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Precision grinding depends on the diamond cutting edges with good protrusion uniformity that are acquired by
impulse-discharge thermochemical truing. However, the impulse-discharge thermal is unstable due to the un-
certain discharge gap derived from irregularly changed grain top heights, leading to random diamond thermo-
chemical removal. Under the uncertainty, a multilevel fuzzy-based control of kinematic and electrical variables is
proposed to stabilize the impulse-discharge power during truing. The objective is to realize the cooperation of
impulse-discharge, thermochemical and mechanical processes for diamond truing effect trace. First, the impulse-
discharge signal was collected to acquire the transfer functions of impulse-discharge power. Then, an on-site
experiment with small sample was processed to determine the discharge voltage sensitivities of kinematic and
electrical variations. In order to improve the control performance, the control process with fuzzy logic was
modeled to tune the output ratios of kinematic and electrical variations by particle swarm algorithm. Finally, the
designed controller was experimentally applied to the impulse-discharge thermochemical truing, followed with
dry plunge grinding of hardened steel. It is shown that the kinematic and electrical variables for the uncertainty
compensation are linearly related to the spark-discharge voltage. Accordingly, the fuzzy-based control may be
applied to the multilevel variable adjustment. The controller with tuned output ratios reaches small steady-state
error, few trigger times and no overshoot to regulate the impulse-discharge power within 5 % error in actual
truing. By integrating physical behavior and experiential knowledge rather than big data driving, the control-
lable impulse-discharge power for required diamond cutting edges advances the stable smooth surface grinding.

1. Introduction

Prior information is significant to advance the intelligent control of
manufacturing system for the required product performance [1].
Moreover, smart manufacturing technologies depend on big data driving
to adapt the random interactions between machine tool and workpiece,
leading to a long-term accumulation [2]. In order to improve the
traditional injection molding process, an intelligent knowledge-based
system was developed to optimize the production manufacturing strat-
egy for industrial productivity [3]. Based on the prior information of
electrical discharge machining (EDM) process and machine tool, an
experienced EDM specialist was utilized to perform the knowledge-
based design of electrodes [4]. In efficient robotic manufacturing sys-
tems, a knowledge-based program-generation was proposed to support
the rule standardization related to manufacturing programs [5]. How-
ever, these researches have not revealed the on-site status information of
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manufacturing process.

In order to machine the difficult-to-cut quartz, a knowledge logic
chain of target surface quality, tool kinematic variables and grain pro-
trusion information was introduced in feed-back control to improve the
process effectiveness [6]. A multi-sensor monitoring was proposed to
perform the wear assessment by modeling the relationships between
ground surface roughness and measured process data such as grinding
force components and acoustic emission signals [7]. Based on the co-
efficient fitting of Preston polishing theory, the knowledge logic exten-
sion of thermal and mechanical loads was considered to predict the
workpiece damage and tool wear during grinding of pcBN [8]. The
knowledge-based interaction of temperature parameters, radiation
waveband and background radiation was introduced by Huang et al. [9]
to predict the material-surface emissivity for dynamic temperature
determination of belt grinding. However, the knowledge-based ap-
proaches have not been applied to online feed-back control of process
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precision.

The precision manufacturing depends on various physical knowledge
which may not be defined easily. Accordingly, some advanced algo-
rithms are often applied to the manufacturing process control without
describing complex physical behavior. For example, Tang et al. [10]
modeled the mechanical vibration and acoustic signals for high-quality
mineral grinding with a multi-layer selective ensemble algorithm. An
online model identification with Levenberg-Marquardt algorithm was
improved by Lee [11] to predict the ground surface roughness. Lee et al.
[12] also utilized an artificial neural network to quantify the wheel
dressing variables in precision grinding. By integrating active incre-
mental fine-tuning, optimized SegNet and conditional random field, Ren
et al. [13] monitored the tool wear to improve ground surface quality.
However, big sample data is essential to be acquired for the feedback
control in-process. Although Dai et al. [14] developed an adaptive
proportional integral derivative (PID) controller with back-stepping
method to stabilize the grinding force with small experiential data, the
quick response produced unavoidable oscillation and more instability to
grinding process.

Moreover, the fuzzy algorithm was first developed by Zadeh [15,16]
to model the control process by associating linguistic variables derived
from experiential knowledge rather than big sample data. In contrast to
the PID approach, the fuzzy one is more suitable to integrate the multi-
input/output signals of manufacturing system with less predefined
controller parameters [17]. Based on the fuzzy control, the robot-
assisted grinding of vertebral lamina with constant force was per-
formed by Qi et al. [18] to obtain a high-quality finished surface in
surgical operation. As the milling chatter was also influenced by process
variables and system structure, Li et al. [19] designed a fuzzy controller
of vibration displacements to achieve suitable actuator voltage for
milling stability. To achieve high cutting accuracy, Lin et al. [20]
employed the fuzzy control to compensate the deviated cutting trajec-
tory by adjusting cutting feed rate. Until now, the controller designation
has not concerned the precision manufacturing behavior.

To assure fuzzy control effect, Wang et al. [21] utilized the adaptive
network to online tune the input/output ratios of fuzzy inference system
for high-accuracy control of thin-walled milling, but the optimization
depends on the size of training data set. For wellhead back pressure
control, Liang et al. [22] employed the genetic algorithm to optimize
fuzzy controller by a self-defined objective function rather than sample
data driving, which achieved small rise time, adjustment time and no
overshoot. Based on the behavior of bird foraging, a novel genetic al-
gorithm of particle swarm optimization was developed by Kennedy et al.
[23] to resolve the constraint optimization problem of multiple factors
with fast convergence. By adding a mutant vector of particle search, the
control parameters were efficiently tuned in fuel-cell temperature sys-
tem to achieve high tracing accuracy [24]. For the high-value industrial
requirement, integrating the manufacturing behavior into fuzzy control
is necessary to assure the online accuracy compensation.

In difficult-to-cut metal grinding especially of ferrous materials, the
irregular diamond cutting edges are easily graphitized by mechanical
friction at low temperature [25], leading to the unstable precision pro-
cess. Generally, the CBN grinding with good chemo-resistance replaces
the diamond grinding to machine the ferrous materials for sub-micron
surface roughness [26], but the coolants are required to lubricate the
cutting interface. Based on the diamond thermal conductivity along with
transmission balance on cutting interface, the impulse-discharge ther-
mochemical truing was performed to truncate the diamond grain tops
for cutting edge uniformity [27,28], which might achieve dry ground
surface of hardened steel with 100-nm-Ra and less. It is also reported
that the grain top area was positively correlated to the ground surface
roughness. However, the fluctuating impulse-discharge power has not
yet been controlled in the truing process to precisely trace the grain top
area in reference to diamond thermochemical removal, leading to
random improvement of ground surface quality. Although Brinksmeier
et al. [29] and Wu et al. [30] also developed the on-machine removal of
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diamond grain tops by utilizing mechanical and laser-assisted truing, it
is difficult to collect the process information for precision control.

In this study, a multilevel control of kinematic and electrical vari-
ables is proposed with fuzzy logic to stabilize the impulse-discharge
power in thermochemical truing. The closed-loop control process is
driven by integrating physical behavior and experiential knowledge
rather than big sample data. Accordingly, the diamond truing effect
trace is realized to acquire required diamond cutting edges for precision
metal grinding. First, the impulse-discharge signal was characterized to
acquire the transfer functions of impulse-discharge power; then,
impulse-discharge voltage sensitivities of kinematic and electrical vari-
ations were determined by processing a small sample of on-site experi-
mental data; next, the particle swarm algorithm was utilized in
multilevel variable control model to tune the output ratios of kinematic
and electrical variations intelligently for required control performance;
finally, the designed controller was experimentally applied to the
impulse-discharge thermochemical truing, followed with dry plunge
grinding of hardened steel.

2. Multilevel variable control method on impulse-discharge
thermochemical truing of diamond cutting edges

Precision grinding of difficult-to-cut metals depends on diamond
cutting edges with good protrusion uniformity. Based on the graphiti-
zation temperature, an on-machine thermochemical truing of diamond
cutting edges was performed by coupling the impulse-discharge thermal
and mechanical friction thermal [28]. In the impulse-discharge ther-
mochemical truing (see Fig. 1), the cutting chip height hs is formed
within grain top height h; when the diamond grain cuts the electrode at
the kinematic variables K of wheel speed N, feed rate v and cutting
depth a,, triggering an impulse-discharge through the electrical vari-
ables E of open circuit voltage E; and limited current I; in the discharge
gap G,. Herein, the impulse-discharge thermal is positively related to the
discharge gap G.. For the specific truing variables, the discharge gap G,,
however, reveals an uncertainty as the increasing truing time t.. This
phenomenon is mainly attributed to the random change of grain top
height hg from diamond thermochemical removal and wheel bond
removal, then to the occasional chip accumulation or shedding grain.
Consequently, the fluctuating impulse-discharge cannot guarantee the
grain graphitization and result in random truing effect.

The fluctuating impulse-discharge, including the voltage and current
signal, has been observed with increasing the truing time t, in the pre-
vious research (see Fig. 1). For the impulse-discharge produced by DC
power supply, the discharge voltage U, could be quantified as the mean
of voltage signal values Ugi), that is U, = (U + UEZ) + ... + UDy/i, and
the discharge current I. could be quantified as the mean of pulse peak
values of current signal IV, that is I = (I8P + I® + ... + ID)/i. Herein,
the pulses of current signal with low peak value and extremely short
duration are taken as the disturbance from current sensor, which could
be neglected. Based on the experiential knowledge, the thermochemical
truing of diamond cutting edges has been quantified by grain top area s,
and associated with the impulse-discharge power P by considering the
thermal distribution between diamond grain, wheel bond and electrode.
Accordingly, the impulse-discharge power P, calculated by P = U, x I, is
determined as the key controlled object in this study. Further the cor-
responding linear correlations to truing variables of kinematic variables
K and electrical variables E could be utilized to compensate the grain
protrusion uncertainty for controllable P.

Fig. 1 also shows the designed multilevel variable control system
framework of impulse-discharge thermochemical truing. For the
required diamond cutting edges in precision grinding, a target impulse-
discharge power Py, is set by utilizing the developed physical behavior.
The P is characterized from the traced impulse-discharge signal to obtain
impulse-discharge power error e, by comparing to the target value Py,
and the e, is further utilized to judge whether the controller should be
implemented to adjust the truing variables (K, E) or not based on their
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Fig. 1. Multilevel variable control system framework of impulse-discharge thermochemical truing based on physical behavior and experiential knowledge.

linear correlations. Accordingly, the impulse-discharge power P may be
controlled to achieve desired diamond thermochemical truing effect.
The fuzzy method is proposed for impulse-discharge power control,
and the three truing variables of wheel speed N, feed rate vrand limited
current I; are advised in actual application. It is necessary to select an
appropriate open circuit voltage E; that suits the grain size. While the
cutting depth a, does not been adjusted by considering the system safety
and the truing process stability. For multilevel variable control of
impulse-discharge power, the physical models of grain cutting temper-
ature rate T and grain top height h, are utilized to determine system
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parameter initialization. Further, the standard triangular membership
functions and their fuzzy rules of impulse-discharge power error e, and
truing variations (AK, AE) are designed by considering the experiential
knowledge on impulse-discharge thermochemical truing. The corre-
sponding scheme is described in Fig. 2 as follows:
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Fig. 2. Knowledge-based control scheme of impulse-discharge power P by kinematic variables K = {N, v;, a,} and electrical variables E = {E;, I;}.
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calculated by utilizing a critical grain cutting temperature rate T, to
set the initial truing variables (Ko, Eop).

The impulse-discharge thermochemical truing of diamond cutting
edges is conducted with impulse-discharge trace, and the discharge
parameters (U, I) are utilized to obtain the impulse-discharge
power error e,. When the impulse-discharge power relative error
abs(ep)/Py,r is beyond its threshold e, the designed controllers are
triggered to adjust the truing variables K =Ky + AK and E = E + AE.
For truing variables adjustment, the e, is fuzzified to attain the cor-
responding membership p(e,), which is then utilized to determine
the membership of truing variations u(AK) and u(AE) by selecting
suitable fuzzy rule. Further, they are defuzzified to attain the new
truing variables (K, E).

2)

3

—

To analyze the diamond thermochemical removal mechanism, He
et al. [28] has modeled the grain cutting temperature rate T with the
impulse-discharge thermal from impulse-discharge power P and me-
chanical friction thermal from cutting force Fy,. It is described as follows:

1
ro_ 2 (% o\
7[/‘[(1,,,55. N D

where D and W are wheel diameter and width. agm = 1110 mm?/s and
Adm = 2000 W/m-K are the thermal diffusivity and thermal conductivity
of diamond grain, respectively. Further, cutting force F,, = 14 N and
active grain number for unit wheel width N, = 31 were given in the
impulse-discharge thermochemical truing of 350-pm-size diamond
wheel.

For the thermal transmission balance on diamond cutting interface,
the critical grain cutting temperature rate T, = 51.6 °C per wheel rev-
olution of diamond graphitization was defined in reference to grain size
[27]. Thus the target impulse-discharge power P, conforming to the
required grain top area s, is described as follows:

1
D\ 0.717(ZDNuax + Vinin) Fn
Qi 0.307WN,

where the maximum wheel speed Npp,x = 3000 rpm, minimum feed rate
Vf min = 10 mm/min and cutting depth a, yin = 1 pm are utilized based
on the adjustable ranges of Ne [1800, 30001, vs< [10, 150] and ayc [1,
4]. This is because the truing system should provide enough impulse-
discharge power P for diamond thermochemical removal at each
truing variable adjustment.

Besides, He et al. [27] modeled the grain top height h, by associating
cutting chip height hs with spark-discharge gap G, in constant-current
mode (U, < E;). When the open circuit voltage E; = 25 V and limited
current I; = 0.1 A are set, the hg is described as follows:

0.717(zDN + vf)F,,
WN.

{0.307P + (€D)]

Nmﬂx
Py = 1629704 TerS, <

(2)

QXam

Dzwg"fa; 1
hg = Ge -‘rl’lr :f(UC) +0.885 W 6sind (33)
5.9U% — 173.7U. + 1230
F(U) 220 + U, € [18,25] (3b)

U.—17.41 ’

where grain top width wy = 107 um and cutting chip angle § = 34.4°
were taken as constants in the impulse-discharge thermochemical truing
of 350-pum-size diamond wheel.

Through the critical discharge voltage at target impulse-discharge
power Py, the initial kinematic variables Ko = {Np, vfo, apo} conform-
ing to the initial grain top height he at the beginning of truing are
described as follows:

{hgo — f(Uona) } ‘

sinf

2.087N,

Yo o 2087,
D?w,

- PO — 2
N() D We

G

{hgo —f(Uomin) } ’

sinf

where Ugmax and Ugpin are the maximum and minimum discharge
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voltage, respectively.
3. Multilevel variable control model of impulse-discharge power
3.1. Structure of multilevel variable control model

The multilevel variable control model including error calculation,
fuzzy controller design, output ratio definition, truing variable adjust-
ment and signal trace is developed as shown in Fig. 3. Three controllers
are designed to calculate impulse-discharge power variation AP through
transfer function. Considering that the small fluctuation of impulse-
discharge power is generally observed in actual truing, and then large
kinematic variations may induce mechanical vibration, thus the
impulse-discharge power error e, for each control is set not more than +
10 W. Controller A is preferentially utilized to attain the feed rate
variation Avy and limited current variation AI; in reference to the e,.
When the accumulated Avy is beyond + 70 mm/min, controller B is
further utilized to attain the wheel speed variation AN and limited
current variation Al;. When the accumulated AN is also beyond + 600
rpm, controller C is finally utilized to attain the limited current variation
Al;. The accumulated AI; from the three controllers is not more than +
0.08 A. Considering that the trigger judgment of multilevel variable
control may conduct with a certain interval for actual application due to
the limited system response time on microsecond impulse-discharge
regulation, thus a trigger delay is set in the model. A time-varying
signal module is also set to simulate disturbed impulse-discharge
power Py related to the uncertain grain protrusion. Thus the simula-
tive impulse-discharge power P is described as follows:

P = Py+ AP+ APy + AP, 5)
where AP,, APy and AP; are impulse-discharge power variations
related to feed rate, wheel speed and limited current, respectively.

Besides, the fuzzy rules of three controllers are designed by utilizing
the correlation between discharge parameters (U, I.) and truing vari-
ables (K, E). For instances, some fuzzy rules of controller A in Fig. 2 can
be expressed as follows:

Rule 1: IF (e, is NB) THEN (Avy is NS) AND (Al is PB).

Rule 2: IF (e, is NM) THEN (Avyis NB) AND (Al is PS).

3.2. Transfer function of impulse-discharge power related to truing
variables

In the impulse-discharge thermochemical truing system, the truing
variables dominate the impulse-discharge formation, thus a discharge
voltage sensitivity u is defined related to truing variations (AK, AE). The
constant-voltage mode (U, = E;) is transformed into the constant-current
mode (U, < E;) when the impulse-discharge happens at the sampling
time t = ty (see Fig. 4a). Although the first discharge current I is trig-
gered without any delay, there exists a response time to make the
discharge voltage U, decrease from the set open circuit voltage E; to
stable value. Herein, a small damped oscillation of U, is also observed by
magnifying the resolution of impulse-discharge trace. However, it is
difficult to directly describe the dynamic characteristics of impulse-
discharge due to system complexity. Accordingly, the difference 5U,
between open circuit voltage E; and discharge voltage U, at a sampling
time t is obtained to draw an underdamped step response curve as shown
in Fig. 4b. When it begins at t = t;, the controlled object of U, is
described by a second order transfer function G, (s) as follows:

Y(s) u uw?

= = 6
R(s) T3s*+2Tos+1 82 +28w,s + w? ©®

G,(s)=u

where Ty is time constant of response system, ¢ is damping ratio, w, = 1/
To is undamped natural oscillation frequency. In this study, the wheel
speed N, feed rate vy and limited current I; are adjusted to regulate
impulse-discharge power, thus the discharge voltage sensitivity of uy, uys
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and uy; are given by experimental results.

It should be indicated that the system response time of each truing
variable adjustment is almost the same. This is because the impulse-
discharge happening in the gap mainly depends on the DC power sup-
ply. Although the wheel speed N and feed rate vy may regulate the
impulse-discharge by changing the discharge gap, the gap formation
time is extremely short for each diamond grain cutting (<10 ps) which
could be neglected in contrast to the millimeter response time of DC
power supply. When the DC power supply, the grinder and the diamond
wheel are determined for system control, the response time of truing
variations (AK, AE) in the Eq. (6) may be taken as constant.

For impulse-discharge thermochemical truing of 350-pm-size dia-
mond wheel, the suitable range of discharge voltage U, = 19-23 V and
current I, = 2-4 A were determined by He et al. [28] to produce spark-
discharge in the constant-current mode (U, < E;). To simplify calculation
of multilevel variable control model, the I. = 3 A is taken as a constant.
The transfer function of impulse-discharge power G, (s) is described as
follows:

ul .w?

= —n 7
s 426w, + 0?2 z

G, (s)

Generally, the second order transfer function for unit step response is
described as follows:

A
_________ B
‘-_‘ _______ IA_E_ _______________
; P
g i
> P
) P
.
&
t,,—i—»jl
h— | £(s)
0 . B>

(b)

(a) Impulse-discharge waveform. (b) Underdamped step response of U,

1 1
YO = e 11 s
1 s+éw, (w,
s (s 4 éw,)” + @} B (s 4 éw,)” + @}

where wg = wp\/1 — £2is damped oscillation angular frequency.
Through inverse Laplace transform, Eq. (8) is described as follows:

1

—Ewpt 2 1- ‘52
e ~“'sin 1 — & w,t+ arctan———
VisE 2

y)=1-

According to the rise time ¢, in unit step response, let y (t,) = 1. Thus

the t, is given as follows:

T — arctan (Vlé)

¢

w1 =&

t, =

Further, according to the peak time t, in unit step response, let

= 0. Thus the t, is given as follows:
t=t,
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In terms of Egs. (10) and (11), the ¢ and wj, are given, respectively, as
follows:

1

= (12)
tan?* <]Z - %) +1
b2 ltan2<ﬂ—’f—:> +1
0w, =— (13)
t,tan? (ﬂ' - %)
Substituting Egs. (12) and (13) into Eq. (7), the G, (s) is described as
follows:
g [tan2 <7z — ’:T") +1 }
G,,(S) =

t,2tan* (ﬂ' - ﬁ) §% + 2ty tan? <7z — ”—") s + n2tan® (JT — ”—”) + 2
1 1 1

a4
3.3. Intelligent tuning of output ratios by particle swarm algorithm

Based on the generally observed variation range of impulse-
discharge power Pc [35, 85] in the truing process, the impulse-
discharge power error e, can be divided into two symmetric intervals
of epc [-25, —1] and eye [1, 25] at the target impulse-discharge power
Prar = 60 W. Due to the limited impulse-discharge power error e, of 10
W for each control, the corresponding input ratio K;, in Fig. 3 is set as 0.6,
while the particle swarm algorithm [23] is employed to determine the
five output ratios of feed rate variation K,, wheel speed variation K, and
limited current variation Kj;, », 3 in the range of 0.1 to 5. It is necessary to
make the absolute steady-state error es, trigger time t, and overshoot O,
of impulse-discharge power under the multilevel variable control as
small as possible. Herein, the e; and the O, should be close to zero to
make the impulse-discharge power stabilize at the target value, while
the t, should be close to one to achieve an efficient control. Thus the
objective function for each impulse-discharge power error is defined as
follows:

Op - Opmin
Op/m'n

€5 — Cspin Iy = Lpmin
Ty
pmax

Jooy =1 +1, (15)

lesmu,\‘ — Csmin tpma.v - tpm[n
where fop; is individual fitness value, 7y, 2, 3 are weights of steady-state
error, trigger time and overshoot, respectively. Considering that the e
associated with the trace precision of grain top area is taken as the most
important factor during truing, followed by the t, associated with the
control efficiency. While the O, associated with the control process
stability is less important due to the slightly fluctuating impulse-
discharge power derived from irregularly distributed diamond grains.
Accordingly, the 771 = 50 %, 2 = 30 % and 13 = 20 % are set in this study.
Further, the available ranges of esc [0, 5], t,€ [1, 6] and Oy< [0, 5] are
determined for the requirement of impulse-discharge power control.
When e; > 5 W or t, > 6 or O, > 5W, the fop = 1.

In the case of impulse-discharge power errors e,c[—25, —1] and
epe[1, 25], their individual fitness values fop; are same due to the sym-
metry of designed fuzzy rules. To simplify analysis process, the e, =1, 2,
..., 25 W are selected to determine the output ratios, which is when the
disturbed impulse-discharge power Py = 61, 62, ..., 85 W. Accordingly, a
total fitness value Fop; is given to evaluate the applicability of output
ratios as follows:

15 10
Fay =1s ) _fa +115s D fo 1e)
u=1 u=1

where 174, 5 are weights of individual fitness value for e, = 1-15Wand e,
=16-25 W, respectively. Considering that the nanoscale change of grain
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top height per wheel revolution in the thermochemical truing generally
produces a small fluctuation of impulse-discharge power, while the chip
accumulation or shedding grain does not happen frequently to produce a
large fluctuation of impulse-discharge power. Accordingly, the 74 = 80
%, 15 = 20 % are also set in this study.

To describe the change of population particles in the particle swarm
optimization algorithm, an evolutionary velocity v, was determined by
Juang et al. [31] as follows:

VI = V7 ¢y rand, (pres ) — p' ) + carand, (pges — p™)

i= {172,'"'771(7)1&( - 1}-] = {1127 '-~~,an}

a7

where p and ppest are current position and partial best position of single
particle, pgpest is global best position of all the particles, ngmax is
maximum iterations, ny is total particle number, rand;, »€[0, 1] are
uniformly random numbers, respectively. In this study, the positive
constants c1,3 = 2 and v{,o’ D=0 are given for calculation.

Accordingly, the new population particles X are generated and theirs
position p is calculated by utilizing the evolutionary velocity v, in Eq.

(17) as follows:

P = p i = {12, e — 1§ = {12,y 18)

Because the three controllers triggered in multilevel variable control
model depend on accumulated kinematic variations, the control accu-
racy of impulse-discharge power can be assured when their output ratios
reach optimal values simultaneously. Thus the corresponding intelligent
tuning scheme by utilizing particle swarm algorithm is described in
Fig. 5 as follows:

1) Initial parameters of minimum global fitness value Fgmin = 0.05,
maximum iterations ngmax = 100, population number for each output
ratio n, = 2 and available evolutionary velocity v, [—1,1] are set to
initialize particle swarm algorithm. 2° groups of population particles
X are generated randomly for the output ratios of controller A (K,
Ki1), controller B (Ky, Kj2) and of controller C (Kj3).

For the jth population particle at the ith iteration X ¥, the multi-
level variable control model is employed to obtain simulative
impulse-discharge power curves in the case of Py = 61, 62, ..., 85 W
and calculate the individual fitness value fo; by the objective func-
tion in Eq. (15), respectively. The total fitness value Ff,%jj) in Eq. (16)
is evaluated utilizing the twenty-five results of fop;. This step is
repeatedly executed until the cycle index j reaches the total particle
number ny, of controller.

3) At the 1st iteration, the current position p™ ? and Pﬁ},’jj) of particle
X1 1 are 1abeled as partial best position pggst and fitness value Fggst,
respectively. Global best position pgpest and fitness value Fgpest of all
the particles are found by comparing to the ). At the 2nd iteration
and more, the pggst and Fﬂgst are updated from the particle x% 9 when
the current pf,if,}) of particle X% 9 s less than the labeled ng,st. Further,
the pgpest and Fgpes are updated when the new Fﬁgst is less than the
labeled Fgpest.

The jth population particle at the i + 1th iteration X% ¥ is calcu-
lated by utilizing the evolutionary velocity vg’ Din Eq. (17). The al-
gorithm is repeatedly executed from step 2) to step 3) until the cycle
index i reaches the ngmax or the labeled Fgpes: is less than the Fgmin.
Finally, the labeled pgpes; of all the particles is output to determine
the best output ratios of controller.

2

—

4

—

4. Development of impulse-discharge thermochemical truing
system

Based on the above-mentioned multilevel variable control model, an
impulse-discharge thermochemical truing system was developed by
designing the specific monitoring and acquisition software to commu-
nicate SMART B818 grinder, DCS150-20E power supply and DS2102E
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Fig. 5. Intelligent tuning scheme of output ratios of feed rate variation K,, wheel speed variation K, and limited current variation Kj;, o 3 by particle

swarm algorithm.

oscilloscope with computer (see Fig. 6). It consists of four functional
modules including impulse-discharge trace module, truing process
analysis module, kinematic variable adjustment module and electrical
variable adjustment module.

The impulse-discharge trace module is utilized to collect the impulse-
discharge signal of RP1025D voltage sensor (range: +50 V) and
RP1001C current sensor (range: 10 mV/A) with sampling rate of 500
kHz and store it to the truing process analysis module with minimum
time interval of 1 s. Based on the impulse-discharge signal processing,
the multilevel variable control method with fuzzy logic is performed by
truing process analysis module to output new truing variables. They are
transmitted to the kinematic variable adjustment module and the elec-

Seas k=0

2

i=1

S 2
S = 3 7.8 x 107 (\/Sg — /5ea) o e N
s+ v g 8 Z(ﬂ QR ‘>) . k={1,2,n,}

trical variable adjustment module for impulse-discharge power control.
Herein, the minimum resolutions of feed rate v;, wheel speed N and open
circuit voltage E;, limited current [; are set as £10 mm/min, £100 rpm,

+0.1 V and + 0.001 A, respectively, depending on the system
performance.

To trace the impulse-discharge thermochemical truing process, the
time-varying curves of impulse-discharge power P, feed rate vy, wheel
speed N and limited current I; are displayed in a multiparameter visual
interface of truing process analysis module. Besides, the grain top height
hg and area sg; regarded as mean values of the whole trued diamond
grains on wheel surface could be recognized by He et al. [27] through
the impulse-discharge signal. The h, is calculated by Egs. (3a), (3b),
while the s, is described based on the grain cutting temperature rate T in
Eq. (1) as follows:

19

where n,, is wheel revolution number. The total grain truing height h, =
40 pm, grain top areas sgg = 3.5 x 10% pm? and Sg =36 x 103 pm? before
and after truing were taken as constants for 350-pm-size diamond wheel.
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Fig. 6. Components of impulse-discharge thermochemical truing system.

5. Simulations and experiments

The multilevel variable control simulations and experiments with
fuzzy logic for impulse-discharge thermochemical truing includes three
parts. Firstly, the influence of feed rate v;, wheel speed N and limited
current J; on discharge voltage U, was investigated to give the discharge
voltage sensitivity u (Part A). Secondly, the multilevel variable control
process was simulated and the dynamic response of simulative impulse-
discharge power P was analyzed to determine the output ratios of con-
trollers through intelligent algorithm of particle swarm optimization
(Part B). Thirdly, the impulse-discharge power P was traced by truing
time t. to validate the multilevel variable control effect (Part C).

In the experiments of Part A, the impulse-discharge thermochemical
truing system was employed to true the 350-pm-size diamond wheel
(#46, metallic bond, W = 2.5 mm, D = 150 mm, +, red line) in air with
iron electrode (45# carbon steel, —, orange line), and the X-axial feed
with Z-axial interval Az = 1 mm was designed as truing path. The
experimental conditions of No. 1-3 were listed in Table 1. To show the

Table 1

Experimental conditions of part A and part C.
No. N (rpm) v (mm/ a, E; L(A) te

min) (pm) W) (min)
1 900-3600 60 3 25 0.1 -
2 2400 30-120 3 25 0.1 -
3 2400 80 3 25 0.03-0.12 -
4 2400 80 3 25 0.1 2400
5 Time- Time- 3 25 Time- 2400
varying varying varying
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arc-discharge and spark-discharge voltages U, in the same graph with
small amount of experimental data, the kinematic variables K and the
electrical variables E should be carefully chosen based on the grain top
height h,. Before truing, the diamond wheel was dressed for 3 h by
150-181-pm-size green silicon carbide oilstone (#80-100) to make the
circular run-out <60 pm, its surface topography with initial grain top
height hg ~ 115 pm and area sgo ~ 9.2 x 102 pm was showed in Fig. 6.

In the simulations of Part B, a Matlab software was utilized to design
the multilevel variable control model in Fig. 3. The simulation time ¢
was taken as 4 s for output ratio truing and 10 s for the control effect
validation of impulse-discharge power. Herein, the four groups of
random output ratios of K, = 1.5, 3,2 and 0.5, K, = 1.5, 3, 2 and 1.5, and
Ki1, 2, 3 = 3, 2, 0.8 and 0.8 were set to obtain simulative impulse-
discharge power P at disturbed discharge power Py = 70 W (t; = 0-4
s), 60 W (t; = 4-7 s) and 75 W (t; = 7-10 s) against the trued ones.

In the experiments of Part C, two 350-pm-size diamond wheels were
trued by utilizing and not utilizing multilevel variable control method,
respectively. The corresponding experimental conditions of No. 4-5
were listed in Table 1. To illustrate the necessity of impulse-discharge
power control, the diamond protrusion topographies were also
observed by FEI Quanta 200 scanning electron microscope (SEM, mag:
x200) to measure the grain top area sg. Herein, the two-dimension edge
vertex coordinates (xj, y;) of diamond grain top were extracted in the
image to calculate the s, by utilizing Eq. (20). While the corresponding
error rate mainly depended on the extraction accuracy of edge vertex,
which was negligible because the diamond grain top with a clear plane
profile could be easily recognized after truing. Considering the influence
of irregularly distributed diamond grains, the permissible impulse-
discharge power relative errors from 1 % to 7 % were investigated to
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assure the feasibility of controller before the experiments. Besides, the
dry plunge grinding of hardened steel (53 HRC) at N = 2400 rpm, vy =
500 mm/min, @, = 5 pm and Az = 100 pm was performed by utilizing
the trued diamond wheels and theirs surface roughness Ra was
measured by SJ210 profilometer (sample length: 0.25 mm), followed
with the stability analysis of grinding process.

. l a-1
Sg = ) Z(xi)/m — Xi1)i) (20)
f

where sg is measured grain top area, a is edge number of grain top
profile, x; and y; are X-axial and Y-axial coordinate values of edge vertex,
respectively.

Based on the previous research, each impulse-discharge happens at
extremely short duration of 50-200 ps under the dynamic grain-
electrode interaction, but it is difficult to trace the whole impulse-
discharges timely. Fortunately, the unchanged grain protrusion could
be assumed at a short truing time due to the nanoscale diamond ther-
mochemical removal and wheel bond removal per wheel revolution.
Thus the impulse-discharge signal was collected intermittently with 30-s
interval rather than continuously trace in the long-time truing, and the
trigger judgment of multilevel variable control was conducted with 10-
min interval after analyzing the twenty on-site signals.

To trace the thermochemical removal of 350-pm-size diamond cut-
ting edges, the critical grain cutting temperature rate T, = 51.6 °C per
wheel revolution was determined by He et al. [27]. Generally, a
selectable range of grain top area s,c[20 x 10%, 50 x 10°] should be
determined due to the limited spark-discharge voltage of 19-23 V and
current of 2-4 A. Thus the target impulse-discharge power P, in Eq. (2)
is described as follows:

Py = 0.0025, —9.94 5, € [20x 10°, 50 x 10°] @1n

In this study, the required grain top area s; = 35 x 10 pm? was
determined to calculate the target impulse-discharge power Py, =~ 60 W
in multilevel variable control by Eq. (21). Further, the discharge voltage
U, of 20 + 0.5 V was given at initial electrical variables Eq of Ejp = 25 V
and Ijp = 0.1 A. Thus the required kinematic variables (N, v, a,) in Eq.
(4) conforming to the initial grain top height hy are described as
follows:

6 _ Viodyy Vyodn 6
(0.0116hy — 0.558)° < —= ——"2 < (0.0116h, — 0.479)

0 0

(22)

At the initial grain top height he ~ 115 pm, the initial kinematic
variables Ko of Ny = 2400 rpm, vp = 80 mm/min and a0 = 3 pm in the
multilevel variable control were determined by Eq. (22). Herein, the ay
of 3 pm could guarantee enough positive and negative variations of the
other kinematic variables. For impulse-discharge thermochemical
truing, the impulse-discharge power depends on kinematic and elec-
trical variables in relation to grain top height, but the randomness of
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grain protrusion results in a bad mapping relationship. This means the
same kinematic and electrical variables may product different impulse-
discharge powers. Thus the intelligent algorithms such as neural
network, etc. are not suitable to control the impulse-discharge power
without large amount of sample data.

6. Result and discussion
6.1. Discharge voltage sensitivity for impulse-discharge power control

To obtain the discharge voltage sensitivity u in Eq. (6), the discharge
voltage U, was investigated at different truing variables. It is shown that
the discharge voltage U decreased with increasing the feed rate vy (see
Fig. 7a), while increased with increasing the wheel speed N (see Fig. 7b)
and limited current I; (see Fig. 7c). A threshold of 18 + 0.5 V was
determined by He et al. [28] to transfer the spark-discharge into arc-
discharge. In the case of spark-discharge, there existed clear linear
correlations between discharge voltage and truing variables. This means
that the complex system disturbance caused by grain protrusion un-
certainty in the truing process may be compensated by adjusting the
truing variables. Besides, the corresponding fitting curves could be given
in Egs. (23)-(25) by utilizing a least square method as follows:

U.(vf) = —0.05v; +24.64 (23)
U.(N) = 0.0025N + 14.62 @4
U.(I;) = 42.35I; + 17.63 (25)

Based on the fitting curves in Egs. (23)-(25), the discharge voltage
sensitivities u of feed rate v;, wheel speed N and limited current I; are
taken as u,r = —0.05 V/(mm-min~Y), uy = 0.0025 V/rpm and uj; = 42.35
V/A, respectively. Herein, the feed rate vy at minimum resolution pre-
sents the most significant effect for impulse-discharge power control.
When the accumulated Avs= + 70 mm/min, AN = 4 600 rpm and AL; =
=+ 0.08 A are set in multilevel variable control model, the corresponding
impulse-discharge power variations AP could be given with AP,s = +
10.5W, APy =+ 4.5 W and APj; = + 10 W. The aggregate value of + 25
W conforms to the control requirement. For actual application, the
available control range of impulse-discharge power error e, also depends
on the initial truing variables. When the three truing variables of v, N
and I; are beyond their adjustable ranges, the cutting depth a, should be
redetermined to update the adjustable ranges. This is the reason to
integrate the diamond thermochemical removal mechanism and
experimental data in multilevel variable control of impulse-discharge
power with fuzzy logic.

It has been reported by He et al. [27] that the increased discharge
voltage U, might enhance the thermal energy to produce more diamond
thermochemical removal for larger grain top area in reference to the
diamond thermal transmission balance. Accordingly, the above-

30 " " 30 30
N=2400 rpm, /=0.1 A vy=60 mm/min, /=0.1 A v=80 mm/min, N=2400 rpm
25 | 25 | 25¢ |
® | — | °
20 | 20 : 20t M
Sisl Uy =-0.05u+24.64 | z ! > :
515 «(vp) = -0.05v,+24. : 515 o 1WU(N) = 0.0025N+14.62 ;15- 1UI) = 42.351;+17.63
10k ty=—-0.05V (mm-min")i L 10 i uy = 0.0025 V/rpm 1ot ® i u;=42.35V/A
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Fig. 7. Discharge voltage sensitivity u in relation to experimental results between discharge voltage U, and truing variables. (a) Feed rate v (b) Wheel speed N. (c)
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mentioned correlations are utilized to design the fuzzy rules in Fig. 2.
Even though the limited current adjustment presented the best system
stability regardless of the discharge gap, it might aggravate wheel bond
removal and finally lead to shedding grains [28]. This is because the
small discharge gap is apt to enhance the impulse-discharge thermal
transmission to wheel bond. Accordingly, the controller A with feed rate
vy, the controller B with wheel speed N and the controller C with limited
current [; are advised in sequence. To assure the system control effi-
ciency, the limit current I; is slightly adjusted in controller A. Consid-
ering the impulse-discharge power error e, for each control less than
+10 W, the feed rate variation Avy is determined as NS or PS, and the
limited current variation AI; is ZO to avoid the overshoot at the small e,
= NS or PS. It has also been known that the kinematic variable adjust-
ment may not acquire expected cutting chip height to accurately
compensate the grain protrusion uncertainty because of the limited ki-
nematic resolution of grinder. While the impulse-discharge power could
be regulated by adjusting limited current I; regardless of the discharge
gap. This is the other reason to add the limited current adjustment in
controller A. Further, the Avyis NB or PB and the AJ; is PS or NS at the
middle e, = NM or PM. Except the uncertain discharge gap in impulse-
discharge thermochemical truing, the constant-voltage/constant-
current transform of DC power supply also makes the impulse-
discharge power fluctuate seriously due to the suppressed arc-
discharge. It may be eliminated by adjusting the feed rate slightly (see
Fig. 7a). To take the two factors into consideration, the Avyis NS or PS
and the Al; is PB or NB at the big e, = NB or PB. This strategy is suitable
to design the fuzzy rules of controller B. For controller C, the A[ is PS or
NS at the small ¢, = NS or PS and the middle e, = NM or PM, while the
Al is PB or NB at the big e, = NB or PB.

6.2. Tuned output ratios related to truing variable adjustment

The multilevel variable control model with fuzzy logic was utilized to
intelligently tune the five output ratios (Ky, Kp, Ki1, Kj2, Ki3) through
particle swarm algorithm. Before simulation, it is necessary to determine
the transfer function of impulse-discharge power G, (s) in Eq. (14).
Accordingly, the rise time t, = 2.8 ms and peak time t, = 2.85 ms were
given by analyzing the dynamic characteristics of impulse-discharge in
the case of N = 2400 rpm, vy = 100 mm/min, a, = 1 pm, E; = 40 Vand [;
= 0.1 A (see Fig. 4). Hence, the transfer functions related to feed rate vy,
wheel speed N and limited current I; could be given in Egs. (26)-(28) as
follows:

—0.15
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127.05

= - 2
0.0036s% + 0.12s + 1 (28)

Gp-i(s)
According to the transfer functions in Egs. (26)-(28), the response
curves of impulse-discharge power variation AP are given in the ranges
of feed rate variation Avy €[—80, 80], wheel speed variation AN
€[-600, 600] and limited current variation Al <[—0.08, 0.08],
respectively. The AP trends to be a stable value at the simulation time of
0.5 s. This means the trigger delay t; for each discharge power control
should be set as t; = 0.5 s in the multilevel variable control model.

Through the particle swarm algorithm in Fig. 5, the five tuned output
ratios were determined as K, = 0.9, K, = 2.2, Kj; = 3.9, Kj = 3.5 and Kj3
0.6. Accordingly, the mapping relationships between impulse-
discharge power error e, and feed rate variation Av;, wheel speed vari-
ation AN and limited current variation Al; could be drawn by utilizing
the fuzzy rules of three controllers (see Fig. 8). It is shown that the limit
values of feed rate variation Avf = —40 mm/min and 40 mm/min are
achieved at impulse-discharge power errors e, € [-6.7, —6.6] and [6.6,
6.71, while the limit values of wheel speed variation AN = 900 rpm and
— 900 are achieved at e, € [-6.8, —6.6] and [6.6, 6.8].

Further, the limited current variations AI; of controller A and B
maintain at zero until the e, is beyond +3.4 W and + 3.5 W, respec-
tively. It conforms to the requirement of impulse-discharge power con-
trol in the thermochemical truing. Moreover, the Avyof controller A, the
AN of controller B and the A[; of controller C begin to change when the e,
reaches + 0.7 W, + 0.2 W and + 1.3 W, respectively, due to their
minimum revolutions. This means the three controllers are not triggered
at a small impulse-discharge power error.

6.3. Dynamic response of impulse-discharge power with truing variable
adjustment

Fig. 9 shows the simulative impulse-discharge power P of multilevel
variable control model with 60 W target value by utilizing the tuned
output ratios in contrast to the random ones. It is shown that the
simulative P of the first group of random output ratios fluctuates be-
tween 59.4 W and 60.8 W when it decreases from 70.0 W at the
disturbed impulse-discharge power Py = 70 W. The fluctuation is
attributed to the feed rate variation Avf = + 10 mm/min (see Fig. 9b).
Moreover, the simulative P increases from 49.4 W to 61.6 W and finally
maintains at 60.1 W after three trigger times at the Py = 60 W. The
overshoot of 1.6 W is produced at the 2nd trigger time due to large Avyof
—40 mm/min (see Fig. 9b). At the Py = 75 W, the simulative P decreases

Gpf($) = (26) from 75.1 W to 60.3 W with 0.5 % steady-state error after three trigger
0.0036s* +0.12s + 1 times. Herein, the wheel speed variation AN of —200 rpm is output at the
0.0075 3th trigger time because the accumulated Avyreaches 70 mm/min (see
Gy-n(s) = 0.003652 +0.125 -1 (27) Fig. 9¢). Although the second group of random output ratios can control
the simulative P to target value with only one trigger time at the Py = 70
x107
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Fig. 9. Simulative results for multilevel variable control with tuned and random output ratios. (a) Simulative impulse-discharge power P. (b) Feed rate variation Avy.
(c) Wheel speed variation AN. (d) Limited current variations AI,.

W and 60 W, respectively, it is useless at the Py = 75 W. The other three
groups of random output ratios also reveal the similar results in the
simulation. Through the above-mentioned analysis, the random output
ratios could not assure stable performance of controller at different
disturbed impulse-discharge power.

In contrast to random output ratios, the tuned ones make the simu-
lative P approach to target value of 60 W without any overshoot under
the three disturbances. The corresponding steady-state errors are 0.07
%, 0.02 % and 0.12 % after two, two and three trigger times, respec-
tively. Although the tuned output ratios present a minor disadvantage
on larger range of AI; € [-0.016, 0.016] against the random ones of A; €
[-0.012, 0.012] (see Fig. 9d), the simulative P could be stabilized faster.
This means the tuned output ratios may meet different disturbances with

small steady-state errors, few trigger times and no overshoot for
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6.4. Experimental validation on multilevel variable control of impulse-
discharge power

To analyzing the feasibility of multilevel variable control method,
the controller with different permissible errors was utilized to regulate
the measured impulse-discharge discharge power P* towards the target
value Py, of 60 W as shown in Fig. 10. It is shown that the controller was
triggered 11 times and 10 times at the permissible errors of 1 % and 3 %,
respectively, but the measured P always fluctuated seriously. As the
permissible error was set to 5 % and more, the controller could make the
measured P" stable. There exists a system error of impulse-discharge
power which cannot be eliminated in-process due to the random grain
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Fig. 10. Measured impulse-discharge power P” for multilevel variable control with permissible error. (a) 1 %. (b) 3 %. (c) 5 %. (d) 7 %.
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distribution on wheel surface. This means the minimum accuracy of
multilevel variable control depends on the system error in relation to
grain size. This is the other reason why the PID method with high ac-
curacy is not suitable to control impulse-discharge power. Thus the
threshold of impulse-discharge power relative error in Fig. 2 was given
by e = 5 % for controller triggering.

Fig. 11 shows the measured impulse-discharge power P” of multilevel
variable control with 60 W target value utilizing the tuned output ratios
against the results with no control. The measured P* with no control
tended to be stable within 60 &+ 3 W at the beginning of truing time t, =
0-480 min, but it decreased seriously and even produced arc-discharge
(<40 W) in the case of t. = 480-720 min due to the uncertainties in
truing process. In the case of t, = 720-1920 min and 1920-2400 min, the
measured P* were fluctuating and approached to 69.5 W and 81.7 W in
average, however, about 16 % and 36 % larger than the target value.

Under the multilevel variable control, the measured P" could be
regulated to target value with 5 % error by adjusting the feed rate vy,
wheel speed N and limited current I;. While the N might not be adjusted
at the impulse-discharge power error e >20 W, beyond the aggregate
impulse-discharge power variations of Avy=+10.5W and AL; =+ 10 W
in simulation. This is because the chip accumulation sharply decreases
the discharge gap to produce arc-discharge during truing, which can be
suppressed by slightly changing the truing variables (see Fig. 7). For the
impulse-discharge power error e not more than + 5 W, the truing vari-
ables might be adjusted several times to make the measured P" stable at
60 + 3 W due to the influence of system error. Thus the multilevel
variable control method confirms to the requirement for impulse-
discharge power control.

Fig. 12 shows the diamond protrusion topographies with multilevel
variable control in contrast to no control. It is shown that the irregular
diamond cutting edges were on-machine truncated to be plane and
reached to an isoheight line with good protrusion uniformity after
truing. The mechanical action on graphitization layer removal contrib-
uted to the smooth diamond surface without damage [28]. Under
multilevel variable control, the measured grain top area sg reached 32.8
x 10 pm? in average, <7 % error of the required value of 35 x 10° ypm2.
However, the measured s; of 42.3 x 10 pm? with no control was quite
larger than the target value caused by the uncontrollable impulse-
discharge power in Fig. 1la. Further, the shedding grains were
observed in Fig. 12a during truing with no control because large spark-
discharge power might aggravate the wheel bond removal. Hence, it is
necessary to control impulse-discharge power in thermochemical truing
process, and the multilevel variable control method may assure the
truing effect for required diamond cutting edges to achieve precision

100 um

i SO

sg =25.8x10° pm® 100-um

sg =31.4x10° um® 100 pm

Fig. 12. Diamond protrusion topography. (a) No control. (b) Multilevel variable control.
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Fig. 13. Surface roughness Ra versus measured grain top area s;* in dry grinding of hardened steel.

grinding of difficult-to-cut metals.

Further, the diamond wheels after truing with multilevel variable
control and no control were utilized to grind the hardened steel in dry
medium against the one before truing, respectively. The corresponding
surface quality is shown in Fig. 13. It is shown that the diamond grains
after truing with multilevel variable control produced the smoothest
surface without melted burr. The ground surface roughness of Ra = 285
nm was obtained, 62 % and 33 % lower than the 736 nm before truing
and 424 nm after truing with no control, respectively. This is because the
trued diamond grains in Fig. 12b may achieve the cutting-to-burnishing
with thermal-force dispersion [32]. Herein, the increased grain top area
not only diminishes the mechanical compression to trigger workpiece
force dispersion, but also improves the thermal expulsion conditions to
trigger workpiece thermal dispersion and diamond graphitization sup-
pression. Besides, the diamond grains after truing with multilevel vari-
able control made the grinding process stable with the smallest error bar
of + 66 nm in contrast to the ones of + 224 nm before truing and + 143
nm after truing with no control due to the more active grains on wheel
surface and their high protrusion uniformity. It has been reported that
the trued diamond grinding in dry medium decreased the surface
roughness of hardened steel by about 1 time against the general CBN
grinding in wet medium [28]. As a result, the multilevel fuzzy control of
impulse-discharge power may guarantee the diamond cutting edges for
stable dry smooth grinding so as to replace the general wet CBN
grinding.

7. Conclusions

1

~

The kinematic and electrical variables are linearly related to the
spark-discharge voltage that is characterized from the on-site im-
pulse-discharge signal. The discharge voltage increases with
increasing the wheel speed and limited current, while decreases with
increasing the feed rate. Wherein the feed rate presents the most
significant effect. The correlations may be utilized to control the
impulse-discharge power during thermochemical truing.

The multilevel variable control process is modeled to tune the output
ratios by the particle swarm algorithm. Compared to the random
output ratios, the tuned ones improve the system control perfor-
mance on impulse-discharge power at different disturbances caused

2

—

by grain protrusion uncertainty. It significantly decreases the
maximum steady-state error to 0.12 % with few trigger times and no
overshoot.

In the thermochemical truing of 350-pm-size diamond wheel, the
developed system with fuzzy logic is validated by stabilizing the
impulse-discharge power towards target value of 60 W with 5 %
permissible error. The knowledge-based control of impulse-
discharge power may guarantee the required grain top area within
7 % error. It achieves the stable dry diamond grinding of hardened
steel with surface roughness of 285 + 66 nm to replace the general
wet CBN grinding.

3

-

It has been known that the output ratios of designed fuzzy controller
are determined based on the simulation model that is developed by the
transfer functions of impulse-discharge power. While the discharge
voltage sensitivities in the transfer functions are likely to be changed at
different grain top heights. This means the designed fuzzy controller
may be merely suitable for the diamond wheel with a certain range of
grain top height. Hence, the self-adaptation control method with fuzzy
logic will be further studied in the future by associating with the grain
protrusion status. It may improve the process stability of impulse-
discharge power for high-accuracy trace of grain top area.
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Appendix A
Table 2
Parameters.
Parameters Definition
a, Cutting depth (pm)
D Wheel diameter (mm)
E; Open circuit voltage (V)
Fp Cutting force (N)
G, Discharge gap (pm)
& Grain size (pm)
hy Cutting chip height (ym)
hg Grain top height (pm)
I Discharge current (A)
I Limited current (A)
N Wheel speed (rpm)
N, Active grain number for unit wheel width
P Impulse-discharge power (W)
Ra Ground surface roughness (nm)
S Grain top area (ym?)
T Grain cutting temperature rate (°C per wheel revolution)
t Sampling time (s)
te Truing time (min)
ts Simulation time (s)
U, Discharge voltage (V)
u Discharge voltage sensitivity
7 Feed rate (mm/min)
w Wheel width (mm)
wg Grain top width (pm)
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