulator 
and in a redundant manipulator antagonistic forces can 
occur (Chakarov 2004). Antagonistic forces occur when 
several actuators are working against each other causing 
tension on the manipulator structure. To avoid antago-
nistic forces a dual control strategy is applied. The redun-
dant middle cylinder will be a force controlled actuator 
and only the outer six cylinders will follow position 
trajectories. With this strategy the antagonistic force 
caused by the redundant cylinder can be minimized, 
provided that the middle cylinder is given a proper force 
trajectory.

Both controllers are going to use the trajectory gen-
erated by the MCA xMC, however, before the reference 
signal is fed into the controllers two transformation are 
necessary. An inverse kinematic is needed for the posi-
tion control and a force trajectory generator is needed 
for the force controller. The control signal up is for the 
six outer cylinder positions and the control signal uF is 
for the middle cylinder force (Figure 6).

3.2. Outer cylinder position control

The position tracking control of the outer cylinders is 
designed by using the I&I method proposed by Astolfi 
and Karagiannis (2008). The nonlinear control strategy 
utilizing the I&I method for a pneumatic cylinder was 
presented in Rapp et al. (2012a). A lower order asymp-
totically stable linear system is chosen to be the target 
system. The target system of order of two is written as
 

A globally attractive manifold is defined to map the orig-
inal system onto the target system
 

where 𝜙(x̃, ṽ) = 0, makes 
x̃
3
= M

(
ṽ − 𝜇

1
x̃
1
− 𝜇

2
x̃
2

)
− K + FR.The system is  

supposed to track the desired trajectory
 

 

 

(33)�̇ = �(�, ṽ) =

[
0 1

−𝜇
1

−𝜇
2

]
� +

[
0

1

]
ṽ.

(34)𝜙(x̃, ṽ) = x̃
3
−M

(
ṽ − 𝜇

1
x̃
1
− 𝜇

2
x̃
2

)
+ K − FR,

(35)y∗ = 𝜉∗
1
= x̃∗

1
,

(36)ẏ∗ = 𝜉∗
2
= x̃∗

2
,

(37)ṽ = �̇�∗
2
+ 𝜇

1
𝜉∗
1
+ 𝜇

2
𝜉∗
2
= ̇̃x∗

2
+ 𝜇

2
x̃∗
2
+ 𝜇

1
x̃∗
1
.

with the measurement vector
 

where

Following Weickgenannt et al. (2010), a new state is 
introduced to reduce the model order, thus making the 
system differentially flat. The new state is the cylinder 
force

 

Its dynamics depend on both of the cylinder pressures, 
written as
 

By defining a state vector as x̃ = [q q̇ Fcyl]
T, a new 

input-affine state space representation of order of three 
can be written as
 

with

 

and
 

In the new system model the chamber pressures are now 
time variant parameters, this should not be a problem 
because chamber pressures are measured by pressure 
sensors. The cylinder position and velocity can be meas-
ured. The cylinder force is estimated by Equation (27) 
using the measured cylinder chamber pressures. The 

(25)ymeas = [x̌
1

x̌
2

x̌
3

x̌
4
]T ,

(26)

f (x̌) =

⎡
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2

1

M
(A

2
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4
− A

1
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3
+ K − FR)

kx̌
2
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3

(L
0
+ L− x̌

1
)
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2
x̌
4

(L
0
+x̌

1
)

⎤
⎥⎥⎥⎥⎥⎦

, g(x̌)

⎡
⎢⎢⎢⎢⎢⎣

0

0
kRT𝜑

1
(x̌

3
)

(L
0
+ L− x̌

1
)

kRT𝜑
2
(x̌

4
)

(L
0
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1
)

⎤
⎥⎥⎥⎥⎥⎦

.

(27)x̃
3
= Fcyl = A

2
p
2
− A

1
p
1
.

(28)̇̃x
3
= Ḟcyl = A

2
ṗ
2
− A

1
ṗ
1
.

(29)̇̃x = f̃ (x̃) + g̃(x̃)ũ, x̃(0) = x̃
0
,
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where v̂ is the new virtual input defined by
 

4. Trajectory generation

Due to the use of the dual control strategy which divides 
the task of positioning and weight lifting to the outer cyl-
inders and the middle cylinder, respectively, two kinds 
of trajectories must be generated. The position trajecto-
ries of the outer cylinders are generated by the MCA. It 
uses the linear and angular accelerations computed by 
the flight simulator. The force trajectory for the middle 
cylinder is derived from the motion trajectory generated 
by the MCA.

4.1. Motion cueing algorithm

The MCA used in this paper consists of three channels: 
the translational acceleration channel, rotational accel-
erations channel, and the tilt coordination channel. The 
translation channel uses the linear acceleration of the 
aircraft p̈A to generate the linear position trajectory of 
the platform ps through a high pass filter and a series of 
integrators. The rotational channel uses the same princi-
ples as the linear channel but with the aircraft’s rotational 
acceleration �̈A to generate the platform desired rota-
tion �s. The tilt coordination calculates the amount of 
additional platform rotation angle to simulate constant 
acceleration. The graphical representation of the MCA 
can be seen in Figure 7. The following subsections will 
explain every part of the MCA in more detail.

4.1.1. Nonlinear scaling and coordinate 
transformation
At first, the reference accelerations generated by the 
flight simulator computer have to be limited and scaled 
to ensure the generated motion by the algorithm can be 
realized by the platform. The scaling function is a third 
order polynomial that acts as a nonlinear gain (Telban 
and Cardullo 2005). The polynomial scaling for every 
n-channel is given by
 

The scaled input then has to be transformed from the 
aircraft’s rigid body coordinate system into the platform 
inertial coordinate system. In the case of the transla-
tional channel, the transformation is done by using the 
combined rotation matrix given by Equation (4), where 
RIB = RBC.

To transform the rotational accelerations from the 
rigid body coordinate system of the aircraft into the 
inertial coordinate system of the platform, the follow-
ing equation is used

 

(47)v̂ = Ḟref + KP

(
Fref − F

)
+ KI ∫ Fref − Fd𝜏

(48)xSL,n = sign(xS,n)(c3,nx
3

S,n + c
2,nx

2

S,n + c
1,nxs,n + c

0,n)

(49)�̈I = Ṫ IB ⋅ �̇B + T IB ⋅ �̈B,

The control law is derived from the manifold dynamics
 

where � is the friction force in the cylinder FR. The con-
trol law can be written as

 

with 𝜆,𝜇
1
,𝜇

2
> 0 and

 

FR = �FR − 𝜎Mx̃
2
, σ  >  0 is the parameter update law, 

according to Rapp et al. (2012a) it is defined by
 

3.3. Middle cylinder force control

Reduced system dynamics are utilized to design the 
force controller. With a new state vector x̂ = [p

1
p
2
]T

, the state-space representation in input-affine formu-
lation is given by
 

 

with
 

 

Notice that the piston position q and velocity q̇ become 
time-variant parameters, and the friction inside the mid-
dle cylinder is neglected. Exact input–output lineariza-
tion is used to design the controller (Isidori 1995). The 
derived control law is written as
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𝜕ṽ
̇̃v = −𝜆𝜁 ,

(39)

u = v
(
x̃, FR

)
=

−1

𝜅RT
(

𝜑
2

L
0
+ x̃

1

−
𝜑

1

L
0
+ L− x̃

1

)
(
𝜆(K −M(ṽ∗ − 𝜇
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tilting the simulator cabin the lateral acceleration can 
be simulated. The equations to find the angles are

 

The tilt coordination instead will be approached by a 
third order high-pass filter. It is added into the angu-
lar channel as the third derivative of the tilt angle. The 
equation is written as
 

The tilt coordination signal generated by Equation (54) 
will be integrated three times along with the output from 
the high-pass filter of the rotational channel. Being a 
third order high-pass filter, the third integration will 
leave an offset. If it is tuned correctly, the end result will 
be similar to the output of an already familiar tilt coor-
dination given by Equation (53).

4.1.4. Transformation into actuator coordinates
To transform the desired position trajectory from 
Cartesian coordinates into the cylinder lengths the 
inverse kinematic calculation given in Equation (3) 
can be used. However, to transform the derivatives the 
following equations should be used;
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(55)q̇D = Jx(xMC)ẋMC ,

(56)q̈D = J̇x
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)
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(
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)
ẍMC ,

where
 

and the derivative is
 

4.1.2. High pass filters
From Equation (39) it is known that the controller 
requires the position trajectory to be three times con-
tinuously differentiable or C3, thus the use of a basic 
classical washout filter (Reid and Nahon 1986) is unsuit-
able since the signal generated by those filters are only 
C2. A way to solve this problem is by using higher order 
high-pass filters which are three times differentiable, e.g.
 

Both translational and rotational channels use a fourth 
order high pass filter. The filter parameters are tuned 
following the research of Fischer (2009). In his research 
he compares several MCAs and investigates methods to 
find the suitable parameters to give the most desirable 
simulator behaviour.

4.1.3. Tilt coordination
The tilt coordination channel has to be modified. In the 
classical MCA the tilt coordination cross channel is not 
included in the second derivative of the angle, making 
the derivate inconsistent.

The tilt coordination is usually approached by an 
inverse tangent equation to simulate the low frequency 
components of the accelerations through gravity. By 
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Figure 7. C3 motion cueing algorithm.
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by introducing the middle cylinder into the equation 
defined by
 

Defining a new force vector
 

yields a new dynamic model
 

The updated Jacobian matrix becomes irregular; to 
obtain the desired cylinder force �̃, the pseudoinverse 
method can be used. However, following the author’s 
previous contribution (Pradipta et al. 2015), an assump-
tion can be made such that
 

The forces generated by the outer cylinders that point 
in the same direction as the middle cylinder should be 
compensated by the middle cylinder. With
 

as the unit vector of the outer cylinders, the new plat-
form dynamic equation becomes
 

The desired cylinder force can be obtained by solving 
Equation (69) for �̃.
 

Note that the desired middle cylinder force is a function 
of the desired position trajectories and the actual plat-
form position. This measure is taken to guarantee that 
the Q(x) matrix will not become singular if the desired 
platform position is unfeasible.
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0

]
+

[
G

0

])
.

 

where qD =

[
qD,1 … qD,6

]T
 and 

xMC =

[
pS �S

]T
∈ ℝ

6 or the six DoF of the Cartesian 

coordinate. Jx is the Jacobian matrix given by Equation 
(6), and the derivative of the Jacobian is defined by
 

where
 

The derivative of the combined rotation matrix 
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3×3, the detailed derivation can 
be seen in Appendix. The cylinder velocities 
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 are obtained by Equation 

(55) and the time derivative of the rotational part is
 

The second derivative of the Jacobian is given by
 

where
 

and
 

The elements of the second derivative of the com-
bined rotational matrix R̈BC

(
� , �̇ , �̈
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∈ ℝ

3×3 can be 
found in the appendix. The cylinder accelerations 
q̈D =

[
q̈D,1 … q̈D,6

]T
 are obtained by the equation 

(56).

4.2. Middle cylinder force trajectory generation

To harness the benefit of the redundant configuration 
the middle cylinder needs a sensible force trajectory. The 
force trajectory is calculated using the dynamic model 
derived in Section 2.2. The dynamic model is extended 
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the additional time delay a unit step acceleration signal 
is fed into the high pass filter, timed at the one second. 
From the simulation, the delay can reach up to 30 ms. 
The behaviour of this MCA is, as expected, similar to a 
classical washout filter (Figure 8).

The delay introduced by the MCA is going to be the 
total introduced delay of the trajectory generation sys-
tem. This can be achieved by the omission of the inter-
mediate C3 trajectory generator that would normally 
have to be used, as it would introduce additional delay.

5.2. Controller performance

To test the position controller performance, the plat-
form is set to follow a desired roll trajectory of 10° in 
2.5 s, which is a representative reference trajectory since 
the output from the washout filter is about the same 
motion rate. From the measurements, the platform can 
follow the desired trajectory with small deviation. The 
maximum deviation during the test is 0.3° on the roll 
angle. Due to the coupled nature of the manipulator, a 
motion on one degree-of-freedom will affect the rest 
of the DoF. However, the platform shows only small 
deviations on the other DoF, as shown in Figure 9. On 
the actuator level, those deviations translate into a max-
imum of 1 cm on the actuator coordinate, as shown in 
Figure 10. Nevertheless, the platform induces a small 

5. Measurement results

To see if the platform is suitable for a flight simulator 
application. Experiments were conducted to measure 
the controller performances and the platform’s overall 
response to the pilot input.

5.1. MCA latency

The use of the higher order high pass filter is necessary 
to create a three times differentiable trajectory for the 
controller. However, the higher order filter is going to 
introduce additional time delay to the MCA. To estimate 

Figure 8. Comparison of the filter responses.

Figure 9. Position tracking performance of the platform.
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payload weight is still able to be lifted by the outer cyl-
inders (Figure 12).

Overall, the performance of the controllers can be 
considered good considering the use of the compliant 
pneumatic actuators. The most important thing is that 
the platform can react to rapid changes in trajectory to 
provide well timed motion cues. This will be investigated 
in the next section, where the total latency of the system 
is tested.

5.3. Overall system performance

To test whether the platform is suitable to be used as a 
motion simulator or not. The reaction time of the sys-
tem will be measured. The International Civil Aviation 
Organization (ICAO) states in their Manual (ICAO, 
2009) that the maximum total transport delay for a 
motion simulator must be lower than 150 ms. The delay 
is measured from the moment of flight control input to 
the time of platform motion (Figure 13).

To measure the transport delay in the platform an 
experiment involving a pilot is conducted. The pilot 
pulls the joystick towards him as quick as possible, and 
consequently the platform should pitch backwards (pos-
itive pitch). Please note that the joystick input does not 
exactly scale directly to the platform motion because 
the signal must go through the aerodynamic simulator 

time delay during the motion, measured about 60 ms 
from the beginning of the motion. This delay is visu-
alized by Figure 11, which is a blown out view of the 
platform roll angle.

The force controller performs similarly well. It follows 
the desired force trajectory with a maximum deviation 
of 10 N, which is very small. The deviation of the force 
tracking performance does not affect the overall plat-
form performance significantly since a fraction of the 

Figure 10. actuators position tracking performance.

Figure 11.  Platform motion deviation, zoomed in view of the 
platform roll angle.
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From the experiment, the time between the pilot’s 
input and the platform reaction, the total transport delay, 
is measured at 90 ms. The measured time is lower than 
the ICAO standard maximum of 150 ms. This reaction 
time is critical to creating well timed motion feedback 
and avoiding false cues that can cause motion sickness. 
The result of this experiment is depicted in Figure 14, 
and zoomed in to the critical moment in Figure 15.

6. Conclusion

The utilization of a redundantly actuated motion plat-
form driven by seven pneumatic cylinders for a FFS 
application is proven to be feasible. The platform can 
follow the reference position and force trajectories gen-
erated by the MCA and the force trajectory generator, 
respectively, with considerably small deviation. The 
most important property of a motion platform is the 
overall system latency and from the experiment the 
platform response is still within the ICAO specified 
maximum delay.

Nomenclature

Aj Piston effective area of chamber j

Ĉ Valve conductance scaling factor
Cmn Identified valve constant
FR Cylinder friction
Fcyl Cylinder force
Fg Force of gravity
L0 Cylinder dead length
ṁJ Mass flow of chamber j
mp Platform weight
p0 Atmospheric pressure
pj Pressure in chamber j
pv Supply pressure
q̈i Cylinder number i acceleration
qi Cylinder number i velocity
qi Cylinder number i position
ũ Transformed control signal for cylinder position
û Control signal for cylinder force
Vj Cylinder chamber j volume
xp Platform x position
yp Platform y position
zp Platform z position
bBi  Cylinder bottom mounting coordinate
cCi  Cylinder top mounting coordinate
IBp ∈ ℝ

3×3 Platform inertia matrix
Jx Jacobian matrix
li Cylinder vector

of the airplane and then the MCA. Therefore, the test is 
only to determine the amount of time between the input 
and the platform reaction.

Figure 12. Middle cylinder force tracking performance.

Figure 14. the motion simulator response to pilots input.

Figure 15. Measured total transport delay of the flight simulator.

Figure 13. total transport delay (ICao, 2009).
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mp ∈ ℝ
3×3 Platform mass matrix

ni Cylinder unit vector
pB ∈ ℝ

3 Platform translation vector
RBC Combined rotation matrix
ρ0 Air density
 Lie derivative
Θ Platform pitch angle
Φ Platform roll angle
Ψ Platform yaw angle
L Cylinder maximum length
R Specific gas constant
T Absolute temperature
g Gravity
u Control signal
C(x, ẋ) ∈ ℝ

6 Coriolis vector
G ∈ ℝ

6 Gravity vector
M(x) ∈ ℝ

6×6 Platform generalized inertia matrix
q ∈ ℝ

6 Cylinder lengths vector
x ∈ ℝ

6 Platform pose vector
κ Isentropic exponent
� ∈ ℝ

3 Platform rotational angle vector
� ∈ ℝ

3 Platform angular velocity vector
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ṘBC(2, 3) = Ψ̇s

Φ
s
Ψ
− Φ̇c

Φ
c
Ψ
+ Θ̇c

Φ
c
Θ
s
Ψ
+ Ψ̇c

Φ
s
Θ
c
Ψ
− Φ̇s

Φ
s
Θ
s
Ψ

(77)
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