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Abstract
Mounting MEMS accelerometers inside hollow shaft rotors has been proposed as a novel sensor design for vibra-
tion monitoring and control in rotating machinery. The application of this technology to Active Magnetic Bearings
(AMB) could allow sensor/actuator collocation. This paper explores the possibility of using rotor-mounted ac-
celerometers as standalone sensors for AMB control. The integration of the acceleration signals, after conversion
from the rotating to the inertial reference frame, is considered as a means to extract rotor displacement informa-
tion. The sensitivity of this method to uncertainty in the measurement of the gravitational component and in the
estimation of the initial angular position is studied. The latter produces a steady state error in the rotor position
estimation which cannot be measured by the accelerometers. Therefore, a current injection technique has been
developed to eliminate this error. The method produces a low-amplitude, high-frequency response in the rotor,
which has negligible effect on the rotordynamics, but is easily detected by accelerometers and allows the steady
state error to be estimated and reduced. The simulation of a disc being levitated in an AMB system using only
internal accelerometers has been undertaken and results are reported.
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1. Introduction

Sensing of vibration in rotor systems is typically achieved through the use of fixed eddy current displacement probes.
Example applications are Active Magnetic Bearings (AMBs), which rely on such transducers to control the magnetic gap
between the rotor and stator. However, Pfister et al. (2010) noted that eddy current sensors are dependent on the material
and geometry of the rotor, are susceptible to electromagnetic interferences, and are sensitive to the dielectric properties
of any gap fluid, which can vary during operation. In AMB systems, having eddy current probes mounted on the stator
also leads to issues of non-collocation of sensors and actuators, as these cannot occupy the same physical space. The
detrimental effect of such non-collocation has been reported widely (Maslen and Schweitzer, 2009).

A rotor vibration sensing system based on MEMS accelerometers mounted within hollow rotors has been introduced
by Jiménez et al. (2016). The compact sensing module contains MEMS accelerometers, a microcontroller, and a wireless
radio. The design enables an “active rotor”, capable of measuring its own vibration state and transmitting data to an
external computer for analysis and control. The potential of such a sensing system lies in its application to AMBs,
schematically depicted in Fig. 1. This may allow some of the drawbacks of conventional systems to be overcome.

Accelerometers eliminate the dependence of the sensing on the materials and geometry of the rotor, and on the
dielectric properties of the gap fluid. By placing the sensors within the shaft, they can be located at the same axial position
as the magnetic bearings to avoid non-collocation. In addition, they are naturally shielded from the working environment.
The reduced size of the sensors also enables large numbers of them to be placed along the rotor, improving observability
of rotor vibration in general, and allowing sensing at locations with critical components such as seals or turbine blades.

The use of MEMS accelerometers as rotor-mounted sensors has only recently received the attention of the research
community. Elnady et al. (2013) presented a study in which the output of an accelerometer located on a rotating shaft was
modeled. Baghli et al. (2010) applied these sensors to measure the instantaneous torque, while Arebi et al. (2011) used
them to detect misaligned rotor shafts. More particularly, Cole et al. (2014) considered the use of internal accelerometers
together with stator-mounted eddy current transducers in a sensor fusion scheme for feedback control in AMBs. The
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Fig. 1 Schematic of an active magnetic bearing system with internal accelerometers.

approach could provide enhanced control in the face of poor quality position measurements or significant non-collocation
of sensors and bearings.

The fundamental aim of this research is to understand whether or not rotor-mounted accelerometers can be used as
standalone sensors for control of AMB systems. In this preliminary work, the stable levitation of an unbalanced disc with
an on-board accelerometer is explored. The rotor displacement information is derived by integration of the accelerometer
signal. As the sensor is located in a rotating frame of reference, transformation to an inertial frame is required. However,
errors may be present in the estimation of the gravitational acceleration component and the initial angular position of the
rotor. An analysis of their effect on the estimation of the rotor position is undertaken, and methods for mitigating them
are introduced. Simulated results of a disc mass levitated on an AMB are presented.

2. Problem formulation

The system under study consists of an unbalanced two-dimensional disc mass suspended on a single eight-pole
AMB, depicted in Fig. 2. The disc has mass M, eccentricity e, unbalance phase φ and has a wireless bi-axial MEMS
accelerometer located at its geometric centre O. The magnetic gap is h, and the clearance between the disc and an
touchdown bearing is c. The displacement of the disc is given by complex parameter dr = x+ jy. The sensor can measure
acceleration in the U and V planes of the rotating reference frame. It is assumed that the bearing forces in the X and Y
inertial axes are decoupled, so that F = Fx + jFy, and also depend on the bias and control currents, ib = ibx + jiby and
ic = icx + jicy, respectively.

Fig. 2 Schematic of an active magnetic bearing system with internal accelerometers.

To levitate such a disc, a conventional PID controller can be used if the disc displacement information can be extracted

2 358



ISMB15

from the accelerometer signals. The analytical expression of the output of an accelerometer located inside a rotating shaft
has been derived by the authors in (Jiménez et al., 2016) and is given by:

aa(t) =
(
d̈r(t) + jga

)
e−jθ(t) (1)

where aa is the accelerometer signal, ga is the gravitational acceleration and θ is the angle between the inertial XY and
rotating UV frames. The rotational speed ω is assumed to be constant and known, and hence θ(t) = ωt + θ(0). Extracting
the displacement information requires transforming the signal from the rotating to the inertial reference frame, and then
integrating twice. However, uncertainty in ga and θ(0) will introduce errors in this process, which must be accounted for.

The sensitivity of accelerometers depends on a number of external factors, such as power supply and ambient tem-
perature. It also varies between devices, due to variability in manufacture. When the accelerometer is rotating at low
speeds, this varying sensitivity has a more significant impact on the gravitational component, as it can dominate the ac-
celerometer signal. The term ga is therefore assumed to be unknown, but constant under steady operating conditions. The
initial angular position of the disc with respect to the inertial frame, θ(0), can be approximated by using the gravitational
component when the disc is at zero speed, as aa(t) = jgae−jθ(t)(0) if d̈r = 0 in Eq. (1). However, the uncertainty in the
gravitational component means the initial angle θ(0) is also unknown.

As the conversion process requires the unknown ga and θ(0), it is necessary to use estimated values ge and θe(0)
instead, and accept the introduction of a certain amount of error. The difference between the real and estimated parameters
will be error values, defined as

gε = ga − ge (2)

θε(0) = θ(0) − θe(0) (3)

Thus, in order to achieve stable levitation using only the disc-mounted accelerometers, it will be necessary to under-
stand and mitigate the effect of error terms gε and θε(0).

3. Conversion from rotating acceleration to inertial displacement with uncertainty

The conversion process first requires transforming the signal to the inertial frame and subtracting the gravitational
acceleration. These operations are carried out using the estimated parameters, so that the accelerometer-based disc accel-
eration d̈a is

d̈a = aaejθe − jge = d̈re−jθε(0) + j
(
gae−jθε(0) − ge

)
(4)

The second term in Eq. (4) is related to the estimation errors and will grow rapidly if integrated, leading to an erroneous
position measurement. However, the term is independent of the motion of the disc, and hence, d̈a(0) = j

(
ge−jθε(0) − ge

)

can be obtained from converting the accelerometer signals of a stationary disc, for which d̈r = 0 in Eq. (4). The signal
is then integrated twice to obtain the accelerometer-derived disc velocity ḋa and displacement da, considering the initial
condition d̈a(0):

ḋa =
∫ (

d̈a − d̈a(0)
)

dt = ḋre−jθε(0) (5)

da =

� (
d̈a − d̈a(0)

)
dt = dre−jθε(0) (6)

The true position of the disc within the bearings, pr, will take into account the initial velocity and position conditions,
so that pr = dr + ḋr(0)t + dr(0). Although these parameters cannot be measured with the accelerometer alone, they can
be known under certain conditions. For instance, integration can begin with the disc resting on the touchdown bearing
with zero rotational speed, and hence ḋr(0) = 0 and dr(0) = −jc, where c is the radial clearance. Thus, the accelerometer-
derived disc position pa is given by:

pa = dre−jθε(0) − jc (7)

It follows that

pr = paejθε(0) + jc
(
ejθε(0) − 1

)
(8)
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Fig. 3 Block diagram of AMB control system using accelerometer-derived rotor position information.

Hence, the true disc position will be given by pa, but subject to a phase error and a steady state error. Conventional PID
control can be applied to the derived position to achieve stable levitation, so that the system can be represented by the
block diagram in Fig. 3

As the control will aim to minimise pa, the effect of the phase error for small θε(0) does not have a significant effect
on the disc position. The second term in Eq. (8), however, can be significant, as it constitutes a steady-state position
error which depends on the size of the radial clearance c. As the position error cannot be measured by the accelerometer
directly, a high-frequency current injection technique has been developed to minimise it.

3.1. High-frequency injection to minimise steady-state error
The technique relies on the position dependence of the AMB force output. If a harmonic force is applied with

the AMB, the amplitude of the disc response will be proportional to its position within the bearings. The phase of the
response will indicate whether the position is positive or negative. Hence, a low-amplitude, high-frequency harmonic
current is injected once pa is minimised with the control. The resulting force output produces a disc response with small
displacement but, crucially, large acceleration, which is easily detected by the accelerometer but has negligible effect on
the disc dynamics. The force output when current iq = iqx + jiqy is injected is given by

F = kb

[(
(ibx + icx + iqx)2

(h − x)2 −
(ibx − ix + iqx)2

(h + x)2

)
+ j
(

(iby + iy + iqy)2

(h − y)2 −
(iby − iy + iqy)2

(h + y)2

)]
(9)

where kb is a bearing constant kb = µoN2Ah/4, with µo being the permeability of free space, N the number of coils in the
magnetic winding, and Ah is the area of the magnetic gap. The control currents satisfy |ix| < ib and |iy| < ib. Considering
also the unbalance force Fu, the equation of motion for the disc will be

Mp̈r = Fu + Fc + Fq (10)

where Fc = Fcx + jFcy and Fq = Fqx + jFqy are the forces associated with stable levitation and the current injection,
respectively. The injected current will be of the form iq = Q(1 + j) sinωqt, with Q ≪ |ic| < ib and frequency ωq ≫ ω.
Hence,

Fqx = 2kb


2Q((h2 + x2)ilx + 2ibxh) sin (ωqt) + xhQ2

(
1 − cos (2ωqt)

)

(h2 − x2)2

 (11)

Fqy = 2kb


2Q((h2 + y2)ily + 2ibyh) sin (ωqt) + yhQ2

(
1 − cos (2ωqt)

)

(h2 − y2)2

 (12)

The last terms in Eqs. (11) and (12) are of particular relevance because they are proportional to the disc positions in each
axis, x and y, and independent of the control and bias currents. In addition, the distinct frequency component at 2ωq

enables the associated disc response to be isolated using a bandpass filter. Hence, considering only the highest frequency
forcing term, the equation of motion for a disc is

Mp̈q = B cos (2ωqt) (13)

where pq is the bandpass-filtered displacement. The amplitude term B is given by

B = −2kbhQ2
(

x
(h2 − x2)2 + j

y

(h2 − y2)2

)
cos (2ωqt) (14)

The amplitude can be linearised around the desired operating point, x = y = 0. In this case,

B = −2kbQ2

h3 pr (15)
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For simplicity, it can be assumed that the overall disc motion with and without the injected current is approximately the
same and so the contribution of pq in pr is negligible, making these variables independent. It follows from classical theory
for a forced harmonic oscillator that

pq = Pq cos (2ωqt) (16)

p̈q = −4ω2
qPq cos (2ωqt) (17)

where

Pq =
kbQ2

2h3ω2
qM

pr = Hpr (18)

Equation (16) shows that the amplitude of the displacement pq will be small for small Q. However, the presence of the
ω2

q term in p̈q ensures that the acceleration is large for high-frequency injections and, hence, easily detectable by the
accelerometers. The disc response p̈q can be derived from the accelerometer-inferred disc acceleration signal d̈a (Eq. (4)),
having accounted for the initial condition d̈a(0), by applying a bandpass filter, to yield

BP
(
d̈a − d̈a(0)

)
= p̈qe−jθε(0) (19)

A Fast Fourier Transform (FFT) can then be used to obtain the response amplitude and phase of the filtered signal, defined
as

Df =
����BP
(
d̈a − d̈a(0)

)���� = 4ω2H|pr | (20)

ϕ f = arg
[
BP
(
d̈a − d̈a(0)

)]
= arg pr − θε(0) + π (21)

Combining Eqs. (8), (20) and (21) yields

Df ej(ϕ f ) −1
4ω2

qH
= pre−jθε(0) = pa + jc

(
1 − e−jθε(0)

)
(22)

Therefore, as pa → 0, being minimised through the control action, Df ej(ϕ f )/
(
4ω2

qH
)
→ jc

(
1 − e−jθε(0)

)
. This is the change

in pa required to minimise pre−jθε(0), and so the disturbance pδ can be added to the accelerometer-derived position, where

pδ =
Kp

4ω2
qH

∫
Df ej(ϕ f ) dt (23)

and the parameter Kp dictates the response time of the integral action. The new system block diagram is given in Fig. 4.

Fig. 4 Block diagram of AMB control system using accelerometer-derived rotor position information together
with high-frequency current injection for steady state error correction.

The control will now act on both the estimated disc position and disturbance term together, pa + pδ, to minimise
pre−jθε(0). Thus the steady state error appearing in Eq. (7) can be reduced and the true disc position will be controlled,
despite no direct measurement of it being available. Once pa + pδ has been minimised, pa = jc

(
e−jθε(0) − 1

)
, from which

the initial angle error can be obtained as

θε(0) = j ln
(
1 − j

pa

c

)
(24)

5 361



ISMB15

4. Simulated levitation

The levitation of the disc using the control scheme in Fig. 4 was tested in simulation. The model parameters are
given in Table 1. The simulation assumes the disc begins resting on the touchdown bearing with zero rotational speed,
and so a controlled levitation from −jc to the centre of the bearings over 5 s is first performed. PID control is applied
throughout, using the accelerometer-derived position pa. The discrepancy between pa and the true rotor position pr is
clearly observed in Figs. 5 and 6, which show the position of the disc in the Y and X axes, respectively. Despite the fact
that the motion of the rotor should take place only in the vertical Y direction, the error manifests itself most prominently
in the X axis position, with an error equivalent to approximately 17% of the clearance. In order to minimise this steady
state error, a high frequency current is injected into the bearings at 7.5 s. This has a negligible effect on the rotor position,
but can be clearly identified in the accelerometer signal, presented in Fig. 7. The correction signal pd is added to the
accelerometer-derived position after 10 s, and so the position error is eliminated. At 20 s the injected current is removed
and between 25 and 35 s the rotor speed is ramped up from 0 to 1000 rev/min. The use of the high-frequency current
injection allows the steady state error to be minimised while maintaining stable levitation, using only the disc-mounted
accelerometers.

Table 1 Simulation parameters

Parameter Symbol Value Units
Disc mass M 2 Kg

Disc eccentricity e 1 mm
Unbalance phase φ 80 deg

Air gap h 1 mm
Touchdown bearing clearance c 0.5 mm

Bearing constant kb 6.28 × 10−7 Nm2/A2

Bias currents ibx,iby 3 A
PID gain - Proportional KP 3.6 × 104 -
PID gain - Derivative KD 5.4 × 102 -

PID gain - Integral KI 2.2 × 105 -
Initial angular position θ(0) 150 deg

Initial angular position error θε(0) 10 deg
Measured gravity component ga 9.5 m/s2

Estimated gravity component ge 9.81 m/s2

Injected current amplitude Q 0.1 A
Injected current frequency ωq 500 Hz

Fig. 5 Y axis rotor position during simulation of stable levitation.
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Fig. 6 X axis rotor position during simulation of stable levitation.

Fig. 7 Accelerometer output during simulated stable levitation.

5. Further work

In this preliminary study, consideration has been given to two sources of error which are unique to sensing with
rotor-mounted accelerometer. However, there exist other sources of error which can have a significant effect on the
levitation stability, namely sensor saturation, resolution and electrical noise. The former may be overcome by controlling
the levitation process so as to ensure that the disc levitates slowly, limiting the maximum acceleration it will be subject to.
The latter two, however, present the problem of introducing errors into Eq. (1), so that

aa(t) =
(
d̈r(t) + jga

)
e−jθ(t) + fr(aa) + fn(t) (25)

where fr represents a discontinuous function associated with rounding the accelerometer signals to its resolution limit
and fn is a noise function. Even for sensors with good resolution and noise characteristics, the double integration of
these error sources can lead to exponential errors in the position estimation. A solution may be to reset the integration
under controlled circumstances. To this end, a reference position measurement obtained from an ancillary sensor may
be required. Eddy current sensors could be used for rotors which are sufficiently rigid in the operating speed range,
even if located far from the AMB. The fusion of both rotor-mounted accelerometers and self-sensing AMB technology
emerges as an enticing option, as both sensors can be implemented together at the same plane location. Rotor-mounted
accelerometers may prove to be useful as a compliment to other sensing techniques. For instance, the high-frequency
current injection technique could be used to produce a reference measurement to prevent the ambiguous signal output
associated with magnetic saturation in sensorless bearings (Maslen and Schweitzer, 2009).
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6. Conclusions

This paper explores the use of rotor-mounted accelerometers within AMB systems. The principal advantage of these
sensors relating specifically to AMBs are avoiding non-collocation of sensors and bearings. In addition they eliminate
the system’s dependence on the material and geometric properties of the rotor, and on the dielectric properties of the gap
fluid.

A possible technique for using rotor-mounted accelerometers as a standalone sensor is estimating the rotor position
by double integration of the sensor signal. This process requires transforming the sensor output between the rotating and
inertial reference frames. A disc-model has been used to understand the effect of two particular error sources on such
a process, namely the gravitational component error and the initial angular position error. The latter produces a steady-
state position error which cannot be measured by simple integration alone. Thus, a current injection technique has been
introduced which involves generating a low-amplitude, high-frequency response in the rotor, which can be measured by
the accelerometers while having a negligible impact on the rotor position. As the response will be position-dependent
and the injected frequency is a known parameter, appropriate signal processing can be used to estimate the steady-state
position error and minimise it.

The proposed sensing system has been simulated, and results demonstrating the effect of the aforementioned errors
have been presented. The simulation shows how a disc can be stably levitated with minimum steady-state position error in
an AMB by using on-board accelerometer signals alone. Further work aims to explore the effects of other error sources,
such as resolution limits and noise, and consider fusion of different sensors to overcome some of the challenges associated
with them. In future, the research will seek to demonstrate whether the levitation can be achieved experimentally.
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