
actuators

Article

An Extended Model for Ripple Analysis of 2–4 Phase Resonant
Electrostatic Induction Motors

Fernando Carneiro 1,* , Guangwei Zhang 2 , Masahiko Osada 1,3, Shunsuke Yoshimoto 2

and Akio Yamamoto 2,*

����������
�������

Citation: Carneiro, F.; Zhang, G.;

Osada, M; Yoshimoto, S.;

Yamamoto, A. An Extended Model

for Ripple Analysis of 2–4 Phase

Resonant Electrostatic Induction

Motors. Actuators 2021, 10, 291.

https://doi.org/10.3390/act10110291

Academic Editor: Marco Fontana

Received: 29 July 2021

Accepted: 26 October 2021

Published: 29 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Precision Engineering, Graduate School of Engineering, The University of Tokyo,
Tokyo 113-8656, Japan; osada@aml.t.u-tokyo.ac.jp

2 Department of Human and Engineered Environmental Studies, Graduate School of Frontier Sciences,
The University of Tokyo, Chiba 277-8563, Japan; guangwei@k.u-tokyo.ac.jp (G.Z.);
yoshimoto@k.u-tokyo.ac.jp (S.Y.)

3 Frontier Robotics, Honda R&D Co., Ltd., Saitama 351-0188, Japan
* Correspondence: fernando@aml.t.u-tokyo.ac.jp (F.C.); akio@k.u-tokyo.ac.jp (A.Y.)

Abstract: Electrostatic motors are promising forms of actuation for future robotic devices. The study
of their different implementations should accelerate their adoption. Current models for resonant
electrostatic induction motors were found not to be able to properly describe their behavior, namely,
with regard to changes with position. This paper reports a new analytical model for these motors,
aiming to address this issue. The model is based on identification of all capacitance harmonics,
through a simplified method. Using these, equations for different motor parameters, notably, thrust
force, were obtained and compared to previous literature. The new equations model position
dependent properties, such as force ripple. The outputs of this model were validated through
experimentation with a prototype, with the results confirming the new model better describes motor
behavior. An analysis into how to decrease this ripple was also discussed and tested. We concluded
that the use of a higher number of harmonics resulted in a much more accurate model, capable of
adequately characterizing motor outputs with changes in position.

Keywords: electrostatic actuator; induction motor; resonance; modeling; force ripple; capacitance
matrix

1. Introduction

Traditionally, an actuated mechanism comprises a rigid structure and an actuator.
For small-scale robots, this actuator is most times a conventional electromagnetic motor.
However, there is an increasing demand for alternative forms of actuation, driven partly
by attempts to replicate biological shapes and movements, in the pursuit of higher perfor-
mance, lower weight or capabilities that go beyond simple manipulation or movement [1].
There is an abundance of ongoing research on this topic, with recent results including robots
capable of swimming [2], jumping [3,4], wall climbing [5,6] and flapping-wing flight [7]
in a biologically-inspired manner, thanks to the application of unconventional forms of
actuation. A subset of these is the field of soft robotics, which focuses on the development
of robots with soft structures, not only for biomimetic purposes [8], but also as a form
of enhancing safety when interacting with human beings [9]. These soft or compliant
robots can be materialized in a number of ways using fluid [10–13], thermal [14,15] or
electrostatic [6,16] actuation, on which the present paper will focus.

The electrostatic force is the fundamental principle for several very distinct forms
of actuation currently under study. These include direct interaction with particulate
material [17], compression of elastomeric substrates [16,18] and by exploiting corona
discharge [19]. There are also other, more direct, applications such as by using charged
metal pegs [20] and thin films [21–23]. The electrostatic actuators approached in this paper
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are those realized using thin films. These motors are materialized as thin polymeric films
with embedded copper electrodes. Movement is achieved by the electrostatic interaction
between electrodes in different sets of films. These motors have been shown to produce
considerable force [24] and potential for integration in robotic actuation [25]. Their high
performance, coupled with manufacturing using flexible substrates and inherent low
weight, makes them strong candidates for actuating robotic mechanisms in the future.

These motors can be classified into two main categories: dual excitation [22] and
induction [23,26] type motors. The dual excitation type motors operate synchronously, and
require all motor films (stator and slider/rotor) to be directly connected to a multi-phase
AC voltage power source. The wiring to the moving parts may cause disturbances in
the motion control or even lead to faster wear of the wires/brushes. In the case of the
induction motor, only the stator needs to be directly powered. For this motor, voltage
is transmitted to the slider elements through induction. Initial implementations of this
kind of motor employed a fully passive slider, with no electrodes, resulting in lower thrust
force [23]. However, more recent progress has resulted in a hybrid motor which uses the
same electrode structure of the dual excitation motor for the induction version [26]. To
generate high voltages on the slider elements, and achieve thrust force comparable to
the dual excitation type, this motor uses LC resonance. By connecting inductors between
the electrodes of the slider films, they form LC circuits with the motor. This boosts the
slider voltage when driven at its resonant frequency, and enables a wireless slider, as the
inductors can be attached to or incorporated into the films.

Initial implementations of the LC resonant electrostatic film motors used a 3-phase
topology, leading to capacitance imbalance [27]. More recently, a 2–4 phase architecture
has been explored [28]. This approach uses four phases on the stator and two on the slider,
which enables the use of a single inductor, eliminating the effects of capacitance imbalance.
This also simplifies driving, as the stator is driven with 4-phase voltage, which can be
generated using only two transformers.

Although this motor has been modeled in the past [28], the model has been found
to not adequately describe the behaviour of the current prototype [29]. Specifically, the
current motor exhibits force ripple, possibly due to different electrodes geometry from the
previous version. Similar force ripple was also seen and analyzed for the dual-excitation
motor. However, the behavior of the force ripple in the induction motor seems much
more complicated.

Therefore, to understand the characteristics of the force ripple in the induction motor,
this paper proposes a new motor model such that it can evaluate the force ripple. In the
previous work on the dual excitation type, it was found that harmonics in the capacitance
variations create force ripple. However, the harmonics were not considered in the previous
studies on LC-resonance type. This work evaluates the capacitance variations in the motor
and proposes a model including the harmonics. Using the model, the paper provides equa-
tions describing induced slider voltages and thrust force, to reveal how motor parameters
affect the force ripple.

In this paper, following this introduction, an explanation of the motor structure and
working principle are provided. Then, a new motor model is described in Section 3, which
is analyzed in comparison with the previous model in Section 4. The model behavior is
validated using a prototype LC-resonance type motor in Section 5. Section 6 concludes.

2. Electrostatic Induction Motor with 2–4 Phase Electrodes
2.1. Structure and Operation

Like other electrostatic film motors, the LC-resonance motor can be realized both in
linear and rotary fashions. As the models are the same for both linear and rotary, this work
adopts linear one without losing generality.

The motor reported in this paper consists of two polymeric films with evenly-spaced
parallel copper electrodes, which are often fabricated using flexible printed circuit (FPC)
technologies. Within each film, the electrodes are connected in sets, which we designate
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as phases. The slider film contains two sets of electrodes, or two phases, while the stator
comprises four phases, thus the 2–4 phase designation. For operation, glass beads are
scattered between the stator and the slider films for reducing friction. They are also
immersed in dielectric fluid, to prevent discharge due to the high voltages used. An
illustration of this structure can be seen in Figure 1. Although the motor can be materialized
with different numbers of films [30], this paper focuses on the version with one stator film
and one slider film, as it is the most elementary example.

(a) (b) (c)
Figure 1. Schematic images of the 2–4 phase resonant electrostatic induction motor: (a) the general layout of the films;
(b) their typical arrangement, external circuit components and working principle; and (c) a more detailed section view with
identification of the discrete capacitive elements (designations are the ones introduced in this paper).

The electrode pitch is different between the slider and the stator, due to the different
numbers of phases. The slider has twice as large pitch as the stator, which results in the
same length of the electrode cycles. In this paper, the pitch for the stator electrodes is
defined as p, while that for the slider electrodes is 2p.

The force produced by the motor is overall proportional to the product of both stator
and slider voltages, so these should be as high as the material allows, typically reaching
values of ~1500 V0−pk. For the stator electrodes, those high voltages are directly fed from
voltage sources through wires. On the other hand, the voltages to the slider are provided
by electrostatic induction and amplified by LC resonance. Taking advantage of the motor’s
intrinsic capacitance, an inductor is connected between the slider’s two phases to enable
this amplification. The added inductance and the driving frequency must be selected
concertedly to enable the desired voltage amplification.

The 4-phase AC voltages, applied to the 4-phase electrodes on the stator, spatially
create a traveling voltage wave on the stator surface. This wave travels at a speed of
4p f , where f is the applied frequency. On the slider electrodes, in a stationary state, a
high voltage with the same frequency of the stator voltage is induced, whose voltage
phase depends on the position of the slider electrode. As the two electrode phases are
shifted, in terms of their positions, by a half cycle, the voltages induced on the two phases
will have 180 degrees phase shift. This will spatially create a standing voltage wave on
the slider. The standing wave can be decomposed into two voltage waves that travel
in opposite directions at the same absolute speed, 4p f . One of the decomposed waves
travels in the same direction as the stator wave. This wave interacts with the stator wave
to create tangential electrostatic force, whose magnitude depends on the spatial phase
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difference between the two waves. The other traveling component in the slider wave also
interacts with the stator wave. This, however, results in vibratory force at a frequency of
2 f . The frequency f is typically more than 10 kHz, which is high enough compared to the
mechanical response of a motor. Therefore, the vibratory force will be damped and will not
appear in the output [28,31].

2.2. Capacitance Matrix Model

The motor can be modeled as a network of capacitors between the electrode phases
on the two films. This network can be expressed as a capacitance matrix. In [31], the
capacitance matrix for the 2–4 phase resonant electrostatic motors takes the form

C =



CSt −Ct 0 −Ct −Cm(x, 0) −Cm(x, π)
−Ct CSt −Ct 0 −Cm(x, π/2) −Cm(x, 3π/2)

0 −Ct CSt −Ct −Cm(x, π) −Cm(x, 0)
−Ct 0 −Ct CSt −Cm(x, 3π/2) −Cm(x, π/2)

−Cm(x, 0) −Cm(x, π/2) −Cm(x, π) −Cm(x, 3π/2) CSl −Cl
−Cm(x, π) −Cm(x, 3π/2) −Cm(x, 0) −Cm(x, π/2) −Cl CSl

 (1)

where,

Cm(x, φ) = C0 + CM cos
(

π

2p
x + φ

)
(2)

In the capacitance matrix, i-th diagonal elements represent the self-capacitance of
the i-th phase (phases are numbered from 1 through 4 for the stator, and 5 and 6 for the
slider, as shown in Figure 1). Non-diagonal elements, which take negative values, represent
the mutual capacitance between the corresponding phases, by their absolute values. For
example, the element at row i and column j represents the capacitance between phase i
and phase j.

In this previous model, for simplicity of the calculations, most of the coefficients
are defined as constant, with only the stator-slider coefficients, Cm, exhibiting sinusoidal
variation with displacement, x. With the simplified model, the amplitude of the induced
voltage and the resulting thrust force become independent from the slider position. In other
words, the motor will not have any force ripple. To evaluate the force ripple, this work
defines each of the capacitance coefficients using an appropriate number of harmonics,
up to the 4th order. While initially derived from experimental observation, the included
harmonics were ultimately considered due to the structure of the motor, with 2 slider
electrodes and 4 stator electrodes. The proposed model takes the form

C =



CSt(θx, 0) −Ct(θx, 0) −Cr(θx, π/2) −Ct(θx, π) −Cm(θx, 0) −Cm(θx, π)
−Ct(θx, 0) CSt(θx, π) −Ct(θx, π) −Cr(θx, 3π/2) −Cm(θx, π/2) −Cm(θx, 3π/2)
−Cr(θx, π/2) −Ct(θx, π) CSt(θx, 0) −Ct(θx, 0) −Cm(θx, π) −Cm(θx, 0)
−Ct(θx, π) −Cr(θx, 3π/2) −Ct(θx, 0) CSt(θx, π) −Cm(θx, 3π/2) −Cm(θx, π/2)
−Cm(θx, 0) −Cm(θx, π/2) −Cm(θx, π) −Cm(θx, 3π/2) CSl(θx) −Cl(θx, 0)
−Cm(θx, π) −Cm(θx, 3π/2) −Cm(θx, 0) −Cm(θx, π/2) −Cl(θx, 0) CSl(θx)

 (3)

where
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CSt(θx, φ) = CSt0 + CSt2 sin (2θx + φ) + CSt4 sin
(

4θx −
π

2

)
(4)

CSl(θx) = CSl0 + CSl4 sin
(

4θx −
π

2

)
(5)

Ct(θx, φ) = Ct0 + Ct2 cos
(

2θx +
π

2
+ φ

)
+ Ct4 cos (4θx) (6)

Cr(θx, φ) = Cr0 + Cr2 cos (2θx + φ) + Cr4 cos (4θx) (7)

Cl(θx) = Cl0 + Cl4 cos (4θx) (8)

Cm(θx, φ) = Cm0 + Cm1 sin (θx + π + φ) + Cm2 sin
(

2θx +
3π

2
+ 2φ

)
+ Cm3 sin (3θx + 3φ) + Cm4 sin

(
4θx +

π

2

)
(9)

Here, θx represents the slider position in electric angle and is defined as

θx =
2π

4p
x (10)

This means that one cycle of electrodes corresponds to 2π. Furthermore, for many of
these capacitance equations, phase depends on the position within the matrix (i.e., specific
electrode or electrode pair), which is represented by their respective value of φ.

The reason for the harmonics in the presented equations can be understood by consid-
ering the interactions between the different electrodes. For example, variations in slider
self-capacitance, (5), result from the interaction of one slider electrode with each of the
four stator electrodes, thus the resulting waveform appears as a simple 4th order harmonic.
This also implies that the highest order harmonic to significantly affect the motor’s behavior
should be the 4th, as it results from the interaction of a single electrode moving across the
largest possible number of electrodes in a single period. This is consistent with the fact
that for the 3-phase motor, harmonics up to the 3rd order were observed [32]. The same
logic applies to the capacitance between the slider electrodes, (8); this value is expected
to be mostly constant, with small fluctuations resulting from the interaction with stator
electrodes, again resulting in harmonics of the 4th order. This also generally follows for
the stator capacitances, (4), (6) and (7). These should exhibit predominantly 2nd order
harmonics, from the interactions with the slider electrodes. However, due to their relative
proximity, they may also exhibit 4th order harmonics, as stator electrodes neighboring the
considered electrode or pair interact with the slider. Last, in the case of (9), every harmonic
up to the considered limit was included, as this was regarded as the capacitance with
highest impact on the model outputs. While higher order harmonics may exist, they were
disregarded, as their amplitude would be quite low, with their introduction significantly
increasing the complexity of the model and delivering no practical benefit.

Following the protocol described in [32], the capacitance matrix was measured at
20 µm intervals for one cycle of electrodes (0.8 mm) for the prototype motor described in
the experimental section. The markers in Figure 2 show the measured capacitance elements.
Then, these capacitance variations were approximated using the functions (4) to (9) . For
approximation, some simplifications were applied which will be described in the next
subsection. The solid lines in Figure 2 show the approximated results. With the designated
harmonics, each capacitance element was approximated with high accuracy.

Different capacitance offsets were found among some elements that are expressed
using the same approximating function. However, as these offsets (in other words, DC
components) do not affect the calculations of the induced voltage and thrust force, the
difference was ignored, and the average value was adopted when necessary.
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Figure 2. Capacitance versus displacement, for different elements of the capacitance matrix (indices
indicate position within the matrix).

2.3. Simplified Capacitance Identification

In measuring the capacitance matrix, while diagonal elements can be directly mea-
sured, non-diagonal elements can only be measured indirectly. Therefore, identification
of the non-diagonal elements requires data conversions. For the approximations using (6)
to (9), one can approximate the capacitance variations after converting all the measured
data into the matrix elements, which has been done in the previous studies. This work, on
the other hand, proposes approximating the variations before the data conversion.

In the measurement protocol described in [32], to identify the non-diagonal elements,
Cjk(θx), the value that can be first measured is

C̄jk(θx) = Cjj(θx) + Ckk(θx) + 2Cjk(θx) (11)

where C̄jk(θx) is the direct measurement at position θx. Then, the non-diagonal element is
recovered from this equation using diagonal elements, Cjj and Ckk, which are measured
beforehand. This requires that all the discrete measurements be carried out at the same θx.
Then, after repeating the data conversion for all the measurement points, we obtain the
variation of the non-diagonal element, which is then approximated using (11).

In the protocol proposed in this paper, the approximation is done for C̄jk. Then, the
data conversion is done for the approximated functions, not for the value at each discrete
point. This can considerably simplify the measurement, with no loss of accuracy, as the
process is mathematically equivalent. As stated above, to obtain the matrix elements for
discrete points, all the measurements need to be done exactly at the same positions, with
the same density. In the proposed protocol, however, each capacitance can be measured
at its own interval with different densities. The harmonics that need to be identified for
each capacitance are shown in Table 1. Depending on the frequencies of the harmonics
to be identified, the measurement densities can be adjusted to simplify the measurement.
In this work, the approximations were performed by fitting to a sum of sinusoids, with
frequencies constrained to the expected harmonics.
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Table 1. Identified offsets and harmonic amplitudes used in the definition of the equations that
compose the capacitance matrix.

Measured Capacitance C̄ij
† Offset 1st 2nd 3rd 4th

(1,1), (2,2), (3,3), (4,4) CSt0 – CSt2 – CSt4
(5,5), (6,6) CSl0 – – – CSl4

(1,2), (1,4), (2,3), (3,4) C̄t0 – C̄t2 – C̄t4
(1,3), (2,4) C̄r0 – C̄r2 – C̄r4

({1, 2, 3, 4}, {5, 6}) C̄m0 C̄m1 – C̄m3 –
(5,6) C̄l0 – – – C̄l4

† Only the upper triangular elements are specified.

Accuracy for these fits was overall high, although lower for the lower amplitude
measurements. We can consider normalized root mean square error (NRMSE) as a measure
of fitting accuracy. This value was 6.47% and 8.11%, for the approximation of CSl4 and C̄l4,
respectively, and ranged between 0.5% and 2.18% for the remaining measurements.

After obtaining the approximation for the directly measured capacitances, the con-
versions will be done for the approximated functions. This is equivalent to converting the
coefficients in the following way.

Ct0 = CSt0 − C̄t0/2 Cr0 = CSt0 − C̄r0/2

Ct2 = C̄t2/2 Cr2 = −CSt2 + C̄r2/2

Ct4 = CSt4 − C̄t4/2 Cr4 = CSt4 − C̄r4/2 (12)

Cm0 = (CSt0 + CSl0 − C̄m0)/2 Cm4 = (CSt4 + CSl4)/2

Cm1 = C̄m1/2 C0l = CSl0 − C̄l0/2

Cm2 = CSt2/2 Cl4 = CSl4 − C̄l4/2

Cm3 = C̄m3/2 (13)

3. Analysis of Motor Characteristics
3.1. Slider Voltage

In resonant induction electrostatic motors, slider voltage is determined by the motor’s
properties and operating conditions, as it is induced on its electrodes and amplified by
LC resonance. Slider voltages can be determined through equations relating the motor’s
currents and voltages, as reported in [28]. Although mostly identical, the calculation
procedure is described in this section, taking into account the new capacitance matrix as
well as dielectric dissipation.

Let us consider a vector of the voltages on all the phases, contemplating the 4-phase
stator and 2-phase slider, as

V = [V0 exp (jωt) V0 exp (j(ωt− π/2)) V0 exp (j(ωt− π)) V0 exp (j(ωt− 3π/2)) vsl − vsl ] (14)

where V0 corresponds to the stator voltage 0-pk amplitude, ω to its angular frequency and
vsl to the yet unknown slider voltage expression. The vector I of the current flowing into
each electrode is written as

I = jωCV + ω tan δCV (15)

where the first term regards the current draw due to the motor’s capacitance, while the
second is related to its losses, with tan δ as the dissipation factor for the dielectric materials.
While the previous model did not explicitly consider the dissipation factor, including this
term should enable more accurate voltage estimates, especially at lower resistance values.
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Considering also the impedance of an inductor, ZL, between the slider’s phases, slider
voltage is given as

vsl = −
I5ZL

2
(16)

with the impedance of the inductor expressed as ZL = R + jωL, where R is its series
resistance and L its inductance.

By solving (15) and (16), we obtain the following equations for slider voltage:

vsl(θx, t) = va(θx)(Cm3 exp (j(ωt− 3θx))− Cm1 exp (j(ωt + θx))) (17)

va(θx) =
V0(1− j tan δ)

(
ωR + jω2L

)
−(j + tan δ)(ωR + jω2L)CP(θx)− 1

(18)

CP(θx) =
1
2
(Cl0 + CSl0 + (CSl4 + Cl4) cos (4θx)). (19)

The va(θx) function expresses a complex number, which effectively defines the voltage
amplification due to resonance. However, it does not represent final voltage amplitude, as
this value also requires contributions of Cm1 and Cm3, the magnitude of which depends on
displacement. The phase of va(θa), ∠va(θx) = φa(θx), can be used as an expression of the
motor’s resonant state. If the motor is at resonance this value should oscillate around π/2,
unless the resistance R is too large.

The motor’s resonant frequency can be approximated using the inductance value L as
well as capacitance CP(θx) as

fr =
1

2π
√

LCP(θx)
(20)

as long as the R is relatively low. This means that, for this motor, resonant frequency will
depend on displacement, although the amplitude of this variation is expected to be small.

For comparison, the equivalent equation for slider voltage found in the previous work
takes the form [28]

vslT (θx, t) = Cm1V0 exp (j(ωt− θx))
ω2L− jωR

(ω2L− jωR)(Cl0 + 2Cm0)− 1
(21)

Both of these vsl functions output complex numbers, the magnitude of which corre-
sponds to the 0-pk amplitude of the time based voltage waveform. This quantity is useful
for further analyses and can be defined as Vsl(θx) = |vsl(θx, t)|. A plot comparing the
amplitudes for both versions of the function can be seen in Figure 3. The parameters used
for these plots are indicated in Table 2, where f is the stator voltage frequency, so that
ω = 2π f .

Table 2. Parameters used for calculations of model outputs. Capacitance values expressed in pF.

V0 (V) p (mm) L (mH) R (Ω) tan δ f (kHz)

500 0.2 66.6 800 0.04 27

Cm0 Cm1 Cm3 Cl0 Cl4 CSl0 CSl4 Cr4 CSt4

115.1 95.6 4.88 291.8 0.506 749.1 2.82 0.401 1.32

The plot shows that, for the new equation, the slider voltage amplitude fluctuates
with changes in displacement, which does not happen with the previous definition. The
difference in mean value is largely due to the explicit consideration of the dissipation factor.
If the dissipation loss is included in the resistance R, the average values for both models
will be identical.
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Figure 3. Comparison of the voltage amplitude output, as a function of displacement, between the
newly proposed equation and the one reported in [28].

3.2. Thrust Force

For thrust force calculation, we can again follow the procedure from [28]. Motor thrust
force can be obtained through the principle of virtual work, using the sinusoidal form for
the voltage vectors, taken as their real component:

F =
1
2

Re(V)
∂C
∂x

Re(V)T (22)

Re(V) = [V0 cos (ωt) V0 sin (ωt) −V0 cos (ωt) −V0 sin (ωt) Re(vsl) − Re(vsl)] (23)

Re(vsl) = Va(θx)(Cm3 sin (−3θx + φa(θx) + ωt)− Cm1 sin (θx + φa(θx) + ωt)) (24)

The direct result of solving (22) includes several frequency dependent sinusoidal
terms. The purely electrical part of the motor, i.e., the resonating circuit, can respond to
these high frequencies, which is observed as voltage amplification. On the other hand,
these frequencies will be filtered out by the mechanical response. This means these terms
will have to be eliminated from the thrust force equation. For this reason, there is a need
to separate the resonant circuit frequency terms from the ones that will directly appear
in the mechanical response (and need to be eliminated). This can be accomplished by
redefining the slider voltage as in (24), by using Va = |va(θx)| and φa(θx) = ∠va(θx). Thus,
by solving (22) and performing the aforementioned eliminations, we obtain

F(θx) =
π

p

[
V0Va(θx)

(
C2

m1 − 3C2
m3

)
sin (φa(θx))

−
(

2V2
0 (Cr4 + CSt4) + Va(θx)

2(C2
m1 + C2

m3)(Cl4 + CSl4)
)

sin (4θx)

+ V0Va(θx)Cm1Cm3(sin (4θx − φa(θx)) + 3 sin (4θx + φa(θx)))

+Va(θx)
2Cm1Cm3(Cl4 + CSl4) sin (8θx)

]
.

(25)

This equation should be valid as long as the driving frequency is sufficiently high
(>10 kHz). Once more, for comparison, the equivalent equation in the literature [28] is

FT =
π

p
Cm1V0Vsl sin (φT) (26)

where φT corresponds to the slider voltage phase imposed by the resonant condition, taking
the value of π/2 if the motor is at resonance.

A plot of the output of the two versions of the equation can be seen on Figure 4,
again using the parameters in Table 2. The value for Vsl in (26) was calculated from (21).
Again, the difference in the mean values is due to the explicit consideration of the dielectric
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dissipation. If it is included in R of the previous model, the average force of the two models
will be the same. The plot shows that the equation introduced in this paper presents a force
ripple that fluctuates with displacement, while the previous one shows no such variation.
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Figure 4. Comparison of the thrust force output, as a function of displacement, between the newly
proposed equation and the one reported in [28].

An interesting point is that while the fluctuation of the voltage, in Figure 3, is about
10% of the average value, the fluctuation of the force reaches nearly 25% of its average.
This implies that the effect of the harmonics in the capacitance variations is twofold for
the induction motor. In case of dual excitation motors, the slider voltage is directly fed
from amplifiers, and thus there is no fluctuation in the voltage amplitude. Nevertheless,
the motor shows force ripple if there are capacitance harmonics. This is because the force
depends on the derivative of the capacitance along the motion direction, as (22) shows; if
there are harmonics, they will directly impact the output force. In addition to this effect,
in the induction motor, the slider voltage amplitude fluctuates due to the capacitance
harmonics. As the force is proportional to the product of the stator and slider voltages, the
voltage fluctuation also results in force ripple. In such a way, the harmonics have a double
effect on the force ripple of the induction motor. This shows an importance to analyze the
force ripple in more detail.

3.3. Force Ripple Analysis

The ripple observed in the thrust force equation can have a negative impact on motor
performance. As such, it should be analyzed for better understanding of its makeup and
how it can be mitigated. To this end, a short numerical analysis is conducted in this section,
using the parameters in Table 2, with the exception of the resistance value, which was set
at 100 Ω.

Figure 5 shows a decomposition of (25), evidencing the impact of each harmonic
component of the force, over one displacement period of the motor. Each of the dashed
lines in this plot corresponds to one term from (25), with the solid line corresponding to
the total output. The effect of the 4th harmonics is clear, with the 8th harmonic essentially
negligible. The force offset is provided by the sinφa term. As φa changes with displacement,
it is not constant. However, if the motor is at resonance, this phase can be approximated as
π/2 and the term considered constant with low loss of accuracy.

Furthermore, considering the plot on Figure 5, the values on Table 3, as well as (25), we
can also remark on the impact of the higher order harmonic components of the capacitance
coefficients in thrust force production. The 3rd capacitance harmonic is responsible for the
existence of the sin (4θx ± φa) terms of thrust force, given their multiplicative nature. As
can be seen in Figure 5, these terms generate significant force ripple. The most relevant
force harmonic with contributions by 4th order capacitance harmonics is the sin(4θx) term.
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Here, Cl4 and CSl4 have a multiplicative effect on the square of the 1st and 3rd harmonics.
This establishes their effect as non-negligible. Still, what we can call the stator 4th order
harmonics, Cr4 and CSt4 do have a negligible effect, given their magnitude and the fact that
they are only multiplied by the square of stator voltage, resulting in a term several orders
of magnitude below mean force.

All k1sin( a(θx ≈ F0 F0 k2sin(4θx

F0 k3sin(4θx- a(θx F0 k4sin(4θx a(θx F0 k5sin(8θx
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Figure 5. Model thrust force output throughout one displacement period, considering different force
harmonic components. The coefficient kn represents the amplitude of each harmonic, as per (25). The
average value of k1 sin (φa(θx)) is defined as F0, which is equal to k1 and is approximately 1.4 N.

Table 3. Parameters used for the motor model when comparing with experimental results. Values within parenthesis
indicate total measured range.

Exp. Parameter
Set

Experimentally Measured Inferred Model
R (Ω) L (mH) V0 (V) f ≈ fr (kHz) L (mH) tan δ fr (kHz)

(a) (i) 304.8 (7.3–650.2) 64.80 (63.87–65.31) 550 26.80 – 0.00585 27.38
(ii) 67.68 0.02935 26.80

(b) (i) 804.2 (420.9–1207) 65.53 (65.16–65.93) 840 27.10 – 0.035 27.31
(ii) 67.60 0.03665 26.88

(c) (i) 1918 (1548–2297) 64.244 (63.55–64.94) 1205 27.80 – 0.0172 27.75
(ii) – – –

For further analysis, we can define percentage of force ripple, %Frpl , from the quotient
between the 0-pk force amplitude and mean force over a displacement period, F̄:

%Frpl =
max(F(θx))− F̄

F̄
× 100 (27)

which can now be analyzed as an output of the model. This value is likely to depend on
a number of factors, such as capacitance harmonics’ amplitude and operating frequency.
However, one that we can analyze is the variation with the ratio between slider and stator
voltage amplitude, or voltage ratio. This ratio is expected to affect force ripple, because the
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different harmonic components that comprise thrust force are affected differently by each
of the voltage amplitudes, as per (25).

Considering the motor at resonance, this parameter can be set by the resistance
between the slider terminals. Figure 6 shows how the slider voltage ratio changes with
resistance, as well as its effect on overall force ripple. As it can be seen, for the set operating
conditions, the ripple appears to decrease asymptotically towards approximately 11%.
Assuming this general trend holds for different conditions, the force ripple remains almost
constant for voltage ratios of one or lower. Therefore, by setting the voltage ratio to one, we
can suppress the force ripple to nearly the minimum, while keeping the overall thrust force.
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Figure 6. Voltage amplitude ratio and %Frpl as a function of resistance with resistance (in the range
of 10 to 5000 Ω), for the considered model parameters. Vsl was calculated for θx = π/8, for which its
value is maximum.

On the other hand, this motor’s force is theoretically maximized at a voltage ratio of
2, considering that the slider electrodes would withstand twice higher voltage than the
stator electrodes due to the twice longer electrode pitch. Thus, the voltage ratio should be
carefully chosen considering the trade-off between the force magnitude and its ripple.

4. Experimental Validation
4.1. Experimental Setup

To evaluate the proposed model behavior, a set of experiments were carried out on the
current motor prototype. Although, for simplicity, referred to as a prototype throughout
this text, our test motor was built as a proof-of-concept device, designed for easy testing
of the films’ performance, namely, force production at different positions. It has proved
sufficiently robust to endure several rounds of testing with no major mechanical or electrical
issues. The prototype comprises two electrostatic motor films: one stator and one slider,
with active areas of 56.6 mm× 104 mm and 184 mm× 50 mm, respectively, and thickness of
approximately 70 µm in these regions. During operation, the overlapping area corresponds
to the lower value for each dimension, or 104 × 50 mm2.

The setup can be seen in Figure 7. The stator film is secured to a base part through
its non-active area, using screws and custom-made plastic supports. These also ensure
film flatness. The base part also acts as a container for dielectric liquid, ensuring that both
films can remain submerged during operation. The slider film is likewise attached to a
supporting part, which also serves as a guide, sliding along the container walls with low
friction. It also includes a tensioning mechanism to ensure the slider film remains flat
during operation. The slider film is attached to this part in a similar fashion to the stator,
using external supports secured with screws.
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(a) (b)
Figure 7. Experimental setup used for force measurement. (a) Prototype motor and load cell assembly. (b) Pictures of the
used films, highlighting the electrode structure.

For inductance, a custom-wound ferrite cored inductor was used. It was assembled
using a PQ 50/50 set, comprising a plastic former (B65982E, TDK, Tokyo, Japan), and
matching ferrite core (B65981A, TDK). Due to the voltages reached by the slider during
the experiments, the inductor was also immersed in dielectric fluid, to minimize corona
discharge into the air, help prevent discharge between adjacent loops and also improve
cooling. At ambient temperature, a frequency of 27 kHz, and while submerged in the
liquid, it exhibited an inductance of 56.76 mH and series resistance of 109.4 Ω, as measured
by an impedance analyzer. For some of the experiments, additional cement resistors were
connected in series to the inductor. Current on this circuit loop was measured by a current
probe (TCP312A, Tektronix, Beaverton, OR, USA), connected to a compatible amplifier
(TCPA300, Tektronix).

The driving circuit consists of a function generator (NG1200, Yokogawa, Tokyo, Japan),
followed by two stages of amplification. The first consists of a pair of high speed voltage
amplifiers (4020, NF Corporation, Kanagawa, Japan)and the second a pair of purpose-built
transformers. The function generator outputs two sinusoidal signals at 90° phase shift,
within a range of 0 to 10 V0−pk. The first amplification stage amplifies these signals by
40 times, while the second splits them into four phases, and further amplifies the signal for
each phase by 8 times. The phase-splitting is achieved by center-tapping the secondary
windings of the transformers and connecting the center terminal to electrical ground. The
outputs of this driving system are four electrical signals with identical frequency and
amplitude, phase shifted from each other by 90°.

For force measurement, a load cell (LVS-1KA, Kyowa, Tokyo, Japan)mounted on a mi-
cropositioning stage was used, along with an amplifier module (DPM-711B, Kyowa). These
were connected to an oscilloscope (DSO-X 200-A, Agilent Technologies, Santa Clara, CA,
USA), which was also used for measurement of slider and stator voltages and acquisition
of current.

4.2. Experimental Procedure

The experiments detailed in this section aimed to verify whether the model could
adequately represent the variations in the motor’s slider voltage and thrust force with
displacement. Overall, the experimental procedures consisted of driving the motor at its
perceived resonant frequency, and measuring the relevant quantities for different positions
of the slider. The experiment was performed several times, both using only the inductor
for resonance, as well as with added resistance. All the measurements were done in a static
situation, where the slider speed was zero. However, we confirmed that the slider could be
actuated in the given conditions.
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With the slider placed against the load cell, stator voltage amplitude and frequency
were set. Resonant frequency was determined by changing the driving frequency on the
function generator, selecting the frequency that resulted in the highest voltage amplitude.
Stator voltage, V0, was adjusted so as to ensure that the achieved resonant voltage was
within the safe operating limits of the prototype (under 1800 V0−pk). The system was set up
so that the motor applied force towards the load cell, mounted on a micrometric positioning
stage. Throughout the experiment, the load cell was moved in discrete increments of
approximately 20 µm, across a full displacement period. This movement was in the same
direction as the force application, i.e., moving the load cell away from the motor. Each
value was captured after a few seconds of stabilization time.

For each sample, driving frequency, stator and slider voltage, as well as inductor
current were acquired. The obtained waveforms were also used to calculate resistance and
inductance across the slider terminals. Using the slider voltage and inductor current RMS
values (vrms

sl and irms
l , respectively) and phase difference between them (α), resistance, R,

and inductive reactance, XL, can be directly calculated, with inductance, L, calculated from
the latter:

R =
2vrms

sl
irms
L

cos α XL =
2vrms

sl
irms
L

sin α L =
XL

2π f
(28)

This procedure allowed all model parameters to be measured during the experiments,
with the exception of tan δ. This parameter would be very hard to measure during the
experiment, and even beforehand it can be challenging. As this value is associated with
each capacitance parameter, its proper inclusion would require considering the interaction
between its various instances, as well as displacement variation. For these reasons, this
value was inferred for each data set. For each experiment, the tan δ value was set so that
the mean slider voltage produced by the model was as close as possible to the measured
value. As this value was considered independently of resistance, we were also able to
ensure that the inferred values are physically plausible.

4.3. Experimental Results

The most relevant measurements are plotted in Figure 8. The negative displacement
is due to the movement direction, which was opposite to when measuring capacitance.
Regarding thrust force, the absolute value is shown.
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Figure 8. Main force and voltage measurement results and comparison to the two model implementations: (i), using
measured inductance values and (ii), using “optimized” inductance values. (a) Using only the inductor (R ≈ 305 Ω).
(b) With external resistance connected in series (R ≈ 804 Ω). (c) With external resistance connected in series (R ≈ 1918 Ω).
Model (ii) was not generated for this set of results. Results using past model included for comparison.

The outputs of the model were plotted considering two different sets of parameters,
presented in Table 3 and identified as (i) and (ii). The first set comprises the measured
values as detailed in the previous section. Set (ii) replaces the measured inductance value
with an “optimized” alternative, which is an inductance value that enables the best possible
matching of the slider voltage waveforms, with the tan δ also readjusted to compensate for
changes in voltage magnitude. This optimized value was not determined for the conditions
of experiment (c), as the data did not allow any further optimization. For this experiment,
the results of the past model were included for comparison.

The results show a good match with the models, in terms of frequency components, for
both voltage and force measurements. There is also general agreement between the shape
of the voltage waveforms for all experiments. While there is a greater difference in the
case of the force measurements, the overall results still suggest that the model adequately
characterizes the tested motor. Furthermore, it can be seen that the use of the adjusted
inductance value produced a considerably more accurate force output for case (a), and
mitigated the phase error in (b).

In addition, the force ripple for these results can also be calculated from (27) and
plotted against the resistance value, along the expected results for the model considering
different sets of parameters. In order to minimize effects of drift, the force ripple was
calculated between adjacent peaks and averaged for each experiment. This is presented
in Figure 9. The plots are color coded, so that each color illustrates one “experiment”, as
per the rows in Table 2. The results show that the resulting force ripple measured in the
experiments appears to follow the predicted trend, with its values close to those predicted
by the model, especially for the two latter experiments. These results are in accordance with
those presented in Figure 8, with the largest discrepancy occurring between experiment (a)
and the model output using measured parameters (parameter set (i)).
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Figure 9. Force ripple measurements compared to values obtained from the model under different
conditions.

5. Discussion
5.1. General Model Evaluation

The results suggest that the newly developed model better describes the motor’s
operation. Although a greater number of experiments is necessary for properly establishing
its accuracy, it confirms the advantages of considering higher-order capacitance harmonics
for this motor. However, this representation is not perfectly accurate. In this particular
kind of motor, there are several important sources of error, which hinder its accurate
modeling. For example, the gap length between the stator and the slider would not be
constant during operation, due to fluctuations in slider voltage. As the capacitance of the
motor considerably depends on the gap length, the change in the gap length would cause
capacitance error. Nevertheless, with the exception of experiment (a), the model output
tracks the experimental results relatively closely, suggesting the capacitance error may in
practice have been rather low. To better evaluate this, we can plot the relative error with
displacement for each experiment and for both model conditions. This plot can be seen
in Figure 10. This better illustrates the improvements in model tracking upon adjustment
of the inductance value, with (a) going from over 100% relative error at some points, to
approximately ±10%. The results for experiment (c) further confirm what had been seen in
the previous section, that the model tracking error under these conditions is reasonably
low, under ±5% if we ignore drift, likely caused by changes in temperature of the different
components during operation.
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Figure 10. Relative error for both model parameter sets on the performed experiments. Error relative to past model also
presented for experiment (c). Cyan-colored lines indicate ±5% error.
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In the case of experiment (b), the model results using the measured values exhibit a
small, but noticeable phase error relative to the measured points, which is almost elimi-
nated when the “optimized” inductance value is used. The presence of a phase difference
indicates a difference in resonance frequency between the model and the prototype, which
would mean the model output was calculated using incorrect values of inductance, ca-
pacitance or operating frequency. While the improvement in results with the change of
inductance may suggest this was the cause of error, it may also indicate a capacitance error,
given their similar contribution to resonance.

5.2. Mean Force Changes with Inductance

To further expand on this last point, we can examine the differences in error between
the three sets of model/experiment, by analyzing how mean force changes with inductance
for each set of experimental conditions. As mentioned before, this can also be interpreted
as a force/capacitance relationship, given their similar contribution to resonance.

Figure 11 shows a plot of mean force (F̄) as a function of inductance for the different
model conditions, with the relevant inductance values identified along the curves. The ex-
perimentally measured mean forces are also presented as horizontal lines, for comparison.
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Figure 11. Comparison of mean force output against inductance, considering different sets of model
parameters.

As resistance has a flattening effect on the voltage resonance curves, and thrust force
is proportional to slider voltage, this effect can be seen to transfer to the plotted output.
This shows that a small error in the considered inductance value can have a varying effect
on calculated force depending on the resistance, potentially explaining the difference
between the model output for experiments (a) and (b). The same 3 mH difference in
inductance can be responsible for a change of mean force of over 0.5 N or under 0.1 N,
depending on the considered model parameters. Likewise, the results should be similar if
we consider changes in capacitance. This also demonstrates another advantage of using
higher resistance values for resonance. Besides decreasing force ripple, it enables a flatter
resonant peak, making force levels more robust against changes in operating conditions.
This is important, especially as slider voltage frequency is known to change in dynamic
conditions [26], not treated in this paper.
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5.3. Force Ripple

Regarding the force ripple results, shown in Figure 9, these are also mostly in agree-
ment with the analysis in Figure 10. The largest discrepancy between the experimental data
and model outputs is seen in experiment (a) and the lowest in experiment (c). One notable
exception is for the results regarding experiment (b). For these, a higher force ripple error
is observed when considering the “optimized” model. This is explained by the fact that
the error between experiment (b) and the model with measured parameters was mostly a
phase error, which is disregarded in the force ripple calculations. Bearing this in mind, if
we consider the most accurate results to be those obtained with the parameter set (ii), we
can observe that the experimental results are consistently to the right of the model plots.
Although part of this error is likely attributable to other sources, as already discussed, this
may also imply that the measured resistance value is actually higher than the effective
value during the experiments. As tan δ was inferred for all model plots, and its contribution
to the model outputs is similar to that of resistance, it is possible that some of the error
in resistance was compensated. Furthermore, given that resistance and inductance were
calculated from the same measured quantities, this would also suggest a likely degree of
error with the inductance measurement. This complements the discussion on Section 5.2,
supporting that at least part of the reason why the inferred inductance values show better
results may be due to error in its measurement. Nevertheless, the experimental results
were, qualitatively, in good accordance with the model. This verifies the correctness of
the proposed model. However, because of the difficulty of precise parameter estimations,
the results were slightly deviated from the theoretical estimation. This may be resolved
in the future with better parameter measurements at the experimental conditions and
stabilization of these conditions, namely, in terms of operating temperature.

5.4. General Comment

The overall consistency between the model and the experimental results implies that
the capacitance harmonics have a non-negligible effect on the motor behaviour. The fact
that this was not witnessed in the original prototype [28] leads us to believe this effect
is likely due to differences of the films, namely, electrode widths, as well as substrate
thickness, which affects the gap between stator and slider electrodes. The films in the
current prototype were designed and manufactured more recently, with a lower overall
thickness. This suggests that force ripple is adjustable by changing these parameters, so as
to decrease the effects of the capacitance harmonics. This is a matter that will have to be
addressed in future research.

In light of the obtained results, the proposed model appears to be a useful extension
to the available tools to describe the behaviour of resonant electrostatic induction motors.
As a broader model, it should comprise a good starting point for future studies. The
achieved force error, particularly for the experiments where higher resistance was used, is
still reasonably low for this kind of motor, especially considering the complexity of the new
model. While at this point it is difficult to rigorously judge the accuracy of the model itself,
given the uncertainty around the values of most parameters, the reported results suggest it
properly reflects the motor’s operation.

6. Conclusions and Future Work

This paper reports the definition of a new model for 2–4 phase resonant electrostatic
induction motors, exhibiting changes in slider voltage and thrust force with displacement,
compatible with experimental observations. This model is important to better understand
the expected output of such a motor, assisting in future designs and development of control
algorithms. Likewise, having a defined protocol for formulation of such a model is also
valuable, allowing future researchers to more quickly react to changes in parameters that
might arise in future prototypes.

The model appears to describe the experimental behaviour of the motor, namely, in
terms of voltage and force ripple, which were absent from past literature for induction
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electrostatic film motors. Regarding its accuracy, it is acceptable for most cases, although
it appears to be limited by uncertainty around parameter values, such as inductance,
resistance and the capacitance coefficients themselves at the experimental conditions.

In the future, more extensive testing should be performed to further understand the
limitations of this model. More accurate measurement of all the relevant parameters at the
experimental conditions would also be beneficial to understanding any possible modeling
errors. Furthermore, despite the higher complexity of this model, there are still some
aspects which could be augmented, such as considering fluctuations in gap thickness. Last,
research into means of minimizing force ripple is also necessary, as the current values
might limit the practical applications of this motor.
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