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a b s t r a c t

A fuzzy-logic controller (FLC) is designed to automatically adjust feed rate in order to regulate the cutting
force of milling processes in a vertical machining center. The FLC has a double-loop structure, consisting
of the inner PD (proportional-derivative) velocity-control loop for a feed servo and the outer fuzzy-
logic force-control loop. Reference cutting forces are well maintained in both numerical simulation and
experiments when the cutting-depth profile of an aluminum workpiece (Al6061-T6) is varying step-wise
eywords:
uzzy-logic control
orce control
NC machining center
illing process

pindle motor current

or continuously. In order to replace expensive and impractical tool dynamometers, ac-induction-motor
currents in the feed system and the spindle system are analyzed, and then compared as a cutting-force
sensor. The bandwidth of both systems are not high enough to sense the cutting dynamics for common
spindle speeds. Thus, quasi-static quantities (i.e., average or maximum resultant cutting force per spindle
revolution) are compared instead. The spindle-motor current is chosen because quasi-static sensitivity
is much higher (i.e., 5.415 × 10−3 vs. 2.128 × 10−4 A/N). Reference cutting forces (230 and 330 N) are well

th of
orce sensor maintained when the dep

. Introduction

Process control of CNC-aided machine tools is used to max-
mize productivity while maintaining part quality and integrity
f machine tools [1]. However, process controls such as con-
rol of chatter, cutting force, and tool condition, have not been
ully integrated into commercial machine tools even after decades
f research and development [2]. The difficulties include a lack
f affordable and accurate process-monitoring tools, and robust
ontrol algorithms that can cope with complex, nonlinear, time-
arying and sometimes unpredictable machining processes.

In machining, a high metal-removal rate (MRR) is an important
actor that determines productivity. However, the cutting parame-
ers (i.e., spindle speed and feed rate) are usually set at a constant
alue in a conservative manner. Or a skilled technician constantly
onitors machining processes and modifies cutting parameters

o prevent excessive machining forces from causing machine-tool

amage. As a result, it is difficult to maximize productivity when
ffective process monitoring and control are not available.

Automation of machining processes using ACC (adaptive con-
rol with constraint), in which the machining parameters are
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adjusted in real time to have adequate process variables, has
been studied [2]. Maintaining machining forces at a maximum
allowable level by automatically controlling cutting parame-
ters results in improvement of productivity [3]. Model-based
control algorithms have been studied extensively. Fixed-gain con-
trol was not effective [4] due to dynamically varying model
parameters which depend on cutting parameters [1]. Thus, adap-
tive control was introduced to account for changes in the
model parameters over time [4–8]. Control algorithms robust
to a range of parameters or model variations were also stud-
ied recently [9–12]. However, all of these approaches have
not lived up to industry expectations, mainly because of the
lack of accurate models for complex and nonlinear machining
dynamics, and tremendous inherent variation of force processes
[13].

Fuzzy-logic control, an artificial-intelligence-based method, is a
viable alternative to model-based control schemes. Skilled human
operators are shown to be better than model-based controllers
in machining control [14]. The human experience can cope with
uncertainty and complexity of machining process successfully [15].
Human operators express the process variables in “imprecise” lan-
guage (i.e., linguistic variables) and apply them to the control of

machine tools. A lack of accurate models, model parameters, and
exact numerical values of machining conditions is not a prob-
lem. Thus, human-based methods of obtaining control outputs (i.e.,
cutting parameters) can be adapted to the constant-force con-
trol that maximizes MRR. Fixed-rule fuzzy controllers [15,16] and

dx.doi.org/10.1016/j.precisioneng.2010.09.001
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
mailto:dohyun@berkeley.edu
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earning-capable fuzzy schemes [17,18] have been studied, and
mplemented on milling processes.

The cutting forces of a milling process are usually measured
ith a table-mounted tool dynamometer in research laboratories.
dynamometer is expensive, axis travels are limited, and cutting

uid can damage the dynamometer [19]. As a result, dynamome-
ers are not widely used in the industry. Thus, much effort has been
evoted to developing indirect force-measurement tools.

Various mechanical or electrical variables of feed- and spindle-
ystem conditions have been studied to estimate forces. For spindle
ystems, Shuaib et al. [20] installed a strain gauge between the
pindle axis and the tool, and then measured cutting torque. It is
dvantageous to measure the cutting force at a spindle because it
s close to the cutting point. However, complexity of spindle inte-
ration is problematic. The space for installation is limited in many
pindle systems without significant modification [21]. Wiring of
he sensor installed at the rotating spindle is not simple. Shuaib
t al. used a garter-spring pickup for signal transmission. Electrical
oise and abrasion due to the constant contact render this approach
nreliable. More modern torque measurement based on piezo-
uartz transducers (i.e., rotating dynamometer) transmits signal
irelessly, but this device is also very expensive, requires special

ooling, makes it difficult to use tool changer, and changes pro-
ess dynamics. Bertok et al. [22] predicted a spindle-motor torque
sing an empirical equation of MRR and workpiece-tool contact
rea. The spindle current, that was calibrated with a dynamome-
er, was used to identify parameters of the equation. The average
utting torque was predicted off-line using the equation, solid mod-
ls of workpiece material and tool, and NC data for tool path. This
pproach may provide a rough guide for parameter settings prior
o actual machining, and can be used as a tool condition monitor-
ng if the measured torque is far off the predicted value. It may not
e appropriate as an alternative sensor for real-time cutting-force
ontrol because there is no mechanism to compensate an unavoid-
ble discrepancy between the predicted and measured torque (e.g.,
ool wear, inaccurate solid model, axis misalignment, workpiece
atness error). Also, using maximum torque information is better
han using average torque of their work in preventing machine-tool
amage.

Current and power of motors in a machine tool have been stud-
ed as an alternative sensor. As current and power are variables
escribing electromechanical systems (i.e., feed and spindle axes),
he system dynamics must be identified prior to the use of sen-
or. These electromechanical systems act as a low-pass filter, so
hat the bandwidth of sensor is low compared to a dynamome-
er. The power consumed by cutting processes is usually a small
ortion of the total power that a feed or spindle system requires,
o they are generally less accurate [21]. Nevertheless, current and
ower are attractive for industrial applications. These methods are
ossibly the most easily accessible variables. Additionally, current
nd power sensors are very cheap compared to dynamometers. It
s easy to install sensors with simple retrofitting, and even some

otor drives have built-in current readings. Current and power
easurement does not obstruct machining processes. Stein and
ang [23] used a current sensor (i.e., hall-effect current transducer)

nd voltage transformer to obtain spindle-power consumption in
milling machine. Then the cutting torque was estimated using

he rotor input power and synchronous speed measured with an
ptical shaft encoder. For feed systems, Altintas [24] measured the
c-motor currents of feed drives in a vertical milling machine. Stein
t al. [25] characterized the dc-motor current of the feed system in

CNC lathe. Lee et al. [26] used the ac-motor currents to predict

he cutting forces in an NC milling machine. Mannan and Broms
27] also used a setup similar to Stein and Wang. They used the
pindle power to calculate cutting torque, and feed motor currents
o obtain feed force in turning, milling, and drilling operations. For
ering 35 (2011) 143–152

all these cases, the correlation between current/power and cutting
force/torque are preidentified using a dynamometer.

In this study, currents of an ac-induction motor for both the
feed and spindle systems are compared in terms of sensitivity
and bandwidth to assess their applicability to fuzzy-logic-based
cutting-force control of a milling process. To our knowledge, there
has been no attempt to compare both the currents as an alter-
native force sensor for this purpose. After the comparison, the
spindle motor current is selected due to its superior performance.
The design procedure of the cutting-force controller is as follows:
(1) A mathematical description of cutting forces in x and y axes
was derived, and verified using actual cutting-force data measured
with a dynamometer (2) A servo controller for y-axis feed and
the FLC for cutting-force regulation are designed. (3) The numer-
ical simulation based on the cutting-force model, and machining
experiments are performed to verify whether the FLC successfully
maintains a constant force by adjusting the feed rate in real time
for varying depth of cut. (4) Motor currents of feed and spindle
systems are characterized in terms of sensitivity and bandwidth
using a mathematical model and cutting-force data. (5) The cut-
ting force is estimated using the spindle-motor RMS (root-mean
square) current, and using the predetermined relationship between
the current and cutting force measured with a tool dynamometer.
Milling experiments with varying depth of cut are performed to
verify the proposed force-control system.

2. Experimental apparatus

2.1. Machine tool

A vertical machining center, ACE-V30 (Daewoo Heavy Indus-
tries, Incheon, South Korea), equipped with a built-in controller
(System 100M, Korea Industrial Electronics Co., Ltd., Seoul, South
Korea) was used in this work. Two-flute flat-end mills (YG-1 Co. Ltd.,
Incheon, South Korea) were used for cutting experiments. Diame-
ters of the end mills were 8, 10, and 12 mm.

2.2. Workpiece material

Workpiece material was Al6061-T6 aluminum. Aluminum
blocks were machined to have multiple steps of depth of cut or a lin-
early varying depth of cut using the built-in controller and simple
G codes.

2.3. Dynamometer

A tool dynamometer (Model 9257B, Kistler Instrumente AG,
Winterthur, Switzerland) was mounted on the table of the ACE-
V30. The dynamometer has multiple quartz-based piezoelectric
force transducers in a steel housing. When force is acting on the
dynamometer, each transducer produces a charge proportional
to the force component sensitive to that axis. The 9257B model
measures force in x, y, and z axes (no torque measurement). The
charge is then converted into voltage signal using a multi-channel
charge amplifier (Model 5019A, Kistler). The measuring range is
±5 kN. Sensitivity is −7.5 pC/N for x and y axes and −3.7 pC/N for z
axis. Force data in voltage signal are sampled at 1 kHz with a DAQ
(data acquisition) board (Model DS2201, DSPACE Inc., Wixom, MI,
USA).

2.4. Current sensor
A 9-channel current-sensor board made in-house, was installed
in the electrical cabinet to measure motor currents of feed and
spindle systems. Hall-effect current transducers (LX-10, Nana Elec-
tronics, Tokyo, Japan) on the board convert 3-phase current outputs
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Fig. 2. The force signal of which frequency is higher than the prin-
cipal component (i.e., Ns · M/60 Hz) are not predicted in the model.
The source of the high frequency signal includes tool runout (i.e.,
cutter-axis offset and tilt) [31], tool deflection, vibration (i.e., due
to cutter, machine tool and workpiece dynamics) [32], dynamome-

(a)

(b)
Workpiece

Fig. 1. Geometry of a two-flute end-mi

i.e., U, V, W) of a motor drive into voltage signals, which are col-
ected using the DAQ system.

.5. Control system

When implementing the FLC for cutting-force regulation, a
otion-control DSP (digital signal processing) system (Model
S1003), encoder board (Model DS3001), and the Model DS2201
AQ board were used (all made by DSPACE). The control algorithm
as written in C language. A PC software package (Cockpit and

race, DSPACE) was used to monitor machine-tool conditions and
hange machining parameters. Numerical simulations were writ-
en and run in Matlab (The MathWorks, Inc., Natick, MA, USA).

. Cutting-force model of end-milling processes

A mathematical model is used to predict dynamic cutting forces
s a function of machining conditions in two-flute end-milling pro-
ess. Milling is a complex dynamic process (e.g., non-linear, time
ariant). Furthermore, various vibrations that occur during cutting
an cause variation in cutting forces [28]. Derivation of a rigorous
athematical model is beyond the scope of this study. Therefore,

he mathematical description of cutting forces that Zheng et al. pro-
osed [29] was adapted to use in numerical simulation later. It was
ssumed that cutter was perfectly aligned with respect to its spin-
le axis. Also, tool, dynamometer, and workpiece were assumed to
e rigid in this model. Only a full immersion case (the difference
etween the entry angle and exit angle of a flute is 180◦) was con-
idered in this work as shown in Fig. 1. Cutting forces in x and y
xes are described as:

x = KsKrtftd

2
+ Ksfth

4�
sin

(
2�d
h

)√
1 + K2

rt sin
(

2� − 2�d
h

+ 
)
,

nd Fy = Ksftd

2
− Ksfth

4�
sin

(
2�d
h

)√
1 + K2

rt sin
(

2� − 2�d
h

+ 
)

(1)

n this expression, Ks is the tangential specific cutting force, and

an  = 1/Krt where Krt is the radial-to-tangential cutting-force
atio [30]. The distance that the center of the tool O travels is
t = f/(Ns · M), where f is the feed rate (mpm), Ns is the spindle speed
rpm), and M is the number of flutes. � is the rotational angle of the
ute tip, and h is the length of cut. The cutting forces are functions of
Flute Tip

utter and workpiece in full immersion.

time t, because � = 2�Nst/60. It was assumed that only a single flute
engages the workpiece at any given moment (i.e., 0 ≤ �≤ 2�d/h).

The parameters Ks and Krt are dependent on the tool and
workpiece material, and power functions of average chip thick-
ness, t̄c (= 2ft/� in the given experimental condition) [29]. These
parameters were obtained by curve-fitting Eq. (1) to the mea-
sured cutting-force data. Various experimental conditions were
used for data collection (i.e., f = 45, 60, 72, and 75 mpm, d = 0.5
and 1 mm, dr = 8, 10, and 12 mm, and Ns = 1200 and 1500 rpm).
Nonlinear regression yields: Krt = 0.163t̄−0.353

c (unitless), and Ks =
800t̄−0.197

c N/mm2.
The predicted forces agree well with measured data as shown in
Fig. 2. Comparison of cutting forces (a) Fx and (b) Fy predicted by the mathematical
model, and the cutting forces measured with the tool dynamometer. Machining
conditions are: feed rate = 60 mpm, spindle speed = 1500 rpm, depth of cut = (a)
0.5 mm, and (b) 1.0 mm.
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Table 1
RMS error between the cutting-force model and measured data (Fx) for various
cutting conditions (spindle speed = 1500 rpm).

Mill diameter (mm) Feed rate (mpm) Depth of cut (mm) RMS error (N)

8 45 0.5 7.04
8 60 0.5 8.05
8 60 1.0 14.36
8 60 1.5 17.70
8 75 0.5 9.08

10 45 0.5 6.31
10 60 0.5 8.39
10 60 1.0 15.85
10 60 1.5 24.33
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10 75 0.5 9.88
12 45 0.5 13.24
12 60 1.0 20.27
12 60 1.5 25.99

er dynamics [33], and electronics noise [34]. Root-mean-square
RMS) errors between the measured and predicted cutting force
Fx) are calculated for various cutting conditions (Table 1). The spin-
le speed was fixed at 1500 rpm as the numerical simulation was
lso run under this condition. When the depth of cut is small (i.e.,
.5 mm), and the model agrees well with the cutting-force data.
owever, the RMS error increases as the depth of cut grows. This
eviation from the model was also observed in the FLC simulation
esults (Section 5). According to Eq. (1), the cutting force is not a
unction of the mill diameter. However, the tabulated result indi-
ates that the model error also increases when the mill diameter
ncreases. These observations indicate that model need improve-

ent if more accurate prediction of cutting forces is necessary.

. Design of fuzzy-logic cutting-force controller

The cutting force is shown to be a sinusoidal function of which
mplitude and dc-offset change in response to time-varying cut-
ing conditions. As a result, a linear transfer function is not easily
btained. Therefore, a fuzzy-logic controller (FLC) was designed
nstead of linear control algorithms.

.1. Control of cutting forces by adjusting feed rate

In this section, a controller that modifies a cutting parameter
i.e., feed rate) to follow a set point of a desired cutting force Fd,

s designed. The representative force for feedback can be average,

inimum, maximum, or RMS values sampled over a period. The
eason of using such “quasi-static” quantities is that feedbacking
ynamic force signal sampled in high frequency makes the over-
ll control system unstable. A cutting forces is a rapidly changing

dF
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Fig. 3. Block diagram of the fuzzy-l
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sinusoidal signal. As a result, the control action would strive to fol-
low Fd by adjusting the feed rate in a similar sinusoidal pattern.
Therefore, the cutting force is defined as a maximum value of the
magnitude of the force vector (i.e.,

√
F2
x + F2

y ) per spindle rotation
for the following reasons: (1) The duration of a single rotation is
twice the period of the sinusoidal force signal. Thus, forces acting
on all flutes will be accounted for. (2) The feed rate is adjusted in
a conservative manner using the “maximum force” as a set point
to prevent tool breakage or motor-drive overload. (3) The spindle
speed used in this research is less than 4500 rpm, which is equiva-
lent to 17 ms for a rotation. This is enough time for the FLC algorithm
to calculate a feed rate command for the next step.

The block diagram in Fig. 3 shows the double-loop structure of
the FLC. A inner-loop PD controller adjusts the input of a feed-motor
drive to follow the desired feed rate fd. Sampling rate for the inner
loop is 1 ms, and the discrete notation is k. The FLC of the outer
loop obtains the maximum cutting force, compares with Fd, and
determines an appropriate increase or decrease of the reference
feed rate fref to yield the desired feed rate fd. Finally, the outer FLC
loop delivers fd to the velocity controller. For k′, the sampling step
of the FLC, the following relationship holds: k′ = n · k, where n is the
number of sampling steps of the velocity-control loop, which is
required to complete a single sampling step of the FLC.

4.2. Servo-controller design

A discrete-domain transfer function (i.e., input voltage u(k) to
output position y(k)) of y-axis feed system of the CNC vertical
machining center is obtained using a frequency-domain system
identification, assuming that the model is the second-order system:

y(k)
u(k)

= Gp(z−1) = 0.00257z−1 + 0.00241z−2

1 − 1.820z−1 + 0.820z−2
(2)

A PD controller was designed. Firstly, a proportional gain is
selected such that a closed-loop-system response to a step input
(i.e., r(k) = 100 �m) has a fast rise-time. Secondly, a small derivative
gain is added so that no overshoot is observed in the step response
because the cutting tool should not over-run a desired position in
milling processes. The PD controller is a function of tracking error
e(k):

u(k) = 0.001396e(k) − 0.0001e(k − 1). (3)
Now an interpolation loop generates a trajectory that y(k) should
follow:

r(k) = r(k − 1) + fd(k′) · Ts, (4)

where Ts is the sampling rate of the velocity-control loop.

)(ky)(ku )(kv
)1

ing 

mics

control 
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ogic cutting-force controller.
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ig. 4. Membership functions of the fuzzy-logic controller for the input variables
a) E(k′) and (b) CE(k′), and the output variable (c) CO(k′).

.3. Force-controller design

The difference between the measured cutting force Fmax(k′) and
he reference cutting force Fd, is E(k′). The value of E(k′) and its
ifference CE(k′) are calculated in the FLC loop. The FLC uses mem-
ership functions depicted in Fig. 4a and b to translate E(k′) and
E(k′) into linguistic variables. The input variables are normalized
s follows:

¯ (k′) = E(k′)
Fd

, and CE(k′) = CE(k′)
Fd

. (5)

he linguistic variables of the FLC output are determined by refer-
ing the linguistic variable Ē(k′) and CE(k′) to the rule base (Table 2).
he FLC output is a feed-rate adjustment for the next force-control
tep, and is then converted into a real value using the member-

hip function for the controller output CO(k′) (Fig. 4c). The CO(k′)
s also normalized, and thus the value should be multiplied by a
roportional coefficient Kv to yield the real feed-rate command:

d(k′) = fd(k′ − 1) + Kv · CO(k′). (6)

able 2
he rule base of the FLC. Linguistic sets are: PVB (positive very big), PB (positive big), PM
negative very small), NS (negative small), NM (negative medium), NB (negative big), and

E/CE NVB NB NM NS NVS

NVB NVB NVB NVB NVB NVB
NB NVB NVB NVB NB NM
NM NVB NVB NB NM NM
NS NVB NB NM NM NS
NVS NVB NB NM NS NVS
ZO NB NM NS NVS NVS
PVS NB NM NS NVS ZO
PS NM NS NS ZO PVS
PM NS NS ZO PS PS
PB NS ZO PS PS PM
PVB ZO PS PS PM PB
ering 35 (2011) 143–152 147

The membership functions (Fig. 4) were obtained by trial and error
using numerical simulations, and cutting experiments. The rule
base (Table 2) was also determined using the empirical method
that Braee and Rutherford [35] suggested, and fine-tuned using
the numerical simulation and cutting experiments. As seen in
Fig. 4a, the membership function for E(k′) has a deadband. The
maximum cutting force Fmax continuously varies due to machine-
tool vibration even at a constant feed rate. Without the deadband,
the feed-rate command also continues to oscillate even after Fd is
reached.

5. Verification of the fuzzy-logic controller with numerical
simulation and experiments using a dynamometer

The numerical simulation and experiments for cutting-force
control were performed using the FLC designed in the previous
section. In this work, only d (depth of cut) is assumed to vary as
the workpiece material or spindle speed are usually constant. The
Kistler dynamometer was used to measure cutting forces. The spin-
dle axis travels only in the y direction.

5.1. Numerical simulation

The depth-of-cut profile of the workpiece is shown in Fig. 5a. The
initial feed rate for air cut was set to be 60 mpm (fref), and the target
cutting force Fd was 160 N. The spindle speed (Ns) was 1500 rpm,
and the diameter (dr) of the two-flute end mill was 10 mm. The
mathematical model in Eq. (1) was used to calculate the maximum
cutting force per spindle rotation, Fmax(k′).

As seen in Fig. 5b, Fmax(k′) was drastically increased when the
depth of cut d stepped from 1.5 to 3.0 mm (t = 2.7 s). The FLC suc-
cessfully regulated the force at 160 N by lowering the feed rate to
70 mpm. When d became 1.5 mm again (t = 5.3 s), the cutting force
also decreased to 100 N. Then the FLC increased the feed rate to
190 mpm so the cutting force was maintained at 160 N.

5.2. Experimental results

The FLC was applied to a model plant (ACE-V30). The con-
trol algorithm was implemented using the DSPACE DAQ and DSP
systems. The cutting forces were sampled every 1 ms, and the max-
imum force per spindle rotation was numerically calculated. In
addition to the depth-of-cut profile identical to that in the simula-
tion (Case 1), two more workpieces were used in the experiment
(Case 2 and 3). The value of d changed four times in Case 2 (Fig. 7a),
and linearly increased with the slope of 0.5 in Case 3 (Fig. 8a). The

initial feed rate (also for air cut) was 120 mpm, and the feed rate was
limited to 240 mpm to prevent potential machine-tool damage.

Case 1. Fd was also 160 N. It should be noted that the nominal
feed rate is 0 mpm during air cut (Fig. 6b) because the FLC algorithm
starts working as soon as any cutting force is detected. When d was

(positive medium), PS (positive small), PVS (positive very small), ZO (Zero), NVS
NVB (negative very big).

ZO PVS PS PM PB PVB

NVB NB NM NS NS ZO
NM NM NS NS ZO PS
NS NS NS ZO PS PS
NVS NVS ZO PS PS PM
NVS ZO PVS PS PM PB
ZO PVS PVS PS PM PB
PVS PVS PS PM PB PVB
PVS PS PM PM PB PVB
PS PM PM PB PVB PVB
PM PB PB PVB PVB PVB
PVB PVB PVB PVB PVB PVB
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ig. 5. Simulation result of cutting-force control when the workpiece has (a) the
tep-wise cutting-depth profile: (b) the maximum cutting force Fmax(k′), and (c) the
eed rate fd(k′).

nly 1.5 mm, fd(k′) was increased to 240 mpm, and Fd was main-
ained (Fig. 6a). When d was 3 mm, the cutting force overshot to
00 N. Then the FLC maintained Fd by reducing feed rate. This exper-

mental result was similar to the numerical simulation with the
nly differences being the high-frequency contents of the observed

aximum force per spindle revolution (Fig. 6a). Therefore, fd(k′)

onstantly oscillates accordingly, while the numerical simulation
as able to maintain a constant fd(k′) value. The “deadband”

Fig. 4a) prevented unacceptable vibration in the feed command.

(a)

(b)

ig. 6. The experimental result for Case 1: (a) the measured maximum cutting force,
nd (b) the feed-rate command.
Fig. 7. The experimental result for Case 2: (a) the depth-of-cut profile, (b) the mea-
sured maximum cutting force, and (c) the feed-rate command.

The sudden increase (overshoot) in the cutting force when d
increased from 1.5 to 3 mm was larger than the predicted value.

Case 2. Fd was 90 N for Case 2. Fig. 7 also shows similar results to
that of Case 1. When d was low (i.e., 1 mm), the desired cutting force
of 90 N could not be maintained even after the feed rate was pushed
to the upper limit of 240 mpm. However, Fd was well regulated
when d was larger (i.e., 2 and 3 mm).

Case 3. The FLC also works well for the case where the cutting
depth is continuously increasing (Fig. 8). As for Case 2, if the value
of d is too low, the target cutting force 160 N could not be main-
tained. However, Fd was well maintained by increasing feed rate
continuously after this short period of low d.

6. Estimation of cutting force using motor currents

Spindle-motor and feed-motor currents were compared as a
practical alternative to the dynamometer. A dc value that repre-
sents the current is required to obtain a linear relationship with
the quasi-static force. Thus, currents of an ac induction motor (i.e.,
time-varying polyphase signal) were converted to a dc-equivalent

value using RMS conversion: IRMS=
√(

I2U + I2V + I2W
)
/3, where IU,

IV, and IW are U-, V-, and W-phase currents, respectively.

6.1. Feed-motor current as a cutting-force sensor

6.1.1. The equation of motion for a feed system
The output torque of the motor Tm is proportional to the rotor

current I. This torque accelerates the equivalent feed-system inertia
Je. In addition, this torque is used to overcome viscous damping B,

coulombic friction Tf, and the cutting torque Tc acting on the feed
system. The equation of motion can be expressed as [24]:

Tm = KtI = Je dω
dt

+ Bω + Tf + Tc, (7)



D. Kim, D. Jeon / Precision Engineering 35 (2011) 143–152 149

(a)

5.0 mm

10.0 mm

Feed Direction

(b)

(c)

F
s

w
e
c
f
g

6

a
e
a

I

w
c
m
c
i
e
t
N
w
w
h
ω

a
T
r
I
f

ig. 8. The experimental result for Case 3: (a) the depth-of-cut profile, (b) the mea-
ured maximum cutting force, and (c) the feed-rate command.

here Kt is the torque constant of the motor. The cutting torque is
xpressed as Tc = Kf · Fc, where Fc is the cutting force and Kf is the
utting-force-transmission gain. In this expression, Tf is important
or the feed system, where a strong columbic friction exists in the
uideway [24].

.1.2. The friction torque as a function of current
In Eq. (7), the cutting torque Tc is 0 when the tool does not engage

workpiece (Fc = 0), and when a feed rate is constant without accel-
ration or deceleration (dω/dt = 0). After both sides of the equation
re divided by Kt, we have:

(ω) = B̄ω + T̄f sgn (ω), (8)

here B̄ = B/Tt, and T̄f = Tf/Kt. The columbic friction and vis-
ous damping terms in Eq. (8) were obtained by measuring the
otor current I in constant-feed experiments without cutting. The

urrents were measured using the hall-effect-sensor board made
n-house. The bandwidth of each sensor is 10 kHz, which is high
nough for current measurement in the cutting process where
he tooth-passing frequency is up to 200 Hz (i.e., spindle speed
s = 6000 rpm for a two-flute end mill). The sampling frequency
as 1 kHz, and a low pass filter with a cutoff frequency of 200 Hz
as used to reduce noise. The feed rate f and angular velocity ω
ave the following linear relationship for the given feed system: 1
rad/s = 95.492 mpm.
Current was measured when the table traveled 0.2 m back
nd forth in y direction at feed rates of 3–10,000 mpm.
he current as a function of ω was obtained by linear
egression: I(ω) = 1.454 × 10−6ω + 1.224 A (positive direction), and
(ω) = 1.380 × 10−6ω + 1.145 A (negative direction), except the low
eed-rate range of 286 to 28,648 rad/s (� 3 to 300 mpm). In this
Fig. 9. Relation between cutting average force and RMS current at various cutting
conditions. The spindle speed is 3000 rpm.

range, I is observed to be a convex function of ω (data not shown)
[36]. Thus, the frictional torque must be interpolated from the
collected data when operating in this low feed-rate regime. It is
interesting to note that the tribology depends on the feed direction.

6.1.3. The RMS current as a function of cutting force
The relation between the motor current and cutting force

was also obtained experimentally. The aluminum workpiece was
milled with various cutting conditions (i.e., f = 100–400 mpm,
d = 0.5–4 mm). It was observed that Kf for time-varying cutting
forces Fc varied for a different feed condition. It may be attributed
to the dc term in Eq. (1). However, it is observed that the aver-
age cutting force per spindle revolution in y direction Fc,y,avg and
the resulting current have a rather simple linear relationship. The
contribution of viscous damping and the friction was subtracted
from the current. This quasi-static relationship is depicted in Fig. 9:
I = 8.7 × 10−4Fc,y,avg + 1.22 × 10−2 A. The current increases linearly
as the average cutting force increases, and is independent of the
feed rate. To account for tribological effects, Eq. (7) can be rewritten
as:

I = B̄ω + T̄f + Fc,y,avgK̄f, (9)

where K̄f = Kf/Kt. The linear regression yields (f > 300 mpm):
I 8.7 × 10−4Fc,y,avg + 1.454 × 10−6ω + 1.236 A (positive direction).
However, this quasi-static current-force relation is observed to
depend on the spindle speed Ns. Thus, the current-force relation
needs to be reevaluated for different Ns values.

It is interesting to note that the dynamic cutting force can be
predicted, but in limited cases: (1) the relationships between the
current and force in Eq. (1) for both dc and ac terms are known; (2)
the tooth-passing frequency is less than 20 Hz. The predicted force
is compared to the measured force with a good agreement as seen
in Fig. 10. Presently, these two terms are shown to be unique for
a given cutting condition. So it may be challenging to obtain the
dynamic-force-to-feed-current relationship that can be applied for
a wide variety of cutting conditions.

6.1.4. Limitations in using the feed-motor current
Again, the bandwidth of feed-motor current for dynamic

cutting-force prediction is less than 20 Hz (Ns = 600 rpm). The cur-

rent signal is distorted at a higher frequency. The low bandwidth is
a significant limitation because the tooth-passing frequency com-
monly goes up to 400 Hz.

The strong frictional torque is also problematic. The frictional
torque is a significant fraction of the total disturbance torque, and
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ig. 10. Comparison of the measured and estimated cutting force of y-axis feed
ystem. The cutting condition is: depth of cut = 1.5 mm, feed rate = 150 mpm, spindle
peed = 600 rpm.

f the tribology in the guideway changes, this term will also change.
hus, the frictional torque term should be frequently reevaluated.

The model given in Eq. (8) is based on the premise that the feed
otion is in steady state. As a result, if the feed rate is modified by

he fuzzy-logic controller (FLC), this model is not accurate anymore.
urthermore, a single axis only provides information on the cutting
orce of that axis. Thus, information on an additional axis is required
o have a resultant force Fc. Consequently, the feed system may not
e adequate as a force sensor for the FLC.

.2. Spindle-motor current as a force sensor

Power transmission of the spindle system is very different from
hat of the feed system. Mechanical power of a drive motor is
elivered to a cutting tool through a pulley-belt-gear system. This
ystem results in a low bandwidth of spindle-motor current as a
orce sensor (<5 Hz), and thus the dynamic force information is
ighly distorted [22]. Furthermore, the rotational angle should be
nown in order to calculate x- or y-directional components from the
utting torque. Due to these limitations, it is not practical to use the
pindle motor current to predict dynamic cutting forces as done
ith feed-motor current (e.g., Fig. 10). Instead, average or maxi-
um cutting force per tool revolution is useful for implementation

f the FLC.

.2.1. The equation of motion for a spindle system
The same mathematical model, Eq. (7), can also be used for the

pindle system. Because the spindle is revolving in one direction,
he disturbance torque is now expressed as: Td = Tf + KfFc,t.

.2.2. The friction torque as a function of current
The tribological effects (i.e., Bω + Tf) were obtained by increasing

s from 300 to 6000 rpm without cutting. The relation between the

pindle speed and the current is depicted in Fig. 11. The current
s a nonlinear function of Ns. As a result, the current due to the
ribological effects should be expressed as a single term Tf(ω). This
s not an issue since Ns is commonly fixed during milling processes.

ig. 11. The RMS current due to tribological effects is measured in air-cut experi-
ents where the spindle speed is increased from 300 to 6000 rpm with an increment

f 300 rpm per step.
Fig. 12. The experimental result for Case 1: (a) the cutting-depth profile of the
workpiece, (b) the maximum cutting force, and (c) the feed-rate command.

6.2.3. The RMS current as a function of cutting force
A cutting experiment similar to the case of the feed-drive sys-

tem was performed (d = 5–40 mm, Ns = 4500 rpm, f = 150, 300, and
450 mpm). The relationship between average force and current
was linear as for the case of the feed system (data not shown).
However, the quasi-static sensitivity of the spindle-motor current
was much higher than that of the feed-motor current [37]. For the
feed system (Ns = 4500 rpm), the average feed-motor current per
spindle revolution has the slope of 2.128 × 10−4 A/N, but for the
spindle system the slopes are an order of magnitude higher at this
spindle speed: 6.405 × 10−3 (150 mpm), 7.565 × 10−3 (300 mpm),
and 5.451 × 10−3 A/N (450 mpm). Consequently, the spindle sys-
tem is better than the feed system because it has higher quasi-static
sensitivity, and provides resultant force information with a single
axis.

The maximum cutting force per spindle revolution was also
obtained for the FLC with the same experimental condition:
I = 5.762 × 10−3Fc,max + 3.206 A (150 mpm), 5.981 × 10−3Fc,max +
3.537 A (300 mpm), and 3.867 × 10−3Fc,max + 3.542 A (450 mpm). It
should be noted that the current-force relation changes as the feed
rate changes. Thus, this fact should be accounted for in real time
when predicting the maximum cutting force Fc,max for the FLC.

7. Experimental results of cutting force control using the
fuzzy-logic controller and spindle-motor current

In this section, the spindle motor current and the FLC were used
to maintain a constant cutting force on similar workpieces used
in Section 5. Three cases for different profiles of the cutting depth
were used. For Case 1, the depth of cut d was increased from 2

to 4 mm as seen in Fig. 12a. For Case 2, there were two consec-
utive steps of d of which step size is higher than the profile in
Fig. 5a (i.e., 4–8 mm, and 8–4 mm). For Case 3, d increased con-
tinuously, and the slope (0.8) is higher than the profile in Fig. 8a.
The initial feed was 120 mpm and the upper limit of feed rate was
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ig. 13. The experimental result for Case 2: (a) the maximum cutting force, and (b)
he feed-rate command.

80 mpm (note: 500 mpm for Case 1). The spindle speed was fixed
t 4500 rpm.

As the current-force relation is a function of feed rate, in order to
pdate the cutting force accurately in real time the current-force
elation at different feed rates needs to be predetermined as the
eed rate continuously changes. Thus, the spindle-motor current,
.506 A, which was equivalent to the maximum cutting force 230 N,
as set as Fd. As seen in Fig. 12b, the FLC successfully maintained

he constant cutting forces for Case 1. When the depth of cut d
as as large as 8 mm, the output force oscillated around the refer-

nce points (300 N for Case 2) as seen in Fig. 13a. A similar result
as observed for Case 3, where Fd was 330 N (Fig. 14b). At this
agnitude of cutting force, a strong low-frequency oscillation of

he estimated maximum cutting force was observed, due to low
requency oscillation of the RMS current. As a result, the maxi-
um cutting force continued to vibrate even though the constant
eed rate was maintained. Thus, the control action is also oscillat-
ng beyond the deadband in the membership function (Fig. 4a). If

e expanded the deadband, a steady-state offset in the cutting
orce was increased. Therefore, a band-pass filter for the current

(a)

(b)

ig. 14. The experimental result for Case 3: (a) the maximum cutting force, and (b)
he feed-rate command.
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signal could be used to remove this low-frequency oscillation of
the quasi-static current signal.

8. Conclusions

A control system that increases the metal-removal rate, while
maintaining a constant cutting force, is presented in this research.
The advantages of this control system are: (1) a fuzzy-logic algo-
rithm is simple to design and yet shows a good force-tracking
performance, and (2) the control system measures spindle-motor
current to sense cutting force instead of using an expensive and
impractical tool dynamometer.

The transfer function between cutting force and feed rate is
known to be nonlinear and time varying, and thus it is difficult to
design a model-based controller, which can effectively cope with
persistent variation of cutting dynamics. Because the FLC is based
on the knowledge of an experienced human operator, exact infor-
mation on the transfer function is not required. In this work, the
FLC was successful in maintaining a reference cutting force in real
time in both numerical simulation, and experiments for two-flute
end milling of aluminum workpieces when the tool dynamometer
was used.

An important contribution of this work is that motor currents of
the feed and spindle system are analyzed and compared in detail as
an alternative force sensor that can be used in the proposed control
system. It is shown that dynamic cutting forces can be fairly accu-
rately predicted using the feed system under limited conditions.
However, both spindle and feed systems have limited bandwidths
so that dynamic force can not be estimated accurately at common
spindle speeds (e.g., > 4500 rpm). As a result, a quasi-static quantity
(i.e., average or maximum force per spindle revolution) for both sys-
tems are compared. The spindle system is chosen because it shows
higher sensitivity, and the single axis can provide all the neces-
sary information on the resultant force. The spindle speed during
milling processes is usually set as a constant. Therefore, parameter
variation due to speed change in the spindle system is not an issue
unlike in the feed system. As the spindle-current-to-force relation
varies with feed rate, this relation could be predetermined within
a expected range by extrapolating data sampled at a different feed
rate (e.g., every 10 mpm). Such an automated calibration feature
could be incorporated in the force controller in the future.

The cutting force was successfully regulated when the FLC was
implemented using the spindle-motor current. However, when the
depth of cut was large (i.e., �4 mm), a low-frequency variation
of the cutting force was observed even when the feed rate was
constant. Therefore, better signal processing (e.g., a band-pass fil-
ter that removes both low-frequency variation and high-frequency
noise) should be employed to improve steady-state control action
of the FLC.

A useful feature could be added to the proposed machining pro-
cess controller as future work. The difference between the initial
feed command and one that makes the spindle current constant is
identified as a linear function of wear width of milling cutters when
the feed system is in a steady state and the depth of cut does not
change [38]. In this way, the tool wear, another important variable
in the process control, could be estimated intermittently using the
spindle motor current.
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