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and size limitations.

Collocated control has the advantages of robustness and guaranteed stability. In collocated control, the
sensor and actuator are placed close to each other. True collocation can be achieved using self-sensing in
which the actuator can also be used as a sensor. In this article, we present a self-sensing electromagnetic
actuator for vibration control of flexible structures. The back electromotive force (emf) generated in the
coil is measured to evaluate the velocity of the structure (and hence, the displacement). The position
measurements obtained from self-sensing are found to have good correlation with those obtained using
an eddy current sensor. The efficacy of the proposed technique has been verified for the vibration control
of a flexible cantilever beam. Self-sensing offers economical, simple and robust control architecture. It
can be effectively used for applications where sensors and actuators cannot be collocated due to space

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

External disturbances like ground motion or environmental
disturbances can greatly affect the performance of the sensitive
equipment. Active systems can be used to isolate the equipment
from the external disturbances [1]. Sensors and actuators in many
active systems are often collocated in order to build robustness into
the system. The open loop transfer function of collocated systems
has alternating poles and zeros on the imaginary axis. In such sys-
tems, the stability is guaranteed as the phase lag due to each pole is
compensated by the phase lead due to the corresponding zero [2].
The collocation of sensors and actuators is however not possible at
all times. There might be space restrictions in certain applications.
One might encounter a situation where the size of the sensor is not
negligible in comparison to the main structure. In such cases, the
mechanical impedance of the structure is greatly modified when
the sensors are installed on the structure.

Self-sensing provides an alternative to overcome these prob-
lems. Perfect collocation can be achieved using self-sensing in
which a single transducer is used as an actuator and sensor con-
currently. It offers a simple, robust and cost-effective solution for
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collocated control. Self-sensing reduces the complexity by reduc-
ing the number of actuators and sensors in the system. It also leads
to reduction in the power requirements and the wiring used in
the instrumentation. Sensors are more prone to failure compared
to the actuators in the control system [3]. Thus, self-sensing also
leads to a robust system as a single transducer serves the dual pur-
pose of sensing and actuation. Many self-sensing transducers have
been developed in the past using different types of active materi-
als. Self-sensing using piezoelectric materials have been used for
measuring stress, force and position [4-7]. A dielectric elastomer
actuator has been used for position sensing and force control [8,9].
In some recent applications, shape memory alloys [10] and mag-
netorheological fluid [11] based actuators have also been used for
self-sensing. Electromagnetic actuators have been used for velocity,
position and force estimations [12-14].

In this article, we present a self-sensing electromagnetic actua-
tor for vibration control of flexible structures. The present scheme
does not require any modifications to the design of the electro-
magnetic actuator. It takes advantage of the fact that the voltage
drop across the coil can be measured and related to its motion. The
electromagnetic actuator is operated in current mode. It does not
require an additional bridge structure for measuring the voltage
drop across the coil (which is usually required if the actuator is
operated in voltage mode). The organization of this article is as fol-
lows: Section 2 presents comparison of collocated control with the
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Fig. 1. Location of actuator and sensor for collocated and non-collocated control.

non-collocated control. The concept of self-sensing using electro-
magnetic actuator is presented in Section 3. The proof-of-concept
experiments carried out to validate self-sensing are explained in
Section 4. The envisioned application for self-sensing is presented
in Section 5, which is followed by concluding remarks in Section 6.
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2. Collocated vs non-collocated control

In order to highlight the advantages of the collocated control
over non-collocated control, we consider a case of a continuous
beam pinned at both the ends. Using Euler-Bernoulli beam theory,
the dynamics of the beam can be written as the following partial
differential equation

¥ [ w Fw
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where w is the displacement, EI represents the bending stiffness,
m is the mass per unit length and p is the external load per unit
length. For a case of free vibration and harmonic solution of the form

w(x, t) = ¢(x)e/®!, the above partial differential equation is reduced
to the following ordinary differential equation

w¢p=0 (2)

The above equation is an eigenvalue problem whose solutions
are w; and ¢; representing natural frequencies and corresponding
mode shapes, respectively. For a beam pinned at both the ends, the
natural frequencies and the mode shapes are
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Fig. 2. Frequency responses of the open loop transfer function from actuator force to the displacement measured by the sensor in case of — (a) collocated control and (b)

non-collocated control.
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Fig. 3. Root locus with lead compensator for — (a) collocated control and (b) non-collocated control.
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Fig. 4. Model of electromagnetic actuator.

where [ is the length of the beam. The frequency response between
the actuator force, u, at point X, and sensor displacement, y, at point
Xp can be written as [15]

>

i=1

Gi(Xa)Pi(xp)
Wi(s? + 2Eiw;s + )

=2 @)

where w; is the generalized mass (equal to ml/2 for a beam pinned
at both the ends) and &; is the damping associated with the ith
mode. The series expansion can be limited to a finite number of
modes in case of a discrete system. The sensor and actuator loca-
tion for collocated and non-collocated control are shown in Fig. 1.
In case of collocated control it is assumed that both the actuator
and sensor are located at x, =xs =0.5l. For non-collocated control,
it is assumed that the actuator is located at mid span (x; =0.51)
while the sensor is placed at xs; =0.9l. The bending stiffness, EI, of
the beam is taken as 100 N m?2, mass per unit length, m, is taken
as 1kg/m and length, [, is taken as 1m. The first ten modes are
considered for evaluation of the open loop transfer function. The
open loop transfer functions from actuator force to the sensor dis-
placement for collocated and non-collocated controls are shown in
Fig. 2a and b, respectively. It is observed that the collocated sys-
tem has alternating poles and zeros. The phase drop due to each

Cantilever beam

Table 1
Goodness of fit between the displacement signals obtained from eddy current sensor
and self-sensing.

Coefficient of
determination (R?)

Root mean squared
error (RMSE)

0.0072

Sum of squared error
(SSE)

1.939

0.9927

pole is compensated by the phase gain due to zero. The phase of
the open loop transfer function is bounded between 0 and 7. This
interlacing property of the collocated system provides asymptotic
stability even when the system parameters are subjected to large
variations. Collocated system provides robust stability to the sys-
tem. However, this pole-zero interlacing property does not exist
in the non-collocated system. The phase is not bounded between
0 and 7 and the system is not robustly stable. This fact is further
illustrated by studying the root locus of the feedback system. The
system is assumed to have a following lead compensator in the
feedback loop

10s +1
0.005s + 1

The root loci of the collocated and non-collocated systems are
shown in Fig. 3a and b, respectively. It can be seen that for col-
located system the root locus lies entirely in the left half plane.
This means that the system is stable for any value of the gain. The
root locus of the non-collocated system does not lie entirely in the
left half plane. This implies that for certain values of the gain the
closed loop poles of the system will move to the right half plane
resulting in an unstable system. Due to the pole-zero interlacing
property and robustly stable nature, collocated systems are usually
preferred wherever possible.

K(s) = (5)

3. Self-sensing electromagnetic actuator

The model of the electromagnetic actuator is shown in Fig. 4.
The actuator can be driven by either a voltage or current source. The

Eddy current sensor

(b)

Voice coil actuator

Fig. 5. Test setup used for proof of concept experiment — (a) schematics and (b) actual setup.
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Fig. 7. Comparison of the displacement response of the free end of cantilever beam
obtained from self-sensing with that obtained from eddy current sensor.
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Fig. 8. Open loop gain of the plant with the designed lead controller. The designed
controller has a crossover frequency at 36.5 Hz and has a phase margin of 60°.

modeling of the actuator depends on the mode in which it is oper-
ated. The constitutive equations of the electromagnetic transducer
can be written as

Vin = Zei + Temv

) (6)
F  =Tpel +Znv

where Vi, is the voltage drop across the terminals of the actuator
coil, Z, is the electrical impedance of the coil, i is the current flowing
in the coil, Ter; is a coupling coefficient representing the back emf
constant of the coil, vis the velocity of the mechanical structure, Fis
the force acting on the mechanical structure attached to the actua-
tor, Te is the coupling coefficient representing the force to current
ratio of the actuator and Z;, is the mechanical impedance of the
attached structure. The operation of the electromagnetic actuator
with a current source ensures that the desired current flows in the
coil irrespective of the back emf generated by the motion of the
mechanical structure. The losses due to back emf are compensated
by the amplifier. Using Kirchoff's law, the voltage drop across the
terminals of the coil can be written as

(7)

where R and L are the resistance and inductance of the coil, respec-
tively. Given the parameters R, L and Tep, of the actuator, the above

. di
Vi =R1+La + Temv

Flexible cantilever beam
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Fig. 9. Block diagram for the experimental verification of self-sensing.



M. Verma, V. Lafarga and C. Collette / Sensors and Actuators A 313 (2020) 112210 5

% 10° T T T

% Control OFF
= Control ON
P

S~

E,

)

°

=

=

[+

o

=

Phase (deg)
o

-100
-200 : - '
107! 10° 10’ 102 108
Frequency (Hz)
(@)
% 10° T T T
g Control OFF
= Control ON
<
=
[0}
©
2
i<
()]
©
=
107 10° 10’ 102 103
200 T

100

Phase (deg)
o

-200 . . ‘
107" 10° 10" 102 103
Frequency (Hz)
(b)

Fig. 10. Comparison of the frequency responses of the controlled and uncontrolled
structure using feedback from — (a) eddy current sensor and (b) self-sensing.

equation shows that it is possible to evaluate the velocity of the

G(s) =

76.386(s2 + 25.82s + 1494)(s2 + 1.803s + 1.23e05)(s2 + 144.2s + 1.268e06)
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Fig. 11. Comparison of the time domain displacement response of the beam with
and without control obtained using self-sensing.

where s is the Laplace transform variable. The displacement of the
mechanical structure is given by

1 Vyy — (R+Ls)

- STem STem ! (10)

In-house manufactured current amplifier is used in order to
operate the electromagnetic actuator in current mode. The circuit
diagram of the current amplifier is shown in Fig. A.13 of Appendix
A.

4. Proof of concept experiment

The validation of the self-sensing electromagnetic actuator is
carried out on a cantilever beam clamped at one end and attached
to the voice coil actuator on the other end. The test setup used is
shown in Fig. 5. An eddy current sensor is used to track the motion
of the free end of cantilever beam. Self-sensing in current mode is
used for the proof of concept experiment due to its simplicity, ease
of implementation, and availability of the current source.

4.1. Identification of the plant

The plant is identified experimentally by evaluating the fre-
quency response from the input current to the displacement of the
free end of the cantilever beam. A white noise signal is injected in
the actuator and the displacement is recorded using the eddy cur-
rent sensor. A transfer function of the plant (G(s)) is then obtained
using fitfrd function in MATLAB [16]. The order of the transfer
function is chosen such that it is able to capture all the modes of
the plant up to 200 Hz. The transfer function of the plant is

(11)

mechanical structure by measuring the voltage drop across the ter-
minals of the coil. The velocity of the mechanical structure is related
to Vi and i by the following equation
_ Vm-Ri-L§
Tem
Taking the Laplace transform of the above equation, we get
Vim — (R+ Ls)i
V= ——————
Tem

(8)

v

(s2 +25.875 + 1491)(s2 + 6.88s + 2932)(s2 + 3.461s + 1.52805)(s2 + 144s + 1.451e06)

The frequency responses obtained from the experiment and the
model are compared in Fig. 6. The first bending mode of the beam
is at 8.6 Hz. It is observed that the frequency response obtained
from the experiments matches well with that obtained from the
model up to 200 Hz.

4.2. Displacement from self-sensing

The displacement of the free end of the beam is evaluated using
Eq. (10). The parameters of the electromagnetic actuator R, L and
Tem are found to be 6.2 2, 1.23 mH and 3.9 Vs/m, respectively. The
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Fig. 12. Configuration of the proposed isolation system for drone camera stabilization.

displacement obtained using Eq. (10) is passed through a high-
pass filter in order to avoid the drift due to integration. The cutoff
frequency of the filter is set to 0.2 Hz. The displacement response
obtained from self-sensing is compared with that obtained from an
eddy current sensor in Fig. 7. The displacement response obtained
from self-sensing and the eddy current sensor are found to match
well with each other. The goodness of fit, defined in terms of root
mean squared error (RMSE), sum of squared error (SSE) and coef-
ficient of determination (R2), between the displacement responses
of the beam obtained from the eddy current sensor and self-sensing
are given in Table 1.

4.3. Active vibration control

A displacement feedback controller is designed to control the
vibrations of the free end of cantilever beam. A lead controller
is designed to have sufficient gain margin near the crossover
frequency. The designed controller has a crossover frequency at
36.5Hz and has a phase margin of 60°. The transfer function of the
designed controller, H(s), is

_ 6094(s + 95.54)

H) = =209 (12)

The open loop gain (G(s)H(s)) of the plant is shown in Fig. 8.
The block diagram for experimental verification of self-sensing is
shown in Fig. 9. A beam is excited by injecting a white noise signal
in the actuator. This white noise acts as an external disturbance.
The displacement feedback from the eddy current sensor and self-
sensing are used to reduce the effect of the external disturbance on
the motion of the free end of the beam. The control force obtained
using the displacement feedback is then subtracted from the white
noise. First, the feedback from the eddy current sensor is used to
see the effectiveness of the designed controller on vibration reduc-
tion. The frequency responses of the uncontrolled and controlled
structure are compared in Fig. 10a. It can be seen that the designed
controller is effective in reducing the vibration of the cantilever
beam.

After verification of the controller, the signal obtained from self-
sensing is used for the feedback control. The noise in the self-sensed
signal drives the actuator which in turn forces the structure to
follow the noise. Hence, the signal obtained from the eddy cur-
rent sensor provides better indication of the performance. The
uncontrolled and controlled frequency responses of the beam when
self-sensing is used as feedback are compared in Fig. 10b. The
feedback from self-sensing is found to exhibit the similar per-
formance as that obtained by using feedback from eddy current
sensor for frequencies above 0.2 Hz. The comparison of the con-
trolled and uncontrolled displacement time histories of the beam

obtained using self-sensing is shown in Fig. 11. This demonstrates
that self-sensing can be effectively used for sensing and actuation
simultaneously. An important advantage of self-sensing is that it
results in perfectly collocated control.

5. Envisioned application: Drone camera stabilization

Drone camera is subjected to vibrations from the drone which
hampers the quality of the captured images. The current system
uses passive rubber mounts. These mounts, although effective in
reducing the response near resonance, degrade the response at
high frequencies (adding damping to the system). Many active
mounts have been developed but they work only in one direction
[17,18]. This motivated the development of a six degrees of free-
dom isolation system for drone camera where high quality images
are required. The isolation system is based on the cubic configu-
ration of the Stewart platform. The proposed isolation system is
shown in Fig. 12. The unique features of the isolation system are
— use of non-contact electromagnetic actuators, no flexible joints
(clearance between the coil and magnet is used to allow for rota-
tions), 3D printed lightweight parts and high frequency roll-off as
there is no stiffness in the legs. Due to the compact architecture
and weight limitations, it is not possible to have an array of sen-
sors which can be collocated with the actuators. This motivates
the use of self-sensing. It does not require any modifications in the
electromagnetic actuators. The voltage drop across each coil can be
measured. The measured voltage drop can then be used to evaluate
the motion in each of the legs of the isolator. This is then used as
a feedback to actively damp the resonances of the isolation system
without amplifying the high frequency response. The properties
of the system like stiffness may change with time due to fatigue or
other environmental factors. Self-sensing provides a robust control
strategy which can be useful in such situations. Currently, work is
underway to develop a prototype of such isolation system using
self-sensing for collocated control.

6. Concluding remarks

In many applications perfect collocation is not possible due
to space and size limitations. In such cases, one may resort to
self-sensing where a single transducer serves the dual purpose of
sensing and actuation. This brief presented self-sensing using elec-
tromagnetic actuator. The actuator is operated in current mode. The
voltage drop across the coil can be directly measured to evaluate the
motion of the coil. No additional bridge structures are required. The
measurements from self-sensing have been validated with those
obtained using eddy current sensor. The measurements from self-
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sensing have also been used to actively control the vibrations of
the flexible cantilever beam. The performance of the active control
using self-sensing are found to be at par with the active control
using an eddy current sensor. Self-sensing provides a robust, cost-
effective and simple control architecture. It results in a perfectly
collocated system with the guaranteed stability as the open loop
transfer function has alternating poles and zeros. It is envisioned
to be used for the applications where a large array of sensors could
not be used due to space and size limitations.
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Appendix A. Circuit diagram of current amplifier

In order to use the electromagnetic actuator in the self-sensing
mode, current amplifier is manufactured in-house. The circuit dia-
gram of the current amplifier is shown in Fig. A.13.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.sna.2020.112210.
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