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Kinematic task space scheme for 3dof pneumatic parallel robot
in motion control application

Eduardo Izaguirre, Luis Hernández, and Orlando Urquijo

Abstract: The tracking of the wanted position of 3-DOF parallel robot and its orientation in
the Cartesian coordinate frame attached to the mobile platform in 3D space (task space) are
important in industrial driver simulator’s performance. The goal of this work is to implement in a
3DOF parallel industrial robot, a kinematic control scheme in task space coordinates. The inverse
kinematics model is used to obtain the desired joint position coordinates from the time-varying
trajectory given in task space. The proposed cascade control scheme in task space is based in two
loops, the inner loop consisting in a decoupled joint position control and the outer loop which is
designed to obtain an appropriate task space positioning. In order to avoid the on-line computation
of direct kinematics, an arrangement of inertial sensor and optical encoders are employed to
provide the accurate pose measurement of end-effector. The experiments demonstrate the great
performance of the cascaded control scheme in motion application.
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1. INTRODUCTION

Parallel robots have received special attention of the
systems and control community based on its high force-to-
weight ratio and widespread applications [1]. The control
schemes for a parallel robot can be divided into two strate-
gies: joint space control [2], and task-space control [3].
The joint space control scheme is based on the informa-
tion of each actuator length and can be implemented as a
decoupled independent single-input single-output control
systems for each actuator, with in general, poor compen-
sation of the uncertainties. On the other hand, a task space
controller has a potential to provide a better control for the
parallel robot under system uncertainties: inertia, mode-
ling error, friction, etc. Nevertheless this type of control
scheme needs the direct measurement of system task space
state [4] or task space state estimation, normally cumber-
some. Task space control schemes have been presented for
direct inverse dynamics control, with joint space dynamic
model compensation [5] or task space dynamics model
compensation, [6], including vision based computed torque
in task space control [7]. Many of this schemes have
been proved by simulation or in laboratory testbed, but
not commonly on industrial motion platform.

Many solutions for task-space based control for both
serial and parallel robots can be found. Kim [8] present
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this control applied to a 6 DOF parallel robot, but require
the numerical forward kinematic solution, Qi [9] presents
the control based on a combination of fuzzy and sliding
mode control, but the system is only tested by simulation.
Other solution is based on the dynamic model compensa-
tion, but due to the presence of highly nonlinear dynamic
coupling, unstructured uncertainties and external distur-
bance, but the dynamic model of the parallel robot results
very complex and will never be exact. Other way is the
so-called kinematic task space control, where the solution
of the numerical forward kinematic and robot dynamic
model are avoided, but the tracking problem in the task
space is not solved [10].

The goal of this work is to improve the performance
of the control system of an industrial 3DOF pneumatic
pa-rallel platform, used by SIMPRO company to develop
a driver simulator. The solution of the control problem
in the joint space of the parallel structure with pneumatic
actuators have been obtained by Rubio [11], using a de-
coupled control based on actuator lineal model around the
operational point. But the performance of this scheme
is strongly dependent of the precision of the kinematic
model and dynamic uncertainties. The solution proposed,
the kinematic task space control, is based on the direct
measurement of system task space state. The control sys-
tem considers two loops in cascade, an internal loop sol-
ving the robot’s joint control (q), and an external loop im-
plementing the task space control (x).

The principal advantage is the simplicity of the control
system used, which doesn’t need the solution of the for-
ward kinematic and robot dynamic model, very complex
tasks in parallel robots.

The good time response, control performance and sta-
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bility of the proposed control system are demonstrated,
where experimental results confirm the expected response
of the parallel robot in the task space coordinates in mo-
tion control application.

The paper is organized as follows: In section 2., the
robot description and the kinematic and electro-pneumatic
actuators models are presented. Consequently in the sec-
tion 3. exteroceptive pose measurement is exposed as the
practical solution for measure the task space robot’s coor-
dinates. The control problem is formulated in the section
4., where the solution of joint decoupled control and ro-
bustness analysis is done. The kinematic task space pro-
posed control, is given in section 5. with experimental re-
sults described in section 6.. Finally section 7. gives some
concluding remarks.

2. KINEMATIC ROBOT DESCRIPTION

As shown in Fig. 1, the robotic system considered con-
sists of a 3DOF parallel manipulator controlled by pneu-
matic actuators. The parallel robot is produced by SIM-
PRO for driving simulator purpose, the robot has sensors
to measure the joint displacements and the task space states.
The basic mathematical description of this system consists
of the parallel robot kinematic and dynamic model of the
electro-pneumatic actuators.

Fig 1: SIMPRO 3DOF pneumatic motion simulator and
its RPSU-2SPS kinematic structure

Likewise the serial manipulators, kinematics relations
of parallel robots give the relationship between the joints
variables q and the corresponding position (x,y,z) and an-
gular orientation (θ ,ϕ,ψ) of center of mass of mobile
platform in cartesian space. For an n-axis parallel struc-
ture, the forward kinematic (FK) solution T could be nu-
merically computed according with the number of joints
of kinematic architecture [1]. Generic mathematical re-
presentation of forward kinematics could be:

x =
[

x y z θ ϕ ψ
]T = f (q1,q2, . . . ,qn) = T (1)

For parallel robots, the complexity of FK equations in-
crease notably with the numbers of degree of freedom,
the solution is non-unique and numerical methods are cu-
rrently used to obtain the solutions. Unfortunately there
is no known algorithm that allows the determination of
the current pose of the platform among the set of solu-
tions. Furthermore, the computation times involved in FK

algorithms are still too many for use in a real time appli-
cation [1].

For robot path planning, the inverse kinematic (IK) ex-
pression T−1 gives the joint coordinates q required to reach
the specified pose of mobile platform. The mathematical
expression of inverse kinematics can be written as:

q =
[

q1 q2 . . . qn
]T = g(x,y,z,θ ,ϕ,ψ) = T−1 (2)

Schematic of the 3DOF parallel robot under study is
shown in Fig. 1. The system consists of a fixed base con-
nected to a moving platform by three actuated kinematics
chains, following the RPSU-2SPS architecture. A base
coordinate frame designated as Oxyz frame is fixed at the
center of the base with its z-axis pointing vertically up-
ward and the x-axis pointing backwards of the platform.
Similarly a moving coordinate frame Px′y′z′ is assigned to
the center mass of the moving platform, with the z′-axis
normal to the mobile platform. By simplicity, the direc-
tions of both z and z′ axes are pointing in the same unit
vector.

The actuators are double effect electro-pneumatic cylin-
ders, whose lineal displacements produce the 3DOF of the
robot, consisting in two rotations around the x′ and y′ axes,
represented by roll (θ ) and pitch (ϕ) angles respectively,
and linear displacement along the z′ axis (elevation), de-
fined by the variable h. So, the moving platform can simu-
late different sceneries in correspondence with the virtual
reality world shown in a LCD display located inside the
cabin which is supported by mobile platform.

The vectorial formulation is used to develop the inverse
kinematics relations, where the set of equations contains
the same number of equations as the unknown variables
[1], where the closed vector cycle is constituted between
the points Ai and Bi in correspondence with the illustration
represented in Fig. 2.

Fig 2: Representation of closed loop vectors of active legs

Establishing the inverse kinematics model is essential
for the position control of the robot. Then, for each kine-
matics chain, a vectorial function can be formulated by
expressing the actuated joint coordinates (q) as a function
of cartesian coordinates (x) which define the pose of the
mobile platform. According to equation (2) the relation
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AiBi = g(x) was found in order to calculate the inverse
kinematics model of the robot.

The position vector of the mobile platform with refe-
rence to the fixed frame is defined by the vector −→p =

−→
OP,

that is, the position (elevation) of the platform in carte-
sian space is defined by z′ coordinates of point P. Conse-
quently, the orientation of mobile platform is determined
by θ and ϕ angles.

Using the notation illustrated in Fig. 2, the inverse kine-
matic expressions can be written from the loop closure
equation for each actuated kinematic chain. A complete
inverse kinematics study of the 3-DOF parallel mecha-
nism and validation of IK equations can be found in [12],
including singularities analysis, where the existence of non-
singular configurations in the robot’s workspace are demon-
strated.

2.1. Electro-pneumatic actuators model
In order to obtain the dynamic model of a pneumatic

cylinders, the influence of the underlap characteristic of
the flow servo-valve is considered [11]. Under this con-
ditions, the transfer function of the electro-pneumatic sys-
tem, position Y0(s) versus control action U0(s), is obtained
in the operating point of the flow servovalve (3).

Y0(s)
U0(s)

=
b0

s(s2 + c1s+ c0)
(3)

The coefficient b0 is the gain system, c1 = 2ξ ωn and
c0 = ω2

n ; where ωn and ξ are respectively the open loop
undamped natural frequency and damping ratio of the sys-
tem.

The linearized version of electro-pneumatic system are
developed by dynamic on-line identification following the
block diagram shown in Fig. 3. The position’s transfer
function Y(s) from the valve input voltage U(s) is obtained
based on previous works development firstly in 2-DOF
pneumatic platform [11], and subsequently extending to
3-DOF motion simulator [13].

Fig 3: Representation of block diagram for dynamic on-
line identification

The corresponding transfer functions obtained by close
loop experimental identification are shown in expressions
4 and 5 for actuator 1 and actuators 2-3 respectively.

Actuator 1 :
Y1(s)
U1(s)

=
246

s(s2 +7.73s+253)
(4)

Actuators 2,3 :
Y2,3(s)
U2,3(s)

=
2008

s(s2 +7.28s+1349)
(5)

The kinematic control based on the dynamic model of
actuators does not required to computed the inverse dy-
namic matrices, it is simple and very useful for real-time
implementation with low samples period.

3. POSE MEASUREMENT SYSTEM

On line computing of direct kinematics of PKM in real
time applications demand high performance of the com-
puter hardware, additionally task space control schemes
based on forward kinematics are affected by the numeri-
cal estimation errors and the geometrical errors, both typi-
cal characteristics of direct kinematics problem of parallel
robots applications [14]. Based on the general idea of J.
Gao [4] , the combination of exteroceptive sensorial sys-
tem consisting of optical encoders and inertial measure-
ment unit is proposed to efficiently measured the pose of
moving platform [15].

In that case, the vector of cartesian coordinates of the
end-effector positioning is measured by the arrangement
of exteroceptive sensors as is shown in Fig. 4.

Fig 4: Arrangement of sensors located on the moving plat-
form for measure the end-effector pose

Thanks to the combination of the optical encoders and
inertial measurement unit, a fast and accurate end-effector
pose measure is available in real time for control purposes.

4. CONTROL PROBLEM

The control problem is formulated as the design of a
controller which computes a control signal corresponding
to the movement of the robot in such a way that the de-
sired task space position be reaches following wanted per-
formances index.

The control the desired state
[

θd ϕd hd
]T is the

position of center of mass of mobile platform, so the task
state error is then defined as:

ỹ = yd− y =

 θ̃

ϕ̃

h̃

=

 θd
ϕd
hd

−
 θ

ϕ

h


which could be calculated at every measurement time

and used to move the robot in a direction allowing its de-
crease. Therefore, the control aims at ensuring that:

lim
t→∞

ỹ = lim
t→∞

[
θ̃ ϕ̃ h̃

]T = 0
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The assumption for the control problem is that, the con-
trol problem is evaluated with initial error ξ̃ (0) and it is
sufficiently small and also exists a robot joint configura-
tion qd in which the condition ξd = ξ (qd) is fulfilled.

4.1. Joint control
The electro-pneumatic actuators systems consist of pro-

portional flow valve type MPYE-5-3/8 connected to double-
acting pneumatic cylinder FESTO DNC-125-500. The ac-
tuator model was obtained by dynamic identification [11],
where the bandwidth and magnitude of the pseudo ran-
dom binary input signal were selected to obtain the ade-
quate excitation of the robotic system. The experimental
dynamic identification resulted in the electro-pneumatic
systems models described by (4) and (5)

The transfer functions of joints controllers are designed
for two conjugated complex poles dominated with ξ = 0,7
and ωn=10 rad/s, where the general proposed closed loop
transfer function is:

Bm

Am
=

kp b(s+ ki)
(s+ p1)(s+ p2)(s2 +2ξ ωn s+ω2

n )
(6)

The p1 and p2 are two non dominant poles, selecting to-
gether with the parameters ωn and ξ using the pole place-
ment method [11], [12].

The obtaining transfer functions of controllers are des-
cribing by (7) and (8) for actuator 1 and actuators 2-3,
respectively.

U1(s)
E1(s)

=
265(s2 +7.726s+253)(s+3.03)

s(s2 +146.7s+6267)
(7)

U2,3(s)
E2,3(s)

=
32(s2 +7.726s+1349)(s+3.03)

s(s2 +146.7s+6267)
(8)

The control system must be designed to provide high
speed, low error, and positioning repeatability. An em-
bedded controller provides a control signal to electropneu-
matic valves, which drives the pneumatic cylinders. This
type of pneumatic system is low in cost, and provides ade-
quate dynamic and accuracy performance, in the motion
control application.

Then de joint control scheme is implemented following
the block diagram shown in Fig. 5

Fig 5: Joint space position control scheme

4.2. Robustness analysis
In order to analyze the robustness against dynamic in-

teractions of the proposed joint control scheme, the ampli-
tude of sensitivity function of the transfer function Y (s)/U(s)
is evaluate around the operation frequency of the motion
simulator. For robustness analysis the control loop of Fig.
5 can be redraw as is shown in Fig. 6

Fig 6: Simplified control scheme for robustness evalua-
tion of closed loop system

The sensitivity function Sh
P is obtained as the relation

between the closed loop output variations h(s) respect to
the variations of the transfer functions of the plant P(s),
and it is calculated by expression (9).

Sh
P =

∂h
∂P

P
h

= [1+P(s)K(s)]−1 (9)

where:

h(s) =
P(s)K(s)

1+P(s)K(s)
(10)

The Bode magnitude of the output sensitivity respect to
the variations of the transfer function of the plant is shown
in Fig. 7, where no peaks are observed in the closed loop
magnitude. In particular, the magnitude value of -38 db
is achieved at operation frequency of robot (W ( jω)=0.82
rad/sec). This is an acceptable attenuation value as a guar-
antee of robust performance of the system for the practical
application of motion simulator.

Fig 7: Bode diagram of the loop sensitivity functions

5. KINEMATIC CONTROL SCHEME

A direct knowledge of the desired joint position qd is
not available. Nevertheless, the desired joints positions
can be obtained as a result of the estimated control signal
and the solution of the kinematics problem.
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Fig 8: Kinematic task space control scheme

The implemented closed-loop block diagram can be des-
cribed as shown in Fig. 8. The control system has two
loops in cascade, the internal loop solving the robot’s joint
control, and the external loop implementing a kinematic
task space control.

The inner control loop has open control architecture; in
this architecture it is possible to implement any type of
controller. In such way the dynamic effect of the inter-
nal loop could be independent with regard to the external
loop, being under the conditions that:

q(t) = qd(t) ∀t > 0 (11)

Because the dynamics of the inner loop could be repre-
sented as one (or two) delay units of the external loop [16],
the equation (11) is modified as,

q(k) = qd(k−1) ∀k > 0 (12)

According to the approximation (12), the following sim-
plified control scheme of Fig. 9 can be considered.

Fig 9: Simplified control scheme

A simple integral controller can be used in this control
scheme, where the control law can be given by:

GT = KI

∫
ỹ(t) (13)

Where KI ∈ℜ3×3 is the symmetric integral matrix:

KI =

 KI1 0 0
0 KI2 0
0 0 KI3

 (14)

The coordinates increment in the task space can be in-
terpreted as a result of the direct measurement of the cen-
ter of mass of moving platform pose. Solving the inverse
kinematics problem T−1 it is possible to obtain qd .

The task space coordinates are measured by the arrange-
ment of linear sensors [15], representing by the measuring
gain matrix KM as,

KM =

 Kθ 0 0
0 Kϕ 0
0 0 Kh

 (15)

Taking into account Fig. 8, obtaining the discrete equi-
valence of the controller of equation (13), according to
equations (12) and (14) and taking a sampling period of
60 ms, the following transfer function for the digital con-
troller is derived:

GT (z) =
0.06KI

z−1
(16)

Then, considering (16), the closed loop transfer func-
tion of the simplified system represented in the Fig. 9, can
be written as:

0.06 KI KM z−2

(1− z−1)
[Yd(z)−Y(z)] = Y(z) (17)

It is easy to conclude that the control system is decou-
pled in each task space coordinate, i.e., the roll, pitch and
elevation of mobile platform, where the cartesian coordi-
nates of mobile platform are described by different stable
expressions.

For purpose control, the closed loop poles of robot ele-
vation, for example, are selected for the gain KhKIi = 3.
An overdamped transient response to the step input is ex-
pected for this design. The system is stable with KhKIi <
20. A similar analysis can be done for roll and pitch task
space coordinates.

6. EXPERIMENTAL RESULTS

The control scheme was tested on the 3DOF pneumatic
parallel robot. The inner and the external loops are both
implemented in a Pentium-D 3.00-GHz connected to the
robot through a Humusoft MF624 board. The board reads
the joint’s positions from linear potentiometric sensors,
executes the control algorithm and gives the control signal
to the electro-pneumatic valves with a sampling period of
1 ms. The task space variables are acquired by the same
card, reading an encoder for the height; and pitch and roll
angles via IMU [15]. In this loop the inverse kinematic
problem is solved and the obtained vector of joint’s coor-
dinates qd is given as desired joint positions to the internal
loops. The control algorithm has been implemented using
MATLAB/Simulink with the Real-Time Windows Target.

As shown in Fig. 8 the control system has two loops,
the internal loop is solving the joint’s control (decoupled
control) with enough level of robustness to attenuate the
undesirable effects of dynamics interactions between ac-
tuators, whereas the external loop executes the tracking
task space control.

The equation (12) is satisfied, where the dynamic of the
internal loop is dominated by a pair of conjugated complex
poles (see section 4.1.), with 60 ms of sampling period
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for the external loop. A similar performance is obtained
if the sampling period is 30 ms and the condition (12) is
modified as q(k) = qd(k−2) ∀k > 0.

Figure 10 shows the joint’s displacements during pulse
train input signal with constant amplitude and frequency,
where zero steady state error and the expected robustness
of the closed-loop system against dynamic interactions be-
tween actuators are both achieved. Nevertheless, rela-
tively large positioning errors appears in the cartesian coor-
dinates from only implementation of decoupled position
control scheme (see Fig. 11). Consequently, the moving
platform pose can not be efficiently controlled only by the
decoupled joint control.

Fig 10: Results of experiments in joint positioning with
decoupled position control

Fig 11: Cartesian errors in height positioning of end-
effector

For that reason a cascade control scheme is then imple-
mented for motion control purposes, by taking the advan-
tages of two cascaded control loops architecture in task
space configuration.

In the Fig. 12 is presented the platform task space out-
put to simultaneous sine input in, θd , ϕd and hd , demon-
strating the good positioning performance, under the cas-
caded kinematics control scheme.

Fig 12: Task space control with sine input in: θd , ϕd and
hd without positioning errors of mobile platform

7. CONCLUSION

In this work a kinematic task space control scheme is
implemented in a 3DOF pneumatic parallel industrial robot,
based on the two cascaded loops control scheme and ex-
teroceptive pose measurement. The internal loop solving
the robot’s joint control and the external loop is imple-
menting as the task space control. The improvement of the
performance of the control system is demonstrated with
the kinematic task space control scheme, in relation with
the joint control scheme. The experimental results confirm
the expected performance of the system in the task space
configuration. The two loops architecture gives flexibility
to simulate and implement many robot’s control strategies
by modifying the outer loop control, while leaving the in-
ner loop unchanged. On the other hand, the exteroceptive
measuring system provide achievable dynamic positional
and orientation accuracy in the range of control frequen-
cies, taking as feasible end-effector pose measurement so-
lution for the SIMPRO 3-DOF pneumatic parallel robot.
Control algorithms are relatively simple and consequently
feasible to implement in real-time industrial application,
where fine positioning control and excellent stability are
both achieved. Future researches will be addressed to im-
prove the overall performance of the system under dy-
namic load uncertainties, external disturbance forces and
noise measurements.
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