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Abstract The Monash Epicyclic Parallel Manipulator (MEPaM) is a novel six-degree-of-
freedom (dof) parallel mechanism with base mounted actuators. Closed form equations of
the inverse dynamic model of MEPaM are obtained through two different methods, with
simulation showing these models to be equivalent. The base inertial parameters for the dy-
namic model of MEPaM are determined, reducing the number of inertial parameters from
100 to 28. This significantly simplifies the dynamic calibration model and thus the number
of computations required.

Keywords Parallel mechanisms - Inverse dynamics - Base inertial parameters

1 Introduction

The dynamics of a robotic mechanism is useful in simulation and control scenarios. Two
dynamic problems exist: inverse and direct dynamics. The inverse dynamic problem de-
termines the required actuator torques for a given trajectory of the mechanism whereas the
direct dynamic problem determines the trajectory of the manipulator for a given set of actua-
tor torques/forces. The inverse dynamic problem is associated with dynamic calibration and
control of the mechanism whilst the direct dynamic problem is used in simulations [2, 7, 19].

The closed loop nature of parallel mechanisms adds significant complexity to the kine-
matic and dynamic models. Many techniques have been used to formulate the inverse dy-
namic problem of parallel mechanisms—the principle of virtual work [9, 32, 33], Kane’s
Equation [27], Euler-Lagrange energy based methods [14, 25] and the recursive Newton—
Euler algorithm [8, 15]. The complexity of the inverse dynamic models of parallel mecha-
nisms is increased with the introduction of constraint equations, leading to extremely large
equations. However, methods exist whereby the constraint equations are naturally embedded
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into the model through the velocity constraints inherent in the mechanism, leading to closed
form solutions. Khalil and Ibrahim [21] generalised methods presented in [16, 17, 20] to
obtain closed form inverse dynamic models of parallel robots without the introduction of
constraint equations. They consider the platform and legs as independent entities, then use
the manipulator Jacobian to project the dynamics of the platform and passive joints into the
active joint space. The Natural Orthogonal Complement (NOC) is another method that has
been used to derive the inverse dynamics of a parallel mechanism without the use of explicit
constraint equations [1, 11, 28, 31, 34, 35]. This method uses the orthogonal complement
of the velocity constraint matrix (which need not be determined) to derive a closed form ex-
pression of the inverse dynamics of the mechanism in terms of only the active joint variables.
Computation cost is an important factor in inverse dynamics modelling, with the NOC and
Khalil-Ibrahim methods shown to be more efficient than the virtual work and Newton—Euler
methods, respectively [1, 20]. However, the computational efficiency of these two methods
has not been compared to date despite both methods similarly avoiding the use of explicit
constraint equations.

The Monash Epicyclic Parallel Manipulator (MEPaM) is a novel three-legged six-degree-
of-freedom (dof) parallel manipulator which uses a cable pulley system to allow all actuators
to be mounted on the base. Three-legged six-dof parallel mechanisms with base mounted ac-
tuation have been proposed before [6, 26, 30]; however, the main focus of these works has
been on design, geometric modelling and workspace analysis with scarce information on
the dynamics of such mechanisms reported. It is important to investigate the dynamics of
this class of manipulators as they have the least moving masses and inertias among the six-
dof manipulators. Our previous study investigated the geometric models, singularities and
workspace of MEPaM [5]. It was found that the mechanism has relatively simple kinemat-
ics when compared to other six-dof parallel mechanisms and interior parallel singularities
which are wholly dependent on the orientation of the platform and independent of its posi-
tion.

In this paper, the inverse dynamic model of MEPaM is derived using two methods—the
NOC method developed by Angeles and Lee [3] and the method presented by Khalil and
Ibrahim [21], with the computational efficiency of the two methods compared. Further, we
derive the minimum number of inertial parameters required to calculate the inverse dynamic
model of MEPaM and investigate the effect using these parameters has on the computational
efficiency of the two methods. The frame assignment of MEPaM is provided in Sect. 2 and
the velocity and acceleration analysis in Sect. 3. The inverse dynamic models are derived
in Sect. 4, with the base inertial parameters of these models determined in Sect. 5. Finally,
Sect. 6 verifies the correctness of the derived models through simulation and investigates
their computational efficiency.

2 Frame assignment

MEPaM consists of three serial legs which connect to a common platform. Each leg contains
a two-dof planar driving arm consisting of the planet—Lever Arm A—and the carrier—
Lever Arm B—which are driven by two base-mounted rotary motors. A passive cylindrical
rod which is perpendicular to the driving arm attaches to the common platform via a univer-
sal joint, forming a closed chain when all three legs are connected. A diagram of MEPaM is
shown in Fig. 1.
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Fig. 1 The Monash Epicyclic
Parallel Manipulator

Table 1 Khalil-Kleinfinger

Parameters for Leg i of MEPaM i aj aj dj 0; bj Vj
(i=1,2,3)
Li Wy % T Bia Wi Vi
2i di; 0 0 Bib 0 0
3 do; p l; 0 0 0

2.1 Serial leg frames

The frame assignment for leg i of MEPaM is shown in Fig. 2. The rotation axis of the
cylindrical joint is orthogonal to the two rotation axes of the universal joint, and therefore
the origin of the frame for the cylindrical joint is assigned at the universal joint origin, i.e.
the connection point of the leg to the platform. Thus—to simplify the dynamic analysis—the
revolute of the cylindrical joint coupled with the universal joint rotations can be considered
to form a spherical joint and serve as the joint at which the serial leg is cut from the platform.
Hence, the serial legs can be considered as Revolute—Revolute—Prismatic chains, with the
two revolute joints being active and the prismatic joint passive. The dynamic analysis can
be further simplified by assuming the links of the legs of MEPaM have ‘virtual’ actuators
attached directly at the location of the joints. The relationship between the physical variables
04, 0;p and [; and the ‘virtual’ variables ;,, B;» and [; is [5]

Bia = Bias Biv =0y — Oia, I =1;. (D

A Jacobian relationship is used to convert the dynamic model between the two variable
sets and can be written in a matrix form, i.e.

b =Asp; @
where 0; = (64 6", B; = [Bia Bis]" and Ag = 7].

The Khalil-Kleinfinger convention [22] is used to describe the geometry of the legs, with
the parameters for leg i of MEPaM tabulated in Table 1.
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Fig. 2 Kinematic Parameters for Khalil-Kleinfinger Notation

The general transformation from the base frame Fj to the end effector frame F3; for a
leg of MEPaM is of form

B(). B
By _ |~ Q3 "psi
Ts = [01X3 ] ] 3)

where 8Qjs; is the 3 x 3 rotation matrix between F and F3; and Zps; is the position of the
end effector of the serial leg in Fp, both in terms of the parameters in Table 1.

2.2 Platform frame

The frame assigned to the moving platform, Fp, is used to describe the position and orien-
tation of the platform with respect to the base frame Fp. This relationship is described by
the transformation matrix between Fz and Fp, i.c.

B _ BQPBPP
T”—[om 1 } @

where Q) is the 3 x 3 rotation matrix between F and Fp and Zpp is the position of the
platform origin in Fp. The location of Fp is defined by the centre of the three universal
joints of the moving platform. Figure 3 illustrates the assignment of Fp and the parameters
of the platform. With respect to Fig. 3, the co-ordinates of the three vertices in Fp are
T T T
"by=[d51 00]", Pby = [—dnsy d32c2 0], Pby = [—ds3s3 —di3c3 0] (5)
where ¢; = cos {; and s; = sin ;.

2.3 Position constraints

Due to the closed loop nature of MEPaM, constraints are placed onto the position of the
legs and the platform. As the location of the frame origins for the serial legs are at the
platform vertices—the centre of the universal joints—the position constraints are formulated
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Fig. 3 Definition of Fp

by equating the position components of Eq. (3) to the vertex co-ordinates given by Eq. (5)

represented in Fp. That is,
): Ph.
[ €3l] :BTP[ lbl],
(6)

Bpy =Fppr +2Qp"b;

for i = 1,2, 3. Equation (6) represents three loop equations in terms of the joint and task
space variables. These loop equations are used to solve the inverse and direct geometric
problems, solutions to which can be found in [5].

3 Velocity and acceleration
3.1 Twists of the serial legs

The twists (the velocity and angular velocity) of the bodies of the serial legs are derived using
standard methods for serial robots which utilise the link transformation matrices defined by
the parameters in Table 1, i.e. recursive algorithms outlined in robotics textbooks [2, 7, 19].
The acceleration and angular acceleration are derived similarly.

3.2 Serial leg Jacobian

The end effectors of the serial legs are expressed in terms of the active and passive joints
of MEPaM. Thus, the linear velocity of the connection point to the platform—the centre of
the universal joint—can be expressed in terms of the active and passive joint rates. This is
given by the result of the recursive algorithm in Sect. 3.1 for link 3i, or equivalently through
differentiation of the left hand side of Eq. (6). Hence, the linear velocity of the end effector
of the serial legs in the global base frame Fj can be expressed in the form

Bvsi =2 T @)

where Bvs; is the 3 x 1 linear velocity vector of the end effector of leg i in Fg, BJ3; is the
3 x 3 serial leg Jacobian of the end effector of leg i in Fp and ¢; = [Bi, Bis ;17 is the vector
of active and passive joint rates of leg i.
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Fig. 4 Forces applied to Ny
platform by serial legs of
MEPaM

3.3 Platform velocity

Considering the right hand side of Eq. (6), the linear velocity of the connection point B;
can also be expressed in terms of the twist of the platform. Letting Zp;, = 5QpPb; =
[Bby; Bby; Bb,;]T represent the vector between the origin of the platform and the platform
vertices, as illustrated in Fig. 4, the linear velocity of B; in terms of the platform twist is

B B B B
Vi="Vp+"@wp X" p;

B
_ _Bj Vp
- [13 pz] |:Bwpi|
:BJn‘BtP (8)

where 20, is the skew-symmetric matrix associated with Zp, which performs the cross-
product, Btp is the twist of the platform with respect to the base frame and 2J,; is the
platform Jacobian with respect to the base frame for point B;.

3.4 Manipulator Jacobian

Due to the position constraints given by Eq. (6), Egs. (7) and (8) are equivalent and represent
the velocity constraints of MEPaM, i.e.

BYsuqi =53 tp. 9)

As a result of Eq. (9), the joint rates of leg i can be written in terms of the twist of the
platform,

q; = BJ3_,-IBJziBtP~ (10)

Concatenating Eq. (10) fori =1, 2, 3 yields

a BI5 I

@ | = |23 2T | Bte,

as BB, (1D
q="J:"%tp
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where BJ;' is a 9 x 6 matrix which relates all the joint rates of MEPaM—active and
passive—to the twist of the platform. This matrix can be simplified by only considering
the active joints, i.e.

dai BI(1:2,) 3
A | = | P35 (1:2,000 | Pt
qa3 By1:2,:8); (12)
qA — BJ;/II Btp
where 2J ), is the 6 x 6 manipulator Jacobian relating the twist of the platform to the rates of
the active joints 4. Note that & J;l.l (1:2,:) indicates that only row 1 and 2 of the inverse se-

rial Jacobian matrix of interest is considered as these correspond to the active joint variables
Bi. and B;;. Further, the manipulator Jacobian expressed in Fp is

BT
PRy = [ ?j 03*%] am (13)

The linear and angular acceleration of the platform can then be found by differentiating
Eq. (12), i.e.
Btp =BT uia +BquA« (14)
Equation (14) are the acceleration constraints of the manipulator.
3.5 Passive joint rates
The dynamic model requires the rates of change of the passive joints. Considering that these

correspond to the three rows of BJ;I given by Eq. (11) ignored in Eq. (12), they can be
expressed in terms of the twist of the platform as

Iy P13, 00

L|=1]"15G.9%00 | "te,

Iy By (3,083 (15)
=3, 5tp.

Further, through substitution of Eq. (12) into Eq. (15) for the twist of the platform, the
rates of the passive joints can be expressed in terms of the rates of the active joints, i.e.

i1=1."Jud (16)
Thus, the acceleration of the passive joints can be found in terms of the active joints, i.e.

T=J. 8 mla + I8 Inda + I8 0ds. (17)

4 Inverse dynamic modelling
The inverse dynamic model of a parallel mechanism calculates the required torques to

achieve a specified trajectory; typically as a function of the position, velocity and accel-
eration of the joint variables of the legs and the Cartesian coordinates of the platform of the
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manipulator. The inverse dynamic model of MEPaM is formulated using two methods—
the Natural Orthogonal Complement and the method of Khalil and Ibrahim [21]. Both these
methods embed the constraints imposed by the closed-loop nature of the mechanism into the
modelling procedure via the velocity relationships derived in Sect. 3. This avoids the use of
explicit constraint equations and allows for closed form solutions to be obtained. Frictional
effects are not considered in the derivation of the models.

4.1 Natural orthogonal complement
4.1.1 Overview

The Natural Orthogonal Complement (NOC) was originally used to solve the inverse dy-
namics of serial mechanisms [3, 4] and later parallel mechanisms [1, 11, 28, 31, 34, 35].
These mechanisms consist of p rigid bodies under holonomic constraints. The NOC method
uses the wrench of each of the bodies in its derivation of the inverse dynamic model, whereby
the wrench ‘w; is given by the Newton—Euler equation. For the ith body in frame F;, the
Newton—Euler equation at the origin of F; can be written as [19]

; mily =" | [V —ig} |:iwi x (‘@; x iﬂ-):|
W= i | Y 18
|: n 'L ] |: w; w; x (L;'w;) (18)

where

iw; =[t;" 'n]]7 is the wrench of the ith body acting at the origin of F;;

— 'v; and ‘w; are the linear and angular velocities of the ith body with 'V; and ‘@; the
associated linear and angular accelerations in F;;

— fgis the 3 x 1 vector of the acceleration due to gravity in F;;

— m; is the mass of the ith body;

XX; XY; XZ;
— I, is the 3 x 3 inertia matrix of the ith body in F;, with 'T; = [XYi YY; YZ; ];
XZ; YZ; 2Z;
— g, =m's; = [MX;, MY;, MZ;]T are the first moments around the origin of J; with ',
being the associated skew-symmetric matrix;
— is; is the 3 x 1 vector from the origin of F; to the centre of mass of the ith body; and

— 13 is the 3 x 3 identity matrix.

Through the use of the properties of vector cross products, Eq. (18) can be expressed as

i _ mi13 —iﬁ,’ ig 03><3 _ia)iiﬁi i mi13 i
W= |: T } it |:03><3 ‘oi'T; b i ] 8

1 1

:Miif,' +Wiiti —Giig (19)

where t; = ['v;" | ! 17 is the twist of the ith body and ‘@; is the skew-symmetric matrix
associated with ‘w;.

The wrench, ‘w;, can be decomposed into a working (‘w}) and non-working (‘w)
wrench. The working wrench can be further decomposed to consist of actuator (‘'w?), dis-
sipate (‘w?) and gravity (‘w?) wrenches, i.e. ‘'w)' ='w¢ +w? +'w¢ [3, 4]. Note that 'w?
has been accounted for in Eq. (19). Thus, applying Eq. (19) to all p bodies, a system of
equations can be derived, i.e.

w" +w" =Mt + Wt — Gg (20)
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where

M = diag([M, ...M,]) and W = diag([W, ... W,]) are 6p x 6p generalised matrices;

G =diag([G; ...G,]) is a 6p x 3p matrix;

—t=['t ... "’t]T,]T, wW = [1W1wT l’w[‘f’T]T and w¥ = ['w{VT "’wf,’T]T are 6p
dimensional vectors; and

- g=['g{ ... 7g)1" is a 3p dimensional vector.

It was shown that the kinematic constraints of a mechanism under holonomic constraints
obeys the following relationship with t [3, 4],

Kt =0, 1)

where K is the 6p x 6p velocity constraint matrix of rank m—the number of indepen-
dent holonomic constraints—whilst the number of degrees-of-freedom is n = 6p — m. This
means that the generalised twist t can be written in terms of the independent variables e, i.e.

t = Sa, t=Sa& + Sa (22)

where S is the twist mapping matrix of dimension 6p X n.
Substituting Eq. (22) into Eq. (21) yields

KS = 05, (23)

Hence, S is the natural orthogonal complement of K. It was shown that the non-working
wrench lies in the null-space of 87, thus pre-multiplication of Eq. (20) eliminates w" [3, 4],
i.e.

STw* =S"TMt + STWt — STGg — STw’. (24)
Substitution of Eq. (22) into Eq. (24) for t and t results in
=1a+Ca — 7% —7¢ (25)

where I = STMS is the n x n generalised inertia matrix, C = S”(MS + WS) is the n x n
generalised coupling matrix and 7¢ = S”Gg, t¢ =S"w’, ¢ =S"w" are the n x 1 vectors
of generalised gravity, dissipate and actuator forces, respectively [3, 4]. Hence, Eq. (25)
represents the inverse dynamic model of the mechanism of interest obtained through the
NOC method. Further, the inverse dynamic model derived using the NOC method is wholly
in terms of the rates of the independent variables o.

4.1.2 NOC and MEPaM

To derive the inverse dynamic model of MEPaM using the NOC method, the wrenches
and twists of all the bodies of MEPaM need to be derived. MEPaM consists of ten rigid
bodies—three for each of the legs plus the platform. The wrenches of the bodies are given
by Eq. (19), with the twists of the legs derived using standard methods for serial robots,
i.e. recursive algorithms outlined in robotics textbooks [2, 7, 19]. As a result, the twist of
body ji (i.e. the jth body of the ith leg of MEPaM) in F; can be written as

Tt ="Y;q (26)
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where /'Y j; is a 6 x 9 Jacobian matrix relating the twist of body ji to the rates of all the joints
of MEPaM. However, the NOC method requires the twists of the bodies to be expressed in
terms of only the active joint rates 4. From Eq. (16), the passive joint rates are expressed
with respect to the active joint rates, thus Eq. (26) can be written as

Tt =1'S 44 27
where /'S ;; is a 6 x 6 Jacobian (twist mapping) matrix relating the twist of body ji to the

active joint rates of MEPaM. Further, the twist of the platform "tp in Fp can be written in
terms of the active joint rates using Eq. (13), i.e.

Ptp =PJyda. (28)

Thus the twists of all the bodies of MEPaM are known in terms of the active joint rates.
Hence, the generalised twist of MEPaM is of form

rig rig,,
2y, g, |
3 1831 | [Bia
Pty PSi | | B
Pty || Sy Paa
2 | T | PSn | | B | (29)
B, 385 || Ba
Pty3 58y | B
By ng.,

LPte | [PIn ]

ty =Suda

where t); is the 60 x 1 generalised twist vector of MEPaM and S, is the 60 x 60 twist
mapping matrix of MEPaM.

With the twist mapping matrix known, the inverse dynamic model of MEPaM in terms
of the B variables, A, can be derived using Eq. (25), i.e.

A =Iyqa+ Cypyqa — A8 (30)

where I, is the 6 x 6 generalised inertia matrix of MEPaM, C,, is the 6 x 6 generalised
coupling matrix and A¢ is the 6 x 1 vector of generalised gravity forces.

4.2 Khalil-Ibrahim method

The Khalil-Ibrahim method cuts the legs from the platform at the connection joint (i.e.
the S-joint for analysis of MEPaM), with the dynamics of the legs and platform derived
as independent entities. The Jacobians in Sect. 3 are used to link the subsystems together,
with the dynamics of the platform and passive joints projected into the active joint space
through 2J,, such that the inverse dynamic model is given by

A=h"+8J0 (Bwp +ZBJ,T,.BJ;T(:,c,-)h{’> (3D

i=1
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where A is the vector of actuator torques, Bwp is the wrench of the platform in Fp, h; is the
inverse dynamic model of the ith leg with h® being the vector of active joint torques, h? the
vector of passive joint torques and ¢; are the columns associated with the passive joints. In
the proceeding subsections, it is shown how Eq. (31) is obtained through the derivation of
the inverse dynamic model of MEPaM.

4.2.1 Platform and leg dynamics

The wrench of the platform of MEPaM is described by the Newton—Euler equation, i.e.
Eq. (19), with the reference point chosen to be the origin of Fp. Note that as this wrench
is with respect to Fjp, the first moment of the platform is 25, = 2Qp"n, and the inertia
tensor is 21p = 2Qp 1,2QL.

The inverse dynamic model of the legs of MEPaM can be derived using classical tech-
niques for serial robots such as the Euler—Lagrange, recursive Newton—Euler or NOC meth-
ods found in robotics textbooks, i.e. [2, 7, 19]. These methods will yield the same symbolic
closed form expression for the inverse dynamics of the serial legs which are used in formu-
lating the complete inverse dynamic model of MEPaM.

4.2.2 Motor torques

The motor torques in terms of the S variables, A, are determined by combining the dynamic
models of the platform and the legs. The wrench of the platform Zwp consists of the force,
Bf, and torque, By p, that the platform exerts onto an external environment. This force
and torque is generated by the forces and torques applied to the platform by the serial legs
of MEPaM. Due to the assumption of considering the connection joint of the legs to the
platform to be a spherical joint, the torque applied by the legs on the platform is zero, i.e.
B1, =0. Thus, the legs only produce a three dimensional force, f;, on the platform. With
aid of Fig. 4, the wrench of the platform can be derived as

Bg 1
BWP=|:BTI:£| =Z|:B£j| Bfi. (32)

i=l

Due to the properties of skew-symmetric matrices, Zp, = —Bi)iT . Hence, with reference
to Eq. (8), Eq. (32) becomes

3
Bwp =Y PJLPE,. (33)
i=1
Thus, the task at hand is to find the forces, 2f;, that the legs exert on the platform.
The motor torques for the individual legs can be written in terms of the dynamic model,
i.e.

A =h; + B JT B, (34)
where h; is the inverse dynamic model of the serial leg i, Bf; is the reaction force between the
serial leg and platform which is mapped into the joint space of the leg through the transpose
of the serial leg Jacobian 2J3; and A; is the vector of motor torques for leg i. As the third
joint of leg i is a passive prismatic joint, the corresponding motor torque is 0. Hence, the
motor torque of leg i is

Ai = [hia 25 0]" (35)
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with %;, being the torque for the virtual motor associated with the variable 8;, and A;, the
torque for the virtual motor associated with the variable S;,.

Equation (34) can be rearranged to express the reaction force in terms of the motor
torques and leg dynamic model, i.e.

B, =837 (A —hy). (36)

Substituting Eq. (36) into Eq. (33) for Bf; yields

3
Pwp = PIEEY (G —h),

i=1

, X 37

ZBJZ;'BJ:;_I'TXi:BWP'}_ZBJZ;BJ:;_iThi-

i=1 i=1
Using Egs. (11), (12) and (35), Eq. (37) becomes
3 . 3
> 10 (] =2we + >0

(38)

)~A1 hl

By S [ da | =8wp +21.7 |y

Aas h;

where A4; = [Aiq Aip]” and by = [hy; hy hy]7.
Thus, the motor torques for MEPaM in terms of the dynamics of the legs and platform is

A="1(°wp +1:"h) 39)

where A = [A], A%, A4,17.

The Jacobian transpose maps a Cartesian force into the active joint space of the robot,
hence the terms of h; corresponding to the active joints of MEPaM can be extracted out
of the bracketed term of Eq. (39), i.e. the columns for which #J7 2J.” contains one entry
which is 1 and the other five are 0. Thus, the inverse dynamic equation of MEPaM in terms
of the S-variables is

3
A=h"4 )0 (Bwp +Y PIITC 3)h,-”) (40)

i=1
where h = [h; hay hyy ha hy3 hp3]T correspond to the inverse dynamic model of the active
revolute joint and h” = [h3; h3, h3;3]7 are the inverse dynamic models of the passive joints.

4.3 Inverse dynamic model for the actual motors

The models of Egs. (30) and (40) do not account for the base mounted actuation of the
legs of MEPaM, they are derived assuming that the actuators are directly mounted at the
joints. The torques required for the actual system, t;, can be obtained by using the Jacobian
relationship given by Eq. (2) i.e.

T =302 1)
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where J; = diag([A} Af Af]) is a6 x 6 mapping matrix. Hence, the inverse dynamic model
of MEPaM has been found.

4.4 Comparison

The NOC and Khalil-Ibrahim methods both obtain closed form expressions of the inverse
dynamic model of MEPaM. With regards to computation, the NOC method will require
more operations due to the presence of large matrices. This inference is explored in Sect. 6.
Through expressing the twists of all the rigid bodies in terms of the active joint rates, the
NOC method produces a model that is completely in terms of the active joints whilst the
Khalil-Ibrahim method can be made to do so through substitution of Egs. (12) and (14) for
the platform rates and Eqgs. (16)—(17) for the passive joint rates.

Expressing the model in terms of only the active variables is advantageous in most in-
stances but there are situations when this may not be the case. Dynamic calibration utilises
the inverse dynamic model to identify the inertial parameters of a mechanism, with accurate
knowledge of these parameters paramount in dynamically compensated control algorithms.
A trajectory is prescribed and implemented for the mechanism to follow, with measurements
of the active joints position (i.e. by an encoder) and the torques of the motors (i.e. a motor
current) made in this situation. As the inverse dynamic model can be expressed in a lin-
ear form with respect to the inertial parameters [19, 24], the inertial parameters are found
by solving an over-determined linear system of equations whereby the coefficient matrix
is populated in terms of the geometric parameters and the position, velocities and accel-
erations of the joint and task space variables. Typically, the passive joint and task space
variables are expressed in terms of the active variables, i.e. the passive joint rates are given
by Egs. (16)—(17) and task space rates given by Eqs. (12) and (14). However, if there are
redundant sensors measuring the passive joints or an inertial measurement unit on the plat-
form, the rates of the passive joints and/or the platform can be measured as opposed to
estimated. This can improve the accuracy of the inertial parameter estimation and hence the
computed torque calculation provided by the inverse dynamic model when compared to a
measured motor torque. In this regard, the Khalil-Ibrahim model offers the flexibility to in-
clude such measurements in the inverse dynamic model but the NOC method does not due
to its implementation being wholly in terms of the active joints.

5 Base inertial parameters

The dynamic model of a robot is in terms of the inertial parameters of its rigid bodies. For a
rigid body, there are ten inertial parameters, i.e.

Xi=[XXi XY XZ; YY, YZ; ZZ; MX; MY; M Z, m,-]T. (42)

Hence, for a robot with n rigid bodies, the dynamic model is in terms of 10n inertial pa-
rameters. However, not all of these parameters have a direct impact on the dynamic model.
As a result, the number of inertial parameters can be reduced through elimination of these
parameters and grouping of other parameters. This reduced set of parameters is known as
the base inertial parameters. They are the minimum number of inertial parameters required
to compute the dynamic model of a robot [29] and as a result reduce computation cost [23].
Further, knowledge of the base inertial parameters is critical in a dynamic calibration of a
robot as they are the only parameters that are identifiable [10, 13, 23].
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When the dynamic model of a robot is expressed with respect to the frame origins of the
links—not the centre of mass—the model is linear with respect to the inertial parameters
of the mechanism [24]. This allows for the inverse dynamic model to be written in a closed
linear regressor form, i.e.

T =Dy (43)

where D is the n x k dynamic regressor of the mechanism in terms of the geometric param-
eters, joint and task space variables, and y is the k x 1 vector of inertial parameters of the
parallel mechanism (n is the number of actuators, k£ is the number of inertial parameters).
This regressor form of the inverse dynamic model is utilised in dynamic calibration to solve
for the inertial parameters and is also useful in the design of advanced control laws such as
a sliding mode controller.

The base inertial parameters can be determined by investigating the linear dependence
of the columns of the symbolic regressor matrix or through use of QR decomposition on
a numerical regressor [12]. However, as the complexity of the mechanism increases, this
becomes a cumbersome task and prone to error. Recursive energy relationships have instead
been used to determine the base parameters. This method exploits the fact that the sum of
potential and kinetic energy when derived with respect to the frame origin of a rigid body is
linear with respect to the inertial parameters [13, 19, 20], i.e.

Ej=KE;+ PE;=¢e;x; (44)

where E; is the total energy of link j, €; is a 1 x 10 vector of the partial derivatives of E;
with respect to the inertial parameters (i.e. an energy function for each inertial parameter)
and x; is the 10 x 1 vector of standard inertial parameters for link j. The expression for
the elements of e;, ¢, (k=1,...,10) are found in Appendix A. The base parameters are
derived using the expressions of ¢; as follows [13, 19, 20]:

— If e is a constant, then the parameter x; has no effect on the dynamic model. Thus, x; can
be eliminated from y jior

— If e, can be expressed as a linear combination of ey, ..., e, i.e. ex = kx1ex1 + -+ +
Kirrekr, then x; can be grouped with parameters xii, ..., xx-. The grouped parameters
take the form Y gim = Xim +&rm Xk, form =1, ..., r and replace the associated parameters
inx;.

Grouping relations for serial robots [13] and those with more complex structures [18]
have been derived using the energy relations for prismatic and revolute joints. The rules for
serial robots are included in Appendix B for ease of reference, with a thorough explanation
provided in [13, 19].

5.1 Base parameters of the serial legs of MEPaM

MEPaM consists of three identical legs which have three links, i.e. each leg has a total of 30
standard inertial parameters. Applying the rules in Appendix B to the serial legs of MEPaM,
the number of inertial parameters for each leg is reduced to 7, i.e.

T
Xri =[ZZrii MXgii MY1i ZZgoi MXgoi MYroi m3] . (45)
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The grouping parameters defined in Eq. (45) are:

ZZrii =ZZy; +dyi’may;,

MXgi =MXy; +diimy;,

ZZroi =ZZoi + 273 + 2dy M X3,
MX gy =MXo; + MX5,

MYrgy = MYy — MY3;.

5.2 Base parameters of the closed loop mechanism

As shown in [20], the recursive energy relations can be used to group parameters of the
platform with those of the serial legs. This is achieved by exploiting the velocity condition
at the cut joint. For MEPaM, as the origin of F3; is at the platform vertex B;, then the
velocity of the tip of the serial legs and the platform vertex are the same, i.e.

BV3i=BVp+Bwprp,-. (46)

Equivalently, the velocity of the common point can be expressed as follows
PV3,-:PVP+Pwp><Pp,-. an

Through utilisation of this property and the energy relations, some parameters of the con-
nection link, i.e. link 37, can be grouped with parameters of the platform. As is evident from
Eq. (45), only the mass of the third link, m3;, has an effect on the dynamics and has not been
grouped. Hence, for m3; to be grouped with the parameters of the platform, then the energy
function e,3; = kpiep; + --- + kprep,. As shown in Appendix C, the masses m3; can be
grouped with the inertial parameters of the platform, forming the following groupings:

XXpp=XXp+ d§2c§m32 + d323c§m33,
XYrp=XYp+ d%zszczmﬂ - d323S3C3WL33,
YYgp =YYp +dims +dhsims + disimss,
ZZrp=ZZp+ d321m31 +d322m32 +d323m33,
MXgrp=MXp + dsims — dypsamsz — dz3s3ms3,
MYgp = MYp + +dsycomsy — dszcamas,

mgp =mp +m3 +ms +ms;3

with the parameters XZp, Y Zp and M Zp being unchanged.

By grouping the m3; parameters with the parameters of the platform, the parameter vec-
tor x is independent of the inertial parameters of the third links of the serial chains which
correspond to the passive joints of MEPaM. Hence, the dynamic model of MEPaM is inde-
pendent of these parameters and thus the passive joint rates. This is significant as it means
that there is no need to calculate these rates via Eqs. (16) and (17). Further, the model has
been reduced from 100 inertial parameters to 28 inertial parameters, reducing the number
of computations required. When using the base inertial parameters, the wrenches (written in
terms of the base parameters) and twists of the links 3i can be omitted in the NOC method.
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Table 2 Inertial Parameters of

MEPaM (i = 1,2, 3) jo 1 x 107 kg’ Jms; [kgm] mj kel

2851 0 —0.7160 [ 0.0021

li 0 1965 0 0 0.0415
| —0.7160 0  199.0 | —5.913 x 107°
[25.28 2.961 15.32 [ 0.0023

2i 2961 266.6 —0.0150 3.906 x 1073 0.0544
| 15.32 —0.0150 243.6 | —4.576 x 107
(5249 0 0 i 0

3i 0 5249 0 0 0.0394
L 0 0 01970 | —3.94x 1073
[ 34.16 —0.0500 —0.0070 [ 3.723

P | —0.0500 34.10 0.0160 —6.101 | x 107 0.0809
| —0.0070 0.0160 63.13 | 33.97

This reduces the maximum dimension of the matrices from 60 to 42. For the Khalil-Ibrahim
method, Eq. (40) is altered to

A=ht+ 57 By, (48)

6 Simulation

Simulations were conducted to verify that the NOC and Khalil-Ibrahim methods are equiv-
alent. To do so, a trajectory profile was simulated and the torque profile computed using
the two methods. These profiles were compared with a Sim Mechanics model to verify that
they produce the correct output. The legs of MEPaM were modelled as RRCU mechanisms
in Sim Mechanics to validate the assumption used in the modelling procedure, i.e. that the
legs can be modelled as RRPS mechanisms. Further, a different trajectory profile was used
to verify if the inverse dynamics models computed using the base inertial parameter set pro-
duced the correct output, with comparison made with the Sim Mechanics model which used
the full inertial parameter set.

6.1 Geometric and inertial parameters

The architecture of MEPaM under study has the three legs attached to frames that form an
equilateral triangle, i.e. r; = 0.167 m, y; = n/2, y, = 7m/6 and y3 = 117/6 in Table 1.
The origin of Lever Arm A in F); is given by w,; = 0 m and w,; = 0.11 m. Further, it is
assumed that the lengths of Lever Arm A and Lever Arm B are equivalent for the three legs,
i.e. dy; =0.137 m and dp; = 0.1375 m. As the legs have the same geometric parameters, the
inertial parameters are also the same. The platform is assumed to be an equilateral triangle
with d3; = 0.052 m and ¥, = Y3 = 7 /6. The location of the three platform vertices in Fp
are given by Eq. (5). The inertial parameters of MEPaM are given in Table 2.
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Fig. 5 Trajectory for validation of inverse dynamic models using complete inertial parameter set (ny = 6,
ny =4,n;=4,n;=4,n,=2,n3=6,T; =10)

6.2 Trajectory and torque profiles

The workspace trajectory for the simulations was given by

0.05si n,mt

. sm( Td ), Dy
T, nymwt T, nomt T, namt

¢1 = Z Sln(Td), ¢2 = g Sln(Td>, (1)3 = g Sln(Td>

where ¢, ¢, and ¢5 are ZYX Euler angles used to describe the orientation of the platform,
Ny, Ny, Nz, Ry, Ny and n3 are integers that control the frequency of the trajectory, and 7 is
the duration of the trajectory.

The trajectory used to verify the inverse dynamic models when calculated using the com-
plete inertial parameter set is shown in Fig. 5. The required joint space trajectory was cal-
culated using the inverse geometric model, with the result used to calculate the required
torques through the inverse dynamics. The computed torques using the two models and Sim
Mechanics are shown in Fig. 6. A different trajectory was used to verify the inverse dynamic
models in terms of the base parameters, with the computed torques shown in Fig. 7. Note
that the torque profile produce by Sim Mechanics used the complete inertial parameter set.

From Figs. 6 and 7, it is evident that the NOC and Khalil-Ibrahim methods produce
the same computed torque outputs when using the complete and base inertial parameter
sets. Further, the simulations show that the torque profiles are the same as the Sim Me-
chanics model, indicating correctness of the models and validating the assumption made in
modelling that the legs can be treated as RRPS mechanisms. Using the complete inertial
parameter set, the Khalil-Ibrahim method involved 546 multiplications and 357 additions
whilst the NOC method involved 80 172 multiplications and 79 194 additions. Using the
base inertial parameters, the Khalil-Ibrahim method was reduced to 237 multiplications and
162 additions whilst the NOC method was reduced to 40 266 multiplications and 39 558
additions, i.e. it is advantageous to use the base inertial parameters when considering com-
putation cost. The vast amount of operations in the NOC method is to be expected as it

. (nymt . (nmt 3w
0.04 sin , p;=0.2640.07sin +—,
Ty 2

Px
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Tilﬁr)c [s] Tin?c [s] Tirﬁr)e [s]

Fig. 6 Computed torques using complete inertial parameter set (KI—Khalil-Ibrahim, NOC—Natural Or-
thogonal Complement, SM—Sim Mechanics)

Fig.7 Computed torques using base inertial parameter set (ny =4,ny =6,n; =6,n1 =2,n =6,n3 =4,
T, =10)

involves large matrices—the largest being 60 x 60—while the largest matrix involved in the
Khalil-Ibrahim method has dimension 6 x 6. Hence, the Khalil-Ibrahim method is more
efficient, benefiting from the use of the closed form inverse dynamic models of the serial
legs.

@ Springer



Inverse dynamic modelling of a three-legged six-degree-of-freedom. . .

7 Conclusion

The inverse dynamic model of a novel six-degree-of-freedom three-legged parallel mech-
anism was derived using the NOC and Khalil-Ibrahim methods. These methods yielded
closed form expressions which can be expressed wholly in terms of the active joint vari-
ables. Simulations and comparisons with a Sim Mechanics model showed these models to
be equivalent and correct, with the Khalil-Ibrahim method being more computationally effi-
cient. Further, the models were reduced to 28 base inertial parameters—completely indepen-
dent of the inertial parameters related to the passive joints—which reduced the computation
cost of both methods by approximately 50 %.

Appendix A: Recursive energy relations

Letting the transformation matrix 5T ; = [(‘) -(i) 'g Bi’/ ] with i, j and k being 3 x 1 vectors which
describe the orientation of link j with respect to the base frame, the angular velocity of link j
be ; =[w,; wy; wzj]T and the linear velocity of link j be v; = [v,; vy, vzj]T, the recursive
energy relations associated with the link’s inertial parameter vector x ; are [19, 20]

exx; = %w’z‘f exy; = WyjWyj,

E‘XZJ- = Cl)xja)zj5 €yyj = %wij’

erz, = w0, erz, = 303, (49)
E€MX; = WxjUyj — WyjVz; — Pali, epy; = WyjVzj — WzjUyj — BgTj,

emz; = WzjVxj — WyjVzj — Bng7 en; = %VJTV]‘ _ BgTBpj.

Appendix B: Grouping relations for serial legs

A complete derivation and overview of the grouping relations for serial and tree robots
can be found in [13, 18, 19]. The rules and expressions used to determine the base inertial
parameters of the serial legs of MEPaM are considered below. Using the rules developed in
[13, 18, 19], where possible, the parameters of link 3i were grouped with the parameters of
link 2i which were subsequently grouped with the parameters of link 1i. With reference to
Table 1, y; =0 and b; =0 for j =2 and 3, hence the rules which pertain to serial robots
suffice. These are (in terms of the Khalil-Kleinfinger parameters):

— If joint j is revolute, the parameters YY;, M Z; and m; can be grouped with the parame-
ters of link j and link j — 1. The resulting parameters are:

XXpi=XX;—YY;
XXRj,1 =XXJ',1 +YYj +2deZj +deH1j,
XYijl = XYJ',I +(,ljSajMZj —i—ajdjsa_/.mj,

XZRj—l = XZj_l —ajcajMZj —ajdjcajmj,
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2 2 2 2. 2
YYrjo1 =YYy +cg YY) +2djcg MZ; + (a7 + dica;*)my,
YZijl = YZj,] +ca,.sanYj +2djcaisajMZj +dj2cajsajmj,
ZZRj—l = ZZj—l + Sé/_YYj + 2djS§jMZj + (a]z —+ djz.sajZ)m_,»,
MXgj 1 =MX; 1 +a;M;,
MYijl = MYj,l — So(jMZj — djsajm_,-,
MZR]',1 = MZJ',| +CajMZj +deajm]‘.
Mpgj—1=m;_ —I—mj.
— If joint j is prismatic, the parameters of the inertia tensor of link j (XX ;, XY;, XZ;,YY;,
YZ;, ZZ;) can be grouped with those of link j — 1. The resulting parameters are:
XXpjo1=XXj 1 +co,"XX; — 20,50, XY, +59,°YY,
2 2
XYrj—1=XYjo1 +Co;80,¢a; XX+ (c5, = 55, )Ca; XY — €50, X Z;
- ngSQjC‘aj YYJ + ngsaj YZJ',
XZrj—1=XZj1 + ;50,50 XX+ (5, = 55, )50; XY+ Co,¢0; X Z;
— cejs@jsanYj — sajcanZj,
YYijl = YYj,] +S92jC§jXXj +209js9jc§thYj — 259_/.caisanZj +C§jC§jYYj
— 269‘icajsaj YZ] + sfthZj’
2 2 2
YZrjo1=YZ;_, +s97_cajsanXj +2c@js9jcajsanYj + 50, (Ca,, — saj)XZj
2 2 2
+ Cy; CajSa; YY; + Zng (Ca,- — saj)YZj — Ca;Sa; Z7Z;,
22 2 2 2
ZZijl = ZZj,l +SﬁjsanXj +2C9jSQjSanYj +259jcajsothZj +C0jSanYj
+2¢p;Co;8a; YZj + cijZZj.
— If the axis of the prismatic joint j is parallel to the nearest revolute joint axis i (i is not

necessarily j — 1), then M Z; has no effect on the dynamic model and the parameters
MX; and MY can be grouped as follows:

MXgj—1=MX;_1+co,MX; —s9;MY;,

MYg;1=MY;_,; +s@jcajMXj +cejca}.MYj,

MZprj1=MZj_1 + sp;Sa; MX + Co;5a; MY,
ZZpi=ZZ;+2ajco MX; —2a;s9; MY;.

— If joint j is revolute and articulated on the base, the parameters XX ;, XY;, XZ;, YY;,
YZ;, MZ; and m; have no effect on the dynamic model and can be eliminated.
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Appendix C: Grouping leg parameters with platform

For the parameters m3; to be grouped with the parameters of the platform, the energy func-
tion e,,,, needs to be in a form that is a linear combination of the platform energy functions,
ie.

emy; =K1€xxp +K2exyp + -+ Ki0€mp - (50)
This is possible by use of the velocity of the connection point of the legs to the platform,
i.e.

P

Pyvyi="vp+Twp x PP,' (51)

where “vp =["v,p PUyP Popl”, Pop =[Pwyp PwyP Pw.p]" and Ppi =["by Pbyi Pb,i1".
Let the transformation of the platform frame to the base frame be

B _ ijkBPP
TP_[ooo 1] (52)

where i, j and k are 3 x 1 vectors which describe the orientation of the platform with respect
to the base frame and #pp is the translation between the origin of the two frames. Then the
co-ordinates of the connection points in the base frame are

By — ijk®pp]|["h;
! 000 1 1
="pp + "bui+ byj+ bk (53)

Therefore, the energy function for the masses m3; can be determined using Eq. (49)
for e, Eq. (51) for the velocity of link 3i and Eq. (53) for the connection point expressed
in Fg,i.e.

1
_lp.TP B,TB
Cmy; = 5 vy Vi — g Ub

1 2 2 2
P P P Py Py P P Py Py P P
:E( by + bzi) wyp = " byi" by wxpt @yp — by byt wyp” wp

2 2

+ %(Pbxiz + sziz)PwyP - PbyipbzipwyPszP + %(Pbxiz + Pbyiz)szP
+ b, (szPPUyP - PwyPPUzP - BgTi) + Pbyi (waPPva - szPPUxP - BgTj)
+ szi(PwyPvaP —Pwpvyp — Bng) + %PWTJPVP —Pg"Ppp. 54
With aid of Eq. (49), Eq. (54) is rearranged to

Py 2, Py 2 Py P Py P Py 2, Py 2
€msy; =( by +"by )eXXp_ byi"byiexy, — by bzieXZp+( by +"by )eYYp

2 2
— Pby,-PbZ,-Esz + (Pbxi + Pbyi )ezzP + PbxieMXp
+ Pbyiemyy, + Cbienzy + emp. (GR))

As aresult of Eq. (55), it is possible to group the m3; parameters with the inertial parameters
of the platform. Due to the assignment of the platform frame, Fp, the co-ordinates of the
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platform vertices in Fp are:

ds —d3s; —d3353
Pbl =| 0 |, Pb2 =| dnc |, Pb3 = | —dsc
0 0 0

Hence, the grouping relations are

3
2 2
XXpp=XXp+ Y ("by" + by )yms = XXp + diyc3ms + dizcims,
i=1
3
XYrp=XYp — Z PbiPbyimy = XYp + d3ysacomsy — diys3camss,
i=1
3
XZrp=XZp — Zpbxipbzim3i =XZp,
i—1
: 2 2
YYrp=YYp + Z(Pbxi + by yms =YYp + d5ym3; + d3ys5m3 + d3ys3mas,
i—1
3
YZrp=YZp — ZPbyinzim3i =YZp,
i=1
s 2 2
ZZrp=ZZp + Z(Pbx,- + by Ymy =ZZp + dyma; + dzyms + dizmss,
i=1
3
MXgrp=MXp+ Z Pbimsi = MXp + dyyms) — dypsamsy — dyzs3mss,
i=1
3
_ P —
MYgrp=MYp + Z byims; = MYp + d3ycomsy — dyzc3mas,
i—1
3
MZrp=MZp + ZszimSi =MZp,
i=1
3

mprp =mp+ E ms; = mp + m3z; + ms; + ms;.
i=1
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