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Abstract

This article deals with the robust control problem of the motion axes of
milling machine tools subjected to perturbation forces induced by the metal
machining process. A position output feedback control scheme is proposed
for robust rejection of unknown cutting and friction perturbation forces and
robust tracking tasks of motion trajectories planned for a three-axis milling
machine tool. The Coulomb friction, viscous damping and cutting forces are
considered as terms of an unknown time-varying disturbance input signal
affecting the dynamics of the motion axes of the milling machine. In the
motion control design, the perturbation signal is modeled locally by a fourth
degree Taylor time-polynomial family. Then, a state observer is designed to
estimate the disturbance and velocity signals required for implementation of
the proposed motion controllers. Simulation results are included to show the
robust performance of the proposed motion control scheme and the fast and
effective estimation of the perturbation and velocity signals.

Keywords: Milling machine tool, motion control, motion planning,
perturbation rejection
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Resumen

En este articulo se aborda el problema de control robusto de los ejes de
movimiento de maquinas- herramienta fresadoras sujetos a fuerzas de
perturbacion que se inducen durante el proceso de maquinado del metal.
Se propone un esquema de control por retroalimentacion de la salida de
posicion para el rechazo robusto de fuerzas de perturbacion de friccion y
de corte desconocidas, y para tareas de seguimiento robusto de trayectorias
de movimiento planificadas para una maquina-herramienta fresadora de tres
ejes. Se considera la friccion de Coulomb, el amortiguamiento viscoso y
las fuerzas de corte como términos de una sefial de entrada de perturbacion
variable en el tiempo desconocida, la cual afecta la dindmica de los ejes de
movimiento de la maquina fresadora. En el disefio del control de movimiento,
se modela la sefial de perturbacion mediante una familia de polinomios en
el tiempo de Taylor de cuarto grado. Entonces, se disefia un observador de
estado para estimar las sefiales de velocidad y perturbacion que se requieren
para la implementacion del controlador de movimiento propuesto. Se incluye
resultados en simulacion para mostrar el desempefio robusto del esquema
de control de movimiento propuesto y la estimacion efectiva y rapida de las
sefales de perturbacion y velocidad.

Palabras clave: Maquina-herramienta fresadora, control de
movimiento, planificacidon de movimiento, rechazo de perturbaciones

Introduction references therein). Hence the motion control
schemes should be robust with respect to those
perturbation dynamics and their design will be
commonly based on simplified mathematical
models instead of exact mathematical models.
In fact, there exist several developments of
controllers for machine tools, which are based
on Lyapunov methods, classical control, neural
networks, adaptive force control, nonlinear state
observer-based control, variable-gain control,
fuzzy logic control and Hoo control, as well as
other control design methodologies (see [9-15]

Robust and efficient control of automatic metal-
cutting machine tools has become a very important
and challenging research topic because of the
modern manufacturing systems demand high
levels of production and quality of manufactured
products. Therefore, the motion control
algorithms for these mechatronic machines must
guaranty real-time, fast and accurate tracking of
the specified machining trajectories, minimizing
the positioning and contouring errors. In addition,

the designed controllers should be simple and low
cost for their practical implementation. Thus, the
reduction of the sensor number is an important
criterion that must be taken into account in the
design process of any motion control scheme for
automatic-metal machining machines.

Ontheotherhand, the machining process dynamics
is very complex, involving nonlinear friction
and cutting forces, structural nonlinearities,
parametric uncertainty, undesirable vibrations,
and others nonlinear effects (see [1-8] and
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and references therein).

In this paper, it is proposed a position output
feedback  control scheme with  on-line
compensation of disturbance signals for robust and
accurate tracking tasks of reference trajectories
specified for the motion axes of a three-axis milling
machine tool using position output measurements
only. The presented motion control approach can
be extended to n-axis milling machine as well as
to other types of metal-machining machine tools
such as turning and drilling machines.



The control design methodology used in this
study differs basically from others in that the
robust motion control problem of machine-tool
axes is suitable combined with the estimation of
unknown bounded disturbance signals affecting
directly the input-output system dynamics by
employing Taylor time-polynomial models
to locally describe those signals. The main
advantage of this approach is the synthesis of
robust linear control and estimation algorithms
quite simple and feasible to be implemented using
commercial control technologies. The estimation
of disturbance and velocity signals is based on the
design methodology of robust state observers with
respect to un-modeled perturbation input signals
of polynomial type described by Sira-Ramirez et
al in [16]. The resulting state observer is called the
Generalized Proportional Integral (GPI) observer
because its design approach is the dual counterpart
of the so-called GPI controller [17, 18].

In the design process of the proposed motion
control scheme, a simplified linear mathematical
model, similar to those used in [9-12] for control
design purposes, describing the dynamics of
the motion axes subjected to unknown bounded
disturbance signals is considered. Into these
disturbance signals are included the cutting and
friction forces and possibly un-modeled dynamics
and parametric uncertainties. A family of fourth
degree Taylor time-polynomials is proposed to
model locally the disturbance signal. Then, the
extended disturbance signal-plant mathematical
model is used to design a Luenberger observer
to asymptotically estimate the disturbance and
velocity signals required for implementation of
the proposed controllers. Simulation results are
provided to show the efficient and robust tracking
performance of the presented motion control
scheme as well as the fast and effective estimation
of the perturbation and velocity signals.

Active Perturbation Rejection in Motion Control of Milling Machine Tools

Mathematical model of milling
machine motion axes

Dynamic model

Consider the schematic diagrams of a motion
axis of a milling machine shown in figures 1
and 2. The generalized coordinate x is the linear
displacement of the cart. In addition, 0 is the
angular displacement of the power transmission
screw, m 1s the mass of the cart, J is the mass
moment of inertia of the ball screw, ¢, and ¢, are
the equivalent viscous damping coefficients of
the cart and screw bearings, respectively, and t is
the control input torque.

Figure 1 Schematic diagram of a milling machine
axis
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Figure 2 Schematic diagram of a three-axis milling
machine
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The mathematical model that describes the
dynamic behaviour of the X, Y and Z motion axes
of the three-axis milling machine shown in figure
2 is then given by the set of uncoupled perturbed
ordinary differential equations (1) and (2).

.. . |
mlex + clex + ﬂlSlgn(x) = ETX - ch

. . P |
mZe‘y + CZey + /stlgn(y) = Ery - Fcy

. . o1
my z+c,, 2+ wysign(z)=—rz, — F

Z cz
(D
where
A A
m, =m 20 My, =My +—, My, =m; +—,
a a a
C C
_ 1 _ 12 _ 3
Co=Ct—0s G, =Cpt =5, G, =C3t—,
a a (2)

In the above, “sign” denotes the signum function,
J,,J, and J, are the mass moments of inertia of
each screw of the X, Y, and Z axes, respectively,
m,, m, and m, are the masses of each cart, which
are displaced by the screws, ¢, andc,i=1, 2, 3,
are the equivalent viscous damping coefficients
of the nut and guideways bearings, and of the
support bearings of the screws of each axis,
respectively. Here, a = p/27 is the proportionality
constant of the angular-linear displacement, x =
ab, and p is the pitch of the transmission screw,
W, 1, and p, are the Coulomb friction forces for
each axis of the machine, F_, Fcy and F'_ are the
cutting forces induced by the machining process
in the X, Y and Z directions, g is the gravity
acceleration constant. In addition, t, T, and T,
denote the control input torques applied to the X
Y and Z motion axes, respectively.

Defining as state variables to the displacements
and velocities of the carts of each axis as follows

X=X, X, =X VW=V, W=, =2, Z, =Z

one obtains the state space description (3).
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X =X

LG Mo 1 1

X, = ——x) ——-sign(x,) + r,——1F,
le m, le m,

n=y

; < M 1 1

Dy ===y, ——sign(y,) + r,-—F,
2e m2@ ach mZe

z, =2z,

. c . 1 1

Z,=-—¢z _Aﬂg”’(zz)+ r.-—1F,

mSe 3e am}e m3e (3)

Itis easy to verify that the system (3) is completely
controllable from the control variables, 7, 7 and
t, and observable from the output variables, x )
y,and z,.

Quasi-static mathematical model of cutting forces

In this study, the quasi-static mathematical model
(4) for prediction of the cutting forces for slotting
and side milling operations proposed by Kline [6-
8] is used to only evaluate the robustness of the
proposed motion control scheme.

v, =cos” (1 - Ej
D

E = uxddfz (0.3sin* v, +sinv, cosv,)

=l
i

F,=ud, [ (sin®v,—0.3sinv, cosv,)
i=1

Fi=ud,fsiny,
F'CZ = 03F;l tan A (4)

where u_is the power required to machine a unit
volume of the work material, d, is the cutting
depth in Z axis direction, fis the feed per tooth, 7,
is the number of teeth on the cutter in contact with
the workpiece, D is the diameter of the milling
cutter, A is the angle of the cutting edges, b is the
depth of the side cut, v, is the tool rotation angle,
(v,,v,) is the angular range of a cutting edge cuts.

Figure 3 illustrates the significant cutting forces
for a slotting operation on soft steel (u, = 0.5 kW/
cm?/min) resulted by applying the mechanistic
model (4). These forces will be considered
as terms of the unknown disturbance signals
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affecting the dynamics of the machine motion axes. For this milling operation, a vertical cutter with
two edges was employed, with 1 =45°, D =10 mm, d = 0.005 m, /= 0.001 m and spindle speed N =
1800 rpm, n,= 1 and b = 10 mm.

2000 T T T T T T T

Cutting Forces

0 0.05 1 0.15 0.2 25 03 0.35 0.4 045 0.5
1[s]

Figure 3 Cutting perturbation forces, F_, Fcy and F_,, for a slotting operation

Motion control with disturbance 6 o ]
compensation ‘fy(’)=—m—y——szgn(y)—m_pcy

2e m, 2e (7)
In the design of the motion controllers for the

X, Y and Z axes, it is considered the simplified
mathematical model (5) subjected to the E() = —&z'—isign(z')—LF
disturbance signals &x, &y and £z given by (6), (7) : “

. m3e mSe m3e (8)
and (8), respectively.
Under the assumption that estimates of the
Xx=br +& (1) disturbance and velocities signals are available
b=br +& (¢ to be used in the synthesis of control laws, we
y yTy é:y( ) .
i propose the output feedback controllers (9) with
Z=br +S.(1) ®) compensation of the perturbation signals for robust
tracking tasks of reference trajectories specified
for the motion axes of the milling machine.
1 1 1
where b, = , b, = , b= : Ir.. 2 . . .
am, am, ams, 7= ¥ (0@, (=5 0) =y, (x=x (1)=&, ]
1 ek o .k * £
e | 6= (V00,63 ), -y )¢, |
£ =S i - Esign()-—F,  (6) ’
The e he =200, -2 ). -2 )~ ]

: )
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where x*(), y*@t) and z*{) are the desired
position reference trajectories for the carts of the
X, Y and Z axes, respectively. Here, &, fy , &,
X, y and z denote estimates of the disturbance
and velocity signals.

The use of the controllers (9) yield the set of
uncoupled homogenous linear differential
equations (10) for the closed-loop dynamics of
the tracking errors, e, = x-x*(1), e = y-y*(t) and
e, = z-z*).

é+aeta,e=0, i=xyz (10)
The characteristic polynomials of the closed-loop
dynamics are then given by (11).

2 .
pi(s)=s"+ta ;s+a,, =X,z (11)
Therefore, selecting the design parameters o,
0y 1» =X, ),2,50 that the characteristic polynomials
(11) are Hurwitz (stable) polynomials, the
robust and asymptotic tracking of the reference

trajectories is guaranteed.

In this work the Hurwitz polynomials (12) are
proposed to compute the gains of the controllers.

Pai(s)= st + 20,0, 5+, i=xy,z (12)
where o > 0and Qw.> 0 are the natural frequencies,
and viscous damping ratios, respectively, for the
desired closed-loop dynamics of the tracking errors.

Since the controllers (9) require information
of the disturbance signals &, éy and &, and the
velocities of the carts of the milling machine,
in this paper is proposed the application of the
design methodology of robust observers with
respect to polynomial type perturbation input
signals proposed by Sira-Ramirez et al. in [16] for
on-line estimation of the disturbance and velocity
signals. The proposed disturbance observer is
called Generalized Proportional Integral (GPI)
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observer, because its design approach is the dual
counterpart of the so-called GPI controllers [17],
and whose robust performance, with respect
to unknown perturbation inputs, nonlinear and
linear un-modeled dynamics and parametric
uncertainties, have been evaluated extensively
through experiments for trajectory tracking tasks
on a vibrating mechanical system by Sira-Ramirez,
Beltran-Carbajal and Blanco-Ortega [18].

Design of the Luenberger state
observer

Inthe design process of the observer, the perturbation
input signals are locally described by the family of
fourth degree Taylor polynomials (13).

4
égi(t):zpi,jfja I=X,,z2 (13)
j=0
where all the coefficients p,; are completely
unknown.

An extended state-space model for the perturbed
dynamics of the motion axes of the milling
machine is thus given by (14).

;=M

M, =bt, +&,

=%,

&y =&

&=y

by =5

&.,=0 (14)

where M= L M= 771,1' > é:],i - é,i’ 52,[ :égi > 53,; = ‘):gz >
— £ — =@ . _
54,1'_51' 555,1'_51' » LZX ) 2

The disturbance and velocity signals can then be
estimated by the Luenberger state observer (15).



M, =1, + By, (m, =10,
Ry, =bz, + &, + B, (n, -1,
£, =&+ By, — 1)
&y =&+ Bn,—h)
=L+ B, =)
Eo =&+ B0~ )

A

Ssi = Poi ;= 101,) (15)

The dynamics of the estimation errors, e, =7, , -

ﬁl,i 5 €5, T, 'ﬁZ,i 2 € i T gr/c,i _gk,i k=1,2,...,5,
i=x,y, z, are then given by (16).

€, = _ﬂé,iel,i te,,

é2,i = _:Bs,iel,i te,,;

épl,i = _ﬂ4,iel,i te,,

épZ,i = _183,1'61,1’ +e,;

ép3,i =-p,e,+ €4

€,y = -, + €)s.i

épS,i =—b.e. (16)

From this expression, one can obtain the
characteristic polynomials (17) of the dynamics
of the estimation errors.

Do, (S) =s +ﬂb,i‘g6 +ﬂ5.xss Jrﬁzus4 + 8+ B8 + 85+ By, (17)

which are completely independent of any
coefficients p,, of the Taylor polynomial
expansions of the disturbance signals ¢ (2).

In this study, the design parameters of the
state observer (15) are choosing so that the
characteristic polynomials of the dynamics of the
observation errors (17) are Hurwitz polynomials
described by (18).

Active Perturbation Rejection in Motion Control of Milling Machine Tools

P.(8)=(s+p, )" +2(, 0, 5+@),)  (18)

where p ., ¢, ., @, .>0,i=xy z

o

Simulation results

In order to verify the dynamic behaviour of the
motion control scheme of the axes of a milling
machine and the estimation of the disturbance
signals proposed in this paper, some numerical
simulations were carried out using the system
parameters described in table 1.

Table 1 System parameters

Parameter Value
m1 17.551 kg
m2 23.896 kg
m3 22.505 kg
J1 19.623 kgmm?
J2 11.872 kgmm?
J3 16.249 kgmm?

cb1=ch2 =cb3 25N s/m
cb1=ch2 =cb3 25N s/m

pl=pu2=p3 0.3

p1=p2=p3 0.003175m

Figure 4 shows the cutting trajectories specified
for cutting motion in the x-y plane. The first desired
movement is a straight line starting at the point 1 and
ending at the point 2. Next, the cutter moves from point
2 toward point 3 in straight line also. The cutting depth
in z axis direction is a constant value and the modulus
of the x path from point 2 to point 3 is 0.08 m (80
mm), which is the same for the modulus of the y path
from point 1 to point 2 (80 mm). This path of 80 mm is
specified to be performed into a time of 26.667 s.
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y . one gets the feed rate of 3 mm/s and the time
cutter 1 (5 108 required to mill the path of 80 mm as 26.667 s.
' The equations of the straight lines are described as
| follows. From point 1 to point 2 by equations (19):
Workpiece
i 100 i x,(2)=0.075[m]
S 5,0 =0m/s]
3 1 _
5,25)mm QP{'H'I zero ’ v, ()= Y~V (t—t)+y, [m]
(0,0 t,—t.
100 mm ;oo

_ - , , (=2 m s
Figure 4 Trajectory specified for the cutting operation d ¢

o
According to the parameters used in the quasi- z,(t) =-0.005 [m]
static mathematical model of cutting forces 2 (6)=0[m/s]
(depth of cut of 5 mm, feed per cutter tooth of d (19)

0.05 mm, number of teeth on the cutter of 2, and

spindle speed of 1800 revolutions per minute), ~ With initial (i) and final (f) conditions given by

(20).

t,=0[s], ¢, =26667[s], x =x, =-0.075[m], y,=-0.105[m],
v, ==0.025[m], z, =z, =-0.005[m].

(20)
From point 2 to point 3 by equations (21):
Xp—X,
x,(t)=— (t—1t)+x, [m]
r
. Xp—X,
X, ()= [m/s]
o
y,(t)=-0.025[m]
V4(0)=0[m/s]
z,(t) =-0.005 [m]
z,(t)=0[m/s] @1
with initial (7) and final (f) conditions given by (22).
1, =26.667[s], t,=53334[s], x,=-0.075[m], x,=0.005[m],
v, =y, =-0.025[m], z =z, =-0.005[m]. (22)
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Figures 5-7 present the performance of the control implementation. Here, it is evident the inefficient
scheme (9) without employing the feedforward  performance on the tracking of the cutting
terms of the perturbation signals. This is, the trajectories, with large tracking errors. Of course,
values of the estimates of those signals were  that performance is unacceptable for machining
set to be zero, §, =&, =& =0, in the control  tasks of products.

0.1 ' .
=l ol Desired trajectory| i b e
> — Actual trayectory
o1 i i
] 5 10 15 20 25 30 35 40 45 50
0.1
I S—
. I
g sy N
OX
-0.1
5 10 15 20 25 30 35 40 45 50
1
Z 0 S —
e e
_10 5 10 15 20 25 30 35 40 45 50

t[s]

Figure 5 Closed-loop x-axis response without perturbation compensation

02 : :
- R R R S D S T T et Desired trajectory
= R I s S N —Acmal trajectqry
0
0 5 10 15 20 25 30 35 40 45 50
0.1
E 0.05 il
o™ L
L
00 5 10 15 20 25 30 35 40 45 30
0
2 -0.2
e \\
_0'40 5 10 15 20 25 30 35 40 45 50

Figure 6 Closed-loop y-axis response without perturbation compensation
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0
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Figure 7 Closed-loop z-axis response without perturbation compensation

On the other hand, figures 8-10 depict the
robust and efficient tracking performance of the
proposed control approach rejecting disturbances
directly affecting the dynamics of the motion
axes of the milling machine. In addition, one
can observe the fast and effective estimation of

the disturbance signals. The control gains were
selected to get Hurwitz (stable) polynomials
according to the equation (8), with @ , = 12
rad/sand ¢ =0.7071,i=x, y, z. The gainé of the
disturbance observer were set to be o, =p =700
rad/s and { ;= 0.7071. ' ’

Desired trajectory

E o S —
oy o1 — Controlled trajectory
] 5 10 15 20 25 30 35 40 45 50
x10”
_ 2
= 0 A
(.)>< 2
“0 5 10 15 20 25 30 35 40 45 50
500
0 i i i Acljlal I
— Estimate
-500 :
0 5 10 15 20 25 30 35 40 45 50
— 20
zZ 0
< 0 )
5 10 15 20 25 30 35 40 45 50

t[s]

Figure 8 Closed-loop x-axis response and estimation of the disturbance signal ¢
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Figure 9 Closed-loop y-axis response and estimation of the disturbance signal §y
3
4995710
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0 5 10 15 20 25 30 35 40 45 50
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_ 5
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— 05 ] ]
2 oI T e
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Figure 10 Closed-loop z-axis response and estimation of the disturbance signal &,

Conclusions

In this paper we have proposed a PD control
scheme based on rejection of disturbances for
robust and efficient tracking tasks of reference
trajectories specified for the movements of the
axes of a three-axis milling machine tool. The
cutting and friction forces generated during
the machining process of the workpiece were
considered as unknown bounded perturbation
signals affecting the motion axes dynamics. Into
these perturbation signals could be included

other disturbances as parametric uncertainties,
vibrations, unmodeled dynamics and so on. Since
the deigned controllers requires information of
these signals, a real-time estimation scheme of
perturbation signals based on Taylor polynomial
models has been applied. Simulations results
show the robust and efficient performance of the
proposed disturbance observer-control approach,
as well as the fast and effective estimation of the
disturbances signals.
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