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Abstract. A parallel two-degree-of freedom manipulator designed for a variable orientation of a body in space is 

presented. The manipulator consists of one universal joint with the input axis fixed to the base and th

to a moving platform. One possible application of this kind of device is on spacecrafts to orientate the rocket nozzle. 

Two linear servo hydraulic actuators are used in parallel to move the platform. On each fork of the universal joint 

angular position sensor is mounted to measure the relative motion of the cross, instead of measuring the actuators 

displacement. First the kinematics of the manipulator is analyzed and a geometric description is given. Second, using 

Newton-Euler formulation, a dynamic analysis is done and the forces and torques acting on moving p

obtained. After that, numerical simulations are performed using servo actuators forces as inputs while other 

simulations are done imposing the trajectory.
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1. INTRODUCTION 

 

The most widespread method to orientate a rocket

about its center of mass. But, if a greater agility is required or if 

aerodynamic method is inadequate. In this case,

vector from the center line of the rocket to p

by tilting the nozzle assembly. In this case

gimbal angles varying the direction of the force vector

used for underwater vehicles (Xin, et al.

time, but in recently years the utilization of

electrohydraulic system is used because it provides large forces

(Jelali and Kroll, 2003). It also has high power to weight ratio, good controllability and self 

et al., 2014). 

In this paper a platform is fixed to the output shaft of a universal joint

input shaft is fixed to the base. Unlike constant velocity joints, 

generates angular acceleration at the output axis in relation to the input axis (Watson, 

this acceleration is analyzed in this work.

and the base to control the two gimbal 

has been a common research topic. Despite 

stiffness when compared to serial manipulator (Diáz

its mounting points are symmetric, making the kinematics analysis

problems: direct dynamic and inverse dynamic. The direct dynamic

corresponding to a set of forces/torques

forces/torques required to perform a desired trajectory (Tsai, 1999). 

First the kinematics of the system i

formulation an analysis of forces and torques acting on the moving pl

dynamic model, some numerical simulations are done

 

2. KINEMATICS 

 

Fig. 1 shows the kinematics scheme

the universal joint is fixed to a fixed base

crosshead of the universal joint. A smaller universal joint connects the hydraulic actuators to the base and a ball join

connects it to the platform. The points �
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inematics, Electrohydraulic Servosystem, Servoactuator, Angular 

to orientate a rocket consists in controlling an aerodynamic device to generate moment 

if a greater agility is required or if the vehicle moves in a low pressure atmosphere, the 

In this case, thrust vector control (TVC) is used.  The TVC 

from the center line of the rocket to produce moment about the center of mass. The deflection can be produced 

In this case a gimbaled rocket nozzle assembly with two hydraulic 

varying the direction of the force vector (Lazic and Ristanovic, 2006). A similar configuration is also 

et al., 2013).The hydraulic actuator has been used to orientate the

time, but in recently years the utilization of an electromechanical actuator has grown (Li, et al.

system is used because it provides large forces with high load stiffness and high speed of response 

high power to weight ratio, good controllability and self lubrication property (Ghosh 

fixed to the output shaft of a universal joint, as the nozzle assembly

Unlike constant velocity joints, like Rzeppa or Thomson coupling, the universal joint 

output axis in relation to the input axis (Watson, et al., 2013). The consequence of 

this acceleration is analyzed in this work. Two linear hydraulic actuators are mounted in parallel betw

 angles, thus forming a parallel manipulator (PM). During the last decades, PM 

common research topic. Despite its more complex dynamics, it achieves more positioning accuracy and 

hen compared to serial manipulator (Diáz-Rodriguez, et al., 2013). In this work, t

making the kinematics analysis simpler (Taghirad, 2013). 

rse dynamic. The direct dynamic problem simulates the response of the manipulator 

/torques applied at the actuators. The inverse dynamic problem 

forces/torques required to perform a desired trajectory (Tsai, 1999).  

of the system is analyzed and a geometric description is given. Second, 

of forces and torques acting on the moving platform is performed. With the kinematic and 

dynamic model, some numerical simulations are done based on the direct and inverse dynamic problems.

Fig. 1 shows the kinematics scheme of the parallel two degree of freedom platform (2dof)

the universal joint is fixed to a fixed base. The point � is the center of the fixed base and 

universal joint. A smaller universal joint connects the hydraulic actuators to the base and a ball join��� and ��� are the centers of actuators ball joints. ���
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an aerodynamic device to generate moment 

in a low pressure atmosphere, the 

thrust vector control (TVC) is used.  The TVC deflects the propulsive 

roduce moment about the center of mass. The deflection can be produced 

two hydraulic actuators shifts the 

A similar configuration is also 

used to orientate the nozzle for a long 

et al., 2012). In this work, an 

with high load stiffness and high speed of response 

lubrication property (Ghosh 

the nozzle assembly on TVC, while the 

coupling, the universal joint 

, 2013). The consequence of 

Two linear hydraulic actuators are mounted in parallel between the platform 

During the last decades, PM 

more complex dynamics, it achieves more positioning accuracy and 

In this work, the actuators are equal and 

simpler (Taghirad, 2013). There are two dynamical 

the response of the manipulator 

ators. The inverse dynamic problem searches for the 

analyzed and a geometric description is given. Second, using Newton-Euler 

atform is performed. With the kinematic and 

the direct and inverse dynamic problems. 

of the parallel two degree of freedom platform (2dof) with a load. One shaft of 

is the center of the fixed base and � is the center of the 

universal joint. A smaller universal joint connects the hydraulic actuators to the base and a ball joint 

�� and ��� are the centers of 
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actuators universal joint crossheads. � and � are the centers of mass of the moving platform and the load, respectively. � is the center of the top surface of the moving platform. 

 

 
 

Figure 1. Kinematic scheme 

 

Three references frames are defined, 	 fixed to the base, 
 attached to the main crosshead and � attached to the 

moving platform. The rotation between the frames are summarized by the following indication, 

 	�
����������,�,��

������� 
����� !"��#�����$,�,�$�

∝&�$'���� ���"(��)*+�,-"!.��$,�$$,�$$�
 

 / is the angle of rotation around the 0-axis and 1 is around the 2′-axis. Both angles are measured using angular 

transducers. The transformation (or rotation) matrix 4� 5  leads from 	 to 
, 

 

4� 5 = 7 89:/ 0 :<=/0 1 0−:<=/ 0 89:/@, (1) 

 

and 45 A  leads from 
 to �, 

 

B5 A = 71 0 00 89:1 −:<=10 :<=1 89:1 @. (2) 

 

The angular velocity vector of the main crosshead using 
 or 	 coordinates is given by, 

 

C�5 5 = C�� 5 = 70/D0@. (3) 

 

The vector of angular velocity related to the main crosshead of the moving platform, using 
 or � coordinates, is 

shown by, 

 

C55 A = C5A A = 71D00@. (4) 

 

Hence, Eq.(5) gives the angular velocity of the moving platform using � coordinates, 
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 C�A A = 4A 5 C�5 5 + C5A A . (5) 

 

The position of the center of mass of the platform using � coordinates is given by, 

 

FGA * = 7 00H*
@. (6) 

 

The same position, using the fixed frame 	 is present by, 

 FG� * = 4� A FGA * . (7) 

 

Equation (8) shows the linear velocity of the center of mass of the moving platform, 

 

IA * = CJ�A A FGA * ,  where CJ�A A = P 0 −Q� Q�Q� 0 −Q�−Q� Q� 0 R. (8) 

 

Changing the letters from � to � in the Eqs.(6-8), the kinematics of the load is obtained. The length of the hydraulic 

actuator 1 (HA1) is given by Eq.(9), where F TU�  VU  is a vector starting at the point ��� and finishing at ���, 

 W� = X F TU�  VUX, (9) 

 

and the length of the hydraulic actuator 2 (HA2) is given by Eq.(10), where F TT�  VT  is a vector starting at the point ��� and finishing at ���, 

 W� = X F TT�  VTX. (10) 

 

3. DYNAMICS 

 

Due to symmetries of the moving platform, the inertia matrix about its center of mass is given by, 

 

YA * = 7Z�* 0 00 Z�* 00 0 Z�*
@. (11) 

 

The inertia matrix of the load about its center of mass is also considered principal, 

 

YA [ = 7Z�[ 0 00 Z�[ 00 0 Z�[
@. (12) 

 

The vector of angular momentum of the moving platform using � frame about its center of gravity is introduced by, 

 \A * = YA * C�A A . (13) 

 

The linear momentum vector of the platform is present by Eq.(14) using � frame, 

 ]A * = ^* IA * . (14) 

 

Changing the letters from � to � in the Eqs. (13-14), the linear and angular momentum of the load are obtained. 

Equation (15) shows the angular momentum of the system composed by the moving platform with the embarked load, 

about the center of the main crosshead, which is a fixed point, using � frame(Weber, 2015), 

 \A G = \A * + F_GA * ]A * + \A [ + F_GA [ ]A [ . (15) 

 

Using Euler’s Law Eq.(16) gives the moment `A G  acting on the platform about the fixed point � using � frame, 
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 `A G = \DA G + CJ�A A \A G . (16) 

 

This moment is generated by the force vectors of hydraulics actuators a�U and a�T , by gravity force  �^* + ^[�b 

and by the reaction at the main crosshead `c. The mass of the main crosshead is neglected. Equation (17) shows the 

moment of forces, using � frame, 

 `A G = 4A � d&^* F_G� * + ^[ F_G� [ ' b�
+ F_G�  VU a� �U + F_G�  VT a� �Te + `A c . (17) 

 

The reaction on the main crosshead with magnitude fc is given by Eq.(18) using � frame, 

 

`A c = 4A 5 `5 c = 4A 5 7 00fc@ = P 0fc :<=1fc 89:1R. (18) 

 

The force of the HA1 is given by Eq.(19), where 	�� is the magnitude, 

 

a� �U = FgTUh gVUi FgTUh gVUi 	��. (19) 

 

The force of the HA2 is given by Eq.(20), where 	�� is the magnitude, 

 

a� �T = FgTTh gVTi FgTTh gVTi 	��. (20) 

 

The magnitudes of these both forces are considered as a sum of a constant component 	� and 	� and a viscous 

damping with j� as coefficient. Equation (21) shows how 	�� is calculated, 

 	�� = 	� + j�WD�, (21) 

 

and Eq. (22) gives how 	�� is calculated, 

 	�� = 	� + j�WD�. (22) 

 

The gravity vector using the fixed frame is presented by the Eq.(23), where k is the magnitude, 

 

b� = 7 00−k@. (23) 

 

Defining l�, l�, and l� as torques on the system, they are given by, 

 

7l�l�l�@ = 4A � d&^[ F_G� [ + ^* F_G� * ' b�
+ F_G�  VU a� �U + F_G�  VT a� �Te. (24) 

 

Using Eq. (16) and Eq. (17), the angular acceleration 1m  about the 2′-axis is given by, 

 1m = nUo&pUqr+qT.qopVqrpUsr+sT.sopVs'�D TpUqr+qT.qrpUsr+sT.s  (25) 

 

And the angular acceleration /m  about the 0-axis is given by, 

 /m = nTr&�&pUqr+qT.qrpUsr+sT.s'opVqopVs'���t tD �D onV,��t&pUqr+qT.qrpUsr+sT.s'u"�to�pVqrpVs� ���t ,��t  (26) 
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4. SIMULATIONS 

 

All the simulations are performed on MATLAB® software. First the actuators forces are given and trajectory of the 

moving platform is calculated using Eqs. (25) and (26), this being the direct dynamic (Tsai, 1999). Table 1 shows the 

parameters of this simulation. 

 

Table 1.Direct Dynamic Simulation Parameters 

 

Parameter Value H*  202.2 ∙ 10o� ^ ^* 2.195 zk Z�*  1.025 ∙ 10o� zk ^� Z�* 6.708 ∙ 10o� zk ^� H[ 260.9 ∙ 10o� ^ ^[ 0.5 zk Z�[  4.1 ∙ 10o� zk ^� Z�[ 6.5 ∙ 10o� zk ^� 	� 18� 	� 15� j� 100 �:/^ b�  �0 0 −9.81��^/:� F�A  VU �−65 0 207.9�� ∙ 10o� ^ F��  TU  �−135 0 −30�� ∙ 10o� ^ F�A  VT �0 −65 207.9�� ∙ 10o� ^ F��  TT  �0 −135 −30�� ∙ 10o� ^ 

 

Figure (2) shows the trajectory of the point � for this set of parameters. The final position of the universal joint is 

presented too. 

 

 
 

Figure 2.First trajectory of the point � 

 

Figure 3 presents the gimbal angles 1 and / for this simulation, and the displacement of the actuators W� and W�. 

The minimum length of the actuators is 0.198 ^ and the maximum is 0.298 ^, therefore its graphics are limited to 

those values. 
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Figure 3. 1, /, W� and W� vrs. time 

 

Figure 4 shows the moment on ���-axis. 

 

 
 

Figure 4.Moment on ���-axis for the first simulation. 

 

Thereafter, a different kind of simulation is performed: the inverse dynamics (Tsai, 1999). Giving a trajectory the 

moments acting on the moving platform are calculated. This trajectory is defined using the articulation angle � and the � angle between the −0-axis andthe projection of ���-axis on the 20-plane. These angles are shown in Figure 5. 
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Figure 5. � and � definition 

 

In the first simulation, the actuators are not able to perform wide articulation angles. Although, for this inverse 

dynamic simulation � = 80°, so the actuators of Fig. 1 cannot achieve this angle. Because of this, Eq. (16) is used to 

calculate the moment acting on the moving platform, instead of calculating the actuators force, as is typically done on 

inverse dynamic. This is done to analyze the performance of the platform in extreme angles. The angle � changes with 

constant angular velocity�D = 1 ��W/: from 0 to 2� ��W. In this case the parameters related to the moving platform and 

load are the same as in the previous simulation. Figure (6) shows the trajectory of the point � in this simulation. 

 

 
 

Figure 6. Second trajectory of the point � 

 

Figure 7 shows the moment on ���-axis necessary to perform this movement using the embarked frame �. The 

moment on ���-axis is zero at � = 0, �/2, �, 3�/2, 2�. However, close to � = 0, �, 2� it changes fast. The magnitude 

of the moment is much higher in this case because the articulation angle is much higher. 
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Figure 7.Moment on ���-axis for the second simulation 

 

5. CONCLUSIONS 

 

For the purpose of simulating the motion of the TVC, a mathematical model for the 2-dof platform was established. 

The kinematic and the dynamic analysis were presented. The analysis of the dynamic behavior of the moving platform 

was performed using two different simulations. In the first case, the actuators forces were used as input and the 

movement of the platform and the displacement of the actuators were calculated. The moment acting on the output axis 

of the universal joint was also calculated. In the second case, a given trajectory was used as input and the moment 

acting on the platform was calculated. The moment acting on the output axis of the universal joint was two orders of 

magnitude higher in the second simulation, mainly due to a much larger articulation angle. 

A device is being built to validate the numerical results presented in this work. Furthermore, a control algorithm 

based on the inverse dynamics is being developed to control the platform motion. 
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