DYNAMICSANALYSISOF A TWO-MODULE HYBRID
PARALLEL MANIPULATOR

STEFAN STAICU

Abstract. Recursive matrix relations for dynamics analysis of a spatial two-module
hybrid parallel manipulator are established in this paper. Knowing the relative
motions of the moving platforms, the inverse dynamics problem is solved based on a
set of recursive explicit equations of parallel robots dynamics. Finally, compact results and
graphs of simulation for the input forces and powers of six actuators are obtained.
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LIST OF SYMBOLS

Pr.k-1> Ok k-1 — relative orthogonal matrices of transformation

Uy, Uy, Us — three orthogonal unit vectors

aj, j=AB,C,D,E,F —angles giving the position of universal joints

B — initial inclination of all legs

lgz — relative displacement of T3j link

(ij’T_l — relative rotation angle of th rigid body

6:)1{.',‘:—1 = coTj’PlU3 —relative angular velocity of TTj

(733_0 — absolute angular velocity of TTj

(ij,T_l — skew symmetric matrix associated to vector GSTj’T_l
§Tj’t71 = 81];,_[710'3 — relative angular acceleration of th

§Tjo — absolute angular acceleration of TTj

éTj’T_l — skew symmetric matrix associated to the vector §Tj51_1
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ﬁ(’j‘(fl (k=1,2,3) — relative position vector of the centre of A, joint
\7kA,k_1 — relative velocity of the centre A,

?Iﬁ\,k—l — relative acceleration of the centre A,

m,, jp — mass and tensor of inertia of two moving platforms
mﬂ , jli — mass and tensor of inertia of Tkj rigid body

f3j2 , F’3]2 — input forces and powers of six prismatic actuators

1. INTRODUCTION

Parallel robots are closed-loop structures presenting very good potential in
terms of accuracy, stiffness and ability to manipulate large loads. The links of the robot
are connected by spherical joints, universal joints, revolute joints or prismatic joints.
Compared with traditional serial manipulators, the compactness, accuracy and
precision in the direction of the tasks are essential for the parallel architectures [1-3].

The mechanisms of parallel robots can be found in practical applications, in
which it is desired to orient a rigid body in space at high speed, such as flight
simulators and positional trackers [4-6].

A hybrid manipulator is a combination of closed-chain and open-chain planar
and spatial mechanisms or a sequence of parallel robots [7—11]. A serial-parallel
manipulator has several modules with parallel structure that are connected serially.
This kind of hybrid architectures posses the advantages of both serial and parallel
manipulators from rigidity, accuracy and workspace point of view.

Shahinpoor [12] obtained and solved numerically a system of nonlinear
equations for the inverse kinematics problem of a hybrid robotic system consisting
of two serially connected parallel manipulators. Cheng et al. [13] used a numerical
Newton-Raphson method to obtain the solution of the direct kinematics problem of
a 10-DOF hybrid redundant manipulator, containing a closed-loop slider-crank
mechanism and a parallel-driven mechanism. Considering the lower module as a
positional mechanism and the upper as an orientation device, Zhang and Song [14]
analyzed the geometry and the position of a hybrid manipulator composed of two
serially connected parallel robots, each mechanism having three degrees of freedom.
Based on screw theory and principle of virtual work, Gallardo et al. [15] addressed
a complete kinematics analysis of a modular spatial hyper-redundant manipulator
built with a variable number of serially connected mechanical modules.

Taking into consideration the frictionless revolute and prismatic joints, a
recursive method based on explicit equations of parallel robots dynamics is applied
in the present paper to the inverse dynamics of a new spatial hybrid manipulator, to
prove that the number of equations and computational operations reduces signi-
ficantly by using a set of matrices for dynamics modelling.
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2. KINEMATICSREVIEWS

The hybrid robot here analyzed is made up of two 3-DOF similar parallel
modules, which are serially connected to a fixed base [16]. Practically, the degree-
of-freedom value F =6 of the hybrid mechanism is equal to the degrees of
freedom associated with all the moving links v =42 minus the total number of
independent constraint relations | =36 imposed by the joints.

We assign the fixed frame OX,Y,Z, at the point O and two appropriate

mobile frames G, Xf‘3 yf Zf and H,x}'yH zi! on the moving platforms at their mass
centers G; =G, and Hy; =H,. Thelegs A(ap=0)and D(ap =0) of lower and
upper modules are initially contained within the Ox,Zz, vertical plane, whereas the
planes of legs B,C and E,F make the angles og=og=120° and
oc =ag =-120° with OxyZ, (Fig. 1).

Fig. 1 — Spatial hybrid parallel robot.

The active leg A of lower module, for example, consists of a little cross of a fixed
universal joint of mass M linked at the frame A X y/*z* which has the angular velocity

ofy =@y and the angular acceleration &y =y, connected at a moving cylinder
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A2X2AyéAZﬁA of length |,, mass M, and tensor of inertia J,, having a relative rotation
around AyZ) axis with the angle @4}, so that ®% = (%, €5 =®5). An actuated
prismatic joint is as well as a piston of length |5, mass My and tensor of inertia J;, linked
to the AX$'y2\zf frame, having a relative velocity V{) = ) £} and acceleration Y4} = V4.
The fourth constraining chain consists of a prismatic joint attached to the fixed base and a
moving link of length |;, mass mlG and tensor of inertia JIG, having a known purely
relative vertical displacement 7\,5‘), velocity Vl% = 7\,{30 and acceleration V?o =V
G | G

Vi | Zy4

G> G;

Fig. 2 — Kinematical scheme of first leg A of lower module.

A little cross of a new universal joint of mass m? is attached to the center of

the first moving platform which can be schematised as a circle of radius r,, mass

m, and central tensor of inertia Jp. Two successive concurrent rotations of this

p
platform are defined in the local coordinates szszgng and G; X3G y3G Z3G by given

angles (p%,(pgs2 (Fig. 2).
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Six sliders and two passive central sliders are starting from initial positions

AA =B,B;=...=F,F =I5, OG, =G;H, =l , with following angles
2n 2n
3 3

Considering the passive constraining legs along the principal kinematical
chain OG,G,G;G,HH,H;H,, which connect the moving platforms, relative

passing matrices are derived

Po=1, Py =p501, P2=pH00,, Ppg3=6,00,,
Py = P21Pio>  Pso = P32 Paos  Pao = Pa3P3o (P=0,h), ()

where the angles (pi21,(pi32,(i =G, H) characterise the sequence of concurrent

rotations around the universal joints G, and H, through following matrices

pésp,c—l = rOt(Za(Pig,g_l) (6=2,3). 3)
Now, starting successively from two reference origins O, G, and pursuing six legs

OAA A, OBB,B;, OCC,C;, G,D,D,D;, GEE,E;, G,FF,F;, we obtain
new transformation matrices

Qo = proela&a Q1 = qg)laﬁeleb Oy =01, Oy =0y 0ig> o =T320ho (4)

(g=a,b,c,d,ef) (j=AB,C,D,EF),
where we denote the matrices

S :rOt(Z’(P‘g,‘r—l) (t=1,2) (5)

al =rot(za;), ag=rot(zP), 6, =rot(y,n/2), 6, =rot(zn/2).

In a forward geometric problem, the orientation and the position of the serial-
parallel robotic system is completely given through the angles of rotation @

and the relative coordinates Z) =1, +Is+Al, of the centers of mobile platforms.

Consider, for example, that during three seconds the coordinates of the centers and
the angles of orientation can describe the relative motions of the platforms through
the following analytical functions

Al (pi(yc—l i .
0= 2% —l-cos—t (6=2,3) (i=G,H). (6)
Mo Poot 3
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Pursuing the kinematical modelling developed in my recently published paper
[16], a set of 18 independent variables (prjﬁ_l,?ugz characterising the kinematics of
two modules will be determined from 18 analytical equations.

Using the skew-symmetric matrices @, = ®, Pa3 P320; Pio P + @5, Pa30s Pl »
which are associated to the angular velocities (I)i40 of two moving platforms, we
obtain the matrix conditions of connectivity [17], and the relative velocities

V, =[NP, P =Vl 0T, + G plydl,f (7)

where following terms determines the contents of 3x3 invertible square matrix
[N;]:

n|j1 :U|TCI1T003Q2T1F4jp nljz :U|TqZT003F4j2a n|j3 =0 a0, I?41.2 = Fajz +Q3T2F4j3 (8)
(p=g9,h) (i=G,H)(q=a,b,c,d, e, f) (j=AB,C,D,E,F) (1=1,2,3).

. . . = _ | | | T . .
Expressions of relative accelerations I'; = [g), €5, v5,] are obtained using

new conditions of connectivity I, =[Q]'S with the column matrix

S§=R-IQN [16]

3. INVERSE DYNAMICS MODEL

Considering all gravitational effects and neglecting the frictions forces, the
relevant objective of the inverse dynamics is to determine the input torques or
forces, which must be exerted by the actuators in order to produce a given
trajectory of the end-effector.

A lot of works have focused on the dynamics of Stewart platform. Dasgupta
and Mruthyunjaya [18] used the Newton-Euler approach to develop closed-form
dynamics equations of Stewart platform, considering all dynamic and gravity
effects as well as viscous friction at joints. Tsai and Stamper [19] presented an
algorithm to solve the inverse dynamics for the Delta translational robot, using
Newton-Euler equations and Lagrange formalism.

Knowing the position and kinematics state of each link as well as the external
forces acting on the hybrid parallel manipulator, in the present paper we apply
some explicit recursive matrix equations for the inverse dynamic problem in order
to obtain the input forces and powers required by all prismatic actuators.

Six independent pneumatic or hydraulic systems that generate active force

1?3j2 = f3j2f13 (j=AB,C,D, E, F) control the motion of six moving pistons of the
legs. The serial-parallel hybrid robot can artificially be transformed in a set of
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seven open trees subject to the constraints. This is possible by imaginary cutting
each joint for the moving platforms and taking its effect into account by
introducing the corresponding constraint conditions.

The force of inertia and the resulting moment of the forces of inertia of an

arbitrary rigid body TkA, for example,

A - ~ A~ “A A
fm _”f[VkAo + (ko Dk +8@o)rkCA} G =—(MERSATR, + JPER + O JA0R)  (9)

are determined with respect to the centre of joint A,. On the other hand, the
wrench of two vectors fk* A and r?f:A evaluates the influence of the action of the
weight mkAQ and of external and eventually internal forces applied to the same

element TkA of the manipulator:

ﬂ(*A = migayl;, MA=megnhayd; . (10)

Pursuing the first leg A, two significant recursive relations generate the
vectors

A_ GA_ A GA A = A
RO =F% +ak+1ka+1’ M2 =Mz +ag, kM +rk+1,kag+1,k':k+1a (11)
with the notations
0 fInA_ -Fk*A, A :_rr‘(nA A (12)

As example, starting from (11), we develop a set of six recursive relations:

FA=FQ, FA=Fi+ahFR®, RA=FR+aiFf, (13)

M{=M{, MP=M% +abMP+RSah A, MA=M{ +afM# +haf,FA.

The characteristic virtual velocities are expressed as functions of the pose of

the hybrid robot by the matrix kinematical equations (7). Considering some

independent virtual motions of the spatial mechanism, virtual displacements and

velocities should be compatible with the virtual motions imposed by all

kinematical constraints and joints at any instant in time. Let us assume that the

robot has successively six independent virtual motions determined by following
sets of velocities:

v =1, v32a_0 (j;tA); v =1, vzb_O (j#=B); V&, =1, v32C_0(j¢C)

vy =1, vy =0 (j=D); v, =1, vl =0 (j=E);

(14)

VR =1,V =0 (j#F)
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Applying the explicit form of the equations of parallel robots dynamics
[20],[21], following compact matrix relations results

A_GaT (EA AL AV A B4 wBY B+
f5 =0 (F3 +offyMPA + oM + R MP + oS, M} (15)

C C ., \GvEG G 4 OV NiG
+oamaM +m21aM +Vipa ki +m21aM +w32aM )

for the input force required by the first active prismatic joint A; along the axis

Az of lower module, and

f3'§:”3T(|53 +oMP + 0PUMP + 0 ME + o ME + 16

F F H H
+ofigMf +ohyME + ViR R + o M{! + ol M/ )

for the input force required by the first active prismatic joint D; along the axis

D;ZP of upper module, for example.

The relations (11-16) represent the inverse dynamics model of the hybrid
parallel robot. Various dynamical effects, including the Coriolis forces, the
centrifugal forces coupling and the gravitational actions are considered.

As application let us consider same serial-parallel hybrid mechanism
analysed in [16], which has the following mechanical and architectural
characteristics:

* * * * G* H*
oS =0t =n/18, 0% =¢8" =n/36, L =0.05m, A =0.05m,

m:an:rnszolskg, mZ=15kg, mG:mH :rn3:075kg’ mp:2kg

Assuming that the robot starts at rest from a central configuration and that are
no additional external forces and moments acting on the moving platforms, the
MATLAB software for a computer program was developed to solve the inverse
dynamics of the hybrid parallel mechanism.

Two examples are solved to illustrate the algorithm.

For the first example, the platforms move along the vertical direction z,

with variable accelerations while all the other positional parameters are held equal
to zero. Considering the weights of compounding elements as passive external
forces acting on the spatial hybrid manipulator, the time-history evolution for the

input forces f3j2 (Fig. 3) and powers F’3]2 (Fig. 4) of six prismatic actuators are
calculated for a period of At =3 seconds in terms of given equations (6).
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As can be seen, it is proved to be true that all active forces and powers of
lower module are permanently equal to one another but different to the forces and
the powers of upper module.

In the case when the platforms make simultaneously two given general
relative motions, the graphs are plotted and illustrated in Fig. 5 and Fig. 6.

The simulation through the program certifies that one of the major
advantages of the current matrix recursive formulation is accuracy and a smaller
processing time of numerical computation.

4. CONCLUSIONS

Using a set of explicit recursive matrix equations, already implemented in
dynamics of parallel robots, a novel algorithm establishes the time-history evolution of
input forces and powers developed by the actuators of the serial-parallel hybrid
manipulator, where the number of links of the mechanisms is increased and the
value of total degrees-of-freedom is augmented.
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The simulation through the program certifies that the current matrix recursive
formulation can easily be transformed in a model which is successfully expected to
be deployed for automatic robotic control of hybrid parallel robots and that one of
its major advantages is the effectiveness and accuracy of numerical computation.

The concept and the procedure above developed can be immediately extended to
analysis of a complex robotic system composed of a multitude serially arranged
similar parallel modules, but are also applicable to study of hybrid robots that are
composed of different structures of parallel modules.

Received on November 21, 2014

REFERENCES

1. TSAL L.-W., Robot analysis: the mechanics of serial and parallel manipulators, Wiley, 1999.

2. PLITEA, N., LESE, D., PISLA, D., VAIDA, C., Srructural design and kinematics of a new parallel
reconfigurable robot, Robotics and Computer-Integrated Manufacturing, 29, 1, pp. 219-235,
2013.

3. MERLET, J.-P., Parallel robots, Kluwer Academic Publishers, 2000.

4. GOGU, G., T2R1-type parallel manipulators with bifurcated planar-spatial motion, European
Journal of Mechanics — A/Solids, 33, pp. 1-11, 2012.

5. STEWART, D., A Platform with Sx Degrees of Freedom, Proc. Inst. Mech. Eng., 180, 1, pp. 371—
378, 1965.

6. DI GREGORIO, R., PARENTI CASTELLI, V., Dynamics of a class of parallel wrists, ASME
Journal of Mechanical Design, 126, 3, pp. 436—441, 2004.

7. TSAI, L-W., JOSHI, S., Kinematics analysis of 3-DOF position mechanisms for use in hybrid
kinematic machines, ASME Journal of Mechanical Design, 124, 2, pp. 245-253, 2002.

8. TANEV, T.K., Kinematics of a hybrid (parallel—serial) robot manipulator, Mechanism and
Machine Theory, Elsevier, 35, 9, pp. 1183-1196, 2000.

9. IBRAHIM, O., KHALIL, W., Inverse and direct dynamic models of hybrid robots, Mechanism and
Machine Theory, Elsevier, 45, 4, pp. 627-640, 2000.

10. CAMPOS, A., BUDDE, C., HESSELBACH, J., A type synthesis method for hybrid robot
structures, Mechanism and Machine Theory, Elsevier, 43, 8, pp. 984-995, 2008.

11. LIU, N., WU, J., Kinematics and Application of a Hybrid Industrial Robot — Delta-RST, Sensors
& Transducers, 169, 4, pp. 186192, 2014.

12. SHAHINPOOR, M., Kinematics of a parallel-serial (hybrid) manipulator, Journal of Robotic
Systems, 9, 1, pp. 17-36, 1992.

13. CHENG, H.H., LEE, J.J., PENKAR, R., Kinematic analysis of a hybrid serial-and-parallel-driven
redundant industrial manipulator, International Journal of Robotics and Automation, 10, 4,
pp. 159-166, 1995.

14. ZHANG, C., SONG, S-M., Geometry and position analysis of a novel class of hybrid
manipulators, Proceedings of ASME Design Technical Conference, Minneapolis, Minnesota,
September 11-14, 1994, Vol. 72, pp. 1-9.

15. GALLARDO, J., LESSO, R., RICO, J.M., ALICI, G., The kinematics of modular spatial hyper-
redundant manipulators formed from RPS type limbs, Robotics and Autonomous Systems, 59,
1, pp. 12-21, 2011.

16. STAICU, S., Kinematics modelling of a spatial two-module hybrid parallel robot, UPB Scientific
Bulletin, Series D: Mechanical Engineering, 77, 1, pp. 3-12, 2015.



11 Dynamics analysis of a two-module hybrid parallel manipulator 303

17. STAICU, S., ZHANG, D., A novel dynamic modelling approach for parallel mechanisms
analysis, Robotics and Computer-Integrated Manufacturing, 24, 1, pp. 167-172, 2008.

18. DASGUPTA, B., MRUTHYUNJAYA, T.S., A Newton-Euler formulation for the inverse
dynamics of the Stewart platform manipulator, Mechanism and Machine Theory, 33, 8,
pp. 1135-1152, 1998.

19. TSAI, L-W., STAMPER, R., A parallel manipulator with only translational degrees of freedom,
ASME Design Engineering Technical Conferences, Irvine, CA, 1996.

20. STAICU, S. X-J. LIU, J. LI, Explicit dynamics equations of the constrained robotic systems,
Nonlinear Dynamics, Springer, 58, 1-2, pp. 217-235, 2009.

21.LI Y., STAICU, S., Inverse dynamics of a 3-PRC parallel kinematic machine, Nonlinear
Dynamics, Springer, 67, 2, pp. 1031-1041, 2012.



