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Abstract A dynamic modeling of multibody systems having spherical joints is reported
in this work. In general, three intersecting orthogonal revolute joints are substituted for
a spherical joint with vanishing lengths of intermediate links between the revolute joints.
This procedure increases sizes of associated matrices in the equations of motion, thus in-
creasing computational burden of an algorithm used for dynamic simulation and control.
In the proposed methodology, Euler parameters, which are typically used for representation
of a rigid-body orientation in three-dimensional Cartesian space, are employed to repre-
sent the orientation of a spherical joint that connects a link to its previous one providing
three-degree-of-freedom motion capability. For the dynamic modeling, the concept of the
Decoupled Natural Orthogonal Complement (DeNOC) matrices is utilized. It is shown in
this work that the representation of spherical joints motion using Euler parameters avoids
the unnecessary introduction of the intermediate links, thereby no increase in the sizes of
the associated matrices with the dynamic equations of motion. To confirm the efficiency of
the proposed representation, it is illustrated with the dynamic modeling of a spatial four-
bar Revolute-Spherical-Spherical-Revolute (RSSR) mechanism, where the CPU time of the
dynamic modeling based on proposed methodology is compared with that based on the
revolute joints substitution. Finally, it is explained how a complex suspension and steer-
ing linkage can be modeled using the proposed concept of Euler parameters to represent a
spherical joint.
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1 Introduction

Dynamic analysis of multibody systems, e.g., robot manipulators and mechanisms, plays an
important role in investigation of their performances. The analysis consists of two branches,
which are: (i) Forward dynamics, where the forces acting on a mechanical system are known
and the equations of motion of the system are solved to obtain the motion of the system in
terms of linear and angular positions, velocities, and accelerations; (ii) Inverse dynamics,
in which the motion of each link is known and the aim is to find the forces required at
the joints to achieve the desired motion [1]. To perform the dynamics study, one requires
kinematic analysis, where an appropriate choice of the rotation representation of a rigid
link is important, particularly, for three-degree-of-freedom (DOF) motion of a rigid-body.
Three common rotational coordinates are: Euler angles, Euler parameters, and direction
cosines. Amongst all three, the Euler parameters have many advantages over both the Euler
angles and the direction cosines representations. Some of the advantages are that there is no
inherent geometrical singularity, and there is no orientation of a body for which the Euler
parameters cannot be defined. In addition, the rotation matrix using Euler parameters is
free of trigonometric functions in opposed of that using Euler angles. However, they are
dependent, as four variables are required to define any 3-DOF spatial rotation [1, 2].

Euler parameters are defined based on the Euler theorem [1], which states that the orien-
tation of a body with one point fixed can be defined by its rotation about an imaginary axis
by an angle 8 at any instant of time 7. Accordingly, the Euler parameters are established as

co=cos(B/2);  e=usin(B/2);  pe=[er €] M

where u is the imaginary axis about which the rotation of the body or a frame attached to it
happens. From (1), it is obvious that sum of the square of Euler parameters is equal to one.
In other words,

PeTPe =1 (2)

The rotation matrix, B, based on the Euler parameters, is thus obtained as [1]
B = (2¢f — 1)1+ 2(ee" + eo€) 3)

in which, 1 is the 3 x 3 identity matrix and € is a skew-symmetric matrix associated with
vector e such that éx = e x x, for any 3-dimensional Cartesian vector, X. This is called cross-
product matrix in the paper to follow some literature like [3, 4]; however, that is identified
spin-tensor in some other literature. Hence, matrix € is represented as

0 —e e
€= es 0 —e] (4)
—é) (4] 0

Angular velocity of the body is then derived using the derivatives of the above Euler para-
meters as [1]

® = 2Gp. 5)
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where @ is the angular velocity of the body, whereas p. = [é, €T]7 is the first derivatives of
the Euler parameters and G = [—e, € + ¢1].

For dynamic modeling, two popular approaches used are (i) Newton—Euler (NE), and
(ii) the Euler-Lagrange (EL) formulations [2]. The NE formulation in its original form is
straightforward and is able to find all of the forces including the reactions that are not es-
sential for simulation, i.e., the study of motions. Hence, this approach is not preferred for
the simulation of large systems. Alternatively, EL approach provides equations of motion
without the reaction forces. Hence, it is a simplified approach for simulation, but requires
complex partial derivatives. As a bridge between the above two formulations, i.e., one starts
with NE formulation and ends up with EL equations, several methods based on the orthog-
onal complements to the velocity constraint matrix have been proposed [5, 6]. One such
methodology uses the Decoupled Natural Orthogonal Complement (DeNOC) matrices [3]
that was originally proposed for serial rigid manipulator, but was later extended to paral-
lel [4] and general closed-loop systems [7] as well. One of the major advantages of using
the DeNOC matrices is the availability of recursive dynamics even for general closed-loop
systems. In the past, the use of the DeNOC matrices was presented for a mechanical sys-
tem, open or closed, with one-DOF revolute or prismatic joints only. In the presence of
higher DOF joints, namely cylindrical or spherical, they were treated as a combination of
revolute-prismatic or three intersecting revolute joints, respectively. For example, in [8], the
twist of a link connected to its previous one is given using three intersecting revolute joints.
Moreover, the kinematics of spatial revolute-spherical-spherical-revolute (RSSR) linkage
was analyzed in [9] by treating the spherical joints as three orthogonally intersecting rev-
olute joints. The dynamics of the same linkage was modeled in [7] using the kinematics
results of [9] and the DeNOC matrices. Such considerations cause an increase in the sizes
of associated matrices arising out of kinematics and dynamics modeling, thereby causing
inefficiencies in the resulting algorithms. Hence, the use of Euler parameters to represent
the motion of a spherical joint is proposed in [10]. Since spherical joint has many usages
in mechanisms, it has been studied in many articles. Robertson and Slocum developed a
high stiffness spherical joint capable of a large, singular free workspace [11]. The utilized
three frames to represent the relative location of the roll, pitch, and yaw axes of the spherical
joint. Attia studied a car suspension system [12] and a general serial chain [13], which have
several spherical joints.

In this paper, a spherical joint allowing three-DOF rotation is studied using Euler para-
meters. The resultant algorithm has reduced matrix sizes, which increases the efficiency of
the algorithm. To demonstrate this, the RSSR linkage studied in [7, 9] is analyzed, and the
CPU time for the inverse dynamics of the RSSR linkage is compared with those based on
the algorithm presented in [7]. The comparison proves the improved efficiency of the pro-
posed methodology. Finally, dynamic modeling of a suspension and steering linkage, as a
multiloop mechanism consists of several spherical joints, is described briefly.

This paper is organized as follows. Section 2 shows the kinematic analysis of a gen-
eral closed chain in detail considering the necessities of its dynamic modeling. In Sect. 3,
the DeNOC matrices, which were derived elsewhere for systems with only one-DOF revo-
lute/prismatic joints and explained in the Appendix, are improved for a body connected to
its previous one with a spherical joint and then the structure of the matrices for a multiloop
chain is presented. The proposed methodology in Sects. 2 and 3 is employed in Sect. 4 to
analyze an RSSR (Revolute-Spherical-Spherical-Revolute) linkage, as an example, and the
CPU time of this analysis is compared with same problem solved using revolute joints sub-
stitution. The complex linkage of suspension and steering system is also discussed in order
to demonstrate its modeling by use of the proposed concept of Euler parameters to represent
a spherical joint motion, followed by the conclusions in Sect. 5.
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The main contribution of this paper is to derive the DeNOC matrices for a multibody
system with one or some spherical joints by the use of Euler parameters.

2 Kinematic modeling

To illustrate the use of the Euler parameters to represent the spherical joint motion, a gen-
eralized closed-loop chain shown in Fig. 1(a) is considered whose links are numbered as
#1,...,#h. The method of numbering will be discussed later. Using the Kutzbach crite-
rion [14], the degree of freedom (DOF) of the linkage can be found. Note that the existence
of a link connected to neighboring links with just two spherical joints causes a redundant-
DOF, which is the rotation of the link about its axis joining the centers of the spherical joints
and must be considered when the constraint equations are formulated. To find the number
of independent loops, the following simple expression can be used:

number of loops = number of joints — number of bodies (6)

On the other hand, one needs the topology of the linkage obtained from graph theory [15—
19] to find the best joints to be cut. Figure 1(b) shows a typical topology for the system
shown in Fig. 1(a). In this figure, the circles show the links, where the lines connecting the
circles are the indicators of the joints. Furthermore, a Cartesian coordinate is attached to
every link at its joint to describe the motion of the next consecutive link. The x-axis of this
coordinate is always taken along the link axis, while its z-axis is along the joint axis for
one-DOF revolute or prismatic joint. For the spherical joints, the direction of z-axis will be
discussed subsequently.

2.1 Kinematic constraints for a closed-loop system

Now, the constraint equations are formulated as follows:

e Three scalar equations for every loop-closure equation. As it is shown in Fig. 1(a), two
proper joints, e.g., 1 and & 4 1 of Fig. 1(a), are connected by a vector virtually. The vector
is calculated from two different paths like 1-2-3—...—(h 4+ 1) and f—(f + D-(f 4+ 2)-
...—(h + 1) of the closed loop. Equating the two, gives a vectorial loop closure equation,
whose three components are used here as three constraint equations;

e The dependency equations of the Euler parameters, i.e., (2);

(a) Closed-loop system (b) Topology of the system

Fig. 1 A general closed-loop system
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Fig. 2 Substitution of a spherical joint with a Hooke joint

e Constraint equations to eliminate the redundant DOFs between every two spherical joints
connected by a link. In such situation, two orthogonal intersecting revolute joints, repre-
senting a Hooke joint are considered to replace the spherical joint, as indicated in Fig. 2.
The length of the imaginary link, i.e., #i’, is taken as zero. To write the mathematical
expression of this constraint, the rotation of the ith frame in fixed frame is constant from
right side or from left side of the chain. This constraint is explained in detail for an RSSR
linkage in Sect. 4.

Now, these constraint equations are expressed in vector form as

»(@)=0 0
where q = [0 rT]T is the vector of generalized coordinates of 0 and r representing the vec-
tors of unknown and known variables, respectively. This partitioning helps one to solve (8)
for the generalized speeds presenting the time derivatives of generalized coordinates easily.
To derive the angular velocities, the constraint equations, namely (7) is differentiated with
respect to time, i.e.,

®,6+ &, =0 (8)

in which, ®, = [d¢/0d0]; ®, = [d¢/dr]; and 6 and ¥ are the time derivatives of o and r,
respectively [1]. The acceleration expressions are similarly obtained by differentiating the
velocity expressions, namely (8), which is written in a compact form as

D0 + B:f + (Pq)gq =0 (C))

where (®,q)q = 9(®qq)/9q, and @ is an m x n matrix, in which m and n are the number of
dependent variables, or the number of constraint equations, and the total number of variables
that includes independent and dependent variables, respectively. Since q is not dependent on
q explicitly, (9) can be rewritten as

®,0+ . F + (Pgqq)q =0 (10)
in which &, = % and ®qq = %. In view of the fact that ®4 is a matrix, its each col-

umn is differentiated w.r.t. q and expanded in the third dimension. Therefore, ®4q is m x
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Fig. 3 Use of 3-dimensional
matrix for generalized
acceleration calculation

q,

q,

92¢;

n x n matrix whose each element is ¢;; = . Such 3-dimensional matrix can be eas-

09, 9qy
ily handled in MATLAB software environmen]t. The computation of (®4,q)q in (10), for a

system with m constraint equations and n variables [10] is shown in Fig. 3.

3 Equations of motion

The dynamics formulation of an n-link open-chain serial system with only one DOF joint
(Fig. 13) using the Decoupled Natural Orthogonal Complement (DeNOC) matrices [3],
which forms the basis for the modeling of the closed-loop system with £ links, is outlined
in the Appendix.

The twist and wrench of the ith body moving in the 3-dimensional Cartesian space are
defined in the Appendix as the 6-dimensional vectors of

w; n;
ti= [ } and Ww; = [ } (11)
\fi f;

where w; and v; are the 3-dimensional vectors of angular velocity and linear velocity of
point O; of the ith body, respectively, whereas n; and f; are the 3-dimensional vectors of the
resultant moment about O;, and the resultant force at O;, respectively.

Now in the presence of a spherical joint, where the rotation of one body w.r.t. its previ-
ous one is defined using the Euler parameters, the corresponding twist expression similar
to (48) will be derived. The key point in (48) is that the joint-motion propagation matrix is
associated to the number of variables signifying the degree of freedom of the joint. For the
revolute and prismatic joints, p is a vector with size of 6 x 1. For the spherical joint, it should
then be 6 x 3, as a spherical joint allows 3-DOF motion of the ith link w.r.t. its previous one.
Hence, (5) cannot be used because p, has four variables. An alternative representation of @
in terms of the time rates of the 3-dimensional vector e as in (1) is sought. This is suitable
for the derivation of dynamic equations of motion using the DeNOC matrices. For that, pe
of (5) is expressed first in terms of € as

pe = Cé (12)
where C = [—e/e, 1]7. Upon substitution of (12) into (5), one obtains
w=2GCé=G"¢é (13)

Equation (13) is rewritten with appropriate subscripts to denote the relative angular velocity
of the ith body w.r.t. the (i — 1)st one in (i — 1)st moving frame as

;1 =Gfe, (14)
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in which G} = [B;;_; + 1]/e¢;, and ey; and e; are the Euler parameters representing the
orientation of the ith body w.r.t. the (i — 1)st one and B;;_; is the rotation matrix that
transforms a vector from the frame connected to the ith body into the frame connected to
the (i — 1)st body. Equation (48) is then rewritten for the two bodies coupled by a spherical
joint as

t=A; 1t + P (15)

where the expression of the 6 x 6 matrix A;;_; is same as that in (49), whereas the 6 x 3
joint-motion propagation matrix is given as

o]
o

As pointed out in the Appendix, the generalized twist of the entire system, t, for the » rigid
bodies in the system is written in form of (50). In the presence of s spherical joints, Matrix
Ny remains same as that given in (51) for a system with only one-DOF joints, while Np
changes to the 6n x (r 4 3s) block diagonal matrix, where r and s represent the number of
one-DOF revolute/prismatic joints and three-DOF spherical joints, respectively. Hence, Np
is defined by

P, _
P,

Np = ' (17)

P,

where P; is the joint-motion propagation matrix for the three-DOF spherical joints obtained
from (16), or the joint-motion propagation vector for the one-DOF revolute/prismatic joints,
p: as presented in (49), depending on the ith link connected to its previous one by a three-
DOF joint or a one-DOF joint. Accordingly, 0 of (47), is defined as the (r + 3s)-dimensional
vector of independent generalized speeds, which contains 6’s for revolute/prismatic joints
associated to vector p in matrix Np, and €’s for spherical joints corresponding to P elements
in matrix Np.

The rest remains same for a system with only one-DOF joints and that with one- and
three-DOF joints. So far, in deriving (53) for an open-loop serial type system, it is assumed
that all the joint variables are independent. For a closed-loop system, this is, however, not
true, i.e., all joint variables are not independent. In order to apply the dynamics modeling
methodology presented above, the closed-loop system under study is first made open by
cutting the appropriate joints and substitute the constraint forces or moments in terms of La-
grange multiplies to maintain kinematic constraints unchanged. As a result, the advantages
of the serial chain systems, namely, the development of recursive dynamics algorithms can
be exploited [7] even for the closed-loop system. This is done in the following subsection.
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(a) The topology of the closed-loop system  (b) The cut joints and Lagrange multipliers

Fig. 4 Reaction forces at the cut joints

3.1 Closed-loop systems

A closed loop is converted here into some open chains, which can be spanning-trees or serial
systems, by cutting its appropriate joints. The topology of the linkage, which obtained from
graph theory and shown in Fig. 1(b) is employed to find the appropriate joints, which should
be cut. It is obvious that the number of cut must be equal to the number of independent
closed-loops. Use of concept of cumulative degree of freedom (CDOF) in graph theory
identifies the appropriate joints to be cut [16—18] as cited in [19].

The total DOF of all joints lie in an open chain, namely the branch of the tree, is called
the CDOF. Using this concept, one should cut the joints such that the maximum CDOF of all
branches is minimum. After choosing the joints being cut, links can be numbered properly.

The links of initial closed-loop system should be numbered in such a way that after
cutting the joints, the numbers of the links in each branch of opened systems are consecutive.
For example, the schematic linkage shown in Fig. 1 is cut at proper joints to obtain some
serial subsystems shown in Fig. 4. If the cuts lead to tree-structure, the method of numbering
given in [7] is suitable.

The scissors symbols of Fig. 4(a) indicate the proper joints to be cut, whereas fl?‘j and n?‘j
in Fig. 4(b) denote the components of the force and moment caused due to the Lagrange
multipliers representing generalized reaction forces at the cut joints.

Since the Lagrange multipliers representing the constraint forces and moments at the cut
joints, are treated as external forces and moments applied to the resulting serial subsystems,
vector w° of (54) should now include the wrenches due to the Lagrange multipliers as well.
Let us replace w® of (54) with w® + w to distinguish the true external wrenches, w¢, from
those due to the Lagrange multipliers, w*. For every open loop, which obtained by cutting a
closed-loop system, (53), is then modified to [7]

Nj(M;t; + W;MGE; t)) = Nj (W5 +w)) (18)
where j stands for the opened subsystems, and all the matrices and vectors are with appro-
priate dimensions. Now, the equations of motion for the whole system taking into account
all the opened subsystems can be written as

NT(Mt + WMEt) = NT(w® + w") (19)

in which the associated vectors and matrices are
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M= dlag[MI MH PN Mo]; W= dlag[WI WH PN Wo]
Np =diag[Nyy Nogp ... Niol; Np =diag[Np; Npn ... Npo] (20)
E= dlag[EI EH e Eo]
and
T T 71T e el el el T
t=[t t, ... t5]; w :[wI W WO]
N AT AT Tt
w :[wI Wy ... WO] (21)

Matrices M, My, and Mg are the generalized mass matrices, as defined in (46), for the
opened subsystems. Other matrices and vectors are similarly defined.

Next, it is shown how to obtain the reactions at the uncut joints. These may be required
for mechanical design and force/moment optimization purposes. The algorithm for the open-
loop system proposed in [21], is presented here, namely

Wit = Al Wiip + W — W (22)
in which
n;_p; n; 1 a4
Wi 1, = ; = and A'j;iy = (23)
firi f o 1
where the moment, n;_; ;, and the force, f;_;;, are those applied by the (i — 1)st body

to the ith one at the ith joint, and w; introduces the inertia wrench of the ith body as
M;t; + W,M,E;t; = w}. In (22), the 6 x 6 matrix, A’; ; 1, is the wrench-propagation matrix
which transforms the wrench acting at point O, to O; of the ith body.

4 Case studies

In this section, the algorithm is applied to two examples. These are: (i) a spatial revolute-
spherical-spherical-revolute (RSSR) linkage, and (ii) a half model of suspension and steer-
ing linkage of a commercial passenger car. With the former system, i.e., the RSSR linkage, it
may be possible to show that the proposed algorithm is faster compared to the conventional
consideration of a spherical joint as three intersecting revolute joint, as done in [7].

Fig. 5 Four-bar RSSR #2
mechanism

b

"
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4.1 RSSR mechanism

The four-bar RSSR linkage, as shown in Fig. 5, is considered first whose links are numbered
as #1,...,#4, and joints by 1, ..., 4. This system was analyzed in [7, 9], where the spherical
joints are treated as three intersecting revolute joints. In this paper, the same methodology is
adopted except that the spherical joint motions are represented using the Euler parameters.
Correspondingly, changes are made in the derivation of the DeNOC matrices, as shown in
subsequent paragraphs.

4.1.1 Kinematic analysis

Since the DeNOC matrices themselves are function of the link orientations, their evaluation
methodology is explained as follows:

Using Kutzbach criterion [14] the degree of freedom (DOF) of the RSSR linkage is
two, of which, one is the rotation of input link, #1, denoted as ¥, and the other one is the
rotation of coupler #2 about its own axis, which is called redundant DOF because it does not
affect the input/output rotation. As depicted in Fig. 5, three Cartesian coordinate systems
are attached to #1, #2, and #3 as explained in Sect. 2. Note that the fixed reference frame
is considered at joint 4, which is attached to the fixed base and whose X-axis is along the
common perpendicular of two revolute joints, namely, joints 1 and 4, and global Z-axis is
along the axis of joint 4. Since #1 rotates about constant axis of z;, let us define B; to denote
the transformation of x;y;z; w.r.t. XYZ. In this rotation matrix, only v, the angle of #1 as
shown in Fig. 5, is variable.

Next, the rotation of frame x,y,z, W.r.t. x;y;z; is defined using the Euler parameters, as
#2 is connected to #1 by a spherical joint. It is represented by By, i.e.,

By = (26(2)2 — 1)1 =+ 2(6205 + 60262) (24)

where [en eg]T = pe1 are the Euler parameters of the second moving frame, x;y,z,, W.r.t.
the first moving frame, x;y,z;.

In view of the fact that #3 rotates in the XY plane about Z axis, the rotation of x3y3z3
w.r.t. XYZ is easily written and termed By.

Note that for the given values of the input angle, v, there are five unknowns, namely,
ep, three components of e,, and 6 that need to be obtained to define the configurations of
all the four-bar linkage completely. The five unknowns are solved from the five constraint
equations that are expressed in the form of (7), where the scalar five equations are obtained
as follows:

e Three components of the kinematic loop closure equations being

oy I3 I Lax I3
¢ | =B | 0| +BBy |0 |—]|lsy | —Bs| O (25)
&3 0 0 L 0

where [/; 0 0]T indicates point A in the first moving coordinate system, while [/, 0 0]T
and [/3 0 0]" represent point B in the second and third moving coordinate systems, re-
spectively, and the 3-dimensional vector 1 = [l4y l4y 14.]7 represents the position of Og
w.r.t. O, in global frame, as shown in Fig. 5.
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Fig. 6 Four-bar RSRRR
mechanism

e The constraint ¢, being dependency of the Euler parameters, (2), i.e.,

b4 =Pey Peat — | (26)

e The last constraint is due to the elimination of the redundant DOF in #2. As shown in
Fig. 6, the spherical joint at point B is replaced by two revolute joints. The length of the
imaginary link #3' connecting the joints 3" and 3” is taken as zero, whereas the axis of
joint 3', 7}, is considered parallel to the Z-axis of fixed frame, and the axis of joint 3",
75, is taken orthogonal to both z} and x,. Now, the z axis of the second moving frame is
defined parallel to zj. Sincs:, X2Y22 is parallel to x5 y{z}, B, should be equal to B}. In
other words, B;B,; = B;B**Bs3 or B, = B,., where [ and r stand for left and right sides
of the expression, respectively. Since in this case, B, (3, 3) is equal to zero, this element
is taken as the last constraint equation. The equation is

¢s=B,(3,3) (27)

Referring to (7) for the linkage at hand, q = [0T ]7 is the 6-dimensional vector of gen-
eralized coordinates for the RSSR mechanism at hand, whereas o = [¢p, eg 01" is the
5-dimensional vector array of dependent coordinates. The term v is the independent co-
ordinate for the one-DOF RSHR mechanism. To derive the generalized velocities and ac-
celeration for the RSSR mechanism whose dimensions are given in Table 1, the constraint
equations, namely (25)—(27), are differentiated with respect to (w.r.t.) time as they were pre-
sented in Sect. 2. The input, v, is taken as a linear function of time that varies between 0 and
2m, in t = 0.6 sec., where position analysis results are given in Fig. 7. In order to validate
the results, a separate CAD model is developed in ADAMS (Advanced Dynamic Analysis
of Mechanical System) software environment. The outputs of the ADAMS model are also
shown in Fig. 7, which indicate good agreement of the analytical results and results taken
from ADAMS.

4.1.2 Dynamics analysis

In order to obtain dynamics results using the DeNOC matrices, the RSSR linkage, shown
in Fig. 6, is first made open by cutting joint 3, located at point B. It is then substituted with
appropriate Lagrange multiplies. Due to this cut, the closed-loop system is now converted
to two open-loop systems. As it was pointed out in Sect. 4.1.1, joint 3 is treated as two
intersecting revolute joints. Hence after cutting, there will be three reaction forces, as the
scalar components of f§3, and a reaction moment about the axis of #2, which is the only
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(c) The x, y, and z components of angular velocity of #2

Fig. 7 Numerical and ADAMS kinematic results of the RSSR linkage analysis

component of nj,. The DeNOC matrices for the two open subsystems are then combined to
yield the following:

1 0O p O 0
NL= A21 1 (0] 5 ND= 0 Pz 0 (28)
0O 0 1 0 O p;

where N and Np are 18 x 18 and 18 x 5 matrices corresponding to the 18-dimensional
generalized twist, t of (47), and the 5-dimensional joint rate vector @ given by 0= [1Zf é} 61".

Now, referring to Fig. 8 and neglecting the gravity forces, the wrench associated with
external forces for the left side, i.e., OpAB, is given by

w; = [w?T ng]T (29)

in which w{ and w5 are the 6-dimensional vector of external wrenches at joints 1 and 2,
respectively. The vectors w{ and w; are defined as

wi=[wo" 0]' and w5=0 (30)
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Fig. 8 Reaction forces at cut
joint B

5 T32x
ey 32x

3 T23x

#2 B & /152)( \/AAJL%’

~
A23x

where t is the actuating torque applied to #1 at revolute joint 1 and u; is the unit vector
along z; of joint 1. The next term on the right-hand side of (19) is the wrench associated
with the Lagrange multipliers due to cutting of joint B, which is found for the left open chain
as

w=[w' w'] 31)
in which w} and wj are the 6-dimensional wrenches associated with the Lagrange mul-
tipliers at the joints 1 and 2, respectively. Note that the Lagrange multipliers due to cut
joint 3, i.e., A3, A3y, A3y, and T3, must be expressed with respect to the origin of
link 2, namely, point A, and in the fixed frame. Hence, they are given as w? =0 and
w; = AL, wh, where w} = Bw} in which w7 is defined in the second moving frame and
is wg* = [1320 0 0 A3y A3,y A32.]T, and B is the rotation matrix that converts the wrench
associated with the Lagrange multipliers of the left chain from the moving frame to fixed
frame. Thus, one can write (31) as

wh = A'Bw; (32)

where the 12 x 6 matrix A’, the 6 x 6 matrix A’;, and the 6 x 6 matrix B are given by

0 1 an BB, O
A= . Ap= and B= (33)
Al o 1 O BBy

Now, it a simple matter to find the wrench associated with external forces for the right side
chain, i.e., OgB, as

w; =w; where w; =0 (34)
Moreover, the wrench associated with the Lagrange multipliers for this chain is
wh=Al;Bs(—wY) (35)

in which AJ; is defined similar to A,. After all, the 18 x 1 vectors of w® and w* for the
whole linkage are obtained from (20) as

we=[w' w'] and w=[w' w'] (36)

r r

Finally, all the matrices associated with dynamic equations of motion of the RSSR mecha-
nism, namely (19), are known. It is pointed here that all equations are expressed in the fixed
frame, i.e., XYZ. Hence, the inertia matrices for #1, #2, and #3 are accordingly calculated

@ Springer



An improved dynamic modeling of a multibody system with spherical 339

1 0. 0.
—— gy, Proposed —— gy, Proposed a7 PTOPOSEA
038 © gy, ADAMS 0.15] © g, -ADAMS -
32x 32y 02 0 hyy,-ADAMS
0.6 0.1
Z 04 Z 0.05] z
] ] ]
= 2 2
S 02 S of S
o [ w
0 -0.05
-0.2 -0.1
-0.4 -0. -0.
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
t (sec) t (sec) t (sec)

(a) The x, y, and z components of reaction force at joint 3

15 20
—
s 10
€ E oo
£ 05 3
g g0
g o g
© 2 -20
08 -30 —input t-proposed
; ” © input -ADAMS
) 0.2 0.4 0.6 0.8 ) 0.2 0.4 0.6 0.8
t (sec) t(sec)
(b) Reaction torque at joint 3 (c) Driving torque at joint 1

Fig. 9 Dynamics results of the RSSR linkage

in the fixed frame. Furthermore, the joint-motion propagation matrix of spherical joint 2,
matrix P, in global frame is as follows:

BB, G}
P, = 37)
o

From (19) and (28)—(36), it is now obvious that there are five unknown, which are t, the
actuating torque on #1 at joint 1, 73;,, the reaction torque at joint 3, and the three reaction
forces at joint 3 denoted as A3,, A3z, and A3, in addition five dynamic equations of motion.
Hence, a unique set of solution exists, for which the results are shown in Fig. 9.

As it is expected, 13, is always zero in Fig. 9(b) because there is no force or moment on
#2 to be applied or arising because of the kinematic constraints. The dynamics results of the
RSSR linkage obtained from the proposed algorithm are also compared with those from the
ADAMS model. They show extremely close match. To verify the efficiency of the proposed
algorithm, based on Euler parameters of a spherical joint, with that of three intersecting
revolute joints substituted for a spherical joint [7], CPU times to run the corresponding
computer codes in PIV-3.4 GHZ computer are obtained and reported in Table 1. The shorter
CPU times given in Table 1 proves the efficiency of the proposed methodology, where the
motion of a spherical joint is specified using the Euler parameters.

4.2 Suspension and steering linkage

In this subsection, the suspension and steering linkage of a commercial passenger car is
modeled as a more complicated linkage to show the generality of the proposed algorithm.
A CAD model of this linkage is shown in Fig. 10.

This linkage consists of a rack, two tie rods, two steering arms connected to wheel hubs,
two struts and two lower arms, and two springs and shock absorbers applying forces to lower
and higher parts of the struts. Figure 11(a) shows the scheme of left half of the linkage whose
topology obtained from graph theory is shown in Fig. 11(b).
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Fig. 10 CAD model of
suspension and steering linkage

Lower arm

Wheel hub

(a) A scheme of the linkage (b) Topology

Fig. 11 The suspension and steering linkage

The topology shows two independent close-loops. Hence, two joints must be cut to open
the linkage completely. The highlighted numbers on the lines indicating the joints, represent
their DOF. As it is pointed out in Sect. 3, the CDOF of every branch should be minimum
after cutting.

Hence, the proper joints for cutting are the spherical joints between #1 and #3, and #3
and #5, where the maximum CDOF is four. It is a simple matter to check that by cutting
other two joints, the maximum CDOF is same as four or more. The links of the linkage
are numbered in such a way that after cutting and converting the closed loop to three serial
chains, the link numbers of every serial chain are consecutive.

Some representative results of the suspension and steering linkage analysis are shown
in Fig. 12. The figure shows the force applied to the rack to move it by a sine function
for maximum rack travel in two sec. The force applied to the tire is same as the sample
given in [22]. The details of the modeling and results are avoided here to keep the size
of paper reasonable. The modeling details of the suspension and steering linkage will be
communicated later as a separate submission.
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Fig. 12 The force applied to the rack of the suspension and steering linkage

5 Conclusions

In this work, the dynamic modeling of multibody systems with spherical joints whose mo-
tions are described using Euler parameters is presented. In general, a spherical joint is mod-
eled as three intersecting orthogonal revolute joints with zero intermediate link lengths. The
later procedure causes the increase in the sizes of the associated matrices. To avoid the un-
necessary introduction of the intermediate links and increasing the matrix dimensions, the
Euler parameters are employed to represent the motion of a link connected to the previous
one by a spherical joint. Correspondingly, the Decoupled Natural Orthogonal Complement
(DeNOC) matrices used for the development of dynamic algorithms are modified. To con-
firm the efficiency of the proposed representation, a spatial four-bar Revolute-Spherical—
Spherical-Revolute (RSSR) mechanism is analyzed and compared to that one reported in
the literature [7]. The CPU times in Table 1 show almost 10% improvement. Besides, less
computer memory is required using the proposed methodology due to the smaller matrix
sizes.
Finally, the contributions of this paper are highlighted as:

(1) Extension of the concept of the DeNOC matrices for the multibody systems with spher-
ical joints using Euler parameters to denote their motions.

(2) Verification of the efficiency of the dynamic algorithm, particularly, for the RSSR link-
age.

(3) Brief explanation of the dynamic analysis of a complex suspension and steering linkage.

Acknowledgements The authors acknowledge Dr. Himanshu Chaudhary who allowed using his code on
RSSR linkage analysis being based on three orthogonally intersecting revolute joint substitution for the com-
parison of the two algorithms.

Appendix

This appendix explains DeNOC matrices for a serial multibody system with only one-DOF
joint. Using Euler and Newton laws, equations of motion for the ith body of an open chain
can be written as (see Fig. 13)

C
n

€ =m;v¢ (39)

1

16 +1f 0 =ICa; + &I ; (38)
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Fig. 13 An n-link serial
manipulator

where ;, viC, niC and flc are 3-dimensional angular velocity, linear velocity, moment, and
force vectors, respectively, associated with the ith body and represented about C;, and I¢ and
m; are 3-dimensional inertia matrix about C; and mass of the body, respectively. If Newton—
Euler (NE) equations for the ith body are written about origin O;, the terms V<, n¢, f°, and
I,-C need to be substituted with v;, n;, f;, and I, which are given as

v =v +d, Vi =v{ +d;0; + @;d;o;

@;;
~ - (40)
n; :nic+d,~fic; f,:flc and I,:IIC—I’)’l,dl2

where X is the 3 x 3 cross-product matrix associated with the 3-dimensional vector x so that
Xa = x x a for any vector a, and it is defined similar to (4).
On substitution of (40) in (38) and (39), one obtains the following:

@ +m;@)&; + & (L +m;d})o; =n; — df; @1
m;v; — miaid)i - mid)iaiwi =f (42)

Equations (41) and (42) are simplified and formed as
M;t; + W,ME;t; = w, (43)

in which the 6 x 6 matrices, M;, W; and E;, and the 6-dimensional vectors t; and w; are
given by

Ii m,-&,- C:)i O 1 O
M; = . ; W; = o0 & ; E; = o0 o ;
—midi mil [OF] (44)

Wi n;
t = and w; =
Vi f,'

where I; is the 3 x 3 inertia tensor for the ith body about O;. The two last vectors, t; and w;,
are called twist and wrench of the ith body, respectively.

For a multibody system with 7 rigid links, the uncoupled NE equations of motion, (43),
are then written in a compact form as

Mt + WMEt =w (45)

where the 6n x 6n matrices, M, W, E, and the 6n-dimensional vectors t and w are defined
as follows:

M =diag[M;, My, ..., M,]; W =diag[W,,W,,...,W,]
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E = diag[E,, Es, ..., E,]; t=[F ¢ ... ] and (46)

w=[wl wl .. W]
The twist of the open chain can be written as [3, 6]
t=No 47)

In (47), N is an orthogonal complement for the coefficient matrix of velocity constraint
equations, A, so that At =0. N is then termed as Natural Orthogonal Complement (NOC)
of A [6].In (47), 0= [91 ... é,,]T is the n-dimensional vector of independent generalized
speeds.

Note that the twist of the ith body, t;, can be expressed in terms of its previous body, i.e.,
the (i — 1)st one [3, 20], as

ti=Aii it +pibs (48)

where A;;_ is the 6 x 6 twist-propagation matrix, and p; is the 6-dimensional vector of
joint-motion propagation, which are given by

1 (0] u; 0
A= ; p; = revolute; p = prismatic joints
a1 1 0 u;

(49)
In (49), a;;_; is the 3 x 3 cross-product matrix associated with the vector a; ;_, defining
position O;_; from O;. From Fig. 13, vector a;;_; can be obtained as a;;_; = —a;_; =
—d;_; — r;_;. Matrix a, ;_; is defined similar to (4). Moreover, O and 1 are the 3x3 zero

and identity matrices, respectively, whereas, 0 is the 3-dimensional vector of zeros. In this
paper, O, 1, and 0 will be understood as of compatible sizes based on where they appear.
Furthermore, u; is the 3-dimensional unit vector parallel to the ith joint axis.

The NOC matrix given in (47), N, is decomposed next as

N=N.Np (50)

Matrices Ni, and Np are the 6n x 6n lower block triangular matrix, and the 6n x n block diag-
onal matrix, respectively. They are found for a chain with only one-DOF revolute/prismatic
joints as

1 O .- 0 poo .0
Ay 1 - 0 0 p,p --- 0

Ne=| . . and Np=| . (628)
Anl An2 ST | 0 0 o Pn

For serially connected three bodies, namely, i, j, and k, the twist propagation matrices sat-
isfy the following properties:

AijAjr = A A =1, A,-;l =Aj (52)

Since in (45), the wrench w, includes all the forces and moments applied on the system, i.e.,
the external forces and moments, the reaction forces and moments, and those due to gravity,
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dissipation, etc., it can be substituted as w = w°® + w°, where w® contains the reactions and
w¢® contains the rest.
It is well known that the work done by reaction forces is zero, then

{Twe =0 NTw® =0 (53)

Since @ is the vector of independent coordinates, N'w¢ = 0, meaning that if both sides
of (45) are premultiplied by N7, i.e., the transpose of the matrix N, the wrench due to reaction
forces and moments are vanished, and (45) yields to

NT(Mt + WMEt) = NTw® (54)

Equation (54) is termed as coupled equations of motion for an open-loop serial type system
whose all joint variables are assumed to be independent.
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