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Abstract Grinding wheel wearing fast and metal adhering
were severe in hard sphere grinding, which led to wheel
overload and clogging. If a fixed-feed grinding was used, the
normal pressure between the workpiece and the grinding
wheel increased rapidly. Once the grinding load on the
grinding wheel was greater than the strength of the retaining
bond bridges, a large amount of grains dropped out, which can
even damage the wheel. This led to the sphere surface to be
scratched. In this study, a dynamic threshold-based fuzzy
adaptive control algorithm (DTbFACA) is proposed for hard
sphere grinding to avoid scratches on the workpiece. The
grinding force was indirectly obtained by measuring the
motorized spindle current which was used as a feedback to
control hard sphere grinding process. The current threshold in
DTbFACA was obtained and online-rectified automatically.
The depth of cut and the cup wheel swing speed that affect the
motorized spindle current was online-adjusted by fuzzy
algorithm. The experimental results indicated that DTbFACA
can avoid scratches on the workpiece without sacrificing the
sphere form error and grinding efficiency. DTbFACA has
been implemented on MD6050 sphere grinding machine tool
in production.

Keywords Fuzzy adaptive control algorithm .

Dynamic threshold . Hard sphere grinding

Nomenclature
Pch Chip formation power
Ppl Plowing power

Psl Sliding power
ds Cup wheel diameter
vs Cup wheel linear velocity
vw Workpiece rotation speed
vf Feed rate
ap Depth of cut
DN Sphere nominal diameter
vb Cup wheel swing speed
Nppw Number of grinding path per workpiece
Ir Current threshold
a1 Adjusted coefficient of Ir
Iϕ Motorized spindle current range
Ie Motorized spindle rated current
Ir0 Initial value of the current threshold
ap0 Initial value of ap
vb0 Initial value of vb
a2 Adjusted coefficient of ap
a3 Adjusted coefficient of vb
Ei Linguistic variable of e (error)
Ej Linguistic variable of ec (change of the error)
Un(i, j) linguistic variable of u (output control signal)
ku (u=1, 2, 3) Output scaling factor
D Sphere diameter
(x0, y0, z0) Center coordinate parameters of the sphere
(xi, yi, zi) Coordinates of the ith sampling point
R1 Sphere radius before grinding
R2 Sphere radius after grinding
t1 Grinding time
FN Applied normal force
FTH Lower limit of the normal force below

which no significant amount of material
removal takes place

Kp Coefficient of the grinding wheel and
workpiece
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1 Introduction

Metallic hard sealing spherical valve, which can resist high
temperature up to 500°C, high pressure up to 30 MPa,
corrosion, and wear, is most widely used in petroleum
chemical engineering, metallurgy, coal liquefaction engi-
neering and nuclear power engineering [1]. As a key part of
the spherical valve, the sphere must have high hardness
(HRC≥60) and precision to work in harsh environment.
The sphericity error of the sphere must be less than
0.02 mm, and the sphere surface roughness must be less
than 0.2 μm. To obtain high surface hardness, WC-Co,
Ni60, and other hard alloys are sprayed onto the sphere
substrate to reach a coating depth of 0.4–0.6 mm. The
sphere must be ground after coating to meet the require-
ments of the form accuracy. The sphere surface roughness
(Ra) must be less than 0.4 μm after grinding. It can reach
less than 0.2 μm after the sphere lapping in with the valve
seat in the last sphere manufacturing step. As the coating
materials WC-Co, Ni60, and other hard alloys have high
hardness, low modulus of elasticity, great ductility, and
impact resistance, the grinding wheel wore fast and the
metal adhesion was severe in hard sphere grinding, which
can lead to wheel overload and clogging. If a fixed-feed
grinding (FFG) was used, the normal pressure between the
workpiece and the grinding wheel increased rapidly. Once
the grinding load on the grinding wheel was greater than
the strength of the retaining bond bridges, a large amount of
grains dropped out, which can even crush the grinding
wheel. This led to the sphere surface to be scratched. The
depth of the scratches can reach 0.2 mm which can result in
the scrapping of the workpiece. Consequently, methods
must be taken to control the grinding process.

Grinding force, grinding power, acoustic emission signal,
acceleration, and temperature are always used as feedback for
grinding process monitoring and control. It has not changed
much in recent years. However, the advent of artificial
intelligence (AI) for the design of the controller has had a
significant effect on the grinding process, which can improve
the grinding efficiency and the workpiece quality [2–5]. In the
field of grinding, a variety of approaches have been employed
such as knowledge-based system, expert system, fuzzy logic,
neural networks, genetic algorithm, and adaptive control
optimization (ACO). From the viewpoint of AI, ACO is an
integration of a knowledge-based system into a controller. It
has the capabilities such as sensing and monitoring process
parameters and uses rules and models to optimize the process
and adaptively control the process [2].

ACO systems with such features have been developed
by many researchers. Amitay et al. [3] investigated a
computerized adaptive control grinding system to optimize
both grinding and dressing conditions. Its performance is
demonstrated by the experiment on 1,045 steels. The

system is based upon online convergence along a prede-
termined optimal trajectory derived from grinding theory.
As the hard sphere grinding theory is not clear as
cylindrical grinding, it is difficult to use this system in
hard sphere grinding. König et al. [6] investigated a direct
adaptive control strategy in plunge grinding process using
AE sensor. However, the application of the strategy needs
the experimentally calibrated empirical models.

Kelly et al. [4] proposed a control system framework
suitable for adaptive control of the grinding process. An
adaptive fuzzy neural network control system in cylindrical
grinding process was proposed by Li and Ding [5].
However, both of the control strategies suggested by the
researchers use the economic database or the expert
knowledge. To obtain a satisfied economic database or the
expert knowledge is difficult in practice.

Wang [7] described an ACC fuzzy logic controller for
cylindrical traverse grinding which optimizes the grinding
power. Lu and Dong [8] used the artificial intelligence
control strategy to control the grinding force in the ceramic
grinding process. The grinding processes have been
improved by the strategies. However, a fixed power (force)
threshold must be set before grinding. It is difficult to set a
proper threshold to satisfy different grinding conditions.

It can be concluded that none of these studies has
investigated the application of the adaptive control systems
into sphere grinding and that the adaptive control system
stated above cannot be directly used in sphere grinding on
various grinding conditions. The application and operability
of these adaptive control systems are restricted. To date, the
adaptive control systems stated above are seldom utilized in
industrial or practical applications. Besides, these adaptive
control systems are too complex and vary greatly from one
to another. In practice, simple and easy-to-handle control
systems might often be preferable. In this paper, a dynamic
threshold-based fuzzy adaptive control algorithm
(DTbFACA) is introduced to stabilize the grinding process
in hard sphere grinding.

2 Grinding power-related parameters of hard sphere
grinding

2.1 Novel sphere grinding machine tool

Figure 1 shows the schematic of novel sphere grinding
machine tool. Sphere 17 is fixed by fixture 14. The left end
of fixture 14 is clamped by chuck 2 on headstock 1, and the
right end of fixture 14 is held by center 15 on tailstock 16.
Fixture 14 rotates with sphere 17 by the drive of headstock
1. One end of rotating Table 3 is supported by an arc guide
11. It rotates around pivot 13, which is actuated by a
stepper motor 20 through worm 18 and worm wheel 12.
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Motorized spindle 9 is mounted on moving table 8. The
movement of moving table 8 is provided by a ball screw 6
which is actuated by a stepper motor 5 through coupling. A
nut 7 connects ball screw 6 and moving table 8. Cup wheel
10 is mounted on the shaft of motorized spindle 9. In the
sphere grinding process, sphere 17 rotates along with
fixture 14. The rotation of cup wheel 10 is provided by
motorized spindle 9. Cup wheel 10 also rotates around
pivot 13, and the feed motion of cup wheel 10 is provided
by stepper motor 5. The cup wheel that the diameter is
smaller than the sphere diameter can be used in this
machine tool, and NC interpolation is not needed.

2.2 Grinding power

The measurement of grinding power is technically easier
compared with grinding force, acoustic emission, acceler-
ation, and temperature, and grinding power is proportional
to grinding force [7, 9]. Depending on the type of system
used, current, voltage, and phase shift can be respectively
detected. The installation of the sensors does not change the
machine tool structure and has no negative impact on the
process. The amount of investment is also very moderate,
which makes this sensor type attractive for industrial
application. It is even possible to gain information about
the actual power from the drive system of machine tools
without additional sensors [10].

There is a direct relationship between the grinding power
and the magnitude of the dull wear flat area. For most practical
grinding operations, the grinding power progressively
increases due to wheel dulling. This is a time-dependent
behavior. Grinding power consists of chip formation, plowing,
and sliding components [11, 12]:

P ¼ Pch þ Ppl þ PslfAeffg ð1Þ

The time-dependent behavior due to dulling is manifested in
the sliding power, which is proportional to the effective wear
flat area Aeff. During grinding, Aeff grows from its initial
value Aeff,0 after dressing by Asl due to the grains sliding
against the workpiece [11, 12]:

Aeff ¼ Aeff ;0 þ Asl ð2Þ
Aeff increases fast and metal adhesion is so strong in hard
sphere grinding, which leads to the grinding power increase
rapidly. So the grinding power is utilized to monitor the hard
sphere grinding process.

The motorized spindle used in novel sphere grinding tool
is an alternating current asynchronous motor. It is driven by
the inverter of YASKAWA (F7B4018). The control mode
of the inverter is V/f. The output voltage is a constant when
the frequency does not change under the V/f mode. The
output current of the inverter is equal to the motorized
spindle current. So the grinding power can be indirectly
obtained by measuring the motorized spindle current.

The cup wheel diameter, workpiece material, depth of cut,
workpiece rotation speed, cup wheel linear velocity, cup wheel
swing speed, and sphere diameter all affected the motorized
spindle current in hard sphere grinding. Figure 2 shows the

Fig. 1 Novel sphere grinding machine tool. 1 headstock, 2 chuck, 3
rotating table, 4 linear guide, 5 stepper motor, 6 ball screw, 7 nut,
8 moving table, 9 motorized spindle, 10 cup wheel, 11 arc guide, 12
worm wheel, 13 pivot, 14 fixture, 15 center, 16 tailstock, 17 sphere,
18 worm, 19 bearing, 20 stepper motor

(b) 

(a) 

Fig. 2 Motorized spindle current versus number of grinding path. a
Workpiece material: WC. b Workpiece material: Ni60
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motorized spindle current in the sphere grinding using FFG.
The coating material of the hard sphere is WC and Ni60
which are most commonly used in valve industry. The
ceramic-bonded diamond cup wheel was used, and it was
dressed by a resin bonded alumina cup wheel after each
sphere was ground. The dressing depth is 10 μm. Table 1
shows the grinding parameters.

Figure 2 shows that the motorized spindle current was
not the same at the beginning of the grinding for different
sphere diameters. The reason is that the motorized spindle
speed must change with the cup wheel diameter to keep the
cup wheel linear velocity at the recommended linear
velocity 35 m/s. The motorized spindle current increased
along with the increase of number of grinding path. The
reason seems to be:

1. The cup wheel wore progressively in the grinding
process.

2. The material removal rate was low, which led to the
grinding power to increase along with the increase of
number of grinding path.

3. The thermal expansion of the sphere and the motorized
spindle caused the grinding pressure increasing when
the sphere and the motorized spindle were not in
thermal equilibrium.

Figure 2 also shows that the influence of depth of cut upon
motorized spindle current was more significant than the cup
wheel swing speed, and the influence of cup wheel swing
speed upon motorized spindle current was larger than
workpiece rotation speed.

3 Dynamic threshold-based fuzzy adaptive control
algorithm

From the discussions in Section 2, a conclusion can be
drawn that if the motorized spindle current was used as a
feedback to control the hard sphere grinding process, it was
very difficult to set one fixed current threshold to satisfy the

variation of workpiece material, cup wheel diameter, and
sphere diameter to stabilize the grinding process. So a
dynamic threshold-based fuzzy adaptive control algorithm
is developed according to the features of the motorized
spindle current discussed in Section 2. The current
threshold can be obtained and online-rectified automatical-
ly. The workpiece rotation speed had less effect on the
motorized spindle current than the depth of cut and the cup
wheel swing speed. So the depth of cut and the cup wheel
swing speed were chosen to be online-adjusted by the fuzzy
algorithm.

Figure 3 shows the block diagram of DTbFACA. The
grinding force was indirectly obtained by measuring the
motorized spindle current, and the motorized spindle
current was used as a feedback to control the grinding
process.

Figure 4 illustrates the flow chart of DTbFACA, and the
working steps are:

1. The initial value of the current threshold Ir0 is determined
by multiplying the rms current obtained in the second
grinding path by a factor β. β was obtained from the
experiments in Section 2. It can be described as

b ¼ Iomax=Iomin ð3Þ
β is equal to 1.09 and 1.05 when the workpiece material
is WC and Ni60, respectively, in the experiment in
Section 2. Once the maximum β is chosen, the grinding
process may not be stable when the workpiece material
is Ni60. So the minimum value 1.05 is used as the value
of β in the study.

2. The tool withdraws when the motorized spindle current
Io is greater than the current threshold Ir, which can
decrease the wheel load. The tool withdrawal distance
is ap, and this action is implemented by control the
stepper motor 5 in Fig. 1.

3. Calculate the number of the tool advance Nf and the
number of the tool withdrawal Nb. If Nb is greater than
Nf, then adjust the current threshold Ir; otherwise, the
current threshold keeps unchanged.

4. To adjust ap and vb in turn as the adjustment number of
the current threshold NI reaches m.

At the beginning of the grinding process, the grinding
power is small for the wheel load is small and the wheel is

Fig. 3 Block diagram of DTbFACA

Table 1 Grinding parameters

Parameter Value

ds (mm) 220, 380

vs (m/s) 35

vw (r/min) 30, 40

vf (mm/min) 5

ap(μm) 1, 2

DN (in.) 6, 12

vb (deg/min) 6, 10, 20, 32

Workpiece material WC, Ni60

Nppw 50
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just dressing, and the initial value of the current threshold is
gotten at this time. So the current threshold is adjusted
firstly. In order not to decrease the grinding efficiency and
keep the grinding process stable, a proper current threshold
must be found. The adjustment of the current threshold Ir is
determined by Ne which can be described as

Ne ¼ Nb=Nf ð4Þ

The higher the Ne, the more the tool withdrawal, which
shows the wheel load is higher. The current threshold can
be described as

Irm ¼ Irm�1 þ a1 � If m ¼ 1; 2; � � �Nð Þ ð5Þ
If can be described as

If ¼ Ie � Ir0

The grinding pressure at the time t is equal to t−1
approximately when Ne is not greater than 1. During this
period, the current threshold is proper and grinding process
is stable. The grinding pressure at the time t is larger than
the time t−1 when Ne is greater than 1. At this time, the

current threshold is small, which leads to the increase of the
number of tool withdrawal before the adjustment number of
current threshold NI reaches m. The grinding pressure
reaches a proper value when the adjustment number of
current threshold NI reaches m. m cannot be too big;
otherwise, the grinding pressure will be too high and the
grinding process is not stable.

The adjustment number of current threshold NI reaches
m and Ne is still greater than 1, which indicates the grinding
parameter is not proper. In this case, ap and vb should be
adjusted in turn. The adjustment of ap can be described as

apn ¼ apn�1 � a2 � ap0 n ¼ 1; 2; � � �Nð Þ ð6Þ

ap should not be too small, and it is not smaller than 0.5 μm
in practice. The adjustment of vb is also determined by Ne.
vb can be described as

vbi ¼ vbi�1 � a3 � vb0 i ¼ 1; 2; � � �Nð Þ ð7Þ
It is very difficult to build an accurate mathematical

model for hard sphere grinding process. The fuzzy control
algorithm can utilize linguistic rules generated from the
human knowledge and experimental data to provide
necessary control actions [13]. Therefore, the fuzzy control
algorithm is used to adjust Ir, ap, and vb, respectively. The
fuzzy controller is a basic two-input single-output controller
used most in practice shown in Fig. 5.

The two inputs are the error e and the change of the error
ec, which are scaled by multiplying suitable scaling factors.
Singleton fuzzification and triangular membership shown in
Fig. 6 used in [13] are also adopted in this fuzzy controller.
The input membership function is the same as the output
membership function.

Fuzzy control rules are composed of a series of fuzzy
IF–THEN rules. In this study, the fuzzy control rules are in
the form of

R : if e is Ei and ec is Ej; then u is Un i;jð Þ; ð8Þ
Table 2 shows a fuzzy rule base defined for each control
input. Mamdani’s minimum fuzzy implication and center
average defuzzification used by Xu and Shin [13] are also
adopted in this study. The output control signal u
a1;a2;a3ð Þ can be described as

u ¼ ku �
X
i;j

½mEi
ðeÞ \ mEj

ðecÞ�Unði;jÞ
on
=
X
i;j

½mEi
ðeÞ \ mEj

ðecÞ�

ð9Þ

Fig. 4 Flow chart of DTbFACA

Fig. 5 Fuzzy controller model
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mEi
ðeÞ \ mEj

ðecÞ indicates the intersection of fuzzy sets

mEi
ðeÞ and mEj

ðecÞ, which is defined as the “min” operation

between two fuzzy sets

mEi
ðeÞ \ mEj

ðecÞ ¼ min mEi
ðeÞ;mEj

ðecÞ
h i

ð10Þ

As shown in Fig. 6, the universes of discourse for all
inputs and outputs are normalized over the interval [−1, 1].
The scaling factors of the inputs and outputs have an
important influence on the performance of the resultant
control system [13, 14]. It is not entirely subjective to
choose the scaling factors since their magnitude is a
compromise between the sensitivity during the required
steady state accuracy and the rise time. The principles on
how to determine the scaling factors (ke, kec, and ku)
without any mathematical process model have been
established by the researchers [13, 15–17]. Suppose the
maximum possible error in the grinding process is e and the
error can change at most by ec. Then the error scaling factor
ke and the change-in-error scaling factor kec can be
quantitated as 6.0/e and 6.0/ec. The output scaling factor
ku is chosen to accommodate the controller output to the
process input according to [16, 17].

ku ¼ max process input

max controller output
ð11Þ

In this study, the scaling factors were:

ke ¼ 1:33; kec ¼ 0:67; ku u ¼ 1; 2; 3ð Þ ¼ 0:01; 0:075; 0:05:

4 Experiments

Experiments were conducted on a MD6050 NC precision
sphere grinding machine tool whose schematic is illustrated
in Fig. 1. The nominal diameter of the sphere from 1 to
12 in. can be ground using MD6050 NC precision sphere
grinding machine tool. Figure 7 shows the experiment
schematic diagram.

One-phase current of the motorized spindle was mea-
sured by a digital ammeter (DP4-RMSAA20S2). The
digital ammeter can measure the current from 1 to 30 A.
PC communicates with the digital ammeter by RS232. FFG
and DTbFACA were conducted in the experiment. The cup
wheel used in the experiment and the dressing condition are
the same as in Section 2. Table 3 shows the experiment
parameters.

A three-dimensional coordinate measuring machine
(CMM) was used to measure the sphericity error. The
model of the CMM is IOTA0101DH/T-P and its resolution
is 0.5 μm which is produced by Institute of Aviation
Precision Mechanics of China. The sampling points are on
the intersection of the latitude and longitude. In the
measuring process of the sphericity using CMM, the
distribution of the sampling can be stochastic. So the
distance between the adjacent latitude is nearly the same,
and the distance between the adjacent longitudes is also
nearly the same. The total sampling points is 50 which is

Fig. 6 Membership function for the fuzzy controller

Table 2 Fuzzy rules
e NB NS ZE PS PB
a1/a2/a3
ec

NB NB/NB/NB NB/NS/NS NS/ZE/ZE ZE/PS/PS PS/PB/PB

NS NB/NB/NB NB/NS/NS NS/ZE/ZE ZE/PS/PS PS/PB/PB

ZE NB/NB/NB NS/NS/NS ZE/ZE/ZE PS/PS/PS PB/PB/PB

PS NB/NS/NS NS/ZE/ZE ZE/PS/PS PS/PB/PB PB/PB/PB

PB NB/NS/NS NS/ZE/ZE ZE/PS/PS PS/PB/PB PB/PB/PB

Fig. 7 Experiment schematic diagram
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suggested in [18]. The CMM can be programmed to
operate automatically and a set of point data can be
captured. To edit a program to measure the point data is
complex. But once the program was successfully proved, it
could be quickly revised for the measurement of the
different diameter sphere.

The least square methodology is the most frequently
applied and most widely accepted fitting algorithm [19–21].
The least square fitting algorithm used in [19–23] is also
used in this study to calculate the sphericity error. The
sphere equation can be given as

ðx� x0Þ2 þ ðy� y0Þ2 þ ðz� z0Þ2 ¼ ðD=2Þ2 ð12Þ

Table 3 Experiment parameters

Parameter FFG DTbFACA

ds (mm) 220, 380 220, 380

vs (m/s) 35 35

vw (r/min) 40 40

vf (mm/min) 5 5

ap (μm) 2 2

DN (in.) 6, 12 6, 12

vb (deg/min) 10, 32 10, 32

m – 3

Workpiece material WC, Ni60 WC, Ni60

Nppw 100 100

(a)

(b)

Fig. 8 Sphericity of the sphere. a Workpiece material: WC. b
Workpiece material: Ni60

(a)

(b) 

(c)

Fig. 9 Motorized spindle current in the experiment. a Workpiece
material: WC. b Workpiece material: Ni60. c Workpiece material:
Ni60 (scratches appear)
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The objective is to obtain good estimators for x0, y0, z0, and
D on the information of the sampling points. The error
function for the least square sphere fitting is [20, 21, 24]

di ¼ min
Xn
i¼1

½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � x0Þ2 þ ðyi � y0Þ2 þ ðzi � z0Þ2

q
� ðD=2Þ�2

ð13Þ
The sphericity error is

LSS ¼ dmax � dmin ð14Þ

The sphere radius before and after grinding can be
measured by CMM (IOTA0101DH/T-P). So the volume of
the sphere can be calculated before and after grinding, and
the material removal rate was calculated from the change of
the volume of the sphere and the grinding time. The
material removal rate can be described as

Q ¼ 4pðR3
1 � R3

2Þ=3t1 ð15Þ

5 Results and discussion

Figure 8 shows the sphericity of the sphere grinding using
FFG and DTbFACA. It can be seen that the sphericity is

almost unchanged whether the sphere grinding using FFG
and DTbFACA. The reason seems to be

1. The number of tool withdrawal is few.
2. The material removal rate is low, which will lead to the

number of tool withdrawal has little effect on the sphere
form error.

Figure 9 shows the motorized spindle current in the sphere
grinding using FFG and DTbFACA. It can be seen from
Fig. 9a, b the motorized spindle current increases along with
the number of grinding path in the sphere grinding using
FFG. The motorized spindle current increases slowly when it
is greater than the current threshold in the sphere grinding
using DTbFACA. If the grinding pressure is not controlled in
the sphere grinding using FFG, the motorized spindle current
will increase continuously. In this case, a large amount of
grain will be dropped out from the cup wheel and the sphere
surface will be scratched, even as far as the grinding wheel to
be crushed. As the grinding parameter is the same, the
motorized spindle current shown in Fig. 9 is not the same at
the beginning of the grinding. The reason is that the coating
hardness is not the same with the same coating spray metal
and operation, and the tool setting is different in every
grinding process.

(a)  

(b)

Fig. 10 a Sphere surface with scratches and b normal sphere surface

(a) 

(b) 

Fig. 11 Material removal rate. a Workpiece material: WC. b Workpiece
material: Ni60
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Figure 9c shows the motorized spindle current increases
firstly and reduces afterward in the sphere grinding using
FFG, which is different from Fig. 9a, b. In this grinding
process, a large noise occurred as the grinding wheel was
crushed. The motorized spindle current increased before the
cup wheel was crushed, and it decreased as the cup wheel
did not touch with the sphere after the cup wheel was
crushed. Figure 10 shows the sphere surface with scratches
and the normal sphere surface. It can be seen that a lot of
scratches was on the sphere surface in Fig. 10a. This made
the surface roughness poor.

Figure 11 shows the material removal rate measured
in the experiment. It can be seen that the material
removal rate does not decrease in the sphere grinding
using DTbFACA by comparing with the sphere grinding
using FFG. The material removal rate can be described
as [25]:

Q ¼ KpðFN � FTHÞvs ð16Þ

Kp and FTH represent the current condition of the specific
grinding wheel and workpiece. From Eq. 16, it can be
seen the material removal rate Q increases along with FN

as Kp and vs do not change. In the sphere grinding using
FFG, FN increases along with the number of grinding
path. The more FN increase, the more the grinding wheel
wear. In this case, Kp decreases and Q is not always
increase. In the sphere grinding using DTbFACA, FN is
not always increasing along with the number of grinding.
The grinding wheel wear may less than the sphere
grinding using FFG. So the material removal rate Q is
almost the same as the sphere grinding using FFG. It can
be seen from Fig. 11b that the material removal rate in the
sphere grinding using DTbFACA is greater than the
sphere grinding using FFG when grinding the seventh
workpiece. The reason was that the cup wheel was
crushed in the sphere grinding using FFG.

6 Conclusions

The sphere grinding using DTbFACA can avoid the
scratches on the workpiece without sacrificing the sphere
form error and the grinding efficiency by comparing with
the sphere grinding using FFG. It did not need any database
or expert knowledge compared to the researches [4, 5]. The
current threshold in DTbFACA can be obtained and online-
rectified automatically, which was easier to be used in
practice compared to researches [7, 8]. DTbFACA for hard
sphere grinding had better operability and versatility
compared to other control algorithms, and it can be used
in commercial systems. It is also easy to be modified to suit
other grinding process.
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