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Abstract

The primary task of machine tools is simultaneously positioning and orienting the cutting tool with respect to the work piece.
The mechanism must avoid positioning errors, and limit forces and torques required to the motors. A novel approach for
combined design and control of manufacturing means is proposed in this work. The focus is on the optimization of the control
logic of a redundant 6 axis milling machine, derived from the 5 axis milling machine by adding redundant degree of freedom
to the work piece table. The new mechanism is able to fulfill a secondary task due to the introduction of redundancy. The
proposed methodology sets as secondary task the minimization of the rotary motors torque, or the minimization of the norm
of the positioning error. The control is based on the solution of a constrained optimization problem, where the constraints
equations are the kinematic closure equations, and the objective function is the table motor torque or the positioning error of
the tool tip. The implementation of this framework in the virtual machine model of the mechanism shows an improvement of
the performances: actually, the introduction of a redundant axis allows the minimization of the torques and position errors.

Keywords Machine tool - Additive manufacturing - Mechanism redundancy - Optimization

Introduction

One of the main tasks of machine tools, such as 5 axis milling
machines, is realizing the simultaneously positioning and ori-
enting the cutting tool respect to the work piece. This task
must be fulfilled with the higher possible precision, and this
means that the machine must avoid positioning errors. An
error is defined as the norm of the vector representing the
distance between the ideal configuration of the machine, and
the actual position of the tool respect to the finished part ref-
erence frame. Errors of the machine tool directly affects the
deviation of the dimensions of the work piece from the nom-
inal specifics. Many authors (Kiridena and Ferreira 1993)
refer to this quantity as volumetric error, which represents an
index for the errors of a machine tool (Cheng et al. 2018).
Volumetric errors are the result of the propagation of geo-
metric unconformity of machine’s components, in the way
they are assembled, and in their mechanical behaviour. In
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order to study this phenomena, different models have been
used to describe the kinematic behaviour of the machine,
such as the one based on the Denavit and Hartenberg con-
vention (Lamikiz et al. 2008; Ziegert and Kalle 1994), or the
one proposed by Suh et al. (1998).

More recently, a model for the evaluation of the machin-
ing accuracy has been proposed by Cheng et al. (2016). The
first efforts in error modelling mainly concentrated on 3 axis
machine tools, as highlighted by an extensive survey in the
article of Khan and Wuyi (2010). Later on, many researches
focused on error identification of rotary axis (Fu et al. 2015),
which makes the definition of the error model for 5 axis
machines such a complex task, and still a topic of interest
(Zhang et al. 2019).

Despite the kinematic model taken in account, the main
goal is the mitigation of the geometric uncertainties along
the kinematic chain. In machine tools, the accuracy can be
improved by error compensation (Stryczek 2016), or by error
avoidance (Kreng et al. 1994). In the first case, the errors due
to the structural uncertainties are mitigated by modifying the
control logic. On the contrary, the error avoidance is obtained
by the intrinsic use of particular design principles: these may
be the adoption of particular constructive material, or the
adoption of a particular morphology for the structure.
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Fig. 1 a Layout of the 5 axis milling machine; b Layout of the 6 axis redundant milling machine

The goal of the present research is proposing a hybrid
approach, with features of both error avoidance and error
mitigation. The proposed method is based on the adoption
of a modified redundant architecture of the milling machine,
and its control optimization.

Redundancy is a concept related to the task that a cer-
tain mechanism must fulfill. For a 5 axis machines tools, the
objective is positioning the tool in a certain position and with
a certain slope respect to the work piece. This means that the
5 degrees of freedom of the tool (the rotation around the
symmetry axis is not taken in account) must be defined with
respect to the reference frame attached to the work piece. To
fulfil this task, the milling machine is usually characterized
by a kinematic chain composed by 5 links connected by 5
joints, each actuated by a motor. An example is the RRTTT 5
axis machine tool, as defined by Kiridena and Ferreira (1993),
depicted in Fig. 1a.

In the RRTTT 5 axis machine tool, the number of DOF of
the tool are equal to the number of axis, which means that
there is a finite number of possible configuration of the system
which fulfill the placement task. But if the kinematic chain
which characterizes the machine have 6 or more members,
the problem becomes mathematically not determined, and
there is an infinite number of possible solutions for the inverse
kinematic problem. In this case the system is redundant.

An example of adoption of redundant architecture for
manufacturing is the study of the use of industrial robots
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as an alternative to traditional CNC machines (Ji and Wang
2019; Tao et al. 2020). Industrial robots are characterized
by 6 actuated degrees of freedom: 3 actuators belonging to
the anthropomorphic manipulator, and 3 belonging to the
spherical wrist. Compared to the 5 DOF required for a clas-
sical milling operation, industrial robots have a degree of
freedom which can be used in order to improve the rigid-
ity of the system during the machining (Xiong et al. 2019).
Actually, the most interesting features of the redundant sys-
tems is the possibility to deal with different tasks at the same
time (Patent Application WO/2019/243986). Examples of
secondary tasks are the avoidance of singularities, the respect
of the joint limits, and the prevention of the collisions, as it
is exploited in the research of Xiao and Huan (2012). More-
over, another possible secondary task is the maximization of
the resulting global stiffness of the manipulator depending
on the configuration.

This research focuses on the redundant TRRTTT milling
machine, which is a variant of the RRTTT 5 axis machine
tool: the main idea is determining the ideal configuration of
the mechanism according to the achievement of a secondary
task. Both minimization of rotary motor torque and mini-
mization of volumetric errors will be taken in account. The
volumetric errors are caused by the deviation of all the dimen-
sional parameters from their ideal values. Anyway, as it had
been highlighted by Chen et al. (2013), roll pitch and yaw
errors have a high influence compared to linear positioning.
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This can be explained by the Abbe effect, which postulate an
amplification of angular uncertainties depending on the struc-
ture of the kinematic chain. The introduction of a redundant
degree of freedom is adopted in order to mitigate the effect
of the angular uncertainties introduced by the tilting table.
More precisely, a translational axis is added to the double
turntable, as it is shown in Fig. 1b.

The use of a virtual model of the manufacturing machine
is proposed here in order to provide a tool for the evalua-
tion of the improvement of the double turntable due to the
introduction of the additional axis. The development of a vir-
tual counterpart of the physical system has two main goals:
as it had been reported by Pedersen et al. (2016), a digital
twin of a physical system is an effective tool for studding
the behaviour of the actual mechanism. On the other hand,
the improvement of the table performance depends on the
results of an optimization procedure, carried out in order to
provide the control of the table. The use of a virtual model
of the machine can be an ideal workbench for the design of
the control.

A last remark is about the validity of the framework for
other types of devices. Similarly to machine tools, in additive
manufacturing means, minimizing the placement error of the
nozzle, or the torch, is a key factor for the process, because it
minimizes the deviation of the actual product from the origi-
nal design (Calignano 2018; He et al. 2019; Song et al. 2015).
Consequently, the importance of mitigating the influence of
geometric uncertainties of the productive process is still valid
in productive means adopting both subtractive and additive
paradigms, such as hybrid machines (Flynn et al. 2016).

Kinematic model and control optimization

Standard RRTTT machine

The basic equations for the standard 5 axis machine are pre-
sented here. As a first step, the kinematic chain equations are
derived by the use of the Denavit and Hartemberg convention.
The equations describing the kinematic chain of the 5 axis
machine tool are obtained using the Denavit and Hartemberg
convention. Let’s assume that a reference system Ogxgyozo
is attached to the work piece, and the a reference system

[-XsWcQ+Yc¥ — LsO1sQ2]
[XcWceQ+YsW + LcO1s2]

IO = 0 [—XcQ + LsQ]
sWsQ —cWc2
0 —sQ

[—XcWsQ+ LcWce2]
[—XsWUsQ+ LsWc]

Osxs5ys575 attached to the tool. It is possible to write the
coordinates p® of the point P with respect to the reference

coordinate system Osxs5Yszs, if the coordinates p(o), and the

matrix Af) are known:

p® =45 p” M
where p(© are the coordinates the point P with respect to the

reference coordinate system Ogxoyozo, and the matrix A(S) is
global homogenous transformation matrix:

0 _ A0 41 22 43 44
é5 _él éz é% é4 és 2

The single link homogenous transformation matrix is
derived according the Denavit and Hartenberg convection:

cO; —sOica; sO;so;  a;ch;
i1, o . . _ |86 cOica; —cbisa; a;sb;
él (dl k] 9! ) al ) al) - O SOli CO[,' dl (3)
0 0 0 1

The set of the reference systems attached to the links com-
posing the kinematic chain of the 5 axis milling machine are
depicted in Fig. 2.

Finally, taking in account the DH parameters reported in
Table 1, the global transformation matrix is:

cWceQ —s¥ —c¥sQ (XcWceQ+YsW — ZceWsQ)
40 sWeQ eV —sUsQ (XsWeQ — YV — ZsWsQ)
=5 sQ 0 c (XsQ+ Zc2)

0 0 0 1

“

where W, Q, X, Y, Z are the variable parameters reported
in Fig. 2: W, Q are the coordinates of the two rotational
axes, and X, Y, Zare the coordinates of the translational axes.
According to Kiridena and Ferreira (1993), it is possible to
derive the kinematic chain equations:

Xp=LcWsQ+ XcWceQ+YsW

Yp = LsWsQ+ XsWcQ — YW

2p =LcQ+ H + XsQ (&)
ki = _cwsQ

kO — 0

and the Jacobian matrix of the system:

cWe sV —cWsQ

sWe ¥V —sWsQ
s 0 cQ 6)
0 0 0
0 0 0
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Fig. 2 Links reference systems
and DH variable parameters of
the 5 axis milling machine

(TRRTTT)
Table 1 DH parameters of the 5 d 6 G o
axis milling machine
1 0 v 0 90°
2 0 90°+2 0 90°
3 X 0 0 -90°
4 Y —90° 0 -90°
5. Z 0 0 0

Modified TRRTTT machine

According to the schematic layouts depicted in Fig. 3, the 6
axis redundant TRRTTT milling machine is derived by the
RRTTT by adding a prismatic kinematic couple.

The basic equations for the redundant 6 axis TRRTTT
machine tool are obtained imposing the coincidence of the
generic point of the work piece and the centre of the tool.
As depicted in Fig. 3b, the coordinates of a generic point P
of the work piece with respect to the reference coordinate
system OgxoYypzo are functions of the parameters rp, o, S.
On the other hand, in the reference system Ogx¢Vez6, the
tool has the rotation axis coincident with the z¢ axis. As a
consequence, the two representations of the point P, p © and

p(G), must fulfil the following relation:

0 rpcocp
©) _— _ A6 (0) _ 46
pr=]0|= é() P = é() rpsocf @)
—L rpsp

@ Springer

Zs

The set of the reference systems attached to the links com-
posing the kinematic chain of the 6 axis redundant milling
machine are depicted in Fig. 4.

According to DH parameters reported in Table 2, the
homogenous coordinate transformation matrix is:

0 _ A0 . 41 . 22 A3 . 44 45
é()_é1 éz és 44 és éﬁ

cWeQ —s¥ —cWUsQ (XcWeQ+YsV — ZcWsQ2)

| sPe W —sWsQ (XsWeQ — YW — ZsWsQ)
T s 0 cQ (H+XsQ+ZcQ)
0 0 0 1

®)

where ¥, @, X, Y, Z are the coordinates of the two rota-
tional axes, and the three translational axes as in the RRTTT
machine, and H is the variable parameter introduced with
the redundant kinematic couple. Consequently, the closure
equations for translation and rotations are:

Xp=LcWsQ+ XcWceQ+YsW — ZcWsQ2

Yp = LsWsQ + XsWcQ — YW — ZsWsQ

2p =LcQ+ H+XsQ+ ZcQ ©)
k© i O = _cws

16 . 10 — .0
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LINK O (TABLE and WORKPIECE)

| LINK O (TABLE and WORKPIECE)

/
/ LINK 5 (TOOL) ’ LINK 6 (TOOL)
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Fig.3 Layout of the kinematic chain: a 5 axis milling machine; b redundant 6 axis milling machine

Fig. 4 Links reference systems
and DH variable parameters of
the 6 axis redundant milling
machine (TRRTTT)
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Table 2 DH parameters of the d 6 a o (continuous) constrained optimization problem is formulated
redundant 6 axis milling foll .
machine L H o 0 0 as follows:

2 0 v 0 90° min U (l)

30 90°+Q 0 90° st Vi(x)=0 j=1,...,J

4 X 0 0 —90° Wi(x) >0 k=1,....K (13

5.Y —90° 0 —90° (low) < i < xP8W i — 1. N

; s
6 Z 0 0 0

and the Jacobian matrix of the system results:

In this case, the constraints are only equality continuous,
and more specifically they are the kinematic closure equa-

0[—Xs¥cQR+YcW — (L — 2)s015Q2] [—-XcVsQ+ (L — Z)cVce2] cWceR sV —cWsQ

0 [Xc¥ceQ+YsVY + (L — Z)cO52]

[—XsWsQ+ (L — Z)sWc2] sWcR cV —sWsQ2

éé?s =1 0 [—XcQ+ (L + Z)sQ2] sQ 0 cQ (10)
0 sWsQ —cW¥ce 0 0 0
0 0 —sQ 0O O 0

It is convenient to write the kinematic closure Egs. (9)
and the Jacobian matrix (10) with respect to the reference
coordinate system Ogx¢Y6z6, Which is attached to the tool.
The new closure equations system is:

0=Lc¥sQ+Xc¥cQ+Ys¥Y — ZcWsQ
0=LsVUsQ+ XsWcQ—YcWV — Zs¥UsQ2

—L =Lc2+ H+ Xs6, +Zc2

KO ;0 — _psQ (1D

© . k0 — .0

and the new Jacobian matrix is:

tions, which are the conditions ensuring that the position of
the tool lays in the desired point P of the work piece. On the
other hand, the objective function U is related to the perfor-
mance of the machine that will be improved. In the present
research two objective functions will be presented, related to
the minimization of the following physical quantities:

1. Torques provided by the rotational motors during the
milling process;

2. Norm of the positional errors due to the wrong actual
position of rotational joints.

As an example of the efficiency of the methodology,
according the objectives 1 and 2, the optimal machine con-

—s0y —rpcacBsWce2 +rpsacBcWce2 —rpcacBcVsQ —rpsacBsWsQ+rpsfc2— HeQ —10 0

0 —rpcacBcV¥V —rpsacBs¥V +Y 0 010

égi)s = |—cbr rpcacBsVsOy —rpsacBcVsQ —rpcacBcVWc2 —rpsacBsWce2 —rpsfsQ+ HsQ2 0 0 —1 (12)
0 sWsQ —cWc2 000
0 0 —56) 000

As it may be noticed in the system (11), only the equations
competing the translations are changed, and this is due to the
fact the slope of the tool with respect to the work piece is
only referred to the coordinates W and 2 of the rotational
axes.

Optimal configuration of the TRRTTT machine
The optimal conditions for the control of the tool machine

are introduced in this section. These conditions are derived
by solving a constrained optimization problem. In general, a

@ Springer

figuration for 2D machining problems will be defined in the
next sections. The 2D machining is derived by the general 3D
formulation by imposing the following conditions: 6; = 0,
o = 0,Y = 0. Furthermore, we will consider the origin of the
reference system OgX6Y626 coincident with the tool centre,
which implies that L = 0 as well. Under these hypothesis,
the kinematic closure equations become:



Journal of Intelligent Manufacturing (2021) 32:1441-1453

1447

0=rpcBcL+rpspsQ — HsQ — X
0=0

0= —rpcacBfsQ+rpsfcQl — HcQ — Z
KO ;0 — _co

£© . kO — .0

O=rpcos(B—Q)—HsQ—X
={0=rpsin(B-—Q) —HcQ—-Z (14)
n=Q+%5

where u is the angle between the xq axis attached to the work
piece, and the axis of the tool zg. Moreover, it is possible to
provide the Jacobian matrix of the system according to the
2D formulation of the problem, and the consequent change
of the dimensions of the matrix itself:

—sQ rpsin(B— Q) — HcQ —1 0
—cQ —rpcos(B—Q)+ HsQ 0 —1 (15)
0 1 0 0

6 _
é3x4 -

Minimization of the joint torque

Let F. ;6), F, Z(G), M}(,G) be the components of the force and the
momentum applied by the tool on the work piece. If gﬁg =

T
(i gi) 4> is the transpose of the Jacobian matrix, it is possible

to solve the equilibrium of the system by the use of the kineto-
static duality:

Ty = 7(SQF)§6) +cF®

ZH £ Cy = (rpsin(B — Q) — Heby) - FO

26O | pO |5 ) T o ©) , 1,©
Ty Z4x3 Z(6) (rpcos(B—Q) — HsQ) - F; 7 + My
Tz My Ty = —F®

T, = —F© 6

where Ty, Cq, Tx, Tz are forces and the torque generated
by the actuators corresponding to the axes coordinates H,
Q, X, Z. It can be noticed that the only function in the sys-
tem (16) which can be optimized according to the boundary
conditions (kinematic chain equations and milling process
specifications) is the one competing the torque provided by
the rotational motor.

Consequently, the first objective function is the absolute
value of the couple C:

min. Uj(H, R, X, Z) = |(rpsin(B — Q) — HeQ) - F©

+ (rpsin(f — Q) — HsQ) - FO| = |Cq|

st. Vi(H,Q,X,Z)=rpcos(B—RQ) —HsQ—-—X=0
Vo(H, 2, X, Z)=rpsin(B —Q) —HcQ—2Z=0

Vs(H, Q, X, Z):,u—<9+%):0 (17)

In the 2D case, the objective function can be nullified,
reaching a global minimum, imposing the following condi-
tion:

F®  (psin( — Q) — HeQ)
FO  (rpcos(B— Q) — HsQ)

(18)

Figure 5 depicts the graphical representation of the con-
dition (18): as it may be expected, the optimal configuration
for the machine shows the line of action of the force passing
through the point of instant rotation. This condition, if theo-
retically may be always met, in practice cannot because the
parameter H may only have values in accordance with the
physical limits of the mechanical linear guide.

Minimization of the position error norm

Chen etal. (2019) highlighted that position errors have a high
sensitivity to angular position of rotation motors and angular
errors. Their relation may be evaluated writing the infinites-
imal variation of the positional parameters in function of the
infinitesimal variation of the axes variables:

dx'® = —sQ - dH + (rp sin(B — Q) — HeQ) - dQ — dX
Az = —cQ - dH + (=rp cos(f — Q) + HsQ) - dQ — dZ
(19)

The second objective function is the norm of the vector
representing the positioning error, and the second optimiza-
tion problem may be defined as:

min. O>(H, @, X, Z,dQ) = | (dxf, dz ) |

2 2
\/ (axf) + (a=) = s}
st. Vi(H,R,X,Z,dQ2) =rpcos(B—RQ) —HsQ—-—X=0
Vo(H,R2,X,Z,dQ2) =rpsin(B—Q) —HcQ—Z=0

V3(H,Q, X, Z,dQ) = ju — <Q+%) -0 (20)
As it can be noticed, it is possible writing
Ux(H,0:,X,Z,d0y) = Ux(H,0,,d0) and V;

(H,0,,X,Z,d6,) = V;(H,b6, X, Z), because the kine-
matic closure equations are independent by the infinitesimal
rotation d Q2. Furthermore, minimizing the objective function
U, is equivalent to minimizing its square divided by the
quantity (d6,)?, which is a positive quantity. For this reason,
it is possible define a new equivalent optimization problem:

2 2 2
6 6 6
(dx;)) + (dzﬁp)) 3 (dsl(p)>
(dQ)? CI
sit. Vi(H,Q,X,Z)=rpcos(B—Q)—HsQ—-X=0

min. U(H,Q,X,Z) =

@ Springer
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Fig.5 Graphical representation of the optimality condition for the torque optimization (angle £ is positive, and the represented force F is generic,
and not meant to represent the actual interaction between tool and work piece)

Va(H,Q, X, Z) = rpsin(B — Q) — HeQ — Z =0
T
V3(H,Q,X,Z):u—(§2+§):0 1)

This particular constrained optimization problem is con-
vex, and admit the global minimum Us,p; = r,%cos2 B,
corresponding to the value of the variable H,,o = rpsin
(B). Figure 6 shows the optimal configuration of the machine,
with the point P laying on the axis x; = x3, so that the dis-
tance between the point P and the point O; is minimum.

As it had been outlined in the previous section, if a device
for additive manufacturing has the possibility to orient the
noozle or the torch with to respect the work piece, the accu-
racy of the forming process can be improved by the mitigation
of positioning errors.

System characterization by virtual machine
and control optimization

The implementation of the virtual model of the 6 axis

TRRTTT machine is described in this section. The main
purpose is evaluating the performances of the proposed archi-

@ Springer

tecture, when the milling process is controlled according
with the proposed approach. Moreover, the following exam-
ple will briefly show the implementation of the constrained
optimization in the machine control logic.

The mill machining process depicted in Fig. 7 is taken as
case study: the path of the trajectory is composed by a first
linear segment with 30 mm length, a circular arc of 50 mm
radius, and a second linear segment of 20 mm. During the
machining process, the force on the work piece is always
tangent to the trajectory.

Minimization of the joint torque

For the given case study, the objective function U; may be
written as:

Ui(H,Q,X,Z)=F - (rpsin(B — &) + H cos &) (22)

Figure 8 shows the mapping of U; on the workspace for
the tool centre for a work piece of 200 x 100 mm, considering
different slopes & of the force F. It can be noticed that the
torque required to the rotation motor is zero in the points
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Fig.6 Graphical representation
of the optimality condition for
the minimization of the position
error norm

.

Fig.7 Case study milling
process: a work piece
dimensions, b initial point for
the milling process,

¢ intermediate configuration,
d final point of the tool
trajectory

laying on lines having the same inclination of the force F,
and passing through the rotation point Oj.

In the particular case of the milling process described in
Fig. 5, recalling the optimization problem (17), the objective
function becomes:

Ui(H,Q,X,Z)=F - (rpsin(B — Q) + HcosQ)  (23)

consequently angle y is always equal to 0, due to the fact that
the force is always tangent to the trajectory, and remembering

thatt =y + Q.
Imposing the optimality condition:
H=rp- sin(B — §) =7rp- sin(B — ) (24)
cos(§) cos(£2)

it is possible to obtain the ideal configuration of the
machine in correspondence of every point of the trajectory
of the centre of the tool. In the Fig. 9, the values of the axes
variables H, Q, X, Z, are reported in function of the curvilin-

(6)

Z(l’) =M

Q

6
x()

(b) (d)

ear coordinate of the tool trajectory (continuous line). These
values are compared with the values of the correspondent
variables if the milling process is carried out by a standard 5
axis RRTTT machine (dashed line).

It can be noticed that the values are different, except for
the variable €2 which, in both machines, is the only variable
involved in the determination of the slope of the work piece
respect to the tool. Moreover, for the 5 axis machine the
variable H is identically equal to zero, because it misses the
redundant axis.

The data reported in Fig. 9 completely describe the con-
figuration of the two machines during the milling process.
Consequently, it is possible to determine the evolution of
the objective function during the machining of the profile
of the work piece. The values of U; for the 5 axis machine
(dashed line) and redundant 6 axis machine (continuous line)
are reported in Fig. 10. The introduction of the redundant
degree of freedom allows the limitation of the torque required
to the rotational axis. This appends for almost every point of

@ Springer



1450

Journal of Intelligent Manufacturing (2021) 32:1441-1453

Fig. 8 Mapping of the objective
function U; on the workspace:
a, b workspace dimensions and
representation. Mapping of Uj:
cE=0°%dg=15%e& =30°,
fe=45°g£=60°hg=75°
ig=90°

Fig. 9 Minimum torque
optimality condition:
comparison of the axis variables
aX,bQ,cZ dH
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Fig. 10 Minimum torque 0.09
optimality condition:
comparison of the objective
function U; values

0.04

Objective function (Nm)

o o

o =)

N @
T

0 20

Fig. 11 Mapping of the
objective function U, on the
workspace: a 5 axis milling
machine, b redundant 6 axis
milling machine, ¢ improvement
due the introduction of the H
axis

(a)

(b)

the trajectory, except the final part. This may be explained
considering the fact that, even if in theory the variation of
the variable H can always fulfill the optimality condition, in
practice there are some limitation due to the finite run of the
correspondent axis.

Minimization of the position error norm

The objective function U, may be written as:
Ux(H,Q, X,Z) = H> —2Hrpsin(B) +r5 (25)

Figure 11 shows the mapping of U, on the workspace for
the tool centre for a work piece of 200 x 100 mm. More in
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detail, Fig. 11a shows the mapping of the position error norm
in the case of the standard 5 axis RRTTT milling machine.

In Fig. 11b the mapping of the objective function is
reported for the 6 axis TRRTTT redundant milling machine
if it satisfied the optimal configuration condition:

HoptZ = rpsin(fB) (26)

It is interesting notice that it is possible to nullify U, only
in correspondence of the points laying on the zg axis. This
depends by the fact that the only points of the work piece
which can be coincident with the rotation centre are the points
on the z¢ axis. Finally, Fig. 11c shows the improvement intro-
duced by the redundant axis.
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Fig. 12 Minimum position error
norm optimality condition:
comparison of the axis variables
aX,bQ,cZ dH

0 50

0 50

Fig. 13 Minimum position error
norm optimality condition:
comparison of the objective
function U, values

Objective function (mm)

0 20

In the particular case of the milling process described in
Fig. 7, the values of the axes variables H, €2, X, Z, are shown
in Fig. 12 for both the 5 axis machine (dashed line) and 6 axis
machine (continuous line).

Furthermore Fig. 13 shows the comparison between the
vales of the objective function obtained for the two machines
during the milling process. Once more, the redundant 6 axes
machine has better performances in terms of positioning
errors compared to the 5 axis machine.

Conclusions
The paper presented a novel redundant TRRTTT milling

machine architecture. The introduction of a redundant axis
gives the possibility of introducing a secondary task in the
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control of the machine. Consequently, it is possible to define
an optimization problem, which allows the minimization of
an objective function representing a particular physical quan-
tity. The optimality condition for the minimization of the
torque required to a rotary axis and the minimization of the
norm of the positioning errors have been obtained. As a case
study, the values of the objective functions have been deter-
minate during a 2D milling machine process. As a result, the
redundant 6 axis milling machine always shows better per-
formances compared to the standard 5 axis milling machine.
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