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Abstract—High voltage is known to be one of the main control
variables in any electrostatic-separation process. From this perspective, the aim of this paper is twofold: to develop an effective
high-voltage monitoring system and to demonstrate that it can
be a useful tool for controlling the overall operating conditions
of an electrostatic-separator system. A custom-designed virtual
instrument was employed for processing the experimental data
provided by a high-voltage probe, the output of which was connected to an electrometer. In several experiments, the output of
the high-voltage probe was also connected to a digital oscilloscope,
in order to obtain a better understanding of the variation of
the electrode potential after a spark discharge. The laps of time
without corona discharge and/or with low electric field intensities
could thus be accurately determined, and the impact of the spark
discharges on the outcome of the separation process evaluated.
The dispersion of high-voltage measured values was found to
increase in the presence of the material. The statistical analysis
of the data revealed a significant correlation between the standard
deviation of the high-voltage and the concentration of metal in the
processed material. The results of this paper could be helpful for
those seeking the optimization of the operating conditions for the
electrostatic separation applications, in which the metal content in
the feed materials exhibits substantial fluctuation with time.
Index Terms—Electrostatic separation, high-voltage measurement, virtual instrumentation.

I. I NTRODUCTION

E

LECTROSTATIC separation is based on the utilization of
electrical forces acting on charged or polarized particles
in an electric field [1]–[4] generated by an electrode system
connected to a high-voltage supply. Applied high voltage (HV)

should be adjusted close to the threshold, beyond which spark
discharges could occur between the electrodes, in the presence
of the processed material [5]. In this way, the highest possible
intensity of the electric field is ensured, which implies the
best particle-charging conditions and most effective electricseparation forces [6]–[8].
Indeed, electrostatic induction, which is the prevalent charging mechanism of conductive particles in roll-type separators
(Fig. 1), depends directly of the electric-field strength at the
surface of the electrode carrier [9]. Corona charging, which
affects both conductors and insulators, is also proportional to
the electric-field strength, and hence, to the voltage applied to
the electrode system [10].
Continuous monitoring of the HV drop between the electrodes is necessary in order to avoid spark discharges, which
are common in electrostatic precipitators [11], [12]. Whenever
a spark discharge occurs, the magnitude of HV between the
electrodes is significantly reduced. The duration of the field
failure depends of the ability of the HV power supply to restore
the potential at which the electrodes were before the spark. Such
an event disturbs the separation process, as the aforementioned
electric-charging processes cease and no electric forces act on
the already charged particles.
From this perspective, the aim of this paper is twofold: to
develop an effective HV measuring system for electrostatic separators and to demonstrate that it can be a useful tool for supervising the overall operating conditions of such an installation.
II. E XPERIMENTAL P ROCEDURE
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A laboratory roll-type corona electrostatic separator EHTP
25-36 (CARPCO Inc., Jacksonville, FL) [13] was employed in
the experimental study (Fig. 1).
The separator was provided with two HV electrodes: a wiretype corona electrode and a tubular (nonionizing) electrode.
Both electrodes were connected to a same dc HV supply by
means of a multipole HV connector; the potential of which
was measured by a HV probe (dc—90 MHz, model PVM-5,
North Star, Albuquerque, NM, http://www.highvoltageprobes.
com/PDF/Vmonad2004.pdf), as shown in Fig. 2.
A. HV Monitoring During Spark-Free Operation
In this first group of experiments, the output of the HV probe
was connected to a digital electrometer (model 6514, Keithley
Instruments, Cleveland, OH) by means of a calibrated resistor
of 1 MΩ, which ensured impedance matching. A general purpose interface bus cable connected the electrometer to a PC,
provided with an IEEE488 data-acquisition card. A virtual instrument was developed using the LabVIEW 6.0.i environment
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Fig. 1. Roll-type corona electrostatic laboratory separator (CARPCO Inc., Jacksonville, FL) with high-voltage probe. 1: feeder; 2: corona electrode;
3: electrostatic electrode; 4: high-voltage connector; 5: high-voltage probe; 6: grounded roll electrode (carrier); 7: collector.

Fig. 2. Experimental setup for HV monitoring using: a high-voltage probe (model PVM-5, NorthStar Research); a digital electrometer (model 6514, Keithley)
with a virtual instrument developed in a LabVIEW environment; and a digital oscilloscope (model DL1740, Yokogawa).

[14]. It enabled the remote control of the electrometer, the
real-time transfer of the data to the computer, and their processing in accordance with the diagram presented in Fig. 3.
The sampling rate was set to 20 samples/s, as the outcome
of the measuring procedure was not sensitive to this parameter.
Each time 1000 samples were displayed on the front panel of
the virtual instrument, the results were saved in a .txt file for
further processing. The average value and the standard deviation (σHV ) were evaluated for each series of measurements.
The granular material employed in the experiments was
obtained from genuine chopped electric-wire wastes processed
in the recycling industry, with 5%, 25%, or 45% of stranded
copper (diameter: 0.25 mm; length > 1 and < 5 mm). In
one experiment, the stranded copper was replaced by massive
copper wire.
Six sets of experiments were performed in order to evaluate
the effects of the factors that might affect the value of the
potential measured by the HV probe (Table I).

For the first two experiments, a centered composite design
was adopted [15], [16], in order to derive a second-order polynomial model correlating the response σHV with the variables
considered in this paper: metal content c (in percent) of the
granular mixture, roll-speed n (in revolutions per minute), and
HV level U (in kilovolts). With such a model, the response
y = σHV can be expressed as a function of e factors ui (i =
1, . . . , e)
y = f (ui ) = c0 +



ci ui +



ci,j ui uj +



cii u2i . (1)

The normalized centered values, marked with ∗, can be defined
for each factor as follows:
xi = (ui − uic )/∆ui = u∗i

(2)
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Fig. 3. Diagram of the virtual instrument employed for HV monitoring, using a HV probe and a digital electrometer.
TABLE I
EXPERIMENTAL CONDITIONS

where
uic = (uimax + uimin )/2;

∆ui = (uimax − uimin )/2.

(3)

With these notations, the response function becomes
y = f (xi ) = a0 +



ai xi +



ai,j xi xj +



aii u2i

(4)
B. Characterization of HV Supply Response to Sparks

where xi can obviously take only the values: −1 (for the
minimum input value uimin ) and +1 (for the maximum input
value uimax ). For the three factors considered in this paper
x1 = c∗

x2 = n∗

x3 = U ∗ .

Experiments #3 and #4 were done at negative polarity, with
and without the electrostatic electrode connected to the highvoltage supply. The last two experiments (#5 and #6) were
performed again at positive polarity but on different samples
of granular materials: one containing 100% and the other 0% of
stranded wire.

(5)

The analysis of the experimental results was carried out with
MODDE 5.0 program (Umetrics, Umea, Sweden) [17].

In these experiments, the output of the HV probe was connected to a digital oscilloscope (500 MHz, 1 GS/s, 1 MΩ input
impedance, model DL1740, Yokogawa, Tokyo, Japan), and the
electrode system of the electrostatic separator was energized
from either one or the other of the two tested HV supplies:
#1: model M583, GAMMA, Ormond Beach, Florida, and
#2: model SL300, SPELLMAN, Hauppauge, NY. All the tests
were done at positive polarity. The processed material was
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HV variation before and during granular-material processing, as displayed by the virtual instrument developed in LabVIEW.

a granular mixture of 45% copper stranded wire (diameter:
0.25 mm; length > 1 and < 5 mm), and 55% polyvinyl chloride.
The elongated copper particles initiated spark discharges that
caused abrupt variations of the voltage across the interelectrode
gap. These variations were displayed on the screen and stored
in the memory of the digital oscilloscope. Thus, it was possible
to evaluate the time needed by each HV supply to restore the
potential of the electrodes to the level it had before the spark
discharge.

TABLE II
R ESULTS OF THE E XPERIMENT #1

III. R ESULTS AND D ISCUSSION
A. Spark-Free Operation
Fig. 4 shows the front panel of the virtual instrument displaying the measured values of the HV before and after particle
admission in the electric-field zone. The standard deviation
σHV increased from less than 1 V to about 5 V.
The results of the experiment #1 are given in Table II. The
second-order polynomial model
∗

∗

∗2

σHV = 6.807 + 2.769c + 0.038n − 0.540c

∗2

+ 0.115n

(6)
where c∗ and n∗ are, respectively, the normalized centered values of the metal content c and the roll speed n is characterized
by excellent statistics (R2 = 0.976, Q2 = 0.96). The model
points out a quasi-linear variation of σHV with the metal content
c [Fig. 5(a)]. From the curves in Fig. 5(a), it is shown that if
σHV = 6 V, the metal content c is somewhere between 17.5%
and 22% with a probability higher than 95%. The other factor
considered in this paper, the roll speed n, has little influence
on σHV [Fig. 5(b)], as the respective coefficients are very small
when compared with the others.
The experiment #2 (Table III) confirmed the effect of metal
content on the standard deviation σHV , as shown in Fig. 6(a).

The model fitted with MODDE 5.0 is
2

σHV = 4601 + 1.849c∗ + 1.565U ∗ + 0.702c∗ U ∗ + 0.738U ∗
(7)
where c∗ and U ∗ are, respectively, the normalized centered
values of the metal content c and the HV U . The standard
deviation σHV increases with the HV [Fig. 6(b)]. For the same
composition of the processed material (c = 25%), it passes
from 3.8 (95% confidence interval: 3.3–4.3 V) to 6.9 V (6.4–
7.4 V). This implies that it would be easier to predict the correct
composition of the material if working at higher voltages.
The high-voltage applied to the electrode system in the
experiments #3 and #4 was limited to 20 kV (absolute value).
Beyond this limit, the number of spark discharges becomes
excessively high (more than one per second).
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Fig. 5. Plots of the predicted response σHV and of the respective 95%
confidence intervals: (a) as function of metal concentration c (in percent) for
n = 80 rev/min and U = 30 kV and (b) as function of roll speed n (rev/min)
for c = 25% and U = 30 kV.
TABLE III
R ESULTS OF THE E XPERIMENT #2

Fig. 6. Plots of the predicted response σHV and of the respective 95%
confidence intervals: (a) as function of metal concentration c (in percent) for
n = 80 rev/min and U = 28 kV and (b) as function of applied voltage U
(in kilovolts) for c = 25% and n = 80 rev/min.
TABLE IV
RESULTS OF THE EXPERIMENTS #3 AND #4

TABLE V
RESULTS OF THE EXPERIMENTS #5 AND #6

Therefore, a straightforward comparison between the results
obtained at positive and negative polarities was not possible (the value of σHV determined in several experiments at
U = +20 kV with the c = 25% product did not differ

significantly from those obtained at the same applied voltage
in the absence of material). No significant difference exists
between the results of the experiments #3 and #4 (Table IV),
indicating that the presence of the electrostatic electrode in
parallel to the corona electrode has little effect, if any, on the
value of σHV .
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Fig. 7. Voltage restoring curves for the two HV supplies obtained with the digital oscilloscope (5 kV/div, 500 ms/div). The graph resulted from the superposition
of the curves recorded for two series of spark discharges, one for each of the HV supplies.

Fig. 8.

Voltage restoring curve for the HV supply #1, as displayed by the oscilloscope, at 5 kV/div and 20 ms/div.

The fact that σHV is quasi-proportional with the concentration of metallic particles suggests that the variation of the measured voltage is related to the back corona that can occur from
such particles in an electric field characterized by relatively
high local magnitude. The experiments #5 and #6 (Table V),
carried out with different materials, containing, respectively,
100% and 0% of stranded copper, confirmed this hypothesis.

B. HV Supply Response to Spark Discharges
As discussed further on, various sampling rates were tested
accordingly to Nyquist sampling theorem. The curves in Fig. 7
were obtained using the HV probe (1000 V/ 1 V), the same
sampling rate (50 000 samples/s), time scale (500 ms/div), and
voltage scale (5 kV/div), for the two supplies. This representation clearly shows that the HV supply #1 needs a significantly
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shorter time (0.25 s) than the HV supply #2 (1.35 s) to restore
their output voltage at the level they had before the spark
discharge.
In the case of HV supply #2, the various phases of HV
restoring can be easily seen on the curves in Fig. 7. A 20-time
higher sample rate (1 000 000 samples/s) and a 10-time shorter
time scale (50 ms/div) were necessary for obtaining an exploitable curve (Fig. 8) to characterize the HV supply #1.
The presence of different phases on the voltage-restoring curve
can be explained by the peculiarities of the internal electronic
schemes of the two HV supplies. Thus, the linear response of
supply #2 is most probably due to the internal current-limiting
protection circuit.
IV. C ONCLUSION
HV monitoring can provide useful information for
electrostatic-separation process control. By comparing the
measured value of the high-voltage to the preselected optimum
level, deviations from the preselected level can be readily
detected and used to control the system. In case that spark
discharges are too frequent, the applied voltage should be
reduced, in order to avoid these events that affect the outcome
of the separation process.
In spite of the fact that the electronic HV supplies employed with modern separators are provided with protections
against flashover, not all of them are adequate for applications
characterized by frequent sparks between the electrodes in the
presence of the processed material. The restoration of the highvoltage at the level it had before flashover may require a relatively long time (up to 1 s); imposed by the electronic scheme
of the supply. The shorter, this time, the more appropriate
the high-voltage supply is for energizing the electrodes of an
insulator/metal separator, where spark discharges between the
electrodes cannot be completely avoided.
The most interesting result of this paper is the correlation that
was evidenced between the standard deviation of the measured
high-voltage (σHV ) and the composition of the material passing
through the active zone of the separator. A change in the measured σHV could point out an alteration in the composition of
the processed material and indicate that appropriate corrections
should be made for optimal operation of the overall system.
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