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Abstract

In order to meet the high cutting rate and high surface quality requirement, put forward the
fuzzy control, on-line adjusting the cutting feed rate method to realize a constant force in
CNC high speed milling. The input variables of a fuzzy controller are the difference between
the reference forces and the actual cutting forces and the change rate of the deviation, after
fuzzification, fuzzy inference and defuzzification, the output variable is the change of per
tooth feed. The control strategy of on-line adjusting fuzzy rules and on-line self-adaptiving the
output scaling factor is used in a fuzzy controller. The CNC high speed milling process model
is established by 3-3-5-1 type BP neural network, and the input variables are cutting
parameters, and the output variable is the actual cutting forces. Combining the fuzzy
controller and the BP neural network, high speed milling constant force control model is
constructed. By simulation and practical verification, metal removal rate is increased
significantly, and the surface quality is improved substantially.
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1. Introduction

The use of computer numerical control (CNC) machining centers has expanded rapidly
through the years. A great advantage of the CNC machining center is that it reduces the skill
requirements of machine operators. However, a common drawback of CNC end milling is
that its operating parameter such as spindle speed or feedrate is prescribed conservatively
either by a part programmer or by a relatively static database in order to preserve the tool.

As a result, many CNC systems run under inefficient operating conditions. For this reason,
a CNC machine tool control system, which provides on-line adjustment of the operating
parameters, is being studied with interest. These systems can be classified into three types: a
geometric adaptive compensation (GAC) system; an adaptive control optimization (ACO)
system; and an adaptive control constraints (ACC) system. GAC systems enhance part
precision by applying real time geometric error compensation for imprecision caused by
varying machine temperature, imprecise machine geometry, tool wear and other factors [1].
However, due to the difficulty in on-line measurement of tool wear and machine tool
temperature, there are no commercial GAC systems available [2]. ACO systems and ACC
systems enhance productivity by applying an adaptive control technique to vary then
machining variables in real time [3]. ACO systems set up the most effective cutting condition
for the present cutting environment. For this purpose, ACO systems require on-line
measurement of tool wear .Unfortunately, adaptive control alone cannot effectively control
cutting forces. There is no controller that can respond quickly enough to sudden changes in
the cut geometry to eliminate large spikes in cutting forces. Therefore, we implement on-line
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adaptive control in conjunction with off-line optimization.

In the process of CNC high speed milling, the most effective way to improve cutting
efficiency is to improve metal removal rate (MRR) within the scope of the machine tool,
cutting tool and workpiece system. Among the many ways to improve the metal removal rate,
online adjusting the feed rate is the main way; aims to achieve constant forces control [4-6].
But in the actual process of high speed milling, due to the change of cutting parameters, the
influence of the dynamic characteristics of machine tool and other factors, makes the cutting
process is highly nonlinear, time-varying and uncertainty. The traditional CNC modeling
method is difficult to obtain the ideal effect.

This paper studies the constant force control process in high-speed milling using the fuzzy
control method and BP neural network. Compared with traditional control methods, a fuzzy
control system doesn't need to make precise mathematical model, only establishing the
control model directly according to the rules of experience. According to the deviation and
the deviation change rate of the measured value and the set value, the optimal control of the
output value is gotten. The result has strong robustness, especially adapting to the uncertain
and nonlinear system. The high speed milling model is established using BP neural network
model based on multiple sets of cutting force measured under different high speed cutting
parameters. Constant force cutting can give full play to the potential process of CNC milling
machine and machining efficiency, reducing the tool wear and improving the machining
accuracy and surface quality. The basic idea in this paper is to make the material removal rate
as high as possible and maintain cutting force as close as possible to the given reference force
through online adjusting per tooth feed. The correctness of the model is verified by simulation
and experiment.

2. Design of the Fuzzy Control Algorithm

The basic idea of fuzzy control is to use the machine to simulate the control system,
summarize some rules through the expert experience and to design the controller according to
these rules. Because the person's experience is generally described by natural language, thus
the rules based on the experience are fuzzy. However, the fuzzy rules of the language can be
converted to the numerical computing using the fuzzy theory, fuzzy language variable and
fuzzy logic reasoning knowledge, which can use the computer to complete the specific
implementation of these rules, achieving some objects by machine instead of human control.
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Figure 1. High speed constant force milling control schematic diagram based
on fuzzy control and BP neural network
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Figure 1 is a typical two-input and single-output schematic diagram based on the fuzzy
control in high speed milling. Controller’s input linguistic variables are the difference

between reference forces F. and actual cutting forces F and the change rate of the
deviation, and the output linguistic variable is the per tooth feed variation Af, . The process of
fuzzy control is to find the fuzzy relationship between the per tooth feed variation Af, and

deviation e, deviation change rate ec, detecting e and ec continuously, on-line modifying Af,

according to the fuzzy control rules, to meet different e and ec to the different requirement of
the controller parameters, so that the controlled object has a good dynamic and static
performance.

In Figurel, e is a deviation between an expectable value and the actual value, ec is the

change rate of deviation, E, EC are fuzzy controller input values, K. . K . are
quantitative factors, K is the proportional output factor.
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Figure 2. Subordinating degree function of input and output variables

By the method of triangle membership function, the input and output variables have been
fuzzily transformed as shown in Figure 2. Variables are subordinated the following fuzzy
subset: negative big (NB), negative medium (NM), negative small (NS), zero (ZO), positive

small (PS), positive medium (PM), positive big (PB). The discrete domain of E, EC, Af,is
[-6,-5,-4,-3,-2,-1,0,+1,+2,+3,+4,+5,+6].

2.2 Fuzzy inference

The function of fuzzy inference is to inference the input variables according to the fuzzy
knowledge base composed of a series of linguistic rules, and obtain the optimal values. The
conventional fuzzy control rules do not have adaptability, easily leading to zero limit cycle
oscillation phenomenon. Unchanged the fuzzy control rules are difficult to satisfy the
requirement of the nonlinear and time-varying dynamic system. So the performance of a
self-tuning fuzzy controller is required.

Deviation E and deviation change rate EC in different stage has different effects on the
controller. Control rules can be described by the following formula:

U=<aE+(1-a)EC> a<[0]] (3)
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In formula (3), @ is a correction factor, used to adjust the E and EC in different stages.
a=(a,—a,)(E+EC)/(2N) +, (4)

In formula (4), N=6,0<(E+EC)/12<1,c, =0.7 , ¢, =0.5.

2.3 Defuzzification

The control output of fuzzy inference is a fuzzy membership function, and it reflects the
fuzziness of the control language, which is a different combination of values. In practice to
control an object must be in the moment engraved with a certain amount of control, to find
one of the most outputs from the fuzzy membership functions to represent the fuzzy set of
precise quantity, namely defuzzification judgment.

Defuzzification is done by using the weighted average method. Each

element X, (i=12...,n) in a domain serves as the weighted coefficient of output of
membership 45, (X) in the fuzzy setU, , namely

) ©)
Zﬂul(xi)

The corresponding accurate quantity X, can be looked up by the U assignment table. This

value is Af, .In defuzzification, the selection of the output scaling factor K is very
important. Procky[11] points out that the stability and response speed when changing the
values of K_.and K_.are contradictory to each other, while the adjustment of an output

scaling factor K, is relatively simple, and it can be applied directly to the output control

amount.
In high-speed milling constant force control tests,

F

ref

c.k

s™p

Ky = (6)

In formula (6), ¢, =0.5 and K, is a gain value of the controlled object, K, is estimated
by using integral recursive method.

E, (i) = F(i) —k, (i—Du(i-1)
{ K, (i) =k, (i-1) +CE, (i) 0

In formula (7), E, is the estimated deviation of the cutting force, F (i) is milling force in
the 1 moment, C is a small constant, c=0.04 , and Uu(i) is the feed speed,
u(i)=K,M[U()/12 +0.5] .

The adaptive fuzzy controller is constructed step by step. High speed milling constant force
control can be realized when completed.
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3. High-speed Milling Process Modeling Based on Neural Network
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Figure 3. The model of BP neural network in high speed milling process

Due to the nonlinear and time-varying characteristics in a high speed milling process, it’s
difficult to use a mathematical model to describe accurately; therefore the BP neural network
is used to modeling the process of high speed milling, to establish the nonlinear relationship
between processing parameters and the cutting force. The mathematical model is shown in
Figure 3. Neural network uses the S-type linear function, and hidden layer uses the Sigmoid
transfer function, and the output layer is purelin linear transfer function. There are many types
of a neural network training algorithm, through the comprehensive contrast each training
algorithm convergence speed, memory consumption and the suitable network, network
training function is selected as Levenberg -Marquardt function, namely trainlm function.

Number of input neurons is 3, represent the processing parameters (per tooth feed f,, cutting

speedV, axial cutting depth@,); Number of the output neuron is 1, represents the milling

force. Node number of hidden layer neurons has a greater influence on the performance of
neural network, too much of the node number will cause the training time and testing error
increases, and too little will cause a decline in network fault tolerance, the correct recognition
rate and the generalization ability. In order to achieve faster convergence speed and obtain
high testing precision, after many tests, the number of hidden layer is 2, the neuron number is
3 and 5, respectively. The milling force values of different cutting parameters recorded in
experiment, choosing 500 groups of data for neural network training, until satisfactory results
are obtained. The neural network can be encapsulated using the gensim command in Matlab,
which can be used in the simulation in Matlab/Simulink.
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4. Fuzzy Control Constant Force Simulation Based on Matlab/Simulink
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Figure 4. Simulation block diagram of fuzzy constant force control in
Matlab/Simulink
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Figure 5. The subsystem of cutting depth step change

High speed milling constant force control of a Matlab/Simulink simulation model diagram
is shown in Figure 4. The Fuzzy Logic Toolbox in Simulink doesn’t need to do a complicated
fuzzification, fuzzy inference and defuzzification, only need to set the corresponding
parameter, can quickly get fuzzy controller. But the fuzzy control rules are fixed, therefore,
establishing S functions in Matlab according to formula (3) and (4), in order to meet the
online self-tuning fuzzy rules. A Subsystem module is established to achieve the change rule
of cutting depth, as shown in Figure 5. Oblique wave output Ramp is quantitatively outputted
by the module Quantizer, the three cutting depth corresponding value is 2 mm, 1 mm and 3
mm. When Multiport Switch port value is 1, the value of Constant is outputted from the first
input port to the output port. The rest is similar. Setting the Multiport Switch time, can be
realized input different cutting depth at different times.

The theory of fuzzy control constant force simulation is as follows: given initial per tooth
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feed f,and the axial cutting depth@,, cutting speedV, simulated in a high speed milling
model, the actual cutting force F can be computed. Compared with a given reference
force F; , the difference and the change rate of difference can be inputted fuzzy controller.

The output control variable Af, through fuzzy control rules is feedbacked to the CNC system.

Summed with the initial per tooth feed, the actual per tooth feed is computed. The value is
input to the process model, and adjusts repeatedly, until the output of the milling force is
close to reference milling force.

Specific simulation condition is: milling cutter diameter 12 mm, double edge; spindle

speed n=12000r/min , reference  forces F, =240N |  per tooth
feed f, =0.02mm/r K. =0.8, K., =0.25,K, =2.3. When the axial cutting deptha,

changing, the change rules of cutting force F , the material removal rate MRR is researched.
The curve of axial cutting depth changing with time is shown in Figure 6.
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Figure 6. Variation rule of axial cutting depth with time

The simulation results not applying fuzzy control are shown in Figure 7(a) and using fuzzy
control simulation results are shown in Figure 7(b). From the graph, we can see: material
removal rate is more stable by using fuzzy control, no obvious changes, and the average MRR
is 18% higher than not using the fuzzy control. The cutting force can also quickly achieve and
maintain near the reference cutting force 240N. The metal removal rate can be improved, and
constant cutting force can be maintained by adjusting the cutting feed in a fuzzy control
system, the processing efficiency enhancing obviously.
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Figure 7. Simulation result (a) without fuzzy control (b)with fuzzy control

5. Conclusions

An adaptive control system is built which controlling the cutting force and maintaining
constant roughness of the surface being milled by digital adaptation of cutting parameters.
The experimental results show that not only does the milling system with the design
controller have high robustness, and global stability but also the machining efficiency of the
milling system with the adaptive controller is much higher than for traditional CNC milling
system. Experiments have confirmed efficiency of the adaptive control system, which is
reflected in improved surface quality and decreased tool wear.

(1)A fuzzy controller is designed suitable for high speed milling. The fuzzy rules are
online self-tuning, and output scaling factor is online adaptive, both can well meet the
requirements of constant force cutting. The controller algorithm is simple and can be used for
real-time online control, has strong adaptability and good robust performance.

(2)The high speed milling process is modeled by using BP neural network, overcoming
the shortage of milling process modeled by the traditional transfer function, which is more
accurate to establish the relationship between cutting force and cutting parameters.

The results of experiments demonstrate the ability of the proposed system to effectively
regulate peak cutting forces for cutting conditions commonly encountered in high speed
milling operations. The high accuracy of results within a wide range of machining parameters
indicates that the system can be practically applied in industry.
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