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Abstract – In this paper, a model-based impedance control 
strategy is developed for a 3 DOF parallel manipulator to manage 
the interaction of the robot with the environment. Kinematic and 
dynamic modeling of the manipulator has been analyzed in order 
to be used for both simulation and control purposes. The 
impedance controller objective and the structure of the proposed 
controller are introduced and controller gain selection is 
discussed. A simulation study evaluates the effectiveness of the 
proposed impedance control structure. It is observed that 
although the proposed controller is designed for impedance 
adjustment of the robot, in case of free motion, it results into 
desirable position tracking. Moreover, when the robot comes into 
contact with the environment, the interaction dynamics can be 
regulated regardless of the nonlinear dynamics of the robot. 

Index Terms – Parallel manipulator, impedance control, 
model-based control, stiff environment.  

I. INTRODUCTION

 Over the last two decades, parallel manipulators have been 
among the most considerable research topics in the field of 
robotics. A parallel manipulator typically consists of a moving 
platform that is connected to a fixed base by several limbs. 
The number of limbs is at least equal to the number of degrees 
of freedom (DOF) of the moving platform so that each limb is 
driven by no more than one actuator, and all actuators can be 
mounted on or near the fixed base. These robots are now used 
in real-life applications such as force sensing robots, fine 
positioning devices, and medical applications [1, 2]. 
When a manipulator is in contact with a constraining surface 
which is generally called as the environment, force is 
generated between the manipulator end effector and the 
environment. The amount of the force exerted by the 
manipulator on the environment depends on how much the end 
effector position is physically constrained by the environment 
to reach its goal position. Hence, the contact force can be 
regulated by appropriate control of the end effector position. 
In literature, a variety of approaches have been proposed that 
allow position and force control in different manipulation 
tasks [3], especially where a relatively permanent contact of 
the manipulator with the environment is needed.  
Perhaps the most straightforward control approach in such 
tasks is the Hybrid approach, also known as Hybrid interaction 
control. In this approach, Cartesian or task axes are separated 
into constrained and unconstrained axes and position and force 
are controlled separately in their own controllable directions, 
where position control is performed along unconstrained and 
force control is performed along constrained directions. 

Another most frequently used approach considers a certain 
desired dynamic specification of the manipulator behavior, 
well-known as the manipulator impedance which describes the 
dynamic relationship between positions and forces or 
equivalently between orientations and torques. In this 
impedance control approach the robot end effector position is 
adjusted in response to the sensed contact force in such a way 
that a target impedance relationship is satisfied. In this way, 
under an external force, the manipulator must behave as the 
desired impedance, tracking the target referenced trajectory. 
The impedance concept was proposed first in [4] in order to 
avoid large values of contact forces and moments due to the 
robot/environment interaction. This is achieved by enforcing a 
compliant behavior of the end effector with suitable dynamic 
features, characterized by a desired inertia, damping and 
stiffness. A survey of interaction control schemes and 
comparison of different methods can be found in [5]. 
Parallel manipulators are attractive for tasks requiring the 
control of forces or moments because of their inherent 
stiffness. Many researchers consider the position control for 
parallel manipulators especially the Stewart platform. 
However, parallel manipulators with 3 DOF have been also 
implemented for applications where 6 DOF are not required, 
such as high-speed machine tools. Recently, 3 DOF parallel 
manipulators with more than three limbs have been 
investigated, in which the additional limbs separate the 
function of actuation from that of constraints at the cost of 
increased mechanical complexity [6]. Position control of such 
mechanisms has not received much attention so far and is still 
regarded as an interesting problem in parallel robotics 
research. Furthermore, regarding the developing field of 
parallel manipulator control, it is crucial to consider the 
control of forces as the manipulator is in contact with the 
environment while undergoing a constraint motion. Hybrid 
control has been applied to parallel manipulators [7]. 
Impedance control techniques have also been used, in 
particular in haptic interfaces [7]. However, the literature on 
impedance control of parallel manipulators, especially for 3 
DOF redundant mechanisms, is much limited than that of 
conventional serial manipulators.  
In this paper, a model-based impedance control strategy is 
developed for a three DOF actuator redundant hydraulic 
parallel manipulator to manage the interaction of the robot 
with the environment. The paper is organized as following. 
Section 2 contains the mechanism description, while 
kinematics modeling of the mechanism is studied in section 3. 
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In section 4 dynamic formulation of the manipulator is 
discussed as a key element in model based control design. The 
proposed structure for impedance control of the manipulator is 
elaborated in section 5 and the results are analyzed using a 
simulation study. 

II. MECHANISM DESCRIPTION

A schematic of the mechanism, which is currently under 
experimental studies in ARAS Robotics Lab, is shown in Fig. 
1. The mechanism is originally designed by Vincent Hayward 
[8], borrowing design ideas from biological manipulators 
particularly the biological shoulder. The interesting features of 
this mechanism and its similarity to human shoulder have 
made its design unique, which can serve as the basis for a 
good experimental setup for parallel robot research. As shown 
in figure 1, the mobile platform is constrained to spherical 
motions. Four high performance hydraulic piston actuators are 
used to give three degrees of freedom in the mobile platform. 
Each actuator includes a position sensor of LVDT type and an 
embedded Hall Effect force sensor. The four limbs share an 
identical kinematic structure. A passive limb connects the 
fixed base to the moving platform by a spherical joint, which 
suppresses the pure translations of the moving platform. 
Simple elements like spherical and universal joints are used in 
the structure. A complete analysis of such a careful design will 
provide us with required characteristics regarding the structure 
itself, its performance, and the control algorithms.  
From the structural point of view, the shoulder mechanism 
which, from now on, we call it "the Hydraulic Shoulder" falls 
into an important class of robotic mechanisms called parallel 
robots. The motivation behind using these types of robot 
manipulators was to compensate for the shortcomings of the 
conventional serial manipulators such as low precision, 
stiffness and load carrying capability. However, they have 
their own disadvantages, which are mainly smaller workspace 
and many singular configurations. The hydraulic shoulder, 
having a parallel structure, has the general features of these 
structures. It can be considered as a shoulder for a light 
weighed seven DOF robotic arm, which can carry loads 
several times its own weight. Simple elements, used in this 
design, add to its lightness and simplicity. The workspace of 
such a mechanism can be considered as part of a spherical 
surface. The orientation angles are limited to vary between -

/6 and /6. No sensors are available for measuring the 
orientation angles of the moving platform which justifies the 
importance of the forward kinematic map as a key element in 
feedback position control of the shoulder with the LVDT 
position sensors used as the output of such a control scheme. 
In former studies by the authors, different numerical 
approaches have been used to solve the forward kinematic 
map of this manipulator [9]. Furthermore, complete kinematic 
modeling resulting in a closed-form forward kinematics 
solution, Jacobian analysis through a complete velocity 
analysis of the mechanism, and singularity analysis are all 
discussed in detail in [10]. 

III. HYDRAULIC SHOULDER KINEMATICS

Fig. 2 depicts a geometric model for the hydraulic shoulder 
manipulator which will be used for its kinematics derivation. 

Two coordinate frames are defined for the purpose of analysis. 
The base coordinate frame {A}: 000 zyx is attached to the fixed 
base at point C (rotation center) with its 0z -axis perpendicular 
to the plane defined by the actuator base points 4321 AAAA and 
an 0x -axis parallel to the bisector of angle ∠A1CA4. The 
second coordinate frame {B}: 444 zyx is attached to the center 
of the moving platform P with its z-axis perpendicular to the 
line defined by the actuators moving end points (P1P2) along 
the passive limb. Note that we have assumed that the actuator 
fixed endpoints lie on the same plane as the rotation center C. 
The position of the moving platform center P is defined by: 

T
zyx

A pppp ],,[= (1) 

Also, a rotation matrix B
AR is used to define the orientation of 

the moving platform with respect to the base frame:  
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where zyx θθθ ,, are the orientation angles of the moving 
platform denoting rotations of the moving frame about the 
fixed ,, yx and z axes respectively. Also θc and θs  denote 

)cos(θ and )sin(θ  respectively. 
With the above definitions, the 44× transformation matrix 

B
AT is easily found to be: 

=
10
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B
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Hence, the position and orientation of the moving platform are 
completely defined by six variables, from which, only three 
orientation angles zyx θθθ ,, are independently specified as the 
task space variables of the hydraulic shoulder. 
The kinematic vector-loop equation for each actuated limb can 
be written as: 

ii
B

B
AA

iii apRpslL −+== . (4) 

where il is the length of the thi actuated limb and is  is a unit 
vector pointing along the direction of the thi actuated limb. 
Also, pA is the position vector of the moving platform and 

B
AR  is its rotation matrix. Vectors ia  and i

B p  denote the fixed 

Figure 1. The Hydraulic Shoulder Manipulator 

527



end points of the actuators (Ai) in the base frame and the 
moving end points of the actuators respectively, written as: 

( )TAAa 0coslsinl bb11 −== ,

( )TAAa 0coslsinl bb22 −−== ,

( )TAAa 0coslsinl bb33 −== ,

( )TAAa 0coslsinl bb44 == ,

and, 

 (5) 

( )TB p ll0 kd1 −−= ,

( )TB p ll0 kd2 −= .
 (6) 

Hence, the actuator lengths il  can be easily computed by dot-
multiplying (4) with itself to yield: 

][][. 2
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B
B

AAT
ii

B
B

AA
ii

T
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Writing (7) four times with the corresponding parameters 
given in (2), (5) and (6), and through algebraic simplifying, 
results in the complete kinematic model of the hydraulic 
shoulder. 
For the Jacobian analysis of the Hydraulic shoulder, we must 
find a relationship between the angular velocity of the moving 
platform, , and the vector of limb rates as the actuator space 

variables, [ ]Tllll 4321=l , so that:  

l J=  (8) 

From the above definition, it is easily observed that the 
Jacobian for the Hydraulic shoulder will be a 34×  rectangular 
matrix as expected, regarding the mechanism as an actuator 
redundant manipulator. Using the idea of mapping between 
actuator, joint and task space, we find that the Jacobian 
depends on the actuated limbs as well as the passive 
supporting limb. Therefore, we first derive a 64×  Jacobian, 

lJ , relating the six-dimensional velocity of the moving 

platform, v , to the vector of actuated limb rates, l . Then, we 
find the 36 × Jacobian of the passive supporting limb, pJ . The 
Jacobian of the Hydraulic shoulder will be finally derived as:

pl JJJ = (9) 

The details of the expression of the Jacobians can be found in 
[10]. 

IV. HYDRAULIC SHOULDER DYNAMCIS

In this section the dynamic model of the hydraulic shoulder is 
derived based on the application of the Lagrange formulation 
with θ  chosen as the vector of generalized coordinates. The 
equation of motion can be written as: 

g

LL
dt
d τ

θθ
=

∂
∂−

∂
∂ )( (10) 

where the Lagrangian function L = T - U is the difference 
between the kinetic energy T and the potential U of the system 
and g is the vector of the generalized torques. The kinetic 
energy can be written by adding translational and rotational 
contributions as: 

θθθθθ )(
2
1),( MTT T==  (11) 

where 3R∈θ and 33×∈ RM . Similarly, the potential energy can 
be written as: 

)(θUU = (12) 

Hence, the Lagrange equations of motion can be rewritten as: 

g

UTT
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d τ
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Using (13), the complete dynamic model of the hydraulic 
shoulder can be obtained as: 

eGVM ττθθθθθ −=++ )(),()( (14) 

Where the vectors θθθ ,,  are the moving platform orientation 
angle, angular velocity and angular acceleration 
respectively, )(θM  is the 33× symmetric positive definite 
inertia matrix, ),( θθV is the 13×  vector of Coriolis and 
centrifugal torques, )(θG is the 13×  vector of gravitational 
torques, τ  is the 13×  vector of moving platform torques and 

eτ is the 13× vector of external torques applied to the moving 
platform. Note that the control inputs to the dynamic equation 
is in fact the 14×  vector of actuator forces, F , which is related 
to the moving platform torques, τ , by: 

( )TJ Fτ θ= ⋅      (15) 
Where )(θJ is the 34×  Jacobian matrix representing the 
relationship between the angular velocity of the moving 
platform and the vector of limb rates. The inertia Matrix 

)(θM is directly given by the expression of the kinetic energy 

),( θθT . The gravity term is obtained from the potential 
energy )(θU by: 

θ
θθ

∂
∂= )()( UG  (16) 

Finally, ),( θθV which characterizes the Coriolis and 
centrifugal torques can be computed from the elements of the 
inertia matrix using the Christoffel symbols of the first type 
[11]. More details with this respect can be found in former 
studies by the authors [10,12]. 

V. HYDRAULIC SHOULDER IMPEDANCE CONTROL

A. Problem Definition 
The objective of impedance control is to establish a desired 
dynamic relationship between the end-effector pose and the 
contact force, which is usually referred to as the target 
impedance. Let )(tdθ be the desired trajectory of the end-
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Figure 2. Geometric model for the hydraulic shoulder 
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effector orientation angles. The impedance model or the target 
impedance is typically chosen as a linear second-order system 
just like mass-spring-damper dynamics such that: 

eDDD eKeBeM τθθθ =++ (17)
Where DD BM , and DK are constant positive definite 33×
matrices of desired inertia, damping and stiffness respectively, 

eτ  is the external torque and θe  is the orientation error 
defined as: 

θθθ −= de (18)
Regarding free motion, when there is no contact between the 
end-effector and the environment, θe  reaches zero with proper 
choices of DD BM , and DK . The desired transient response can 
be also satisfied choosing these matrices appropriately. In 
contact situation, the interaction of the end-effector with the 
environment is characterized by (17) in such a way that the 
external force is used for the impedance correction [5]. 

B. Impedance Control Design 
There are two well known approaches to implement the 
impedance control concept, which are respectively referred to 
as torque-based and position-based impedance control [13]. In 
torque-based impedance control, torque information is 
assumed to be available, such that the impedance function can 
be implemented inside the control loop. In position-based 
impedance control, however, the impedance function is 
implemented outside the position loop. Thus the inner loop is 
controlled by the trajectory command input that is adjusted by 
position correction output from the impedance function of the 
outer loop. The first approach has been considered in the 
sequel. 

1) Model-based Impedance Control Formulation 
The torque-based impedance control law is chosen as: 

eGVu τθθθτ +++= )(),( (19)

The closed loop behavior will satisfy the target impedance 
relationship choosing “u” as follows: 

{ }ed KeeBDMDu τθ θθ −++= −1 (20)

Substituting (19) and (20) into the dynamic equations (14) we 
obtain:  

eKeeBeD τθ θθθ =++)( (21)
This is in fact in the form of the target impedance relationship. 
Figure (3) depicts the proposed torque-based impedance 
control structure. 
2) Design Parameters Choice 

The parameters of the impedance control scheme can be 
chosen regarding their effects on the steady state or transient 
responses. Assuming single axis design, the characteristic 
equation for the target impedance can be written as a standard 
second order system: 

02 22 =++ nn ss ωζω (22)
Where: 

,
2

D D
n

DD D

b k
mm k

ζ ω= = (23)

The choice of impedance parameters mD, bD and kD depends on 
the manipulation task objective in general, for example, when 
there is no contact with the environment the impedance control 
goal will be primarily position tracking in free space where no 
overshoot and oscillations is allowed in the transient response. 
However, in tasks like machine tooling where the end effector 
has contact with the environment, the impact should be small 
and the transient response should be without oscillations. In 
this case the impedance controller is set for both position and 
force tracking. Typically, large choice of mD will result in 
large impact to the environment. For slow response without 
vibration large bD should be selected. Also, position tracking 
corresponds to large values of stiffness kD. In other words, 
high stiffness is specified in directions where the environment 
is compliant and position accuracy is important, large values 
of bD are specified when energy dissipation is required and mD
can be used to provide smoothing for the end effector response 
due to external contact [3]. 

VI. SIMULATION RESULTS

In order to verify the performance of the proposed method, a 
simulation study is forwarded. Different cases were considered 
in the simulations. First the hydraulic shoulder was considered 
in free motion where the external torque is zero. In this case 
the effectiveness of impedance control for positioning 
objectives is examined. The desired trajectory of the end-
effector is prescribed by a typical cubic trajectory, which 
considers a smooth motion specified in terms of a desired pose 
of the moving platform of the hydraulic shoulder. The sample 
trajectory is defined given the initial and final points and the 
time to reach the final point, using common path planning 
routine developed for robotic manipulators. Target impedance 
model parameters were selected using the guidelines given in 
the previous section. The position tracking of the moving 
platform orientation angles are shown in figure 4. It can be 
seen that although the controller is designed for an impedance 
regulation, the closed loop yields to a suitable position-
tracking capability. The error dynamics is also shown in figure 
5 by means of plotting the impedance variation. Impedance 
variation is calculated from the residual of both sides of 
equation 21, which in this case in absence of any external 
force, illustrated the dynamics of the position tracking error, 
and the interaction among different channels. 
In the second case, the manipulator is simulated while a 
contact release interaction to the environment is considered. 
This interaction is simulated with three pulse torques in three 
different axis applied as the external torque input at time 
t=6 sec and released at t=11 sec. As shown in figure 8, the 
amplitude of the torque pulse signal in x direction is selected 
twice as that for y and z direction, for the sake of comparison. 

Bs+K

eV+G +τ

TJ+ -1MDd
+

Dd

e
+

eτ

+
u

eτRobot

Figure 3. Model-Based Impedance Control Structure 
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The results of position tracking, the tracking error and the 
impedance torque variations are depicted in figures 6, 7 and 8, 
respectively. In this case the impedance controller gain are 
selected as elaborated in previous section to reach to a desired 
second order dynamics with natural frequency n=4Hz, and 
damping ratio =0.5. As it is seen in figures 6 and 7, the 
controller is capable of regulating the positions, in presence of 
the contact force, with the desired impedance characteristics. 
The impedance error shown in figure 8 illustrates the dynamic 
relation between the contact force and moving platform 
position, and verifies the capability of the controller to 
preserve the desired impedance characteristics of the system, 
and regulation of the impedance error at steady state both at 
contact and release instances. The results show the 
effectiveness of the controller to impose the desired contact 
dynamics to the robot, despite the nonlinear characteristics of 
its dynamics.  

Figure 4. Trajectory tracking in free motion 

Figure 5. Impedance variations in free motion

VII. CONCLUSIONS

In this paper, kinematic analysis and dynamic modeling of a 
three DOF redundant parallel manipulator has been presented. 
A model-based impedance control structure has been designed 
for this manipulator in order to introduce the capability of 
interactions with environment. The impedance controller 
objective and the proposed topology is discussed and selection 
guides for controller gain are given. A simulation study has 
been carried out to test the effectiveness of the proposed 

method which showed the ability of the proposed impedance 
control scheme to combine high efficiency of position tracking 
in free motion and impedance adjustment of the robot in 
contact-release situation. It is shown through the simulation 
study that despite the nonlinear dynamics of the manipulator, 
it is completely plausible to introduce a linear dynamic model 
for the robot interacting with the environment, whose 
characteristics can be regulated by means of the controller 
parameters. In practice, however, there are always 
uncertainties in the manipulator dynamic model so the ideal 
target impedance model is not satisfied in general. Therefore, a 
robust impedance control method is necessary to compensate 
for the disturbances due to the uncertainties, which is the 
subject of our developing research.  

Figure 6. Trajectory tracking in contact-release to the 
environment; n=4Hz, =0.5

Figure 7. Tracking error in contact-release release to the 
environment; n=4Hz, =0.5
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Figure 8. Impedance variations in contact-release release to the 
environment; n=4Hz, =0.5
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