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Abstract—This paper is aimed at proposing a new design of a corona-discharge based electrostatic motor with a
cylindrical rotor made from aluminum foil and multi copper strip stator electrodes. The stator electrodes are alternately
stressed positively and negatively. The onset voltage of corona discharge is calculated based on the condition of discharge
sustenance at stator electrodes. The corona currents emitted from positively and negatively stressed electrodes are
calculated being dependent on the applied voltage and motor geometry. This calls at first for calculation of the spatial
distribution of electric field within the motor volume using the accurate charge simulation technique. The calculated
corona onset voltage and current-voltage characteristics of the motor agreed reasonably with those measured
experimentally for three motors built-in the laboratory. The dependency of the motor speed on the applied voltage is

reported for the different investigated motors.
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I. INTRODUCTION

A. Previous Related Work

Historically speaking, the first electric motor
invented was a corona-based electrostatic motor (ESM)
and it was about 100 years before the conventional
magnetic motor was conceived [1]. The ESM is
characterized by simplicity of construction without
winding and lightweight. The influence of corona
electrodes’ configurations on output torque was
experimentally investigated in ESM with multi-blade
electrodes [1]. The motor fabricated consisted of a
100 mm diameter hollow cylindrical rotor made of
acrylic resin as a dielectric and several knife-blade
corona electrodes with 100 mm length [1].

A micro ESM was fabricated [2] with sharp stator
electrodes to ionize air molecules. The ions are
transferred onto the rotor surface where coulomb
repulsion between insulated rotor and electrodes result in
a rotation of the rotor. Important design parameters, such
as electrode spacing, air gap, and number of electrodes
were studied [2] using an electrostatic field simulator.
For good performance, the stator’s electrodes should be
axially thick with sharp tips [2]. Speed and torque were
measured where the torque was estimated in the order of
10 nNm [2].

Corona motors are of interest in miniature
applications because of their insensitivity to material
properties and their ability to produce torque with DC
excitation [3].

B. Aim of Paper

This paper is aimed at proposing an ESM with
conducting cylindrical rotor and multi-stator electrodes
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and varying number of electrodes. The onset voltage of
corona on stator electrodes and current-voltage
characteristics are calculated and checked against those
measured experimentally for built-in laboratory motor
models. This calls at first for field calculation using the
accurate charge simulation method. The dependency of
the motor speed on the applied voltage is also
investigated for the built-in motors.

Il. THE PROPOSED ESM

The proposed ESM has a cylindrical rotor of radius
R made of aluminum foil, which rotates on the tip of a
metal shaft having very small contact area so the friction
loss is very small. The stator electrodes are strips capped
with wedge at the tip, made from copper and insulated by
cylindrical wooden shell of inner and outer radii R; and
R,, respectively, as shown in Fig. 1. The height of the
wedge is h and that of the electrode is H. The gap
spacing between the stator tip and the rotor surface is g.
For two-dimensional analysis, the motor is assumed long
enough when compared with the dimensions of the stator.

The principle of operation of the proposed ESM
depends on the "lonic Wind" phenomena [4-11]. Positive
and negative high voltages stress the stator electrodes
alternately. Subsequently, a strong electric field is
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Fig. 1. Cross section of the proposed 4-electrode ESM.
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generated near of the electrodes to form a corona
discharge in air at electrode's tips. The air motion is
created by the corona ions generated at the electrode,
which drift either to the grounded rotor or to the nearby
(surrounding) electrodes. Along their path, these ions
collide with the electrically neutral air, transferring their
momentum to air molecules resulting in the so-called
“electric or ionic wind” [4-11]. Therefore, the ionic wind
in this motor consists of two components:

The first component is the monopolar component,
which is directed from the high voltage electrode toward
the grounded rotor.

The second component is the bipolar one, which
extends between the positive and negative electrodes.

These components are discussed for a motor with
four-tilted electrodes. As regards the monopolar
component, there is monopolar conduction of corona ions
from each electrode to the grounded rotor associated with
corona wind. The polarity of ions is the same as that of
stressed electrode. The electrode tilting is aimed at
producing bipolar component to the right side of the
electrode different from that of the left side. This will
help in generating a torque to run the rotor as explained
in the following paragraphs.

As regards the bipolar component, there is
conduction of positive ions from each positive electrode
to the bounding (surrounding) negative electrodes
associated with ionic wind from the positive to the
negative electrodes in the direction Fy,, Fag, Fep, and Feg.
In addition, there is conduction of negative ions from
each negative electrode to the surrounding positive
electrodes associated with ionic wind in the directions Fy,,
Fue, Faa, and Fy.. The flow of ionic wind in the directions
Fan, Fag, Fen, and F¢y are opposite to that in the direction
Fpa, Foe, Faay and Fyc as shown in Fig. 2.

The ionic wind associated with positive ions flow is
greater than that due to negative ions' flow [10-13]. This
is attributed to the lower mobility assigned to positive
ions when compared with that of negative ions [14].

The smaller the mobility of ions, the more is the
residence time of the ions drifting between the positive
and negative electrodes, and the more the time available
for the ions to transfer their momentum to the air
molecules with subsequent increase of the flow of ionic
wind. This ends up with a net flow of ionic wind in the
directions Fy,', Fad', Fep', and Feg' as shown in Fig. 3.

Because of electrode tilting to the left, the electric
field to the left of the electrode and the associated ionic
wind is higher than those of the right of the electrode.
Therefore, the ionic wind in the direction Fg' is larger
than F,'. In other words, the ionic wind from electrode
(a) dominates in the direction F,," toward electrode (b) as
shown in Fig. 4. Similarly, the ionic wind from electrode
(c) dominates in the direction F.4" toward electrode (d).

The ionic wind in the direction Fg" and F" as
shown in Fig. 4 has a gradient along the radial direction
toward the axis of the rotor resulting in a shear force [15-
18] tangent to the rotor. Such shear force drives the rotor
to run in the direction a b c d, i.e. clockwise direction.
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Fig. 3. Resultant positive and negative bipolar forces in 4-electrode
motor due to ionic wind.

Fig. 4. Dominating bipolar forces in 4-electrode motor due to ionic
wind.

I11. CORONA ONSET VOLTAGE CALCULATION IN ESM

It has been demonstrated that the onset voltage of
negative corona in rod-to-plane and point-to-plane gaps
is smaller than that of positive corona [14, 19, 20].
Therefore, negative corona takes place first in the
proposed ESM. With the increase of the voltage applied
on the stator electrodes, the electric field near electrodes’
tips reaches the threshold value for ionization of gas
molecules by electron collision [21]. An electron
avalanche starts to develop along the direction of
maximum field, which extends toward the rotor as shown
in Fig. 5. With the growth of the avalanche, more
electrons are developed at its head, more photons are
emitted in all directions, and more positive ions are left
in the avalanche wake. For a successor avalanche to be
started, the preceding avalanche should somehow
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Fig. 5. Development of avalanche at one of ESM electrodes.

provide an initiating electron at the cathode surface,
possibly by photoemission, positive ion impact,
metastable action, or field emission. Field emission is

possible only at field strengths exceeding 5x10” V/m [22].

Electron emission by positive ion impact is more than
two orders of magnitude less probable than
photoemission [23]. Metastables have been reported to
have an effect approximately equal to that of positive ion
impact [24, 25]. Therefore, only the first mechanism
(electron emission from the cathode by photons) was
considered in the mathematical formulation of the onset
criterion, where at least one photoelectron is emitted by
the photons of the first avalanche to keep the discharge
self-sustained, i.e.,

Nepn = 1 1)

where Ngpp, is the number of electrons photo-emitted from
the cathode.

The onset voltage does not appear explicitly in the
relation (1) and the onset voltage is the critical value
which fulfills the Eq. (1) [22].

The condition for a new (successor) avalanche to
develop [26, 27] is:

Von (Jpel " @()exp[DIG() expl—pyl dy) = 1 (2)

where
R -
D= [ 7 (@=mdy

R is the motor rotor radius as shown in Fig. 5.

g s the gap spacing between the stator tip and the rotor
surface as shown in Fig. 5.

r; isradius of the ionization zone boundary as shown in
Fig. 5.

y is the axial distance travelled by the avalanche
starting at the tip of the stator electrode as shown in
Fig. 5.

G is a geometry factor to account for the fraction of
photons received by the stator electrode.

o is the Townsend’s first ionization coefficient
(Appendix A, [28]).

ven IS the coefficient of electron emission by the action
of photons (Appendix A, [28]).

p is the coefficient of photon absorption (Appendix A,
[28]).

n is the electron attachment coefficient (Appendix A,

[28]).

IV. METHOD OF ANALYSIS

The corona currents are calculated for applied
voltages V above the onset value V.

Due to the alternative polarity of the electrodes, there
are two components of corona current:

1. Monopolar component.
2. Bipolar component.

A Calculation of Monopolar Corona Current

Component

The monopolar component of corona current is
convected between each stator electrode and the
grounded rotor.

A.1. Describing Equations

Based on Deutsch's assumption [29], the electric
field E in the presence of space charge and the space-
charge-free field E' are related as

E = LE’ 3)

where L is a scalar point function of the space
coordinates depending on charge distribution.

The equations describing the electric field and the
ionic flow are

VE =p/e (4)
] =kpE ®)
V=0 (6)

where

p is the volume space-charge density (C/m°).

g0 is permittivity of free space (=(1/36m)x10° (F/m)).
k is the mobility of ions (= 1.5x10* (m?/V.s)).

J s the current density (A/m?)

The first is Poisson's equation for the electric field, the
second is the equation for current density, and the third is
the equation of current continuity. Thermal diffusion of
ions is neglected.
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A.2. Boundary Conditions

A.2.1. Boundary Conditions at the Electrodes

Voltage without space charge ¢ = +V.
Voltage with space charge ® = +V.
The ratio E/E"is L, (=V, /V).

A.2.2. Boundary Conditions at Rotor Surface

Voltage without space charge ¢ = 0.
Voltage with space charge @ = 0.

Mathematical manipulation of Egs. (3) through (6)
results in the following expressions which determine
distribution of the ion charge density p and the scalar £
along the field lines emanating from stator electrodes to
the grounded rotor.

1/p? = (1/pe?) + 2/eopeLe) [, dd/(EN? (1)
L2 =L, + (2peLeo/eo) [, dp/ (BN (®)

where p. is the volume space-charge density at the
electrode surface (C/m°).

Egs. (7) and (8) are to be integrated along the electric
field lines which extend from the corona electrodes to the
grounded rotor. An iterative procedure was proposed
before [29] to determine the charge density p. at the
corona electrode surface.

After convergence, one can calculate the monopolar
current density where a field line emanates from the
stator electrode surface to the grounded rotor as:

]monopolar = kpeEsmono )

where Egmono i the electric field at electrode surface,
where monopolar corona takes place.

The mobility value of ions is chosen depending on
the polarity of the electrode.

The monopolar corona current conducted through a
flux tube, whose axis is the field line, is obtained as:

Imonopolar tube+ — ]monopolar tubeiAS (10)

where As is the longitudinal normal surface area of the
flux tube.

The monopolar corona current per positive or
negative electrode is obtained as:

Imonopolar elec+ = 2 Imonopolar tube+ 11)

where the summation takes place over all flux tubes
along them the monopolar corona ions convect around
the surface of stator electrode.

The motor monopolar corona current is obtained by
summing the current emitted from all electrodes as:

75
[monopolar motor —
Z No. of pairs elec. (Imonopolar elec+ T
[monopolar elec.—) (12)

where the number of positively-stressed electrodes is
equal to that of the negatively-stressed electrodes.

B. Calculation of Bipolar Corona Current Component

The bipolar component of corona current is convected
between neighboring electrodes. To calculate the bipolar
component of current, the idealized model proposed
before [14] is adopted. In the idealized model, symmetry
around the zero potential plane between two successive
electrodes is considered. The zero potential plane is
considered as one of the boundaries in solving the
equations of the ionized field. The boundary value
problem therefore be solved only between ¢ = 0 and
¢ =V instead of between ¢ = -V and ¢ = V at both
positive and negative electrodes.

B.1. Describing Equations

These equations are based on assuming equal
mobility of both positive and negative ions and equal
corona onset voltage at both the positive and negative
electrodes (Vo+ = Vo. = Vo).

dd/de = £ (13)

dp,/dep = py(p. — Cip_) /€0 LE™ (14)
dp_/dp = —p_(p_ — Cip_) /e LE”  (15)
dL/de = —(py — p-)/€oE"™ (16)

C, =1— (gR;/ke) 17)

where

p.+ the volume space-charge density of positive ions
(C/m®)

p. the volume space-charge density of negative ions
(C/m®)

R; the recombination coefficient of the ions, R; = 2.2
x10™*2 (m¥/s)

e the electron charge, e =1.6x10™ (C)

K. the mobility of positive ions (m*/V.s)

K. the mobility of negative ions (m%/V.s)

V,. the positive corona onset voltage (V)

V,. the negative corona onset voltage (V)

.= K. =K =15x10"* (m¥V.s)

B.2 Boundary conditions

The boundary conditions at the electrodes and rotor
surfaces are the same as those for the monopolar corona
current component.

Summitry in the idealized model dictates that the
volume charge density at the zero potential is expressed
to the surrounding electrodes as:

P+ =P- =P, (18)
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Fig. 6. (a) Cross-section of one electrode showing simulation charges and associated boundary points. (b) Cross-section of the rotor showing
simulation charges and associated boundary points.(c) Cross-section of the wooden insulator between two stator electrodes showing simulation

charges and associated boundary points.

Integrating Egs. (13) through (17) along the electric
field lines starting from zero potential plane (midway
between the positive and negative electrodes) determines
the distribution of the ion charge density p and the scalar
L using the iterative procedure proposed before [14].

After convergence, one can calculate the bipolar
current density where a field line emanates from the
stator electrode surface as:

]bipolar =kypiEspi +k_p_Egp; (19)
where Eg,; is the electric field at the electrode surface,
where bipolar corona takes place.

The bipolar corona current conducted through a flux
tube whose axis is the field line, is obtained as:

Ibipolar tube + = ]bipolar iAS (20)

The bipolar corona current per electrode is obtained as:

Ibipolar elec.t = Z Ibipolar tube + (21)
where the summation takes place over all flux tubes,
along them the bipolar corona ions convect around the

surface of stator electrode.
The motor bipolar corona current is obtained as:

Ibipola‘r motor — Z No. Of elec. (Ibipolar elec.i) (22)

The motor total corona current is obtained as:

Imotor = Z(Imonopolar motor + Ibipolar motor) (23)

V. ELECTIRC FIELD CALCULATION

Integrating the describing equations for monopolar
and bipolar coronas along the field lines is requested to
determine the current-voltage characteristics of the ESM.
Therefore, the field around the stator electrodes is

mapped. Some field lines emanating from the electrode
terminate at the grounded rotor. Along these field lines,
the corona ions convect from the stressed electrode to the
grounded rotor forming the monopolar component of the
corona current. Other field lines emanating from the
electrode terminate at the neighboring electrodes with
opposite polarity. Along these field lines, positive and
negative ions convect forming the bipolar component of
the corona current.

The charge simulation technique [30-32] is used to
map the electric field lines, which emanate from the
stressed electrodes. As the ESM is assumed infinitely
long in the Z axial-direction, infinite line charges
extending parallel to the motor axis were used to
simulate the conducting stator electrodes and cylindrical
rotor. Each electrode is symmetrical about its axial
midway plane, so the surface charges on each side of the
electrode are the same. The surface charge on each side
of the stator electrode is simulated by n; line charges for
the electrode tip, n, line charges for the wedge side, n3
line charges for the strip side and n4 line charges for the
electrode base, Fig. 6(a). These charges are positioned
inside the electrode. Thus, the number of simulation
charges per electrode is 2(n; + n, + n3 + ny) as shown in
Fig. 6(a). The surface charge on the rotor is simulated by
a number ns line charges distributed uniformly inside the
rotor as shown in Fig. 6(b). The surface charge on the
wooden insulating material between two successive
electrodes is simulated by four sets of line charges each
of ng line charges. Two sets are positioned inside the
dielectric and the other two sets in air as shown in
Fig. 6(c). To evaluate the simulation charges, boundary
points are selected on the surface of the stator electrodes
and the rotor, where a boundary point is assigned to a
simulation charge of the stator electrodes and rotor.
Other boundary points are chosen on the wooden
insulator surface, where a boundary point is assigned to
two simulation charges. The location of line charges
takes place according to assignment factor F, = a,/a; [31],
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where a; is the distance between two successive
boundary points and a, is the distance between the
boundary point and the corresponding simulation charge.
Therefore, the total number N of unknowns simulation
charges is: 2ne(n; + N, + ng + ny) + ns + 4n.ng Where n, is
the number of stator electrodes.

The boundary conditions are: (i) The calculated
potential at the boundary points selected on the stator
electrodes is equal to the applied voltage. (ii) The
calculated potential at the boundary points selected on
the rotor surface is equal to zero. (iii) The calculated
potential at the boundary points selected on the insulator
surface is the same whether seen from the air or insulator
sides. (iv) The continuity of the electric flux at the
boundary points selected on the insulator surface is
satisfied. Satisfaction of the boundary conditions at the
electrodes, rotor and insulator surfaces results in a set of
simultaneous equations whose solution determine the
unknown simulation charges. Once the simulation
charges are known, one can evaluate the spatial
distribution of the electric field and trace the field lines
emanating from the stressed electrodes.

VI. EXPERIMENTAL SETUP

The proposed ESM has a cross-sectional view as
shown in Fig. 1. The setup to test the proposed ESM was
built-in the high voltage laboratory of Assiut University.
Dimensions of the proposed ESM models are given in
Table I, where the sum of the rotor radius R and the gap
spacing g is constant (= 0.06 m).

The set-up consists of:

(1) Auto transformer with input 220 VV AC, and variable
output voltage from 0 to 220 V.

(2) HV transformer steps the voltage up to the desired
value in the range from 0-100 kV.

(3) Half-wave positive and negative high-voltage
rectifier circuit composed of two 20 mA, 140 kV
PIV diodes and 10 nF, 140 kV smoothing capacitor.
The DC voltage is applied across a 280 MQ
resistance in series with a micro-ammeter for
measuring the generated DC voltage. Positive and
negative voltages are applied alternately to the ESM
electrodes through 0.5 MQ water resistance to limit
the current in case of a flashover occurs.

The corona current was measured using sensitive
micro-ammeter connected to the stressed electrodes.

A Faraday cage was built-in to accommodate the
micro-ammeter, thus shielding it to ensure no corona

discharge on its hardware as shown in Fig. 7(a).

VII. RESULTS AND DISCUSSIONS

A. Corona Onset-Voltages

Table Il shows how the corona onset voltage of the
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TABLE |
DIMENSIONS OF THE PROPOSED ESM

ESM # Ri (m) R, (m) g (m) h (m) H (m)
1 0.09 0.11 0.02 0.04 0.05
2 0.09 0.11 0.025 0.035 0.05
3 0.09 0.11 0.035 0.025 0.05
TABLE Il
CORONA ONSET-VOLTAGE OF THE PROPOSED THREE ESMS
#1: N=2 #2: N=4 #3: N=8
ESM# electrodes electrodes electrodes
()Rfai,(:)ltl:; Vom— Vcalc— Vom— Vcalc— Vom— Vcalc—
R (m) (kV) (kV) (kV) (kV) (kV) (kV)
0.02 11.2 12 8.4 9.2 4.8 5.2
0.025 10 10.5 7.6 8.3 4.4 4.7
0.035 8 8.8 5.6 6.1 35 3.78

HV Tr
(220/100,000;

Fig. 7. (a) Faraday cage to shield the digital micro-ammeter, (b)
Schematic diagram of experimental model of ESM.

proposed ESM changes with rotor radius for different
number of stator electrodes. The corona onset voltage
decreases with the increase of rotor radius as the gap
spacing between the tip of stator electrode and rotor
surface decreases irrespective of the number of stator
electrodes. This reflects itself on increase of the electric
field and decrease of the corona onset voltage. The table
shows a good agreement of the measured corona onset
voltage with those calculated according to the condition
of discharge sustenance at stator electrodes as expressed

by Eq. (2).
B. Current-Voltage Characteristics

B.1. Corona current as influenced by number of stator
electrodes

It is quite clear that the calculated and measured
corona currents increase with the increase of number of
stator electrodes irrespective of the gap spacing between
the stator electrodes and rotor surface, as shown in Figs.
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8-10. This is attributed to the increase of the electric field
at the tip of stator electrodes with the increase of the
number of stator electrodes with a subsequent increase of
the corona current at the same value of applied voltage.

B.2. Corona current as influenced by the gap spacing

The calculated and measured corona currents
increase with the decrease of the gap spacing between the
stator electrodes and rotor surface irrespective of the
number of stator electrodes, as shown in Figs. 11-13.
This is attributed to the increase of the electric field at the
tip of stator electrodes with the decrease of the gap
spacing with a subsequent increase of the corona current
at the same value of applied voltage. Figs. 8-13 show a
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Fig. 8. Measured and calculated corona current of different number
of stator electrodes (g = 0.04(m) and R = 0.02(m)) ESM.
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Fig. 9. Measured and calculated corona current of different number
of stator electrodes (g = 0.035(m) and R = 0.025(m)) ESM.
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Fig. 10. Measured and calculated corona current of different
number of stator electrodes (g = 0.025(m) and R = 0.035(m)) ESM.

good agreement of the measured current-voltage
characteristics with those calculated.

C. Speed-Voltage Characteristic

Figs. 14-19 show how the speed of the proposed
ESM changes with the applied voltage at different gaps
spacing and different numbers of electrodes provided that
the sum of gap spacing and rotor radius is constant
(R+g=0.06 (m)). The scatter of the measured speed
values did not exceed 5%. The speed increases with the
increase of the voltage at the same gap spacing. This is
attributed to the increase of the corona current and the
associated ionic wind with the increase of the applied
voltage. With the decrease of the gap spacing, the corona

6 T
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Fig. 11. Measured and calculated corona current of different gaps
spacing (N=2-electrodes) ESM.
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Fig. 12. Measured and calculated corona current of different gaps
spacing (N=4-electrodes) ESM.
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Fig. 13. Measured and calculated corona current of different gaps
spacing (N=8-electrodes) ESM.
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current and associated wind increase at the same applied
voltage with a subsequent increase of the ESM speed.

The voltage V. at which the motor starts to rotate
decreases with the decrease of the gap spacing
irrespective of the number of electrodes. V, decreases
with the increase of the number of electrodes for different
gaps spacing. This is attributed to the increase of the
corona current and the associated ionic wind, so the
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N
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Fig. 14. Speed-voltage characteristics for 2-electrode ESM with
different gaps spacing.
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Fig. 15. Speed-voltage characteristics for 4-electrode ESM with
different gaps spacing.
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Fig. 16. Speed-voltage characteristics for 8-electrode ESM with
different gaps spacing.
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motor can start rotation at smaller voltage.

VIIl. CONCLUSIONS

Based on the analysis presented in this paper, the
following conclusions may be drawn:

1) A new design of a corona-discharge based
electrostatic motor with a cylindrical rotor made
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17. Speed-voltage for 2, 4, and 8 electrode ESM
(R=0.035 (m), g =0.025 (m)).
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18. Speed-voltage for 2, 4, and 8 electrode ESM
(R=0.025 (m), g = 0.035 (m)).
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Fig. 19. Speed-voltage for 2, 4, and 8 electrode ESM

(R =0.02 (m), g =0.04 (m)).
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from aluminum foil and multi strip stator electrodes
from copper is proposed. The stator electrodes are 2,
4 and 8 in number and alternately stressed positively
and negatively.

2) The spatial distribution of electric field for field
mapping within the motor volume is determined
using the accurate charge simulation technique.

3) The onset voltage of negative corona discharge is
calculated based on the condition of discharge
sustenance at stator electrodes.

4) The corona currents emitted from the positively and
negatively stressed electrodes are calculated being
dependent on the applied voltage and motor
geometry.

5) The calculated corona onset voltage and current-
voltage characteristic of the motor agreed reasonably
with those measured experimentally for three motors
built-in the laboratory.

6) The motor speed increases with the increase of the
applied voltage for the investigated three motors.

APPENDICES
Appendix A. Discharge Parameters

In order to calculate the onset voltage of corona on
each stator electrode at atmospheric pressure, the relation
(2) was solved using the values available in the literature
[28], for a, M, vpn and p. The equations relating o (cm™)
and n (cm™) at pressure P (torr) to the electric field E
(V/cm) were expressed as:

n="p (0.01298 — (0.541 x 1073(E/P)) + (0.87 x 10-5(E/P)2))

(A1)
if25 <E/P <60 (A2)
if 60 < E/P < 240 (A.3)

a = 4.778P e~ 221 (P/E)
a = 9.682P e~2642(P/E)

The coefficient of photon absorption p was taken 5 (cm™)

[28]. The coefficient of electron emission by photons ypp
was taken 3x107 [28].
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