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Abstract Dynamic modeling of spatial multi-degree-
of-freedom (multi-DOF) parallel motion system is a
challenging research because of its multi-closed-loop
configuration, in contrast to serial manipulator. This
study readdresses the issue of deriving explicit closed-
form dynamic equations in the actuation space of non-
redundant parallel mechanisms through the Lagrange
modeling approach. Due to the complex relationship
between passive joint variables and active joint vari-
ables, the application of the Lagrangian formulation
for dynamic modeling of parallel mechanisms is con-
sidered nearly impossible. In this paper, the utilization
of the virtual work principle makes the application of
the Lagrangian formulation for parallel mechanisms
possible and efficient. A closed-loop parallel mecha-
nism is divided into several serial open-loop subchains.
Explicit dynamic equations of each subchain can be
derived by using the Lagrangian formalism straight-
forwardly with respect to their own local generalized
coordinates. The principle of virtual work is used to
combine the differential dynamic equations of the sub-
systems into an explicit dynamic model of the full par-
allel manipulator with respect to robot’s active gener-
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alized coordinates. The Jacobian and Hessian matri-
ces play a crucial role in the transformation of the
dynamic equations with respect to different general-
ized coordinates due to the application of the virtual
work principle. The introduction of the cubic Hessian
matrices makes the dynamic equations more compact.
The procedure of modeling for a 3-DOF spatial paral-
lel manipulator is taken as an application example of
the proposed approach. The efficiency of the proposed
approach and the correctness of the dynamic model are
demonstrated by simulations and experiments.

Keywords Dynamics - Lagrangian formulation -
Parallel mechanism - Virtual work - Hessian matrix

1 Introduction

It is well known that parallel mechanisms have sig-
nificant advantages over serial mechanisms in terms
of accuracy, rigidity and payload ability [1-4]. Com-
pared with serial open-loop mechanisms, the kinemat-
ics of parallel mechanisms is more complex due to
their multi-closed-loop structures. The complexity of
kinematics leads to quite complicated dynamic model
because dynamics is a natural extension of kinemat-
ics [5,6]. Therefore, the derivation of explicit dynamic
equations in the actuation space for parallel mecha-
nisms is often difficult except several particular manip-
ulators. However, the precise dynamic equations in
the actuation space play an important role in design
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and operation of robotic devices. In design, dynamic
equations are employed as the dynamic constraints for
an optimal design process or as a tool to test perfor-
mance indexes of a robot. As regards robot opera-
tions, dynamic equations are the most important part to
develop control laws and determine controller’s para-
meters; inverse dynamics are always used to com-
pute the actuation forces as feedforward information
in order to achieve desired motions, which are called
the internal model control or model-based control. The
trajectory tracking performance of most commercial
parallel robots is limited because they are controlled
by simple single-joint feedback controller ignoring the
coupled dynamics. Unlike the serial mechanisms that
have well-established modeling and control methods,
most studies of the parallel mechanisms focus on kine-
matics and optimal design issues. To the best of our
knowledge, the dynamic modeling of parallel mecha-
nisms is still an open problem. Therefore, we aim for
an efficient method for the derivation of the control-
oriented dynamic model, i.e., the explicit closed-form
dynamic equations in the actuation space.

The literature on the dynamic modeling is rather
vast, and it will be impossible to mention all of them.
For parallel mechanisms, there are mainly four kinds
of methods to build the dynamic equations for them.
The first one is the Newton—Euler method. Dasgupta
and Mruthyunjaya [7] obtained the dynamic equations
of two types of the Stewart platform via Newton—Euler
method. Using this approach, the acceleration of every
isolated rigid body should be obtained. All constraint
forces and moments between the joints also should be
obtained because of the application of the Newton—
Euler equations for each rigid body, whereas the inter-
nal forces and moments of interaction between ele-
ments of arobot are useless for the control of a manipu-
lator. The second method that is widely used is Kane’s
method. Kane proposed Kane’s dynamical equations
for robotics applications to formulate explicit equa-
tions of motion [8,9]. This approach uses Lagrange’s
form of d’ Alembert’s principle, as exposited by Hous-
ton and Passerello in [10-13]. Lagrange’s form of
d’Alembert’s principle states that the sum of the total
generalized active force and the total generalized iner-
tia force, for each generalized coordinate of the sys-
tem, is zero, which are Kane’s dynamical equations.
Kane’s dynamical equations have the advantage of
automatically eliminating “no-working” internal con-
straint forces. In order to efficiently obtain the gen-
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eralized forces needed for Kane’s equations, the con-
cepts of partial angular velocity and partial velocity are
introduced by Kane [8,9]. Subsequently, Houston and
Amirouche made great contribution to the development
of Kane’s method [14-23]. As for dynamic modeling
of parallel mechanisms, they employed the combina-
tion of Kane’s dynamic equations and constrained kine-
matic equations or undetermined multipliers embed-
ded in Kane’s equations. Then, in order to derive the
explicit dynamic equations with respect to the indepen-
dent coordinates, the zero eigenvalue decomposition
and pseudo-uptriangular decomposition methods are
proposed by Houston and Amitouche, respectively, to
eliminate the undetermined multipliers. Their method
is an efficient method especially when the dimension
of the constraint equations is large due to a large num-
ber of rigid bodies of the multi-body system. However,
the derivation of partial velocities and accelerations are
inevitable, which needs a bit of tedious calculations.
Lieh [24] studied Kane’s method employed by Wang
and Huston [15] and indicated that they didn’t generate
the closed-form dynamic equations. Then, he success-
fully used the principle of virtual work to get the closed-
form dynamic model for closed-loop systems [24,25].
Currently, the principle of virtual work has been a very
popular method to derive dynamic models of paral-
lel mechanisms [26-29]. The principle of virtual work
states that the work done by a dynamically equilib-
rium system undergoing arbitrarily displacement van-
ishes. It is salient that the “no-working” forces can
be dropped out from the virtual work equation, which
is very similar with Kane’s method. The calculation
of every body’s acceleration is also demanded in this
approach. Different to the Newton—Euler approach, the
characteristic of the principle of virtual work for a sys-
tem equaling zero is applied to combine all dynamic
equations of isolated bodies into one dynamic equa-
tion of the total manipulator. However, Guo and Li [30]
think the method based on principle of virtual work
delivers only an implicit model of inverse dynamics.
The last one is Lagrangian formulation. Traditionally,
Lagrange’s method considers the system as a whole
instead of isolating each body as the other methods
mentioned above. Lagrange’s method is very success-
ful for serial mechanisms since the Lagrangian function
is simply expressed by the actuator variables for ser-
ial mechanisms, whereas quite a few of literature have
used the Lagrangian formulation for parallel mecha-
nisms due to the constraints introduced by the closed
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loops. In [31-34], because of the complexity of the
kinematics, dynamic model simplification was sug-
gested, like neglecting Coriolis terms or inertia ten-
sors. In [35], the passive joint variables are involved
in generalized coordinates, which increases the dimen-
sion of dynamic equations. So, the result in [35] is not
the expected explicit form of dynamics. Additionally,
most of the previous works just consider the primary
rigid body dynamics of a manipulator while neglect the
friction even the actuator dynamics. However, for an
actual physical prototype, the actuator dynamics and
friction frequently play a large part in the governing
equations of motion. It was demonstrated in [36] that
for some systems, friction compensation yields signif-
icant improvement of control performance. Obviously,
a precise dynamic model without neglecting any parts
of the dynamic equations would benefit the perception
of the system and controller design. Below we con-
tribute to remove all these drawbacks. The novelty of
this paper is the combination of Lagrangian formula-
tion and the virtual work principle for being free of the
complicated computation of acceleration and internal
forces and moments. This is an important advantage of
the modeling approach over the Newton—Euler formu-
lation.

In this paper, the Lagrangian formulation is restud-
ied in order to determine the explicit closed-form
dynamic equations in the actuation space of parallel
mechanisms by combining the Lagrangian formula-
tion with the principle of virtual work. The closed-loop
structure of the manipulator is opened into several ser-
ial subchains in order to form explicit energy functions
of subsystems with respect to their local coordinates for
the convenience of the subsequent differentiating cal-
culation. The dynamics of subsystems corresponding
to different local generalized coordinates can be eas-
ily obtained through Lagrange’s equations of the sec-
ond type because of the conveniences of the Lagrange
formulation for serial robots. However, the dynamic
equations of subsystems should be grouped into the
closed-form dynamic equations of the manipulator cor-
responding to the active generalized coordinates. The
virtual work principle could transform the generalized
joint torques into another joint space according to the
relationship between different generalized coordinates.
The Jacobian and Hessian matrices, which represent
the key of robot’s kinematics, play the transforma-
tion bridge roles in combining different dynamic equa-
tions of isolated body subsystems. The cube Hessian

matrices are only utilized in the study of kinematics in
[37,38]. Here, we introduce them into dynamic equa-
tions, which make the equations more concise. Addi-
tionally, the inclusion of friction in the derived rigid
body dynamic equations is also discussed.

The goal of this paper is to propose an alternative
dynamic modeling method for parallel robots. This
method is embedded with four desired merits. (1) Accu-
racy the use of virtual work principle to deal with
kinematic constraints makes the Lagrangian formula-
tion available for parallel robots without neglecting any
parts of dynamic equations; hence, the derived dynamic
model is an accurate rigid body dynamic model with-
out any simplification. (2) Convenient implementation
there are only five steps to obtain the final dynamic
model for any non-redundant parallel robots and the
process is easy to be implemented by computer algebra
program. (3) Explicit expression the derived dynamic
equations are explicit with respect to active joints,
which is important for the solution of forward dynam-
ics. (4) High efficiency the derivation process for the
explicit closed-form dynamic equations is high effi-
ciency, and the computational cost for solution of
inverse dynamics is low enough for online model-based
control.

The paper is organized as follows. The problems of
using the Lagrangian formulation to derive dynamic
equations for parallel mechanisms are discussed in
detail in Sect. 2. The proposed approach is then devel-
oped in Sect. 3. In Sect. 4, as an application example,
the inverse kinematics of a 3-DOF parallel manipulator
is analyzed. Then, the dynamic equations of motion are
formulated through the proposed approach. In Sect. 5,
the dynamic equations are verified by the commercial
software ADAMS and experiments on a test bed. Some
conclusions and future research directions are given in
Sect. 6. Although the 3-DOF manipulator is used as
an example to illustrate the modeling approach, the
methodology can be used for other types of parallel
manipulators.

2 Problem formulation

When neglecting the friction and other disturbances,
for non-redundant N-DOF mechanisms, the explicit
closed-form dynamic equations is a N-dimensional set
of differential equations as
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Dg, +Cqu + G = 14, (D

where q, € RY is the vector of the active general-
ized coordinates that is the coordinates of the actua-
tors. T, denotes the vector of the corresponding active
forces. The inertia matrix, the Coriolis and centrifugal
terms, and the gravitational forces are denoted by D,
C and G, respectively. Eq. (1) is given in the actuation
space responding to q,, which is very useful for internal
model control, dynamic simulation and real-time appli-
cation. Eq. (1) can be directly derived by Lagrange’s
equations of the second type

iaEk(qa) _ 0Er(qq) + 0Ep(qa) _

1,, 2
dt  9qq 99, 09, ¢ @

where E(q,) and E,(q,) denote the kinetic energy
and potential energy of the whole system, respectively.
Er(qq) and Ej(qq) are expressed by q, that are the
vector of active variables responding to time. For serial
mechanisms, all coordinates are active joint variables.
So the kinetic energy and potential energy are naturally
expressed in terms of q,. For parallel mechanisms, the
active joints are commonly prismatic joints, and the
kinetic energy and potential energy are conveniently
expressed by a set of general coordinates q composed
of both active and passive joint variables, rather than
only expressed by active joint variables. Therefore, the
kinetic energy and potential energy of parallel mecha-
nisms denoted by Ex(q) and E,(q), respectively, are in
function of q and time 7. Hence, the partial derivatives
with respect to qq, i.e., 0 Ex(q)/dq, and 0 E,(q) /99,
are very hard to be computed. This is the special prob-
lem of parallel mechanisms in contrast to serial mech-
anisms. The most common way to solve this problem
is to obtain the relationship between q, and q by the
geometrical constraints of the parallel mechanism, i.e.,

f(asq) = 0. 3)

In the best case, Eq. (3) could be transformed into
an explicit form where every general coordinate could
be determined by functions of the active general coor-
dinates. Unfortunately, Eq. (3) always cannot be trans-
formed into an explicit form, which makes it impos-
sible to determine of Ex(q,) and E,(q,) explicitly.
As for traditional Lagrangian formalism, one must
perform unnecessary labor in introducing and subse-
quently eliminating Lagrange multipliers. That is the
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drawback of the usual way to apply the traditional
Lagrangian formalism for dynamic modeling of paral-
lel mechanisms. When using Kane’s equations to obtain
the dynamic model, as mentioned before, the pseudo-
uptriangular decomposition [18], the zero eigenvalue
theorem [14], and the singular value decomposition
method [39] are employed to eliminate the undeter-
mined multipliers in Kane’s equations. However, we
are trying to make the Lagrangian formalism for par-
allel mechanisms to overcome this obstacle. In the fol-
lowing sections, we will show how the principle of vir-
tual work provides an efficient approach to solve the
abovementioned problems.

3 Lagrangian formalism for parallel mechanisms

Assume that the manipulator can be divided into sev-
eral isolated rigid bodies. The vector of the general-
ized coordinates corresponding to ith(i = 1,...,m)
isolated rigid body denotes q;. The Jacobian matrix
between q; and q can be obtained by kinematic analy-
sis. So the velocity mapping relationship has the fol-
lowing equation,

q = Jiq. 4)

whereq; € R",q € RY.J; € R"*N The generalized
forces corresponding to q; are defined as f;. Accord-
ing to the virtual work principle, the following forces
transformation exists,

v =Jtf, (5)

where T; indicates the mapping from f; to another gen-
eralized coordinates, i.e., q. Eq. (5) for forces transfor-
mation gives us a new idea to formulate the dynamics
of multi-body systems.

Firstly, we use the Lagrangian formulation to derive
the dynamics of isolated bodies with respect to their
local generalized coordinates, as follows,

M;(q)4; + Ci(q;, 4)q; + Gi(q;) =f;, (6)

where f; is the vector of generalized forces. Left multi-
plying Eq. (6) by J IT , the following equation is obtained,

I, (q)di + I Ciqi, @)@ + 37 Gi(qi) = . (7)
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Eq. (7) reveals the contribution to the generalized
forces t; of the motion of the ith isolated rigid body.
Here, the Coriolis and centrifugal terms C;(q;, q;)q;
can be rewrite as follows,

Ci(qi, 4)q = 47 *Hei (q)d;, (8)

where H,; (q;) € R *"*" g the cubic Hessian matrix;
the sign “x” denotes a generalized scalar product
[37,38]. And n; denotes the dimension of q;. The gen-
eralized scalar product of two matrices X € R™*" and
Y € R"*P*P are defined as follows,

n
[XY]k:: = Zxk:lYl:: € Rpo, k=1,2,....,m
=1

€))

where XY € R"™*P*P_Equation (9) means that only
when the column number of X is equal to the layer num-
ber of Y, the two matrices X and Y can be multiplied
using the generalized scalar product.

Afterward, substituting Eq. (8) to (7), yields,

IJTM; (0)é; + &) * [J7 « Hei (@)]as
+J1Gi(q) = . (10)

where J7 € RV Therefore, J| «H,; (q;) € RV >"i i
according to Eq. (9). However, qiT e R This
implies that only when n; = N is satisfied, Eq. (10)
can be used. Otherwise, please don’t use Hessian matrix
and keep using C;(q;, ¢;). Hereinafter, assume that n;
is equal to N. The application of Hessian matrix sepa-
rates q; from C;(q;, q;), which brings convenience to
transform Eq. (10) to standard form of Eq. (1).

Next, differentiating Eq. (4) with respect to time,
yields,

4 =Jiq+Jiq=Ji4 +q"+Hiq. (11)

Similarly, if #; is not equal to N, please keep using Ji
and don’t use H;.

Substituting Egs. (4) and (11) to Eq. (10), the fol-
lowing equation is obtained,

ITM: (@) i + 67 +[J7 M (q;)+ H;
+JT I« Hei(g)dila + I Gi(qi) = . (12)

The dynamic equations with respect to the gener-
alized coordinates q of the full manipulator can be
derived by summing Eq. (12) with respect to each iso-
lated rigid body, as follows,

[Z M (qi)J,} i+q"

i=1

* [Z Mg+ H; + 37 37 *Hci(q»Jn] q

i=1

+2 3 Gi@ =) u=1 (13)
i=1 i=1

Let q be the vector of the active generalized coor-
dinates. Thus, Eq. (13) takes the form of Eq. (1), as
follows,

[Z v <q,-)J,} o + 47

i=1

* |:Z M (@)« H; + 377+ Hci(qi)Ji)] qa

i=1
+> I Gi(q) = T (14)

i=1

If q is not the vector of the active generalized coor-
dinates, it is possible to find the relationships. Intro-
ductions,

q=Jda. (15)
1, =11, (16)
4 =Ji, + 4/ «Hq,. (17)

Introducing Egs. (15)—(17) into Eq. (13) yields,

[Z 3™, (q,-)J,-J} o +dg

i=1

* [Z JT I M)+ HI: + > A" I I Mi(q)« HiJ

i=l1 i=1
+ T3 3 B @3 | da + D373 Gita) = .

i=1

(18)

Equation (18) is the explicit closed-form dynamic
equations in the actuation space of a general parallel
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mechanism. The abovementioned algorithm giving the
dynamic model of parallel mechanisms can be summa-
rized to the following five steps.

Step 1. A multi-closed-chain manipulator can be
divided into several open-chain isolated rigid
body by cutting selected joints.

Step 2. Derive the dynamic equations of the isolated
subchains with respect to the local general-
ized coordinates q; by the direct Lagrangian
formulation.

Step 3. Transform dynamic equations of each sub-
chain into equations with respect to the same
generalized coordinates q (maybe the active
generalized coordinates q,) through the vir-
tual work principle.

Step 4. Use Jacobian and Hessian matrices to trans-
form local generalized coordinates to the same
generalized coordinates.

Step 5. Sum all the equations of subsystems to obtain
the closed-form dynamic equations of the full
manipulator. If q # qg, transform the full
dynamic equations with respect to q to equa-
tions with respect to q, by the approach men-
tioned in steps 3 and 4.

4 Dynamics of a 3-DOF spatial parallel
manipulator

There have been a great number of practical applica-
tions of parallel mechanisms, such as the aircraft sim-
ulator [40], the force/torque sensor [41], and the accel-
eration sensor [42]. In recent years, the limited-DOF
manipulators that both maintain the inherent advan-
tages of parallel mechanisms and possess several other
advantages in terms of the total cost reduction in manu-
facturing [43] and wider workspace are attracting more
attentions of researchers, for instance the Delta robot
[44], and Tricept robot and TriVariant robot [45]. In
this paper, the 3-DOF spatial parallel manipulator pre-
sented in reference [46], which contains 1-UP chain
and 2-UPS chains, is used as an example to verify the
effectiveness of the proposed modeling approach. U, P,
and S denote universal, prismatic, and spherical joint
respectively. P pair is the actuated joint driven by an
actuator. This 3-DOF parallel manipulator can be used
as cutting robot or grabbing robot after assembling cor-
responding terminal effectors. The CAD model of the
3-DOF manipulator is represented in Fig. 1.
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Universal Joint

Motor

Linear Actuator

Spherical Joint

Fig.1 Spatial 3-DOF parallel manipulator with three linear actu-
ators

Fig. 2 Schematic diagram of the 1-UP&2-UPS manipulator

4.1 Kinematics

Figure 2 shows the schematic diagram of the 3-DOF
manipulator, which can be decomposed into six iso-
lated rigid bodies. The six isolated rigid bodies are
called Link 1 to 6, respectively, and their correspond-
ing center of mass is defined as c1, ..., c6 as shown
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in Fig. 2. U; (i = 1, 2, 3) represents the center of the
U joint. S;(i = 2,3) represents the center of the S
joint. A denotes the end point of the UP limb. O
is the intersection of the axis of the UP limb and
the normal plane in which S;(i = 2, 3) are located.
AU U,Usz and A O1 5, 83 areisosceles triangles. 6; (i =
1, ...6) denotes the rotational angle of U joint. Frame
U1 — x0Yy020 is fixed on the base, while yg axis is coin-
cident with the first rotational axis of U}, i.e., the rota-
tional axis of 61; zo axis is parallel to the second rota-
tional axis, i.e., the rotational axis of 0;; the x( axis sat-
isfies the right-hand rule. The axial axis of the UP limb
is coincident with x1. yj lies in the plane of AO;5,53
and isLogmal to the $583. 1) = m, I, = U,S, and
I3 = U383 are defined as components in the base frame
U1 — x0y0zo. Define the following vectors of general-
ized coordinates,

w=I[h L L, q=16 6 LI,
Q=16 6s L', ©u=16s 66 51"

q, qi, q are the local generalized coordinates for
three open-chains respectively, i.e., the UP chain and
two UPS chains. According to the proposed approach
in Sect. 3, the dynamics of every isolated part can
be solved by the direct Lagrangian formulation with
respect to the local generalized coordinates.

Firstly, as usual, the relationship between the posi-
tion of point A at the tip and the position of actuators
should be derived to implement trajectory tracking.
We can obtain the coordinate transformation matrix
between frames U; — xgyozo and O1 — x1y171, as fol-
lows,

where [ denotes |11|; s; and ¢; (i=1,2) denote sin 8; and
cos 6;, respectively. Then, the position vector of the tip
A in frame U; — x¢yozo can be derived,

Oxa (1 +d)cier
Opa=|%a|=]| G +ds : (20)
OZA —(11 -+ d)Slcz

where d denotes the length between the tip A and point
O1. According to Eq. (20), the following equation is
obtained,

I = /0% + 093 + %25 —d,

0, = arcsin I(I)TAa') , Q1)

0
— i _ T ZA
01 = arc sin TTda ) -

According to geometrical relationship, we can obtain,

[e]=w [P ][]
[5]=ve[ ][]

where Py, = [0ay a. 17, Py, = [0ay —a. 17,

'Ps, = [0 by b, 17, 'Ps, = [0 by —b,]”. Substitut-
ing Eq. (19) into Eq. (22), leads to

(22)

[ —byc152 + bzs1 +icic2
L= bycz +lisy — ay
_byslsz + b1 — 15160 — a; ]

= (23)
(I)T = Rot(yg, 81)Rot (29, 02) Trans(xo, 1) —bycisy — bzsi +licier
c102 —c182 51 liciep I3 = byCZ + 1152 — ay
| s (&) 0 Iisy (19) | bys1s2 — bzc1 —l1s1c2 +a; |
T | =sic2 s152 c1 —lisicer
0 0 0 1 Thus, the displacements of /> and /3 can be calculated
as
L =1L
= \/ag +az + b3+ b2+ 13 —2aybycr — 2ayliso — 2azb,ci — 2a;bysisy + 2a;lisica, (24)

132\/13?»]3

(25)

= \/a% +a?+ b; + b2 + l% —2aybycy — 2aylisy — 2azb c1 + 2a;bysisy — 2azlisica.
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The inverse kinematics is given by Eqgs. (21), (24)
and (25). The velocity and acceleration equations can
be derived by differentiating Eqs. (20), (24) and (25)
as follows,

bycz + 1150 — ay
I3 ’
Secondly, the Jacobian and Hessian matrices should
be obtained for dynamic modeling. The Jacobian

6¢ = arcsin (34)

0. .
pPa =Jaq
[~ +d)sica —(y +d)eisy ez 6
=10 (1 +d)ea 52 6 (26)
|~ +d)cica (I +d)sis2 —S1¢2 [
Qa = Jaq
[0 0 1 6,
azb;sy—azbycisy+azlicicr aybysy—aylico—azbysicr—azlsy1s2 I —aysa+azsica .
= B B - 2 92 . (27)
azbzs\+azbycisr—azlicica aybysy—aylyco+azbysicr+azlysysa ly—aysy—a;s|c2 [1
L I3 I3 I3

Then, we can obtain the following equation,
Ps = Jiegla = JaJ; o, (28)

where Jj¢, is the overall velocity Jacobian matrix of
the manipulator. Then, the acceleration mapping rela-
tionship can be obtained by differentiating Eq. (28), as
follows,

OBy = Jiegla + 7 % Hiogda. (29)

Next, we derive the relationship between ¢ and
q; (i = 1,2). q can be determined making U; O1S2U>
a closed-chain, as follows,

0

Ps,
lhcsey —byclsz +b.s1+1ic1e2
= | lsy = bycz + 15y — ay
—Irs3¢4 byslsz + b1 — 15100 — a;
(30)
According to Eq. (30) we can obtain
bysisy + b1 —lis1cp —a
03 = arctan —2- 2 "L T APIE T (31
bycisy — bzs1 —licic2
 byer +lish —a
64 = arcsin M. (32)

I

Similarly, q» can be solved through the closed-chain
U1 01853U3, as follows,

byS]Sz —b;c1 —lis1co +a,

05 = arctan , (33)

byclsz + bzsl —licic2
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matrix J, for q, and q has been given in Eq. (27). The
Hessian matrix H, can be obtained by differentiation of
Eq. (26). It should be noted that all of the calculations
can be implemented using a symbolic algebra package
as MAPLE, which can help us to simplify the calcula-
tions, and to calculate J; and H; forqand q; (i = 1, 2)
by differentiating Eqs. (24), (25) and (31)-(34).

4.2 Dynamic modeling using Lagrangian formulation

As showninFig. 2, according to the proposed approach,
we need to obtain the dynamic equations for each link
using the Lagrangian formulation. Here, we take the
computation of dynamic equations for Link 1 as an
example. The kinetic energy and potential energy of
Link 1 with respect to q are as follows,

1 . .
En(q) = E(mlopfl @°pe1(q) + o Liw)), (35
Epi(q) = m"g" P (q), (36)
where

Xc1€1€2 — Ye1C182 + Zc1S1

0
Pop = | xe182 + yer1c2 ,
—Xc151€C2 + Ye15152 + Zc1€1
0 8x
g8=18y |-
8z

Lixx ley lez
I = ley Llyy Llyz s
Lix, Llyz Lz
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Xc1, Yel, and z.1 are constant variables, m| denotes the
mass of Link 1, I.; means the moment of inertia of Link
1. Thus, introducing Egs. (35) and (36) into Lagrange’s
equations of the second type, i.e., Eq. (2), yields,

Mi(q)§ + 47 *Hei () + Gi(q) = 1. (37)

Similarly, the dynamic equations of Link k (k =
2,...6) can be derived using the identical approach,
as follows,

Link 2:

Mz (q){ + 47 *He2(q)q + Ga(q) = T2. (38)

As an example, Appendix 1 gives the expressions of
Eq. (38) in detail.
Link 3—4:

My (q1)é1 + 4] *Her(q)d1 + Ge(qr)
=fi.(k=3,4) 39

Link 5-6:

M (q2)d2 + 43 * Her ()42 + Gi(qo)
—f.(k=5,6) (40)

Then, the kinematic mapping between the local gen-
eralized coordinates ¢; and q has been solved in Sect.
4.1, as follows,

4 =Ji(q,9)4. G = 1,2) (41)
i =Ji(q,q)d + 4"« Hi(@)q. (i = 1,2) 42)

According to the virtual work principle, that implies

v = I (q, qfe, (k =3, 4) (43)
v =3 (q, @)fk. (k =5,6) (44)

Combining Egs. (41)—(44) and (39), (40) leads to

I (q, a)Me(@nJ i (g, q1i
+4" =+ [J] (q, q)Mi(q1)xHi (q)
+I7 (q, aIT (q. q)* Her(aDI 1 (@ q0)]d
+J7 (4. q)Gr(qn)
=71,k=3,4) 45)
I (g, @2)Mi(@2)J2(q. @2)§
+4" % [J3 (q, )M (q2)x Ha(q)

+33(q, 42)J3 (q, @2)* Her (q2)J2(q, 42)19
+J1(q, )G (q) = w .(k = 5,6) (46)

The dynamic equations with respect to q can be
derived by summing equations of all the links, i.e., Egs.
(37), (38), (45), (46), as follows,

M(q. q1, @){ + 4" *H(q, q1, 42)q
+G(q,q1,q2) =T, 47

2 4
where M(q,q1,q2) = > Mi(@) + X I (q.q1)
k=1 k=3

6
Mi(anJi(q. a) + > I (q, @2)Mi(q2)J2(q. q2).
k=5

2

H(q, q1. @) = ) _Hu(q)
k=1

4
+ > [3 @ apMe@n+Hi @
k=3

+37 (@ a0J] (@ an*Hee@ndi @ an |

6
+ > [ @ @M@+ @
k=5

+37(q, I (@, q2)* Her (q2)J2 (g, qz>],

2 4
G(Q,q1.9) = D_Gi(@+ >_J{ (4, q)Gi(a))
k=1 k=3

6
+ 237 (@ ©)Gr(q),
k=5

6
=3
k=1

Equation (47) is the dynamic equations of the whole
system, however, which is not represented by the active
generalized coordinates q,. Similarly, use the force
transformation matrices to derive the final dynamic
model of the manipulator. The velocity and acceler-
ation mapping between q and q, have been obtained in
Sect. 4.1, as follows,

qa = Ju(qv Qa)‘L (48)
o = Ju(q, 42)d + 4" *Ha (q)q. (49)
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Therefore, the dynamic equations of the whole
manipulator can be derived as

M. (qa, 9, 91, 92) G + Co (e, 4, 915 92, Ga) 4
+Gu(qq, 9,91, 92) = T4, (50)

where M, (qu, q, q1, q2) = [J;'(q, .)1"M(q, q1, q2)
J. 14, qu),

Ca(qa, 9,91, 92, 4a)
=4+ (13,1, 41" [J; ' (q. ga)1"
xH(q, 91,9237 (4, q2)
— 13,1, a1 13, ' (q. g)1”
M(q. a1, 42)J; ' (4. 9)* Ha (@], ' (4. 901,
Ga(Qa, 4, q1, 02) = [J; (a4, 417 G(q, a1, q2).

Eq. (50) are the expected explicit closed-form
dynamic equations for the analyzed 3-DOF spatial par-
allel manipulator, which is very useful for real-time
control for a MIMO system. t, = [ f1 f» f3 17 is the
vector of the three linear actuators’ forces.

S Simulation and experiment
5.1 Simulation validation

In this section, the inverse dynamics is used to validate
the dynamic model. For the inverse dynamic problem,
the time history of a predetermined trajectory is given.
And the problem is to determine the active forces or
torques required to produce that movement. That means
the left parts of Eq. (50) can be calculated in terms of
the movement.

In order to validate the correctness of the dynamic
model, the results derived by the proposed approach
and these obtained by ADAMS are compared. ADAMS
is a mature and reliable commercial software which
is based on numerical method for equation formula-
tion [24]. ADAMS provides a good test bed for sim-
ulation. However, numerical expressions can’t clearly
provide physical insight into the system structure and
can be difficult for engineers to develop better con-
trol laws with less known physics. Additionally, the
model in ADAMS cannot be used for real-time control
on physical prototypes. Those are the reasons for why
the dynamic equations should be derived by algebraic
formulae rather than by ADAMS. The kinematic and
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Trajectory

Fig. 3 Schematic diagram for simulation

dynamic parameters can be directly obtained from the
virtual prototype in ADAMS. Table 1 shows the archi-
tecture and dynamic parameters of the 3-DOF manip-
ulator depicted in Fig 1.

As shown in Fig. 3, we set the trajectory of the end-
effector of the manipulator with respect to the inertial
reference frame B — xyz as follows

x(t) = St)T — (S/2n) sinnt/T) tel0,T],
y(@)=0 te[0,T],
z(t) =2Ht/T — (H/2m) sin(2nt/T) t €[0,7T/2],
z2(t) =2H —2Ht/T+(H/2nw)sin(4rnt/T) t€[T/2,T],
(51

where T denotes the period of the movement, S and
H determine the length and height of the move-
ment. Set T = 1s,S = 200mm, H = 100 mm.
As shown in Fig. 3, U; — xgypzo has a 30° angle
with respect to the vertical plane. Thus, the vector
of gravitational acceleration in U; — xoyozo is 'g =
[—g-sin30° g -cos30° 0]7. The simulation results
are shown in Fig. 4. From Fig. 4, we can see a good
agreement between the results derived by ADAMS and
those obtained from algebraic formulae, which vali-
dates the correctness of the dynamic equations and fur-
ther means our method is right.

In addition, the dynamic model in the joint space
is useful for optimization of motion planning, since
the motion planning is affected by the capabilities
of motors. Of course, some software, e.g.,,ADAMS
and Solidworks, also can finish that work. As men-
tioned before, another role of the dynamic equations
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Fig. 4 Active forces computed by the proposed method and
ADAMS

that the commercial software can’t replace is that the
model can be used to analyze the actuator forces with
respect to the physical nature. The inertial forces,
the Coriolis and centrifugal forces, and the gravita-
tional forces can be determined from Eq. (50), respec-
tively, impossibly from ADAMS. Figure 5 shows the
three different terms for the chosen trajectory of Eq.
(51). We can see that the Coriolis and centrifugal
forces are very small compared with the other two
terms. Thus, in some cases, according to the simula-
tion results, the terms which give small contribution on
the active forces can be neglected in order to simplify
the computations [47]. However, when the dynamic
model is employed in model-based control, the neglect-
ing for any part of dynamic equations will affect the
control performance largely, which will be shown in
Sect. 5.3.

250
200
5ol — 7 |
——f1 Proposed method
100 —— 2 Proposed method | ]
50t — {3 Proposed method | |

--v--f1 Newton-Euler
ot --#%--f2 Newton-Euler 1
--0--f3 Newton-Euler

Active Forces (N)

0.4 0.6
Time (sec)

Fig. 6 Active forces computed by the proposed method and
Newton—Euler method

5.2 Computational efficiency

In order to compare our method with existing methods,
we also used the Newton—Euler method to obtain the
dynamic equations of the 3-DOF manipulator. Figure 6
shows the comparison of simulation results obtained
by Newton—Euler method and our method. Obviously,
if the results are not identical, one of the methods
must be wrong under the precondition of no miscal-
culation. The computer algebra program MAPLE is
employed to implement the algorithms of dynamic
modeling using these two methods. The programs are
executed in a computer with Windows 8.1 equipped
with Intel Core i7-4700HQ CPU. The computation time
of our method to obtain the final dynamic equations is
22.461 s, whereas the time consumption of Newton—
Euler method is 24.213 s.

(a) (b) (0
2 R 250
= — Z 200 ]
z 5 =2 ]
® 2 g 150 — 5
[ —_—
52 . s 100 —=
5 =
2 S S 50
o] S5 o £ o
T - I
5 2" —| £ -50
£ Ke] -3 ©
S —_n (3 -100 SR
8 —P3
-4 -150
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (sec) Time (sec) Time (sec)

Fig. 5 Simulation results decomposed into three terms: a inertial forces, b coriolis and centrifugal forces, and ¢ gravitational forces
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Fig. 7 Computed-torque

d
control scheme |X I_>

Inverse
kinematics

In the earlier studies, some researchers [51-54] com-
pared computational cost for different algorithms using
the number of floating point operations, i.e., multiplica-
tions and additions. Gosselin [52] even parallelize the
computation on several processors in order to improve
the computational speed. Tsai [53], Khalil and Gue-
gan [54] only derived the implicit models rather than
the explicit models with very little computational cost.
However, as it is recognized in [54], implicit dynamic
model cannot be used for solving forward dynamics
in simulation of motion control. Since the process of
dynamic modeling is an offline work, we think it is
not necessary to pursue faster computational efficiency.
Moreover, some convenient software, such as MAPLE
and MATLAB, can liberate researchers from complex
computations. It’s more important to obtain precise
explicit closed-form dynamics in the actuation space
because of their crucial role for model-based control.
In Sect. 5.3, we will demonstrate that the inverse and
forward dynamics derived from our method could be
used in online model-based control.

5.3 Implementation in model-based control

Computed-force control is chosen as the model-based
control scheme to track the desired trajectory men-
tionedin Sect. 5.1,1.e., the profile X =[x (¢) y(¢) z(¢) ¥
represented by Eq. (51). As shown in Fig. 7, the con-
trol scheme is implemented in joint space based on the

dynamic equations in the actuation space. The control
law is

u=M,({ +Kpe +Kpé) + Cody + G, (52)

where K, = diag(kp)3x3, Kp = diag(kp)3x3. For
a given control input u, the resulting motion can be
determined by the numerical integration of the actuator
accelerations. As for the 3-DOF manipulator, we can

obtain the discrete state space model according to Eq.
(50), as follows,
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Fig. 8 Trajectory tracking error using precise inverse dynamics

q(k + 1) = diag(Ty)3x34 (k) + q(k),
q(k + 1) = diag(Ty)3x3M; ! (k) (53)
[u—Cad. (k) — Ga(®],

where Ty = 1ms denotes the sample period.
According to the simplified dynamic model sug-
gested in literature [31-34], the control law has to use
an inaccurate inverse dynamic model to compute the
control input. Obviously, for a set of parameters of
feedback gains, i.e., Kp and Kp, the more precise the
inverse dynamic model is, the better control perfor-
mance becomes. That is validated by the simulation
results as shown in Figs. 8 and 9. With the same feed-
back gains kp = 160, kp = 10, the trajectory track-
ing performance based on precise inverse dynamics is
much better than that depended on inverse dynamics
neglecting Coriolis and centrifugal terms, which indi-
cates the importance to obtain a precise dynamic model
for the use of model-based control. As for other manip-
ulators with larger inertia or tracking faster trajectories,
the effect of model accuracy on control performance
will be highlighted. The control simulation algorithm
is executed by MATLAB on the same computer men-
tioned in Sect. 5.2. Functions “tic”” and “toc” of MAT-
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Fig. 9 Trajectory tracking error using inaccurate inverse
dynamic without Coriolis and centrifugal part

LAB give the run time of the control cycle, which is
0.66646 ms. Several tasks, such as motion planning
and the computation of inverse dynamics, should be
accomplished in the control cycle. Among a control
cycle, the computation time for inverse dynamics is
0.52695 ms. Generally, the servo control cycle for a
commercial control-hardware is between 1 ms and tens
of milliseconds. Therefore, the dynamic model derived
by our modeling method is feasible for online control.

5.4 Experiment analysis

Similar to the CAD model displayed in Fig. 1, atest bed
has been built as shown in Fig. 10. The linear actuator
is composed of a 400 W DC servo motor, a timing belt
transmission with 2:1 reduction ratio and a ball screw
with 5 mm lead. The parameters of the test bed are iden-
tical to those shown in Table 1 with the exception of
the mass parameters. Here, the parameters of mass and
moment of inertia are a bit smaller than those shown in
Table 1. The motors are driven by Elmo’s motor drives
(G-MOLWHI15/100EE), which are connected to an
embedded controller (CX2030) made by the company
Beckhoff through an EtherCAT bus. Each motor drive
has three control modes: position loop mode, veloc-
ity loop mode and torque loop mode. Additionally, the
motor drives can provide real-time values of displace-
ment, velocity, acceleration and torque. We have done
two experiments using the position loop mode and the
torque loop mode respectively.

.\l

- -

Fig. 10 Photograph of the test bed

The sever motor drive can give real-time torques of
motors, whereas Eq. (50) gives the push/pull forces of
prismatic joints. There is a transformation relationship
between motor torque and push/pull force in a linear
actuator composed of timing belt transmission and ball
screw, as follows,

i, (@=1,2,3) (54)

Tmi = 27'[_R
where L is the lead of the ball screw; R is the reduction
ratio of the timing belt transmission; t,,; denotes the
motor torque of each linear actuator; 7,; denotes the
active forces of prismatic joints. Therefore, Eq. (50)
can be transformed into the following style in terms of
motor torques,

M.(94- 9,91, 92)0da + Ca(qa, 9. q1, 92, )4
+Gu(Qa,q, 91, 92)) L/ 27 R) = Tpp. (55)

The friction contributions must be incorporated into
the rigid body dynamic equations given in Eq. (55)
because friction effects are usually important for actual
industrial robots [48]. It has been observed that friction
can cause more than 50 % error in some heavy indus-
trial manipulators [49]. The classical Stribeck friction
model [50] is adopted in this paper. Including friction
the dynamic equations of a manipulator can be written
as
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Table 1 Parameters of the

210-4
3-DOF parallel manipulator Parameter Value (Kg) Parameter Value (Kgm“10™7) Parameter Value (mm)
mi 3.888 I diag[101 865 908] ay 150
my 1.623 I, diag[2 189 206] ag 72.5
ms3 3.888 I3 diag[101865 908] by 65
my 0.584 | diag[0.54 93 99] b, 30
ms 3.888 I diag[101865 908] d 136
me 0.584 I diag[0.54 93 99] I ]r=0 578.5
I]r=0 642.5
l3]1=0 642.5
(a) (b) (©)
50 100 200
40
50 100
£ 0 @ <
= 20 E o £ 0
< 10 > <
-50 -100
0
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Fig. 11 Measured motion of P1 in the first experiment using position loop mode: a displacement, b velocity, ¢ acceleration

M.(q4- 9,91, 92)0a + Ca(qa. 9. 41, 92, 9a)4qa

+Gu(da. 6, 41, 4))L/QR) + Tf = Ty, (56)
where T is the friction torque vector. However, iden-
tifying the friction parameters for each joint is very
difficult. The friction forces of passive joints are much
smaller than those of active joints because of the pre-
stress force on the ball screw. Thus, after neglecting the
friction of passive joints, Eq. (54) is rewritten as

M.(94-9, 91, 92)0a + Ca(qa. 9. 41, 92, 9a)4a

+Gu(q4, 9,91, 92)) L/ (27 R) +Tfa =T, (57)

where Ty = [Tra1 Tra2 Tra3 17 is the friction torque
vector of the three linear actuators. The Stribeck fric-
tion model for each prismatic joint is as follows,

A 8 .
Trai = [Fe + (Fy — Fo)e 11/% sgn (7))

+Fl, (=1,273) (58)

where the unit of 77,; is N - m; the unit of ii is mm/s.

The friction model is identified by some experimental
data using least square method, as follows,
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Tfai = [0.059 + (0.07 — 0.059)e /931" ] sgn (i)
+0.002f;. (i=1,23) (59)

Moreover, the inertia of motor’s shaft and of the ball
screw should be added, and these two contributions are
defined as I;,. Then, the complete dynamic equations of
the manipulator explicitly showing the motor torques
for the convenience of experiments can be expressed
as follows,

My(94, 9,91, 92)40 + Cu(qa, 4, q1, 92, Ga)da
+Gu(qq, q, q1, q2))L/(27R)

+Tra + Imém = Tm, (60)

where 8, = [6n1 G2 G317 is the angular accelera-
tion vector of the three motors, and §,,; =27 Rfl- JL(i =
1,2,3). Ty = [Tl Tm2 Tma 17 is the torque vector of
the three motors.

In the first experiment, the motor of P1 worked under
the position loop mode. Set the motion of P1 as a sine
function, while P2 and P3 are locked. As shown in Fig.
11, the motion of P1 measured by an encoder is very

smooth. The simulated motor torques can be obtained
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Fig. 12 Comparison between measured and estimated torques
in the first experiment

by introducing the motion data shown in Fig. 11 into
Egs. (50) and (60). As depicted in Fig. 12, the torque
of the motor shows some fluctuation while the result
calculated by the dynamic model is very smooth. The
reason for the fluctuation of the measured value is that
the controller of the driver should change the torque to
follow the motion function since the friction is varying
during a rotational circle of the ball screw. In the second
experiment, the P1 motor works under the torque loop
mode, then the motor drive will try to guarantee the
predetermined profile of the motor torque. The mea-
sured torque and simulated torque are shown in Fig.
14. In contrast to the results of the first experiment, the
motion of P1 shows large fluctuation as shown in Fig.
13 while the actual torque is smooth. The explanation
of the fluctuation in this second experiment also indi-
cates the variation of friction over the rotational circle
of the ball screw. In the same way, the model-computed
torque of the second experiment can be obtained by
introducing the measured displacement, velocity and

acceleration data into the dynamic equations. Neglect-
ing the fluctuation caused by friction, the measured
results and dynamic model outputs have a good fit-
ting in both two experiments, which validates the cor-
rectness of the dynamic model as well. However, if
it is desired to increase the precision of the simulated
results, the variation of the friction with the rotation of
the motor shaft should be taken into account. Whereas
the main purpose of this paper is to derive the multi-
rigid-body dynamics, a more accurate model of friction
will be discussed in the future work.

5.5 Trajectory tracking experiments

In this section, the trajectory planned in Sect. 5.1,
i.e., the profile X = [x(r) y(¢) z(¢) " represented by
Eq. (51), was tracked by using classic PD control and
computed-torque control, respectively. Classic PD con-
troller is implemented in each single motor with the
same parameters of kp = 500 and kp = 20. The
friction model represented by Eq. (59) is added to
the computed-torque controller motioned in Sect. 5.3.
Other parameters of thecomputed-torque controller are
identical with those in Sect. 5.3. Control programs are
explored using ST language that is similar to C lan-
guage. The servo control cycle in the control-hardware
CX2030 produced by Beckhoff is 1ms, which is
enough to accomplish all tasks including motion plan-
ning and the computation of inverse kinematics and
dynamics for computed-torque control. The control
performance is shown in Fig. 15. As shown in Fig.15,
the peak error occurs in the middle, because motor’s
rotary direction changes around that time. As expected,
model-based control outperforms the classic PD con-

(@) 70 (b) 100 (©) 309
60 80 200
%0 — 60 & 100
40 L 2
= E 40 E o
< 30 E E
20 - 20 o -100
10 0 200
0 20 -300
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000

Time (ms)

Time (ms)

Time (ms)

Fig. 13 Measured motion of P1 in the second experiment using torque loop mode: a displacement, b velocity, ¢ acceleration
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Fig. 14 Comparison between measured and estimated torques
in the second experiment
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Fig. 15 Comparison of trajectory tracking control errors in
experiments by using classical PID control and model-based con-
trol: a classic PID control, b computed-torque control
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trol significantly due to the compensation of dynamic
model.

6 Conclusions

This paper presents a systematic methodology for
determining the inverse dynamics equations of com-
plex non-redundant parallel manipulators by the com-
bination of the Lagrangian formulation and the virtual
work principle. Based on the proposed algorithm which
is summarized as five steps, the dynamic equations of a
3-DOF spatial parallel manipulator have been obtained
and shown to be valid by comparison with 3™ parts
software and by experiments. The determination of
the dynamic equations of a complex multi-closed-loop
mechanism can be simplified by splitting the system
into independent substructures with respect to suitable
generalized coordinates. The constraints are introduced
by the way of Jacobian and Hessian matrices. The Jaco-
bian and Hessian matrices keep the explicit attributes of
the dynamic equations, when they are transformed into
different coordinate subsystems according to the vir-
tual work principle. The study presented here provides
a sound basis for future work on the context of model-
based control. Moreover, the modeling approach and
valid verification method can also be applied to other
parallel mechanisms. In the future, the model-based
control will be studied using the derived dynamic equa-
tions of the manipulator.
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Appendix 1: Detailed expression of the dynamic
equations of Link 2

The dynamic equations of Link 2 are given as follows:

My M M
Ma(qQ) = | Moy Mxn Mo |,
Mz Mz Ms3
My = ma(—l1yc2 — Xc2yc2) sin(202)
+m2(0.50F + [ xe2 + 0.5x% — 0.5y2,) cos(265)
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+m2(0.517 + l1xe2 +0.5x% + 0.5y%),
My = Lyysinf + L3y, cos 0y,
M3 =0,
M3 = Loy sinf) + Ljy, cos 6y,
Moy = my(x2 + 2x02l
+ 3% +17) +0.5Logx — 0.5Loyy cos(26;)
+ Loy, sin(201) + 0.5L,.; cos(2601) + 0.5L»;,

My = —mayca,
M3 =0,
Mz = —mayca,
M3z = my
([ Hin | [ Hoo | [ His ]
Hin Hix Hiz

Hyz Hiz3

H33

[ Hon | [ Hao | [ Hosi |
Ho(q) = Hy1p Hy» Hy3p
Hyi3 Hys Hy33

H3pi H3;) H33)
H312 H32 H33

Hypp =0,

H3z3 H333

Hyip = ma(If + 3, + 3, + 2L1c2) sin(26;)
+m2 cos(262) (211 c2y + 2c2xC2y),

Hyz = ma(ly + X2 + xc2 c08(262)
+ ye2 sin(262) + 11 cos(262)),

Hi =0,

Hiy = —0.5L2y sin(201) — Loy, cos(20y)
+0.5L5.. sin(26)),

Hi23 =0, Hi31=0, Hi3x=0, Hz3=0,

Hy11 = Loy, sin6) + Loy cos 6
+ mylixco sin(26,)
+ maxeayea €0s(262) + 0.5myl7 sin(26;)
+0.5max% sin(262) — 0.5may% sin(262),
Ha1o = Loy, sin(201) + 2Ly, cos(201) — Lo, sin(26),
Hyi3 =0, Hpy =0, Hpy =0, Hpz=2ml
+2moxc2, Hazi =0, Hap =0, Hiz=0,
H311 = 0.5m(l1 cos(26,)

+ X2 €08(262) — ye2 8in(262) + 11 + xc2),

H312 =0, H3;3=0, H3yp =0, Hn

=ma(l1 +xc2), H3z =0,

Hi3 =0, Hzp =0, Hiz=0

G2(q)
[0.5m28((xc2 + 1) sin6) cos 6,
— Y2 8in 6] sin 6,)
0.5m2g((xc2 +11) cos 6; sin 6
+ye2 cos 01 cos 63) + 0.866g ((xc2 + 11) cos 6
—Ye28in6)
| m2g(—0.5cos 6 cos b + 0.866sin 6>)
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