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SUMMARY

In this study, we analyze the influence of passive joint viscous friction (PJVF) on modal space
decoupling for a class of symmetric spatial parallel mechanisms (SSPM). The Jacobian matrix
relating the platform movements to each passive joint velocity is first gained by vector analysis and
the passive joint damping matrix is then derived by applying the Kane method. Next, an analytic
formula index measuring the degree of coupling effects between the damping terms in the modal
coordinates is proposed using classical modal analysis of dynamic equations in task space. Based on
the index, a new optimal design method is found which establishes the kinematics parameters for
minimizing the coupling degree of damping and achieves optimal fault tolerance for modal space
decoupling when all struts have identical damping and stiffness coefficients in their axial directions.
To illustrate the effectiveness of the theory, the new method was used to redesign two configurations
of a specific manipulator.

KEYWORDS: Passive joints; Kane method; Coupling; Optimal design method; Modal space

decoupling.

Nomenclature

a; the vector of the upper joint point

b; the vector of the lower joint point

Ty distribution radius of upper joint points
rp distribution radius of lower joint points
o the half central angle for the upper joints
B the half central angle for the lower joints

H the height between the upper and lower joint plane
h the height of the payload center

M; inertia matrix in task space

B, damping matrix in task space

K,  stiffness matrix in task space

Jix  Jacobian matrix

1 the length vector of the actuator

X the vector of the platform position

q the modal coordinate

) the index based on the modal damping matrix
U the modal matrix

Q the modal frequency matrix

D the modal damping matrix
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f the generalized damping forces of the system
e the generalized active forces of the system
T, the friction torque of the passive joint j
i the damping coefficient of the passive joint j
Wpj the angular velocity of the passive joint j
Jpjx Jacobian matrix relating the j passive joint velocity to

Bcri7 Bcdil, Bcdil, BcdiZ’ Bcuil, Bcui2

Jris Jaiteodain e, Juitx, Juiz,x

platform velocity

the damping coefficients of the related passive joints,
respectively

the Jacobian matrix relating the related passive joint velocity
to platform velocity, respectively

L1 the unitary direction vector of the first leg

vi the vector representing 1, ; x a;

m the mass of the payload

L, 1y, I, the moments of inertia of the payload

My modal mass matrix

D the coupling term of the modal damping matrix D

D, the proportional damping term of the modal damping
matrix D

0 damping coupling angle

n radius ratio

wi, Wa, W3, Wy, Ws
Ccdls Ccd2, Ccula Ccu27 Ccr

weighting factors
the normalized damping matrices of the related passive

joints, respectively

1. Introduction

In the past few decades, parallel mechanisms have attracted a great deal of attention, and this
technology has seen a variety of applications, such as in motion simulators, micro positioning
devices, and vibration isolation platforms. This focus on parallel mechanisms is primarily driven
by their high load/mass ratio capability and the potential for high precision.!'>* However, the
system couplings resulting from the complex dynamic characteristics of such parallel manipulators
may degrade the control performance (lower system precision and have undesired cross-coupling
outputs), which means changing one input to control its corresponding output will affect other
outputs.

In the literature, pioneering attempts*> have been undertaken to decouple multiple-input multiple-
output (MIMO) plants into single-input single-output (SISO) plants. McInroy* proposed two
decoupling algorithms by combining static input—output transformations with hexapod geometric
design. Chen and Mclnroy,> then proposed a modal space decoupled controller which maps
input—output variables from the joint space to the decoupled modal space using singular value
decomposition of the joint space inverse mass matrix. McInroy® proposed a design method to get
the dynamically decoupled and equalized manipulator. Plummer,”-3%1° presented a modal position
controller for improving the performance of an electro-hydrostatic flight simulator motion system. In
all these cases, the system is simplified as a proportional damping system where passive joint viscous
friction (PJVF) is simply ignored, because of the size and motion amplitudes of the passive joints.
However, not every parallel mechanism necessarily has small and frictionless passive joints. Thus, a
PJVF system becomes a damping coupling system.

It is clear that systems with damping coupling can be decoupled within the framework of state-
variable models,'!*!>13 but these models lack the transparency of the usual second-order models, and
hence, have not found their way into daily engineering practice.

Engineers feel more comfortable when working with proportional damped systems. However,
to the best of our knowledge, no one has yet built a PJVF model and determined the relationship
between the degree of coupling effects caused by PIVF and the kinematics parameters for symmetric
spatial parallel mechanisms (SSPM) considered in this study, which will lead to an optimal design
method.
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Fig. 1. Schematic of a symmetric spatial parallel mechanism (SSPM) with 2p struts.

In this paper, we propose a new optimal design method to reduce the coupling between modal
coordinates due to joint damping and achieve optimal fault tolerance for modal space decoupling by
choosing the geometry of parallel mechanisms.

This paper is organized as follows. Section 2 presents a concise survey on the theory of modal
decoupling. This survey sets up the terminology and notation used throughout the paper. In Section 3,
the explicit dynamic modal including PJVF and an analytical formulation of a modal matrix in
task space for the SSPM is derived. An index measuring the degree of coupling effects between
the damping terms in the modal coordinates is expressed in analytical form as functions of the
configuration parameters. In Section 4, the relationship between the degree of coupling effects caused
by each part of the PJVF and geometry configuration parameters, is explored. In Section 5, the optimal
conditions, including optimal function and optimization constraints, are discussed and an optimal
design method is proposed for determining the geometry configuration parameters using an iterative
procedure. Finally, we present our conclusions.

2. Problem Formulation
Figure 1 shows a class of symmetric parallel mechanisms with N =2p (p € Z, Z is the set of
positive integers, and p > 3) actuators under study. In this manipulator, the spatial motion of the
moving platform is generated by 2p piston—cylinder actuators. Each piston—cylinder actuator consists
of two parts connected by a universal joint. The actuators are connected to the fixed base and the
moving platform by universal joints at points a; and b;, where i = 1...2p. The upper and lower joint
points a; and b; are located on circles with radii of r, and r, (C and C’ are the centers of these two
circles). Figure 1 shows the inertial coordinates {B}: O-XYZ in the base and fixed coordinates {M}:
O’-X'Y'Z’ in the moving platform. « and B denote the half central angle for the upper and lower
joints. The height between the upper and lower joint plane is H. The height of the payload center
is h.

In this paper, the proportional viscous friction in the passive joints is considered, then the vibration
equation in the task space for the SSPM is:

Mk +Bx+Kx=0, (D
where M, is a 6x 6 inertia matrix in task space, B, is a 6x 6 damping coefficient matrix caused by

PJVE K, = JZCK,J,x, Jix 1s @ 2px 6 Jacobian matrix relating the platform velocities to the actuator

length rates in the joint space, J;,X = i.Kl = diag(k;;), k;; is the stiffness coefficient of the ith leg,
andi=1...2p.
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The differential matrix Eq. (1) is highly coupled. The ith component equation involves not only x;
and its derivatives but also other coordinates and their derivatives.
Now let U be a modal matrix that satisfies:

x = Uq. 2)

In terms of the principal coordinate q, the equation for damped free vibration takes the canonical
form:

q+Dq+ Rq=0, 3)

where € = /UT(M; 'K,)U is the modal frequency matrix and D = UT(Mt’lB,)U is the modal
damping matrix.

A system has proportional damping if it can be decoupled by a real modal matrix U, whereby the
modal damping matrix D is diagonal. A system is proportionally damped if B, = «M, + BK,, where
o and B are constants. However, because of passive viscous friction, there is no reason the condition
should be satisfied.

Over the years, various types of decoupling approximations were employed in the analysis of
damped systems.?*2? Several indices for the quantification of damping coupling were also proposed
in.2372% These indices can be classified into two types: one based on individual complex modes and
one based on the modal damping matrix or mass-normalized damping matrix. The indices based on
the modal damping matrix are of analytical value if the modal damping matrix is known.

The index proposed in? is defined as:

6

=3 Y wI /Sy m o

=1,j#i i=1 j=1

If § = 0, damping is proportional and if § < 1, the system can be considered as a proportional
damping system.

To design so that D is a diagonal approximation, parameters must be chosen to ensure the index
6 is small enough, and we need to find an optimal configuration as close to the ideal proportional
damped configuration as possible with simultaneously fewer coupling effects in modal space.

3. Classical Modal Analysis
In this section, a classical modal analysis is used to obtain an analytic formula index which measures
the degree of coupling effects of the modal damping matrix D.

3.1. Passive joints viscous friction modeling for SSPM
In the literature, closed form dynamic equations for SSPM assuming rigid legs, a stationary base
and frictionless passive joints were derived using the Newton—Euler,'*!> Lagrange,'®!” or Kane
methods.'®!° However, to characterize the PJVF influence, the model for the SSPM including PJVF
must first be established.

Viscous friction forces have a simple equation:

Tpj = Bpjwp;, (5)

where T),; is the friction torque of the passive joint j, and B,; and w,; are the corresponding damping
coefficient and angular velocity respectively.

To calculate the viscous friction force in the passive joint j, it is necessary to determine the angular
velocity. Its explicit formulation is derived in Appendix A by vector analysis of the kinematics.Explicit
PJVF formulation is derived using the Kane method. The Kane method is a projection method, this
method in which all active forces and damping forces are projected along a limited set of generalized
velocities, will be central in the derivation of the motion system mechanical model. Considering only
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PJVF of SSPM, the Kane equation can be expressed as:

[+ =0, (6)
where f and f* are the generalized damping forces and active forces of the system.

Choosing the platform velocity X as the generalized velocity for the system, the generalized
damping forces of a SSPM can be projected along the generalized velocity by:

N
£=Y 0 T (7
j=1

where J,; . is a Jacobian matrix relating the passive joint velocity to platform velocity.
Combining Eqgs. (5) and (6), gives Eq. (7) written as:

2p
f = Z (BcriJZiJr,i + BcdilJZl‘l,deil,x + BcdiZJZiz,deiZ,x + Bcuingil,xJuil,x + Bcui2J3‘,‘2,xJui2,x)f(:
i=1
€))
where B.,i, Begi1, Beaiz, Beuil, and Beio reflect the damping coefficients of the ith passive joints.
The generalized active forces for the system can be expressed as:
f* = Bt).L 9

Inserting Egs. (8) and (9) into the Kane Eq. (6) gives the explicit passive joint damping matrix in
task space derived as:

2p
T T T T T
B, = Z (BcriJr,,-Jr,i + Beaindgiy wJaitx + Beaind gin Jainx + Beuind i xJuinx + BcuiZJuiznyuiZ,x)-
i=1
(10)
If the passive joints are assumed to have identical damping coefficients in each axial direction, a
concise expression for B, is obtained, which is derived in Appendix B:

diag([Bix By Bi:l") p }
B, = < ) . ! . 11
' |: —P; dlag([thx Btyy Btzz]T) ( )

0 — Ptz 0
where p, = | o, 0O O

0 0 o0
3.2. Classical Modal decoupling
Modal matrix U and frequency matrix € can be obtained by solving the Eigen problem:

The undamped Eigen problem, Eq. (12), has been solved by Jiang et al.?’ in joint space, and HE

Jing-feng et al.?® in task space, when it was supposed that the platform is at a neutral pose, the inertial
effects of all the actuators are not considered, the origins O’(O) of the coordinate systems are placed
at the center of gravity (COG) of the payload and the 2p actuators have identical stiffness, i.e., k;; = k.

Using their results, the frequency matrix €2 can be obtained when using the unitary direction vector
Lt =[Lux Luy Li.]" and the vector vi = [viy  viy Vi, ]T of the first leg:

Q= /k-M,', (13)
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where M;! = diag([A1 A2 A3 As As Ag)),

2pv?
)\l p nlz
IZZ

2
r(m m
Ay = 2m ( (le + Vl)) + lnlv + lnlx <(1 (V%y - le) + lnlx lnly)

xx XX

2
+4 (I—V]yV]X - lnlxlnly) )

2
P (m m
A3 = ( (le + Vly) + lnly + lnlx <(I_ (V%y le) + lnlx lnly)
xx

=

2m L.
1
2\ 2
+4 (_Vlvle - lnlxlnly) )
IXX
)\‘4 2pln1Z
m
b m m 2
ks = 2 ( (le + Vly) +l”1y + l"lx - ((1 (V%v - le) + lnlx lnl\)
m \ Iyy vy

2\
+4 (I_lele - lnlxln1y> )
Y
p m m
he = %< (Vo Vi) + B, + B+ ((1

Iyy yy
1
m 2\ 2
+4 <_V1yle - lnlxlnly) ’
Iyy

m is the mass of the payload, Iy, Iy, I, are the moments of inertia of the payload, and

2
2
(le - le) + lnlx lnly)

Vix = lnlzaly - lnlyalz, Viy = lnlxalz - lnlzalxa Vi = lnlyalx - lnlxaly

We then find an explicit formula for the modal matrix expressed as:

1

U= ——
Pz Viz
0 0 0 0 —viysiny — vy, cosy Vi sinyg — vyycosyr
0 viysing —viycosg  Viycos@+vipsing 0 0 0
0 0 0 T 0 0
x . L2 . (14)
0 liycose+1lyicsing Iy cosg —lypysing 0 0 0
0 0 0 0 lyxsiny —lyycosy Lypx cosyr + Lysiny
lnlz
7 0 0 0 0 0
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where
. 1
CoOS @ = , SIn =
41 41
1
m 2 m 2 2 2\ 2
1 L (Vl - Vl\) +lnl\ - lnl)c + ((K (Vl - Vl,\) + lnlx lnl\) +4< ViyVix — lnlxlnly) >
Hh == ”
2 _Kvlyle +ln1xln1y
2 . 1
cosy = sinyr =
7+1 Jio+1
) N\ 12
1 I% (V%x - V%y) + lnl) lf%lx + ((1% (le +Vlv> +lnl» + lnlx) - 4]% (lnlxle +l”1)’vl.") )
h = < -
2 Kvlyle _lnlxlnly

The modal matrix U is orthogonal with respect to either M, or K;, which means UT™M,U = M,
and UTK,U = kEg.s, and E¢,¢ is a six order identity matrix.

3.3. Coupling index of viscous damping
Using modal matrix U, the modal damping matrix can be obtained:

D=U"(M,'B,)U=M;' (U'B,U). (15)

Combining Eqs. (11) and (13) gives Eq. (15) expressed as:

A 033
D= , 16
|:03><3 A, (16)
where
D. 0 0 D, 0 0
A1 = 0 Dxxy Pxxy s A2 = 0 Dyyx Pyyx
0 Pyxx Dyxx 0 Pxyy ny)

D.. = A\ B, .UZ,, D, = \B, U},
Dyyy = A2 (Byy Up + BioxUp, + 201, UnUs), Dyxx = A3 (Byy Uy + Biox Uy + 201, Uns Us3)
Dy = As (B Ufs + BiyyUss — 2p.UisUss),  Diyy = Ao (BixUfg + BiyyUss — 20, U16Uss)
Pxxy = A2 (BiyUnUns + By UspUsz + prz (UnaUss + Un3Us))
Pyxx = A3 (BiyUnUns + BixxUsnUss + piz (UnUsz + UzsUs))
Pyyx = As (BixUisUie + BiyyUssUsg — piz (UisUse + Ui6Uss))
Pryy = A6 (BixUisUie + BiyyUssUss — prz (UsUse + UieUss))

Eq. (16) gives the coupling indices of the modal damping matrix D, from which we can clearly
distinguish the coupling effects in modal space. Note that the degrees of freedom (DOFs) of heave
(z) and yaw (rz) are still decoupled, but the DOFs of surge (x) and pitch (ry), as well as sway (y) and
roll (rx), which are fully decoupled when ignoring PJVF, are now coupled because of p,, and oy,
and pyy, and pyy,.

Define D = |pxxyl 4+ |Pyxx| 4 |Pyyx| + | 0xyy| as coupling term and D, = D,; 4+ Dyyy + Dy +
D, + Dy, + Dyy, as proportional damping term of the system and then the coupling term can be
considered as perpendicular to the proportional damping term, seen in Fig. 2.

https://doi.org/10.1017/50263574714000526 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574714000526

Modal space decoupled optimal design for a class of SSPM 835

A
Y

o

Fig. 2. The angle between coupling term D, and proportional damping term D,.

According to the triangle theory and combining Eq. (4), the angle between coupling term and
proportional damping term can be expressed as:

DL) — arctan < |/0xxy| + |pyxx| + |/0yyx| + |pxyy| ) ’ (]7)
4 Dzz + Dxxy + Dyxx + Dz + Dyyx + nyy

6 = arctan (

where 0 is an analytic formula for quantifying the coupling effects of viscous damping and 0° < 6 <
90°. When 6 = (° the system becomes a proportional damped system.

For ease of analysis, the index 6 can be expressed as a function of the configuration parameters
(ra, rp, h, H, L, a, B) and the payload inertial parameters (m, Iy, Iy, I ;):

T
L1 = [lnlx Lty lan]T = [racosoz — rpCos (% — ,3) rqSina — rps8in (% - ,3) —H] /L,

(18a)
where L denotes the strut length and L = /r2 + r,f — 2rarbcos(% —a—B)+ H2
a; =[a, ay ag ]T = [rqocosae  —rgsine h1T. (18b)
Substituting Eq. (18) into Eq. (17) we obtain:
sz(ra’rb9h3 H,L,a,ﬁ’m,lx,hlyyy IZZ)' (19)

Equation (19) means the configuration parameters are related to the degree of coupling caused
by PJVE, which means we can redesign a system for minimizing the degree of coupling of viscous
damping by changing the geometric design parameters.

4. The relationship between the degree of coupling caused by PJVF and the kinematic
parameters
Defining radius ratio n:

Ta

(20)

n=—.
)

Then, the kinematic parameters become the five elements n, k, H, ., B, but it is still too complex
to find the relationship between these elements and the degree of coupling caused by PJVFE. For ease
of analysis, we divided the kinematics parameters into two groups:

Case A: where H, «, B are fixed parameters and n, h are variable quantities.
Case B: where H, n, h are fixed parameters and «, § are variable quantities.
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Equation (19) then becomes a two-element optimizing problem:

0 = f(n,h), 21)

0= f(a p). (22)

However, it is difficult to consider 6 in a concise symbolic form at this stage. Next, we give a
numerical example to demonstrate the relationship between these elements and the degree of coupling
caused by PJIVF.

We give the configuration parameters of the Delft SIMONA motion system (data adopted from
the literature'®) as follows (see Table I):

Table I. Configuration parameters.

Parameters ~ Descriptions Values Units
R, Distribution radius of upper joint points 1.60 m
Ry Distribution radius of lower joint points 1.65 m
H Platform height in neutral position 2.20 m
h Height of payload mass center —-0.23 m
m Payload mass 2600 kg
Ixx Moment of inertia 2300 kg m?
Iyy Moment of inertia 2300 kg m?
177 Moment of inertia 3800 kg m?
o Half of the distributing angle for the upper joints  0.0625 rad
B Half of the distributing angle for the lower joints ~ 0.1828 rad

Note that B, is a linear combination of five parts, including B.41, Bca2, Bcu1, Beu2, Bor, and the
relationship between each part’s influence on the coupling effects in modal space and on the kinematics
parameters are depicted in Figs. 3 and 4.

We can clearly distinguish the degree of coupling effect caused by each part of PIVF which is the
white point in Figs. 3 and 4. Note that each part of PJVF has different degrees of coupling for the
same configuration parameters and the received optimal result is not a single point but an area which
is blue in Figs. 3 and 4.

5. An Optimal Design Method

The index 6 in analytical form allows us to scrutinize the relationship between configuration
parameters and the degree of coupling caused by PIVFE. We shall see that 6 becomes a two-
element optimizing problem by selecting proper restricted conditions. In this section, we present
a novel optimal design method for minimizing the coupling effects of PJVF. First we discuss optimal
conditions and then we list the optimal design procedures.

5.1. Optimal Conditions
According to the analysis of Section 4.1, when choosing n and 4 or « and § as optimal parameters,
we can achieve minimized coupling effects for the PJVF. Thus, Egs. (21) and (22) are taken as the
functions for optimal design.

Considering each part of the PJVF, the normalized PJVF is expressed as:

B, = wiCeq1 + w2Cein + w3Cryi + wsCei2 + wsCer, (23)
where wi, wy, w3, wy, ws are normalized weighting factors. Different weighting factors means
different damping coefficients of each part of the PIVF

Note that although Eq. (23) is derived from the limb type of UCU (universal-cylindrical-
universal), it still can be used for other limb types such as SPS (spherical-prismatic-spherical),
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Fig. 3. The relationship between the degree of coupling caused by each part of PJVF and the parameters n, h.

UPS (universal-prismatic-spherical) or SPU(spherical-prismatic-universal) because

2p 2p

Ccd = Z(J;j,p]di,x) = Ccdl + Ccd2 and Ccu = Z(J’“ xJui,x) = Ccul + CcuZ-

i=1 i=1

In other words, assuming w; = w,, the damping matrix caused by the lower spherical joint can be
expressed as w;Ceq; + wyCeqp and assuming ws = wy, the damping matrix caused by the upper
spherical joint can be expressed as w;C.q1 + w2Cy2.

Two groups of optimization constraints were chosen in Section 4.1, but in practice, the strut length

L may be used as an optimization constraint. With L = \/ r24rf— 2rarbcos(% —a—p)+ H?,

https://doi.org/10.1017/50263574714000526 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574714000526

838 Modal space decoupled optimal design for a class of SSPM

o (rad)

005
B (rad) o o (rad)

Fig. 4. The relationship between the degree of coupling caused by each part of PJVF and the parameters «, .

another group of optimization constraints can still be used when the platform height in neutral
position H is substituted by strut length L in Case A or Case B mentioned in Section 4.

5.2. Optimal design procedures
The above optimal conditions provide a solid foundation for a novel optimal design method for
minimizing the coupling effects of PJVF. The iterative design procedures are listed as follows:

(a) Choose limb types (UCU, SPS, SPU, UPS) and Weighting Factors w;, w,, w3, w4, ws.
(b) Choose optimization constraints

(Option a): H, m, Iy, Iy, I;
(Option b): L, m, I, Iy, I,
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Table II. Case A’s Configuration parameters.

Parameters  Descriptions Values Units
R, Distribution radius of upper joint points 0.56 m
R, Distribution radius of lower joint points 1.20 m
L Strut length 1.83 m

h Height of payload mass center —0.16 m
m Payload mass 295.54 kg
Ixx Moment of inertia 36.7075 kg m?
Iyy Moment of inertia 40.0476 kg m?
177 Moment of inertia 67.1330 kg m>
o half the distributing angle for the upper joints 0.2343 rad
B half the distributing angle for the lower joints 0.1886 rad

Table III. Case B’s Configuration parameters.

Parameters  Descriptions Values Units
R, Distribution radius of upper joint points 2.1148 m
Ry Distribution radius of lower joint points 2.5170 m
L Strut length 341 m

h height of payload mass center —1.772 m
m Payload mass 13642 kg
Ixx Moment of inertia 46477.1 kg m?
Iyy Moment of inertia 49396.1 kg m?
177 Moment of inertia 53865.0 kg m?
o Half the distributing angle for the upper joints 0.0541 rad
B Half the distributing angle for the lower joints 0.0454 rad

(c) According to the optimal function Eq. (21), and assuming « = 8 = 0, draw a 3D map which
reflects the relationship between n, i, and 6, and find an acceptable optimal result n and /.

(d) According to the optimal function Eq. (22), draw a 3D map which reflects the relationship
between «, 8, and 6, and find an acceptable optimal result for o and 8.

(e) Combining other technical specifications such as workspace volume, manipulability, dexterity,
singularity, accuracy, actuator interference, and dynamic isotropy,?® if some modifications are
needed, return to step (b) and start another design iteration.

Next, we use an example to illustrate how to discover the architecture parameters based on the
above design procedures. We obtained a Stewart—Gough platform (SGP) for the case p = 3, considered
the influence of the payload inertial parameters, and used two configurations of SGP. Case A has
small inertial parameters and Case B has larger inertial parameters, as shown in Tables II and III.

The redesign problem can now be described as: for each case, given the above inertial parameters of
the payload, find a Stewart—Gough platform such that it is as close to a proportional damping system
as possible. The limb type is UCU and the weighting factors are: w; = wy = w3 = wy = ws = 1.

For Case A, we choose Option (b) which means the strut length is fixed. Using Eq. (20), we drew
the 3D map depicted in Fig. 5.

The white circle point denotes the index 6. As can be deduced from Fig. 5, the index 6 is 26.47°,
and the kinematics parameters need to be optimized for decoupling in modal space.

When we choose 8 < 10° as an acceptable fault for modal space decoupling, the acceptable optimal
result is the dark blue area in Fig. 5. The details of the result are discussed as follows:

For n < 0.4, the system is nonproportionally damped in most cases, although we can obtain an
approximate proportionally damped system by changing the height / of the payload mass center, and
the result is seriously sensitive.

For 0.4 < n < 0.8, the system becomes proportionally damped when the center & of the payload
mass is changed.

For 0.8 < n < 1, the system can be considered proportionally damped.
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Fig. 5. The result of the optimized n and  for Case A.

Fig. 6. The result of the optimized n and h for Case B.

When the center height 4 of the payload mass is fixed, the optimal radius ratio can be established
as n = 0.95. The index 6 is 1.40° which is the red point in Case A2 of Fig. 5.

For Case B, we choose Option (b) as optimization constraint. Using Eq. (21), we drew the 3D map
depicted in Fig. 6.

As can be deduced from Fig. 6, the index 6 is 7.29°, and the system can be considered as
approximately proportionally damped in this case.

In contrast to Case A, the results for optimizing » and & are:

For n < 0.4, the system is nonproportionally damped.

For 0.4 < n < 0.8, the system becomes proportionally damped with changes in the center & of
the payload mass, where increasing or reducing the center 4 of the payload mass is a function of the
inertial parameters.

For 0.8 < n < 1, the system can be considered as proportionally damped.

For minimizing the degree of nonproportional damping further, using the optimal function, Eq.
(22), we drew a 3D map which reflects the relationship between «, 8, and 6 as shown in Fig. 7.

The white point denotes the index 6 for the two cases. For Case A, the index 6 is 2.57°, and for
case B, 5.38°. Optimizing « and B, we obtain a lower degree of coupling which is the red point. For
Case A, the index 6 is 0.092° when « is 0.2389 rad and g is 0.1401 rad, while for Case B, the index 0
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Fig. 8. Construction of modified SGP of Case B.

is 0.1952° when « is 0.05 rad and S is 0.1824 rad. Construction of modified SGP of Case B is shown
in Fig. 8.

Although the above optimal design procedures assume the weighting factors are equal, the results
still have enough tolerance provided by the result of the random combination of the five weighting
factors w, wy, w3, wy, ws as depicted in Fig. 9.

As can be deduced from Fig. 9, the index 6 is lower than 15° in most cases, which can be considered
a proportional damping system in engineering.

6. Conclusions
We presented an optimal design method for minimizing the coupling effects of PJVF for the SSPM.
Analytical formulation Jacobian matrixes relating the platform movements to each passive joint
velocity were derived. With the formulation given, the damping matrix for PIYVF was established.
Solving the undamped Eigen problem, an analytical formulation modal matrix was found and
the index was then expressed as functions of the configuration parameters and the payload inertial
parameters in analytical form.
From the above results, a two-element optimizing function was obtained. The relationship between
the degree of coupling caused by each part of the PIVF and optimal parameters is explicit. It was
found that an acceptable optimal result was not a single point but an area, and we can see that
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it is possible to achieve an approximate proportionally damped system by adjusting the kinematic
parameters.

Finally, we redesigned two cases for the SGP with different payload inertial parameters using the
optimal design method proposed in this paper.
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Appendix A: Detailed kinematics analysis of passive joint
According to the relationship between the vector space, the length vectors of a 2p cylinder I; (i =
I,...,2p) can be expressed as:

l,' :c+Tal- —b,', (Al)

where T is the rotation matrix, ¢ is the displacement vector of the center of {B} in {M}, a; is the
vector of the upper joint in the fixed coordinates, b; is the vector of the lower joint in the inertial
coordinates.

Suppose v,; is the velocity of the upper joints, which can be expressed as:

Vi = ¢+ w x Ta;, (A2)

where w is the angular velocity of {M} relative to {B} and ¢ is the velocity vectors of the center
points of {M} in the {B}.
Equation (A2) can also be expressed by the Jacobian transformation:

Vo =1 T(EM 17 |% =Tk, (A3)

where A;” is a skew symmetric matrix of the vector a;, X is the platform velocity vector, and J,; ,
is the Jacobian matrix for the general velocity of the moving platform to the velocity of the upper
attachment points.

The structure diagram of the actuator is shown in Fig. Al.

The angular velocity of the actuator can be expressed as:

@i = Ly |Vl—| (Ad)

where 1,, ; is the 3x 1 unit vector of I;
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Fig. Al. SSPM actuator link construction.

The synthesis of the angular velocity of lower universal joint is expressed as:

Wi = Wgi = [iﬂ—l ILT T(A) TT]X_JdlxX (AS)

where 1, ; is a skew symmetric matrix of the vector 1, ;
The directions of the lower universal joint axes are expressed as:

rii=1,xz

rii

Tpil = —
r.
i : (A6)

Tio=—Tp1 Xl;

ri>

Yo = ——

ni |ri’2’

wherez=[0 0 1]T
The decomposed angular velocity of lower universal joint is expressed as:

T o o
Wdi,1 = (wd,i 'l‘m',1) Tpi1 = Tpil (l'm',l : wd,i) = l‘ni,1l'm-,1Jdi,xX = JairxX (A7)
T o o
@ai2 = (@a,i *Tni2) Tni2 = Tui2 (Cni2 - 0a.1) = Tui 2y 2daix X = Jaiz X
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The synthesis of the angular velocity of upper universal joint is expressed as:

m ln i ¥ x . .
Wy i = Wq i +w = [m ﬁln,iT (Azm)T TT + TT ] X= Jui,xx7 (A8)

where @™ is the angular velocity of {B} relative to {M}.
The directions of the upper universal joint is expressed as:

ri3= ln,,' x Tr

r Ti3
ni,3 = T
ris| (A9)
Lia=—Ty3 X1,
L4
Tpig4 =7
i
where r is the orthogonal axis with the installation plane of upper universal joint.
The decomposed angular velocity of upper universal joint is expressed as:
T . .
Wy 1 = (wu,i : rni,3) Ipi3 =Tni3 (rni,3 : wu,i) = rni,3rm‘.3Jui,xX = Juil,xx (AIO)
- T o oy
@ui2 = (@ui - Tnid) Tnia = Tnia (Tnia - @ui) = Tni gl Jui X = JuinoX
The revolute angular velocity of the actuator is expressed as:
T T4 ;
Wy = (wm . ln,i) ln,i = ln,ian [03><3 T ]X = Jr,iX' (Al 1)

Appendix B: Derivation of B,

For ease of analysis, we assume the damping coefficients of each related passive joint are equal, which

means B.q1 = Begit, Beaz = Beaiz, Beut = Beuits Beuz = Bewiz, Ber = Beri, withi =1,2-- 2p
The damping matrix for each related passive joint is expressed as

diag([ccdlx Ccdl y Ccdl ]T) ﬁ dl :|
B = B.;;C =B - Y 4 . c ,
«l cdiedl <l |: —Pcdi dlag([ccdlxx Ccdlyy Ccdlzz]T)
(BI)
where B,y = Ziz:pl (BL-,“JZ,- 1.xJdi1.x) is the damping matrix in the direction of the lower universal
joint axes ry; ;.

p 2p
erzllz’ CCL“Z = 7 (1 - lilz)

Ccdlx = Ccdly = |l|2

p
Ceatxx = Ccdlyy = W ((lnlxalx + lnlzalz)2 + (lnlyaly + lnlzalz)2 + (lilxa%y + lilya%z - lﬁlza%z))

2p B 2
Cediz; = T2 nlzz (lnlyalx - lnlxaly)
m=1-10,.
0 —Pecdlz 0 p
ﬁcdl = Pedlz 0 0 5 and Pcdlz = __211112 (lnlxalx + lnlyaly + lnlzalz)
0 0 0 )Y
diag([Ceazs  Ceazy 0]) Pea ]
B - = B C - = B ~ ) . ¢ k)
e cd2ted e |: —Ped2 dlag([Ccd2xx Cchyy Ccd2zz]T)

(B2)
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where B, = 2122 ! (BCdinEiZ,xJ di2.x) 1s the damping matrix in the direction of the lower universal
joint axes ry; ».

p 14
Ceare = Ceary = W’ Ceazex = Ceanyy = Wa%z
2p 1 3
Ccd2zz = —=—5 (lnlxalx + lnlyaly)
m=1-1L,.
0 —Ped2z 0 p
Pear = | P2z 0 O |, and  peare = — 5
0 0 0 ]
diag([Cculx Caiy Ceoul ]T) ﬁ 1 :|
B 1 = B C 1= B - y 4 ) cu ’
cul culCcul cul |: —Pecul dlag([CCulm Cculyy Cculzz]T)
(B3)

where B.,1 = lezp | (ch‘lJEil’xJuil,x) is the damping matrix in the direction of the upper universal
joint axes ry; 3.

p 2p
Cculx = Cculy = Wlilza Cculz = W (1 - l,%lz)

Ceuixx = Cculyy =
nlx

p < |l|2 -2 |l| (lnlxalx + lnlyaly + lnlzalz) + (lnlxalx + lnlzalz)z)

W +(ln1y31y + lnlzalz)2 + <12 3%y + llzllya)z( - lﬁlza%z>

2p 12

2

culzz = W 1 —nll%lz (lnlyalx - lnlxaly)

0 —Pculz 0 p
ﬁcul = | Peulz 0 0 ’ and Pculz = __zlnlz (|l| - (lnlxalx + lnlyaly + ln]za]z))

0 0 0 1

diag([ccu2x Ccu2* O]T) ﬁ 2 i|
Beo = By Ccu = By, ~ Y . cu s
? ? ? g |: —Peu2 dlag([ccu2xx Ccu2yy CcuZzz]T)

(B4)

2p
where B, = ) (ch-zJLz Juiz,x) is the damping matrix in the direction of the upper universal joint

i=1
axes Iy; 4.

p
Courx = CcuZy = Ceurxx = Ccu2yy = W (alz - |l| lnlz)2

[
2p 1 2
cu2zz = T T a3 ((lnlxalx + lnlyaly) — 1 (1 - lilz))
-1 - lnlz
0 —peu2z 0 p
Pewr = | Peuz 0 01, and peo; = ) @r; — [ 112)
0 0 0 1]
(_)3><3 63><3 i|
Bcr == Bchcr - Bcr o . y B5
|: 03,3 diag([Cerxx Ccryy Ccrzz]T) (BS)
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where B, = ng | (Berid rT ;J+.i) is the damping matrix in the revolute direction of the actuator.
Ccrxx = Ccryy =p (1 - 1311) , Ccrzz = 2plilz'

Combining Eqgs. (B1-B5), B, is expressed as

. T ~
B [ A T } ’ ®0
where:
Bix = Bea1Cearx + Bea2Cearx + Beut Ceutx + Beuz Ceunx
By = Bcq1Ceaty + BeazCeany + Beu1Ceuty + BeunCeuny
Bi; = Bea1Cearz + BeazCean:
Bixx = Bea1Ceaixx + BeazCeanxx + Beut Coutxx + BeuzCouzx + Ber Cerxx
Biyy = Bea1Ceatyy + Bea2Ceanyy + Beut Ceutyy + BeurCeuzyy + BerCeryy
Bi:: = Bea1Ceazz + BeazCeanzz + Beut Ceutze + BeuaCeuzzez + Ber Cerz:
0 —p,; O
P = ,Oéz 8 8 ,and oz = Bea1Pediz + BeazPeare + Beut Peurz + Beuz Peurz
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