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Abstract—The variability of the outcome is often deplored by
the users of electrostatic separation equipment. A slight modifica-
tion of the composition of the processed material, a change in the
environmental conditions, or an alteration of the electrode con-
figuration may cause objectionable fluctuation of product quality.
Thus, the purity of the copper product recovered from electric
cable wastes can easily diminish from 98 %, which is fully accept-
able for recycling purposes, to a value below the standard level of
97 % . This paper is written with the aim of showing how statistical
process control methods could contribute to the improvement of
users’ overall satisfaction. In order to validate a procedure for
evaluating the short- and long-term capabilities of the electrostatic
separation process, the authors carried out a series of experiments
on subgroups of chopped electric cable wastes, which are similar to
those currently processed in the recycling industry (95% polyvinyl
chloride; 5% copper). The first set of experimental data showed
that an “in-control” electrostatic separation process can easily
satisfy the level of performance required by the customers (i.e., a
capability index of > 1.33). The same set of data enabled the com-
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putation of the upper and lower limits of the R- and X -bar control
charts. The second set of experiments was designed to evaluate
the ability of these charts to detect the following typical situations
of abnormal operation of the electrostatic separation equipment:
1) a change in the composition of the processed material;
2) a failed connection of the static electrode to the high-voltage
supply; and 3) the accumulation of dust on the surface of the
corona electrode. Based on the authors’ experience as consultants
for the recycling industry, the following several recommendations
have been formulated: 1) Evaluate the capability of the electro-
static separation process by performing no more than ten obser-
vations and making use of the confidence indexes; 2) use moving
R- and X -bar control charts to obviate the difficulty of sampling;
and 3) prepare a “Corrective Actions Guide” for the operators
using control charts for monitoring.

Index Terms—Control chart, electrostatic separation, process
capability, statistical process control (SPC).

I. INTRODUCTION

URING recent years, new electrostatic separation

processes have been developed for ore processing and
waste recycling [1]-[4]. For each one of these applications, the
quality of the products is a crucial issue. Thus, the purity of the
copper recovered by electrostatic separation from electric wire
and cable wastes should exceed 97%. The insulating materials
recovered from the same type of wastes could not be recycled
unless they contain less than 0.02% of metallic impurities [5].

The statistical process control (SPC) proved to be an effective
tool for improving manufacturing quality in many industries
[6]. Since the pioneer works of Shewhart, 80 years ago, the
SPC methodology has been widely used for detecting noncon-
forming products by monitoring the process through samples.
The statistical analysis of sample characteristics prompts the
adjustments to be made to the process in order to keep it within
the specifications.

The keywords of SPC are capability and control charts. The
capability index quantifies the variability in process character-
istics. A process having a high capability index will constantly
respect the quality requirements imposed to its products. The
control charts are graphical representations of process charac-
teristics. They make the control of a process easier, in order to
maintain or improve its capability.

This paper aims at answering the question: How can these
concepts be applied to electrostatic separation processes? The
variability of the outcome (quantities of recovered materials;
purity of the products) is a serious drawback for any new
electrostatic separation application. SPC could be a promising
solution to this problem.

0093-9994/$25.00 © 2009 IEEE
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Fig. 1. Variables of an electrostatic separation process: high-voltage level U,
roll speed n, angular o7 and radial dq positions of the corona electrode, angular
a2 and radial d2 positions of the electrostatic electrode, and angular position y
of the splitter.

The difficulty of the problem resides in the fact that the
electrostatic separation is a continuous process, the outcome
of which is a function of numerous factors: flow rate, granule
size, high-voltage level, electrode configuration, and the roll
speed [7]. In a typical roll-type corona-electrostatic separator
[8], the granular mixture to be sorted is fed onto the surface of
a grounded roll electrode, which rotates at a controlled speed.
The electric field in which separation takes place is produced
between this roll and one or several electrodes connected to
a dc high-voltage supply (Fig. 1). The insulating particles are
charged by ionic bombardment in the corona field zone and
adhere to the surface of the rotating roll electrode due to
the electric image force. The conducting particles, which are
not affected by the corona field, are charged by electrostatic
induction in contact with the grounded roll and are attracted by
the static electrode.

This paper presents a series of experiments that enabled
the authors to evaluate the capability of such electrostatic
separation processes and to establish appropriate control charts.
In order to show how SPC methods could contribute to the
improvement of users’ overall satisfaction, several typical sit-
uations of abnormal operation were simulated.

II. SPC CONCEPTS

SPC techniques are widely used in manufacturing industries
for monitoring repetitive processes to determine whether they
are operating properly. The variability of process characteristic
is the key concept of these techniques. Thus, the common cause
of variation is the naturally occurring oscillations of system
response around a long-term average value, due to inherent
fluctuations of system parameters. Special cause variation is
typically caused by some problem in the system and can be
quickly detected with SPC techniques.

A. Capability

Process capability studies distinguish between conformance
to control limits [upper control limit (UCL) and lower con-
trol limit (LCL)] and specification limits [upper specification
limit (USL) and lower specification limit (LSL)]. Specifically,
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control limits characterize the inherent variability in a process,
whereas specification limits define acceptable product charac-
teristics. The products that are outside the specification limits
represent wastes that must be discarded or reprocessed.

The difference between the USL and LSL defines the interval
of tolerance (IT). The inherent variability of a process, as
defined by the control limits, must be well within this IT. The
process capability index C), is defined as [9]

Ir USL-LSL |

P 6o 60 M
where ¢ is the standard deviation of the process characteristic
being monitored. In most cases, o is replaced in the aforemen-
tioned formula by an estimation given by the following:

2)

where
m = 1zn:X 3)
o i=1 '

is the mean of n measured values X;, (i = 1.n).

The capability index shows how well a process is able to
meet specifications. The higher the value of the index, the more
capable is the process: C}, < 1 (unsatisfactory), 1 < C), < 1.33
(low capability), 1.33 < C}, < 1.66 (medium capability), and
Cp > 1.66 (high capability).

This index considers only the spread of the characteristic in
relation to specification limits, assumed to be two-sided. The
process performance index Cpy, takes into account the position
of m with respect of the two specification limits [9]

“)

C,p — Min (USL—m’ m—LSL) .

3s 3s

These two indexes should be jointly employed in order to
accurately assess the capability of a process. A higher capability
index can be achieved by reducing the variation in the process.
The effect of shifting the mean of the process toward the target
is an increase of the process performance index.

An easier way to assess the capability of a process is to use
the Cp,,, index introduced by Taguchi et al. [10]. This indicator
considers at the same time the variability of the process charac-
teristic and the position of each measured value with respect to
the target. As any variation of a process characteristic compared
to the target value affects the quality of the product, Taguchi
recommended to evaluate the “nonquality” by calculating the
average standard deviation from the target.

The loss generated by an individual value is evaluated by

L = K(X — Target)? )

where K is a constant which depends on the problem under
study, and X is the value taken by the characteristic. In the
case of a sample of mean m and standard deviation s, the
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Fig. 2. Unstable and stable processes.

average loss is given by the following, known as “Taguchi’s
loss function”:

L =K (s> + (m— Target)?) . (6)
The Cp,y, indicator is defined by

It

Cpm = :
P 61/s2 + (m — Target)?

)

Experts agree to list five elementary sources of variability,
which are also the causes of low capability: machine, operator,
material, method, and environment [6]. The most difficult to
act on is machine variability. This residual variability, which
is also designated as “natural (or common cause) variability,”
determines the maximum values of C}, Cp, and Cp,, that can
be attained. Therefore, a process can be characterized by two
types of variability (Fig. 2): the instantaneous (“short-term’)
variability, caused by the machine and, to a lesser extent, by
the other four factors listed earlier, and the total (“long-term”)
variability, which is a resultant of the variations caused by all
five factors over a longer period of time. The stability of a
process can be characterized by the index

P,
Rs% = FZ % 100 8

with P, as the long-term capability. The computation formulas
of indicators P,, Py, and P, (long term) are strictly identical
to the formulas of C',, Cyyy,, and Cpy, (short term).

B. Control Charts

High capability indexes are obtained by limiting the variabil-
ity of process characteristic being monitored. The difficulty is to
distinguish between natural variations and those assignable to
special causes. The adjustment of process variables is justified
only in the latter case. Control charts enable the detection of
this kind of situations.

To monitor the process, samplings are carried out regularly.
The mean and the range of the measured process characteristics
are calculated for each sample and then plotted on graphs
called control charts. In this way, process evolution is visual-
ized. The frequency of sampling is chosen so that, if special
cause variation is present, the control charts can identify it
[5], [6].

The control charts are established based on measurements
made on n subgroups (samples), each one having a number N
of elements. The experts recommend n > 30; N > 3 [6].
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TABLE I
COEFFICIENTS FOR THE CALCULATION OF CONTROL CHART LIMITS
Number Nina 2 3 4 S 6 7
sub-groups
A 2.57412.282 | 2.114 | 2.004 | 1.924 | 1.864
B 0 0 0 0 10.076 | 0.136
K 1.023 1 0.729 | 0.577 | 0.483 | 0.419 | 0.373

The centerline of the X-bar chart that will be employed
in this paper is the mean of the means X; of the subgroups,
expressed by the following relation:

Z(YJ ©)

The upper (UC Ly ) and lower (LCLx) control limits of this
chart are

X =

S|

UCLx =X + KR
LCLx =X — KR

(10)
Y

where K is given in tables as a function of the number N of
elements in a subgroup (Table I) and

>
i=1

with RR; being the range of the values measured for the
subgroup ¢. The upper (UCLp) and lower (LC'LR) control
limits of the R-bar chart are

R = (12)

S|

UCLyr = AR
LCLy = BR.

13)
(14)

III. MATERIALS AND METHOD

A laboratory-scale role-type corona-electrostatic separator
manufactured by CARPCO Inc., Jacksonville, FL, was em-
ployed for the experimental study. In order to simulate the
conditions of an industrial installation, the angular and radial
positions of the corona electrode («v; = 30° and d; = 40 mm),
the angular and radial positions of the static electrode (ag =
70° and dy = 70 mm), and the angular position ~y; of the splitter
of the collector were maintained fixed for all experiments
(see again Fig. 1).

The tests were carried out on three granular subgroups
(S1, S2, and S3), obtained from genuine chopped electric
cable wastes (RIPS-ALCATEL, France). The mass of each
sample was 100 g [5 g of copper + 95 g of polyvinyl
chloride (PVC)], the characteristic size of the granules rang-
ing between 1 and 2 mm. The products are recovered in
three different compartments: conductor, nonconductor, and
middling.

The process characteristic being monitored was the mass of
the middling product, which was measured with an electronic
balance (precision: 0.01 g). Laboratory studies and industrial
practice have proven the pertinence of this output variable for
the characterization of the overall performance of the process.
Smaller quantities of middling are naturally correlated with
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higher recovery and purity indexes of both conducting and insu-
lating materials. With copper representing only 5% of the feed,
the acceptable mass of middling collected after electrostatic
separation should not exceed 1%.

A four-step experimental procedure was adopted.

Step 1) Identification of the optimal point of operation
(Uspts Mopt» and 7yp¢) by using a 17-run composite
experimental design [11]. The procedure was similar
to the one thoroughly described in [12].
Assessment of the short- and long-term capabilities
of the process. During one day, characterized by
stable ambient conditions (20.2 °C-22.2 °C; RH =
27.5%-30%), each of the three samples was sub-
jected to 20 electrostatic separation tests (one test
every half an hour, the three products of the separa-
tion being remixed after having measured the mass
of the middling fraction). The tests were performed
using the optimal operating conditions obtained at
Step 1).

Setup of the control charts. The experimental data
obtained at Step 2) were employed for calculating
the UCL and LCL of the X - and R-bar charts, using
the formulas given in the previous section of this
paper, with n = 20 and N = 3. Taking into account
the fact that the electrostatic separation is a con-
tinuous process, sampling is not economically and
practically feasible, in an industrial environment.
Therefore, “moving X-bar” and “moving R-bar”
control charts were set up, using only the individual
measurements on sample 1.

Simulate several “out-of-control” situations. Three
sets of experiments were performed in order to sim-
ulate the following: 1) a change in the composition
of the processed material (four tests with a sample
containing 4% Cu and four with a sample containing
6% Cu); 2) a failed connection of the static elec-
trode to high-voltage supply (the static electrode was
disconnected from the high-voltage terminal of the
electrostatic separator); and 3) the accumulation of
dust on the surface of the corona electrode (three
successive groups of four tests with the wire covered
with starch powder on 5%, 10%, and 15% of its
surface, respectively).

Step 2)

Step 3)

Step 4)

Each of these situations has been encountered by the authors
during their activities as consultants for the recycling industry.
The problem with such “out-of-control” situations is that they
generate only a small shift of process outcome, which cannot
be detected by plain visual monitoring of the products collected
after the electrostatic separation. A disconnection of the corona
electrode is an event that cannot pass unobserved, as the deteri-
oration of the separation process is radical. This is not the case
with a failed connection of the static electrode, which might
arrive in installations, the electrode configuration of which
is often modified for technological reasons. Such an event
cannot be detected by the operator without the use of a control
chart.
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TABLE 1I
RESULTS OF THE 17 RUNS OF THE COMPOSITE EXPERIMENTAL DESIGN
n Uly Insulating product Middling- Conducting product
min' | kV | © | Mgl | Puif%] | Recif%] | Mupimlg] | M.{g] | Puf%] | Reccl%]

60 |30 |-6]9486| 98.92 | 99.85 0.54 3.67 | 9973 | 73.20
90 [30]-6[94.31| 99.27 99.27 1.04 4.03 | 99.01 79.80
60 |34 ]-6[94.63| 98.68 99.61 0.63 347 | 99.42 69.00
90 |34 |-6(94.07 | 99.23 | 99.02 1.14 4.03 | 98.76 | 79.60
60 [30] 2 [9476| 98.71 99.75 0.74 3.34 |100.00 | 66.80
90 [30] 2 [9439] 99.15 99.36 1.36 347 [100.00 | 69.40
60 |34 2]94.62| 98.67 | 99.60 1.00 3.14 | 100.00 | 62.80
90 (34| 2 [9429] 99.15 99.25 1.43 3.51 |100.00 | 70.20
60 |[32]-2]94.66| 98.81 99.64 0.72 342 |100.00 | 68.40
90 |[32]-2(9428]| 99.24 99.24 1.30 3.69 | 99.73 73.60
75 |30 |-2(94.48| 99.04 99.45 0.95 3.63 | 99.72 72.40
75 | 34 | -2]94.41 | 98.96 99.38 1.13 349 | 98.85 69.00
75 [ 32 ]-6|94.63| 98.99 99.61 0.59 379 | 99.47 75.40
75 |32 29465 98.90 | 99.63 0.90 343 | 99.13 | 68.00
75 |32 | -2]94.58 | 99.04 99.56 0.90 3.64 | 99.73 72.60
75 |32 (-2]94.67| 99.03 99.65 0.86 3.60 | 99.72 71.80
75 |32 |-2]194.56| 9891 | 99.54 0.84 3.54 | 99.72 | 70.60

IV. RESULTS AND DISCUSSION
A. Set-Point Identification

The optimal values of the high voltage U, the speed n, and
the angular position 7, were established based on the results
given in Table II, which were obtained under stable ambient
conditions (temperature: 7' = 20 °C-21 °C; relative humidity:
RH = 27%-30%). The optimal values of the control variables
(i.e., those that simultaneously maximize metal recovery and
insulator purity), the minimum middling mass (i.e., the target of
the process), and the 95% confidence interval of this predicted
value were computed with a commercial software of experi-
mental design (MODDE 5.0 [11]), and they are as follows:
Uopt = 31.6 KV, ngpy = 75 tr/ min, vopt = —6°, Target =
0.76 g, Ty = 0.91 g, and T, = 0.51 g. The upper (Ty) and
lower (T7,) limits of the confidence interval were adopted as
USL and LSL (1y = USL; T, = LSL). These limits corre-
spond to what is commonly accepted in industrial practice, for
this particular application.

B. Capability Assessment

The results of the 60 electrostatic separation tests that will
be employed for calculating the process capability indexes
are given in Table III. From a purely statistical point of
view, both the “short term” and “long term” capabilities of
a process should be evaluated based on at least 30 observa-
tions. In industrial practice, this might be a very constraining
requirement, taking into account the difficulty and the cost of
sampling. Therefore, at this stage of the study, a comparison
was performed between the capability indexes evaluated from a
lower number of observations, but making use of the so-called
confidence index [13]. This index is a function of the number of
observations. The higher the number of observation, the closer
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TABLE 1II
RESULTS OF 60 ELECTROSTATIC SEPARATION EXPERIMENTS CARRIED OUT WITH
THREE SUBGROUPS OF CHOPPED ELECTRIC WIRE WASTES (5-g Cu-9-g PVC)

Sub-groupe
(test) N° 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
RHA% 2751276 1276|275 ]285|283 (289 | 29 [284 284|297 29 28 129612911297 | 30 |294]296]295
re 202 (202 (209|209 206212211209 212|212 (213|221 (221 |21.1 214209 209206205204
Sy 0731074 (075]073 (074 (078 (081|080 0791075071 ]072]0.73]075| 0710701 0.69 |071 | 077 | 0.69
Sz 0721070071 072 (073071 | 068 | 067 |065]0.63|064]|069]0.70]071 072071071 |073]075]|0.70
S3 0.70 [ 0.71 | 068 | 0.63 | 0.65 | 0.68 | 0.68 | 0.67 [ 0.70 [ 0.71 | 0.69 | 0.69 | 0.71 | 0.65 | 0.63 | 0.65 | 0.68 | 0.69 | 0.67 | 0.69
X 072 (0721071069071 ]072|072|071 (071|070 |068 |0.70 |0.71 | 0.70 | 0.69 | 0.69 | 0.69 | 0.71 | 0.73 | 0.69
R 0.0310.04 (007|010 (009 (010|013 |0.13]|0.14]0.120.07 | 0.03 | 0.03 | 0.10 | 0.09 | 0.06 | 0.03 | 0.04 | 0.10 | 0.01
Xom) 074 1 074 [ 0.74 | 0.75 | 0.78 | 0.80 | 0.80 | 0.78 | 0.75 | 0.73 | 0.72 [ 0.73 | 0.73 | 0.72 | 0.70 | 0.70 | 0.72 | 0.72
Rimy 0.02 10020021 0.05]|007]003([002(005|008|004(002]0.03]|0.041]0.05]0.02]0.02]0.08]0.08

to one is this index. With the data from the first ten experiments
carried out on sample 1

0.91 —0.51

Cra0) = 5003~ 23 (15
/091 —0.76 0.76 — 0.51
Cp10) = Min ( 3%0.03 ° 3003 ) =16 U6
0.91 — 0.51
Cpm(10) = =2.3. A7)

6\/(0.03)2 + (0.76 — 0.76)*

Using the data from all the 20 experiments performed with that
sample, the same indexes are

Cpa0) = 1.9 Chraoy = 1.5 Cpmaoy = 1.9. (18)

In order to assess the capability of the process, these values
were multiplied by the confidence index [[13]]. The corrected
values derived from the two sets of data are

b0y =1.396  Chpig) = 1151 G0y = 2.3
20y = 1.387  Cpa0) = 1.186  Cpy(20) = 2.3.

19)
(20)

As C;(w) = C;(zo)’ it can be concluded that ten experiments
are enough for assessing the capability of an electrostatic
separation process, with the condition of using the appropriate
confidence index.

Using the data of the 60 experiments, which model the
long-term behavior of the process, the following indexes were
computed:

P,=16 P,=16

Py = 1.5. @1

After corrections,

Pr=1349 P;=1405 P;, =150.  (22)

The stability of the process characteristic being monitored is
very good, as

P 1.384
Rs% = 2 100 = oo = 100 = 99.50%. 23
=g 1387 % )

This means that the control charts can be confidently employed
for supervising the process.

C. Setup of Control Charts

Using the data in Table III, (10)—(14), with N =3 and
n = 20, lead to the following values for the central line:

X=07lg (24

and for the UCL and LCL of the X -bar chart
UCL% =0.7140.729 ¥ 0.08 = 0.78 g (25)
LCL+ =0.71—-0.729 x 0.08 = 0.63 g. (26)

For the same set of data, the computed upper and lower limits
of the R-bar chart were

UCLy =2.282%0.08=0.19¢
LCL7z=0%0.08=0g.

27)
(28)

Fig. 3 shows the X- and R-bar chart setups in accordance
with the aforementioned UCL and LCL. The USL and LSL
are represented on the same charts, to facilitate the analysis
of the situation from the customer’s point of view. The plotted
values are the mean and the range of 20 subgroups simulated by
the 3 x 20 experiments in Table III. All the values are within
the control limits. The process was under control, during those
60 experiments.

The characteristic lines of the moving X- and R-bar charts
in Fig. 4 were computed in a different way, which simulates in
a better way, the condition in which SPC could be applied
in an industrial environment. Thus, 18 moving means X; and
18 moving ranges R; were computed using the 18 subgroups of
three consecutive values of the middling mass measured for 5.
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Fig. 3. (a) X- and (b) R-bar control charts for the electrostatic separation

process simulated by the tests 7 = 1, ..., 20 in Table III.
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Fig. 4. (a) Moving X- and (b) R-bar control charts for the electrostatic
separation process simulated by the tests 4 = 3,...,20 on sample S1 in
Table III.

The values are given in the two bottom lines of Table III and
served for the computation of the centerline

X=0"7l¢g 29)

and for the UCL and LCL of the X -bar chart
UCLX(m) =0.714+3%0.04=0.82¢g 30)
LCLY(m) =0.71-3%0.04 =0.59 g. 31

For the same set of data, the computed upper and lower limits
of the R-bar chart were

(32)
(33)

UCLE(m) =2822%0.04=0.11¢g
LCLE(m) =0x0.03=0g.
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Fig. 5. Detection of the variation of metal concentration in the feed, by using
(a) X- and (b) R-bar control charts.
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Fig. 6. Detection of the variation of metal concentration in the feed, by using
moving (a) X- and (b) R-bar control charts.

The values shown in Figs. 3 and 4 represent the result of
a laboratory simulation of an industrial process. Sample 1
contained a slightly higher content of copper than the others,
which can explain the higher values recorded on R-bar chart in
Fig. 3(b), and the values beyond the mean on the moving X -bar
chart in Fig. 4(a). A correction was done after test #10, in order
to center the process on the target.

D. Simulation of “Out-of-Control” Situations

1) Variation of Metal Concentration in the Feed: The results
of the experiments are shown in Figs. 5 and 6 (tests #1 and #2
were pertained with a 5% Cu sample, tests #3—#6 with sam-
ples containing 6% Cu, and tests #7—#10 samples containing
4% Cu). The “out-of- control” situation could be easily detected
on any of the control charts employed. Fluctuations in the
composition are likely to be detected by a series of points
oscillating on one side and the other of the centerline of the
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Fig. 7. Detection of a failed connection of the static electrode, by using
(a) X- and (b) R-bar control charts.
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Fig. 8. Detection of a failed connection of the static electrode, by using
moving (a) X- and (b) R-bar control charts.

X -bar and moving X -bar charts, and by points beyond the UCL
on the R-bar chart.

2) Failed Connection of the Static Electrode: The control
charts in Figs. 7 and 8 illustrates this “out-of-control” situation:
The measured middling mass passes from 0.74 g under normal
operating conditions to 2.57 g when the static electrode was
disconnected from the high-voltage terminal of the electrostatic
separator.

3) Dust Accumulation on the Corona Electrode: The possi-
bility of detecting this event on the control charts is evidenced
by the results shown in Figs. 9 and 10. As the first simulation
was done with 5% of the wire surface covered by starch
powder, the results of the measurements were all outside the
control limits. The separation results worsen with the quantity
of dust accumulated on the wire. Therefore, this special cause
of variation can be detected by a series of points beyond the
centerline and a trend of increase in time.
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Fig. 9. Detection of dust accumulation on the corona electrode, by using
(a) X- and (b) R-bar control charts.
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Fig. 10. Detection of dust accumulation on the corona electrode, by using
moving (a) X- and (b) R-bar control charts.

A “Correction Action Guide” could provide suggestions to
the operators using control charts to monitor an electrostatic
separation process. In some cases, the task of the operators
is simple, as they can recognize the likely assignable cause
of the “out-of-control” situation by examining the behavior of
the process as displayed in the control charts. For instance, a
series of points beyond the centerline, and a trend of increase
in time, is typical for dust accumulation on corona electrodes.
In other cases, the operator has to examine several possible
causes of “out-of-control” situations. A point beyond the UCL
in the X -bar chart may indicate a failed connection of the static
electrode to the high-voltage supply, but also a change in the
humidity content of the probe or an altered position of the
splitter between conductor and middling product. A series of
points oscillating on one side and the other of the centerline
of the X-bar and moving X-bar charts is likely to reflect
uncontrolled fluctuations in the composition of the feed but
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also changes in the relative humidity of the ambient air or in
the velocity of the rotating roll electrode. In such cases, if an
elementary corrective action does not have the estimated effect,
it means that the “out-of-control” situation is the association
of several adverse factors, and the process cannot be restored
without involving an expert capable to make use of more refined
diagnosis tools.

V. CONCLUSION

The application of SPC to electrostatic separation of granular
materials could reduce the variability that affects the output
of such processes and limits their industrial application. This
paper validated a three-step procedure, consisting in the fol-
lowing: 1) set-point identification, using design of experiment
techniques; 2) capability assessment; and 3) setup of X- and
R-bar control charts.

The data presented in this paper demonstrate that capability
studies can be performed with no more than ten observations,
if good use is made by the confidence index recommended by
the SPC experts. For the particular process investigated in this
paper, both “short-term” and “long-term” capability indexes
were higher than 1.33, indicating that the level of performance
satisfies customers.

Sampling difficulties impose the use of moving X - and R-bar
control charts for monitoring electrostatic separation process
characteristics. Choosing the UCL and LCL in accordance with
the recommendations of SPC methodology is a guarantee of the
fact that all deviations in performance can be readily detected,
to prevent a more severe deterioration of the process that could
yield products outside the specification limits.

The study was performed for a well-defined category of
processed materials (wastes of chopped electric cables), but a
similar approach could be adopted for a range of electrostatic
applications of separation. At this time, only several “out-of-
control” situations that were considered to most frequently
cause user dissatisfaction could be examined. Deviations from
optimal set points of the high voltage, roll speed, splitter
position, ambient temperature, and relative humidity are other
common sources of “assignable cause” variation in the electro-
static separation process and deserve a distinct study.

ACKNOWLEDGMENT

The author K. Medles would like to thank the French and
Algerian Governments for the doctoral scholarship.

REFERENCES

[1] L L Inculet, G. S. P. Castle, and J. D. Brown, “Electrostatic separation of
plastics for recycling,” Part. Sci. Technol., vol. 16, no. 1, pp. 77-90, 1998.
[2] K. B. Tennal, D. Lindquist, M. K. Mazumder, R. Rajan, and W. Guo,
“Efficiency of electrostatic separation of minerals from coal as a function
of size and charge distributions of coal particles,” in Conf. Rec. IEEE IAS
Annu. Meeting, Pheonix, AZ, 1999, pp. 2137-2142.
L. Brands, P. M. Beier, and I. Stahl, “Electrostatic separation,” in
Ullmann’s Encyclopedia of Industrial Chemistry. Weinheim, Germany:
Wiley-VCH Verlag, 2001.
A.Tuga, I. Cuglesan, A. Samuila, M. Blajan, D. Vadan, and L. Dascalescu,
“Electrostatic separation of muscovite mica from feldspathic pegmatite,”
IEEE Trans. Ind. Appl., vol. 40, no. 2, pp. 422-429, Mar./Apr. 2004.

3

—_

[4

=

1093

[5] L. Dascalescu, R. Morar, A. Iuga, A. Samuila, and V. Neamtu, “Elec-
trostatic separation of insulating and conductive particles from granular
mixes,” Part. Sci. Technol., vol. 16, no. 1, pp. 25-42, 1998.

[6] D. C. Montgomery, Introduction to Statistical Quality Control.
New York: Wiley, 1996.

[7]1 R. Morar, A. Tuga, L. Dascalescu, and A. Samuila, “Factors which in-
fluence the insulation-metal electro separation,” J. Electrostat., vol. 30,
pp- 403412, 1993.

[8] L. Dascalescu, A. Mizuno, R. Tobazéon, A. Iuga, R. Morar,
M. Mihailescu, and A. Samilla, “Charges and forces on conductive parti-
cles in roll-type corona-electrostatic separators,” IEEE Trans. Ind. Appl.,
vol. 31, no. 5, pp. 947-956, Sep./Oct. 1995.

[9] N. L. Johnson and S. Kotz, Process Capability Indices.
Chapman & Hall, 1993.

[10] G. Taguchi, E. A. Elsayed, and T. C. Hsiang, Quality Engineering in
Production Systems. New York: McGraw-Hill, 1989.

[11] L. Eriksson, E. Johansson, N. Kettaneh-Wold, C. Wikstom, and S. Wold,
“Design of experiments,” in Principles and Application. Umea, Sweden:
Umetrics, 2000.

[12] K. Medles, A. Tilmatine, M. Younes, S. Flazi, and L. Dascalescu, “Set
point identification and robustness testing of electrostatic separation
processes,” in Conf. Rec. IEEE IAS Annu. Meeting, Seattle, WA, 2004,
pp. 1959-1966.

[13] M. Pillet, Appliquer la Maitrise Statistique des Processus MSP/SPC.
Paris, France: Editions d’Organisation, 2005.

London, U.K.:

Karim Medles was born in Tipaza, Algeria, in
1972. He received the M.S. degree and Magister
(Dr. Eng.) degree in electrical engineering from the
University Djillali Liabes, Sidi Bel Abbes, Algeria,
in 1994 and 1999, respectively, and the Ph.D. degree
from the Electrical Engineering Institute, Univer-
sity Djillali Liabes, in 2006 with a thesis he partly
prepared at the University Institute of Technology,
Angouléme, France, with an 18-month research
scholarship awarded by the French Government.

He joined the University Djillali Liabes in 1999
as a Senior Lecturer in the Electrical Engineering Department, where he
is currently an Assistant Professor and a member of the Electrostatics and
High-Voltage Engineering Research Unit, Interaction Réseaux Electriques-
Convertisseurs Machines Laboratory. He has published several scientific papers
in international and national journals, as well as in conference proceedings.
He was invited as a Visiting Scientist in France. His current research interests
include power systems, high-voltage engineering, and electrostatics.

Khouira Senouci was born in Sidi Bel Abbes,
Algeria, in 1974. She received the M.S. degree and
the Magister (Dr. Eng.) degree in electrical engi-
neering from the University Djillali Liabes, Sidi Bel
Abbes, in 2004 and 2006, respectively.

She joined the University Djillali Liabes in 2006
as a Senior Lecturer in the Electrical Engineering
Department, where she is currently an Assistant
Professor and a member of the Electrostatics and
High-Voltage Engineering Research Unit, Interac-
tion Réseaux Electriques-Convertisseurs Machines
Laboratory. She has published several scientific papers in international and
national journals, as well as in conference proceedings, and she was invited as a
Visiting Scientist in France. Her current research interests include high-voltage
engineering, statistical process control, and electrostatics.

Authorized licensed use limited to: Adrian Mihalcioiu. Downloaded on August 12, 2009 at 04:43 from |IEEE Xplore. Restrictions apply.



1094

Amar Tilmatine received the M.S. degree in elec-
trical engineering and the Magister (Dr. Eng.) de-
gree from the University of Science and Technology,
Oran, Algeria, in 1988 and 1991, respectively.

Since 1991, he has been teaching courses on
electric field theory and high-voltage techniques in
the Electrical Engineering Department, University
Dijillali Liabes, Sidi Bel Abbes, Algeria, where he
was the Chairman of the Scientific Committee from
November 2002 to November 2005 and is the Head
of the Electrostatics and High-Voltage Engineering
Research Unit, Interaction Réseaux Electriques-Convertisseurs Machines Lab-
oratory. From 2001 to 2006, he visited the Electronics and Electrostatics
Research Unit, University Institute of Technology, Angouléme, France, at least
once a year, as an Invited Scientist, to work on a joint research project on
new electrostatic separation technologies. His other fields of interest are high-
voltage insulation and gas discharges.

Abdelber Bendaoud was born in Oujda, Morocco,
in 1957. He received the Engineering degree in elec-
trical engineering from the University of Sciences
and Technology, Oran, Algeria, in 1982, and the
Magister (Dr. Eng.) and Ph.D. degrees from the
Electrical Engineering Institute, University Djillali
Liabes, Sidi Bel Abbes, Algeria, in 1999 and 2004,
respectively.

Since 1994, he has been a Professor of electric ma-
chines with the Electrical Engineering Department,
University Djillali Liabes, where he is a member
of the Intelligent Control Electrical Power System Laboratory. His current
research interests include electrostatic separation technologies, high-voltage
insulation and gas discharges, electric and magnetic fields, and electromagnetic
compatibility.

Adrian Mihalcioiu (S’04-M’06) received the M.S.
degree in electrical engineering from the Technical
University of Cluj-Napoca, Cluj-Napoca, Romania,
in 2002, and the Ph.D. degree (magna cum laude)
from the University of Poitiers, Angouléme, France,
in 2005. His graduate research work was carried out
at the Electronics and Electrostatics Research Unit,
University Institute of Technology, Angouléme,
within the framework of the ERASMUS student
mobility program, financed by the European Com-
munity. His Ph.D. was jointly sponsored by the Uni-
versity of Poitiers and the Technical University of Cluj-Napoca. During part of
this program, he was associated with a major project in the R&D Department,
Hamos GmbH, Penzberg, Germany. His thesis involved the development of
measurement techniques and virtual instrumentation for the study and control
of electrostatic processes.

After obtaining his Ph.D. degree, he was with the University of Osaka,
Osaka, Japan, as a Postdoctoral Fellow. He is currently a Research Associate
with the Department of Ecological Engineering, Toyohashi University of Tech-
nology, Toyohashi, Japan.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 45, NO. 3, MAY/JUNE 2009

Lucian Dascalescu (M’93-SM’95-F’09) received
the M.S. degree (with first class honors) from the
Faculty of Electrical Engineering, Technical Uni-
versity of Cluj-Napoca, Cluj-Napoca, Romania, in
1978, the Dr. Eng. degree in electrotechnical ma-
terials from the Polytechnic Institute of Bucharest,
Bucharest, Romania, and the Dr. Sci. degree and
the “Habilitation a Diriger de Recherches” Diploma
in physics from the University “Joseph Fourier,”
Grenoble, France.

His professional carrier began at the Combinatul
de Utilaj Greu Cluj-Napoca (Heavy Equipment Works), Cluj-Napoca. In 1983,
he was with the Technical University of Cluj-Napoca as an Assistant Professor,
where he later became an Associate Professor of electrical engineering. From
October 1991 to June 1992, he received a Research Fellowship at the Labora-
tory of Electrostatics and Dielectric Materials, Grenoble, where he returned in
January 1994, after one year as an Invited Research Associate and a Lecturer at
the Toyohashi University of Technology, Toyohashi, Japan, and three months as
a Visiting Scientist at the University of Poitiers, Angouléme, France. For four
years, he was with the University Institute of Technology, Grenoble, where he
taught a course in electromechanical conversion of energy. In September 1997,
he was appointed Professor of electrical engineering and automated systems
and the Head of the Electronics and Electrostatics Research Unit, University
Institute of Technology, Angouléme. Since 1999, he has also been the Head of
the Department of Management and Engineering of Manufacturing Systems,
University Institute of Technology, Angouléme, France. He is currently the
Head of the Electrostatics of Dispersed Media Research Unit, which is part
of the Electrohydrodynamic Group, Laboratory of Aerodynamic Studies, Uni-
versity of Poitiers. He is the author of several textbooks in the field of electrical
engineering and ionized gases. He is the holder of 14 patents and the author of
more than 110 papers. He was invited to lecture on the electrostatics of granular
materials at various universities and international conferences in China (1988),
Poland (1990), the U.S. (1990, 1997, 1999, and 2008), Japan (1993), France
(1993 and 2008), the U.K. (1998), Romania (1999, 2004, 2006, and 2008),
Canada (2001), Belgium (2002), and Algeria (2005 and 2006).

Prof. Dascalescu is a Fellow of the IEEE Industry Applications Society
(IAS), the Vice-President of the IEEE France Section, and the Technical
Program Chair of the IAS Electrostatic Processes Committee. He is a member
of the Electrostatics Society of America, Electrostatics Society of Romania,
Société des Electriciens et Electroniciens, and Club Electrotechnique, Electron-
ique, Automatique, France.

Authorized licensed use limited to: Adrian Mihalcioiu. Downloaded on August 12, 2009 at 04:43 from |IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


