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COMPENSATE ALGORITHM OF DEFORMATION IN WOOD
HIGH-SPEED FIVE-AXIS MACHINING

Zhang Wei 12, Wang Shuangyong!, Zhang Yang?,Yang Jianhua'?, Zhang
Pengfei' and He Hailong*

Based on the essential cooperation principle of high-speed wood machining, a
kinematics model of high-speed five-axis wood machining is established, concerning
the effect of wood and wooden composite material features on the high-speed milling.
and a deviation compensate solution is provided in analysis of the wood deformation
effect on the motion deviation. And the deviation compensate model is testified by the
stimulation comparison of tool track.

Keywords: high-speed wood machining, five-axis, deformation, stimulation,
compensate algorithm.

1. Introduction

Curve surface wood machining should meet higher requirement as the
development of national furniture, construction and decoration industry and
enhancement of people’s life. Wood machining CNC machine trends high speed,
high precision and five-axis cooperating machining center. And high-speed
machining technology concerning wood machining features should be improved

[1].

Many previous researches on five-axis cooperating machining center have
established related mathematical models, but most of them are relatively complex.
There are much deviation analysis and compensate study on CNC machine for
metal, while deviation analysis of five-axis cooperating machining center in wood
high-speed machining is rare [2]. Wood and wooden composite material are quite
different from metal materials. The microstructure of the former isn’t uniform like
that of metal, but has certain directivity. As a result, the cutting force of high-speed
machining fluctuates greatly and further increases the effect of machine motion
deviation [3]. In this paper, a five-axis cooperating high-speed wood machining
kinematic model has been established in analysis of wood deformation on motion
deviations. The validity of this deviation compensate model has been testified and
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a theoretical foundation of deviation compensate and improvement for wood high-
speed CNC machine has been provided.

2. The structure and theory of wood high-speed machining center

The high speed wood machining center often uses the bi-rotary milling head
structure, which has two additional rotary axis based on the traditional three-
coordinates numerical controlled machining center. The main parts include a
platform which can move along the three translational axes and bi-rotary milling
head. In the structure, the A-axis and C-axis of bi-rotary milling head rotates on the
X-axis and Y-axis, and the platform can move on the X, Y, Z-axis. During wood
high-speed machining, three linear axes and two rotation axes cooperates and
allows the tool to cut workpiece with various positions in the space. All kinds of
complex curve surface can be machined in this way [4]. In the paper, the
relationship between tool space position, wood deformation and machining
deviation is discussed based on the self-made wood high-speed five-axis machining
platform. The kinematic chain and structure diagram are shown in Fig. (1).

C-axis

A-axis r———
Rotary ’ K
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Fig.(1).Kinematic chain and structure diagram of wood high-speed machining center

The five-axis cooperation platform includes 5 parameters, 2 rotation angles
and 3 translation distances in order to learn the position and attitude of milling
cutter, which is actually related to the fixed platform. In the original A-axis is
parallel to X-axis of the platform, and milling central line coincide with Z-axis;
distance from milling cutter head to the platform is noted as d, distance from milling
cutter head to A-axis as K, swing range of C-axis as(—m, ), and swing range of A-
axis as(—m/2,m/2).

3. Geometric model of space position
3.1. Coordinate System Definition

Three coordinate systems are introduced for conveniently describing and
defined as following.
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Platform coordinate system (p). Platform coordinate system is fixed with
the platform, which origin is the center of the platform, and X, Y, Z-axis is parallel
to the three axes of the platform. It makes translation motion as the platform does.

Machine bed coordinate system (b). Machine bed coordinate system is
fixed with the machine. It is coincided with the platform coordinate system in the
initial state, but doesn’t move with the former.

Tool coordinate system (t). Tool coordinate system has origin at the head
of the milling cutter, Z-axis from central line to the end of milling cutter, X-axis
parallel to A-axis, Y-axis perpendicular to X and Z-axis. The last three axes are
right-hand Cartesian coordinate system.

3.2. Establishment of the Motion Model

Due to previous analysis, the position parameter of milling cutter during the
wood machining is related to the position and attitude of the platform, which is the
translation and rotation parameter between tool and machine bed coordinate, and
connected by the later. Tool coordinate system has a swing relation with machine
bed coordinate system while platform coordinate system has a translation relation
with machine bed coordinate system. Now we discuss them separately according to
the conversion relation [5,6].

Conversion between tool coordinate system and bed coordinate system.
The length of milling cutter is noted as I. In the tool coordinate, the vector from the
head to the end of milling cutter is:

=0 o DT

Lis a vector. The Milling cutter head coordinate in the tool coordinate system
iss P"=(0 0 0)

When there is a rotation angle between A and C-axis, tool coordinate system
has rotation related to the machine bed coordinate system. 8,andf, are noted as the
rotation angle of swing head on A and C-axis. We can get tool coordinate system
from twice rotation of the machine bed coordinate system. First, we get an
intermediate coordinate system by rotating 8, on Z-axis of the machine bed
coordinate system. Then we can get the tool coordinate system by continuously
rotating 8,0n X-axis of intermediate coordinate system. The matrix form is shown
as following:

1 0 0 cosf., sinf; 0
Cy =10 cos@, sin HA] |—sin@, cos6, 0]
0 —sinf4 cosfy, 0 0 1
As a result, the vector in the machine bed coordinate system is:
LP = s L™ = (cHTL™

According to the previous rotation relation, milling cutter position can be
described, but the position of milling cutter head can’t be described, because the
position of milling head should be described in the machine bed coordinate system.
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Noted P as the intersection point of A and C-axis, 0O,, as origin of the tool
coordinate system as well as the position of milling cutter head, 0, as the origin of
machine coordinate system, there is a relation in the machine bed coordinate

system: 0,0, = OpP + POy,
The left vector is fixed as bi-rotary milling head is fixed on the machine
bed: 0,P=0 0 K+d)T

The later can be calculated through rotation relation between coordinate

systems. In the tool coordinate system, vectorPOmm =0 0 -—K)T, which is
conversed into machine bed coordinate system as following:

—__b — b
PO, =Cb-PO, =cCb-(0 0 —-K)T

Therefore, the position vector of milling head in the machine bed coordinate
systemis: 0,0, =0 0 K+d)T"+¢%-(0 0 —K)T

The coordinate of milling cutter head in the machine bed system is:

PP=(0 0 K+d"+C5-(0 0 -K)T

Conversion between platform coordinate system and machine bed
coordinate system. In the practical machining, workpiece is fixed on the platform.
As the platform has translation related to the machine bed, the previous position
parameter should be further calculated. As the translation has no effect on the
relative attitude of milling cutter, the attitude gets rid of further calculation.

dy, dy, d,is assumed as the translation account of platform related to
machine bed on X, Y, Z-axis. In the platform coordinate system, the vector from its
origin Opto the machine bed coordinate system’s origin 0}, is:

Opob = (dx dy dZ)T

Then, in the platform coordinate system, the vector from its origin to the
milling cutter head is:
0,0, = 0,05 + 0,0,

= dy d)T+0 0 K+d)"+C5-(0 0 —-K)T

The coordinate of milling cutter head in the platform coordinate system is:

PP=(dy dy d)"T+(0 0 K+d)"+C5-(0 0 —-K)

The motion parameter of wood high-speed machining is
(64 6c d, d, d;), and the component coordinate of the milling cutter
vector in the platform coordinate system is: LP = (Cp")TL™
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4. Deviation analysis and modelling
4.1. Deviation Propagation Model

Due to the previous analysis, the conversion relation from platform state
variables to milling cutter’s space position and attitude can be shown as the
following function:

Q=71
Q is a vector describing the milling cutter’s space position and attitude:
_ [PP

0 is a state parameter of milling cutter :
0=1[64 6c d, d, d,"

The tool’s deviation is:
af(0)
60 = ——=66
Q 00

In the equation, &Q is the deviation of milling cutter’s position and attitude,
60 the deviation of machine parameter, and df(0)/d8 is the deviation conversion
matrix. When the concrete form of f(0)is substituted into the equation described
before, the deviation propagation equation is:

[5mx] lcos@,sin 6, lcosf;,sin6, 0 O 0] 50
|6my| | —lcos@,cosf, lsinf,sinf. 0 0 0O [59A]
sm, =| —Isin6, 0 00 0|y
8Py —Kcos@,sinf, —KcosBO.sinf, 1 0 0 é‘dx
Spy KcosfO,cos8. —Ksinf,sinf. 0 1 0 (de
L sp, | K sin 6, 0 0 o 1/70%

In this equation, the first three dimensions of the left vector is the deviation
of milling cutter vector, while the last three dimensions is the deviation of milling
cutter head position vector.

4.2. Effect of Wood Deformation on the Milling Cutter Position

Different from metal material, wood is likely to deform. When the cutting
force is too large, deviation caused by the deformation will affect machining
precision, which should be considered and compensated. In the following part, we
will take examples of facing milling and side milling, two typical wood milling
ways, to analyze wood deformation during machining. In the facing milling, cutter
head is perpendicular to the wood, so deformation occurs on Z-axis of tool
coordinate system; in the side milling, wood is touched by the cutter side, so
deformation occurs in the XY-plane of tool coordinate system [7-10]. Equivalent
deviation caused by wood deformation in the two milling way is analyzed as
following.
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Facing milling way
During facing milling, ways that cutter touches wood, and wood occurs
deformation is shown as Fig. 2 .

€

e

Fig. 2.Wood deformation in the facing milling

The contact pressure between milling cutter and wood is noted as F, and the
deformation displacement of contact point between wood and milling cutter on the
Z-axis of tool coordinate system noted as € . When milling cutter retracts and wood
deformation restores, andeviatione of machining plane’s position occurs. In order
to compensate this deviation, we should consider the deformation during cutter
feeding through properly increasing feeding amount. Thus, the position of
machining plane can meet the requirement when cutter retracts and wood restores.

The wood hardness perpendicular to machining plane is noted ask,. With
reference to relevant standards [11], there is an equation:

F
& = —Xx5.64mm
ky
It is equivalent as milling cutter head position in the tool coordinate system
has an deviationas ép,, =[0 0 ¢£]7.
Converted into the platform coordinate system, the milling cutter position
deviation is:  &p, = (C})T 6pm,
As the attitude of milling cutter is not affected, its deviation is 0.
: . 0
Due to the calculation above, the tool deviation is: §Q = [63;1]
14
Side milling
In the side milling, cutter touches machining plane with its side, so the
deformation occurs in the XY-plane of the tool coordinate system. It is shown in
the Fig. 3.

Fig. 3. Wood deformation in the side milling
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The force vector from milling cutter to wood has its platform coordinate as
following:

r=[E KOE]

It is as following after being converted into tool coordinate system:
Fm = [F" E* FE™MT = CrFP
F"andFy™are forces in the XY-plane of tool coordinate system, which
determined the amount and direction of wood deformation. Wood hardness on the
side is noted as kj,. With reference to relevant standards, the deformation is:
_[Er BrooT
g = X5.64mm
kn
After converted in platform coordinate system, the deviation of milling
cutter position is:

e = (C)HTem
As the attitude of milling cutter is not affected, its deviation is 0.

Due to the calculation before, the tool deviation is: §Q = O;;jl]
4.3. Tool Deviation Compensation

In the previous discussion, wood deformation was analyzed in two milling
ways and tool deviation was calculated. The relation between tool deviation and
fix-axis platform state parameter deviation is quantified as:

5Q =H66 and, H=2L2

Is the Jacobian matrix of f(09).
After 6Q is substituted into the deviation propagation equation, the
deviation of five-axis platform parameter is solved as:
860 = (HTH)"'H"5Q
Substituting H into the equation before, we obtain:

[5 HA]
I 60, |
5d,, | =
5d,
5d,
cos 8, sin 6, —cos 4 cos O, —sinf, 0 0 O [
1 I[ cos 6. /sin 6, sin O /sin 6, 0 0 0 0]I|
7l —K(sin? 8, sin? 6, — 1) —K cos O sinf; (cos?8, —1) —Kcosf,sinf,sinf; | 0 0
l—K cos 8, sinf; (cos? 8, —1) K(sin? 8, sin? 6, —sin?0, +1) Kcosf,cosf.sinf, 0 [ OJ
—K cos 8, sin 6, sin 6, K cos 8, cos 6. sin G, K sin? 6, 0 0 I [
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Substituting tool deviation §Q , we obtain relevant five-axis platform
parameter deviation. The five-axis platform parameter is: 8 = 6 — 56

After previous compensation, expected machining precision is assured
when milling cutter retracts and wood deformation restores.

5. Simulation and analyses of the compensatory algorithm

In order to verify the compensatory algorithm, a simulation test is designed
using the Matlab, which makes a comparison of the wood machining precision
between using and not using the compensatory algorithm. Considering that the most
influential elements of machining precision are cutting force and wood hardness,
the variables of the simulation are cutting force and wood hardness, while other
parameters remain constant.

The parameters of the simulation are set according to the high-speed wood
machining center developed by Beijing Forestry Machinery Research Institute. At
the initial state, the distance from the front end of the cutter to the platformd =
250mm, the distance from the front end of the cutter to the A-axis K = 300mm,
the length of the cutter [ = 100mm. Assume that the theory machine state of
processing a workpiece is: 8, = 10°,6, = 20°,d, = 200mm ,

d, = 100mm, d, = Omm.
5.1. Influence of the Cutting Force

During wood machining, the cutting force changes with the different cutting
speed and cutting depth. According to the reference [12], the available range of the
cutting force is 200N~800N. When the hardness of the wood is 5600N, the
simulation result of the machining precision using and not using the compensatory
algorithm is shown in Fig. 4.
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Fig.(4) Machining deviation under different cutting force
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In Fig. 4, it can be seen that when the hardness of the wood remains constant,
the machining deviation without the compensatory algorithm increases with the
cutting force from 200um to 800um , while after using the compensatory
algorithm, the machining deviation is limited under 20um . The machining
deviation is reduced by at least 90% with the compensatory algorithm. Besides, the
effect of the compensatory algorithm becomes more and more significant with the
increasing of the cutting force. Under the influence of different cutting forces, the
machining deviation can remain stable with the compensation algorithm, so as to
ensure the accuracy of the machine.

5.2. Influence of the Wood Hardness

Another important influential element of the machining precision is the
hardness of the wood. When the cutting force is given, smaller hardness leads to a
larger deformation. In this simulation, the cutting force is set as 600N, and the range
of the wood hardness is 4000N~12000N. The simulation result of the machining
precision using and not using the compensatory algorithm is shown in Fig. 5.

1000

—o— Without Compensatory Algorithm
800‘\ —+— Using Compensatory Algorithm

600 \

400 \N
M—o—o—v

200

Machining Deviation/um

Qi—t— e

-200
4000 6000 8000 10000 12000

Wood Hardness/N

Fig. 5. Machining deviation under different wood hardness

As shown in Fig. 5, when the cutting force is constant, the machining
deviation without the compensatory algorithm increases from 300um to 850um as
the hardness decreases from 12000N to 4000N, while after using the compensatory
algorithm, the machining deviation is kept within 20um. The machining deviation
is reduced by at least 93% with the compensatory algorithm, which is an obviously
promotion. What’s more, it can be seen that the effect of the compensatory
algorithm is more obvious when the hardness of the wood is lower. Under the
influence of different hardness of the wood, the machining deviation can remain
stable with the compensation algorithm, so that the machine can be applied to the
cutting of different wood. Therefore, the compensation algorithm is universal.
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6. Conclusion

This paper mainly focuses on the wood machining deviation of the high-
speed 5-axis machining center caused by the deformation of the wood. Utilizing the
movement model of the high-speed 5-axis machining center, a deviation
compensatory algorithm is put forward and verified through simulation. Through
this study, we draw such conclusion:

(1) The precision of the wood high-speed 5-axis machining is mainly
affected by the cutting force and the wood hardness. Large cutting force and low
wood hardness will deadly lower the machining precision.

(2) The compensatory algorithm can obviously improve the machining
precision. After compensating, the machining deviation caused by the wood
deformation is counteracted by the offset of the cutter. Thus, the machining
deviation is eliminated and the precision is higher.

In the future, the compensatory algorithm is going to be applied in our real
machining center. The rationality and the validity of the algorithm will be verified
in real machining center either.
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