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Abstract: A parallel two degrees of freedom manipulator designed for a variable orientation of a body in space
is analyzed. The manipulator consists of one universal joint with one axis fixed to the base and the other axis
fixed to a moving platform. A similar device is used in spacecrafts to orient the rocket nozzle. In this work, two
parallel linear hydraulic actuators move the platform. A novel proportional digital hydraulic valve is used to
control the actuators. Each fork of the universal joint has an angular position sensor mounted to measure the
relative motion of the cross. An inertial measurement unit (IMU) is fixed to the moving platform. Load cells and
pressure transducers are mounted on the actuators to measure force and chambers pressure. Numerical
simulations are presented using a desired trajectory as input for a proportional controller (P-controller). An
experimental apparatus is used to validate the numerical results.
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INTRODUCTION

A platform is designed with two linear hydraulic actuators mounted around a universal joint, thus forming a parallel
manipulator with two degrees of freedom (2dof). Fig. 1 shows the concept of this device with aload over the moving
platform. The hydraulic actuators are connected to the base through smaller universal joints and to the moving platform
through ball joints.
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Figure 1 — Kinematic scheme.

The thrust vector control (TVC) scheme is similar to this platform and orients the rocket nozzle in spacecraft. The
(TVC) produces torque around the center of mass of the spacecraft in order to steer and keep it on the desired flight path
(Wekerle, et al., 2016). Unlike constant velacity joints, like Rzeppa or Thomson coupling, the universal joint generates
angular acceleration at the output axis in relation to the input axis (Watson, et al., 2013). The consequence of this
acceleration is analyzed in this work. For simpler kinematics analysis, the actuators are equal and its mounting points
are symmetric (Taghirad, 2013). Hydraulic actuators are chosen due to their high power to weight ratio, good
controllability and self lubrication property.

Wekerle, et a. (2015), presents the requirements of an actuation system for TV C systems and presents in (2016) a
2-dof mockup of arocket motor nozzle with two electrohydraulic actuators. The actuators performances are identified
in a mass-spring test bench.

Ghosh et a. (2015) developed a 2-dof parallel hydraulic actuated system for a heave and pitch motion simulator.
Two low-cost commercial solenoid proportional valves control the hydraulic actuators. These kind of valves have a
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dead-band and non-linear behavior. Ghosh et al. have tried different types of controllers, and the self-tuning fuzzy
proportional—integral—derivative (PID) with bias control showed the best performance. The PID controller had the worst
response.

In this work, a novel proportiona digital hydraulic valve (PDHV) controls the oil flow in the hydraulic actuators
chambers. The proposed PDHV has much lower price and less contamination sensitivity, when compared with a
commercia sliding spool servovalve. However, the PDHV is low-bandwidth modulating. Numerical and experimental
trials validate the proposed system.

The test bench has an angular position sensor on each fork of the universal joint to measure the relative motion of
the cross. An inertial measurement unit (IMU) measures the embarked angular velocity of the moving platform and the
linear acceleration of a point. Moreover, load cells and pressure transducers mounted on the actuators measure the force
and the chambers pressure.

Hydraulic Control System

Each platform actuator is controlled by one PDHV, as shown in Fig. 2. Changing the valve rotor angle €, the

pressure drop and flow rate trough the valve changes. It changes the pressure in the pipeline and in the actuator
chambers, which generate a force that moves the piston.
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Figure 2 — Hydraulic scheme.

InFig. 2, ps and Qg are supply pressure and flow rate. The arrows in the pipeline indicate the positive flow sense.
P, P,, P; and p, arethe pressures on the valve connections. Q;, Q,, Q; andQ, aretheflow rates. p, and Py

are the pressures in chambers A and B, A, and A, are the areas of the embolus and the crow, F, isthe force acting

on the rod, and I.a is the piston speed. For a simpler kinematics analysis of the platform, |a is the distance between the
centers of the actuators mounting joints.
From the measured platform position, the actual actuators position |a is calculated. The controller compares the

actual positions with the desired ones and changes the valve rotor angle &, proportionally to the error.

MODELING

In the study of the platform kinematics three references frames are defined, F fixed to the base, R attached to the

main crosshead and S attached to the moving platform. The rotation between the frames are summarized by the
following indication,

Fixed Main Moving
Base Crosshead Platform
(xy,2) (x,y.2) X'z

Where [ isthe angle of rotation around y-axis and « is around x-axis. Both angles are measured directly using
angular transducers. Due to symmetries of the moving platform and the load, theirs inertia matrix about its center of
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massis given by,

l, 0 O l, 0 O
®l,=|0 I, 0[], %, =0 I, O 12
0 0 g 0 |50

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

s S| s s s s
He="lpros, "H =71 Ffog (3.4)

where FS g is the angular velocity vector of the platform in body coordinates. The linear momentum vector of the
platform and the load is given by Eq.(5) and (6) using S frame,

G, = m.%Vv,, °G, =m ®v, . (5.,6)

Equation (7) shows the angular momentum of the system composed by the moving platform and the embarked load,
about the center of the main crosshead, which is afixed point, using S frame (Weber, 2015).

SHo:SH P+§FIDSGP+SH L+osf|-_SG|_ (7)

where S r, and g r_ arethe tilde matrices of the position vector of the platform and load CM using S frame. Using

Euler's Law, Eq. (8) givesthe torque M o acting on the moving platform.
SMy="H+ os°H ®

The torque acting on the moving platform is generated by the force vector of the actuators, by the gravity force and
by the universal joint constrains, as shown in Eq. (9).

SMo=TF((Mu 57 + M 5T F g6 Faat s Fao M, (©)

where STF is the rotation matrix that leads from F to S frame, m, and m _ are the platform and the load

masses, " g is the gravity vector, chgl and ch32 are the tilde matrices of the position vector of the points C;; and

C,,, and SM 5 isthetorque due to the universal joint constraint, given by Eg. (10).

0
°M,=°T®| 0 (10)
M J
where T R isthe rotation matrix that leads from R to S frame.
Equation (11) gives the force magnitude of the hydraulic actuator 1 (Jelali and Kroll, 2003).
Fal = pAlAe - pBlA; - Ff - mlal (11)
where the index "1" denotes actuator 1, M is the assembly mass which moves with the piston, and F; is the

friction force. Changing the index from 1 to 2 on Eq. (11) the force on the second actuator is obtained.
For thiskind of numerical simulation, the friction force is well represented as a function of the actuator speed using
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a Stribeck curve. The good result is due to the fact that in the analyzed conditions dlip velocity on the actuator is
significant and a relative small amount of static/kinetic friction appears in the transition (Piatkowski, 2014). A more
precise model, like LuGre model, shows the time dependence of the friction and could be used in a more genera
condition or for real time friction compensation (Y ao, 2015).

In the present work, the friction force is obtained experimentally at constant actuator speed, without aload, the fitted
function used (continuous blue line) is depicted in Fig. 3 with the experimental data (vertical bars).
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Figure 3 — Actuator friction force.

The vertical bars have this shape because the experiment is performed for a discrete number of actuator speeds and
the variation is due to noise and inaccuracy of the used model.
The pressure drop trough a PDHV is calculated using a variable-area orifice model (Manring, 2005),

Qij = Upjj Aj‘/%‘pi - pj‘sign(pi - pi)' (12)

Qij isthe flow rate between connectionsi and j, where these indexes vary from 1 to 4 accordingly to the valve

connection. o/y; isthe discharge coefficient. Aj isthe orifice area, which is afunction of the valve rotor angle 6, . In
this work, the pipeline pressure loss due to friction is negligible, and it is not considered. But it is considered that the
pump is capable of maintaining constant supply pressure during the experiments. This hypothesis was validated.
CONTROLLER

The platform controller is a decentralized proportional controller, hence the position control of each actuator is
independent. Figure 4 depicts the control loop.
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Figure 4 — 2 dof Platform Controller.

The control loop receives adesired angular position for the main universal joint of the platform. Using the kinematic
model, the desired actuators positions are calculated and compared with the actual positions. The errors are multiplied
by again and sent to the PDHV controller. The PDHV controller has an open loop to control a stepper motor attached to
the valve rotor. Accordingly to the rotor position, the il flow to the actuators changes, hence its position changes and
the orientation of the platform changes.

The data acquisition system (DAQ) consist in two customized microcontrolled circuits. One, receives the sensors
data, sends these data to a computer with a MATLAB running script. The other one receives the desired valves
positions from MATLAB script and sends it to the valves controllers. The valve controllers are a variable frequency
open loop microcontrolled circuit specially built for the PDHV with 25kHz control frequency. Figure 5 shows the DAQ
operation scheme.
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Figure 5 - DAQ system.

The input circuit has an acquisition frequency of 50Hz, and it is therefore the control frequency. The MATLAB
script runs the control algorithm. Hence the time between receiving the sensor data and the response of output variables
depends on the complexity of the algorithm and computer speed. For this simple agorithm the delay is less than 1ms, or
about 5% of the control period.

SIMULATION AND EXPERIMENTS

The experimental data are compared with the numerical simulation and the desired position. The trgectory is
defined using the articulation angle € and the ¢ angle between the -y-axis and the projection of z'-axis on the xy-
plane. These angles are shown in Figure 6.
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Figure 6. @ and ¢ definition

In the analyzed case, & =1(P and the angle ¢ changes with constant angular velocity ¢ = rrad/s from 7 to

3r.
Table 1 shows same parameters of the platform and the load.

Table 1 — Parameters

Parameter Value
I 260.0-10°m
m, 452kg
| 75.7-10kgm?
l3p 16.9-10kgm?
I 421.1-10°m
m 17.32kg
o 53.6-10 °kgm?
s 45.8-10°kgm®
g [0 0 -981] nys?
ol ca [-65 0 207.9] -10°m
ol [-135 0 —30] -10°m
olca [0 —-65 207.9] -10°m
of [0 -135 —30[ -10°m

Figure 7 shows @ and [ the experimental (Act) data compared with the numerical simulation(Sim) and the desired
position(Des).
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Figure 7 — Simulated and Experimental platform orientation.

The deviation between o simulated and the experimental result is 2,2° in maximum and 1,2° in average. The [

deviation if 1.8°in maximum and 0.9° in average. In this case, Figure 8 shows the actuators length where the plots limits
are the actuator limits.
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Figure 8 — Simulated and Experimental platform actuator length.

The average error between simulated and the experimental actuators length result is 2mm, and this error achieves
4mm for actuator one and 5mm for actuator two in the maximum. The top view of the table center trace can be seen in
Figure 9 with the platform limits(Bound).
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Figure 9 —Top view of the platform table centre trace.

The deviations between simulated and the experimental results are mainly due two model simplifications and
platform assembly problems, like backlash and joint friction. The main model simplifications are no friction losses in
the pipelines, no actuators inertia and an actuators friction dependent of speed only. The difference between actual, or
the simulated, and the desired position is due the extremely simple control agorithm. This proportional control with
bigger gain leads to stability problems, mainly chattering.

CONCLUSIONS

In this work, a novel proportional valve was proposed to control a 2dof platform with two linear actuators. For the
purpose of simulating the motion of the platform, its kinematics and dynamics model was presented. The modeling of
the hydraulic valves and the actuators was also shown. The control diagram has presented a simple decentralized
proportional control based on the actuators displacement error. An experimental device validated the numerical results
on apath tracking problem. The devel oped DAQ system was also depicted.

The replacement of the universal joint for a constant velocity joint isin progress. Furthermore, a control algorithm
based on the inverse dynamics is being developed to control the platform motion.
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